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The anthroponotic Cryptosporidium hominis differs from the zoonotic C.

parvum in its lack of infectivity to animals, but several divergent subtypes have
recently been found in nonhuman primates and equines. Here, we sequence 17
animal C. hominis isolates and generate a new IbA12G3 genome at the chro-
mosome level. Comparative analysis with 222 human isolates shows significant
genetic divergence of the animal isolates, with genetic recombination among
them. They have additional subtelomeric insulinase and MEDLE genes. In
interferon-y knockout mice, three monkey isolates show differences in infec-
tivity and induce higher and longer oocyst shedding than a reference C. par-
vum isolate. Deletion of the MEDLE genes significantly reduces the growth and
pathogenicity of a virulent strain in mice. Co-infection of two fluorescence-
tagged C. hominis subtypes produces bicolored oocysts, supporting the con-
clusion that mixed subtype infections can lead to genetic recombination.
These data provide insight into potential determinants of host infectivity in
Cryptosporidium, and a convenient animal model for biological studies of C.

hominis.

Cryptosporidium spp. are the leading cause of diarrhea-related deaths
in humans and various animals'. Of the 47 established Cryptosporidium
species, Cryptosporidium hominis and Cryptosporidium parvum are the
two most important species infecting humans?. The two species differ
in genetic characteristics (such as the copy number of some sub-
telomeric genes) and in their ability to experimentally infect mice, rats,
and calves’. C. hominis was once thought to infect only humans, but
has been increasingly reported in animals®. Recent data indicate that
nonhuman primates (NHPs), horses, and donkeys are natural hosts for
C. hominis, with infection rates as high as 5.9% in farmed macaque
monkeys and 13.6% in farmed donkeys® ™.

To date, more than 10 C. hominis subtype families have been
recognized based on sequence analysis of the 60-kDa glycoprotein
(gp60) gene. Most of them show a preference for specific hosts™.

Common human subtype families include Ia, Ib, I1d, le, If, and Ig. They
have been found in NHPs, but only occasionally in other animals®.
Among others, Ik is a subtype family adapted to equine animals, while
li, Im, and In are adapted to NHPs". As NHPs are genetically related to
humans, they have been considered as potential reservoirs for human-
pathogenic Cryptosporidium species®. In recent years, both NHP-
adapted subtype families (including liA17, ImA18, ImA13, InAl4, InA17,
and InA26 subtypes) and human-pathogenic subtype families
(including 1aA13R7, laAl13R8, laAl4R7, 1bA12G3, 1dA20, IdAl4,
leA11G3T3, IfA16G2 subtypes) have been detected in NHPs. Impor-
tantly, the equine-adapted Ik and NHP-adapted li subtypes have been
found in humans in Europe, and the ImA13 subtype caused a human
cryptosporidiosis outbreak in Kenya in 2022, suggesting a potential
expansion of the host range of the equine- and NHP-adapted C. hominis
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to humans™™, These animal-adapted subtype families of C. hominis
have minor sequence differences from the human-pathogenic sub-
types at the 185 rRNA locus”. However, sequence heterogeneity
between different copies of the 18S rRNA gene is present in human
C. hominis isolates and other Cryptosporidium species”. Therefore, the
genetic and biological characteristics of these animal-adapted sub-
types are poorly understood.

In this work, we obtain whole-genome sequences (WGS) from 17
NHP and equine-adapted isolates of C. hominis. We generate a
chromosome-level genome of a monkey C. hominis IbA12G3 strain
using long-read (PacBio) and short-read (lllumina) sequencing tech-
nologies and perform comparative genomic analyses of the WGS data
along with those of 222 human isolates to understand the genetic
characteristics of animal-adapted C. hominis subtypes. Because these
isolates have additional subtelomeric MEDLE and insulinase (/NS)
genes that are normally found in C. parvum, we evaluate the suscept-
ibility of interferon-y knockout (GKO) mice to the NHP-adapted iso-
lates. We knock out the two extra copies of the MEDLE genes to test
their biological significance in C. hominis infectivity and pathogenicity.
To demonstrate that these isolates are genetically tractable and to
provide experimental support for the occurrence of genetic recom-
bination in C. hominis, we also fluorescently tag two isolates with dif-
ferent infectivity and virulence and generate a genetic cross of them.
Our results reveal the genomic characteristics of animal-adapted C.
hominis isolates and the role of genetic recombination in their evolu-
tion. They provide insight into potential genetic determinants of host
infectivity and virulence in Cryptosporidium spp. and a laboratory
animal model for biological studies of C. hominis.

Results

A new chromosome-level reference genome of C. hominis

To gain insight into the genetic characteristics of C. hominis, we first
generated a new C. hominis genome using the IbA12G3_ 46287 strain
isolated from NHPs. The new reference genome had no gaps or
ambiguous bases and contained 8 chromosomes with 13 telomeric ends
with the AAACCT or AGGTTT repeats, except for the 5’ end of chro-
mosome 1 and the 3’ end of chromosomes 7 and 8 (Supplementary
Table 2). The chromosome-level IbA12G3_ 46287 genome has a genomic
structure similar to the C. parvum reference genomes (IOWA-CDC and
IOWA-ATCC)*®*”, The unassembled chromosome ends were located
upstream or downstream of the rRNA unit, which is more than 7000 bp
in length. In long-read mapping, we observed an increase in read depth
at the fully resolved 5’ end of chromosome 7, which contains one rRNA
unit, with some reads shown as white blocks (i.e., can be aligned else-
where), indicating the high sequence identity nature of the multicopy
rRNA units (Supplementary Fig. 1a). We identified five rRNA units on
chromosomes 1, 2, 7, and 8 in the new IbA12G3 genome. Between them,
the 18S, 5.8S, and 28S rRNA genes were conserved in length and
sequence between copies, except for the unit on chromosome 2, which
had the B-type RNA sequence previously described in C. parvum IOWA-
CDC strain”. This rRNA unit had very different /TSI and /TS2 sequences
(Supplementary Table 3).

Interestingly, a similar increase in read depth was observed in an
upstream region of approximately 15kb in length at the 5" end of
chromosome 7, which contains CHM_7g5511, CHM_7g5501, and
CHM_7g4601 (orthologs of CPCDC_5g5511, CPCDC_5g5500, and
CPCDC_7g4601 in C. parvum). Several types of reads were mapped to
this region, likely indicating the collapse of some similar sequences
(Supplementary Fig. 1a). Since the compressed regions contain both
the rRNA unit and the subtelomeric INS gene (Supplementary Fig. 1a),
these five sequence types could be associated with the five rRNA units.
A T2T C. parvum genome (IOWA-BGF)? has recently been published,
showing four 35 kb region duplications (sequence identity > 97%) that
have been tentatively located at the 5’ ends of chromosomes 1 and 7
and the 3’ ends of chromosomes 7 and 8. Given the structural

collinearity between the C. parvum and C. hominis genomes, this
finding suggests that the collapsed regions in the C. hominis
IbA12G3_46287 genome may contain sequences of the missing telo-
meric ends. Notably, the newly generated reference genome was
comparable in completeness to the C. parvum reference genomes
IOWA-CDC and IOWA-BGF (Supplementary Fig. 1b).

Genetic divergence of animal-adapted subtypes from human

C. hominis subtypes

Using the new C. hominis reference genome, more than 371,000 core
wgSNPs were detected between C. hominis, C. parvum, C. tyzzeri, C.
meleagridis, and C. cuniculus. (the gnomonic regions for core wgSNPs
are described in Supplementary Table 4). In contrast, approximately
15,500 core wgSNPs were present between the NHP-adapted and
human-adapted C. hominis isolates, which was slightly less than the
16,900 core wgSNPs between the latter and equine-adapted isolates
(Supplementary Data 2). This was higher than the maximum of 4260
core wgSNPs between human isolates of different geographical origin,
but lower than the approximately 20,000 core wgSNPs between
typical anthroponotic lic and zoonotic Ila and IId subtypes of C. par-
vum. The clades of the maximum likelihood (ML) tree were segregated
by Cryptosporidium species, with all C. hominis isolates clustering in a
clade separate from C. cuniculus, C. parvum, C. tyzzeri, and C. melea-
gridis isolates (Supplementary Fig. 2a). These data suggest that animal-
adapted and human-adapted C. hominis are genetically related, but
there is host-source-associated genetic diversity in C. hominis gen-
omes, and host-related differences are much greater than geographic
differences in C. hominis.

