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Abstract

Emerging infectious diseases are frequently zoonotten originating in wildlife, but enteric
protozoa are considered relatively minor contribait®pinions regarding whether pathogenic
enteric protozoa may be transmitted between widliid humans have been shaped by our
investigation tools, and has led to oscillatiorgareing whether particular species are zoonotic
or have host-adapted life cycles.

When the only approach for identifying enteric pmma was morphology, it was assumed that
many enteric protozoa colonized multiple hostsaack probably zoonotic. When molecular
tools revealed genetic differences in morphologdyddentical species colonizing humans and
other animals, host specificity seemed more likBrasites from animals found to be
genetically identical - at the few genes invesgdatto morphologically indistinguishable
parasites from human hosts, were described asdnavonotic potential. More discriminatory
molecular tools have now sub-divided some prot@gan. Meanwhile, some infection events
indicate that, circumstances permitting, some “spstcific’ protozoa, can actually infect
various hosts. These repeated changes in our twadeirsg are linked intrinsically to the
investigative tools available.

Here we review how molecular tools have assistedpmetimes confused, our understanding of
the public health threat from nine enteric protoand example wildlife host8élantoides coli -
wild boar;Blastocystis sp. - wild rodentsCryptosporidium spp. - wild fish;Encephalitozoon

spp. - wild birdsEntamoeba spp. - non-human primatesSnter ocytozoon bieneusi - wild cervids;
Giardia duodenalis - red foxesSarcocystis neshitti - snakesToxoplasma gondii - bobcats).

Molecular tools have provided evidence that sonterenprotozoa in wildlife may infect
humans, but due to limited discriminatory powetenfonly the zoonotic potential of the parasite
is indicated. Molecular analyses, which should $éiacriminatory as possible, are one, but not
the only, component of the toolbox for investiggtpotential public health impacts from

pathogenic enteric protozoa in wildlife.
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1. Zoonotic enteric protozoa in wildlife as agentsf “emerging” infectious diseases in

humans

The potential for wildlife to be a source of infiects diseases in humans was brought into focus
in a landmark paper published in 2008, in whichabthors estimated that emerging infectious
disease (EID) events occurring between 1940 and 2@0e dominated by zoonoses (60.3%),
the majority of which (71.8%) originated in wildd#if(Jones et al., 2008). These figures, or
approximations thereof, have been widely quotedesiiihe authors of the original article report
that the majority of the EID events included initlwalculations involve bacteria or rickettsiae
(54.3%), but note that in making these estimateyg thassified every individual drug-resistant
microbial strain as a separate pathogen. Althobhghmportance of antimicrobial resistance to
global health should be emphasized, this classificanay have resulted in the contribution of
other pathogen types (virus, protozoa, helminttts) being underestimated; the authors
calculated the percentages of EID events causethey pathogen types to be 25.4% for viral or

prion pathogens, 10.7% for protozoa, 6.3% for fuagd 3.3% for helminths (Jones et al., 2008).

Although wildlife parasitology is of importanceiits own right, particularly in consideration of
such elements as loss of biodiversity, conservasismes, alterations in land use, impacts of
climate change, and the role of invasive speciésifipson and Polley, 2014), it is clear that
much of the research in wildlife parasitology issdn by determining whether or not parasitic
infections in a wildlife population may serve aseaervoir of diseases that may affect domestic
animals or humans (Appelbee et al., 2005). A cear early example of this was the
investigation of beavers f@iardia infection, following an outbreak of waterbornergiasis in
Washington State, USA in 1976, in whiGhardia cysts were detected in the raw water and
storage reservoirs (Dykes et al., 1980). Three &rsavapped in the watershed area were
infected withGiardia, implicating them as a potential source of théooedk. However, the lack
of morphological differences between genetic vdsiameans that, at that time, it was not
possible to determine whether Beardia in the beavers was of the same species as in the
patients, or the extent of genetic similarity dfetience between th@iardia from the beavers
and the infected people. If molecular tools hachteeilable then, it may have been possible to
exclude the beavers as the source ofataedia contaminating the water supply — but what if

molecular tools had shown a similar genotype? Wthiklhave indicated that the beavers were



the “guilty party”, or would it have simply indicad that humans and some animals in this area
were infected with similar genotypes®fardia? And what of disease potential? Although the
infected humans in this 1976 outbreak were obviosigimptomatic, it is not evident that the
beavers themselves were suffering from clinicadaée. Two of the three beavers were dead-
trapped, but the third one was live-trapped, amd, sgive, from Camas, Washington to Fort
Collins, Colorado for infection studies in beaglBykes et al., 1980); given that no comment is

made regarding signs in the beaver, it has to $enasd that none were observed.

In the database provided as supplementary infoomati the article considering EIDs in humans
(Jones et al., 2008), of the 335 EID events naidthtre occurred, 36 were designated as being
due to protozoa. Table 1 is extracted from thienexice, and gives an overview of the protozoal
EID events considered; of the 35 protozoa listed (tematodé@ngiostrongylus cantonensisis
incorrectly described as a protozoa), a substamtedortion (19/35, 54%) are non-enteric,
vectorborne parasites. Of the remaining 16, severm@teric in some hosts; for a further six, all
of which are microsporidia, it is currently unknowhether they may be enteric in some hosts.
Of the remaining three, two are not enteric (regjdn the urogenital tract), and one (a free-
living, opportunistic amoeba) is probably not eitte®f those that are categorized here as
enteric or that their enteric potential for all teos unknown (n=13, highlighted in Table 1), only
two, both microsporidia in the genkscephalitozoon, are classified as being pathogens of
wildlife origin (red font in Table 1).

2. Which enteric protozoan pathogens are zoonotica what are their wildlife hosts? What

information on public health importance has been otained using molecular tools?

Despite the data from Jones et al. (2008) indigéatuat enteric protozoan parasites in wildlife

are of relatively low public health relevance, vavé chosen here to re-visit this topic. In
particular, we have focussed upon the greaternmdtion obtained in the past decade by the use
of molecular tools, and consider whether this extfarmation has assisted or confused us in
determining the extent to which wildlife may actaaseservoir for enteric protozoa that may pose
a threat to public health.



The first molecular tools used to address this tijpresvolved the use of antibodies and
isoenzyme analysis. Currently, however, the mostroon approaches involve amplification and
sequencing of one or more genomic DNA targetsctsdeto be either more conserved or more
variable, depending on the focus of the investoyatiollowed by the use of phylogenetic
analyses, including sequence polymorphism analyseetermine relationships between the
sequences obtained. It is these approaches amdekeits that are used predominantly in the
following parasite-host specific sections.

