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Abstract

Whole genomic sequencing (WGS) and comparative genomics are increasingly used in the characterization of
Cryptosporidium spp. They are facilitated by the establishment of procedures for WGS analysis of clinical specimens
without laboratory propagation of pathogens. Results of recent comparative genomics analysis suggest that gene dupli-
cation might be associated with broad host ranges of some zoonotic Cryptosporidium species and subtypes, while genetic
recombination could be involved in the emergence of virulent subtypes. The availability of WGS data has further facil-
itated the development of advanced molecular typing tools. The use of these tools together with comparative genomics
analyses has begun to improve the investigations of outbreaks in industrialized nations. More WGS data, however, are
needed from both industrialized nations and developing countries before we can have in-depth understanding of the
population genetics and evolution of Cryptosporidium spp. and genetic determinants of various phenotypic traits in
human-pathogenic subtypes.
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Introduction C. hominis genomes 15 years ago (Abrahamsen et al. 2004;

Xu et al. 2004). With the advent of next-generation se-

Protozoan parasites Cryptosporidium spp. are leading
causes of diarrhea in humans and various animals
(Kotloff 2017). Currently, nearly 40 Cryptosporidium spe-
cies and about the same number of genotypes are recog-
nized, most of which have some host specificity (Feng
et al. 2018). A few species, such as C. parvum,
C. ubiquitum, and C. muris, have broad host ranges, caus-
ing zoonotic infections together with several other
Cryptosporidium spp. (Ryan et al. 2016). The genetic basis
for host adaptation in Cryptosporidium spp. is unclear,
partially because of the lack of whole genome sequence
(WGS) data despite the sequencing of the C. parvum and
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quencing (NGS) technologies, WGS analysis is increasing-
ly used in the characterization of Cryptosporidium spp.
This review describes recent advances in research on ge-
nomics of Cryptosporidium spp. and discusses their im-
pacts on our understanding of the epidemiology of
cryptosporidiosis.

Historical perspective on genomics
of Cryptosporidium spp.

A major breakthrough in research on genomics of
Cryptosporidium spp. is the WGS analysis of C. parvum
Iowa isolate and C. hominis TU502 using the random shot-
gun Sanger sequencing approach (Abrahamsen et al. 2004,
Xu et al. 2004). Prior to this, the chromosome 6 of the
C. parvum IOWA isolate was sequenced (Bankier et al.
2003). The genomes of C. parvum and C. hominis both
appear to have 8 chromosomes. However, only the
C. parvum genome was fully assembled at the chromo-
some level using a HAPPY map to scaffold and order the
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sequence contigs. The C. hominis genome, in contrast, was
represented by 1422 contigs (Jex and Gasser 2014). Both
genomes nevertheless have similar genome size (~ 9.1
Mb), GC contents (~ 30%), intron distribution (5-20% of
their genes), and nucleotide sequences (95-97% identity).
Altogether, 3994 and 3952 (3805 protein-encoding) genes
were predicted in the C. hominis and C. parvum genomes,
respectively (Abrahamsen et al. 2004; Bankier et al. 2003;
Xu et al. 2004).

The sequencing of C. parvum and C. hominis genomes
was followed by WGS analysis of the C. muris RN66 iso-
late through a hybrid sequencing approach (~ 4.5-fold cov-
erage using the traditional Sanger technology and ~ 10-
fold coverage using the Roche 454 technology). The out-
come of this WGS effort has never been formally pub-
lished, although the WGS data have been available on
CryptoDB since 2008 (www.cryptodb.org). The WGS
data of C. muris are valuable in understanding biological
differences among Cryptosporidium species. Unlike the
genetically related intestinal species C. hominis and C.
parvum, C. muris is a divergent gastric species of
rodents. The C. muris WGS data consist of 45 contigs of
9.2 Mb, which is slightly larger than genomes of C.
parvum and C. hominis. 1t is predicted to encode ~ 3900
protein-coding genes. Unlike C. parvum and C. hominis,
which rely on anaerobic metabolism for energy production,
C. muris apparently has all enzymes associated with the
TCA cycle and a conventional respiratory chain system
(Mogi and Kita 2010). Thus, the sequencing of the C.
muris genome has provided much needed data for compar-
ative genomic studies.