We investigated the population structure of C. hominis using a
total of 35,248 core wgSNPs in C. hominis isolates. They formed six
major clusters in pairwise ANI comparisons. Among them, monkey and
equine isolates formed their own clusters, with low nucleotide iden-
tities between the two groups and with human isolates (Fig. 1a). Con-
sistent with these findings, the ML tree showed the formation of six
clades that were largely segregated by the host. In particular, the
monkey and equine C. hominis isolates had long branches, suggesting
that they are divergent from the remaining isolates (Fig. 1b). Further-
more, the monkey and equine isolates were divergent from the human
isolates in the PCA analysis, and there was no apparent gene flow
between these groups in the phylogenetic network analysis (Supple-
mentary Fig. 2b, ¢). In contrast, human C. hominis isolates showed high
nucleotide identity (>99.9%) and frequent gene flow between them?®.

Population division in animal-adapted C. hominis isolates

In the PCA analysis, the genomes of the animal isolates formed four
major clusters, with Ik, Ii, and most Im isolates forming their own
clusters. However, isolates of several subtypes, including an IbA12G3
isolate, formed the fourth cluster (Fig. 1c). Pairwise dxy analysis
showed that all IkA16G1 isolates from donkeys had high genetic simi-
larity, while most of the liA17 and ImA18 isolates from monkeys most
showed high sequence identity within each subtype except for
liA17 45372 and ImAIl8 37833 (Fig. 1d). In contrast, InAl4 45028,
InA17_46269,1mA18_37833,ImA20_46260, and IbA12G3 46287 showed
more sequence identity to each other than to other subtypes within
the same subtype family. These data suggest that the animal isolates
had different ancestral origins.

Gene flow between animal isolates

We performed identity-by-descent (IBD) analysis to further investigate
the ancestral relationships among the animal isolates. Shared IBDs (with
mean sharing fractions greater than 80%) were present in the following
groups: (1) all three 1kA16Gl isolates; (2) all five liA17 isolates; (3) most
ImA18 isolates; (4) ImA1837833 and InAl4 45028; (5) InAl7_46269,
ImA20_46260, and IbA12G3 46287 (Fig. 2a). This suggests that isolates
within each group are genetically related and that there might be some
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gene flow between isolates in the group with multiple subtypes. In the
phylogenetic network analysis, these animal isolates formed four major
clusters with parallel edges between clusters of monkey isolates, sug-
gesting the occurrence of gene flow (Fig. 2b). Results of the STRUCTURE
analysis revealed the presence of genome admixture in liA17 45372,
InAl4 45028, InAl7 46269, ImAl1837833, ImA20 46260, and
IbA12G3 46287, confirming the presence of genetic recombination
among the isolates (Fig. 2c and Supplementary Fig. 2d).

Origin of IbA12G3 subtype in NHPs

The gp60 subtype IbA12G3 is a member of the human-pathogenic Ib
subtype family but has only recently been detected in NHPs. The
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Fig. 1| Genetic divergence of Cryptosporidium hominis isolates from monkeys
and donkeys. a Pairwise comparisons of average nucleotide identity (ANI) of C.
hominis genomes. b Phylogenetic relationships of C. hominis isolates inferred by
maximum likelihood analysis of 35,248 core wgSNPs. These C. hominis isolates
(colored by subtype family) formed 6 major clades. Among them, two divergent
clades contain the monkey and equine isolates. a, b Hosts and subtype families are
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monkey IbA12G3 isolate had 15,364 core SNPs compared to a human
IbA12G3 isolate, which was much higher than the 2006-3905 SNPs
between the latter and other human isolates (Fig. 3a and Supplemen-
tary Data 2). In contrast, InA17 46269, ImA20_46260, and monkey
IbA12G3 had high IBD values and low dxy values in most regions of the
eight chromosomes, indicating that these genomes were highly rela-
ted (Fig. 2a and Supplementary Fig. 3). In addition, the results of the
phylogenetic network analysis showed the presence of gene flow from
InA17 46269 and ImA20 46260 to monkey IbA12G3 (Fig. 2b).
Phylogenetic topology weighting was performed on the genomes
of InA17_46269, ImA20_ 46260, monkey IbA12G3, and human IbA12G3.
This confirmed the genetic relatedness of InA17 46269 and monkey
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marked with different colors (see figure key). ¢ Principal component analysis (PCA)
of animal isolates based on pruned SNPs, in which PC1, PC2, and PC3 account for
variability among isolates. d Mean absolute divergence (dxy) between pairs of C.
hominis genomes. Low dxy values indicate that the genomes are closely related. ¢,d
Subtypes are marked with different colors (see figure key). Source data are pro-
vided as a Source Data file.
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Fig. 2 | Gene flow among animal-adapted Cryptosporidium hominis isolates.

a Relatedness network for pairs of isolates inferred using identity-by-descent (IBD)
analysis. Nodes represent isolates (colored by subtype family), while edges between
nodes indicate IBD sharing. All edges with IBD higher than the threshold (IBD = 0.8)
are shown. b A phylogenetic network of animal isolates based on 15,886 core
wgSNPs. The parallel edges in the network indicate gene flow between isolates.

¢ Phylogeny and population structure of the divergent C. hominis isolates with

K=4.The rooted ML tree was constructed using the TVM + G model implemented
using 15,886 core wgSNPs. The major hosts of the clades are marked at the bottom
panel and the isolates are colored by subtypes as in panel A. Each isolate is repre-
sented by a single bar in 4 colored ancestral components depending on the K values
used. Other results with K values of 2 to 7 are shown in Figure S2d. a-c Subtypes are
marked with different colors (see figure key). Source data are provided as a Source
Data file.

IbA12G3, with the average weighting of the two as sister populations
(topo4) accounting for 60% of the genome (Fig. 3b). The presence of
other topologies indicated the occurrence of sequence introgression
from other sources (Fig. 3b, c). Consistent with these findings, low dxy
values were observed between monkey IbA12G3 and InA17_46269 in
large regions of chromosomes 1 and 5, between monkey IbA12G3 and
ImA20_46260 on chromosomes 4 and 8, and between monkey and
human IbA12G3 at the gp60 locus (Fig. 3d, colored boxes). In addition,
the monkey IbA12G3 showed substantial dxy values in some areas of
the genome (such as the 650-750 kb region on chromosome 1), sug-
gesting the presence of additional introgression of other exogenous
sequences into this isolate.

The two IbA12G3_human isolates were collected in North America,
while the monkey IbA12G3 isolate was found in China. Therefore, we
also tested whether the Asian human isolates played a role in shaping
the monkey IbA12G3 genome. The ML tree showed a very long branch
for the isolate from a Chinese human and the formation of a cluster
with the If subtype family, while the Dhaka isolates formed its subclade
located in a mixed population with other human isolates from around
the world (Fig. 1b). The data indicated that the Chinese isolate shared
sequences with the US isolates, while the Dhaka isolates were segre-
gated by geographic origin”. Phylogenetic topology weighting was

performed on the monkey IbA12G3, human IbA12G3, and the Chinese
laA18R4 genomes, as well as on the monkey IbA12G3, human IbA12G3,
and the Dhaka Ib genomes. The data showed that the genetic relat-
edness of human and monkey IbA12G3 was higher than that of monkey
IbA12G3 and Asian isolates (Supplementary Fig. 4). The fewer SNPs and
lower dxy values between the human and monkey IbA12G3 than
between the latter and the Asian isolates further supported this finding
(Supplementary Data 2 and Supplementary Fig. 3). These data suggest
that the current Asian human isolates are divergent from the monkey
isolates, despite being from the same geographic region.

Genetic recombination in other monkey C. hominis isolates
The IBD data suggested that InA17_ 46269 and ImA20 46260 were
under the influence of IbA12G3_46287 (Fig. 2a). Average weighting, fd,
and dxy analyses confirmed the occurrence of ImA18 sequence intro-
gression in the InAl7 46269 genome, and ImA18 37833 sequence
introgression in the ImA20.46260 genome (Supplementary
Figs. 3 and 5). Specifically, the former involved nucleotides
550 k-1000 k on chromosome 8, while the latter involved nucleotides
500 k-750 k on chromosome 2 (Supplementary Fig. 5).

