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Abstract

Marsupials, inhabiting diverse ecosystems, including urban and peri-urban regions in Australasia and the Americas, intersect
with human activities, leading to zoonotic spill-over and anthroponotic spill-back of pathogens, including Cryptosporidium
and Giardia. This review assesses the current knowledge on the diversity of Cryptosporidium and Giardia species in mar-
supials, focusing on the potential zoonotic risks. Cryptosporidium fayeri and C. macropodum are the dominant species in
marsupials, while in possums, the host-specific possum genotype dominates. Of these three species/genotypes, only C. fayeri
has been identified in two humans and the zoonotic risk is considered low. Generally, oocyst shedding in marsupials is low,
further supporting a low transmission risk. However, there is some evidence of spill-back of C. hominis into kangaroo popu-
lations, which requires continued monitoring. Although C. hominis does not appear to be established in small marsupials
like possums, comprehensive screening and analysis are essential for a better understanding of the prevalence and potential
establishment of zoonotic Cryptosporidium species in small marsupials. Both host-specific and zoonotic Giardia species
have been identified in marsupials. The dominance of zoonotic G. duodenalis assemblages A and B in marsupials may result
from spill-back from livestock and humans and it is not yet understood if these are transient or established infections. Future
studies using multilocus typing tools and whole-genome sequencing are required for a better understanding of the zoonotic
risk from Giardia infections in marsupials. Moreover, much more extensive screening of a wider range of marsupial species,
particularly in peri-urban areas, is required to provide a clearer understanding of the zoonotic risk of Cryptosporidium and
Giardia in marsupials.
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Introduction

Marsupials (Metatherians) are non-placental mammals that
diverged from placental mammals ~ 160 million years ago,
which give birth to relatively undeveloped offspring and
carry them in a pouch (Luo et al. 2011; Bi et al. 2018). Pre-
viously, marsupial development was considered “primitive”
and perhaps ancestral. However, this is currently under debate
(Wilson 2023). Modern marsupials inhabit a wide range of
ecosystems but are confined to Australasia (primarily Aus-
tralia and New Guinea) and the Americas (South America
and secondarily North America) (Eldridge et al. 2019). The
diversity of marsupials is much greater in Australasia with >
248 species (4 orders and 18 families), than in the Americas,
with ~ 111 species (3 orders and 3 families). Only the Virginia
opossum (Didelphis virginiana) is found in North America
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(Wilson et al. 2021). Marsupial populations in Australasia and
the Americas have been separated for ~ 50-69 million years
(Nilsson et al. 2004; Long 2017).
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Marsupials make substantial contributions to ecosystem
processes and overall health, including soil fertilization,
pollination, and seed dispersal, promoting plant diversity
and regeneration and spread of plant species in disturbed
or degraded landscapes. Additionally, digging marsupials
increase soil aeration and nutrient cycling, reducing leaf lit-
ter cover and depth, and even potentially reducing fuel loads
and fire risk. Furthermore, some marsupials consume insects
and other invertebrates, acting as natural pest controllers
and aiding in crop protection (Isaac et al. 2014; Ryan et al.
2020; de Camargo et al. 2022). However, many marsupial
populations are in decline, particularly Australasia, with 17
extinctions, 30% (74/248) of species listed as “threatened”
and 14% (35/248) listed as “near threatened” by the Interna-
tional Union for the Conservation of Nature (IUCN) (Woi-
narski and Fisher 2023).

Conservation strategies including wildlife corridors,
translocations and “rewilding” (Sweeney et al. 2019) require
a thorough understanding of the health of marsupials and the
disease risk, parasite load, and zoonotic potential of patho-
gens in these animals (Dunlop and Watson 2022). In addi-
tion, marsupial movements into urban and peri-urban areas
to take advantage of increased food and water resources
(Mackenstedt et al. 2015; Hillman and Thompson 2016) may
also result in higher population densities than their normal
environment, which in turn is associated with nutritional
stress and higher parasite prevalence (Brandimarti et al.
2021).

The protozoan parasites Cryptosporidium and Giardia
have a wide host range including marsupials and humans
and can cause diarrhoeal illlness, weight loss, and malnutri-
tion (Ryan et al. 2021). Transmission is via Cryptosporidium
oocysts and Giardia cysts shed in faeces, which can persist
and remain viable in the environment for months. Overlap-
ping of marsupial habitats with human activities can result
in both spill-over of zoonotic pathogens from animals to
humans or other potential reservoir hosts and anthroponotic
spill-back of ‘human’ parasites to naive animal hosts (ElI-
wanger and Chies 2021). Oocysts and cysts shed by these
animals may contaiminate drinking source water, posing
potential health threat to humans. This review examines
current knowledge on the diversity of Cryprosporidium and
Giardia species in marsupials, with a focus on zoonotic risk
and evidence for spill-over and spill-back of these parasites
between marsupials and humans.

Cryptosporidium spp. in marsupials

Over 169 Cryptosporidium species and genotypes have been
described, with C. hominis and C. parvum responsible for
the majority of human infections (Prediger et al. 2021; Ryan
etal. 2021; Yang et al. 2021; Chen et al. 2023; Garcia-R and
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Hayman 2023; Huang et al. 2023; Tamova et al. 2023). The
majority (~ 200) of the > 280 species of marsupials are in
Australia/New Guinea, with the remainder inhabiting South
America (and secondarily North America), and the two
populations have been separated for ~ 50-69 million years
(Nilsson et al. 2004; Long 2017). In Australia, marsupials
are the dominant species inhabing catchments (Power 2010;
Ryan and Power 2012) and the two main Cryptosporidium
species infecting Australian marsupials are C. fayeri (pre-
viously marsupial genotype 1/koala genotype) (Ryan et al.
2008) and C. macropodum (previously marsupial geno-
type IIVEGK2/EGK3) (Power and Ryan 2008). Very little
is known about Cryptosporidium species in South/North
American marsupials, but opossum genotypes 1 and 2 have
been identified in opossums (Didelphis virginiana) (Xiao
et al., 2002; Feng et al. 2007) and C. fayeri was putatively
identified in an opossum by RFLP in another study but not
confirmed by sequencing (Ziegler et al. 2007). Opossum
genotype 1 is genetically very closely related to C. fayeri
(only 0.38% divergent at the 18S rRNA locus) and is now
considered a subtype of C. fayeri (Xiao et al. 2002; Ryan
et al. 2008; Feng et al. 2007), suggesting the species was
present in marsupials prior to continental drift (Ryan et al.
2008). Cryptosporidium fayeri has also been reported in
Linnaeus’s mouse opossum in Brazil (Fehlberg et al. 2021).
There have been no reports of C. macropodum in South/
North American marsupials.

Cryptosporidium fayeri is largely confined to marsupial
hosts but there have been two reports in humans (Waldron
et al. 2010; Braima et al. 2021). Cryptosporidium fayeri
was identified in an immunocompetent woman of 29 years
in age with prolonged gastroenteritis in New South Wales
(NSW) (Waldron et al. 2010), and more recently in a immu-
nosuppressed female aged 39 years with diarrhea and acute
myeloid leukaemia in Western Australia (WA) (Braima et al.
2019). Although C. fayeri is considered a very minor human
pathogen, it has been included in Table 1, which details all
reports of human infectious Cryptosporidium and Giardia
in marsupials.

Cryptosporidium macropodum has been reported in
eastern gray kangaroos (Power et al. 2004; Ng et al. 2012;
Nolan et al. 2013; Zahedi et al. 2016, 2018), red kanga-
roos (Ryan and Power 2012), swamp wallabies (Ryan and
Power 2012; Koehler et al. 2016b), and an albino kangaroo
in a zoo in China (Zhang et al. 2021). The prevalence of
C. macropodum is variable but has been reported at ~1%
(14/1455) (Koehler et al. 2016a, b), 1.4% (7/485) (Nolan
et al. 2013), ~ 2.6% (93/3557) (Power et al. 2005) and 5.3%
(44/835) (Zahedi et al. 2016, 2018) of eastern gray kanga-
roos, 30% (3/10) in captive red kangaroos and 60% (6/10)
of captive western gray kangaroos (Thompson 2007), and
1.0% (4/388) in wallabies (Koehler et al. 2016a, b). Crypto-
sporidium macropodum was the dominant species in eastern
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Table 1 Zoonotic Cryptosporidium and Giardia species and assemblages reported in marsupials globally

