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In brief

A newly emerged Cryptosporidium
hominis subtype is associated with
increased incidence of cryptosporidiosis
in the United States. Huang et al. use
comparative genomics to trace this
subtype’s evolutionary history involving
multiple imports and secondary
recombination. Adaptive selection in
invasion-associated genes has led to the
dominance of one of the three variants.
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SUMMARY

The parasite Cryptosporidium hominis is a leading cause of the diarrheal disease cryptosporidiosis, whose
incidence in the United States has increased since 2005. Here, we show that the newly emerged and hyper-
transmissible subtype IfA12G1R5 is now dominant in the United States. In a comparative analysis of 127
newly sequenced and 95 published C. hominis genomes, IfA12G1R5 isolates from the United States place
into three of the 14 clusters (Pop6, Pop13, and Pop14), indicating that this subtype has multiple ancestral or-
igins. Pop6 (IfA12G1R5a) has an East Africa origin and has recombined with autochthonous subtypes after its
arrival. Pop13 (IfA12G1R5b) is imported from Europe, where it has recombined with the prevalent local sub-
type, whereas Pop14 (IfA12G1R5c) is a progeny of secondary recombination between Pop6 and Pop13. Se-
lective sweeps in invasion-associated genes have accompanied the emergence of the dominant Pop14.

These observations offer insights into the emergence and evolution of hyper-transmissible pathogens.

INTRODUCTION

Cryptosporidiosis is a major cause of diarrhea and diarrhea-
associated deaths in children in low- and middle-income coun-
tries and waterborne diseases in high-income nations, including
the United States. Research on the pathogen Cryptosporidium
has therefore attacked major attention recently.” In the United
States, because of its nationally notifiable disease status, cryp-
tosporidiosis has been under surveillance since the massive
waterborne outbreak in Milwaukee in 1993, which caused illness
in 403,000 people.>* For a long time, the reported incidence of
human cryptosporidiosis in the United States had been approx-
imately 1 case per 100,000 persons. Since 2005, however, there
has been a substantial increase in the incidence of cryptosporid-
iosis; the factors contributing to this increase are not fully clear.”

Cryptosporidium hominis (C. hominis) is an anthroponotic spe-
cies and the dominant cause of human cryptosporidiosis in most
areas.’® It is responsible for most outbreaks of cryptosporidiosis
in the United States and European countries.”'® Thus far, over 10
C. hominis subtype families have been identified based on
sequence analysis of the 60-kDa glycoprotein (gp60) gene,
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with Ia, Ib, Id, le, and If being the most common ones.® Among
them, the IbA10G2 subtype is widely distributed in both low-
and high-income countries and is the dominant subtype respon-
sible for C. hominis-associated outbreaks in Europe.®

In the United States, IbA10G2 was the dominant C. hominis
subtype for outbreaks in early years, including the massive
1993 Milwaukee outbreak.’ In 2005, a previously undetected
C. hominis subtype, 1aA28R4, appeared in the United States.
By 2007, it was identified in a multistate outbreak and the major-
ity of sporadic cases.'® This subtype largely disappeared in the
United States within a few years and appears to be replaced
by IfA12G1R5, which is frequently seen in outbreaks and spo-
radic cases since 2013.” IfA12G1R5 has recently become a
common C. hominis subtype in Australia and New Zealand.'"'2
The genetic factors involved in the alternation of C. hominis sub-
types and emergence of the hyper-transmissible subtype
IfA12G1R5 in the United States are poorly understood.

In this study, we have acquired whole-genome sequencing
(WGS) data from 127 C. hominis isolates collected from the
United States, Spain, and China in recent years and conducted
comparative genomics and evolutionary genetic analyses of
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Figure 1. Distribution of Cryptosporidium spp. and subtypes in recent years (2010-2017) in the United States
(A) Number of cases of C. hominis subtype families and subtypes in outbreak and sporadic cases in the United States.
(B) Number of cases of C. hominis subtypes in outbreak and sporadic cases in the United States by year.

(C) C. hominis IfA12G1R5 identified in outbreak cases in the United States.
(D) Wide occurrence of IfA12G1R5 across the United States.

the data together with 95 published ones to understand the evo-
lution of C. hominis and the emergence of IfA12G1R5 in the
United States. Results of the analyses indicate that multiple in-
troductions and genetic recombination events and the subse-
quent adaptive selection have led to the emergence of the hy-
per-transmissible subtype.

RESULTS

IfA12G1R5 has become the most frequently detected

C. hominis subtype in the United States

Among the 1,075 Cryptosporidium-positive stool samples sub-
mitted by public health laboratories (Figure S1A), C. hominis
was identified in 368 samples. Sequence analysis of the gp60
gene indicated the presence of 21 subtypes in six subtype fam-
ilies, including la, Ib, Id, le, If, and Ig (Figure 1A). During this
period, IfA12G1R5 appeared first in 2013 and became the domi-

nant subtype in the United States ever since (Figures 1B and 1C).
This subtype was detected in 14 of 23 states that submitted
C. hominis samples during 2010-2017 (Figure 1D).