Isolate 37833 was an ImA18 subtype at the gp60 locus, but was
genetically related to InA14_45028 based on the IBD analysis (Fig. 2a).
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The generated phylogenetic network and the mean dxy showed that
ImA18 37833 was under the influence of InAl445028 and
IbA12G3 46287 (Fig. 1d and Supplementary Fig. 3). Phylogenetic
topology weighting of these isolates and the ImA18 population showed
no dominance of any specific topology across the eight chromosomes,
indicating the occurrence of multiple sequence introgression events in
ImA18 37833. The results of the dxy analysis suggested that
IbA12G3 46287 contributed a large region of chromosome 1, ImA18
contributed regions of chromosomes 1, 6, and 7, while InA14_45028
contributed regions of chromosomes 4 and 6 (Supplementary
Fig. 6a—c). Similarly, the liA17 isolates analyzed in this study showed
high identity to each other, except for liA17_45372, which appeared to
have gene flow from InA14_45028. A large region of the InA14_45028
with an fd value of 1 and low dxy values was present on chromosome 7,
confirming the occurrence of InAl4_ 45028 sequence introgression
into liA17_45372 (Supplementary Fig. 6d-g).

Differences in gene content among genomes of NHP, equine and
human C. hominis subtypes

We obtained short-read assemblies of other animal C. hominis isolates,
with genome sizes ranging from 8.97 to 9.12 Mb in 62 to 825 contigs.
The majority of them were comparable in completeness to the new C.
hominis 1bA12G3_46287 genome (Supplementary Fig. 1). The data of
whole genome alignment showed that the genomes from human,

equine, and monkey C. hominis isolates were largely collinear with only
a few minor structural differences (Fig. 4a and Supplementary Fig. 7).
Among the C. hominis genomes, all monkey isolates had an
approximately 16 kb insertion in the 5’ region of chromosome 5. This
region contained the orthologs of the CPCDC_5g5511, CPCDC_5g5500,
CPCDC_5g5490, and CPCDC_5g5480 genes, which encode an INS-like
protease, an NFDQ secretory protein, and two MEDLE secretory pro-
teins (Supplementary Fig. 7a). The CPCDC_5g5480 gene was also pre-
sent in the equine isolates. In read-mapping, reads from monkey or
equine isolates were mapped to these loci, but no reads were mapped
from human isolates (Fig. 4b). These data and the PCR results sup-
ported gene insertions and deletions (Supplementary Fig. 8).
Although we cannot determine the exact copy numbers of the
subtelomeric INS and MEDLE genes in the genomes of C. hominis iso-
lates from NHP due to the collapse of highly identical sequences at the
5" end of chromosome 1 and the 3’ ends of chromosomes 7 and 8, the
absence of such genes in the C. hominis genomes of human isolates
was determined not only by aligning all assemblies to the new refer-
ence genome but also by blast analyses, read mapping, and PCR. For
example, no reads from human C. hominis isolates were mapped to the
orthologs of genes CPCDC_5g5511 (an /NS gene), CPCDC_5g5490 (a
MEDLE gene), and CPCDC_5g5480 (another MEDLE gene) at the 5’ end
of chromosome 5 of the C. hominis 1bA12G3_ 46287 (Fig. 4b). The
results of the PCR analysis supported the presence of several C.
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parvum-associated genes in the NHP isolates but not in the human
isolates (Supplementary Fig. 8). Blastn analysis of genome assemblies
from C. hominis human isolates did not find any sequences of the /NS
gene, while only one sequence of the MEDLE gene was found and
identified as an ortholog of CPCDC_7g4601. In tblastn analysis of
databases constructed with short reads from Illumina sequencing, the
protein sequence of the INS gene (CHM_5g5511) pulled out some reads
from C. hominis monkey and C. parvum isolates with average identities

of 100% and > 90%, respectively, but with the average identity of <50%
from C. hominis human isolates. The latter were assembled to an
ortholog of CPCDC_3g4270 (an INS-like gene with no CNV between
isolates). The protein sequences of the MEDLE genes (CHM_5g5490
and CHM_5g5480) pulled out reads in C. hominis NHP and human
isolates with maximum identities of 100% and 80%. These reads from
the NHP and human isolates were assembled to three sequences
(representing the orthologs of CPCDC_5g5490, CPCDC_5g5480, and
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Fig. 4 | Genomic differences among Cryptosporidium hominis genomes.

a Syntenic relationship in gene organization among genomes of human, monkey,
and equine C. hominis isolates using the C. parvum IOWA-CDC and the C. hominis
IbA12G3 genomes as the references. The genomes are largely colinear. Copy
number variations (CNVs) of genes between C. hominis genomes were detected by
genome alignment and verified by read-mapping, blast analyses, and nested PCR.
The CNVs are shown in blocks of different colors (see figure key). Among the
genomes analyzed, the orthologs of CPCDC_5g5511 and CPCDC_5g5490 (the orange
block) are absent in human and equine C. hominis isolates, while the ortholog of
CPCDC_5g5480 (the light green block) is absent in human C. hominis; orthologs of
CPCDC_5g4092 and CPCDC_5g4620 (the green block) are absent in monkey C.
hominis; the ortholog of CPCDC_6g5 (the blue block) is absent in equine C. hominis;
the ortholog of Chro.50011 (the red block) is absent in C. parvum and monkey C.
hominis isolates. Monkey C. hominis genomes have an additional copy of the

ortholog of CPCDC_5g5511 (the gray block) on chromosome 7, compared with
other genomes analyzed. All C. hominis genomes do not have orthologs of
CPCDC_6g5511, CPCDC_7g4611, CPCDC_7g4591, and CPCDC_7g4581 (the black
block). b Confirmation of the subteleomeric genes in animal-adapted C. hominis
subtypes using read-mapping. All reads were mapped to the chromosome-level
reference genome of C. hominis. Data from PacBio are highlighted in green.

¢ Distribution of core SNPs in monkey C. hominis genomes by chromosome (with a
1000 bp sliding window and 500 bp steps). d Nucleotide diversity (Pi) among
monkey C. hominis genomes using a 1000 bp sliding window. e Differences in the
distribution of genes encoding proteins with signal peptides and transmembrane
domains between highly polymorphic genes and other genes. Highly polymorphic
genes are more likely to encode proteins with signal peptides (p =7.5x1075). Sta-
tistical analysis was performed using the one-tailed chi-squared test. Source data
are provided as a Source Data file.

CPCDC_7g4601) and one sequence (representing the ortholog of
CPCDC_7g4601), respectively. These results support the conclusion
that C. hominis human isolates lacked the one /NS and the two MELDEL
genes detected in C. hominis NHP isolates (Supplementary Table 5).
Since increased read coverage and multiple read types were observed
in a 10 kb region at the 5’ end of chromosome 7 in the monkey isolate
IbA12G3 46287, which contained the other copy of the ortholog of
CPCDC_5g5511, C. hominis NHP isolates may have several additional
copies of the CPCDC_5g5511 gene (Fig. 4b, Supplementary Fig. 1a, and
Supplementary Table 5).

It is also difficult to determine the copy number of the
CPCDC_5g5500 gene in C. hominis isolates. The gene encodes a
secretory NFDQ protein and is located at the 5’ end of chromosome 5 in
C. parvum. A paralog of it is located at the 3’ end of chromosome 6 in C.
parvum. Both copies are next of the two copies of the subtelomeric
INS gene (CPCDC_5g5511 and CPCDC_6g5511). In the C. hominis
IbA12G3_46287 genome, these two copies of the NFDQ gene are loca-
ted at the 5’ ends of chromosome 5 and chromosome 7. The increase in
read depth in a telematic region at the 5" end of chromosome 7 con-
taining the CHM_7g5501 (ortholog of CPCDC_5g5500 in C. parvum) and
the appearance of several read types suggest that the monkey isolate
may have additional copies of this gene (Fig. 4b and Supplementary
Fig. 1a). This is likely part of the sequence compression at the chro-
mosome ends. In addition, this increase in read coverage of the NFDQ
gene occurred in other C. hominis isolates (Fig. 4b).

All monkey isolates had a 3 kb deletion in the 3’ region of chro-
mosome 5. This resulted in the loss of two orthologs of CPCDC_5g4620
and CPCDC_5g4092 (Supplementary Fig. 7c). The equine isolates had a
1.7 kb deletion in the 5’ region of chromosome 6, resulting in the loss of
the ortholog of CPCDC_6g5, while they had a 5kb fragment in the 3’
region of chromosome 3 containing a C. hominis specific gene,
Chro.50011, which was absent in the monkey isolates (Supplementary
Fig. 7d). Read mapping and blast results supported the validity of these
gene insertions and deletions.

