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ARTICLE INFO ABSTRACT

Cryptosporidium viatorum is a globally distributed pathogenic species of Cryptosporidium that has only ever been
recorded from humans, until now. For the first time, we molecularly characterised a novel subtype of C. viatorum
(subtype XVbA2G1) from the endemic Australian swamp rat (Rattus lutreolus) using the small subunit of nuclear
ribosomal RNA (SSU) gene and then subtyped it using the 60-kilodalton glycoprotein (gp60) gene. In total, faecal
samples from 21 swamp rats (three were positive for C. viatorum), three broad toothed rats (Mastacomys fuscus)
and two bush rats (Rattus fuscipes) were tested for Cryptosporidium. The long-term, isolated nature of the swamp
rat population in Melbourne's drinking water catchment system (where public access is prohibited), the lack of C.
viatorum from other mammals and birds living within the vicinity of this system and its genetic distinctiveness in
both the SSU and gp60 gene sequences from other species of Cryptosporidium collectively suggest that C. viatorum
might be endemic to native rats in Australia. The current state of knowledge of epidemiological surveys of
Cryptosporidium of rats and the zoonotic potential are further discussed in light of the finding of C. viatorum.
Long-term studies, with the capacity to repetitively sample a variety of hosts in multiple localities, in different
seasons and years, will allow for greater insight into the epidemiological patterns and zoonotic potential of rare
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1. Introduction

Cryptosporidium is a genus of protozoan parasites that are recognised
as a leading cause of diarrhoea and malnutrition, particularly in de-
veloping regions around the world (Sow et al., 2016; Kotloff, 2017;
Squire and Ryan, 2017). At least 34 species and more than 40 genotypes
are recognised to infect humans and other animals (Zahedi et al., 2016),
21 of which are reported to have zoonotic potential (Xiao and Fayer,
2008; Ryan et al., 2014; Zahedi et al., 2016; Xiao and Feng, 2017).
Cryptosporidium viatorum was first described in 2012 from travellers
returning to the United Kingdom from the Indian subcontinent (Elwin
et al., 2012). Thus far, C. viatorum has been found in people endemic to
or returning from the following countries: Bangladesh, Barbados, Co-
lombia, Ethiopia, Guatemala, India, Kenya, Nepal, Nigeria and Pakistan
(Elwin et al., 2012; Insulander et al., 2013; Lebbad et al., 2013; Adamu
et al., 2014; Ayinmode et al., 2014; Stensvold et al., 2015; de Lucio
et al., 2016; Sanchez et al., 2017; Ukwah et al., 2017).

Clinical symptoms associated with cryptosporidiosis linked to C.
viatorum from Swedish and British-based travellers to Bangladesh,
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Guatemala, India, Kenya, Nepal and Pakistan have included diarrhoea,
abdominal pain, nausea, fever, headache, vomiting and marked weight
loss, with illness lasting from 9 to 30 days (Elwin et al., 2012; Lebbad
et al., 2013). Other studies reporting C. viatorum infection were in HIV-
positive patients or children; the symptoms could either not be dis-
tinguished or were not recorded (Adamu et al., 2014; Ayinmode et al.,
2014; de Lucio et al., 2016; Sanchez et al., 2017; Ukwah et al., 2017).

Because C. viatorum is currently the only species of Cryptosporidium
found exclusively in humans, there has been speculation as to whether
C. viatorum occurs in a domestic or sylvatic animal reservoir host (Elwin
et al., 2012; Lebbad et al., 2013; Stensvold et al., 2015; Sanchez et al.,
2017). However, to date, there has been no report of C. viatorum in an
animal species other than human.

The Melbourne Water project (Nolan et al., 2013; Koehler et al.,
2016b) is an ongoing survey of eukaryotic microbes including Cryp-
tosporodium and Giardia (since June of 2009) in faecal deposits from
feral and endemic wildlife within the closed water catchments sup-
plying the city of Melbourne, Australia, with drinking water. Of the
faecal samples collected and tested to date, the majority has been from
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eastern grey kangaroos, European rabbits, Sambar deer, swamp walla-
bies and common wombats. Interest in pathogens of lesser studied
species of native wildlife led to the collection of faeces from three of
Australia's native rat species, the Australian swamp rat, Rattus lutreolus,
the bush rat, Rattus fuscipes and the broad-toothed rat, Mastacomys
fuscus.

Here, we molecularly characterise a novel subtype of
Cryptosporidium from a native rat and compare it to existing subtypes of
C. viatorum using markers from the small subunit of nuclear ribosomal
RNA (SSU) gene and the 60 kilodalton glycoprotein (gp60) gene which
allowed for the subtyping of C. viatorum (Stensvold et al., 2015). We
also appraise the survey history of Cryptosporidium from all known
species of rats.

2. Materials and methods
2.1. Sample collection and DNA extraction

Since June of 2009, the flood plain where the Yarra River feeds the
Upper Yarra Reservoir (~100km east of Melbourne [latitude:
—37.673563; longitude: 145.89612]) was surveyed 17 times as part of
our ongoing Melbourne Water project which monitors wildlife faecal
samples from multiple catchments on a monthly basis for potential
waterborne pathogens (Nolan et al., 2013; Koehler et al., 2016b). A
total of 1394 faecal samples from foxes, cats, deer, kangaroos, rabbits,
rats, wombats and waterbirds (mostly Australian wood ducks) have
been collected from within the ‘closed’ catchment called Upper Yarra. A
closed catchment refers to the land surrounding a reservoir where
public access is prohibited and human activity is restricted to em-
ployees of the water management corporation. The Upper Yarra
catchment (33,670 hectares) was established in 1888, in accordance
with the Closed Catchment Policy that set aside the land for drinking
water collection (Parks Victoria, 2002). Cryptosporidium species and
genotypes that have been discovered in the Upper Yarra catchment
include: C. cuniculus (from rabbits), C. hominis, C. parvum, C. ryanae, C.
ubiquitum (from deer) and Cryptosporidium sp. duck-like genotype (from
waterbirds) (Nolan et al., 2013; Koehler et al., 2016b).