As host adaptation exists within C. parvum, the genome
of the C. parvum isolate TU114 of the anthroponotic sub-
type IIcA5G3b propagated in immunosuppressed mice was
sequenced using the 50-bp paired-end Illumina technique
(Widmer et al. 2012). The WGS data were compared with
existing data from C. parvum IOWA (I1aA15G2R1 sub-
type) and C. hominis TU502 (IaA25R3 subtype). Over
12,000 single-nucleotide polymorphisms (SNPs) were
identified between the two C. parvum isolates. At some
polymorphic genetic loci, there was more sequence simi-
larity between the anthroponotic C. parvum subtype and
C. hominis than between anthroponotic and zoonotic
C. parvum. It was speculated that the anthroponotic phe-
notype of both C. parvum TUI114 and C. hominis was
probably under the influence of the same positive selec-
tion. This unexpected observation suggests that some di-
vergent genetic loci might be associated with the host pref-
erence (Widmer et al. 2012). The same isolate was se-
quenced again recently used the newer 250-bp paired-end
[lumina technique, with the data being deposited on the
National Center for Biotechnology Information (NCBI)
website (www.ncbi.nlm.nih.gov).
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Development of procedures for sequencing
clinical isolates directly from fecal samples
and single cell sequencing

An initial obstacle in genomics research of
Cryptosporidium spp. was the lack of access to sufficient
numbers of highly purified oocysts for NGS analysis due
to the absence of an in vitro culture system for the propa-
gation of parasites. Previous WGS analyses of
Cryptosporidium spp. were done on oocysts purified from
infected laboratory animals (Abrahamsen et al. 2004;
Widmer et al. 2012; Xu et al. 2004). To overcome this
technical difficulty, procedures have been developed for
the isolation and enrichment of Crypfosporidium genomic
DNA directly from stool specimens (Guo et al. 2015b; Li
et al. 2014). This was achieved by oocyst purification
using a combination of sucrose flotation and
immunomagnetic separation [IMS], removal of residual
contaminants by hypochloride treatment of purified oo-
cysts, DNA extraction and whole genome amplification
(WGA) of the extracted DNA using commercial kits, and
assessment of Cryptosporidium DNA quantity using qPCR
analysis of WGA products (Guo et al. 2015b). Both Roche
454 and Illumina paired-end technologies were effectively
used in WGS analysis of over 20 field isolates from six
Cryptosporidium species and genotypes (Feng et al.
2017; Guo et al. 2015a; Guo et al. 2015b; Guo et al.
2015¢; Li et al. 2014). A similar approach has been used
by other researchers in WGS analysis of Cryptosporidium
spp. in clinical specimens (Andersson et al. 2015; Hadfield
et al. 2015; Troell et al. 2016). Recently, Troell et al.
(2016) developed a robust method to obtain WGS data
from flow cytometry-sorted single Cryptosporidium oocyst
(Troell et al. 2016). This technology could be an effective
tool of WGS analysis of other uncultivable unicellular or-
ganisms. With the rapid falling cost of NGS analysis, we
are expected to see an explosion of WGS data on
Cryptosporidium spp. of both humans and animals.

Available WGS data on Cryptosporidium spp.