Sequence differences among monkey C. hominis isolates

There were 2314 SNPs in the core genome (without telemetric regions)
among the monkey C. hominis isolates. Altogether, 25 genes displayed
substitution rates above the threshold (average + 3 SD) and contained
more than two SNPs (Fig. 4c and Supplementary Table 6). These
findings were supported by the Pi values among these genomes
(Fig. 4d). Most of the polymorphic genes were located in the sub-
telomeric regions of the chromosomes and encoded mostly proteins
with the signal peptides (Fig. 4e). They included four genes encode
mucin proteins (the orthologs of CPCDC_2g420, CPCDC_2g450,
CPCDC_4g1300, and CPCDC_6g1080) (Supplementary Table 6).

Mouse infectivity of monkey C. hominis isolates
The presence of several subtelomeric /NS and MEDLE genes that are
associated with broad host range of C. parvum prompted us to

evaluate the infectivity of monkey C. hominis isolates to mice. GKO
mice were inoculated with 10* oocysts of ImA20, InAl7, and the
monkey IbA12G3. Results of gPCR analysis showed that most
mice were positive 4 days post infection (DPI) (Fig. 5a). DNA sequence
analysis of the gp60 gene confirmed that the subtypes of
oocysts produced in the mice at the peak of infection (DPI 9) and at
other times matched those of the inoculated oocysts (Supplementary
Fig. 9a, b), confirming that the mice were infected with these C. hominis
subtypes.

Oocyst shedding in mice infected with the IOWA-Waterborne
isolate of C. parvum peaked at DPI 9 (oocysts per gram of
feces, OPG=4 logs) and began to decline, eventually becoming
negative after DPI 60 (Fig. 5a). In contrast, the mice infected with
monkey C. hominis isolates showed a rapid increase in oocyst shedding
intensity, with OPG reaching 6 logs on DPI 9. Thereafter, OPG levels
decreased slowly but remained positive for over 80 days. Peak OPGs
and mean OPGs over 80 days were significantly higher in mice infected
monkey isolates than in mice infected with the IOWA-Waterborne
isolate.

Histological examination at DPI 12 revealed that the parasite load
in the ileum was significantly higher in mice infected with monkey C.
hominis isolates than in those infected with the IOWA-Waterborne
isolate (Supplementary Fig. 9¢). In addition, the intestinal villus length/
crypt depth (v/c) ratio was significantly lower in mice infected with
monkey isolates, but not in those infected with IOWA-Waterborne
(Fig. 5c, d). Scanning electron microscopy (SEM) analysis of the ileal
tissue confirmed the presence of abundant parasites on the intestinal
epithelium of mice infected with monkey isolates, particularly IbA12G3
(Fig. 5e). No parasites were observed in the intestinal tissues of
uninfected mice.

Differences in virulence and infectivity between monkey C.
hominis isolates

OPG levels of mice infected with InA17 and ImA20 subtypes reached
almost 7 logs but decreased to 4 logs within 1 month. In contrast, OPG
levels of mice infected with IbA12G3 reached over 7 logs and remained
at high levels (6 logs) for two months (Fig. 5a). In addition, the mice
infected with IbA12G3 and InA17 had slightly reduced body weight gain
(Fig. 5b). The higher virulence of IbA12G3 was also supported by the
measurement of parasite burden and v/c ratio in the ileal tissue
(Fig. 5c,d and Supplementary Fig. 9c).

In experimental infections of GKO mice with varying numbers of
oocysts, a single IbA12G3 oocyst resulted in infection in three of eight
mice, with a calculated ID50 of seven oocysts. On the other hand, five
InA17 oocysts were able to induce infection in five of eight mice, with
ID50 values of eight oocysts. In contrast, even the use of 1000 ImA20
oocysts induced infections in only two of four mice, with a calculated
ID50 of >1000 oocysts (Supplementary Table 7). The prepatent period
and the time to peak oocyst shedding were longer in mice infected
with lower oocyst doses (Fig. 5f-h).
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Fig. 5 | Differences in infection patterns and virulence among three Cryptos-
poridium hominis isolates from monkeys. a Oocyst shedding patterns in
interferon-y knockout mice (n = 6 per group, C. hominis IbA12G3, InA17, and ImA20,
C. parvum 11aA17G2R1, and uninfected). The detection threshold is indicated by the
dotted line. The peak values of oocysts per gram of feces (OPG) of IbA12G3, ImA20,
and InA17 are significantly higher than those of 11aA17G2R1 (p = 0.0022, 0.0022, and
0.0095), and the mean OPGs of IbA12G3, ImA20, and InA17 over 80 days are sig-
nificantly higher than those of [1aA17G2R1 (p < 0.0001, p < 0.0001, and p < 0.0001).
The mean OPG of IbA12G3 over 80 days is significantly higher than that of ImA20
and InA17 (p < 0.0001 and p < 0.0001). Statistical analysis was performed using the
two-tailed Wilcoxon signed-rank test. b Differences in body weight among the five
groups of mice. ¢ Mean number of parasites per villus in the small intestine of
infected mice (n =3 per group). The number of parasites after C. hominis infection

was significantly higher than that of C. parvum 11aA17G2R1 subtype (p = 0.0022,
0.0007, and 0.0126 for IbA12G3, InA17, and ImA20). d Differences in the villus/crypt
height ratio (v/c) of the ileum of infected mice. The v/c values of mice infected with
monkey C. hominis were significantly lower than those of healthy mice (p = 0.0043,
0.0051, and 0.0186 for IbA12G3, InA17, and ImA20), while there was no significant
difference between C. parvum 11aA17G2R1-infected and uninfected control mice
(p=0.3434). ¢, d Statistical analyses were performed using the two-tailed
Mann-Whitney U test. e Scanning electron microscopy images of the ileum and
colon of GKO mice of the five groups (n = 3). Scale bars =30 um (left) and =10 um
(right). f~h Oocyst shedding patterns of GKO mice infected with different doses
(1000 (n=4),100 (n=4),50 (n=6),10 (n=6),5 (n=8),1(n=8), and 0 (n=4)) of
IbA12G3, InA17, and ImA20 isolates. a,b,c,d,f,g,h Data are presented as mean values
+/- SD. Source data are provided as a Source Data file.

Contribution of subtelomeric MEDLE and INS genes to C. hominis
infectivity in mice

To assess the biological significance of the MEDLE and INS genes, we
first attempted to replace the additional CHM_5g5480, CHM_5g5490
and CHM_5g5511 genes in the IbA12G3 genome (the orthologs of the
CPCDC 5g5480, CPCDC 5g5490, and CPCDC _5g5511 genes in C. par-
vum) with the tdTomato sequence (Fig. 6a, b). Among them,
CHM_5g5480 and CHM_5g5490 were dispensable because we were

able to generate a mutant expressing tdTomato but lacking the
CHM_5g5480 and CHM_5g5490 (Fig. 6¢). The complete deletion of the
genes was confirmed by the read mapping results, which showed that
the locus could not be fully covered by the reads from the IbA12G3-
ACHM_5g5480/5490 line (Fig. 6d). The PCR analysis also confirmed the
complete deletion of the genes (Supplementary Fig. 10a).

After several failed attempts to knock out the full length of the
CHM_5g5511 (INS) gene, an alternative approach was taken to remove
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partial deletion of CHM_5g5511 (Ib_ACHM _5g5511), and tdTomato tagged strains (Ib-
tdTomato). GKO mice (n =4 per group) were infected with 10* oocysts. The mean
OPGs of Ib_ACHM _5g5480/5490 and Ib_ACHM _5g5511 over 14 days are significantly
higher than those of Ib-tdTomato (p = 0.0312 and 0.0312, respectively).

f Differences in body weight among the four groups of mice (n =4 per group).
Infection with the IbA12G3-ACHM_5g5480/5490 improved the weight gain of mice
compared to the Ib-tdTomato group (p = 0.0078), while no difference in weight
gain was observed between the mice infected with IbA12G3-ACHM _5g5511 and Ib-
tdTomato (p =0.25). e, f Error bars represent SD values. Statistical analyses were
performed using the two-tailed Wilcoxon signed-rank test. Source data are pro-
vided as a Source Data file.

310 bp from the 5 end of the Ib-INS gene and insert a stop codon
downstream of the deletion site to disrupt its expression (Fig. 6b). The
sgRNA and the homology repair fragments were designed based on
the identical regions of the different copies of CHM_5g5511. The IFA
results showed that all the mutants expressed tdTomato, and the PCR
results showed that the mutants carried the selective tags (Fig. 6¢c and
Supplementary Fig. 10b). These data indicated that all the parasites
were transgenic. However, in the WGS analysis of the mutant line, the 5’
end of the INS gene had mapped reads with approximately 50%
reduced coverage, suggesting that only parts of the multicopy INS
gene were knocked out. This finding was supported by the PCR results,

as the mutants had both the insertion and the KO region (Supple-
mentary Fig. 10b). We also tried three times to knock out the whole
genome region on chromosome 5 with two MEDLE and one INS genes,
but were unable to obtain transgenic parasites after paromomycin
selection.