Distribution of C. hominis isolates used in comparative
genomics analyses

Diversity and phylogenetic relationship of C. hominis were exam-
ined at the whole-genome level. We used 249 C. hominis ge-
nomes in the initial analysis, including 146 and 103 genomes
newly sequenced and downloaded from the Sequence Read
Archive (SRA) database, respectively. Genomes with one of
following characteristics were excluded from further analyses:
sequencing depth below 5, genome coverages below 90%, no
gp60 sequences, two or more types of gp60 or 18S rRNA se-
quences, and genome length over 9.1 Mb. After the removal of
low-quality genomes, 222 were included, of which 127 were
from this study and 95 from public databases (Figure S1;
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Figure 2. Population subdivision within Cryptosporidium hominis and the formation of three populations of IfA12G1R5

Isolates are colored according to their subtype families (A—C and F), geographical origins (C), and populations (C-E). (A) Geographical origins of 222 samples used
in this study. Subtypes la, Ib, Id, le, and If are represented in brown, red, blue, yellow, and green, respectively. (B) Principal-component analysis (PCA) of
C. hominis isolates based on pruned SNPs, in which PC1 and PC2 account for variability among isolates. The colors of the symbols represent the C. hominis
subtypes (colored the same as in A). The shapes show the sample sources. (C) Phylogenetic analysis inferred by maximum likelihood (ML) using 12,736 wgSNPs.
The circular tree is shown ignoring the branch length, and the branch colors represent different subtypes (colored the same as in A). The background colors of the
sample names represent the sample sources. These C. hominis isolates formed 14 clades. (D) Phylogenetic analysis of 9,394 wgSNPs among 199 isolates in the
14 populations. The unrooted ML tree was constructed using the transversion model and gamma distribution (TVM + G) implemented. The colors of the branches
represent the populations (colored the same as in C). (E) A phylogenetic network of the 199 isolates based on 9,394 wgSNPs. The parallel edges in the network are
suggestive of gene flows among isolates. (F) STRUCTURE plot representing the percentage of shared ancestry among the C. hominis metapopulation (for K=11).

Table S1). The WGS datasets were from six continents. Among
the six subtype families, Ib, la, and If subtype families were
well represented (Figure 2A). Most If isolates (63 of 66), however,
were from North America.
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Population structure of C. hominis

We determined population structure of C. hominis using prin-
cipal-component analysis (PCA), maximum likelihood (ML),
phylogenetic network, and STRUCTURE analyses of the WGS
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Figure 3. Origin of Pop6 (IfA12G1R5a)

Populations of the C. hominis isolates are named and colored the same as in Figure 2C.

(A) PCA of C. hominis isolates in Pop6, Pop13, and Pop14 based on 2,255 wgSNPs. The colors of the symbols represent the C. hominis populations (Pop6, Pop13,
and Pop14), whereas the shapes represent the sources of isolates (North America and Europe).

(B) Number of C. hominis isolates collected from the United States in the present study by year.

(C) Number of IfA12G1R5 cases in Pop6, Pop13, and Pop14 by state and variant.

(D) Mean absolute divergence (dxy) between three populations of fA12G1R5 and other populations.

(E) D and f, statistics calculated using 100-kb windows and 10-kb steps. Gene flows were simulated from Pop2, 3, 4, 7, 8, 9, 10, 11, 12, 13, and 14 to Pop6.
(F) Distribution of introgressed regions in the genomes of Pop6 based on the genetic differentiation (Fst) value of 0 between Pop6 and the other populations across
1l

he eight chromosomes.

data. There were 12,736 SNPs among the 222 genomes. In the
PCA analysis of the SNPs, the genomes formed 4 major clusters,
with most la, Ib, and If isolates forming their own clusters. Some
isolates, including most from Africa and Asia, however, formed
the fourth cluster between the other three major clusters (Fig-
ure 2B). In agreement with these findings, the C. hominis ge-
nomes formed 14 clades organized in the four major clusters in
the ML analysis (Figures 2C, 2D, and S2A). Most Ib isolates
collected from multiple continents over a long period of time
(2004-2018), all of the IbA10G2 subtype, formed one super-
clade, which was distinct from the other subtypes. Except for
IbA10G2 isolates, other US isolates formed six clades largely
segregated by gp60 subtype. In contrast, the Dhaka (Asian) iso-
lates of diverse gp60 subtypes formed two sister clades,
whereas the African isolates formed five clades mainly segre-
gated by country origin. This differed significantly from the ML
analysis of the gp60 sequences from these isolates, which
expectedly formed clusters by subtype family (Figure S2B).

Gene flow among C. hominis populations

As expected, four major clusters of 14 populations were seen in
phylogenetic network analysis of the whole-genome SNPs
(WwgSNPs) data. The presence of parallel edges between some

of the populations supported the occurrence of gene flows
among isolates, especially between Pop13 and Pop14 and be-
tween Pop2 and Pop6 from the United States (Figure 2E). In
addition, the STRUCTURE plot showed several more homoge-
neous populations, including all IbA10G2 isolates from Europe,
North America, and Africa and most IfA12G1R5 isolates from
North America. In contrast, genome admixture was seen in other
isolates from Africa, Asia, and North America, affirming the
occurrence of genetic recombination among some subtypes
(Figures 2F and S3A).

Formation of three populations within IfA12G1R5

In the phylogenetic and the PCA analyses, the 63 IfA12G1R5 iso-
lates from the United States formed three clades, Pop6, Pop13,
and Pop14 (Figures 2C and 3A). Among them, Pop6 and Pop14
isolates were collected during 2014-2017, whereas Pop13 iso-
lates were collected from 2016 to 2017 (Figure 3B). Pop14
showed the widest geographic distribution, being found in eight
states. In contrast, the seven Pop6 isolates were collected from
Idaho, Maine, and Nebraska, whereas the four Pop13 isolates
were collected from Oregon and Alabama. However, most of
the states with Pop6 and Pop13 also had Pop14 (Figure 3C).
The IfA12G1R5 isolate from Sweden was placed in Pop13,
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indicating that it is closely related to some US isolates. The ge-
nomes of Pop13 and Pop14 showed the most identity. In
contrast, genomes of Pop6 were more similar to Pop2-Pop12
(particularly Pop5) than to Pop13 and Pop14 (Figures 3D, S3B,
and S3C). Between Pop13 and Popi14, Pop14 had more
sequence identity to the other populations. These findings sug-
gest that the three populations (Pop6, Pop13, and Pop14) of
IfA12G1R5 from the United States had different ancestral
origins.