One of the difficulties that we have in discusdinig topic is the terminology. For example,
throughout this manuscript we use the term “pro&d2o0 encompass the group of single-celled
eukaryotic parasites under consideration, despitet6zoa” having no real taxonomic meaning.
The term “protista” could have been used insteat,dgain, the terminology is not founded on
phylogenetic relationships, and the debate reggraaw microorganisms, particularly
eukaryotes, should be most appropriately classhissibeen a source of debate for centuries
(Scamardella, 1999). Here we have chosen to udertme‘protozoa” for convenience and to
enable simpler comparison with other relevant ksicalthough some of the parasites covered
are no longer considered to fit properly withinstterminology. For example, although
microsporidia are currently considered to be metated to fungi than other protozoan parasites
(in the clade Opisthosporidia), we have chosendtde them here in line with Jones et al.,
(2008). We also includBlastocystis (which is not mentioned by Jones et al. (2008)hoagh

this organism is now known to belong to the Strampées, a group of organisms that includes,

among others, brown algae, diatoms, and oomycetes.

Another terminology issue concerns what we actuakyan when we refer to a pathogen as
zoonotic. For example, if a pathogen that usualigats only animals is reported on just a single
occasion in low numbers from a highly immunocompgad human patient, perhaps as an
incidental finding, should it then be consideredraatic? For the purposes of this document, we
have described protozoans in such instances aaghming “potentially zoonotic”; an example
of this could beCryptosporidium suis. The adjective “zoonotic” is only used when we éalear
evidence that the protozoa will readily establisivoth humans and animals. The concept of

zoonanthroponosis, which refers to diseases tegtranarily infections of humans, but that



have the potential to be naturally transmittedrtionals, is also of relevance — but not a major

theme of this manuscript.

It is clear that enteric protozoan infections, iniet, generally, robust transmission stages are
excreted in the faeces, have the ability to contatei the environment. These may be ingested
by another possible host, be that wildlife, donteatiimals, or humans, potentially resulting in
infection, and possibly disease. However, the éxtewhich this spillover between groups of
potential host species actually occurs is not rezséyg clear. Not only does the likelihood of
cross-infection between potential host groups dementhe ability of the parasite itself to infect
the different hosts, but it also depends on faatelesvant to the host (immunity, age, foraging or
grazing habits, etc.), and also to the environmérare the defecation occurs - whether survival
and onwards movement of the transmission stagavaifed, and the likelihood that both host
groups use the same environment. It is these ttters between the environment and the health
status of people, their domestic animals, and kg dhat together form the basis of the One

Health concept.

The likelihood of transmission of an enteric prataz parasite to a person thus depends not only
on whether the parasite has zoonotic potentialalsat on a range environmental factors and
aspects of the wildlife hosts’ activity, mode ofsgnce, and behaviour. Therefore, rather than
list the potential wildlife hosts for each of thedavant protozoan pathogenic parasites considered
here, a particular wildlife host has been selepedparasite. An overview of the parasite-

wildlife host pairs considered is provided in TaBleBrief information for each parasite is
provided in the table, along with the rationaletfoe selection of the host species under
consideration; that is, particular characteristicthe host that are relevant to transmission of
enteric protozoa to people. The protozoan-wildhiésts are then described in focused vignettes
that indicate the current extent of our knowledggarding zoonotic transmission and public
health threat, with particular emphasis on the oblmolecular methods in aiding our
understanding of the threat to public health enaseed by the particular parasite in that

specific wildlife host.



2.1Balantioides coli (Balantidium coli) in wild boar

Paramecium coli, described by Malsten (1857) in human samples,reesmedal antidium coli
by Stein (1863) after describing it from pigs. Otlee subsequent years, sev@allantidium
species were described from different wild and detrnenammals and birds based on
morphological differences or the host species (Aleival., 1914; McDonald, 1922; Hegner,
1934). Alexeieff (1931) proposed transferriBgeoli to a new genudBalantioides, but, until
recently, when Pomajbikova et al. (2013) proposeédva genusiNeobal antidium, to
accommodate species from mammals, this was nat fake consideration; Chystyakova et al.
(2014) consideNeobalantidium to be a junior synonym dalantioides. As not all authors
follow this taxonomic change, different names ageduin scientific articles and in genetic
databases: veterinarians and researchers not kpatia taxonomic discussions continue to use
Balantidium coli, whereas specialists have udésbbalantidium coli and more recently,
Balantioides coli. This gradual correction in naming of the parasitey be a source of

confusion.

In a very detailed morphological study, McDonal842) proposed that pigs could be infected
by two speciesB. coli (which could also infect humans) aBdsuis (pig-specific). However,

there was some controversy about the validity efstacond species and finally it was generally
accepted as a synonymmifcoli (Awakian, 1937; Levine, 1961, 1985). Nevertheles®n in
some recent papers (e.g., Schuster and Ramirea;AAD8; Supriadi et al., 2012; Petrova et al.,
2017),B. suisis still used as a nhame for the species foundgs. Curiously, although pigs and
wild boar are the same species, findings from Wwaddr are reported &s coli or Balantidium

sp., but noB. suis (e.g., Solaymani-Mohammadi et al., 2004; Mundiralet2004; Navarro-
Gonzalez et al., 2013; Yaghoobi et al., 2016).

Balantioides coli is commonly found in both pigs and wild boar (wattevalences ranging up to
100% in domestic pigs, and up to 70% in wild b&nce-Gordo and JiikPomajbikova 2018).
Soon after the first description of this paradite, epidemiological importance of pigs for human
infections was noted. Pigs are considered the mesirvoir and people living in close contact
with them are at greatest risk of becoming infeet#ti this parasite (Ponce-Gordo and dirk
Pomajbikova, 2018). The epidemiological importaokceild boar is unknown; however, when

infected animals congregate in the catchment drpaldic drinking water sources, then the risk



of transmission of their parasites to humans vigaminated water is likely to increase
(Hampton et al., 2006). Transmission to humangerdgamination of the environment is also
likely to be associated with the apparently re@em increasing tendency for wild boar to invade
urban areas, mainly searching for feed (Cahill.e£@12). In Muslim countries, where pig
farming is forbidden, wild boar are considerediein reservoirs oB. coli by some authors,

but others consider other domestic mammals (cameidgseys, sheep and goats) as the
reservoirs of greatest importance to human heRitn¢e-Gordo and JiikPomajbikova, 2018).

If parasite identification in human infections &sed only on trophozoite and/or cyst
morphology, it is not possible to identify the onigf the infections, and thus the most likely

transmission routes remain unknown.