In recent years, with the growth of grasses and reeds along the
banks of the reservoir, we have noticed well-defined rodent runways
(Koehler and Haydon, personal observations). Rat faeces were collected
on three occasions: 3 September, 2015 (n = 12 samples) (Spring), 27
July, 2016 (n = 1) (Winter) and 26 April, 2017 (n = 13) (Autumn).
Faecal samples were identified in the field as belonging to rodents
based on the identification of rodent runways and faecal morphology
(Triggs, 2004). Samples were taken in a ‘haphazard’ collection manner
(Manly and Navarro Alberto, 2015), while trying to avoid collecting
faeces from the same runway to minimise duplication of collection from
the same host. DNAs were extracted from faecal samples using the
MoBio (Carlsbad, CA, USA) described previously (Koehler et al.,
2016b).

2.2. Host identification

The molecular identification of the rodent hosts using faecal DNA
was achieved by PCR-based amplification of a 421 bp region employing
universal vertebrate cytochrome b (cytb) primers mcb398 5-TAC CAT
GAG GAC AAA TAT CAT TCT G-3’ and mcb869 5-CCT CCT AGT TTG
TTA GGG ATT GAT CG-3’ (Verma and Singh, 2003) and analysis of
amplicons.

PCR was carried out in a reaction volume of 50 pl using a standard
reaction buffer, 3.0 mM of MgCl,, 200 uM of each dNTP, 50 pmol of
each primer, 1 U of GoTaq polymerase (Promega, USA) and 2pl of
genomic DNA (except for the no-template controls, where H,O was
added). The PCR conditions were: 94 °C for 5 min (initial denaturation),
followed by 35 cycles of 94 °C for 30s (denaturation), 51 °C for 30s
(annealing) and 72°C for 30s (extension), with a final extension of
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72°C for 5min. A restriction fragment length polymorphism (RFLP)
analysis was conducted using the FastDigest Taql enzyme (Thermo
Fisher Scientific, USA) according to the manufacturer's protocol; digests
were separated in a 1.5% agarose gel by electrophoresis for 30 min at
90 V. Amplicons representing each unique banding patterns were se-
lected, individually treated with shrimp alkaline phosphatase and
exonuclease I (Thermo Fisher Scientific), according to the manufac-
turer's instructions, and then subjected to bi-directional automated se-
quencing (BigDye’ Terminator v.3.1 chemistry, Applied Biosystems,
USA) using the same primers as for PCR amplification. The resultant
sequences were compared with sequences in GenBank using the
BLASTn algorithm, and levels of identity established. Sequences from
this study were deposited in the GenBank database under the accession
numbers MG021319 - MG021323.

Host identification was achieved by phylogenetic analyses of the
cytb sequence data, conducted by the neighbor joining (NJ) distance
method (Saitou and Nei, 1987) in the program MEGA v.7.0.20 (Kumar
et al., 2016). Evolutionary distances were computed using the number
of differences method (Nei and Kumar, 2000), including transitions and
transversions for the nucleotide data. Rates of evolution among sites
were considered uniform and gaps were treated using pairwise deletion.
A total of 2000 bootstrap replicates were performed and are reported as
bootstrap percentages (BP).

2.3. Literature survey of Cryptosporidium in rats

A comprehensive literature search was performed using Google
Scholar (google.scholar.com) using search terms “rat”, “Rattus” and
“Cryptosporidium” in order to find all known epidemiological surveys of
rats for Cryptosporidium. The search results, including host, locality,
prevalence and parasite species or genotype, are summarised in
Supplementary Table 1.

2.4. Nested PCR assays for Cryptosporidium

Nested PCR assays were carried out for the small subunit of nuclear
ribosomal RNA (SSU) (Alves et al., 2003) and 60-kilodalton glycopro-
tein (gp60) (Stensvold et al., 2015) genes using the same set-up as de-
scribed in section 2.2, except that for the secondary PCR, 1 pl of tem-
plate from the primary PCR was carried over to the secondary PCR. No-
template (negative) controls were included at all steps, and no-template
controls were carried over from the primary to the secondary (nested)
PCR. A well-known positive control sample (C. parvum DNA) was in-
cluded in each PCR run.

An established SSU-nested PCR was conducted as described pre-
viously (Alves et al., 2003). In brief, the primary PCR (~760 bp) was
carried out using primers 18SiCF2 (forward: 5’-GAC ATA TCA TTC AAG
TTT CTG ACC-3’) and 18SiCR2 (reverse: 5-CTG AAG GAG TAA GGA
ACA ACC-3), followed by secondary (nested) PCR (~590 bp) using
primers 18SiCF1 (forward: 5-CCT ATC AGC TTT AGA CGG TAG G-3')
and 18SiCR1 (reverse: 5-TCT AAG AAT TTC ACC TCT GAC TG-3’). Both
the primary and secondary PCRs utilized the following cycling condi-
tions: 94 °C for 5min (initial denaturation), followed by 45 cycles of
94 °C for 30s (denaturation), 58 °C for 30s (annealing) and 72 °C for
30 s (extension), with a final extension of 72 °C for 10 min.