Recently, an array of new WGS data become available. A
collection of genomic data are currently available in
CryptoDB and NCBI databases (Heiges et al. 2006), in-
cluding updated versions of WGS data from C. hominis
TUS02 2012 and C. parvum IOWA and new WGS data
from additional isolates (Feng et al. 2017; Gilchrist et al.
2018; Guo et al. 2015¢; Hadfield et al. 2015; Ifeonu et al.
2016; Isaza et al. 2015; Liu et al. 2016; Nader et al. 2019;
Nash et al. 2018; Sikora et al. 2017) (Table 1; Fig. 1).
These data provide valuable genomic information on
Cryptosporidium spp. of public health and veterinary
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Table 1 Cryptosporidium WGS data available in CryptoDB and NCBI
Species Isolate Subtype Host Geographic Sequencing BioProject ID  Accession
sources techniques number
C. andersoni 37034 N/A Cattle Egypt: Kafr El [llumina GAIlx ~ PRINA308889 LRBU01000000
Sheikh
C. andersoni 30847 N/A Cattle Canada: Alberta  Illumina GAIIx ~ PRINA308889 LRBS01000000
C. andersoni 31729 N/A Cattle China: Illumina GAIIx ~ PRINA308889 LRBT01000000
Zhengzhou
C. baileyi TAMU-09Q1 N/A Colinus virginianus ~ USA; Texas Illumina MiSeq  PRINA222835 JIBL01000000
C. cuniculus UKCU2 VbA28 Homo sapiens UK llumina HiSeq PRINA315496 PVQC01000000
C. hominis UdeAOl 1eA11G3T3 Homo sapiens Colombia 454 PRJEB10000  CXWB01000000
C. hominis UKHI IbA10G2 Homo sapiens UK: Wales Illumina MiSeq ~ PRINA222837 JIBN01000000
C. hominis UKH3 IbA10G2 Homo sapiens UK: England [llumina MiSeq  PRINA253834 LJRW01000000
C. hominis UKH4 JaA14R3 Homo sapiens UK: England Illumina HiSeq PRINA253838 LKHI01000000
C. hominis UKH5 IbA10G2 Homo sapiens UK: England Illumina HiSeq ~ PRINA253839 LKHJ01000000
C. hominis TU502 [aA25R3 Homo sapiens Uganda: Kampala Sanger PRINA13200 AAEL01000000
sequencing
C. hominis TUS502 2012 IbA10G2 Homo sapiens Uganda [llumina MiSeq ~ PRINA222836 JIBM01000000
C. hominis SWEHI1 1bA9G3 Homo sapiens Ethiopia IonTorrent PRINA307563 LQXE01000000
C. hominis 30974 IbA10G2 Homo sapiens USA: Columbia, 454 PRINA252787 JTAH01000000
SC
C. hominis 30976 laA28R4 Homo sapiens USA: St. Louis [llumina GAIlx ~ PRINA252787 JTAI01000000
C. hominis 33537 JaA28R4 Homo sapiens USA: 454 PRINA252787 JTAJ01000000
Walsenburg,
CO
C. hominis 37999 IbA10G2 Homo sapiens USA: Twin Fall, Illumina GAIIx PRINA252787 JRXJ01000000
Idaho
C. meleagridis ~ UKMELLI IbA22G1R1c Homo sapiens India Illumina MiSeq ~ PRINA222838 JIBK01000000
C. meleagridis ~ UKMEL3 1IgA23G3 Homo sapiens UK Illumina HiSeq ~ PRINA315502 PVQF01000000
C. meleagridis ~ UKMEL4 IIThA7 Homo sapiens UK Illumina HiSeq ~ PRINA315503 PUXV01000000
C. meleagridis ~ TU1867 1IeA21G2R1  Homo sapiens Uganda Illumina MiSeq ~ PRINA192428 SRX253214
C. muris RN66 N/A Wild rat Japan: Osaka Hybrid PRINA19553  AAZY02000000
sequencing
C. parvum TU114 1IcA5G3b Homo sapiens Uganda [llumina MiSeq  PRINA437480 PYBUO01000000
C. parvum IOWA aA15G2R1  Cattle USA, lIowa Sanger PRINA144 AAEE01000000
sequencing
C. parvum 35090 IIaAI5GIR1  Cattle Egypt: El Beheira Illumina GAIIx ~ PRINA320419 LXLE01000000
C. parvum 34902 1IdA20G1 Bubalus bubalis Egypt: Kafr El Illumina GAIlx ~ PRINA320419 LXLD01000000
Sheikh
C. parvum 31727 1IdA19G1 Cattle China: Henan Illumina GAIlx ~ PRINA320419 LXLC01000000
C. parvum UKP1 aA17G1R1  Homo sapiens UK Illumina HiSeq ~ PRINA439211 PYCJ01000000
C. parvum UKP2 aA19G1R2  Homo sapiens UK: England Illumina MiSeq ~ PRINA253836 LKHK02000000
C. parvum UKP3 MaA18G2R1  Homo sapiens UK: Wales Illumina HiSeq ~ PRINA253840 LKHL01000000
C. parvum UKP4 TaA15G2R1 Homo sapiens UK: England Tllumina HiSeq PRINA253843 LKHMO01000000
C. parvum UKPS aA15G2R1  Homo sapiens UK Illumina HiSeq PRINA253845 LKHNO01000000
C. parvum UKP6 IaA15G2R1  Homo sapiens UK Illumina HiSeq PRINA253846 LKCKO01000000
C. parvum UKP7 aA17G1R1  Homo sapiens UK: England Illumina HiSeq ~ PRINA253847 LKCL01000000
C. parvum UKPS8 11dA22G1 Homo sapiens UK: England Illumina HiSeq PRINA253848 LKCJ01000000
C. parvum UKPI2 IIcA5G3p Homo sapiens UK: England Illumina HiSeq PRINA315504 PUXS01000000
C. parvum UKP13 IIcA5G3a Homo sapiens UK: England Illumina HiSeq ~ PRINA315505 PVQDO00000000
C. parvum UKP14 1IcA5G3a Homo sapiens UK: England Illumina HiSeq PRINA315506 PUXT01000000
C. parvum UKPI15 1IcA5G3a Homo sapiens UK: Wales Illumina HiSeq ~ PRINA315507 PVQE01000000
C. parvum UKPI16 1IcA5G3j Homo sapiens UK: Wales Illumina HiSeq PRINA315508 PUXU01000000
C. ubiquitum UKUBI XlIb Homo sapiens UK: England [llumina HiSeq PRINA315509 QZWX01000000
C. ubiquitum UKUB2 XlIb Homo sapiens UK: Wales Illumina HiSeq PRINA315510 QZWY01000000
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Table 1 (continued)