Species/assemblage  Hosts Reference Prevalence Country
Cryptosporidium
C. hominis
Common brushtail possums (Trichosurus vulpecula) Hill et al. 2008 2.3% (5/221) Australia
Eastern gray kangaroos (Macropus giganteus) Ngetal. 2011 11.2% (18/160) Australia
Southern brown bandicoot (Isoodon obesulus) Dowle et al. 2013 1% (1/104) Australia
Swamp wallaby (Wallabia bicolor) Koehler et al. 2016b 0.5% (2/388) Australia
Eastern gray kangaroos (Macropus giganteus) Zahedi et al. 2018 3.1% (26/835) Australia
C. parvum
Eastern gray kangaroos (Macropus giganteus) Ngetal. 2011 4.4% (7/160) Australia
Wallaby (species unknown) Ngetal. 2011 5.8% (1/17) Australia
Southern brown bandicoot (Isoodon obesulus) Dowle et al. 2013 2.9% (3/104) Australia
Eastern gray kangaroos (Macropus giganteus) Nolan et al. 2013 0.2% (1/485) Australia
Eastern gray kangaroos (Macropus giganteus) Koehler et al. 2016b 0.07% (1/1455) Australia
Linnaeus’s mouse opossum (Marmosa murina) Fehlberg et al. 2021 7.7% (2/26) Brazil
C. fayeri
Koala (Phascolarctos cinereus) Morgan et al. 1997; 1999 100% (1/1) Australia
Red kangaroo (Macropus rufus) Morgan et al. 1997 100% (1/1) Australia
Opossum (Didelphis virginiana) Xiao et al. 2002 100% (2/2) US
Eastern gray kangaroos (Macropus giganteus) Power et al. 2005 4.1% (146/3557)  Australia
Western gray kangaroos (Macropus fuliginosus) McCarthy et al. 2008 2.7% (2172) Australia
Yellow-footed rock wallaby (Petrogale xanthopus), Power et al. 2009 100% (1/1) Australia
Western barred bandicoot (Perameles bougainville) Power and Ryan 2008 100% (1/1) Australia
Western gray kangaroos (Macropus fuliginosus) Yang et al. 2011 0.9% (7/763) Australia
Eastern gray kangaroos (Macropus giganteus) Nolan et al. 2013 0.4% (2/485) Australia
Eastern gray kangaroos (Macropus giganteus) Koehler et al. 2016b 0.1% (2/1455) Australia
Common wombat (Vombatus ursinus) Koehler et al. 2016b 1.6% (7/435) Australia
Tasmanian devil (Sarcophilus harrisii) Wait et al. 2017 0.9% (2/216)* Australia
Eastern gray kangaroos (Macropus giganteus) Zahedi et al. 2018 0.2% (2/835) Australia
Western gray kangaroos (Macropus fuliginosus) Zahedi et al. 2018 6.5% (156/2393)  Australia
Sugar glider (Petaurus breviceps) Takaki et al. 2020 50% (1/2) Japan
Linnaeus’s mouse opossum (Marmosa murina) Fehlberg et al. 2021 3.8% (1/26) Brazil
C. cuniculus
Eastern gray kangaroo (Macropus giganteus) Koehler et al. 2014 100% (1/1) Australia
Eastern gray kangaroos (Macropus giganteus) Koehler et al. 2016b 0.1% (2/1455) Australia
C. meleagridis
Brushtailed rock wallaby (Petrogale pencillata) Vermeulen et al. 2015a 1.5% (5/324) Australia
C. muris
Bilbies (Macrotis lagotis) Warren et al. 2003 39.3% (11/28) Australia
Tasmanian devil (Sarcophilus harrisii). Wait et al. 2017 0.5% (1/216) Australia
C. ubiquitum
Brushtailed rock wallaby (Petrogale pencillata) Vermeulen et al. 2015a 0.6% (2/324) Australia
Common wombat (Vombatus ursinus) Koehler et al. 2016a; 2016b  0.5% (2/435) Australia
C. xiaoi
Western gray kangaroos (Macropus fuliginosus) Yang et al. 2011 0.8% (6/763) Australia
Eastern gray kangaroos (Macropus giganteus) Nolan et al. 2013 0.4% (2/485) Australia
Giardia
Assemblage A
Western gray kangaroos (Macropus fuliginous) McCarthy et al. 2008 4.2% (3/72) Australia
Common brushtail possum (7Trichosurus vulpecula) Thompson et al. 2008 22.9% (11/48) Australia
Mountain brushtail possum (7richosurus cunninghami) Thompson et al. 2008 21.9% (7/32) Australia
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Table 1 (continued)

Species/assemblage  Hosts Reference Prevalence Country
Rufous bettong (Aepyprymnus rufescens) Thompson et al. 2008 50% (1/2) Australia
Western gray kangaroos (Macropus fuliginous) Thompson et al. 2008 2.9% (4/136) Australia
Southern hairy-nosed wombat (Lasiorhinus latifrons) Thompson et al. 2008 20% (1/5) Australia
Long-nosed potoroo (Potorous tridactylus) Thompson et al. 2008 33.3% (1/3) Australia
Red kangaroo (Macropus rufus) Thompson et al. 2008 1.8% (1/55) Australia
Parma wallaby (Macropus parma) Thompson et al. 2008 20% (1/5) Australia
Tammar wallaby (Macropus eugeni) Thompson et al. 2008 4.2% (1/124) Australia
Yellow-footed rock-wallaby (Petrogale xanthopus) Thompson et al. 2008 100% (1/1) Australia
Koala (Phascolarctos cinereus) Thompson et al. 2008 2.5% (1/40) Australia
Southern brown Bandicoot (Quenda) Southern brown Ban- Thompson et al. 2010 3.6% (2/55) Australia

dicoot (Quenda) (Isoodon obesulus)

Common planigale (Planigale maculata) Thompson et al. 2010 20% (1/5) Australia
Swamp wallaby (Wallabia bicolor) Thompson et al. 2010 5% (1/20) Australia
Eastern gray kangaroos (Macropus giganteus) Ng et al. 2011 5% (8/160) Australia
Common wombat (Vombatus ursinus) Nolan et al. 2013 3.3% (6/181) Australia
Brushtailed rock wallaby (Petrogale pencillata) Vermeulen et al. 2015b 3.5% (11/318) Australia
Eastern gray kangaroos (Macropus giganteus) Koehler et al. 2016b 0.07% (1/1455) Australia
Common wombat (Vombatus ursinus) Koehler et al. 2016b 0.3% (1/435) Australia
Southern brown Bandicoot (Quenda) (Isoodon obesulus) Hillman et al. 2019 1.6% (1/63)* Australia
Eastern gray kangaroos (Macropus giganteus) Zahedi et al. 2020 3.9% (33/838) Australia
Northern three-striped opossum (Monodelphis americana) — Fehlberg et al. 2021 12.5% (1/8) Brazil

Agile gracile opossum (Gracilinanus agilis), Fehlberg et al. 2021 12.5% (1/8) Brazil

Assemblage B
Eastern gray kangaroos (Macropus giganteus) Ng et al. 2011 1.2% (2/160) Australia
Koala (Phascolarctos cinereus) Thompson et al. 2008 7.5% (3/40) Australia
Spotted quoll (Dasyurus maculatus Thompson et al. 2008 33.3% (1/3) Australia
Western gray kangaroos (Macropus fuliginosus) Thompson et al. 2008 2.2% (3/136) Australia
Parma wallaby (Macropus parma) Thompson et al. 2008 20% (1/5) Australia
Tammar wallaby (Macropus eugeni) Thompson et al. 2008 8.3% (2/24) Australia
Red kangaroo (Macropus rufus) Thompson et al. 2008 1.8% (1/55) Australia
Brushtailed rock wallaby (Petrogale pencillata) Vermeulen et al. 2015b 1.6% (5/318) Australia
Tasmanian devil (Sarcophilus harrisii) Wait et al. 2017 0.5% (1/191) Australia
Eastern gray kangaroos (Macropus giganteus) Zahedi et al. 2020 2.5% (13/838) Australia

A + B mixtures
Quokka (Setonix brachyurus) Thompson et al. 2008 6.6% (1/15) Australia
Red kangaroo (Macropus rufus) Thompson et al. 2008 5.5% (3/55) Australia
Swamp wallaby (Wallabia bicolor) Thompson et al. 2010 5% (1/20) Australia

“Co-infection with Tasmanian devil genotype

gray kangaroos in two studies in Melbourne, Victoria (Nolan
et al. 2013; Koehler et al. 2016b) (58.3% and 66.6% of posi-
tives respectively), and was also the dominant species in
swamp wallabies (83% of positives, 5/6), although wom-
bats were mainly infected with C. fayeri (77.7% of positives,
7/9) (Koehler et al. 2016b). Cryptosporidium macropodum
was also the dominant species in eastern gray kangaroos in
Sydney (95.6% of positives - 44/46) (Zahedi et al. 2018),
although an earlier study reported C. fayeri as the domi-
nant species (61.1% of positives—146/239) compared to
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C. macropodum (38.9% of positives, 93/239) (Power et al.
2005). In western gray kangaroos, C. macropodum was also
the dominant species (58.1% of positives, 216/372) (Zahedi
et al. 2018). As with C. fayeri, infections with C. macropo-
dum were asymptomatic, even when oocyst shedding was
high (Power et al. 2005). There have been no reports of C.
macropodum in humans.