Genetic studies oB. coli started around 15 years ago, and currently the geretic data
available are for the nuclear small subunit rRNAgESSU-rDNA) and the internal transcribed
spacer (ITS1-5.8S rDNA-ITS2) regiort3; coli does not possess mitochondria, and data for
other genes have not been published to date. @esply two ribosomal genes being currently
available for comparative work, their analysis seful for taxonomic studies and interesting
results have been obtained. The comparison of EMArsequences is a valid tool for taxon
differentiation at the genus level or above, andetimes also at the species level; however, for
differentiating between closely related subtypeslysis of the ITS region, and especially the
ITS2 fragment, is considered the best option (Mtaed.e2010; Gou et al., 2012; Han et al.,
2013).

The firstB. coli sequence published was the SSU-rDNA from a gasbéate (Strider-Kypke et
al., 2006), but the first comparison®fcoli DNA isolated from different hosts (pig and ostjich
was made by Ponce-Gordo et al. (2008) by analyseagences from the SSU-rDNA and ITS
regions. In that study, pooled cysts were analyS&dj-rDNA sequences showed some
unresolved ambiguities common to all cyst isoladesl ITS sequences indicated two different
sequence variants. To determine the importandei®fTS polymorphism (which could have
represented two different species, but with lowt lspgcificity), a detailed analysis of individual
cysts was made (Ponce-Gordo et al., 2011) and tmgartant results were obtained: (1) the two
ITS sequence variants previously identified hadrctéfferences in both the ITS1 and ITS2

regions. (2) Both variants were found within sing&asite cells, indicating that the



polymorphism was present within one single spe¢®)sThe same ITS sequences of both
variants occurred in isolates from human, gorpig,and ostrich, indicating that the same
speciesB. coli) was found in all of them. Pomajbikova et al. (0and da Silva Barbosa et al.
(2017) have also found no significant differencessgenB. coli DNA isolated from non-human
primates (NHPs) and wild boar, or NHPs and pigspeetively. Thus, these genetic data support
the presence of a single zoonotic spedesoli, that infects homeothermic vertebrates and can
be transmitted between wild fauna (mainly wild Qpdomestic animals (mainly pigs), and

humans.

2.2Blastocystis sp. in wild rodents

Blastocystis sp. has been found in most animal species invéstiga date. Its pathogenicity is
controversial (Stensvold and Clark, 2016a), altloongre recent articles describe it as being
part of the microbiome, and influencing, or infleed by, the composition of bacterial
communities (Nieves-Ramirez et al., 2018; Titolet2018). It is clear that subtyping of
Blastocystis isolates is critical for evaluating the relatioipshetween the parasite, gut
microbiota profile, and host health. It was longuased that one speciesRifstocystis,
Blastocystis hominis, infected humans, and different specieBlaktocystis infected other
animals. However, genetic analyses have demondgtitad there is no singBastocystis entity
that infects only humans; many (but not all) of subtypes (ST) identified in animals also infect

humans, and currentBlastocystis tends to be identified by the genus name and Theutnber.

There are only a few epidemiological studies thaestigate the transmissionBlfastocystis

from rodents, and these mainly focus on trappirdgearthanizing the hosts to collect their caeca
(Seifollahi et al., 2016; Yoshikawa et al., 201Blatsumata et al., 2018), followed by detection
using a smear examined by light microscopy or iation of the sample in Jones’ medium
(Katsumata et al., 2018) or agar slant (Yoshikaia.e2016b) for three to five days, before
microscopy examination of stained or unstained $asnglthough these approaches continue to
be used (Katsumata et al., 2018), they are bepigaed by molecular techniques, not only
becausdlastocystis can be easily confused with other microorganiseng. (Entamoeba) — and
thus determining the prevalenceBdastocystis by microscopy or culture methods is likely to

result in an inaccurate estimate (Wawrzyniak ¢t28113) - but also because the culture methods
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may select for particular subtypes (Roberts eféll1). PCR and gPCR methods that partially or
completely amplify the SSU-rDNA are sufficientlynsgtive for both identifying and subtyping
Blastocystis (Roberts et al., 2011; Wawrzyniak et al., 201&nSvold and Clark, 2016b).

Using a combination of these techniques, in boskricted (Betts et al., 2018; Farah Hazigah et
al., 2018) and wider (Cian et al., 2017) sampliegjons, has demonstrated that subtypes ST1,
ST2, ST4, ST5, ST10, and ST17 predominate in redand, in some cases, mixed infections
(of two STs) have been identified (Cian et al., 2(Betts et al., 2018; Farah Hazigah et al.,
2018). Of these subtypes, ST1, ST2, ST4, and S¥& &lgo been found in humans (and thus
have zoonotic potential), whereas ST10 and ST1@ hat, to date, been identified in humans,
being exclusively found in animals. In human iniees, ST3 and ST4 often predominate, but

this may vary between locations and circumstances.

Although the different rodent studies using molactibols have used similar approaches, each
used a different set of primers to target the s@ghend) region of the SSU-rDNA and the
(phylogenetic) analyses of the amplified and segeémegions tend to be inconsistent,
sometimes due to the short length of the amplifiegment. For subtyping studies to provide
meaningful results, phylogenetic trees should idelall 17 subtypes, and be rooted and
constructed using both maximum likelihood and Bayemference methods (Betts et al., 2018);

this has not been the case in all studies.

This means that although some articles have repori8lastocystis in rodent populations, it is
difficult to investigate transmission dynamics, dadher studies are important to elucidate the
circulation of differenBlastocystis subtypes within rodent populations. For exampktiBet al.
(2018) identifiedBlastocystis infections in both wild and captive water volés\jcola

amphibius), but the subtypes differed, with ST4 dominanthi@ wild voles and ST1, which was
not identified in wild water voles, also presentaptive voles. When wild water voles were
brought into captivity, ST1 started circulating it this population. How this happened is
difficult to determine, although it is temptingdpeculate that this could reflect a microbiota-

associated effect, related to life in captivity (Beet al., 2018).

Current molecular methods for the investigatioBlastocystis subtypes in rodents and other
wildlife, especially those described in Betts et(a018), match those used for investigating
Blastocystis subtypes in humans (Alfellani et al., 2013; Yosha et al., 2016a). The potential

11



for zoonotic transmission is indicated by the s&Wmebeing found in rodents and humans.
However, further studies are needed to determi@extent to which this occurs, whether the
single locus evaluation is sufficient to determgemetic identity, and, overall, whether this

similarity in Blastocystis subtypes in humans and rodents is of public headghificance.