Species Isolate

Subtype Host

Geographic
sources

Sequencing
techniques

Accession
number

BioProject ID

39725
39726
39668
UGASS

C. ubiquitum
C. ubiquitum
C. ubiquitum
C. tyzzeri

UKVIAL1
LX-2015

C. viaorum

Xlle Homo sapiens
XIIb Homo sapiens
XlIb Homo sapiens

IXdA6 Mus musculus

domesticus
XVaA3f Homo sapiens

XIVaAl14G2T2 Homo sapiens

USA: Wisconsin
USA: Wisconsin
USA: Wisconsin

USA: Athens,
Georgia

UK: England

USA: Vermont

[llumina GAIIx
[llumina GAIIx
[llumina GAIlx
[llumina MiSeq

Illumina HiSeq
[llumina GAIIx

PRINA246478 LRBR01000000
PRINAS534291 LRBP01000000
PRINA246478 LRBQ00000000
PRINA388495 SRS2284677

PRINA492837 QZWWO01000000
PRINA272389 JXRN01000000

Chipmunk

genotype |
Chipmunk

genotype [

37763 XIVaAl14G2T2 Homo sapiens USA: Vermont Illumina HiSeq PRINASI1361 SCFC00000000

N/A not available

Bat genotype VI-LC089976

Mink genotype-DQ288166

Beaver genotype-EF641022

C. tyzzeri-GU951714

C. parvum-LC012016

C. wrairi-GQ121020

C. cuniculus-HQ397716

C. hominis-AF108865

Deer mouse genotype I11-EF641014

Horse genotype-FJ435960

C. meleagridis-1X416368

Chipmunk genotype I-KP099082

Skunk genotype-AY120903

Opossum genotype I-AY120902

C. viatorum-JX644908

Goose genotype IV-AY324641
Goose genotype 111-AY324638
C. felis-AF159113

C. ubiquitum-JQ413438
@uis-AFlOSSﬂ
72 Chipmunk genotype I1I-GQ121021
0.02 substitutions/site 2 [ C macropodum-KP730304
Opossum genotype 11-AY737602

Seal genotype-AY731235
Rat genotype I1-JX294358
82 Rat genotype I-AY268584

Bat genotype IV-KR819168
Muskrat genotype I-AY120904
Fox genotype I1-KU608308
90 *=C. canis-AF112576

C. varanii-EU553551
C. scrofarum-JF710247
70 Deer genotype-KP004205
C. ryanae-JQ002555
C. xia0i-KT235702
91 = C. bovis-AB909498
Duck genotype-AF316630
Goose genotype I1-AY504515
Goose genotype I-AY504516
Snake genotype-AF262325
Avian genotype I-GQ227479
99 C. baileyi-EU827297
C. serpentis-AF093500
73 C. muris-AF093497
C. andersoni-AY954886

C. proventriculi-HM116385
Avian genotype 1V-DQ650344

C. galli-KY490554

Ferret genotype-EU250845 \
72

929

—

Intestinal

84

\;

Gastric

87

Eimeria tenella-AF026388

Fig. 1 Molecular phylogeny (based on the partial SSU rRNA gene) of Cryptosporidium spp.. Cryptosporidium species or genotypes for which whole
genomic data are available in public databases are highlighted in red (adapted from Xiao and Feng 2008)
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interests. Comparative genomics analyses of these data
have significantly improved our understanding of the ge-
netics and evolution of Cryptosporidium spp. and genetic
determinants for some phenotypic traits.