East African origin of Pop6 (IfA12G1R5a)

In phylogenetic analysis, Pop6 formed a sister clade with Pop5
(isolates from East Africa), indicating high nucleotide identity be-
tween each other (Figures 2C and 3D). As other C. hominis iso-
lates from Asian and African countries formed country-specific
clusters, Pop5 and Pop6 probably have similar origins. This is
also supported by the lack of the cgd2_4380 gene in Pop6, which
is present in most genomes from Europe (Pop1 and Pop13) and
some genomes from North America (Pop1, Pop8, and Pop13)
but largely absent from genomes from Africa (Pop5, Pop7, and
Pop9-11) (Table S2). The results of phylogenetic network,
ABBA-BABA test (D-statistics), and modified f-statistic (f,) ana-
lyses all showed the presence of gene flows from Pop2 (la sub-
types in the United States) to Pop6 (Figures 2E, 3E, and 3F). In
addition, in network analysis of linkage disequilibrium (LD)
blocks across the genomes, there was different clustering of
populations among regions of the eight chromosomes
(Figures S4A and S4B). This suggests the occurrence of multiple
sequence introgression events within Pop6 at the whole-
genome level. For example, a large-linked region in chromosome
2 (nt 199,090-303,437) has high sequence identity between
Pop5 and Pop6 (Figure S4A). In contrast, Pop6 has high
sequence identity to Pop2 in several regions within chromosome
7 (nt 337,784-537,673) (Figure S4B). In genetic differentiation
(Fst) analysis, Pop2 (several la subtypes in the United States),
Pop5 (1aA14R3 subtype in Madagascar), and Pop12 (laA28R4
subtype in the United States) were the top three populations
with the largest sequence contributions to Pop6 genomes,
5.4%, 5.2%, and 3.6%, respectively (Figures 3F and S4C).

European origin of Pop13 (IfA12G1R5b)

The IfA12G1R5 isolate obtained from Sweden in 2013 was
placed in Pop13 with isolates collected from the United States
during 2016-2017 (Figures 2C and 3B, and Table S1). The patient
traveled to Denmark several weeks prior to the infection.”® To
further identify the relationship between the European isolate
and the three US IfA12G1R5 populations, we undertook iden-
tity-by-descent (IBD) analysis of the populations (Figure 4A).
The results indicated that the shared IBDs between the Euro-
pean isolate and other isolates in Pop13 (mean IBD sharing frac-
tion over 99%) were much higher than those between the Euro-
pean isolate and Pop14 (mean IBD sharing fraction over 61%).
The latter were comparable with those shared between Pop13
and Pop14 (Figure 4A). In nucleotide diversity (Pi) analysis of
the Swedish isolate and US isolates from Pop13, the Pi values
of 863 (94.7%) windows were 0 due to sequence identity. In
contrast, 301 (33.0%) and 578 (63.4%) windows had Pi values
of 0 between the Swedish isolate and Pop6 (p = 0.00) or
Pop14 (p = 0.03), respectively (Figure 4B). In the absolute diver-
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gence (dxy) analysis, low dxy values were seen between the
Swedish isolate and Pop13 in most regions across the eight
chromosomes (Figure 4C). These data indicate that the Euro-
pean isolate is genetically related to Pop13.

One Chinese isolate (laA18R4) appeared to group with the
North American Pop13 (IfA12G1R5) in the phylogenetic analysis
but formed a deep branch (Figure 2C). In Pi analysis of the Asian
isolate and the three IfA12G1R5 groups, the Pi values of 345
(87.9%), 294 (32.3%), and 179 (19.6%) windows were 0 due to
sequence identity between the Asian isolate and Pop13,
Pop14, and Pop6, respectively (Figure S5A). In addition, the
dxy values between the Asian isolate and the three other groups
were far above 0 in most regions across the eight chromosomes
(Figure S5B). These data indicate that the Asian isolate is diver-
gent from others, although it shares sequences at some genetic
loci with the US IfA12G1R5 isolates.

In addition to the close relationship between Pop13 and
Pop14, TreeMix analysis detected significant signatures of
sequence introgression from Pop1, Pop5, and Pop9 to Pop13
(Figure S4D). In multiple sequence alignment and phylogenetic
analyses of sequences, the topology of chromosome 1 was
different from that of other chromosomes, with Pop1 and
Pop13 being clustered together and having an almost identical
SNP pattern (Figure S4E). The Fst analysis suggested that about
2.1% of the Pop13 genomes were identical to Pop1. Therefore,
Pop1 appears to be the main source of sequence introgression in
Pop13, and the genetic introgression has occurred mostly in
chromosome 1 (Figures 4D and S4F). In addition, we attempted
to identify the geographic location of the sequence introgression
through comparisons of insertion and deletions (INDELs), which
evolve much fast than SNPs. The data showed that Pop13 iso-
lates from North America shared 3 INDELs with Pop1 isolates
from Europe but none with Pop1 isolates from North America
(Figure 4E). These results suggest that the introgression event
between Pop13 and Pop1 likely happened in Europe. Almost
all genomes from Europe and a few from North America contain
the cgd2_4380 gene. More importantly, Pop13 is the only
IfA12G1R5 population that has this gene, supporting the Euro-
pean origin of Pop13 (Table S2).