In addition to C. fayeri and C. macropodum, the host-
adapted brushtail possum genotype (Hill et al. 2008), kan-
garoo genotype I (Yang et al. 2011; Koehler et al. 2016b)
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and Tasmanian devil genotype I (Wait et al. 2017), as well
as C. galli (Wait et al. 2017) have been identified in mar-
supials. In common brushtail possums, Cryptosporidium
prevalence ranged from 5.6% (1/18) in non-urban popula-
tions to 11.3% (15/133) for urban brushtail possums (Hill
et al. 2008). Sequencing was successful in 13 of the posi-
tives and a distinct host-adapted genotype, the brushtail pos-
sum genotype, was identified in 3.6% (8/221) of samples
(61.5% of sequenced positives) (Hill et al. 2008), with C.
hominis-like sequences detected in the remaining five posi-
tives successfully sequenced (Hill et al. 2008). The brushtail
possum genotype has also been detected in 1.7% (1/58) of
brushtail possums in the Northern Territory (NT) (Barbosa
et al. 2017).

In Tasmanian devils, the overall prevalence of Crypto-
sporidium in wild and captive (intensive captive and free-
range captive) populations was 19.0% (41/216), with a
significant difference in prevalence among the wild popu-
lation (45.1%), intensive captive (8.6%), and free-range
captive populations (12.5%) (Wait et al. 2017). A novel
Cryptosporidium genotype (Tasmanian devil genotype 1)
was detected in 90.2% (37/41) of positive samples, along
with a mixed Tasmanian devil genotype 1 and C. fayeri in
one sample (1/41), and individual samples with C. fayeri
(2.4%—1/41), C. muris (2.4%—1/41), and C. galli (2.4%—
1/41) (Wait et al. 2017).

Zoonotic Cryptosporidium species
in marsupials

The zoonotic Cryptosporidium species detected in mar-
supials include C. hominis, C. parvum, C. meleagridis, C.
cuniculus, C. ubiquitum, C. muris, and potentially zoonotic
C. xiaoi and C. fayeri in order of zoonotic importance
(Table 1). Several studies have detected C. parvum and C.
hominis in marsupials (Table 1). For example, in possums in
Sydney, C. hominis/C. parvum-like sequences were detected
in 5 samples (Hill et al. 2008). In the Sydney catchment area,
C. hominis and C. parvum were detected in eastern gray
kangaroos at a prevalence of 12.2% and 4.4% respectively,
representing 66% (18/27) and 25.9% (7/27) of all positives
(Ng et al 2011). Additionally, C. parvum was detected in a
single wallaby (Ng et al. 2011). In another study in NSW, C.
hominis-like (n = 1) and C. parvum-like (n = 3) sequences
were detected in free-ranging and captive brown bandicoots
and long-nosed bandicoots (Perameles nasuta) (Dowle et al.
2013). In the latter three studies, however, amplification at
other loci, including the glycoprotein 60 (gp60) and actin
genes, was not successful due to low numbers of oocysts in
the samples (Hill et al. 2008; Ng et al. 2011; Dowle et al.
2013), suggesting very light infections and/or mechanical
carriage. In the study by Hill et al. (2008), possums in which

C. hominis/C. parvum-like sequences were detected were
shedding 0-100 oocysts per gram of faeces (OPG) (Hill et al.
2008). Cryptosporidium parvum was also detected in eastern
gray kangaroos (Nolan et al. 2013; Koehler et al. 2016b) and
two opossums in Brazil (Fehlberg et al. 2021).

More recently, C. hominis was detected in one swamp
wallaby in Victoria and was typed as C. hominis subtype
IbA10G2 (Koehler et al. 2016b). In another study, C. homi-
nis was detected in 3.1% (26/835) of eastern gray kanga-
roos in Sydney catchments and was also typed as C. hominis
IbA10G2 (Zahedi et al. 2016; 2018). In the study by Zahedi
et al. (2016), the kangaroos shedding C. hominis oocysts
were shedding median OPG of 6,514 (range 131-16,890
OPG), suggesting an actual infection as opposed to a
mechanical infection (Zahedi et al. 2016; Zahedi et al. 2018).
In addition, next-generation amplicon sequencing analysis of
C. hominis infections in kangaroos at the hypervariable gp60
locus, identified a single subtype (compared to high diversity
of C. parvum subtypes in cattle), potentially indicating a
“single recent introduction of C. hominis into kangaroos”
(Zahedi et al. 2017).

Higher rates of C. hominis oocyst shedding in kangaroos
suggests that C. hominis infections may have become estab-
lished in kangaroo populations via spill-back from human
activities, which agrees with the expansion of C. hominis
into other non-human hosts in some areas (Widmer et al.
2020). For example, C. hominis is the dominant species
infecting donkeys, is common in horses, and recognized as
endemic in equids (Li et al. 2019; Wang et al. 2020; Widmer
et al. 2020). The C. hominis in donkeys belongs to the C.
hominis Ik subtype family, which was though to be specific
to equids, but has been reported in a 9-year old girl and
a 38-year old woman, both from Sweden and both experi-
encing diarrhea (Lebbad et al. 2018). In that study, iden-
tical C. hominis 1k hypervariable glycoprotein 60 (gp60)
sequences were identified in both patients but had two fewer
TCA repeats (new sutype IkA18G1), compared to the com-
monly reported IkA20G1 subtype in equids (Lebbad et al.
2018). The C. hominis IbA10G2 subtype detected in a wal-
laby in Victoria (Koehler et al. 2016b) and kangaroos in
Sydney catchments (Zahedi et al. 2016; 2018) is a major
outbreak subtype responsible for the majority of waterborne
outbreaks typed to date (Zahedi and Ryan 2020; Yang et al.
2021). It has recently been proposed that C. hominis sub-
type IbA10G2 be assigned the sub-species name C. hominis
aquapotentis, as it is a major cause of waterborne outbreaks
in high-income countries with “long-standing high sanita-
tion and water quality indices” (Tichkule et al. 2022).

Cryptosporidium cuniculus has been reported in east-
ern gray kangaroos in Victoria (subtype VbA26) (Koe-
hler et al. 2014; 2016) and C. meleagridis was identified
in five rock wallabies (gp60 subtype families IIIb and IIIg)
in NSW (Vermeulen et al. 2015a). Cryptosporidium muris
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has been detected in 0.5% of Tasmanian devils and in bil-
bies (39.3%—11/28) in a captive breeding colony (Warren
et al. 2003). Cryptosporidium ubiquitum was identified in
two brushtailed rock wallabies in Sydney (Vermeulen et al.
2015a), and a novel C. ubiquitum subtype (XIIg) was identi-
fied in two common wombats in Victorian catchments (Koe-
hler et al. 2016a; 2016b). Cryptosporidium xiaoi has been
reported in both western and eastern gray kangaroos (Yang
etal. 2011; Nolan et al. 2013). These reports were all based
on molecular characterization and only the study by Warren
et al. (2003) confirmed the presence of oocysts in faeces by
microscopy, where the high prevalence of C. muris in bil-
bies (39.3%) was thought to be due to rodent transmission
combined with high stocking densities (Warren et al. 2003).

In Australia, C. fayeri has been detected in many mar-
supials, including eastern and western gray kangaroos, red
kangaroos, koalas, wombats, wallabies, bandicoots, Tas-
manian devils, a sugar glider and opossums (Table 1). The
prevalence of verified C. fayeri infections in marsupials is
low (0.1-6.5%) (Table 1). Cryptosporidium fayeri infec-
tion is generally asymptomatic in adult kangaroos (Power
et al. 2005), but in one report of C. fayeri in a 3-month-old
sugar glider in Japan, the animal presented with diarrhea and
weight loss and was negative for Clostridium perfringens,
Salmonella, and Giardia, suggesting the diarrhoea may have
been due to C. fayeri (Takaki et al. 2020).

Subtyping of C. fayeri using the gp60 locus has iden-
tified eight gp60 subtype families (IVa-IVh) (Power et al.
2009; Takaki et al. 2020), including a novel C. fayeri sub-
type family (IVh) (subtype IVhA13G2T1) identified in a
sugar glider from a Japanese pet shop (Takaki et al. 2020).
In the two human cases with C. fayeri infections, subtypes
IVaA9G4TIR1 and IVgA10G1ITIR1 were detected in the
NSW and WA cases respectively (Waldron et al. 2010;
Braima et al. 2021). Subtype IVaA9G4T1R1 has previously
been reported in eastern gray kangaroos inhabiting the main
drinking water catchment for Sydney (Power et al. 2009) and
subtype IVgA10GITIRI1 has been reported in kangaroos
and rabbits in drinking water catchments in WA and NSW
(Zahedi et al. 2016, 2018).