Once it was determined that the taxon of Cryptosporidium identified
was related to C. viatorum, the nested PCR protocol for gp60 of C. via-
torum was conducted essentially as described by Stensvold et al. (2015).
In brief, primary PCR of a partial region (1192 bp) of the gp60 gene
from 2l of genomic DNA (expect for no-template controls) was con-
ducted using primers CviatF2 (forward 5’-TTC ATT CTG ACC CCT CAT
AG-3’) and CviatR5 (reverse: 5-GTC TCC TGA ATC TCT GCT TAC TC-
3’); 1yl of template from the primary PCR was carried over to the
secondary PCR conducted using primers CviatF3 (forward: 5'-GAG ATT
GTC ACT CAT CAT CGT AC-3’) and CviatR8 (reverse: 5’ ~CTA CAC GTA
AAA TAA TTC GCG AC-3’) to produce a product of ~950 bp. Both
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primary and secondary PCR conditions were: 94 °C for 5min (initial
denaturation), followed by 35 cycles of 94 °C for 30 s (denaturation),
52°C for 30 s (annealing) and 72 °C for 1 min (extension), with a final
extension of 72 °C for 5min. No-template (negative) controls were in-
cluded at all steps, and no-template controls were carried over from the
primary to the secondary (nested) PCR. A well-known positive control
sample (C. parvum DNA) was included in each PCR run.

2.5. Sequencing of amplicons and phylogenetic analysis of sequence data
for Cryptosporidium

Nested PCR amplicons were individually treated with shrimp alka-
line phosphatase and exonuclease I (Thermo Scientific, USA), according
to the manufacturer's instructions, and then subjected to bi-directional
automated sequencing (BigDye® Terminator v.3.1 chemistry, Applied
Biosystems, USA) using the same primers as employed in the secondary
(nested) PCR. Sequence quality was verified by comparison with cor-
responding electropherograms using the program Geneious v.10.2.3
(Kearse et al., 2012). Sequences were aligned using the program MAFFT
(Katoh et al., 2002) with the option ‘E-INS-i’, which is recommended for
alignments that contain multiple conserved domains and long gaps, and
alignments were manually adjusted using the program Mesquite v.3.10
(Maddison and Maddison, 2015). Sequences were then compared with
those available in the GenBank database using BLASTn (NCBI, USA).

The SSU tree (Fig. 1; Supplementary Table 2) was constructed with
the intent of precisely placing the novel genotype within the overall
Cryptosporidium tree (cf. Ruecker et al., 2012; Stenger et al., 2015). To
do this, we included as many representative sequences of unique
Cryptosporidium species and genotypes as possible from the top portion
of the Cryptosporidium phylogeny (cf. Ruecker et al., 2012; Stenger
et al., 2015), while leaving out species and genotypes from the bottom
half of the phylogeny, which would decrease the quality of the align-
ment. This ‘cleansed database’ approach to building Cryptosporidium
phylogenetic trees based on the SSU gene region, where sequences from
GenBank are critically evaluated to removed errors and redundancies,
is well established (cf. Ruecker et al., 2012). Typically, sequences from
environmental samples collected from water have not been included
when assessing Cryptosporidium phylogeny, as they are not derived from
a particular host species, but they were included here because the initial
BLASTn results showed a close relatedness between Cryptosporidium
from environmental samples and C. viatorum. Cryptosporidium baileyi
(GenBank accession no. L19068) was used to root the tree.

In order to obtain an accurate alignment of homologous characters,
an alignment of inferred amino acid sequence data was used to con-
struct the GP60 tree (Fig. 2; Supplementary Table 3). At present, pri-
mers for gp60 (the standard gene for subtyping Cryptosporidium; Ryan
et al., 2014) have been developed for only a few species of Cryptos-
poridium [C. cuniculus, C. hominis and C. parvum (see Strong et al.,
2000); C. fayeri (see Power et al., 2009); C. ubiquitum (see Li et al.,
2014); C. meleagridis (see Stensvold et al., 2014); C. viatorum (see
Stensvold et al., 2015); C. sp. skunk genotype (Yan et al., 2017)]. Amino
acid sequences representing multiple members of each available gp60
subtype were included in the tree to provide comparative GP60 di-
versity within taxa (Fig. 2). Phylogenetic analyses of both nucleotide
(for SSU) and amino acid (for gp60) sequence data were conducted by
the NJ distance method, as detailed in section 2.2. Cryptosporidium sp.
chipmunk genotype I (GenBank accession no. KU852739) was used to
root the tree.

2.6. Alignments and pairwise comparisons and prediction of protein
sequences

An alignment of the GP60 amino acid sequence of the novel C.
viatorum subtype with those of the six known human C. viatorum sub-
types was made using MAFFT in Geneious (Fig. 3). A table of pairwise
amino acid similarities amongst C. viatorum subtypes was also
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constructed using Geneious (Table 1). The online servers ProP 1.0
(www.cbs.dtu.dk/services/ProP/) (Duckert et al., 2004), NetNGlyc 1.0
(www.cbs.dtu.dk/services/NetNGlyc/) (Blom et al., 2004) and Ne-
tOGlyc 4.0 (www.cbs.dtu.dk/services/NetOGlyc/) (Steentoft et al.,
2013) were used to predict furin cleavage sites, N-glycosylation sites
and O-glycosylation sites, respectively. The sites predicted for the novel
subtype were compared with those predicted by Stensvold et al. (2015).