Secondary recombination led to the formation of Pop14
(IfA12G1R5c)

In the IBD analysis, the C. hominis isolates formed 12 groups
(groups 1-12), largely corresponding to the 14 populations with
two exceptions. One included both Pop14 and Pop13, support-
ing their similar ancestral origin (mean IBD sharing fraction over
63%) (Figure 4A). Phylogenetic topology weighting across the
IfA12G1R5 genomes of Pop6, Pop13, and Pop14 confirmed
the genetic relatedness of Pop13 and Pop14, with the average
weighting of the two as sister populations (topo3) accounting
for >60% of the genome (Figure 5A). The presence of other to-
pologies (topo1 and topo?2) indicates the occurrence of genetic
recombination among the three populations. This was mostly
seen in chromosomes 1-4, with sequence introgressions from
Pop6 to Pop14 (Figure 5B). The dxy values between Pop14
and Pop13 were the lowest in most regions across the eight
chromosomes (Figure S6A). However, low dxy values were
seen between Pop14 and Pop6 in a large region (from 24 to 32
kb) of chromosome 1 (Figure 5C). Phylogenetic analysis of
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Figure 4. Origin of Pop13 (IfA12G1R5b)

0 1000 2000 3000
No. of INDELs

(A) Relatedness network for pairs of isolates inferred using identity-by-descent (IBD) analysis. Nodes represent isolates, and their colors and shapes represent the
populations and the geographic origins. Edges between two nodes indicate IBD sharing. All edges with IBD higher than the threshold (mean value + SD)

are shown.

(B) Nucleotide diversity (Pi) between Swedish and US isolates of the IfA12G1R5 using a 10-kb window, showing genetic similarity of the Swedish IfA12G1R5

to Pop13.

(C) Absolute divergence (dxy) between the Swedish IfA12G1R5 isolate and the three IfA12G1R5 populations (Pop6, Pop13, and Pop14) across the eight

chromosomes.

(D) Distribution of introgressed regions in the genomes of Pop13 based on the Fst value of 0 between Pop13 and the other populations across the eight

chromosomes.

(E) Relationships of insertion and deletion (INDEL) sites among 14 populations. The venn diagram in the format of overlapping circles shows the relationships
among Pop1 and Pop13 isolates from both North America and Europe, whereas Upset plot shows the relationships of INDELs among the 14 populations.
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Figure 5. Formation of Pop14 (IfA12G1R5c)

(A) Genome-wide distribution of phylogenetic relationships among the three IfA12G1R5 populations (Pop6, Pop13, and Pop14) based on 50-SNP sliding window
with Pop1 as the outgroup. The top panel shows all possible topologies, while the bottom panel shows the genome-wide average weighting of each topology.
(B) Distribution of topology weightings across eight chromosomes (colors as in A).

(C) Absolute divergence for paired comparisons of the three populations of IfA12G1R5 and other populations of C. hominis isolates using 10-kb sliding windows
across chromosome 1. The first box shows the introgression of Pop6 sequences in Pop14, whereas the second box shows sequence identity between Pop13 and
Pop14 in the region.

(D) Distribution of introgressed regions in the genomes of Pop14 based on the Fst value of 0 between Pop14 and the other populations across the eight
chromosomes.

(E) Summary of the evolutionary history of IfA12G1R5 in the United States. The import of C. hominis IfA12G1R5 from Africa and Europe is shown with the solid
arrow, whereas the putative genetic recombination is shown with the dashed arrow.
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sequences of the region yielded a topology different from that of
the genome or chromosome 1, with Pop6 and Pop14 clustered
together (Figures 2D, S6B, and S6C). Results of the Fst analysis
further confirmed the contribution of Pop13 and Pop6 to the for-
mation of the Pop14 genomes, for about 48.6% and 2.2% se-
quences, respectively, (Figures 5D and S6D). The results sug-
gest that the recombination between Pop6 and Pop13 has led
to the formation of Pop14 (Figure 5E).

Adaptive selection led to the dominance of Pop14
(IfFA12G1R5c¢)

To investigate whether the current dominance of Pop14 was the
result of adaptive selection, a selective sweep analysis was per-
formed on the genomes of Pop13 and Pop14, which are closely
related but differ in transmissibility. Pop14 had lower poly-
morphism than Pop13 (median Piyop14/Pipop1s = 0.4) (Figure 6A),
reflecting its higher homogeneity. We detected four large
genomic regions with strong selective sweep signals in Pop14
(Figure 6B). The selected regions exhibited significantly lower
Pi ratios and Tajima’s D values and higher Fst values (p =
3 x 1078 5 x 1075, and 2 x 107°, respectively, by Mann-
Whitney U test) (Figures 6C-6E). These data indicate that the ge-
nomes of Pop14 have gone through selective sweeps, resulting
in higher transmissibility of the IfA12G1R5¢ variant. The four
selected regions altogether contained 26 protein-encoding
genes. Except for the region in chromosome 3, most these genes
encoded hypothetical proteins (Table S3). However, two regions
contained genes (cgd6_40 and cgd8_700) encoding invasion-
associated mucin-like glycoproteins.

DISCUSSION

Data from the study indicate that IfA12G1R5 has become a
dominant C. hominis subtype in the United States and the hy-
per-transmissible subtype has a complicated evolutionary his-
tory. In comparative genomics and population genetic analyses
of 222 isolates from diverse areas, C. hominis genomes clus-
tered mainly according to the country origins of isolates. Among
them, isolates of the IfA12G1R5 subtype were placed in three of
the 14 populations, suggesting that they have different ancestral
origins. Further analyses indicated that IfA12G1R5 was initially
imported into the United States from two sources (East Africa
and Europe) but had gone through subsequent genetic recombi-
nation with each other and local subtypes. In addition to the
sequence introgression, natural selection in several genomic re-
gions containing genes encoding invasion-associated proteins
might have played significant roles in shaping the evolution of
IfA12G1R5 in the United States.