Comparative genomics of Cryptosporidium
spp.

Genome similarity between C. parvum and C. hominis

WGS analysis of C. parvum IOWA strain and C. hominis
TUS502 has enabled researchers to compare their genetics.
Initial comparative genomics analyses of WGS data from
the two isolates indicated that chromosomes in the two species
were completely syntenic in gene organization and had only
3-5% differences in sequences, with no evidence of major
insertions, deletions, or rearrangements (Fig. 2). Their gene
set appeared to be almost identical, with the < 50 additional
genes in C. hominis largely present around the known gaps in
the genome assembly of the species (Mazurie et al. 2013).
These observations indicate that both of them have the same
or similar genomic characteristics, with the differences in phe-
notypic traits, such as host range (Xiao et al. 2004), virulence,
and the biological fitness (Bouzid et al. 2013), possibly being
caused by subtle sequence variation in coding regions or re-
lating to expression levels of positively selected genes
(Mazurie et al. 2013). The synteny in gene organization and

C /)Hr,/[ 22,

=
OUSS trnyrnbiqn )

(f][/V £6'g) aw

Fig. 2 Syntenic relationship and shared orthologous genes among
Cryptosporidium spp.. a Syntenic relationship in gene organization
among genomes of Cryptosporidium chipmunk genotype I,
Cryptosporidium parvum, C. hominis, C. ubiquitum, C. baileyi, and
C. andersoni. Syntenic blocks (regions with orthologous genes) are
connected with lines, with the colors representing 8 chromosomes of

other similarities in genomic features between C. parvum and
C. hominis have been confirmed in recent comparative geno-
mics analyses (Guo et al. 2015c; Isaza et al. 2015; Liu et al.
2016; Xu et al. 2019). These shared features are listed in
Table 2.

Copy number variations in subtelomeric genes
between C. hominis and C. parvum

More recent comparative genomic analysis of newly acquired
WGS data from several C. hominis isolates (of the IbA10G2
and [aA28R4 subtypes) and the fully assembled reference
C. parvum IOWA genome has identified differences in copy
numbers of several multigene families, which were neglected in
previous studies probably due to the fragmented nature of the
C. hominis TU502 genome (Guo et al. 2015c). These gene
insertions and deletions mostly occur in the subtelomeric re-
gions of chromosomes 5 and 6, and involve mainly two
Cryptosporidium-specific secretory protein families: MEDLE
proteins and insulinase-like proteases. Of the six genes of the
MEDLE family in C. parvum (cgd5 4580, cgd5 4590,
cgd5 4600, cgd5 4610, cgd6 5480, and cgd6  5490), only
one, the ortholog of cgd5 4600, exists in C. hominis.
Similarly, two subtelomeric genes (cgd6 5510 and
cgd6_5520) that encode insulinase-like proteases are absent in
C. hominis. It was suggested that these proteins could be re-
sponsible for host expansion in C. parvum (Guo et al. 2015c).
This has been recently supported by biological

b Cho

Cch Cme

1

Cub Cpa
C. parvum. b Venn diagram of shared orthologs and species-specific
genes among five Cryptosporidium species. Abbreviations of taxa:
Cryptosporidium parvum IOWA (Cpa); C. hominis Ude (Cho);
C. meleagridis (Cme); Cryptosporidium chipmunk genotype I (Cch);
C. ubiquitum (Cub) (Source: Xu et al. 2019)