Cryptosporidium oocyst shedding
in marsupials

Oocyst shedding in marsupials is variable with oocyst shed-
ding in kangaroos generally low but still higher than in small
marsupials. One study in Sydney catchments reported an
OPG/faeces range of 10 to > 50,000 OPG in kangaroos com-
pared to a range of 10-2010 OPG in possums and 40-4900
OPG in a yellow footed rock wallaby (Power et al. 2003).
Another study in Sydney catchments reported very low shed-
ding in kangaroos (0—1257 OPG) and a median of 54 OPG in
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possums (range 20—89 OPG) (Cox et al. 2005). In brushtail
possums, urban possums shed higher numbers of oocysts
(mean of 70,581 OPG), but most were shedding low num-
bers (median of 25 OPG), compared to 10 OPG in a single
non-urban possum screened (Hill et al. 2008). In bandicoots,
mean OPG/faeces was very low ~ 43 OPG (range 0—100)
(Dowle et al. 2013). A study on oocyst shedding in eastern
gray kangaroos using immunomagnetic separation (IMS)
combined with flow cytometry reported that oocyst shed-
ding in most kangaroos was also low (10-50 OPG/faeces),
with a small number of samples containg high numbers, with
a mean of 59,948 OPG/faeces (range 20—2.0 x 10° OPG)
(Power et al. 2005). A later study of eastern gray kanga-
roos using qPCR reported an overall median OPG of 16,018
(range, 11-275,042 OPG) (Zahedi et al. 2018).

Giardia spp. in marsupials

The prevalence of Giardia species in marsupials is variable
with prevalence ranging from 0.07 (Koehler et al. 2016b)
to 67.3% (Hillman et al. 2016). A study of Giardia in cap-
tive and wild marsupials from Western Australia, Victoria,
and South Australia reported no difference in prevalence
between captive (13.4%—28/209) and wild marsupials
(13.7%—29/212) (Thompson et al. 2008). Similarly, in
brushtailed rock wallabies from New South Wales, an over-
all prevalence of 22% was recorded (70/318), with no differ-
ence in prevalence between wild, supplemented, and captive
bred rock wallabies (Vermeulen et al. 2015b).

Currently recognized non human infectious Giardia spe-
cies include G. agilis in amphibians, G. ardeae and G. psit-
taci in birds, G. varani in lizards, G. microti and G. muris
in rodents, G. cricetidarum in hamsters, and G. peramelis
in marsupials (Ryan et al. 2021). The species complex G.
duodenalis, which consists of eight assemblages, infects
mammals, with assemblages A and B in humans, C and D in
dogs, E in ungulates, F from cats, G from rodents and assem-
blage H from seals (Caccio et al. 2018; Ryan et al. 2021).

Both host-adapted and zoonotic Giardia species and
genotypes have been identified in marsupials. Giardia
peramelis is the dominant non-zoonotic species infecting
quenda (Isoodon fusciventer, previously a subspecies of
southern brown bandicoot Isoodon obesulus fusciventer), at
prevalences ranging from 1.4 to 67.3% (Adams et al. 2004;
Thompson et al. 2010; Hillman et al. 2016; Hillman et al.
2019), and has also been reported in 1.6% (1/62) of northern
brown bandicoots, 3.4% (2/58) of common brushtail pos-
sums, 2.7% (1/37) of brushtail rabbit-rats in the Northern
Territory but not in northern quolls (0/10) (Barbosa et al.
2017). Giardia peramelis cysts are morphologically indis-
tinguishable from human infectious Giardia species/assem-
blages (Hillman et al. 2016). Infections with G. peramelis
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appear to be largely asymptomatic in quenda and have never
been reported in humans (Hillman et al. 2019). Giardia
assemblages A and E (Thompson et al. 2010) and a mixed
assemblage of A and D have also been reported in quenda
(Hillman et al. 2019) (Table 1).

In Tasmanian devils, the overall prevalence of Giardia
in wild and captive populations was 4.2% (8/191), with a
significantly higher prevalence in wild populations (24.1%),
compared to free-range captive populations (1.6%) (Wait
et al. 2017). Two novel Giardia genotypes were detected,
including Tasmanian devil genotype 1 in 50% of positives
(4/8) and Tasmanian devil genotype 2 in 37.5% (3/8), along
with assemblage B in 1 sample (Wait et al. 2017). The Tas-
manian devil genotypes have not been reported in humans
and are not considered zoonotic (Wait et al. 2017).

Zoonotic G. duodenalis assemblages
in marsupials

The zoonotic G. duodenalis assemblages, A and B, have
been identified in marsupials, as well as assemblages C,
D, and E. There have been a few reports of G. duodenalis
assemblages C, D, and E in humans, especially E. However,
assemblages A and B are responsible for ~ 95% of human
infections (Cai et al. 2021; Krumrie et al. 2022). Assem-
blages C, D, and E are considered largely host-specific and
have not been included in Table 1. Assemblage A is the
dominant assemblage in marsupials and has been detected
in bandicoots, a bettong, eastern and western gray kanga-
roos, a koala, possums, planigale, a potoroo, opossums, red
kangaroos, wallabies, and wombats (Table 1). The highest
prevalence of assemblage A has been reported in long-nosed
potoroo (33.3%) and possums (21.9-22.9%) (Thompson
et al. 2008) (Table 1). However, relatively small numbers of
animals were sampled in that study. Kangaroos and wom-
bats have been the most extensively sampled species, with
prevalences of 0.7-4.2% and 0.3-20% reported, respectively
(Table 1). In one study in Brazil, assemblage A was the only
Giardia detected in a northern three-striped opossum and an
Agile gracile opossum (Fehlberg et al. 2021).

Giardia duodenalis assemblage B is the second most
common assemblage in marsupials and has been reported
in eastern gray kangaroos, koalas, a quoll, bandicoots and
a single Tasmanian Devil, with mixtures of assemblages A
and B reported in a quokka, red kangaroos, and a wallaby
(Table 1). As with many previous studies, there was at times
significant non-concordance between loci (Thompson et al.
2008; Vermeulen et al. 2015b). For example, in the study
by Thompson et al. (2008), seven samples were typed as
assemblage A at the 18S rRNA locus but assemblage B at
the glutamate dehydrogenase (gdh) locus B. These samples
have been listed as assemblage A and B mixtures in Table 1.

There has been one report of assemblage C in eastern gray
kangaroos (Ng et al. 2011) and two reports of assemblage
D in eastern gray kangaroos (Ng et al. 2011) and a sin-
gle quenda (Hillman et al. 2019). Assemblage E has been
reported in a single quenda (Thompson et al. 2010), eastern
gray kangaroo (Zahedi et al. 2020), and a red-necked wal-
laby (Zou et al. 2022). There has also been one report of an
assemblage C and D mixture in three quendas (Thompson
et al. 2010). The identification of G. duodenalis assemblages
C and D in a few marsupials may have been mechanical
carriage from wild dogs, as assemblages C and D are the
dominant assemblages in canids (Cai et al. 2021). Similarly,
the identification of the livestock-associated assemblage E
in marsupials, is also likely due to mechanical carriage from
co-grazing pastures with livestock. Little is known about
cyst shedding in marsupials but mean cyst shedding per
gram of faeces of 7.8 X 10? (median = 6 x 10%) (range 1 X
10%-2.2 x 10% was reported in eastern gray kangaroos using
gPCR (Zahedi et al. 2020).

Zoonotic risk of Cryptosporidium and Giardia
in marsupials

Cryptosporidium

The dominant Cryptosporidium species infecting Austral-
ian marsupials are C. fayeri (Table 1) and C. macropodum
(Power et al. 2004; Ryan and Power 2012; Ng et al. 2012;
Nolan et al. 2013; Koehler et al. 2016b; Zahedi et al. 2016;
Zahedi et al. 2017; Zahedi et al. 2018). With the exception
of two reports of C. fayeri in humans (Waldron et al. 2010;
Braima et al. 2021), these species are marsupial-specific spe-
cies. The majority of these studies have been conducted in
drinking water catchments at the peri-urban interface, and
while C. fayeri and C. macropodum are generally the most
common species in kangaroos, recent evidence suggests that
spill-back of C. hominis may have resulted in its establish-
ment in kangaroo populations (Koehler et al. 2016b; Zahedi
et al. 2016a, 2018b). For example, the most recent study of
kangaroos in a NSW catchment reported that C. hominis
was the second most common species in kangaroos (36.1%
of positives), after C. macropodum (61.1% of positives)
and much more prevalent than C. fayeri (2.7% of positives),
with significant rates of oocyst shedding from the C. hominis
infected kangaroos (Zahedi et al. 2018).

Evidence to date suggests that C. hominis is not yet estab-
lished in possums and bandicoots. Although there have been
some reports of C. hominis in these hosts, PCR analysis
of additional loci was negative, indicating light or transient
mechanical carriage (Hill et al. 2008; Dowle et al. 2013).
This is despite very close contact between possums and
humans, as the common brushtail possum is one of the most
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abundant native marsupials in urban environments (Hill
et al. 2008) and the identification of higher Cryptosporid-
ium prevalence in urban possums compared to non-urban
populations (Hill et al. 2008). Notwithstanding this, possums
are still predominantly (> 60% of positives) infected with a
host-specific brushtail possum genotype (Hill et al. 2008).