Accompanying the dramatic increase in incidence of crypto-
sporidiosis, IfA12G1R5 has become a dominant C. hominis sub-
type in the United States. In the present study, epidemiological
data show that IfA12G1R5 is frequently seen in outbreaks and
sporadic cases during 2013-2017. In the United States,
C. hominis infection is mainly linked to recreational water usage
and day care attendance.’*'® In contrast, there were no major
differences in the transmission of other enteric diseases during
the study period according to surveillance data on foodborne ill-
nesses. The incidence of some bacterial pathogens increased in

¢ CellP’ress

2016, but this was attributed to the increased use of culture-in-
dependent diagnostic tests.'®

C. hominis isolates of different origins appear to have different
population genetic structures. In our phylogenomic analysis of
the data, C. hominis genomes have shown isolation-by-dis-
tance. This contradicts the finding in one recent study, which
indicated that C. hominis encompassed mainly two lineages,
one of European and American isolates and the other of African
and Asian isolates."” In previous comparative genomics studies
conducted in Asia (Bangladesh) and Africa (Gabon, Ghana,
Madagascar, and Tanzania), C. hominis isolates also clustered
mainly by country of origin irrespective of their gp60 sub-
types.'®"? This is probably due to gene flow among isolates
within countries and between neighboring areas, producing
distinct lineages.'® The results of previous multilocus sequence
analyses had also indicated the presence of geographical segre-
gation within C. hominis and suggested that Cryptosporidium
parasites have population structure depending on the transmis-
sion intensity.?° In the present study, the data generated indicate
that the population structure of C. hominis in low- and middle-in-
come countries with high transmission intensity differs from that
in high-income countries with low transmission intensity.

The two dominant C. hominis subtypes in industrialized na-
tions, IfA12G1R5 and IbA10G2, have very different population
genetics. Between the two, IbA10G2 is almost the only
C. hominis subtype in European countries and most frequently
detected subtype for cryptosporidiosis outbreaks in the United
States prior to 2005.” In the present study, IbA10G2 isolates
from different countries showed high genetic identity, indicating
the subtype mostly has a simple ancestral origin. This confirms
the result of a recent analysis of 114 C. hominis genomes, which
has named IbA10G2 as C. hominis aquapotentis and other sub-
types as C. hominis based on the genetic differences between
the two groups.®’ In contrast, the IfA12G1R5 subtype, which is
now the dominant C. hominis subtype for sporadic cases and
outbreaks in the United States, has three variants with mosaic
genomes. Therefore, IfA12G1R5 in the United Sates is a hetero-
geneous subtype and has multiple origins.

Among the three IfA12G1R5 variants, Pop6 (IfA12G1R5a) ap-
pears to have an East African origin and has gone through ge-
netic recombination with US subtypes after its arrival in the
United States. Phylogenomic evidence shows that Pop6 is a sis-
ter clade of Pop5 (isolates from East Africa). As C. hominis largely
forms country-specific clades,'®'® Pop6 might have originated
from East Africa. Indeed, the If subtype family, including the
IfA12G1R5 subtype, is common in East Africa and rare else-
where.?? Therefore, the earlier and common occurrence of
IfA12G1R5 in Africa suggests that the subtype in the United
States could have derived from the area. In addition, we de-
tected sequence introgression from locally circulating la sub-
types (Pop2) in the United States into Pop6. Thus, although
Pop6 originated from East Africa, it went through recombination
with US subtypes. The occurrence of genetic recombination is
facilitated by the presence of multiple C. hominis subtype fam-
ilies within the United States.” Recently, genetic recombination
has been shown to play an important role of shaping the popula-
tion structure of C. parvum isolates.”>2°

In contrast, the variant Pop13 (IfA12G1R5b) appears to be
initially introduced into the United States from Europe. In Europe,
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Figure 6. Presence of strong selective sweep signals in genomes of the hyper-transmissible Pop14 (IfA12G1R5c)

(A) Distribution of Pi ratios (Pipop14/Pipop13) @and Fst values calculated using 10-kb sliding windows in 1-kb steps. Data points located to the left of the left vertical
dashed lines (corresponding to the 5% left tails of the empirical Pi ratio distribution, where the Pi ratios were 0), and above the horizontal dashed line (the 5% right
tail of the empirical Fst distribution, where Fst was 0.98) were identified as selective sweep signals for Pop14 (red points).

(B) Four genetic regions (in gray) with selective sweeps in Pop14 based on Tajima’s D analysis using 1- and 5-kb sliding window.

(C-E) Boxplot of Pi ratios (Pipop14/Pipop13) (C), Fst values (D), and Tajima’s D (E) for regions of Pop13 and Pop14 that have undergone selective sweeps in
comparison with the un-selected regions and the whole genome. The boxes denote the interquartile ranges between the first and third quartiles and the line inside
denotes the median, whereas the whiskers denote the lowest and highest values. The statistical significance was assessed using the Mann-Whitney U test.
p < 0.0001 for selected regions versus un-selected regions and the whole genome in Pi ratios, Fst values, and Tajima’s D.