@ Springer



3200 Parasitol Res (2019) 118:3195-3204

§ [g characterizations of MEDLE proteins, which appear to have
~§ o . developmentally regulated expression and are potentially in-
S ”g § @ § é § § § E g 2 - 23 o volved in the invasion of host cells (Fei et al. 2018; Li et al.
. 2017; Xu et al. 2019). In addition, a recent study has shown that
- cgd6 5510 and cgd6 5520 in C. parvum are actually fragments
é of one gene (cgd6_5520-5510) encoding a full insulinase-like
2 § ° - protease (INS20-19), and provided some preliminary data on
g S g § o % g é ; 5 E % § o 8 2o the potential involvement of the protein in the invasion or early
- developmental process of C. parvum (Zhang et al. 2019). A few
other gene gains and losses are also present between C. parvum
= and C. hominis, including the presence of one C. hominis-spe-
£ % - o e cific gene, Chro.50011 (Guo et al. 2015c). Some of the differ-
88 SeaBlrZdlcn 885 ences in gene content between C. parvum and C. hominis have
been observed in comparative genomics analysis of a
C. hominis isolate from Colombia (Isaza et al. 2015).
. 2
s, 3 Genomic differences among host-adapted C. parvum
<22 TnT08225502, To. subtype families
O .2 = B ANSAFTEEQF O 0N
Host adaptation is known to occur in C. parvum, with Ila
§ and IId subtype families preferentially infecting calves and
:§ o e lambs in some European countries, respectively (Fig. 3a).
TEQ [ wBrol<we— o~ In addition to the highly divergent genes previously identi-
UER | IRELCHIRLE S ARR fied between C. parvum Ila (zoonotic) and Ilc
(anthroponotic) subtype families (Widmer et al. 2012), re-
- 5 cent comparative genomics analyses of two IId isolates
= 5 from China and Egypt and one Ila isolate from Egypt have
Ef =) shown differences in the number of three subtelomeric gene
2 f«j P — families among these isolates: SKSR secretory proteins,
N S 2 R e N~ MEDLE family of secretory proteins, and insulinase-like
§ proteases. It has further identified additional highly poly-
& © morphic genes in subtelomeric regions. The outcome of the
§ f§ § analysis supports the view mentioned above that proteins
7§ E’ 2 6 —2—nTamo e encoded by these genes could be attributed to host adapta-
& S .2 SERRERTRTS LR tion in Cryptosporidium spp. (Feng et al. 2017).
‘% A recent study by Nader et al. (2019) explored the
% 5 population structures and genetics of C. parvum. In this
g 5 comparative genomics analysis, C. parvum was separated
%ﬂ E § é into two subspecies based on genetic and biological dif-
E| £ § g B Do o ferences, namely, C. p. parvum (zoonotic Ila and IId lin-
gl =21ug F w2 mT el 283 | & eages) and C. p. anthroponosum (anthroponotic Ilc line-
g % age). They discovered that these lineages have undergone
9 = g  genetic recombination and that regions of the C. hominis
g % a genome were introgressed into each C. parvum lineage. In
jcjo Oé g addition, some of these introgressed regions have shown
g _g 5 5 %gé S‘ signs of positive selection, e§p601ally in C. p.
2 4 7 o % _E¥ =2 2| g gnthroponosum. As expected, genetic exchanges also ex-
g gg - ?) 8 §D§§ 5 . gbé % g ist between C. p. parvum and C. p. anthroponosum, with
S = 538 2% E%ﬂ 3 E <<sss -§ the majority of recombination events occurring in
~| e %"E’Tg g %Dé E 8 5% ¥ ; ; ; S subtelomeric regions. Thus, genetic exchange or recombi-
2| 2 558 s 3352 55833555 | 2 nant may play a potential role throughout the adaptive
© 5] 20000850600 L L m . o
(A < EZOZEOOAZOZZEAA | & evolution of Cryptosporidium spp. (Nader et al. 2019).
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Fig. 3 a Major host-adapted a

Cryptosporidium parvum subtype
families (with Ila infects cattle, Ilc
infects humans, Ild infects sheep
and goats, Ilo infects bamboo
rats). b A broad range of

C. ubiquitum (with XIla infects
ruminants and humans, other IId
subtype families infect rodents
and humans)
IIa

M

Ilc

XIla

1 100)

=

XTIId

Genomic uniqueness of Cryptosporidium chipmunk
genotype |, Cryptosporidium ubiquitum, and gastric
species Cryptosporidium andersoni

Comparative analyses have also been conducted recently on
Cryptosporidium chipmunk genotype I (Guo et al. 2015a), a
newly emerged zoonotic pathogen in some industrialized na-
tions, C. ubiquitum, a zoonotic species with a broad host range
(Fayer et al. 2010) (Fig. 3b), and C. andersoni, a gastric spe-
cies mainly infecting bovine animals (Xiao et al. 2004). They
have revealed conservation in genome organization among
intestinal Cryptosporidium species and sequence divergence
in potential secreted pathogenesis determinants (PSDs) among
major human-infecting species (Liu et al. 2016; Xu et al.
2019). These PSDs are mostly subtelomeric in chromosomal
location, often members of multigene families, and under pos-
itive selection. These observations reaffirm that the loss of
some subtelomeric genes encoding insulinase-like proteases
and secreted MEDLE proteins and high sequence divergence
in PSDs could contribute to the biological differences among
human-pathogenic Cryptosporidium species (Xu et al. 2019).