In GKO mice, deletion of CHM_5g5480/CHM_5g5490 or partial
deletion of CHM_5g5511 resulted in significantly lower infection
intensity than the tagged wild-type (Ib-tdTomato), as indicated by the
measurement of fecal luciferase activity (Fig. 6e). Infection with the
IbA12G3-ACHM_5g5480/5490 resulted in significantly higher weight
gain of mice than infection with Ib-tdTomato, with the former
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Fig. 7 | Genetic tagging and crosses of two monkey isolates of Cryptosporidium
hominis with different virulence. a lllustration of the strategy used in endogenous
tagging of the IbA12G3 isolate downstream of the TK (CHM_5g4440, ortholog of
CPCDC_5g4440 in C. parvum) locus with a cassette of tdTomato, NanoLuciferase
(Nluc), and neomycin-resistance gene (Neo). b lllustration of the strategy used in
endogenous tagging of the ImA20 isolate downstream of the s UPRT (CHM _1g1900,
ortholog of CPCDC_1g1900 in C. parvum) locus with a mNeonGreen-Nluc-P2A-Neo
cassette. ¢ Image of oocysts purified from fecal samples of mice infected with
endogenously tagged C. hominis IbA12G3. and ImA20 isolates. d Diagram of the
genetic cross of endogenously tagged IbA12G3. and ImA20 isolates. 10* oocysts of
each Ib-TK-Tdtomato oocysts (red) and Im-UPRT-mNeonGreen oocysts (green)
were used to infect the same GKO mouse (n=3). Oocysts expressing both

fluorescent reporters (yellow) were identified by fluorescence microscopy and
collected by flow cytometric analysis of purified oocysts. e Fluorescence micro-
scopy images of purified oocysts at DPI 5. Recombinant progeny expressed both
with Tdtomato and mNeonGreen oocysts and were yellow in the merged images.
c, e Scale barsin the figures are 10 um. f Distribution of oocysts of different colors in
the progeny of the genetic cross at different time points after infection. g Results of
flow cytometry of oocysts purified at DPI 5 showing the oocyst population with
double positive fluorescence. h Number of yellow oocysts harvested from the four
regions in I by flow cytometric sorting. Numbers on the bars are numbers of oocysts
confirmed as yellow by fluorescence microscopy. All harvested oocysts examined
by fluorescence microscopy were yellow. Source data are provided as a Source
Data file.

behaving like the uninfected group (Fig. 6f). However, no difference in
weight gain was observed between mice infected with IbA12G3-
ACHM _5g5511 and Ib-tdTomato.

Tractability and utility of monkey C. hominis isolates

To facilitate biological studies of C. hominis infection, we generated
transgenic lines by introducing the Tdtomato sequence into the
IbA12G3 isolate and the mNeonGreen sequence into the ImA20 isolate
using CRISPR/Cas9 (Fig. 7a, b). The transgenic lines also carried the
nanoluciferase sequence for easy measurement of parasite load.
Immunofluorescence staining showed that oocysts harvested from the
fecal samples of GKO mice inoculated with the transgenic lines
expressed Tdtomato or mNeonGreen, supporting the correct tagging

of the two lines (Fig. 7c). PCR and sequence analyses confirmed that
both transgenic lines had the correct insertion into the genomic loci
(Supplementary Fig. 11a).

We co-infected GKO mice with equal numbers of IbA12G3-TK-
Tdtomato and ImA20-UPRT-mNeonGreen oocysts and selected the
transgenic lines by paromomycin treatment (Fig. 7d). Some oocysts of
the genetic cross harvested at DPI 5 had both red and green colors
(yellow in merged images) (Fig. 7e and Supplementary Fig. 11b). Red
oocysts had the absolute advantage (>90%), consistent with the higher
infectivity of IbA12G3 than ImA20 (Fig. 7). Adjusting the infection dose
(increasing the infection dose of ImA20 tenfold) increased the yield of
yellow progeny (Supplementary Fig. 11c). Flow cytometric analysis of
the progeny showed that the yellow oocysts clustered into four
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populations at the late time point of infection (DPI 5 and DPI 6) (Fig. 7g
and Supplementary Fig. 11d, e). Fluorescence microscopy revealed that
all oocysts from these populations were yellow (Fig. 7h and Supple-
mentary Fig. 11f). They provide experimental support for the conclu-
sion that co-infection of two C. hominis subtypes can produce genetic
recombinants, which was observed in the evolutionary analysis of the
monkey isolates.

Discussion

The results of this study have confirmed the biological classification
and the genetic uniqueness of C. hominis naturally circulating in sev-
eral animal species at the whole genome level. While several unique
gp60 subtype families have been reported in equine animals (Ik) and
Old-World monkeys (li, Im, and In) in recent years, very few sequence
data are available from these isolates. Sequence analysis of the con-
served 18S rRNA gene suggests that these subtypes may be host-
adapted C. hominis variants with minor sequence differences from the
common C. hominis subtype families in humans®. This was supported
by partial WGS data from an 1kA18Gl isolate from a human patient in
Sweden?. In the present study based on WGS data, C. hominis from
humans, equine animals, and macaques formed a distinct clade sepa-
rate from C. hominis related species. However, their genomes are
divergent from each other and there is limited gene flow between the
three groups. These results support the animal isolates as C. hominis
and the existence of host adaptation within this species*".

Comparative genomic data from the study suggest that copy
number variation in subtelomeric genes may contribute to the differ-
ence in host range between C. hominis animal and human isolates. C.
hominis isolates from humans, equine animals, and macaques differ in
the copy numbers of the MEDLE and INS genes. Proteins encoded by
these two gene families have been associated with host specificity in
Cryptosporidium spp***. Therefore, these differences may lead to
differences in host infectivity among the human, monkey, and equine
subtypes of C. hominis. Surprisingly, the monkey C. hominis subtype
ImAI13 recently caused an outbreak of diarrhea in humans, suggesting
an underestimated host range of the NHP-adapted C. hominis".

Multiple recombination underlies the genetic diversity and
population genetic structures of C. hominis NHP-adapted subtypes. We
found strong evidence for sequence introgression among IbA12G3,
liA17, ImA18, ImA20, InAl4, and InAl7. ImAl8 has been reported in
China as a the dominant subtype for C. hominis infection in crab-eating
macaques on a breeding farm in Hainan’. The liA17 subtype was first
reported in a rhesus monkey in the United States and has been
detected several times in macaque monkeys and humans in China and
Thailand since 2014°%%5%2¢_ This subtype is likely to be a native C.
hominis subtype in NHPs in China and Southeast Asia. In addition, the
InA14 subtype is also common in macaque monkeys on the same farm’.
We have further provided experimental support for the occurrence of
genetic recombination during co-infection of two C. hominis subtypes
in mice, demonstrating a high frequency of genetic recombination in
C. hominis and the formation of progenies with recombined genomes.
Therefore, the co-occurrence of these subtypes along with several
other subtypes on the farm allows for genetic recombination and
underlies the genetic diversity. Genetic recombination also plays a key
role in shaping the population structure of C. hominis in humans and C.
parvum in both humans and animals**" >,

Genetic recombination between the NHP-adapted subtypes and
the human IbA12G3 subtype is likely responsible for the emergence of
the divergent subtype in monkeys. The monkey IbA12G3 isolate has the
common Ib-type gp60 sequence seen in human IbA12G3 isolates, but
has sequences similar to the ImA20 and InA17 subtypes in NHP in most
genomic regions. The IbA12G3 subtype is a common human-
pathogenic subtype that has been reported in many countries since
2009 and has been identified as the cause of cryptosporidiosis out-
breaks in the United Kingdom and Australia®*". It has been found in

crab-eating monkeys in China since 2014°. Because the
IbA12G3 subtype has a global distribution in humans but is only
occasionally detected in NHPs in Bangladesh and China**, we con-
sidered the gene flow from humans to NHPs more likely for this unique
IbA12G3 genome that we sequenced. However, we have no other more
robust evidence for the direction of C. hominis flow between humans
and NHPs.