IfA12G1R5 was first identified in the United Kingdom?® but has
since been detected in Denmark, Germany, Ireland, Sweden,
and the Netherlands.?” The earlier occurrence of IfA12G1R5 in
Europe suggests it could be the origin of this subtype in the
United States. We also detected haploblocks of IbDA10G2 from
Europe in the Pop13 genomes. This indicates that before
Pop13 was imported into the United States from Europe, it
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went through recombination with IbA10G2 subtype there. This
is not surprising as IbA10G2 is the dominant subtype in Euro-
pean countries.®

Genetic recombination between the two IfA12G1R5 variants is
probably responsible for the emergence of hyper-transmissible
Pop14 (IfA12G1R5c) in the United States. Among the three
IfA12G1R5 variants, Pop14 is a relative of Pop13 and has
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some sequence introgression from Pop6. Therefore, the hyper-
transmissible Pop14 variant is probably a progeny of recombina-
tion of Pop6 and Pop13 after their import into the United States.
Previously, multilocus sequence typing of isolates indicated that
genetic recombination could have played a role in the emer-
gence of the 1aA28R4 subtype of C. hominis in the United
States.'” Genetic recombination has also been identified in
IbA10G2 in Peru.?® The occurrence of genetic recombination in
1aA28R4 and IbA10G2 subtypes in the United States has been
confirmed by comparative genomics analysis of a small number
of isolates.?®

In addition to genetic recombination, natural selection prob-
ably plays an important role in the evolution of IfA12G1R5 in
the United States. Selective sweeps were detected in several re-
gions in the genomes of the dominant Pop14 variant, encoding
secretory proteins. These genes are considered secreted patho-
genesis determinants in Cryptosporidium spp.2° Of particular in-
terest is selective sweeps were observed in chromosomes 6 and
8 around two mucin-like glycoproteins. Mucin glycoproteins play
critical roles in sporozoite invasion.®' Therefore, post-recombi-
nation selective sweep could have contributed to the emergence
of the hyper-transmissible Pop14.

Prior to the present study, our understanding of the evolution
of C. hominis has been hampered by the lack of WGS data. Pre-
viously, less than 100 high-quality WGS data of C. hominis are
available in public databases. They were mostly collected from
Europe, Africa, and Asia (all from Dhaka, Bangladesh). In this
study, we acquired WGS data from 127 C. hominis isolates
collected mostly from the United States, filing a major data
gap in WGS data from the Western Hemisphere. Nevertheless,
we still lack comparable data from Oceania, where IfA12G1R5
is emerging.'? Although the emergence of this subtype there is
more recent than in the United States, more systematic col-
lection and analysis of isolates from this area are needed to
improve the understanding of the transmission of this emerging
C. hominis subtype.

In conclusion, the recently emerged IfA12G1R5 subtype in the
United States has a complex evolutionary history, with two im-
ports from East Africa and Europe and subsequent genetic
recombination with each other and local subtypes. This has led
to the formation of three variants of the subtype in the United
States. Adaptive selection at invasion-associated loci in the ge-
nomes has eventually led to the dominance of one hyper-trans-
missible variant, Pop14 (IfA12G1R5c). The results of this study
shed light on the understanding of the evolution of C. hominis
and mechanisms for the emergence of hyper-transmissible sub-
types. They demonstrate an urgent need for the implementation
of molecular surveillance systems to monitor the global dispersal
of IfA12G1R5 and other hyper-transmissible subtypes.
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TreeMix v1.13 Institut Pasteur https://bitbucket.org/nygcresearch/
treemix/

Genomics_general Github https://github.com/simonhmartin/
genomics_general

Other

Sequence data (146 isolates) This paper
BioProject:
PRJNA821705

Information on samples This paper Table S1 and Mendeley Data:

https://doi.org/10.17632/g6tr57tb2c.1

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lihua Xiao
(Ixiao1961@gmail.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability

All sequence data have been deposited in the National Center for Biotechnology Information (NCBI) Short Read Archive (SRA, https://
www.ncbi.nlm.nih.gov/sra/) and are publicly available as of the date of publication. The accession number is listed in the key re-
sources table. Information on the samples used in this study and summary statistics of whole genome sequencing data have
been deposited at Mendeley. The DOI is listed in the key resources table. This paper does not report original code. Any additional
information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cryptosporidium strains

A total of 1,075 Cryptosporidium-positive samples submitted by state public health laboratories during 2010-2017 as part of cryp-
tosporidiosis surveillance were used in examining the occurrence of C. hominis IfA12G1R5 subtype in the United States. These were
mostly stored in Cary-Blair transport medium, 2.5 % potassium dichromate solution, or unpreserved at 4 °C. Information on isolates
sequenced is presented in Table S1.

The study was done with delinked residual diagnostic samples under the Human Subjects Protocol No. 990115 “Use of residual
human specimens for the determination of frequency of genotypes or sub-types of pathogenic parasites”, which was approved by
the Institutional Review Board of the Centers for Disease Control and Prevention (CDC). They were submitted to CDC by local public
health laboratories as part of technical assistance to the investigations of cryptosporidiosis cases and outbreak surveillance.

METHOD DETAILS

Cryptosporidium hominis subtyping

Genomic DNA was extracted from these samples using the FastDNA SPIN Kit for Soil (MP Biomedicals, Solon, USA). Cryptospo-

ridium spp. in the DNA preparations were genotyped and subtyped by PCR and sequence analyses of the 78S rRNA and gp60
32,33

genes.”

Whole-genome sequencing

C. hominis oocysts were purified from 131 surveillance samples from the United States described above, 14 samples from Spain, and

one sample from China using immunomagnetic separation (Dynabeads anti-Cryptosporidium, ThermoFisher, United States). After

five freeze-thaw cycles, DNA was extracted from the purified oocysts using the QlAamp DNA minikit (Qiagen, United States) and

sequenced on an lllumina HiSeq 2500 (lllumina, San Diego, CA, United States) using the 250-bp paired-end approach as described.?®
Atotal of 103 sets of WGS data of C. hominis were retrieved from the SRA database of the NCBI (https://www.ncbi.nlm.nih.gov/sra/).