3. Results
3.1. Identification of rat hosts

The results of the PCR-based RFLP (four unique banding patterns)
and sequencing of cytb amplicons showed that 21 of the 26 faecal
samples tested were from R. lutreolus, 3 were from M. fuscus, 2 were
from R. fuscipes. Sequences representing two of the RFLP banding pat-
terns matched R. lutreolus GenBank accession no. GU570661 (448 of
467 bp; 96% identity) and sequences from the other banding patterns
matched R. fuscipes GenBank accession no. GU570664 (419 of 447 bp;
96% identity) and M. fuscus GenBank accession no. KY754024 (457 of
467 bp; 98% identity). Although sequence matches using the cytb gene
were not 100%, the phylogenetic tree indicated that each of the se-
quences from the rodent faecal samples grouped closely with R. lu-
treolus, R. fuscipes and M. fuscus (GenBank accession nos., respectively:
MGO021321 - MG021323) (Supplementary Fig. 1).

3.2. Literature survey results for Cryptosporidium of rats

Rats have been surveyed for Cryptosporidium (both microscopically
and molecularly) in a total of 23 studies from countries including
Australia, Brazil, China, Egypt, Japan, Indonesia, Iran, Kenya, Korea,
New Zealand, Nigeria, Philippines, Spain and United Kingdom
(Supplementary Table 1). There are 66 species of ‘true rats’ in the genus
Rattus (Wilson and Reeder, 2005). Prior to the present study, only 6
species had been surveyed for Cryptosporidium. The commonest species
of rat studied are the brown or Norway rat (Rattus norvegicus)
(n = 1518), the Asian house rat (R. tanezumi) (n = 442) and the black
rat (Rattus rattus) (n = 475) (Supplementary Table 1). The majority of
the studies (n = 14) undertook molecular characterisation, but 9 relied
only on microscopy such that Cryptosporidium species could not be as-
signed beyond the genotypic level. The most frequently observed
Cryptosporidium species and genotypes seen in rats are C. muris
(n = 82), C. parvum (n = 53) and Cryptosporidium sp. rat genotype III
(n = 37) (Supplementary Table 1).

3.3. Molecular identification and classification as C. viatorum

Of the 26 rat faecal samples examined, three from R. lutreolus (la-
boratory nos. UY7513, UY7521 and UY7523) (but none from R. fuscipes
or M. fuscus) were PCR test-positive for Cryptosporidium by SSU. The
SSU sequences determined (represented by accession no. MG021320)
were all identical across all 568 nts; a comparison of this novel se-
quence with the sequence representing C. viatorum (accession no.
JN846708) from GenBank revealed 99% identity (four deletion/inser-
tion events). Only one of the gp60 amplicons derived from rat faecal
DNAs (UY7513) returned a clean gp60 sequence for Cryptosporidium of
911 bp in length. This sequence (accession no. MG021319) had 84%
identity (767 of 911 bp) with C. viatorum (accession no. KP115936)
present in GenBank at the time.

The SSU phylogenetic tree (Fig. 1) suggests that the Cryptosporidium
taxon in the faecal sample from R. lutreolus is most closely related (537
of 541 bp or 99.3% identity) to the majority of C. viatorum sequences.
The sequences of C. viatorum grouped into a highly-supported mono-
phyletic clade (BP = 99%). Five of the previously defined C. viatorum
sequences (accession nos. KX174309, JX978271, JX644908, JN846708
and HM485434) are identical, while one (JN846705) has a single
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98 HM191258 Cryptosporidium sp. novel genotype, Human, UK
FJ153238 Cryptosporidium sp. environmental, Water, China
KP280061 Cryptosporidium hominis Human, UK
KM459511 Cryptosporidium cuniculus Gorilla, Cameroon
{{:JQ413435 Cryptosporidium cuniculus Human, UK
DQ295015 Cryptosporidium sp. Beldings ground squirrel, USA
GQ983349 Cryptosporidium parvum Human, UK
r KC885892 Cryptosporidium parvum Bamboo rat, China
KF835551 Cryptosporidium parvum Common bottlenose dolphin, Spain
% KU892565 Cryptosporidium erinacei Human, Sweden

JQO073523 Cryptosporidium tyzzeri House mouse, Czech Republic
LC089976 Cryptosporidium sp. bat genotype VI, Lesser short-nosed fruit bat, Phillippines

EF641015 Cryptosporidium sp. mink genotype, Mink, USA

EF641022 Cryptosporidium sp. beaver genotype, North American beaver, USA

KC734572 Cryptosporidium meleagridis Human, China

GQ121020 Cryptosporidium wrairi Guinea pig, China

JX978272 Cryptosporidium sp. chipmunk genotype |, Human, Sweden

KT027483 Cryptosporidium sp. skunk genotype, Eastern gray squirrel, USA

JQ740100 Cryptosporidium sp. Southern elephant seal genotype, Southern elephant seal, Antarctica
KT027473 Cryptosporidium rubeyi Black-tailed prairie dog, USA

99
KT027478 Cryptosporidium sp. ground squirrel genotype Ill, 13-lined ground squirrel, USA

GQ183525 Cryptosporidium sp. environmental, Water, UK
AB697056 Cryptosporidium ubiquitum Large Japanese field mouse, Japan

AB210854 Cryptosporidium canis Dog, Japan
JQ413348 Cryptosporidium sp. deer mouse genotype |V, Water, Canada

JF710260 Cryptosporidium suis Pig, China
3 EF061289 Cryptosporidium sp. environmental, Water, Canada

9
96 LAY120907 Cryptosporidium sp. fox genotype, Red fox, USA Fox genotype
EF061290 Cryptosporidium sp. environmental, Water, Canada

KC954240 Cryptosporidium sp. chipmunk genotype 1V, Eastern chipmunk, USA

GQ183516 Cryptosporidium sp. muskrat genotype I, Water, UK
JQ413360 Cryptosporidium sp. vole genotype, Water, Canada
AY737563 Cryptosporidium sp. environmental, Water, USA