These comparative genomics analyses have further shown
significant genetic differences between gastric and intestinal
Cryptosporidium species, not only in mitosome metabolism
as observed previously in comparative genomics analysis of
another gastric species, C. muris (Mogi and Kita 2010), but
also in genome organization and invasion-related proteins and
peptidases (Liu et al. 2016; Xu et al. 2019). Therefore,
C. andersoni and C. muris possess some aerobic metabolism
and a conventional electron transport chain, whereas
C. ubiquitum has lost both of them (Liu et al. 2016). There
appears to be a progressive reductive evolution of metabolism
in the Cryptosporidium lineage within Apicomplexa; com-
pared with C. parvum and C. hominis, C. ubiquitum has lost
the entire electron transport chain and the associated biosyn-
thesis of ubiquinone and polyisoprenoids. These findings

suggest that there a need of different strategies for the devel-
opment of intervention measures against gastric and intestinal
Cryptosporidium spp. (Liu et al. 2016).

New subtyping tools for Cryptosporidium spp.
based on WGS data

The WGS analysis of Cryptosporidium spp. has provided much
needed data for the development of advanced typing tools for
human-pathogenic species or genotypes that are genetically di-
vergent from C. parvum and C. hominis. For example, gp60-
based subtyping tools have been developed based on newly ac-
quired nucleotide sequences of the target gene for C. ubiquitum
and chipmunk genotype I (Guo et al. 2015a; Li et al. 2014). This
genetic locus is widely used in subtype analysis of C. parvum
and C. hominis because of its high sequence polymorphism
(Xiao and Feng 2017). The high sequence heterogeneity, how-
ever, has also made the design of PCR primers challenging,
especially for species or genotypes divergent from C. parvum
and C. hominis (Feng et al. 2011a). The availability of WGS data
from other Cryptosporidium spp. has greatly facilitated the de-
velopment of new gp60-based subtyping tools.

The WGS data have also been used in the development of
high-resolution multilocus sequence typing (MLST) tools for
C. parvum and C. hominis. Currently, the molecular tracking of
some hyper-transmissible and virulent subtypes of C. parvum
and C. hominis is challenging, making the investigation of out-
breaks associated with them difficult. MLST tools thus have been
developed based on other polymorphic markers in the C. parvum
and C. hominis genomes, especially those with simple tandem
repeats (micro- or minisatellites) (Feng et al. 2014; Li et al. 2013;
Robinson and Chalmers 2012; Tanriverdi et al. 2008). MLST
tools are now available for another major zoonotic species
C. ubiquitum and gastric species C. andersoni/C. muris (Feng
et al. 2011b; Tang et al. 2016).
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The outcome of comparative genomics analysis has also
lead to the development of an amplicon sequencing tool for
the highly conserved IbA10G2 subtype in European coun-
tries. The assay was developed based on analysis of WGS data
from 17 C. hominis isolates and involved a one-step PCR
analysis of nine polymorphic loci (Beser et al. 2017; Sikora
etal. 2017). It identified ten sequence types among 44 clinical
isolates in Sweden, with isolates within an outbreak or cluster
belonging to the same sequence type (Beser et al. 2017).
Therefore, WGS has allowed the development of advanced
typing tools for virulent or hyper-transmissible C. parvum
and C. hominis subtypes for which gp60 subtype is inadequate
for outbreak identification and trace-back.