2.3 Cryptosporidium spp. in wild fish

Wild fish represent a source Gfyptosporidium infection for humans. This may be via: (1)
consumption of raw or undercooked fish flesh ttet been contaminated with oocysts, and (2)
consumption of water contaminated with oocysts shdigh faeces. Despite these two potential
routes for transmission, relatively few moleculardses have been conducted on
Cryptosporidiumin fish and the majority of these have been on &ror aquarium fish

(Murphy et al., 2009; Zanguee et al., 2010; Baragalet al., 2011; Gibson-Kueh et al., 2011;
Morine et al., 2012; Ryan et al., 2015; Yang et2015; Palermo, 2016; Yang et al., 2016;
Paparini et al., 2017; Couso-Pérez et al., 2018, enly a handful of studies on wild fish or,
particularly, wild fish commonly consumed by peofMvarez-Pellitero and Sitja-Bobadilla,
2002, Palenzuela et al., 2010; Reid et al., 20E0tad et al., 2015) (Table 3).

Currently, three species Gfyptosporidium have been described from fish that are not foand i
other hosts. These are: @yptosporidium molnari, which was originally described in wild
gilthead sea breanggarus aurata) and European sea baBsdentrarchus labrax) (Alvarez-
Pellitero and Sitja-Bobadilla, 2002) and was chiamdwed genetically some years later
(Palenzuela et al., 2010); (€yyptosporidium scophthalmi, described in wild turbofsetta
maxima syn. Scophthalmus maximus) (Alvarez-Pellitero et al., 2004), andCascophthalmi-like
strain characterized genetically in 2015 (GenBardeasion numbers: KR340588 and
KR340589), and (3¢ryptosporidium huwi (previously piscine genotype 1) in a captive guppy
(Poecilia reticulata) (Ryan et al., 2015).

Molecular characterisation has also identified ipisgenotypes 2-9, two differe@t molnari-

like genotypes, more than 8 un-named novel genstygpgarvum, C. hominis, C. xiaoi, C.
scrofarum, and rat genotype Il in fish (Murphy et al., 200id et al., 2010; Zanguee et al.,
2010; Barugahare et al., 2011; Morine et al., 2&&nari et al., 2013; Certad et al., 2015; Ryan

12



et al., 2015; Yang et al., 2015; Yang et al., 2@&ermo, 2016; Couso-Pérez et al., 2018). Both
C. scrofarum andC. xiaoi have been identified in western school whitiiglégo vittata) (Reid
et al., 2010) and species could be of some pubkdti importanceC. scrofarum has been
reported in several cases of human cryptosporsligsi& et al., 2009; Xiao, 2010), ari@l

xiaoi has been reported in two patients in Ethiopia (Ad&t al., 2014)Cryptosporidium
hominis was identified in wild mackerel scaDdcapterus macarellus) in Papua New Guinea
(Koinari et al., 2013) and more recently in farngadidfish Carassius auratus) in Australia
(Palermo, 2016)Cryptosporidium parvum, the species most associated with zoonotic irdegti
was identified in western school whiting (Reid et 2010) and in goldfish (Palermo, 2016) in
Australia, in wild-caught mackerel scad and silvarb Puntius gonionotus) from Papua New
Guinea and in cultured Nile tilapi®(eochromis niloticus) (Koinari et al., 2013). In Lake
Geneva, Francé&;. parvum was detected in Arctic chadlvelinus alpinus), European whitefish
(Coregonus lavaretus), European perctPérca fluviatilis) and roachRutilusrutilus) (Certad et
al., 2015). In the latter studg, parvum was identified at a high prevalence in freshwégtr
(13/15, 87%) and. parvum developmental stages were detected in fish imestisuggesting

that this was infection, rather than simply careidGertad et al., 2015).

Only three studies have conducted glycoproteingpB@) subtyping orCryptosporidium DNA
isolated from wild fish samples, although this thak become relatively standard for identifying
subtypes in potential reservoir species for huméerction: (1)C. parvum 11aA18G3R1 was
identified in western school whiting from Austra(Reid et al., 2010), (2. hominis IdA15G1

in mackerel scad and. parvum l1laA15G2R1 and 11aA19G4R1 subtypes in mackeretl ssoad
silver barb respectively from Papua New Guinea, (@)dh the study in Franc€,. parvum
subtypes 11aA15G2R1, 11aA16G2R1, and [laA17G2R1ewaported (Certad et al., 2015).
TheseC. parvum subtypes commonly infect both livestock and hum@igo, 2010). In the
study in Papua New Guinea, tBehominis detected in the fish could have come from spilkbac
from the human population due to poor sanitatidragtructure, but as parasites were not
observed by histology, it was not possible to deiee whether this was an actual infection or

carriage.

The results presented here show that use of malemdls has been instrumental in determining

the zoonotic potential a@ryptosporidium detected in wild fish. They have demonstrated that
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although wild fish are infected with apparently tisgecific species and genotypes of
Cryptosporidium (C. molnari, C. scophthalmi, and piscine genotype 3), there is also the piadent
that human-infectious specigs. hominis, C. parvum, C. scrofarum, andC. xiaoi) may be
identified in samples from wild fish. F@. parvum, at least, the investigations represented true
infections, indicating propagation. However, thetelies are preliminary and scattered, and
further investigations to support these initiabliimgs, preferably with infection studies, are
essential in order to better understand the likelchof wild fish representing a public health risk
for transmission o€ryptosporidium.

2.4Encephalitozoon spp. in wild birds

Birds are often infected by microsporidian parasitethe genugncephalitozoon (Hinney et al.,
2016; Sak et al., 2010Encephalitozoon spp. have been identified in a wide variety obavi
hosts, including in the Orders Anseriformes, Apodiies, Ciconiiformes, Columbiformes,
Falconiformes, Gruiformes, Passeriformes, Podidfpades, Struthioniformes, and Suliformes,
and also in many countries (Hinney et al., 20E&gephalitozoon intestinalis, which is the most
prevalentEncephalitozoon species in humans and also infects various maramsapecies (e.g.
livestock, dogs, and NHPs), has been reported spuyadically from birds (Pirestani et al.,
2013; Galvan-Diaz et al., 2014, Tavalla et al.,@0Wherea&. hellem, which is considered
bird-specific, and, to a lesser exteatcuniculi, which is considered mammal-specific, have
been reported frequently from birds (Hinney et2016).