JQ178292 Cryptosporidium sp. environmental, Water, Canada

JQ178286 Cryptosporidium sp. environmental, Water, Canada w25
JQ313944 Cryptosporidium sp. environmental, Water, Canada

JQ178268 Cryptosporidium sp. environmental, Water, Canada

KR819166 Cryptosporidium sp. bat genotype Ill, Big brown bat, USA
JQ178278 Cryptosporidium sp. environmental, Water, Canada

JQ178285 Cryptosporidium sp. environmental, Water, Canada

63 w27

JQ313972 Cryptosporidium sp. environmental, Water, Canada

95 KF994584 Cryptosporidium sp. environmental, Water, Canada
JQ413352 Cryptosporidium sp. environmental, Water, Canada

] MG021320 Cryptosporidium viatorum Swamp rat, Australia

JN846705 Cryptosporidium viatorum Human, UK
9911 kx174309 Cryptosporidium viatorum Human, India

89| JX978271 Cryptosporidium viatorum Human, Kenya C. viatorum

JX644908 Cryptosporidium viatorum Human, Nigeria

JN846708 Cryptosporidium viatorum Human, UK

HM485434 Cryptosporidium sp. novel genotype, Human, UK

AY 120902 Cryptosporidium sp. opossum genotype, Opossum, USA

761 DQ403162 Cryptosporidium fayeri Western barred bandicoot, Australia

98 AF108860 Cryptosporidium fayeri Koala, Australia
90| AY237630 Cryptosporidium fayeri Eastern grey kangaroo, Australia
67 KY490553 Cryptosporidium fayeri Tasmanian devil, Australia

C. fayeri

AF262331 Cryptosporidium sp. environmental, Water, USA

KM870593 Cryptosporidium varanii Corn snake, Thailand
480(7—’7 EU553587 Cryptosporidium sp. Veiled chameleon, Spain
95 L19068 Cryptosporidium baileyi Unknown, Unknown

[ |
2

Fig. 1. Phylogenetic relationships of small subunit of nuclear ribosomal RNA (SSU) gene nucleotide sequence data (aligned over 563 bp) of selected Cryptosporidium taxa in relation to the
novel C. viatorum genotype using the neighbor joining distance method. Individual GenBank accession numbers precede species name, followed by host common name and locality
descriptors. Bootstrap support values (based on 2000 iterations) are indicated next to supported branches. Cryptosporidium baileyi was chosen as the outgroup. The novel genotype from

this study is in bold-type. Scale bar indicates the number of nucleotide substitutions per site.
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GU214368 Cryptosporidium parvum 11ldA22G2R1 Human, UK
GU214348 Cryptosporidium hominis IbA10G2R2 Human, UK
GU214354 Cryptosporidium hominis leA11G3T3R1 Human, UK
GU214366 Cryptosporidium parvum lIcA5SG3R2 Human, Australia
GU214355 Cryptosporidium hominis 1fA12G1R2 Human, Australia
GU214345 Cryptosporidium hominis laA21G1R1 Human, UK
GU214369 Cryptosporidium parvum 1leA7G1 Human, UK
GU214364 Cryptosporidium parvum 11aA23G3R1 Human, Australia
GU214353 Cryptosporidium hominis 1dA22 Human, UK
KJ210605 Cryptosporidium meleagridis 11leA25G2R1 Human, India
KJ210615 Cryptosporidium meleagridis 11IbA26G1R1b Human, Africa
gr— KJ210619 Cryptosporidium meleagridis 11lgA31G3R1 Human, Sweden

99

100

FJ490070 Cryptosporidium fayeri IVfA12G2T1 Eastern grey kangaroo, Australia

7£|: FJ490089 Cryptosporidium fayeri IVbA9G1T1R1 Western barred bandicoot, Australia
FJ490073 Cryptosporidium fayeri IVaA10G3T1R1 Eastern grey kangaroo, Australia

100

100 FJ490069 Cryptosporidium fayeri IVcA8G1T1R1 Eastern grey kangaroo, Australia

99

I: FJ490059 Cryptosporidium fayeri IVdA7G1T1R1 Eastern grey kangaroo, Australia
100 FJ490058 Cryptosporidium fayeri IVdA7G1T1R1 Eastern grey kangaroo, Australia

KC204985 Cryptosporidium ubiquitum XIIf Field mouse, Slovakia

—

KC204983 Cryptosporidium ubiquitum Xlle Field mouse, Slovakia

KX029226 Cryptosporidium ubiquitum Xllg Wombat, Australia
KC204981 Cryptosporidium ubiquitum Xlla Human, UK
99 JX412926 Cryptosporidium ubiquitum Xllb Human, USA
7# _|:JX41 2925 Cryptosporidium ubiquitum Xllc Human, USA
99 JX412924 Cryptosporidium ubiquitum Xlld Raccoon, USA
MG021319 Cryptosporidium viatorum XVbA2G1 Swamp rat, Australia

100

93

79

751 KP115941 Cryptosporidium viatorum XVaA3f Human, India

75 98 74 | L KP115940 Cryptosporidium viatorum XVaA3e Human, Nepal
KX190061 Cryptosporidium viatorum XVaA6 Wastewater, China
100 KP115939 Cryptosporidium viatorum XVaA3d Human, Kenya
0a KP115936 Cryptosporidium viatorum XVaA3a Human, India
52 [ KP115938 Cryptosporidium viatorum XVaA3c Human, Guatemala
KP115937 Cryptosporidium viatorum XVaA3b Human, Kenya
KX698293 Cryptosporidium sp. skunk genotype XVIbA17G1 Water, USA
66 KX698302 Cryptosporidium sp. skunk genotype XVIdA19 Water, USA
99 KX698298 Cryptosporidium sp. skunk genotype XVIcA10 Raccoon, USA
KX698294 Cryptosporidium sp. skunk genotype XVIaA15 Water, USA
KU852739 Cryptosporidium sp. chipmunk genotype | XIVaA20G2T1 Human, Sweden
'1—0‘