Taking advantage of the presence of several C. parvum-specific
genes that have been associated with a broad host range, we have
established a mouse infection model of C. hominis using these monkey
isolates. Previous studies have shown that common subtypes of human
C. hominis are not infectious to rodents®. Because the NHP-adapted C.
hominis subtypes have several subtelomeric INS and MEDLE genes that
have been associated with animal infectivity in C. parvum, we evaluated
their infectivity to GKO mice. The three C. hominis isolates from NHPs
not only infected these mice but also induced significantly higher and
more prolonged oocyst shedding than the lla-Waterborne reference of
C. parvum. Thus, the host range of monkey C. hominis isolates is indeed
broader than that of human isolates.

In the present study, we provide experimental evidence for the
potential involvement of the subtelomeric INS and MEDLE genes in C.
hominis infectivity and pathogenicity. These genes have been impli-
cated in the invasion and development of Cryptosporidium spp*°™*.
Deletion of the subtelomeric MEDLE genes (orthologs of the
CPCDC_5g5490 and CPCDC_5g5480 genes) significantly reduced C.
hominis growth in GKO mice and prevented body weight loss in
infected animals. The data suggest that MEDLE genes are involved in
host infectivity, but other genes may also contribute to C. hominis
infectivity in mice. In contrast, the /NS gene was partially knocked out.
This may be due to the presence of multiple copies of the subtelomeric
INS gene with high sequence identity in this isolate, and the current
CRISPR procedure cannot simultaneously manipulate multiple iden-
tical loci on different chromosomes. Interestingly, the partial deletion
of the INS genes also significantly reduced C. hominis growth but not as
much as the MEDLE genes. In addition, we attempted to knock out the
entire /NS and MEDLE region with double sgRNAs covering the entire
region. The failure to obtain transgenic parasites after paromomycin
selection may support the importance of these genes, but we could not
exclude that the region was too large to be knocked out. Studies of
multiple genes in Cryptosporidium remain challenging, although the
combined function of INS and MEDLE could be further explored in
future studies using the recently developed second selection
markers*>*, Overall, the data support the previous suggestion that
copy number variation in subtelomeric genes encoding the INS and
MEDLE secretory proteins may contribute to the differences in host
infectivity between different Cryptosporidium species and
subtypes?¥4,

The three monkey isolates examined in this study, each with dif-
ferent gp60 subtypes, exhibit different infectivity and virulence. In
particular, IbA12G3 induced a significantly higher intensity of oocyst
shedding in mice than ImA20 and InA17. In addition, both IbA12G3 and
InA17 infections resulted in significantly higher parasite loads in the
mouse intestine than ImA20, with the former two also causing
reductions in body weight gain, consistent with their much lower IDso
values. Previously, differences in infectivity and virulence have been
observed between different subtype families of C. parvum and C.
tyzzeri*™*, and between different isolates of the same gp60
subtype**=°, Results from comparative genomic analysis indicate that
sequence differences in genes encoding mucin glycoproteins and
other secretory proteins are associated with different phenotypic traits
of isolates in mice**°. This is consistent with the data obtained in the
present study. Among the highly polymorphic genes between monkey
C. hominis isolates, there are four genes encoding mucin proteins
including the GP60. Mucin glycoproteins play a critical role in spor-
ozoite invasion®, especially GP60, which also has multiple functions
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during C. parvum infection and is an important factor in host
infectivity>>.

The newly developed mouse model of C. hominis infection pro-
vides an accessible mechanism for advanced biological characteriza-
tion of this important human pathogen. In the present study, we were
able to endogenously tag two isolates with different infectivity and
virulence to mice with fluorescent reporters and a nanoluciferase,
allowing for easy detection and tracking of them. More importantly,
we were able to genetically cross the two isolates and enrich the pro-
geny of the genetic cross using flow cytometry. Previously, genetic
crosses between C. parvum isolates and between C. parvum and C.
tyzzeri have been made in vivo and in vitro™>°. However, the genetic
crosses reported here are intended to demonstrate that these C.
hominis isolates are genetically tractable, and together with the newly
developed C. hominis mouse model they provide an accessible
mechanism for advanced biological characterization of this important
human pathogen. We anticipate using this approach for future dis-
covery of genetic determinants of host infectivity and virulence and
comparative studies of C. parvum and C. hominis.

Prior to this study, our understanding of the emergence of
the novel C. hominis subtypes was limited by the lack of WGS
data. In this study, we acquired WGS data from four animal-
adapted C. hominis subtype families and demonstrated their
genomic uniqueness. Previous evolutionary genetic and multi-
locus sequence analyses had indicated the presence of geo-
graphic segregation within C. hominis®*’, but we did not detect
obvious sequence introgression from Asian human isolates into
the Chinese monkey isolates. Therefore, a more systematic ana-
lysis of human isolates from China, where the novel subtypes are
emerging", and Kenya, where one of the novel subtypes caused a
recent human cryptosporidiosis outbreak™, is needed to improve
the understanding of the transmission of the novel C. hominis
subtypes. While the newly generated reference C. hominis gen-
ome provides insights into the copy number variation of sub-
telomeric genes, three chromosome ends with high sequence
identity in C. parvum® are missing from the assembly due to
PacBio’s read length limitation. The increased read depth in
another chromosome end during read mapping suggests the
presence of collapsed sequences®. Therefore, chromosome end
replication in C. hominis may have occurred in the same chro-
mosomes as in C. parvum. This replication may have also occur-
red in other species that are closely related to C. parvum. More
long read data from other C. hominis isolates are needed to
confirm this observation®.

In conclusion, the genomes of the NHP-adapted and equine-
adapted subtypes differ significantly from those of the human-
pathogenic subtype families. These differences are mainly in the
CNVs of the subtelomeric MEDLE and INS genes. These differences
contribute to their infectivity in GKO mice. The results of this study
also indicate that the co-occurrence of different subtypes has led to
frequent recombination between subtypes, shaping the population
structure of C. hominis in NHPs and the emergence of new subtypes.
These observations improve our understanding of the evolutionary
genetics of C. hominis and provide rich targets for advanced studies of
genetic determinants of host infectivity and virulence of isolates. In
particular, the C. hominis mouse model and genetically tractable iso-
lates of varying infectivity and virulence developed in this study will be
very useful for comparative studies of C. hominis and C. parvum and
advanced characterizations of genetic determinants of phenotypic
traits of these important pathogens.

Methods

Cryptosporidium isolates and mice

A total of 17 C. hominis-positive samples, collocated from crab-eating
macaques (Macaca fascicularis) and donkeys (Equus asinus) in China

between 2017 and 2022, were used in the study (Supplementary
Table 1). They were obtained from previous molecular epidemiological
studies of Cryptosporidium spp*°. Fecal samples containing oocysts
were stored in 2.5% potassium dichromate solution at 4 °C prior to the
oocyst isolation for WSS analysis and infection studies. The C. parvum
“IOWA” isolate (1laA17G2R1 subtype) was purchased from Waterborne,
Inc. (New Orleans, LA, United States). The species and subtype identity
of the isolates were determined by PCR and sequence analysis of the
18S rRNA and gp60 genes™*°. Information on the sequenced isolates is
provided in Supplementary Data 1.

GKO mice on a C57BL/6 background were obtained from the
Institute of Laboratory Animals Science, Chinse Academy of Medical
Sciences. Mice were housed in clean filter-top cages with a 12:12 light-
dark cycle, 50-60% humidity, and room temperature (22 °C) according
to standard protocols under the regulations of the Institutional Animal
Care and Use Committee, South China Agricultural University (No.
2022¢011).

Whole-genome sequencing

Oocysts were purified from C. hominis-positive samples using dis-
continuous sucrose and cesium chloride gradients as described®.
Seventeen DNA samples were extracted from the purified oocysts after
five freeze-thaw cycles using the QIAamp DNA minikit (Qiagen, United
States, Cat. 51304). Whole-genome amplification (WGA) was per-
formed on the extracted DNA using a REPLI-g Midi kit (Qiagen, Cat.
150043) following the manufacturer-recommended procedures. The
WGA products were sequenced on an Illumina HiSeq 2500 (Illumina,
San Diego, CA, United States) using the 150-bp or 250-bp paired-end
approach. DNA was also extracted from IbA12G3-monkey-46287
oocysts using the traditional phenol-chloroform method. After WGA,
the product was sequenced using standard PacBio ccs procedures.

A total of 240 whole-genome sequence (WGS) datasets of C.
hominis, C. parvum, C. cuniculus, C. tyzzeri, C. ubiquitum, and C.
meleagridis were downloaded from the Sequence Read Archive data-
base of the National Center for Biotechnology Information (NCBI)
(https://www.ncbi.nlm.nih.gov/sra/) using prefetch v2.11.3 (https://
github.com/ncbi/sra-tools). They were generated in published
studies?>*"62°_Some basic information about the WGS data is pro-
vided in Supplementary Data 1.