The identification of C. cuniculus, C. xiaoi, C. melea-
gridis and C. galli in a few marsupial samples, is likely due
to mechanical carriage from marsupials co-grazing land
with rabbit, sheep, and bird scats present. Cryptosporidium
muris has been identified in bilbies and Tasmanian devils
(Table 1). The C. muris infection in the bilbies most likely
came from mice, as one of four mice trapped in the enclo-
sures was positive for C. muris by microscopy and PCR
(Warren et al. 2003). The high prevalence of C. muris in
bilbies was due to high stocking densities, with evidence of
stress, as one sire attacked an offspring (Warren et al. 2003).
Once more enclosures became available, stocking densities
were reduced and seven of the 11 infected bilbies cleared the
C. muris infection. However, four bilbies remained positive
for six months, suggesting actual infections. Clinical signs
were not observed in any of the infected bilbies (Warren
et al. 2003). Cryptosporidium muris has a wide host range
and while there have been many reports in humans, it is most
reported in humans from low to middle income countries
and in travellers to those areas (Yang et al. 2021).

There have been two reports of C. ubiquitum in wallabies
and wombats but at low prevalence (0.6-0.5%—Table 1).
Cryptosporidium ubiquitum has a wide host range and is
more commonly reported in humans from high-income
countries than low-income countries (Yang et al. 2021) but
has not been reported in humans in Australia to date. It is
prevalent in sheep in globally (Guo et al. 2021) including
Australia (Yang et al. 2014; Zahedi et al. 2018), and the
identification of C. ubiquitum in marsupials may have been
due to mechanical carriage from co-grazing pastures from
sheep.

Giardia

The dominance of the zoonotic G. duodenalis assemblages
A and B in marsupials may be due to spill-back from humans
as interactions between humans and small marsupials are
common and include humans offering food (Hillman and
Thompson 2016; Hillman et al. 2017a; Hillman et al. 2017b;
Hillman et al. 2019). The few subtyping studies conducted
have detected the largely animal-associated sub-assemblage
Al in a common planigale (Thompson et al. 2010), brush-
tailed rock-wallabies (Vermeulen et al. 2015b), a single
eastern gray kangaroo, and wombat in a Melbourne catch-
ment (Koehler et al. 2016b) and in eastern gray kangaroos in
Sydney catchments (Ng et al. 2011; Zahedi et al. 2020). It is
also possible that marsupials may be acquiring assemblage
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A from co-grazing with other animals in catchments. For
example, in the study by Zahedi et al. (2020), assemblage
Al sequences determined at the gdh locus in kangaroos were
identical to sheep-derived sub-assemblage Al isolates from
the same catchment. Evidence to date suggests that G. duo-
denalis sub-assemblage Al is largely confined to animals and
is rarely found in humans (Klotz et al. 2022).

There are some technical issues with the Giardia typ-
ing methods used. Some studies relied on typing based
on sequencing a very short (292 bp) 18S rDNA amplicon,
which has very few polymorphic sites (McCarthy et al.
2008) and is therefore less reliable for assigning assem-
blages (Cai et al. 2020). Other studies used only one locus
(Nolan et al. 2013; Koehler et al. 2016b). Since discord-
ance of assemblage assignment using different loci is com-
monly reported in Giardia typing studies across different
hosts, including in some of the marsupial studies (Thompson
et al. 2008; Vermeulen et al. 2015b), multilocus typing at
three loci is essential (Caccio et al. 2018; Cai et al. 2021).
In addition, high levels of mixed Giardia infections and
allelic sequence heterozygosity (ASH) further complicate
G. duodenalis assemblage assignment (Feng and Xiao 2011;
Woschke et al. 2021; Zajaczkowski et al. 2021).

More reliable multilocus assemblage-specific typing
tools have been developed and applied based on compara-
tive genomic analysis to improve subtyping of assemblage
A (Ankarklev et al. 2018; Klotz et al. 2022) and B (Wielinga
et al. 2015; Seabolt et al. 2021). These methods should be
applied to assemblage A and B infections in marsupials as
well as assemblage A and B isolates in human in Australia,
to better understand the zoonotic implications of the high
prevalence of assemblage A and B in marsupials. Assem-
blage-specific multilocus sequence typing (MLST) tools
have yet to be developed for the remaining assemblages,
although genomes of assemblages E, C, and D have been
sequenced (Jerlstrom-Hultqvist et al. 2010; Kooyman et al.
2019).

Marsupial-specific Giardia species are also common in
some marsupial hosts, irrespective of being in urban or rural
environments. For example, bandicoots, like possums are
also highly adapted to urban environments but are predomi-
nantly infected with the host specific G. peramelis (Thomp-
son et al. 2010; Hillman et al. 2016; Hillman et al. 2019;
Barbosa et al. 2017).

Conclusions

The host-specific C. fayeri and C. macropodum are the
dominant species in marsupials, while in possums, the
host-specific possum genotype dominates. Of these three
species/genotypes, only C. fayeri has been identified in
two humans and thus the zoonotic risk is low. In general,
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oocyst shedding in marsupials and particularly in small
marsupials is low, further supporting a low transmission
risk. There is however evidence of spill-back of C. homi-
nis into kangaroo populations and some detections of C.
parvum in marsupials, which needs careful monitoring
moving forward. At present C. hominis does not appear to
be established in small marsupial species such as possums
and bandicoots, but much more extensive screening and
analysis is required to better understand the prevalence and
significance of C. hominis and C. parvum in marsupials,
particularly possums and other small marsupials, as the
last significant study in possums was conducted in 2008
(Hill et al. 2008). The identification of other zoonotic spe-
cies of Cryptosporidium in marsupials, with the exception
of C. muris, is likely due to mechanical carriage, but fur-
ther studies are required to confirm this.

The dominance of G. duodenalis assemblage A and
B in marsupials may have come from spill-back from
humans or in the case of assemblage A may have been
due to spill-over from sheep and other livestock into kan-
garoos. Extensive use of newly developed multilocus typ-
ing tools for Giardia and whole genome sequencing on a
much wider range of large and particularly small marsupial
species, especially in peri-urban areas, where marsupials
and humans co-exist, and a better understanding of cyst
numbers shed by small marsupials, is required before a
clearer understanding of the zoonotic risk of Giardia in
marsupials can be obtained. A more thorough understand-
ing of the prevalence of zoonotic Cryptosporidium and
Giardia in marsupials is also essential baseline data for
conservation efforts.

Data availability

Not applicable.

Author contributions Amanda D. Barbosa: Writing - original draft
preparation, Writing- reviewing and editing. Siobhon Egan: Writing-
reviewing and editing. Yaoyu Feng: Writing- reviewing and editing,
Funding acquisition. Lihua Xiao: Writing- reviewing and editing,
Funding acquisition. Samson Balogun: Writing- reviewing and edit-
ing. Una Ryan: Writing - original draft preparation, Writing- reviewing
and editing, Project administration, Funding acquisition. All authors
read and approved the final manuscript.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions This work was funded by the Water Research
Australia (WaterRA), project number 1156 and the 111 Project of
China (D20008).

Declarations Ethical approval

Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adams PJ, Monis PT, Elliot AD, Thompson RC (2004) Cyst morphol-
ogy and sequence analysis of the small subunit rDNA and ef1
alpha identifies a novel Giardia genotype in a quenda (Isoodon
obesulus) from Western Australia. Infect Genet Evol 4:365-370

Ankarklev J, Lebbad M, Einarsson E, Franzen O, Ahola H, Troell K,
Svird SG (2018) A novel high-resolution multilocus sequence
typing of Giardia intestinalis assemblage A isolates reveals
zoonotic transmission, clonal outbreaks and recombination. Infect
Genet Evol 60:7-16. https://doi.org/10.1016/j.meegid.2018.02.
012

Barbosa A, Reiss A, Jackson B, Warren K, Paparini A, Gillespie G,
Stokeld D, Irwin P, Ryan U (2017) Prevalence, genetic diversity
and potential clinical impact of blood-borne and enteric protozoan
parasites in native mammals from northern Australia. Vet Para-
sitol 238:94-105. https://doi.org/10.1016/j.vetpar.2017.04.007

Bi SX, Zheng X, Wang NE, Cignetti S, Yang Wible JR (2018) An early
Cretaceous eutherian and the placental-marsupial dichotomy.
Nature 558:390-395

Braima K, Zahedi A, Oskam C, Reid S, Pingault N, Xiao L, Ryan
U (2019) Retrospective analysis of Cryptosporidium species in
Western Australian human populations (2015-2018), and emer-
gence of the C. hominis IfA12G1RS5 subtype. Infect Genet Evol
73:306-313

Braima K, Zahedi A, Oskam C, Austen J, Egan S, Reid S, Ryan
U (2021) Zoonotic infection by Cryptosporidium fayeri
IVgA10G1TIRI1 in a Western Australian human. Zoonoses Pub-
lic Health 68(4):358-360

Brandimarti ME, Gray R, Silva FR, Herbert CA (2021) Kangaroos
at maximum capacity: health assessment of free-ranging eastern
grey kangaroos on a coastal headland. ] Mammal 102(3):837-851

Caccio SM, Lalle M, Svard SG (2018) Host specificity in the Giardia
duodenalis species complex. Infect Genet Evol 66:335-345.
https://doi.org/10.1016/j.meegid.2017.12.001