Fig. 2. Phylogenetic relationships of amino acid sequences inferred from the 60 kilodalton glycoprotein (gp60) gene (286 amino acids) for selected Cryptosporidium taxa in relation to the
novel C. viatorum subtype using the neighbor joining distance method. Individual GenBank accession numbers precede species name, followed by host common name and locality
descriptors. Bootstrap support values (based on 2000 iterations) are indicated next to supported branches. Cryptosporidium sp. chipmunk genotype was chosen as the outgroup. The novel
subtype from this study is in bold type. Scale bar indicates the number of amino acid changes per site.

nucleotide difference to the other five sequences. The clades that are
closest to the C. viatorum clade in the tree are a well-supported clade
(BP = 95%) containing multiple sequences representing Cryptospor-
idium sp. environmental water samples from Canada (Ruecker et al.,
2012; 2013; Prystajecky et al., 2014) and the strongly-supported
(BP = 98%) marsupial clade representing sequences of C. fayeri and
Cryptosporidium sp. opossum genotype (Morgan et al., 1999; Xiao et al.,
2002; Power et al., 2004; Wait et al., 2017).

The gp60 tree (Fig. 2) also reveals a strongly supported mono-
phyletic C. viatorum clade (BP = 98%). Six members of the previously
recognised subtypes XVaA3a to XVaA3f (Stensvold et al., 2015) as well
as XVaA6 from wastewater (Huang et al., 2017) appear to cluster
tightly in a well-supported clade (BP = 100%) with relatively short
branch lengths. The difference in branch length between the novel C.
viatorum sequence and the other C. viatorum sequences (accession nos.
KP115936 to KP115941) leads to the designation of a new subtype XVb.
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All of the other Cryptosporidium species and genotypes group into well
supported clades, with the exception of C. parvum and C. hominis which
remain together within their own clade. Of note is the extent of the
maximum level of intraspecific variation recorded to date within C.
meleagridis (16.3%), C. fayeri (37.8%), C. ubiquitum (54.3%) and Cryp-
tosporidium sp. skunk genotype (45.6%), compared to that within C.
viatorum (26.3%).

3.4. Comparison of gp60 and sequence data

The nucleotide alignment of gp60 (not shown) indicates that the
descriptive serine repeat region contains two TCA serine repeats fol-
lowed by a third TCG serine repeat which, in accordance C. viatorum
subtype naming guidelines (Stensvold et al., 2015), designates the
name of the novel C. viatorum subtype as XVbA2G1. The pairwise nu-
cleotide sequence difference of the novel subtype to the other C.
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viatorum subtypes ranged from 16.3% to 17.3% (Table 1). The intra-
subtype variation for the known subtypes ranges from 0.1 to 3.7%
difference.

Pairwise comparisons showed 8 amino acid deletions, 6 insertions
and 53 non-synonymous substitutions when the C. viatorum subtype
XVbA2G1 was compared with other C. viatorum subtypes (Fig. 3), with
variation ranging from 22.0% to 24.8% across the consensus length of
286 amino acids. Variation among six other known subtypes ranged
from 0.4% to 6.0% at the amino acid level.

The “diagnostic” serine repeat region (Fig. 3: amino acid postions
26-32) precedes a threonine repeat region, which includes 10 repeats of
threonine with an alanine in the middle of the C. viatorum subtypes
from humans but is lacking from subtype XVbA2G1 from the swamp rat
(Fig. 3). The furin cleavage site (“RAKR”) in the sequence of subtype
XVbA2G1 was at the same position as in C. viatorum subtypes from
humans or from wastewater (“IVKR”), but there were two amino acid
differences (Fig. 3). In addition, subtype XVbA2G]1 differs at two of the
recognised N-glycosylation sites from the other subtypes: the first N-
glycosylation site is 7 amino acids further downstream, and the second
site is at the same position but its sequence is “NETD” rather than
“NDSD” or “NDND”. Of the 35 O-glycosylation sites predicted for
subtype XVbA2G1 and all other known C. viatorum subtypes, 23 amino
acid positions (66%) were conserved among subtypes.

4. Discussion

Since the initial description of C. viatorum from travellers returning
to the United Kingdom from the Indian subcontinent, there has been a
question as to whether animal reservoirs exist for C. viatorum (Elwin
et al., 2012). This question has at least partially been resolved with the
discovery of C. viatorum subtype XVbA2G1l from native Australian
swamp rats living in an isolated and protected water catchment free
from human intervention and in which other wildlife have been con-
tinuously surveyed for Cryptosporidium since 2009 (Nolan et al., 2013;
Koehler et al., 2016b). Although this subtype is not identical to those
found in humans (Stensvold et al., 2015), the molecular and phyloge-
netic evidence provided here indicates they it belong to the same clade
as other subtypes and thus likely represents the same species of Cryp-
tosporidium.

In the following, we (i) provide support for the molecular identifi-
cation of C. viatorum from R. lutreolus and discuss its relationship to
currently known C. viatorum subtypes from humans; (ii) give an his-
torical account of rats in Australia and their role or potential role as
hosts for Cryptosporidium; and (iii) discuss the epidemiological context
for C. viatorum in Australia and its zoonotic potential.