Most human infections are thought to result froectd-oral transmission of spores.
Encephalitozoon spores have been detected in various water so(indigation water,

recreational water, drinking water, and wastewadad) food (Dowd et al., 1998; Fournier et al.,
2000; Decraene et al., 2012; Kwt al., 2016). In addition, spores can be aerpsdlfrom
disturbed excrement and could be inhaled by hastsrhorne particles (Graczyk et al., 2008).
As Encephalitozoon spp. from birds have been shown to be capablefetting people, both
immunocompetent and immunocompromised (Didier amas®y 2011), there is a need for better

understanding of the role of birds as a resernvidiuman microsporidiosis (Table 4).
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Genotyping has proven useful for high-throughpmsa screening and, despite a limited
number of molecular markers, has revealed somertanmtadetails about heterogeneity among
and withinEncephalitozoon species. Most studies have targeted the ITS regfiabosomal

RNA genes (ITS, Fig. 1A) (Hinney et al. 2016). Lessnmon markers include the polar tube
protein (PTP; Fig. 1B), SSU-rDNA, intergenic spacef ribosomal genes, (IGS) IGS-TH and
IGS-HZ, and the spore wall protein (SWP) gene (Nagh al., 1999; Xiao et al., 2001a,b; Haro
et al., 2003). Sequence analysis of these marlsrslistinguished folE. cuniculi genotypes (|,
I, lll, and IV) and sevelk. hellem genotypes (1A, 1B, 1C, 2A, 2B, 2C, and 2D) (Mattisll.,
1999; Xiao et al., 2001; Haro et al., 2003; Gale&al. 2013; Table 4ncephalitozoon cuniculi
genotypes |, Il and 11l have also been differemiiaby fragment size analysis of the Spoll gene
(Selman et al., 2013).

Although several studies have been conducted, igdmeterogeneity in the ITS and the PTP
genes has not yet been observeH.imtestinalis (Didier et al., 1996; del Aguila et al., 1998;
Rinder et al., 1999; Sobottka et al., 1999; Liguetryal., 2000; Xiao et al., 2001b). Genotypic
variation ofE. intestinalis, genotypes | and Il, has been demonstrated bydBadval. (2013) at
the M2A, M3 M5, M7A, and M8 loci, but this approalkhs not been applied to broader surveys.
As almost alEncephalitozoon genotypes can be distinguished by sequencingdit® and PTP
loci, these are most commonly used as they enalphparison of results among studies, and
these loci can be recommended for routine invesbigs.

A major constraint to investigations of whetheidsiare a relevant source of human
Encephalitozoon infection is that spore shedding is generallyrmitent and therefore difficult

to detect; the limit of detection may also be reatcht lower levels of shedding. Extensive
sampling is therefore required to determine whetimeanimal is infected; for example, Sak et al.
(2010) screened nine budgerigavielopsittacus undulatus) naturally infected witlE. hellem
genotypes 1A and 2C (previously known as genotymndE. cuniculi genotype Il for spore
shedding. Although the cumulative prevalenc&mdephalitozoon spp. was 100%, daily
prevalence ranged from 0 to 67%, with a mean of.23@6h intermittent shedding of spores has
also been reported for infections in humans, ragjeartd horses (Sak et al., 2011a, 2017,
Wagnerova et al., 2013), suggesting that, withepeated sampling, the prevalence of

Encephalitozoon spp. in host populations could be underestimated.
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A second major limitation to investigations of winet birds are a relevant source of human
Encephalitozoon infection is due to the broad host range, whicly himait the value of

genotyping for identifying sources of human infentand means that molecular results must be
supported by traditional epidemiological investigas. For examplék. intestinalis and allE.
cuniculi genotypes infect several mammals and birds (Himtey., 2016). In contradk, hellem
almost exclusively infects birds, and genotypesisho differences in host specificity.
Nevertheless, genotyping should be an integral com@pt of epidemiological surveillance and
genetic data should be interpreted together withcise report and not separately. As an
example, Haro et al. (2003, 2005) demonstrated&hagdllem genotype 1A from human
immunodeficiency virus-positive patients was apptyethe identical genotype to that 6f
hellemidentified in urban pigeons in a park (using a RRplifying a gene fragment of 208 bp,
including the ITS region), and, based on this, sstgd that these birds could be considered a
potential source of human infection. However, diegdence of human infection through
contact with pigeons was lacking. K&&va et al. (2009) and Sak et al. (2011b) later
demonstrated that this genotype infected othemaamal mammalian hosts, and therefore, in the
absence of traditional epidemiological associatipigeons were not necessarily the source of
the infection. Use of further genetic markers magrggthen or weaken an association, but
traditional epidemiological investigations cannsually be replaced by molecular techniques at

this time for confirming zoonotic transmission resit

2.5 Pathogenid&ntamoeba spp. in non-human primates (NHPS)

In the early 1900s, many speciesotamoeba were described in NHPs. By light microscopy,
these were, for the most part, indistinguishalenfthe species found in humans. In his great
work of 1919, “The Amoebae Living in Man”, Dobebmrcluded on p. 133 that “it is by no
means impossible that the amoebae are really @dhto E. histolytica andE. coli (the only
Entamoeba species he recognized as colonising the humanapud)that “there is as yet no proof
that monkeys harbotintamoebae in any way different from those of man”. Subsedlyen

based on his own life-cycle studies and experint@nfiection results, he concluded that the

species were indeed the same.
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This understanding dEntamoeba species in NHPs persisted unchallenged for maogctiss.
Implicit in this view is that NHPs are a potentiaservoir fork. histolytica and therefore for an
important disease of humans. Supporting his cormiusere reports of dysentery (e.g.,
Eichhorn and Gallagher, 1916) and liver abscessgs Castellani, 1908) in NHPs that, based
on both morphology and histology, were apparerdlysed byE. histolytica.

Molecular tools arrived with the use of antibodiesl isoenzyme analyses in the 1970s. Almost
immediately both approaches identified that theeeetwo distinct groups withiB. histolytica,

one linked to cases of disease (named pathogemodsmes) and one linked to asymptomatic
infections (non-pathogenic zymodemes). Applicatbisoenzyme analyses to isolates from
captive (e.g., Smith and Meerovitch, 1985) and \dlackson et al., 1990) NHPs initially
indicated that all theiE. histolytica belonged to non-pathogenic zymodemes. The acctiomla

of DNA data — restriction fragment length polymaigrhs, Southern blots, gene sequences - and
other information, eventually led to non-pathogerymodemes being reclassified as a distinct
species oEntamoeba, E. dispar (Diamond and Clark, 1993); it was concluded theis mostly
harbourecE. dispar.