The availability of these MLST tools has facilitated the
examination of the association between some gp60 subtypes
and virulence (Cama et al. 2008; Cama et al. 2007; Igbal et al.
2011). For example, population genetic analyses of
C. hominis specimens from a peri-urban community in
Lima, Peru, at 32 polymorphic loci in chromosome 6 indicat-
ed that genetic recombination mostly occurred in the virulent
subtype IbA10G2 (Li et al. 2013). Similarly, genetic recom-
bination might have also played a role in the generation of the
virulent C. hominis subtype [aA28R4, which emerged in the
USA inrecent years (Feng et al. 2014). Genetic recombination
is apparently also common in the hyper-transmissible
C. parvum subtype [IaA15G2R1 (Feng et al. 2013), which is
the most common subtype in humans and dairy calves in
industrialized nations and the dominant subtype for outbreaks
of cryptosporidiosis in the USA (Xiao 2010).

Comparative genomics of cryptosporidiosis
epidemiology

Comparative genomics analysis of IbA10G2 has shown a low
genetic heterogeneity among isolates of this virulent subtype,
which is responsible for almost all autochthonous C. hominis
infections in Europe (Chalmers and Caccio 2016). It has fur-
ther revealed several unique features in IbA10G2 isolates,
such as the synonymous nature of most SNPs, a lower
transition/transversion ration of these SNPs compared with
other C. hominis subtypes, and the absence of a deleterious
mutation in COWP9 (Sikora et al. 2017).

Comparative analysis indicates that the genomes of IbA10G2
and [aA28R4 in the USA are highly similar, with major sequence
differences occurring in the 5" (around cgd6 60) and 3’ (around
cgd6_5270) subtelomeric regions and around gp60 (cgd6 1080)
of chromosome 6. In these regions, the mosaic distribution of bi-
allelic sequences has revealed the occurrence of genetic recom-
bination, which might have played a role in the generation of
virulent C. hominis subtypes (Guo et al. 2015c). In contrast, the
genomes of C. hominis IbA10G2 in Europe seem to be highly
conserved (Beser et al. 2017; Chalmers and Caccio 2016). A
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similar in silico analysis of WGS data from several IbA10G2
isolates has identified fewer than 50 SNPs among most isolates
from Europe (Chalmers and Caccio 2016; Sikora et al. 2017).
The high genome sequence conservation in IbA10G2 presents
major challenges to the investigation and tracking of C. hominis
in European countries using conventional gp60 subtyping.

In contrast, a recent comparative genomics analysis of
C. hominis isolates has revealed high genetic variations and
frequent genetic recombination among gp60 subtypes in
Bangladesh (Gilchrist et al. 2018), which could be a reflection
of'the high endemicity of cryptosporidiosis and extensive sub-
type diversity of C. hominis in the study area. A total of
367,810 SNPs were observed among 32 C. hominis isolates
sequenced, most of which appeared evenly distributed
throughout the genomes, except for seven regions. The latter
included the gp60 (cgd6 1080), SKSR (cgdl 3850), and
insulinase-like peptidases (cdg3 4260) regions. The recombi-
nation rate was so high that linkage disequilibrium in the ge-
nome was lost among isolates after only 300 bp, and the ge-
nomes did not segregated by gp60 subtype (Gilchrist et al.
2018). Therefore, the frequency of genetic recombination
within C. hominis appears to be very different between indus-
trialized nations and developing countries.

Conclusions and future perspectives

As discussed, WGS analysis and comparative genomics are
increasingly used in molecular characterizations of
Cryptosporidium spp. (Khan et al. 2018). The outcome thus
far has significantly improved our understanding of basic biol-
ogy and transmission dynamics of these important zoonotic
pathogens. We now have increased appreciation of the role of
genetic recombination in the evolution and dispersal of virulent
and hyper-transmissible C. hominis and C. parvum subtypes. In
addition, they have facilitated the development of advanced
molecular detection tools that can be routinely used in the in-
vestigation of cryptosporidiosis outbreaks, especially those
caused by hyper-transmissible and virulent subtypes. The new
insights provided could further promote the development of
new intervention strategies against cryptosporidiosis.

We are still at the early stage of comparative genomics
compared to progresses in other related apicomplexan patho-
gens such as Plasmodium spp. and T. gondii. Therefore, addi-
tional WGS data should be acquired from human-pathogenic
and zoonotic Cryptosporidium spp. before we can have better
understanding of population genetic structures of these path-
ogens and genetic determinants of virulence and hyper-
transmissibility (Widmer et al. 2012). More systematic com-
parative genomics analyses of genetically related species with
different host ranges would improve our understanding of the
evolution and host adaptation within the Cryptosporidium ge-
nus (Jex and Gasser 2010; Khan et al. 2018).
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