They were from published studies.'®"~9:2%42%¢ gome basic information on the WGS data is shown in Table S1.
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Genome assembly and molecular characterization

Sequence reads of all samples were trimmed for adapter sequences and poor sequence quality (phred-score < 25), and assembled
de novo using CLC Genomics Workbench with a word size of 63 and bubble size of 400. In addition, genomes were assembled using
SPAdes 3.1 (http://cab.spbu.ru/software/spades/) with Kmer of 63 and the careful mode. The assemblies were aligned and sorted
with published reference genome of C. hominis 30976 using Mauve 2.3.1 for assessment of the final genome length and gene inser-
tions and deletions among isolates.

The 18S rRNA genes and the gp60 genes were extracted from genomes using Blastn 2.10.1+ (https://blast.ncbi.nim.nih.gov/Blast.
cgi). The genomes were assigned to subtype families and subtypes using the established nomenclature.” Genomes with no gp60
sequences and mixed sequence types of the 78S rRNA or gp60 gene were excluded from further analyses. These sequences
were aligned using MUSCLE v3.8.31 (https://www.ebi.ac.uk/). A ML tree was reconstructed from the sequence alignment using
RAXML-NG v1.0.0,>* with the model of general time reversible and proportion of invariable sites (GTR + I) and 1,000 bootstrap rep-
licates. The substitution model was selected using jModelTest v2.1.10 based on values from the Akaike Information Criterion.®®

Variant analysis
The reads were trimmed and mapped to the published reference genome of C. hominis 30976 (of laA28R4 subtype) from the United
States® using the BWA-MEM v0.7.17°¢ and procedures described in a previous publication.*” The genome coverage and sequence
depth were estimated using the mpileup algorithm of SAMtools v1.7 (http://samtools.sourceforge.net/), with genomes with < 90%
coverage and < tenfold depth being excluded from further analyses. BCFtools v1.12 (https://samtools.github.io/bcftools/) was
used to call the SNPs and to generate a VCF file of sequence variants, with parameters -c 50 and -d 500. Low quality SNPs
(QUAL < 30, FORMAT/DP < 3 and AVG FORMAT/DP < 25)*° were filtered out using BCFtools with only homozygous SNPs being
retained. Alternatively, the bam files from BWA were used to identify SNPs and INDELs using the GATK4 HaplotypeCaller (https://
gatk.broadinstitute.org/hc/en-us). The VariantFiltration in GATK4 was used to remove low quality SNPs and INDELs as recommen-
ded (https://gatk.broadinstitute.org/hc/en-us/sections/360007226631-Tutorials).

The SNPs and INDELs identified above were annotated using SnpEff (https://pcingola.github.io/SnpEff/) for variant types and
genes affected. Allele frequency was calculated using Vcftools 0.1.16 (https://vcftools.github.io/index.html).

Population structure analyses
We investigated the relationships among C. hominis isolates using PCA, STRUCTURE, phylogenetic, and IBD analyses. The high-
quality SNPs identified were pruned based on LD using PLINK v1.90 (http://zzz.bwh.harvard.edu/plink/). A set of unlinked sites
was generated with 100-kb sliding windows. The dataset was subjected to PCA analysis using LDAK v5.1.°” The clustering among
the isolates was visualized using R package ‘ggplot2’ (https://www.rdocumentation.org/packages/ggplot2/versions/3.3.5). To
reduce the influence of population sizes, representative genomes of each population were selected in an additional PCA analysis.
The pruned SNPs were also analyzed 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). SNPs for representative isolates and by chromosome were extracted from the wgSNPs using Vcftools
0.1.16. The haplotype network of LD blocks was visualized using DnaSP v6.12.03°¢ and POPart v1.7 (http://popart.otago.ac.nz).
ML trees were generated from the wgSNPs using RAXM-NG with a GTR + G substitution model and 1,000 replicates of bootstr-
apping. The substitution model was selected using jModelTest. The IBD analysis was used to identify isolates with shared ancestry
using hmmIBD 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/).

Assessment of gene flow among populations

The high-quality SNPs were further used in phylogenetic network analysis and topology weighting. Phylogenetic networks were
generated using neighbor-net algorithm of SplitsTree5.° ML phylogenies in 50-SNP windows across the genome were estimated
using Phyml v3.3"*" with a GTR substitution model. Topology weighting was used to investigate the phylogenetic relationships across
the genome among three populations of C. hominis isolates and an outgroup, using Twist.py (https://github.com/simonhmartin/
twisst). Genome-wide average weighting of each topology and distribution of topology weightings across eight chromosomes
were visualized using the R package ‘PlotTwist’ (https://github.com/JoachimGoedhart/PlotTwist).

To detect the potential gene flow among populations, the D-statistics and modified fd test with 100-kb sliding windows and 10-kb
steps were performed as described.*® Three populations and an outgroup with the relationship ((P1, P2), P3), O) were used, of which
P1 is closer to P2 than P3. Positive D-values and fd-values were considered as introgression signals.