Genome assembly and gene annotation for the reference C.
hominis genome

Sequence reads obtained from PacBio were filtered for chimeras using
3rd-ChimeraMiner’®. Sequence reads obtained from Illumina were
trimmed for adapter sequences and poor sequence quality (phred
score <30 and trimmed length <60) using fastp v0.23.4. A hybrid de
novo assembly was performed with the PacBio and lllumina reads of
IbA12G3-monkey-46287 using wengan v0.2 with M model, a genome
size of 9.5 Mb, haploid, and a Kmer of 63. The PacBio reads were also
assembled de novo using the hifiasm v0.19.8 with a Kmer of 63. The
final assembly was polished using racon v1.5.0 with default settings and
manual inspection of the long PacBio reads mapped to the contigs. The
assemblies were aligned and sorted against the reference genomes of
C. parvum I0WA-CDC (of the dominant 11aA15G2R1 subtype)*® and
IOWA-BGF (of the 11aA17G2R1 subtype)®® using the “move contig” tool
of Mauve v2.3.1. To assess the quality of the new assembly, the PacBio
long reads were mapped back to the new assembly using minimap2
v2.28 with the map-hifi mode (https://github.com/Ih3/minimap2) and
visualized with igv v2.17.1.

Gene annotation for the C. hominis IbA12G3 genome was per-
formed using AUGUSTUS v3.5.0 (https://github.com/Gaius-Augustus/
Augustus) and GeMoMa’. Annotations from the C. parvum reference
genomes (IOWA-CDC and IOWA-BGF) were used to train AUGUSTUS
for the prediction, while the annotations from the reference genomes
were transferred to the C. hominis 1bA12G3 based on conserved
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synteny. The uncharacteristic genes were annotated by searching the
NCBI non-redundant protein database using Blastp v2.10.1 with an
e-value of 1x10°°,

Genome assembly of other isolates and comparative genomic
analyses

All trimmed Illumina reads were assembled de novo using CLC Geno-
mics Workbench with a word size of 63 and bubble size of 400. Gen-
omes were also assembled using SPAdes 3.1 (http://cab.spbu.ru/
software/spades/) with a kmer of 63 and the careful mode. The
assemblies were aligned and sorted against the chromosome-level
reference genome of C. hominis IbA12G3-monkey using Mauve’s “move
contig” tool to obtain the size of the final genome assemblies of the
isolates. The genomes with two or more types of gp60 or 18S rRNA
sequences and/or an assembly larger than 9.1 Mb were considered as
mixed infections and excluded from further analysis.

The trimmed reads were mapped to the new reference C. hominis
46287 genome and the other isolates using the BWA-MEM v0.7.17.
Duplicate reads were marked and removed in the bam files using the
MarkDuplicates algorithm of picard v3.1.1 (https://broadinstitute.
github.io/picard/) with REMOVE_DUPLICATES=true, CREATE -
INDEX=true, and ASSUME_SORTED=true. Genome coverage and
sequence depth were estimated using the mpileup algorithm of
SAMtools v1.7 (http://samtools.sourceforge.net/). The mpileup and
call algorithms of BCFtools v1.12 (https://samtools.github.io/bcftools/)
were used to generate a VCF file of sequence variants, with parameters
-¢ 50, -d 500, and -ploidy 1. Low quality SNPs (QUAL <30, FORMAT/
DP <3 and AVG FORMAT/DP > 25) were filtered out using the BCFtools
filter algorithm. The bam file of 46287 isolates from the read mapping
was visualized in IGV, to look for pile-ups representing the repetitive
sequence regions in the genome®. To avoid the introduction of arti-
ficial whole-genome SNPs (wgSNPs) estimated by short reads from
different family members randomly mapped to a locus’?, the wgSNPs
were divided into core wgSNPs and secondary wgSNPs using the view
algorithm of BCFtools. The core wgSNPs cover most of the genomic
regions (Supplementary Table 4), except for the subtelomeric
sequences and repetitive sequences, such as the CPCDC_3g4270/
CPCDC_3g4260 locus and the rRNA units',

Population genetic analyses

Relationships among C. hominis isolates were examined using princi-
pal component analysis (PCA), STRUCTURE, phylogenetic, and IBD”
analyses. Core wgSNPs identified across all C. hominis genomes were
pruned using PLINK v2.00 (http://zzz.bwh.harvard.edu/plink/) with
-mac 3 and -geno of 0.2 to generate a dataset of high-quality core
wgSNPs. The dataset was subjected to PCA analysis using LDAK v5.27%.
Clustering among the isolates was visualized using the R package
‘ggplot2’ (https://www.rdocumentation.org/packages/ggplot2). The
core wgSNPs among the animal C. hominis isolates were extracted
from the previous high-quality core wgSNPs dataset with --max-miss-
ing 1 using Vcftools v0.1.16 (https://vcftools.github.io/index.html).
These wgSNPs were used for PCA analysis using LDAK. A set of
unlinked sites was generated with 10-kb sliding windows using PLINK
with --indep-pairwise of 10 5 0.4. These wgSNPs were also subjected to
STRUCTURE analysis using Structure v.2.3.4 (https://web.stanford.
edu/group/pritchardlab/structure.html), with the best number of
subpopulations (K value) being calculated using Pophelper v2.3.1
(http://www.royfrancis.com/pophelper/  articles/index.html). The
results of the STRUCTURE analysis were visualized using the CLUMPAK
server (https://tau.evolseq.net/clumpak/). The wgSNPs among other
isolates were extracted from the wgSNPs using Vcftools. ML trees were
generated from the wgSNPs using RAXM-NG with a substitution model
and 1000 replicates of bootstrapping. The substitution model was
estimated using jModelTest v2.1.10 based on values from Akaike
Information Criterion”. The IBD analysis was used to identify isolates

with shared ancestry using hmmiIBD v2.0.4. Isolates with IBD sharing
greater than the mean + SD of their genomes were considered as
related ones. Relatedness networks for pairs of isolates were generated
using Cytoscape v3.9.1 (https://cytoscape.org/).

Gene flow between populations was assessed using phylogenetic
network analysis and topology weighting. The neighbor-net algorithm
of SplitsTree6’® (https://github.com/husonlab/splitstree6) was used to
generate phylogenetic networks. Twist.py (https://github.com/
simonhmartin/twisst) was used to estimate topology weighting with
a 50 bp window across eight chromosomes to examine phylogenetic
relationships across the genome among three populations of C.
hominis isolates and an outgroup. The genome-wide average weight-
ing of each topology and the distribution of topology weightings were
visualized using the R package ‘PlotTwist’ (https://github.com/
JoachimGoedhart/PlotTwist). To identify the introgressed genomic
regions across the whole genome, absolute divergence (dxy) was
estimated across the genome using a set of SNPs. The dxy values
between populations or isolates were calculated in a 10-kb sliding
window using popgenWindows.py in Genomics_general (https://
github.com/simonhmartin/genomics_general), and visualized in line
plots using the R package ‘ggplot2’. In addition, the modified fd test
with 100-kb sliding windows and 10-kb steps was performed as
described using ABBABABAwindows.py in Genomics_general. Three
populations and one outgroup were used with the relationship (((P1,
P2), P3), O), where P1 is closer to P2 than P3. Positive fd values were
considered as introgression signals.

Structural differences between C. hominis genomes

All short-read genomes were aligned against the new C. hominis
IbA12G3 genome and C. parvum reference genomes (IOWA-CDC and
IOWA-BGF) using the “move contig” tool in Mauve v2.3.1. Structural
variations (SVs) and copy number variations (CNVs) between the
genomes were then manually detected. The CNVs between the gen-
omes of animal and human isolates were verified by read mapping,
blast analyses, and PCR. Reads were mapped to the reference genomes
containing the genomic sequences of the SNVs using minimap2 for
long reads and BWA-MEM for short reads (see above). These genomic
sequences were used to construct databases using makeblastdb in
Blast+ v2.16.0, and the assemblies were compared to the databases
using blastn. In addition, the reads from the sequencing were used to
build nucleotide databases, and the protein sequences of the CNVs
were compared to them using tblastn. Primers for PCR amplification
are showed in Supplementary Table 8. Nucleotide diversity (Pi) was
used to measure the degree of variability of genomic regions in a
group. It was calculated among C. hominis isolates using the Vcftools
v0.1.16 with a 10-kb sliding window.