4.1. Molecular identification of C. viatorum

The sequence differences between the novel subtype (XVbA2G1)
and the human C. viatorum subtypes for the SSU gene is only four nu-
cleotides (out of 541) or 0.7% difference (Fig. 1), which borders on the
acceptable limits of intraspecific variation for Cryptosporidium (Ruecker
et al., 2012; Ryan et al., 2014; Koehler et al., 2016a). Convincingly,
subtype XVbA2Glclearly clusters together in a well-supported mono-
phyletic clade with the other C. viatorum sequences from humans
(Fig. 1). The inclusion of the majority of unique Cryptosporidium se-
quences, from the top half of the Cryptosporidium phylogeny (cf.
Ruecker et al., 2012), provides further evidence that there is no se-
quence currently publicly available on GenBank to which the novel
subtype matches closer than to the known C. viatorum subtypes from
humans (Fig. 1). The closest clades to the C. viatorum clade are the
Canadian environmental sequences (collectively referred to as W27
(Ruecker et al., 2012)), taken from water samples, and the marsupial
clade, which includes the Australian C. fayeri and the North American
opossum genotype (Fig. 1). Unfortunately, the host(s) from which the
Canadian environmental water samples originated is unknown
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(Ruecker et al., 2012). The common locality of Australia (between the
marsupial clade and the novel subtype) is interesting, but there is
currently not enough information available to lend significant support
towards any conjectures about the evolutionary relationship between C.
viatorum and the other clades.

The gp60 gene provides clear evidence that XVbA2G1 is a subtype of
C. viatorum. The gp60 tree (Fig. 2) suggests a strongly supported
monophyletic clade for C. viatorum when compared to the other Cryp-
tosporidium species for which there are gp60 sequences in GenBank
(Strong et al., 2000; Power et al., 2009; Li et al., 2014; Stensvold et al.,
2014, 2015; Huang et al., 2017; Yan et al., 2017). The intraspecific
variability of all the other major clades of Cryptosporidium species in-
cluded within the gp60 tree (Fig. 2) is comparable to that seen within
the C. viatorum clade. Indeed, sequence variation among representatives
within species (clades) are usually higher than for C. viatorum, except
for C. meleagridis (Fig. 2).

The tight grouping of C. viatorum subtypes XVaA3a - XVaA3f could
be suggestive of a recent spread of C. viatorum from a source popula-
tion, which is now being disseminated via global human travel, as there
does not appear to be a geographic partitioning according to country
(Fig. 2). A more extensive study would be necessary to support this
hypothesis, although a population study of gp60 from C. parvum in
humans reported that the reduced level of variation within C. parvum
could represent a recent adaptation to the human host or a selective
sweep (Abal-Fabeiro et al., 2013).

As mentioned previously, the subtype XVbA2G1 is not identical to
other C. viatorum subtypes from humans or wastewater, but it is con-
sidered similar enough to represent C. viatorum. The genetic difference
at the gp60 locus between subtypes is significant enough to suggest
geographic isolation between C. viatorum from Australia and C. via-
torum from other locations as a possible explanation. Isolation of the
Australian subtype coupled with a relatively recent global spread of the
human subtypes could also account for these differences; however,
many more samples would need to be tested before a definitive con-
clusion could be made regarding population structure for C. viatorum.

The alignment of the inferred GP60 amino acid sequence data of C.
viatorum subtypes further supports the conjecture that subtype
XVbA2G1 belongs to C. viatorum based on the conserved the furin
cleavage site and the partial conservation of the N and O-glycosylation
sites (Fig. 3) (cf. Stensvold et al., 2015). Additionally, the unique serine
repeat region, which has been the cornerstone of Cryptosporidium gen-
otyping (Strong et al., 2000; Sulaiman et al., 2005), is followed by a
threonine repeat region (Fig. 3). Thus far, C. viatorum is the only species
of Cryptosporidium that has a threonine repeat region rather than a
truncated serine repeat (Stensvold et al., 2015). In the future, this re-
gion of threonine repeats might be useful to assess the classification of
novel subtypes of C. viatorum, in addition to the considerably shorter
serine repeat region.

4.2. Rats and their role as hosts of Cryptosporidium

The Australian swamp rat (R. lutreolus) and the bush rat (R. fuscipes),
are two of seven ‘new endemic’ rats found in Australia (Robins et al.,
2010). New endemics are thought to have arrived in the second wave of
Australian rodent colonization approximately 1 million years ago
Australia whereas ‘old endemic’ rodents (like the broad-toothed rat, M.
fuscus) colonized Australia around 10 million years ago (Simpson,
1961; Rowe et al., 2008; Robins et al., 2010). Other rats commonly
surveyed for Cryptosporidium have been the invasive Norway or brown
rat (R. norvegicus) which originated in China and spread along with
human global colonization the black, roof or ship rat (R. rattus) which
originated either in Malaysia or India and then colonised the globe
along trade routes (Kosoy et al., 2015) and the Asian black rat or house
rat (R. tanezumi) which is closely related to and morphologically in-
distinguishable from R. rattus (Kosoy et al., 2015).