Cai W, Ryan U, Xiao L, Feng Y (2021) Zoonotic giardiasis: an update.
Parasitol Res 120(12):4199-4218. https://doi.org/10.1007/
s00436-021-07325-2

Chen Y, Wu Y, Qin H, Xu H, Zhang L (2023) Prevalence of Crypto-
sporidium infection in children from China: a systematic review
and meta-analysis. Acta Trop 244:106958. https://doi.org/10.
1016/j.actatropica.2023.106958

Cox P, Griffith M, Angles M, Deere D, Ferguson C (2005) Concentra-
tions of pathogens and indicators in animal feces in the Sydney
watershed. Appl Environ Microbiol 71:5929-5934

de Camargo NF, dos Reis GG, Mendonca AF, Laumann RA, Nardoto
GB, de Camargo AJA, Vieira EM (2022) Native marsupial acts

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.meegid.2018.02.012
https://doi.org/10.1016/j.meegid.2018.02.012
https://doi.org/10.1016/j.vetpar.2017.04.007
https://doi.org/10.1016/j.meegid.2017.12.001
https://doi.org/10.1007/s00436-021-07325-2
https://doi.org/10.1007/s00436-021-07325-2
https://doi.org/10.1016/j.actatropica.2023.106958
https://doi.org/10.1016/j.actatropica.2023.106958

107 Page 100f12

Parasitology Research (2024) 123:107

as an in situ biological control agent of the main soybean pest
(Euschistus heros) in the Neotropics. E J Wildlife Res 68:62

Dowle M, Hill NJ, Power ML (2013) Cryptosporidium from a free-
ranging marsupial host: bandicoots in urban Australia. Vet Para-
sitol 198:197-200

Dunlop JA, Watson MJ (2022) The hitchhiker’s guide to Australian
conservation: a parasitological perspective on fauna transloca-
tions. Austral Ecol 7:748-764

Eldridge MDB, Beck RMD, Croft DA, Travouillon KJ, Fox BJ (2019)
An emerging consensus in the evolution, phylogeny and systemat-
ics of marsupials and their fossil relatives (Metatheria). ] Mammal
100:802-837

Ellwanger JH, Chies JAB (2021) Zoonotic spillover: Under-
standing basic aspects for better prevention. Genet Mol
Biol 44(1 Suppl 1):€20200355. https://doi.org/10.1590/
1678-4685-GMB-2020-0355

Fehlberg HF, Matos Ribeiro C, Brito Junior PA, Miranda Oliveira BC,
Albano Dos Santos C, Del Valle Alvarez MR, Harvey TV, Régo
Albuquerque G (2021) Detection of Cryptosporidium spp. and
Giardia duodenalis in small wild mammals in northeastern Bra-
zil. PLoS One 16(8):e0256199. https://doi.org/10.1371/journal.
pone.0256199

Feng Y, Xiao L (2011) Zoonotic potential and molecular epidemi-
ology of Giardia species and giardiasis. Clin Microbiol Rev
24(1):110-140

Feng Y, Alderisio KA, Yang W, Blancero LA, Kuhne WG, Nadareski
CA, Reid M, Xiao L (2007) Cryptosporidium genotypes in
wildlife from a New York watershed. Appl Environ Microbiol
73(20):6475-83. https://doi.org/10.1128/AEM.01034-07

Garcia-R JC, Hayma DTS (2023) A review and analysis of crypto-
sporidiosis outbreaks in New Zealand. Parasitology 150(7):606—
611. https://doi.org/10.1017/S0031182023000288

Guo Y, Li N, Ryan U, Feng Y, Xiao L (2021) Small ruminants and
zoonotic cryptosporidiosis. Parasitol Res 120(12):4189-4198.
https://doi.org/10.1007/s00436-021-07116-9

Hill NJ, Deane EM, Power ML (2008) Prevalence and genetic char-
acterization of Cryptosporidium isolates from common brushtail
possums (Trichosurus vulpecula) adapted to urban settings. Appl
Environ Microbiol 74:5549-5555

Hillman A, Thompson RCA (2016) Interactions between humans and
urban-adapted marsupials on private properties in the greater
Perth region. Aust Mammal 38:253-255

Hillman AE, Ash AL, Kristancic AR, Elliot AD, Lymbery AJ, Rob-
ertson ID, Thompson RCA (2017) Validation of various para-
site detection tests for use in the Australian marsupials quenda
(Isoodon obesulus) and brushtail possums (Trichosurus vulpec-
ula). J Vet Diagn Investig 29:64-75

Hillman AE, Lymbery AJ, Ellio AD, Thompso RCA (2017) Urban
environments alter parasite fauna, weight and reproductive
activity in the quenda (Isoodon obesulus). Sci Total Environ
607:1466-1478

Hillman AE, Ash AL, Lymbery AJ, Thompson RCA (2019) Anthro-
pozoonotic significance, risk factors and spatial distribution
of Giardia spp. infections in quenda (Isoodon obesulus) in the
greater Perth region, Western Australia. Int J Parasitol Parasites
Wildl 9:42-48. https://doi.org/10.1016/].ijppaw.2019.03.019

Huang J, Chen M, He Y, Chen H, Huang M, Li N, Ryan U, Kva¢
M, Feng Y, Xiao L, Guo Y (2023) Cryptosporidium equi n. sp.
(Apicomplexa: Cryptosporidiidae): biological and genetic char-
acterisations. Int J Parasitol 53(10):545-554. https://doi.org/10.
1016/j.ijpara.2023.02.008

Isaac B, White J, lerodiaconou D, Cooke R (2014) Simplification of
arboreal marsupial assemblages in response to increasing urbani-
zation. PLoS One 9(3):¢91049. https://doi.org/10.1371/journal.
pone.0091049

@ Springer

Jerlstrom-Hultqvist J, Franzen O, Ankarklev J, Xu F, Nohynkova E,
Andersson JO, Svard SG, Andersson B (2010) Genome analysis
and comparative genomics of a Giardia intestinalis assemblage
E isolate. BMC Genomics 11:543

Klotz C, Sannella AR, Weisz F, Chaudhry U, Sroka J, Timova P,
Nohynkova E, Ignatius R, Aebischer T, Betson M, Troell K, Cac-
cid SM (2022) Extensive testing of a multi-locus sequence typing
scheme for Giardia duodenalis assemblage A confirms its good
discriminatory power. Parasit Vectors 15(1):489. https://doi.org/
10.1186/s13071-022-05615-x

Koehler AV, Whipp MJ, Haydon SR, Gasser RB (2014) Cryptosporid-
ium cuniculus - new records in human and kangaroo in Australia.
Parasites Vectors 7:492

Koehler AV, Haydon SR, Jex AR, Gasser RB (2016) Is Cryptosporid-
ium from the common wombat (Vombatus ursinus) a new species
and distinct from Cryptosporidium ubiquitum? Infect Genet Evol
44:8-33

Koehler AV, Haydon SR, Jex AR, Gasser RB (2016) Cryptosporidium
and Giardia taxa in faecal samples from animals in catchments
supplying the city of Melbourne with drinking water (2011-2015).
Parasite Vectors 9:315

Kooyman FNJ, Wagenaar JA, Zomer A (2019) Whole-genome
sequencing of dog-specific assemblages C and D of Giardia duo-
denalis from single and pooled cysts indicates host-associated
genes. Microb Genom 5(12):¢000302. https://doi.org/10.1099/
mgen.0.000302

Krumrie S, Capewell P, Smith-Palmer A, Mellor D, Weir W, Alexan-
der CL (2022) A scoping review of risk factors and transmission
routes associated with human giardiasis outbreaks in high-income
settings. Curr Res Parasitol Vector Borne Dis 2:100084. https://
doi.org/10.1016/j.crpvbd.2022.100084

Lebbad M, Winiecka-Krusnell J, Insulander M, Beser J (2018) Molecu-
lar characterization and epidemiological investigation of Crypto-
sporidium hominis IkA18G1 and C. hominis monkey genotype
TiA17, two unusual subtypes diagnosed in Swedish patients. Exp
Parasitol 188:50-57. https://doi.org/10.1016/j.exppara.2018.03.
006

Li F, Su J, Chahan B, Guo Q, Wang T, Yu Z, Guo Y, Li N, Feng
Y, Xiao L (2019) Difterent distribution of Cryptosporidium spe-
cies between horses and donkeys. Infect Genet Evol 75:103954.
https://doi.org/10.1016/j.meegid.2019.103954

Long JA (2017) Why Australasian vertebrate animals are so unique - a
palaeontological perspective. Gen Comp Endocrinol. 244:2-10.
https://doi.org/10.1016/j.ygcen.2016.06.002

Luo ZX, Yuan CX, Meng QJ, Ji Q (2011) A Jurassiceutherian mammal
and divergence of marsupials and placentals. Nature 476:442—445.
https://doi.org/10.1038/nature 10291

Mackenstedt U, Jenkins D, Romig T (2015 ) The role of wildlife in the
transmission of parasitic zoonoses in peri-urban and urban areas.
Int J Parasitol Parasites Wildl 4(1):71-9. https://doi.org/10.1016/j.
ijppaw.2015.01.006