To infer migration events among the populations, we used TreeMix v1.13 (https://bitbucket.org/nygcresearch/treemix/) to
construct ML trees using a window size (-K) of 500 SNPs to account for LD with Pop1 as the root, migration events (-m) of 0-15, cor-
responding residuals, and 100 bootstrap replications. The trees were visualized using the suggested approach.*®

Identification of introgressed genomic regions

To identify the introgressed genomic regions across the whole-genome, population-genetics parameters were estimated across the
genome using a set of SNPs with minor allele frequency of more than 0.01. dxy between two populations was calculated in 10-kb sliding
windows using popgenWindows.py in Genomics_general (https://github.com/simonhmartin/genomics_general), and visualized in line
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plots using the R package ‘ggplot2’. The mean dxy between populations was calculated. Fst between IfA12G1R5 and the other popu-
lations was calculated using 500-bp sliding windows with 100-bp steps and Vcftools v0.1.16, with Fst value of 0 indicating no genetic
differentiation and near 1 indicating significant differentiation.”° Therefore, windows with Fst value of 0 between two populations were
considered the introgressed regions, with the adjacent windows being merged as concatenated introgressed regions. Pi was used to
measure the degree of variability in a group.®” It was calculated between Swedish and U.S. isolates of the IfA12G1R5 using the Vcftools
and a 10-kb sliding window.

Identification of selective sweeps

Regions with signatures of selective sweeps in the evolution of IfA12G1R5 were identified by calculating Pi ratios, Fst values, and
Tajima’s D. Using Vcftools, a sliding-window approach (10-kb windows in 1-kb steps) was applied to quantify Pi in Pop13 and
Pop14 and Fst between Pop13 and Pop14. Windows with low or high Pi ratios (the 20% left and right tails, where the Pi ratios
were 0 and 1.3, respectively) and high Fst values (the 20% right tail, where Fst was 0.8) were considered regions with strong selective
sweep signals.®” In addition, Tajima’s D values were calculated using 1-kb and 5-kb sliding windows across the genome, with win-
dows with Tajima’s D values < 0 as candidate selective sweep regions.*® The selective sweep regions were integrated, and the genes
involved were annotated using Blast v2.10.1 (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using the R package unless otherwise specified. A Mann Whitney U test was used when
comparing the mean of two groups.
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Figure S1. Acquisition of new whole genome sequence data from Cryptosporidium hominis

for this study, Related to Figure 1 and Table S1.

(A) A workflow of C. hominis sampling, subtyping, sequencing, and data retrieving. (B) Quality
of sequencing data based on the coverage of reference C. hominis genome 30976 (blue line) and
the sequencing depth (orange bar). Genomes with coverage below 90% and sequencing depth

below 5 were excluded from further analyses.
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Figure S2. Population subdivision within C. hominis, Related to Figure 2.

(A) Phylogenetic relationship inferred by ML analysis of 12,736 wgSNPs. The branch colors
represent different subtypes, while the background colors of the sample names represent the
sample sources. The C. hominis isolates form 14 clades as in Figure 2C. (B) Phylogenetic
analysis of the gp60 gene among 222 isolates, based ML analysis with the GTR+I model. The
background colors of the sample names represent the sample sources (colored the same as in A).
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Figure S3. Genetic structure of 14 C. hominis populations, Related to Figure 2.

(A) STRUCTURE plots constructed using K = 2 to 15 indicate the representing the percentage of
shared ancestry among the C. hominis metapopulation. (B) Nucleotide sequence identity between
each pair of C. hominis genomes (colored them the same as in Figure 2C). (C) Outcome of the
PCA analysis of 7,823 SNPs among 14 representative isolates of the 14 populations (colored the

same as in Figure 2C).
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Figure S4. Multiple sequence introgression in the formation of Pop6 and Pop13, Related to
Figures 3 and 4.

(A and B) Haplotype networks of linkage disequilibrium blocks in chromosomes 2 and 7 (Chr2:
199,090-303,437 and Chr7: 337,784-537,673). They illustrate different genetic relationships
among populations between the blocks. (C) Introgressed regions in Pop 6 by chromosome.
Windows with Fst value of O between Pop6 and the other populations were considered the
introgressed regions. The percentages of introgressed regions are displayed in the top panel,
while their distribution by chromosome is shown in the bottom panel. (D) Migration events
between populations based on TreeMix inference with migration number (m) of 11. The colored
lines indicate possible migrations. (E) Relationship of representative isolates of the 14
populations in chromosome 1 based on phylogenetic analysis (left panel) and alignment (right
panel) of 723 high-quality SNPs. In the partial alignment of SNPs, identical nucleotides are
colored as the same. (F) Introgressed regions in Pop13 by chromosome. Windows with Fst value
of 0 between Pop13 and the other populations were considered the introgressed regions. The
percentages of introgressed regions are displayed in the top panel, while their distribution by
chromosome is shown in the bottom panel.
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Figure S5. Genetic uniqueness of the Chinese 1aA18R4 isolate compared to IfA12G1R5
isolates, Related to Figure 4.

(A) Nucleotide diversity (Pi) between the Asian and U.S. isolates of the IfA12G1R5 using a 10-
kb window. (B) Absolute divergence (dxy) between the Chinese 1aA18R4 isolate and the three
ITA12G1RS5 populations (Pop6, Pop13, and Pop14) across the eight chromosomes.
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Figure S6. Occurrence sequence introgression in Pop14, Related to Figure 5.

(A) Absolute divergence (dxy) between Pop14 and other populations across the eight
chromosomes. (B and C) Phylogenetic relationship of SNPs in the region in the first box of
Figure 5C and the entire chromosome 1 based on ML analysis using the TPM1uf and GTR+I+G
model. (D) Windows with Fst value of 0 between Pop14 and other populations were considered
introgressed regions. The percentages of introgressed regions from the other populations to
Pop14 are displayed in the top panel, while their distribution by chromosome is shown in the
bottom panel.
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