If C. viatorum is endemic to rats, as is suggested in the present study,
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the current survey effort for Cryptosporidium in rats could factor in to
why C. viatorum has not been identified until now. If only the ‘true rats’
(or members of the genus Rattus) are considered, the diversity of rats
sampled is very low with only 9% (6 of 66) of the species screened for
Cryptosporidium (Wilson and Reeder, 2005; Supplementary Table 1). Of
those rats, the invasive R. norvegicus, R. rattus and R. tanezumi account
for 95% of those sampled for Cryptosporidium (Supplementary Table 1).
Of the 2585 rats examined, 1221 were tested by microscopy only
(leaving them identified as Cryptosporidium sp.), and 1364 have been
tested by molecular methods. The majority (56%) of the sampling has
been done in Japan (n = 516) the United Kingdom (n = 511) and China
(n = 417) (Supplementary Table 1). There have been no recorded
studies from North America and, of the countries that have been re-
ported as sources of human subtypes of C. viatorum, only Nigeria has
had rats surveyed (134 R. norvegicus) for Cryptosporidium (Ayinmode
et al., 2014). Including C. viatorum, there have been 9 species and 5
genotypes of Cryptosporidium reported from rats (Supplementary
Table 1) the most common being C. muris (n = 82), C. parvum (n = 53)
and C. sp. rat genotype III (n = 37). Continued and increased global
surveillance of both native and introduced rats for pathogens such as
Cryptosporidium would help us gain a clearer understanding of the role
these important reservoirs play in the phylogeography and epide-
miology of Cryptosporidium.

4.3. Epidemiology and zoonotic potential

Within the ‘closed’ Upper Yarra water catchment, more than 1394
faecal samples have from red fox, feral cats, Sambar deer, Eastern grey
kangaroos, European rabbits, rats, common wombats and waterbirds
(mostly Australian wood ducks) been examined for Cryptosporidium
(Nolan et al., 2013; Koehler et al., 2016b; Koehler unpublished data). In
that 9-year time period, Cryptosporidium DNA has been detected in
faecal samples from the following hosts: C. cuniculus (from rabbits); C.
hominis, C. parvum, C. ryanae and C. ubiquitum (from deer); and Cryp-
tosporidium sp. duck-like genotype (from waterbirds) (Nolan et al.,
2013; Koehler et al., 2016b). Despite a strong survey effort over this
period, including approximately 10 potential hosts, C. viatorum has only
been detected from R. lutreolus in April 2017. Seasonality has been
recorded as a contributing factor of Cryptosporidium abundance (sum-
marised in Lapen et al.,, 2016) with the majority of studies citing
Summer and Autumn as the peak seasons, but also particular countries,
such as New Zealand, Scotland and Ireland, reported Spring as the peak
season. Due to the small sample size collected from the rats in this study
(n = 26), very little can be concluded about seasonality as a con-
tributing factor to the presence or absence of C. viatorum. However, no
C. viatorum was detected in the first round of sampling (n = 12) in the
early Spring of 2015, but it was detected 19 months later in Autumn of
2017. More intensive sampling of the rodent populations should be
conducted in the Upper Yarra and surrounding water catchments in
order to establish the extent of C. viatorum in the region.

There is potential for C. viatorum to spread to other rats, such as the
introduced R. rattus and R. norvegicus, which are found throughout the
range of M. fucus, R. lutreolus and R. fuscipes (Seebeck and Menkhorst,
2000). Rats are notorious for spreading zoonotic viruses, bacteria and
parasites to humans for much of recorded history (reviewed by Begon,
2003; Banks and Hughes, 2012; Kosoy et al., 2015; Morand et al.,
2015). In general, rats' high reproductive potential, omnivorous feeding
behaviour and ability to adapt and thrive in close contact with humans
all contribute to the zoonotic risk (Banks and Hughes, 2012; Kosoy
et al., 2015). If animals such as rats are spread beyond their naturally
occurring habitat (i.e. biological invasion) the detrimental impacts on
the local ecology could be tremendous on many levels (reviewed by
Morand et al., 2015). On the one hand, parasites might be lost during
the invasion causing an advantage to the host (enemy release hypoth-
esis) (Torchin et al., 2003). On the other hand, parasites brought along
may infect other hosts thereby reducing competition for the invasive
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host (novel weapon hypothesis) (Callaway and Ridenour, 2004) or the
arrival of rats might provide opportunities for parasite spillover (spread
of parasites into local reservoirs) (Daszak et al., 2000) or parasite
“spillback” (amplification of local pathogens in the invading hosts)
(Daszak et al., 2000). As noted by Begon (2003), “One of the great
challenges in the study of rodent infections, of rodent-reservoir zoo-
noses, and of infectious diseases generally, is to understand the evolu-
tionary and the pathogenic basis of variations in virulence from species
to species”. The question of whether or not C. viatorum can spread or
has spread from rats to humans is best resolved by continued mon-
itoring and surveys of both human and wildlife populations. Further-
more, until more data become available, it is not possible to ascertain
whether subtype XVaA®6, found in a Chinese wastewater sample (Huang
et al., 2017), originates from humans or from rats. However, the
grouping with related subtypes (Fig. 2) suggests that it is human-de-
rived.

4.4. Conclusion

For the first time, C. viatorum has been found in a non-human host.
The long-term, isolated nature of the swamp rat population in the
Upper Yarra water catchment in Victoria, Australia, the lack of C. via-
torum from other mammals and birds living within the vicinity and the
genetic distinctiveness in both the SSU and gp60 genes, collectively
suggest that C. viatorum is endemic to native rats in Australia. The role
of rodents and rats, in particular, as prospective reservoirs for C. via-
torum should continue to be studied in the future, as the zoonotic po-
tential for pathogen dispersal by rats is high (Kosoy et al., 2015). An
increase in the number of rats and diversity of rat species surveyed for
Cryptosporidium may help give a clearer understanding of how C. via-
torum is transmitted and has been transmitted in the past. Longitudinal
studies, like the Melbourne Water project, which repetitively samples a
variety of hosts in multiple localities, in different seasons and years,
might serve as excellent opportunities to gain greater insight into rare
pathogen species and their transmission patterns.
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