McCarthy S, Ng J, Gordon C, Miller R, Wyber A, Ryan UM (2008)
Prevalence of Cryptosporidium and Giardia species in animals in
irrigation catchments in the southwest of Australia. Exp Parasitol
118:596-599

Morgan UM, Constantine CC, Forbes DA, Thompson RCA (1997)
Differentiation between human and animal isolates of Crypto-
sporidium parvum using rDNA sequencing and direct PCR analy-
sis. J Parasitol 83:825-830

Morgan UM, Monis PT, Fayer R, Deplazes P, Thompson RC (1999)
Phylogenetic relationships among isolates of Cryptosporidium:
evidence for several new species. J Parasitol 85:1126-1133

Ng J, Yang R, Whiffin V, Cox P, Ryan U (2011) Identification of
zoonotic Cryptosporidium and Giardia genotypes infecting ani-
mals in Sydney’s water catchments. Exp Parasitol 128(2):138-144


https://doi.org/10.1590/1678-4685-GMB-2020-0355
https://doi.org/10.1590/1678-4685-GMB-2020-0355
https://doi.org/10.1371/journal.pone.0256199
https://doi.org/10.1371/journal.pone.0256199
https://doi.org/10.1128/AEM.01034-07
https://doi.org/10.1017/S0031182023000288
https://doi.org/10.1007/s00436-021-07116-9
https://doi.org/10.1016/j.ijppaw.2019.03.019
https://doi.org/10.1016/j.ijpara.2023.02.008
https://doi.org/10.1016/j.ijpara.2023.02.008
https://doi.org/10.1371/journal.pone.0091049
https://doi.org/10.1371/journal.pone.0091049
https://doi.org/10.1186/s13071-022-05615-x
https://doi.org/10.1186/s13071-022-05615-x
https://doi.org/10.1099/mgen.0.000302
https://doi.org/10.1099/mgen.0.000302
https://doi.org/10.1016/j.crpvbd.2022.100084
https://doi.org/10.1016/j.crpvbd.2022.100084
https://doi.org/10.1016/j.exppara.2018.03.006
https://doi.org/10.1016/j.exppara.2018.03.006
https://doi.org/10.1016/j.meegid.2019.103954
https://doi.org/10.1016/j.ygcen.2016.06.002
https://doi.org/10.1038/nature10291
https://doi.org/10.1016/j.ijppaw.2015.01.006
https://doi.org/10.1016/j.ijppaw.2015.01.006

Parasitology Research (2024) 123:107

Page110f12 107

NgJS, Eastwood K, Walker B, Durrheim DN, Massey PD, Porigneaux
P, Kemp R, McKinnon B, Laurie K, Miller D, Bramley E, Ryan
U (2012) Evidence of Cryptosporidium transmission between
cattle and humans in northern New South Wales. Exp Parasitol
130:437-441

Nilsson MA, Arnason U, Spencer PB, Janke A (2004) Marsupial rela-
tionships and a timeline for marsupial radiation in South Gond-
wana. Gene 340(2):189-96. https://doi.org/10.1016/j.gene.2004.
07.040

Nolan MJ, Jex AR, Koehler AV, Haydon SR, Stevens MA, Gasser
B (2013) Molecular-based investigation of Cryptosporidium and
Giardia from animals in water catchments in southeastern Aus-
tralia. Water Res 47:1726-1740

Power ML (2010) Biology of Cryptosporidium from marsupial hosts.
Exp Parasitol 124:40-44

Power ML, Ryan UM (2008) A new species of Cryptosporidium
(Apicomplexa: Cryptosporidiidae) from eastern grey Kangaroos
(Macropus giganteus). ] Parasitol 94:1114-1117

Power ML, Shanker SR, Sangster NC, Veal DA (2003) Evaluation of a
combined immunomagnetic separation/flow cytometry technique
for epidemiological investigations of Cryptosporidium in domes-
tic and Australian native animals. Vet Parasitol 112:21-31

Power ML, Slade MB, Sangster NC, Veal DA (2004) Genetic charac-
terisation of Cryptosporidium from a wild population of eastern
grey kangaroos Macropus giganteus inhabiting a water catchment.
Infect Genet Evol 4:59-67

Power ML, Sangster NC, Slade MB, Veal DA (2005) Patterns of
Cryptosporidium oocyst shedding by eastern grey kangaroos
inhabiting an Australian watershed. Appl Environ Microbiol
71:6159-6164

Power ML, Cheung-Kwok-Sang C, Slade M, Williamson S (2009)
Cryptosporidium fayeri: diversity within the gp60 locus of iso-
lates from different marsupial hosts. Exp Parasitol 121:219-223

Prediger J, Jezkova J, Holubova N, Sak B, Kone¢ny R, Rost M, McE-
voy J, Rajsky D, Kvac M (2021) Cryptosporidium sciurinum n.
sp. (Apicomplexa: Cryptosporidiidae) in Eurasian Red Squirrels
(Sciurus vulgaris). Microorganisms 9(10):2050. https://doi.org/
10.3390/microorganisms9102050

Ryan UM, Power ML (2012) Cryptosporidium species in Australian
wildlife and domestic animals. Parasitology 139:1673-1688.
https://doi.org/10.1017/S0031182012001151

Ryan UM, Power ML, Xiao L (2008) Cryptosporidium fayeri n. sp.
(Apicomplexa: Cryptosporidiidae) from the red kangaroo (Macro-
pus rufus). J Eukaryot Microbiol 55:22-26

Ryan CM, Hobbs RJ, Valentine LE (2020) Bioturbation by a reintro-
duced digging mammal reduces fuel loads in an urban reserve.
Ecolog Appl 30(2):1-12

Ryan U, Feng Y, Fayer R, Xiao L (2021) Taxonomy and molecular
epidemiology of Cryptosporidium and Giardia — a 50 year per-
spective (1971-2021). Int J Parasitol 51(13-14):1099-1119

Seabolt MH, Konstantinidis KT, Roellig DM (2021) Hidden diversity
within common protozoan parasites revealed by a novel genotyp-
ing scheme. Appl Environ Microbiol 87(6):¢02275-20

Sweeney OF, Turnbull J, Jones M, Letnic M, Newsome TM, Sharp
A (2019) An Australian perspective on rewilding. Conserv Biol
33:812-820. https://doi.org/10.1111/cobi.13280

Takaki Y, Takami Y, Watanabe T, Nakaya T, Murakoshi F (2020)
Molecular identification of Cryptosporidium isolates from ill
exotic pet animals in Japan including a new subtype in Crypto-
sporidium fayeri. Vet Parasitol Reg Stud Reports 21:100430.
https://doi.org/10.1016/j.vprsr.2020.100430

Thompson J, Yang R, Power M, Hufschmid J, Beveridge I, Reid S, Ng
J, Armson A, Ryan U (2008) Identification of zoonotic Giardia
genotypes in marsupials in Australia. Exp Parasitol 120:88-93.
https://doi.org/10.1016/j.exppara.2008.05.002

Thompson RCA, Smith A, Lymbery AJ, Averis S, Morris KD, Wayne
AF (2010) Giardia in Western Australian wildlife. Vet Parasitol
170:207-211. https://doi.org/10.1016/j.vetpar.2010.02.012

Thompson JD (2007) Cryptosporidium and Giardia in Australian mar-
supials. Honours Thesis. Veterinary and Biomedical Sciences,
Murdoch University, Perth, Australia, p 141

Tichkule S, Caccido SM, Robinson G, Chalmers RM, Mueller I, Emery-
Corbin SJ, Eibach D, Tyler KM, van Oosterhout C, Jex AR
(2022) Global population genomics of two subspecies of Crypto-
sporidium hominis during 500 years of evolution. Mol Biol Evol
39(4):msac056. https://doi.org/10.1093/molbev/msac056

Tamova L, Jezkova J, Prediger J, Holubova N, Sak B, Kone¢ny R,
Kvétoniova D, Hlaskova L, Rost M, McEvoy J, Xiao L, Santin M,
Kvac M (2023) Cryptosporidium mortiferum n. sp. (Apicompl-
exa: Cryptosporidiidae), the species causing lethal cryptosporidi-
osis in Eurasian red squirrels (Sciurus vulgaris). Parasit Vectors
16(1):235. https://doi.org/10.1186/s13071-023-05844-8

Vermeulen ET, Ashworth DL, Eldridge MD, Power ML (2015) Diver-
sity of Cryptosporidium in brushtailed rock-wallabies (Petrogale
penicillata) managed within a species recovery programme. Int J
Parasitol Parasites Wildl 4:190-196

Vermeulen ET, Ashworth DL, Eldridge MD, Power ML (2015) Inves-
tigation into potential transmission sources of Giardia duodenalis
in a threatened marsupial (Petrogale penicillata). Infect Genet
Evol. 33:277-80. https://doi.org/10.1016/j.meegid.2015.05.015

Wait LF, Fox S, Peck S, Power ML (2017) Molecular characterization
of Cryptosporidium and Giardia from the Tasmanian devil (Sar-
cophilus harrisii). PLoS One 12(4):e0174994. https://doi.org/10.
1371/journal.pone.0174994