Thus, use of molecular tools initially led to a &kifrom viewing NHPs as a potential reservoir
of E. histolytica to viewing them as carrying primarily non-pathoigdentamoeba species. The
use of DNA-based tools for detection and differatndin of Entamoeba species spread rapidly,
initially with the use of PCR alone and subsequewtth PCR combined with DNA amplicon
sequencing. The PCR target was primarily SSU-rDbIA the divergence betweé&nhistolytica
andE. dispar is such that many genes are suitable targetpémias-specific PCR tests, if
desired.

One of the applications of these tools was scregoimprimates imported for medical research in
order to identify those carrying pathogens, inahgdt. histolytica. This led to the discovery that
E. histolytica was not the (only) pathogerimtamoeba in NHPs (Suzuki et al., 2007; Tachibana
et al., 2007; Takano et al., 2007). Initially déised as a variant d&. histolytica, this Entamoeba
species is now generally referred tdeasuttalli — the name originally given to the species
responsible for liver abscesses in macaques belzastin 1908. Pathogenic in both primates
and rodent model&. nuttalli is closely related to, but definitely distinctfingE. histolytica.

However, most tools that had been developed atithatto differentiatde. histolytica from E.
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dispar did not differentiatde. histolytica from E. nuttalli. The SSU-rDNA sequences Bf
histolytica andE. nuttalli differ by less than 1%, compared with over 2% dieace betweeE.
histolytica andE. dispar, and, as a result, many previously designed P@fReps annealed to
sequences that were identicaBnhistolytica andE. nuttalli. Species-specific primers f&t

nuttalli SSU-rDNA were developed quickly (Tachibana et2007). Gene sequences, such as
those encoding chitinase and the serine-rich prdieakano et al., 2007; Tachibana et al., 2007),
and isoenzymes (Suzuki et al., 2007; Tachibanh,&2@07) also differentiate betweén

histolytica andE. nuttalli, as do the tRNA-linked non-coding short-tandenmesgp that can be
used for genotyping of all three species (e.qg.,ital., 2016; Feng et al., 2018). In no
sequence datasets do the two species overlap.

It seemed likely, therefore, that reportdEohistolytica carriage and disease in NHPs attributed
to E. histolytica were actually due t&. nuttalli. In addition, because isoenzyme analyses can
differentiate betweek. histolytica andE. nuttalli, the absence of tHe nuttalli ‘variant’ pattern
among the thousands of human samples that wergsadah the 1980s (Sargeaunt, 1989)
suggested that humans are not host&fowttalli. Thus, a host specificity seemed cldar;

histolytica was infective to humans afd nuttalli infected NHPs — neither species was zoonotic.

This simple view did not last long; some tieehistolytica infections were reported in NHPs
(Verweij et al., 2003; Rivera et al., 2010) andtifection of a zookeeper with nuttalli was
reported, indicating that humans could be suscleptibcolonisation if exposed (Levecke et al.,
2015). No cases of invasive disease in humansguatitd toE. nuttalli have been reported to
date. Most recently, using high throughput sequemngopulations of humans and wild gorillas
living in a nature reserve in Cameroon were botmébto be carrying. histolytica andE.

nuttalli andE. dispar (VI¢kova et al., 2018). The patterns of transmissiathig location remain
unclear, but this finding does demonstrate unegualy that humans and great apes can be
colonised by botlk. histolytica andE. nuttalli.

Over time, our perception of the potential for NHE®®e reservoirs fdt. histolytica has shifted
several times, from microscopy indicating that NKRse reservoirs dE. histolytica, to
isoenzymes indicating that they were not, to NH&tsying a pathogen - but nit histolytica -

to the current view, which is, we suspect, “it dege’. Where contact exists between NHPs and

humans, the potential f&. histolytica to be transmitted between the two host groupsak r
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However, the circumstances in Cameroon are ndylikebe common and even if, technically,
NHPs can be a reservoir for human infection \ithistolytica, it seems unlikely that they are a
major source of the parasites responsible for ineammoebiasis in humans. Molecular tools
may assist in clarifying the specieskrftamoeba present in NHPs, but as yet they cannot fully

clarify the public health threat that they pose.

2.6 Enterocytozoon bieneusi in wild cervids

Among the 1300 —-1500 formally described speciethiwil87 genera) of microsporidia (Wang
et al., 2018), 14 species infect humans, and,esfd/iEnter ocytozoon bieneusi is the most
common and reported to be responsible for more @& of human cases of microsporidiosis
(Matos et al., 2012).

Although light microscopy of stained clinical sme& commonly used for diagnosis of
microsporidia infections in humans and animals (Zégal., 2017), the small spore size and lack
of definitive staining characteristics mean thatedgon ofE. bieneusi by this technique is

difficult (Li et al., 2016). As genotype identifitan cannot be assessed by microscopy, many of
the investigations dE. bieneus infections in cervids (and other hosts) use mokacidols.
Distinguishing between different genotypedobieneus to date has usually been based on
analysis of the ITS region, amplified by nested PTIRe occurrence of both single-nucleotide
polymorphisms (SNPs) and short polymorphic insedior deletions in these sequences is
usually used to identiffz. bieneusi ITS genotypes (Buckholt et al., 2002), and based on
nucleotide divergence within the ITS gene fragmewgr 300E. bieneusi genotypes have been

defined in humans and animals (Wang et al., 2018).

Two pairs of primers (EBITS3 and EBITS4, and EBITe&H EBITS2.4) have mostly been used
to amplify a 390-base pair (bp) fragment of the fdontaining 76 bp of the 3end of SSU-
rDNA, 243 bp of the ITS, and 71 bp offegion of the large subunit (LSU)-rDNA) for stusie
onE. bieneus in cervids (Buckholt et al., 2002). However, amuthtudy used the alternative
primers (MSP-1 and MSP-2B, and MSP-3 and MSP-4B)nmplify a 535 bp sequence, which
also includes the 243 bp ITS gene sequence (Zhaadg 2018).
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Based on ITS sequence identification, an averageapgnce oE. bieneus in cervids of 18.4%
(415/2251) has been reported from the combinedtsasiul5 studies, the majority of which
have been conducted in China and have includezhat 8 different cervid species (Table 5).
Among the studies conducted, genotype BEB6 predatesn having been identified in 40.3%
(170/422) of the known genotypes and in 10 of thdiss (Table 5).

In such studies, zoonotic potential is assessqthlpgenetic analysis of the ITS sequences,
with those isolates d&. bieneusi that cluster with known zoonotic isolates beingsidered to

be potentially zoonotic (Figure 2). Overall, 62feiientE. bieneusi genotypes have been
identified in cervids using ITS sequence-polymospiianalysis (Table 5); of these, around 44%
(27/62) clustered into the group with zoonotic i, thereby raising public health concerns
(Santin and Fayer, 2009). Although a genotype (BEB# is not in the zoonotic potential group
appears to predominate in cervids, the second pmegalent genotype SC03 (9.2%; 39/422),
reported from two studies, clusters in the zoonptitential group. However, most of the

genotypes (54.8%; 34/62) were only identified siregle specimen.