Experimental infection of mice with C. hominis

Prior to experimental infection, all GKO mice were verified to be
Cryptosporidium-free by nested PCR analysis of the 18S rRNA gene. All
cages, water bottles, and bedding were autoclaved before use. All
infection studies were performed on mice between 4 and 5 weeks of
age, with equal numbers of male and female mice. Mice in infected
groups received Cryptosporidium oocysts by oral gavage, while mice in
uninfected control groups received PBS. All mice in these infection
studies were housed individually in separate cages (one mouse per
cage). Oocyst shedding was measured by qPCR analysis of the 18S
rRNA gene as described®. Sequence analysis of the gp60 gene was
used to verify the identity of C. hominis periodically throughout the
course of infection.

To isolate C. hominis from monkeys, three GKO mice were used
for infection with oocysts from each clinical sample. All mice were
inoculated with oocysts that were freshly purified from clinical sam-
ples. Infected mice were housed separately from each other in indivi-
dual cages and the oocyst shedding of each mouse was monitored for
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60 days. All comparative infection studies and other assays used
oocysts freshly purified from experimentally infected mice. Due to the
high cost of GKO mice and the variable freshness and oocyst load of
clinical samples, only three monkey isolates were maintained in our
laboratory, including ImA20, InAl17, and IbA12G3. These isolates
represent three closely related subtype families. We also successfully
infected GKO mice with another ImA18 isolate, but had to make the
decision to maintain only three isolates due to cost and labor. The
equine isolates were not tested for mouse infectivity because they
have fewer subtelomeric INS and MEDLE genes than the monkey iso-
lates (less likely to infect mice) and because of the small number of
oocysts purified from clinical samples.

To evaluate the virulence and infectivity of C. hominis isolates
from monkeys, 30 GKO mice were divided into five groups (n=6 for
each group), including the IbA12G3 infection group, the InA17 infec-
tion group, the ImA20 infection group, the C. parvum lla-Waterborne
infection group, and the uninfected control group. All mice except
those in the control group were inoculated with 10* oocysts that were
freshly purified from maintenance mice. The oocyst shedding pattern
and body weight of each mouse were monitored for 80 days.

To determine the median infectious dose (IDsg) of C. hominis
isolates from monkeys, 120 GKO mice were randomly assigned to
seven groups for each of the three subtypes described above, each
receiving different doses of oocysts, including 1000 (n=4),100 (n=4),
50 (n=6),10 (n=6),5 (n=8),1(n=8), and 0 (n=4). Oocyst shedding
in each mouse was monitored for 15 days using qPCR as described
above, and the ID50 of each isolate was calculated using logistic
regression.

Study of pathological changes induced by the C. hominis isolates
Fifteen 4-week-old GKO mice were randomly divided into five groups
(n =23 for each group): the C. hominis IbA12G3 group, the InA17 group,
the ImA20 group, the C. parvum lla-Waterborne group, and the unin-
fected control group. Mice in the infected groups were inoculated with
10* oocysts freshly purified from maintenance mice. Mice were sacri-
ficed at DPI 12 for the assessment of parasite burden and pathological
changes in the ileum and colon by histology and scanning electron
microscopy (SEM) as described®.

Construction of CRISPR/Cas9 plasmids for genetic modification
of C. hominis

The CRISPR/Cas9 technology was used to generate transgenic C.
hominis lines with fluorescent and nanoluciferase reporters as
described”. CRISPR/Cas9 plasmids were generated by adding a single-
guide RNA (sgRNA) targeting the gene of interest to the linear Cas9
plasmid using the Gibson assembly kit. The sgRNAs were designed to
target the TK gene in the IbA12G3 genome and the UPRT gene in the
ImA20 genome, while the tagging plasmids contained the TK-Tdto-
mato-Nluc-P2A-neo and UPRT-mNeonGreen-Nluc-P2A-neo repair cas-
settes and DNA sequences homologous to the regions targeted by the
SgRNAs.

A sgRNA targeting the 3’ end of the CHM_5g5480 was used to
knock out the CHM_5g5480 and CHM_5g5490 genes. The homology
repair fragments were PCR amplified from the IbA12G3 genome, con-
sisting of 1202bp of the CHM_5g5490 5’ UTR and 1358 bp of the
CHM_5g5480 3’ UTR. The fragments were assembled with a reporter-
drug selection cassette amplified from TK-Tdtomato-Nluc-P2A-neo. In
addition, to knock out all passible copies of the CHM 5g5511, the
sgRNA and the homology repair fragments were designed based on
the identical regions of the different copies of CHM_5g5511. A gRNA
targeting the 5 end of the genes was used. The 783 bp sequence
upstream and 559 bp sequence downstream of the 310-bp 5’ end of the
CHM_5g5511 were amplified from the IbA12G3 genome and used to
insert the dual reporter-drug selection cassette (Tdtomato-Nluc-P2A-
neo). The sgRNA and repair fragments targeted conserved sequences

based on visual inspection of the PacBio read mapping to the reference
C. hominis genome.

Generation of transgenic parasites

Fresh oocysts were treated with 10% Clorox (0.5% sodium hypo-
chlorite) on ice for 10 min, followed by treatment with sodium taur-
odeoxycholate at 37°C for 60 min. The excysted sporozoites of
IbA12G3 and ImA20 isolates were electroporated with TK-Tdtomato-
Nluc-P2A-neo  and UPRT-mNeonGreen-Nluc-P2A-neo  plasmids,
respectively, while former strain also was electroporated with
ACHM_5g5511- Tdtomato-Nluc-P2A-neo or ACHM_5g5480/5490-Tdto-
mato-Nluc-P2A-neo plasmids, together with the corresponding
sgRNAs. The electroporated parasites were orally gavaged to three
GKO mice that were previously treated orally with sodium bicarbonate
to neutralize gastric acid. Transgenic parasites were selected by
treating GKO mice with 16 g/L paromomycin in the drinking water
starting 18 h after the oocyst inoculation. They were verified by mea-
surement of nanoluciferase activity using Cytation (BioTek, Synergy
H1), fluorescence microscopic analysis of oocysts purified from fecal
pellets of infected mice under a microscope (Olympus, BX53), PCR
amplification, and WGS of the purified oocysts.

Experimental infection of mice with transgenic C. hominis

To evaluate the infectivity of transgenic C. hominis isolates to GKO
mice, 16 four-week-old GKO mice were divided into four groups (n=4
for each group), including the tagged IbA12G3 infection group
(IbA12G3-Tdtomato), the CHM_5g5511 KO group (IbA12G3-
ACHM 5g5511), the CHM 5g5480 and CHM 5g5490 KO group
(IbA12G3-ACHM_5g5480/5490), and the uninfected control group. All
mice except those in the control group were inoculated with 10*
oocysts. Mice in the infection study were housed in individual cages,
and oocyst shedding patterns and body weight of each mouse were
monitored for 15 days.

Genetic cross between C. hominis isolates

Three 4-week-old GKO mice were simultaneously infected with 10*
oocysts of each tdTomato-tagged IbA12G3 and mNeonGreen-tagged
ImA20 lines. Fecal samples were collected daily starting at DPI 5.
Oocysts were purified from feces by sucrose and cesium chloride
gradient centrifugation and examined by immunofluorescence
microscopy. Yellow (both tdTomato and mNeonGreen positive)
oocysts were sorted and harvested by flow cytometry using FACSAria
Il (BD Biosciences, USA), and the data were analyzed using BD FACS-
Diva v8.0.3. To increase the yield of yellow progeny, three 4-week-old
GKO mice were infected with 10° oocysts of mNeonGreen-tagged
ImA20 lines and 10* oocysts of tdTomato-tagged IbA12G3.

Statistical analysis

All statistical analyses were performed using the Prism v10 unless
otherwise noted. The Mann-Whitney U test was used to compare the
means of two groups, and the Wilcoxon signed-rank test was used to
compare the growth curves of two groups.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All sequence data have been deposited in the NCBI Short Read Archive
(https://www.ncbi.nlm.nih.gov/sra/) under the BioProject accession
number PRJNA1033585. The final genome assembly of C. hominis
IbA12G3 46287 has been submitted to GenBank under accession
numbers JBGCUFO00000000. Accession codes for the genomic
sequence datasets analyzed in this study are provided in Supplemen-
tary Data 1. Source data are provided with this paper. The.vcf file used
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in this study is available in the Figshare database’®. Source data are
provided with this paper.

Code availability

All analyses are described and cited in the Methods. Custom codes
used in this work have been deposited on GitHub (https://github.com/
Wanyi-Huang/PopGene_Plot).
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