Waldron LS, Cheung-Kwok-Sang C, Power ML (2010) Wildlife asso-
ciated Cryptosporidium fayeri in human, Australia. Emerg Infect
Dis 16:2006-2007

Wang W, Zhang Z, Zhang Y, Zhao A, Jing B, Zhang L, Liu P, Qi M,
Zhao W (2020) Prevalence and genotypic identification of Crypto-
sporidium in free-ranging and farm-raised donkeys (Equus asinus
asinus) in Xinjiang China. Parasite 27:45. https://doi.org/10.1051/
parasite/2020042

Warren K, Swan R, Morgan-Ryan U, Friend J, Elliot A (2003) Crypto-
sporidium muris infection in bilbies (Macrotis lagotis). Aust Vet
J81(12):739-41

Widmer G, Koster PC, Carmena D (2020) Cryptosporidium hominis
infections in non-human animal species: revisiting the concept of
host specificity. Int J Parasitol 50(4):253-262

Wielinga C, Thompson RC, Monis P, Ryan U (2015) Identification of
polymorphic genes for use in assemblage B genotyping assays
through comparative genomics of multiple assemblage B Giardia
duodenalis isolates. Mol Biochem Parasitol 201:1-4

Wilson LAB (2023) Evolution: mislabeling marsupial development as
primitive. Curr Biol 33(11):R429-R431. https://doi.org/10.1016/].
cub.2023.04.057

Wilson DE, Mittermeier RA, Lacher TE (Eds) (2021) Marsupials and
monotremes. Handbook of the mammals of the world. Volume
5, Lynx Edicions. Barcelona, Spain. ISBN: 978-84-16728-19-0

Woinarski JCZ, Fisher DO (2023) Conservation biogeography of Aus-
tralasian marsupials. In: Caceres NC, Dickman CR (eds) Ameri-
can and Australasian marsupials: an evolutionary, biogeographi-
cal, and ecological approach. Springer Nature, Cham. https://doi.
org/10.1007/978-3-030-88800-8_44-1

Woschke A, Faber M, Stark K, Holtfreter M, Mockenhaupt F, Richter
J, Regnath T, Sobottka I, Reiter-Owona I, Diefenbach A, Gosten-
Heinrich P, Friesen J, Ignatius R, Aebischer T, Klotz C (2021)
Suitability of current typing procedures to identify epidemiologi-
cally linked human Giardia duodenalis isolates. PLoS Negl Trop
Dis 15(3):¢0009277. https://doi.org/10.1371/journal.pntd.00092
77

@ Springer


https://doi.org/10.1016/j.gene.2004.07.040
https://doi.org/10.1016/j.gene.2004.07.040
https://doi.org/10.3390/microorganisms9102050
https://doi.org/10.3390/microorganisms9102050
https://doi.org/10.1017/S0031182012001151
https://doi.org/10.1111/cobi.13280
https://doi.org/10.1016/j.vprsr.2020.100430
https://doi.org/10.1016/j.exppara.2008.05.002
https://doi.org/10.1016/j.vetpar.2010.02.012
https://doi.org/10.1093/molbev/msac056
https://doi.org/10.1186/s13071-023-05844-8
https://doi.org/10.1016/j.meegid.2015.05.015
https://doi.org/10.1371/journal.pone.0174994
https://doi.org/10.1371/journal.pone.0174994
https://doi.org/10.1051/parasite/2020042
https://doi.org/10.1051/parasite/2020042
https://doi.org/10.1016/j.cub.2023.04.057
https://doi.org/10.1016/j.cub.2023.04.057
https://doi.org/10.1007/978-3-030-88800-8_44-1
https://doi.org/10.1007/978-3-030-88800-8_44-1
https://doi.org/10.1371/journal.pntd.0009277
https://doi.org/10.1371/journal.pntd.0009277

107 Page120f12

Parasitology Research (2024) 123:107

Xiao L, Sulaiman IM, Ryan UM, Zhou L, Atwill ER, Tischler ML,
Zhang X, Fayer R, Lal AA (2002) Host adaptation and host-para-
site co-evolution in Cryptosporidium: implications for taxonomy
and public health. Int J Parasitol 32(14):1773-8175

Yang R, Fenwick S, Potter A, Ng J, Ryan U (2011) Identification of
novel Cryptosporidium genotypes in kangaroos from Western
Australia. Vet Parasitol 179:22-27

Yang R, Jacobson C, Gardner G, Carmichael I, Campbell AJ, Ng-Hub-
lin J, Ryan U (2014) Longitudinal prevalence, oocyst shedding
and molecular characterisation of Cryptosporidium species in
sheep across four states in Australia. Vet Parasitol 200(1-2):50-8.
https://doi.org/10.1016/j.vetpar.2013.11.014

Yang X, Guo Y, Xiao L, Feng Y (2021) Molecular epidemiology of
human cryptosporidiosis in low- and middle-income countries.
Clin Microbiol Rev 34(2):e00087-19

Zahedi A, Ryan U (2020) Cryptosporidium - an update with an
emphasis on foodborne and waterborne transmission. Res Vet Sci
132:500-512. https://doi.org/10.1016/j.rvsc.2020.08.002

Zahedi A, Monis P, Aucote S, King B, Paparini A, Jian F, Yang R, Oska
C, Ball A, Robertson I, Ryan U (2016) Zoonotic Cryptosporidium
species in animals inhabiting Sydney water catchments. PLoS One
11(12):e0168169. https://doi.org/10.1371/journal.pone.0168169

Zahedi A, Gofton AW, Jian F, Paparini A, Oskam CL, Ball A, Rob-
ertson I, Ryan U (2017) Next generation sequencing uncovers
within-host differences in the genetic diversity of Cryptosporid-
ium gp60 subtypes. Int J Parasitol 47(10-11):601-607. https://doi.
org/10.1016/j.ijpara.2017.03.003

Zahedi A, Monis P, Gofton AW, Oskam CL, Ball A, Bath A, Bartkow
M, Robertson I, Ryan U (2018) Cryptosporidium species and sub-
types in animals inhabiting drinking water catchments in three
states across Australia. Water Res 134:327-340. https://doi.org/
10.1016/j.watres.2018.02.005

@ Springer

Zahedi A, Odgers T, Ball A, Watkinson A, Robertson I, Ryan U (2020)
Longitudinal analysis of Giardia duodenalis assemblages in ani-
mals inhabiting drinking water catchments in New South Wales
and Queensland - Australia (2013-2015). Sci Total Environ
718:137433. https://doi.org/10.1016/j.scitotenv.2020.137433

Zajaczkowski P, Lee R, Fletcher-Lartey SM, Alexander K, Mahimbo
A, Stark D, Ellis JT (2021) The controversies surrounding Giardia
intestinalis assemblages A and B. Curr Res Parasitol Vector Borne
Dis 1:100055

Zhang K, Zheng S, Wang Y, Wang K, Wang Y, Gazizova A, Han K,
Yu F, Chen Y, Zhang L (2021) Occurrence and molecular charac-
terization of Cryptosporidium spp., Giardia duodenalis, Entero-
cytozoon bieneusi, and Blastocystis sp. in captive wild animals in
zoos in Henan, China. BMC Vet Res 17(1):332. https://doi.org/
10.1186/s12917-021-03035-0

Ziegler PE, Wade SE, Schaaf SL, Stern DA, Nadareski CA, Moham-
med HO (2007) Prevalence of Cryptosporidium species in wildlife
populations within a watershed landscape in southeastern New
York State. Vet Parasitol 147:176-184

Zou 'Y, Li XD, Meng YM, Wang XL, Wang HN, Zhu XQ (2022) Preva-
lence and multilocus genotyping of Giardia duodenalis in zoo
animals in three cities in China. Parasitol Res 121(8):2359-2366.
https://doi.org/10.1007/s00436-022-07565-w

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.vetpar.2013.11.014
https://doi.org/10.1016/j.rvsc.2020.08.002
https://doi.org/10.1371/journal.pone.0168169
https://doi.org/10.1016/j.ijpara.2017.03.003
https://doi.org/10.1016/j.ijpara.2017.03.003
https://doi.org/10.1016/j.watres.2018.02.005
https://doi.org/10.1016/j.watres.2018.02.005
https://doi.org/10.1016/j.scitotenv.2020.137433
https://doi.org/10.1186/s12917-021-03035-0
https://doi.org/10.1186/s12917-021-03035-0
https://doi.org/10.1007/s00436-022-07565-w

	Zoonotic Cryptosporidium and Giardia in marsupials—an update
	Abstract
	Introduction
	Cryptosporidium spp. in marsupials
	Zoonotic Cryptosporidium species in marsupials
	Cryptosporidium oocyst shedding in marsupials
	Giardia spp. in marsupials
	Zoonotic G. duodenalis assemblages in marsupials
	Zoonotic risk of Cryptosporidium and Giardia in marsupials
	Cryptosporidium
	Giardia

	Conclusions
	Data availability
	References