Multilocus sequence typing (MLST) analysis, witlgliresolution and targeting three
microsatellites (MS1, MS3 and MS7) and one miniitg€MS4), has been widely used for
investigating multilocus genotypes (MLG) Bf bieneus in humans and animals (Feng et al.,
2011; Wang et al., 2018). For cervids, this MLSPraach has been used in studies including
bieneusi DNA isolated from samples from red deer, hog deer,dd#lea, and musk deer (Li et al.,
2016; Song et al., 2018). In one study, strainhefsame ITS genotype (BEB6) were identified
as including two different MLGs (Li et al., 201@nd in another study DNA of the potentially
zoonotic ITS genotype, SC03, was reported to irekweb different microsatellite MS3 types
(Song et al., 2018). The significance of the higlesolution of the MLST tool regarding the
zoonotic potential oE. bieneusi in cervids is yet to be clarified. However, thels¢a suggest that
use of a single genetic locus to determine whetherisolates are similar enough to be
considered identical may be insufficient, and nmesuit in strains being incorrectly classified as
indicating a particular transmission source, wheadditional genetic information may provide
a more nuanced and accurate picture. Thus, althowdgcular tools have indicated the potential
for Enterocytozoon spp. from cervids to pose a threat to public heal$ tools become more

discriminatory, our current understanding may regjtevision.
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2.7 Giardia duodenalisin red foxes

Giardia duodenalis, often described as being a ubiquitous protozdamnagor global public

health significance, is commonly found in a ranfjaast species, including humans, domestic
animals, and wildlife (Feng and Xiao, 2011). Howeathough considerable molecular data on
G. duodenalis isolated from samples from various host specigs haen accumulated,
interpreting these data, regarding whether thegessmt zoonotic potential, is not entirely
straightforward; even nomenclature remains contsdak with some authors referring to genetic
clusters as Assemblages A to H (with some sub-assges within these larger groups),
whereas others report the assemblages as reprgsdisiinct species (Feng and Xiao, 2011;
Thompson and Ash, 2016). Indeed, the lack of ctersisystems for characterising and naming
strains from different host species has led to sauntkors claiming “new” sub-assemblage
groups, even when this is based on only a few nfaNPs compared with a previously reported

genotype, and without any other defining epidengmlal traits (Ye et al., 2012).

Nevertheless, it is clear that different assemidageibit different patterns of infection; both
Assemblages A and B have wide host ranges, infgtiiimans and a variety of animal species,
whereas Assemblages C to H are considered to be mast specific, infecting predominantly
canids (C and D), bovids and suids (E), felids (&dlents (G), and pinnipeds (H) (Feng and
Xiao, 2011). Based on this nomenclature and dixisiois common to refer tGiardia cysts
belonging to Assemblages A or B as having zoormtential. However, this is not clear-cut, as
some sub-Assemblage groups apparently are not iodaa., Alll; Sprong et al., 2009), and
there are an increasing number of reports of adegeb other than A and B found in humans
(Caccio et al., 2018).

Various characteristics of the red fox (see TabJerizan that this species is of particular interest
as a reservoir of infections of importance to pubkalth. Nevertheless, although red foxes have
been commonly reported to excr@rardia cysts, the role that they play, if any, in the rzokic
transmission o65. duodenalisis unclear (Onac et al., 2015; Debenham et al.72®ateo et al.,
2017). Dogs are in the same family (Canidae) asddout have a much closer relationship and

contact with humans, and thus a greater potewntighare pathogens. However, dogs tend not to
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be considered an important source of zoonotic tngson, being largely infected with canid-
specific Assemblages C and D (Ballweber et al. 0201

Molecular studies seeking to investigate the paértle of red foxes as a reservoir@f
duodenalis of public health importance, have primarily focusedusing conventional PCR to
amplify sequences within various genetic loci (itthg SSU-rDNA and ITS1 and ITS2, and
targets in glutamate dehydrogenagdhj, triosephosphate isomerasgg ), andp-giardin (g)

genes) to determine the assemblages most commeoelyring (Hamnes et al., 2007; McCarthy
et al., 2007; Beck et al., 2011; Onac et al., 2@ehenham et al., 2017; Mateo et al., 2017). For
sub-assemblage genotyping, SSU-rDNA has insuffigenetic variation, thupi, bg, andgdh,
and, to a lesser extent, ITS1 and ITS2 genetietarge used (Stojecki et al., 2015; Debenham
et al., 2017; Mateo et al., 2017).

In general, however, amplification of these seqesrafG. duodenalis from red fox samples has
a poor success rate, compared v@ttduodenalis from humans and other animals, such as
ruminants. Among those studies in which PCR wakbpeed on samples already confirmed to
containGiardia cysts by immunofluorescent antibody microscopyjlpoor amplification
success was observed across all five of the congena loci (Table 6). 6. duodenalis

isolated from samples from other host species, #3WA appears to provides the greatest
amplification success, probably at least in pa# @it being found in multiple gene copies, and
is therefore often used for detection (ThompsonAsid 2016). However, in these studies on
Giardia from fox samples, even at this locus, good angaitfon was usually not observed.
Similar limitations of PCR have been reported by©at al. (2015), who obtained positive
amplification in 10 out of 217 fox samples at tgegene, but only three of these gave positive
results forG. duodenalis when sequenced, and by Mateo et al. (2017) whairgddd DNA
amplification in seven out of 87 fox samples at&&J-rDNA, but none of these resulted in

amplification by qPCR at thgdh gene.

Due to their close relationship with domestic dagsjay be expected that red foxes would be
primarily infected withG. duodenalis Assemblages C or D (reported to be specific tadcan
hosts; Thompson and Ash, 2016), and the most fretyugetected assemblages in dogs
(Ballweber et al., 2010). However, this does ngtes to be the case, with the majority of

Giardia DNA isolated from red fox samples, and for whitta@acterisation has been successful,
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being found to be Assemblage A or B (Hamnes eR@0Dy; McCarthy et al., 2007; Beck et al.,
2011; Onac et al., 2015). Additionally, Ng et 2011) amplifiedGiardia SSU-rDNA in 32 %
(6/19) of fox samples, and sequence results rede¢aéepresence of Assemblage D in only two
samples, but A and/or E in four samples. Given fitves coexist with domestic dogs infected
with Assemblages C and D, and are known to eattsgdas well as both wild and domestic
ungulates, these findings are both unexpectedraacesting and may suggest that foxes play a
greater role in the zoonotic transmission of tlasagite than dogs. However, most of these
results are based on sequences obtained from &aptif of a single gene locus, and thus

should be interpreted with caution.

Despite some results having been obtained, thergignpoor success of these molecular tools in
investigatingGiardia isolated from the red fox samples (and, to sontergxfrom other canids
also) is interesting when compared with the mudtebeesults obtained using the same tools on
Giardia collected from human or domestic livestock samplase reason for this poor
amplification success could be due to collectionaldes; samples collected from wildlife often
require extended storage and this could impactayBiNA integrity. In addition, the sample
populations are usually non-selected apparentlitthetoxes, rather than symptomatic
individuals suffering from giardiasis, which is tbase in many human studies and sometimes
for studies in domestic livestock. However, givanikr limitations of PCR are seen in other
canids then a more host-specific explanation shbeldonsidered; for example, the faecal
matrix of canids may contain inhibitors that aré accounted for using traditional DNA

extraction or PCR amplification techniques (Stojeatlal., 2015; Sommer et al., 2015).

Overall, although molecular tools have suggestatréd foxes should not be dismissed as
potential reservoirs dbiardia of public health relevance, the apparently poosgwity of
conventional PCR tools for amplifying gene sequsricemGiardia DNA obtained from red
foxes has greatly limited our ability to reach aamiagful conclusion. The most widely used
molecular tools foGiardia investigations remain of limited value for botheltgion and
characterisation dbiardia from red foxes. Until these issues are addressédesolved, our
understanding of the role of this widespread pi@das a reservoir of zoono& duodenalis

will remain limited.
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2.8 Sarcocystis neshitti in snakes

Between the years 1993 and 2014, several outbcakdra-intestinal or invasive muscle
sarcocystosis occurred among travellers returmmm ftentral Malaysia and Malaysian islands.
Until then, reports on muscle sarcocystosis in msitad been relatively rare, although an
unexplained accumulation of reports from South-Bas$4, especially from Malaysia, had been
noticed (Beaver et al., 1979; Kan and Pathmanatt281; Wong and Pathmanathan, 1992;
Fayer et al., 2015). Differences in tissue cystphology between cases had indicated that
variousSarcocystis species were involved and probably humans wergaiiedead-end hosts
(Beaver et al., 1979; Fayer et al., 2015). Moghefcase descriptions from Malaysia were
incidental biopsy findings, with the exception of @autbreak affecting seven members of a 15-
man U.S. military team, for which a positive mudgiepsy was also reported in one of the cases
(Arness et al., 1999).

The most recent outbreaks were large, involvingarban 100 persons, and initiated a more
through diagnostic investigation and follow-up atipnts (Von Sonnenburg et al., 2012;
Abubakar et al., 2013; Esposito et al., 2014;dtadi et al., 2014; Tappe et al., 2014). One of the
characteristics observed in affected humans waghasic course of the disease starting about
two weeks after return from Malaysia, often withidg frequently myalgia, fatigue, and
headache, and, less often, arthralgia. After aodesf remission, a second phase started around
six weeks after return, this time myalgia was thenohating symptom, followed by fever and

fatigue and less often arthralgia and headacheofiispet al., 2014).

Biopsies were taken from the patients involvechimmore recent outbreaks on the Malaysian
islands of Tioman and Pankor, but sarcocysts wietified by histology in only a few patients
(Abubakar et al., 2013; Esposito et al., 2014jdtad et al., 2014). However, using PCR primers
targeting part of the SSU-rDNA locus and originalBveloped to amplif§garcocystis DNA

from ruminants, amplicons were obtained. Sequen@ugaled them to be identical to an SSU-
rDNA sequence obtained from sarcocysts from a eatlng macaqueMacaca fascicularis) in
China that had been suspected to be infectedSaitocystis neshitti (Yang et al., 2005; Tian et
al., 2012).Sarcocystis neshitti had first been described from a rhesus macadaeaca mulatta)
from Northern India (Mandour, 1969). As materiarfr this initial description was not available

for morphological and molecular confirmation thaamdour (1969) and Yang et al. (2005) were
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actually describing the same species, 3freocystis found in these infected patients were
referred to a$. neshitti-like by others (Dubey, 2015).

Phylogenetic analyses (Tian et al., 2012; Abubakai., 2013) of sequences fr@mesbitti-

like parasites fronM. fascicularis grouped this species closeSarcocystis singaporensis (Jakel

et al., 2001) an&arcocystis atheridis (Slapeta et al., 2003), both of which infect ssalBased

on this and further phylogenetic analyses, it apgmbaery likely that sporocysts derived from

the faeces of infected snakes may have been theesoiithe Malaysian outbreaks of extra-
intestinal sarcocystosis (Lau et al., 2013, 20aAYl that people may have become infected by
oral uptake of these sporocysts in, for examplatarainated water or on fresh produce
consumed raw (Lau et al., 2014; Fayer et al., 20Q8)er reptiles, such as monitors, have also
been discussed as potential definitive hosts am@dhrce of the human infections (Tappe et al.,
2013).Sarcocystis neshitti-like sequences were also identified among DNAaiea from faecal
samples from wild reticulated pythoBréghammerus reticulatus) and monocled cobrdNgja
kaouthia) captured in Malaysia (Lau et al., 2013) and dirsent samples from tank and river
water collected at Tioman Island, Malaysia (Shabhal., 2016). The suggested life cycle at that
time included monkeydacaca mulatta, Macaca fascicularis, Cercocebus atys, andPapio

papio) as natural intermediate hosts with snakes (cabdgpython) as definitive hosts (Lau et
al., 2013, 2014). Humans were regarded as abedaad-end intermediate hosts (Dubey, 2015);
their susceptibility may result from the close giggnetic relationship with NHPs, the natural
intermediate hosts.

Although molecular tools assisted diagnosis of shicocystosis outbreak, their diagnostic
sensitivity seems to be low. The first signs ofasive sarcocystosis in people were generally
non-specific (fever, headache, myalgia) and sinidahose seen during other infectious
diseases, including parasitoses such as toxopl&senas trichinellosis. Whether circulating
parasites or parasite DNA could be detected indbtfeearly-stage patients is unknown, and
more sensitive diagnostic methods are necessanndine second phase of invasive
sarcocystosis, patients developed myositis butmbtapositive biopsies nevertheless remains
challenging. Sarcocysts were only observed in fétiEnts in the Malaysian outbreak cohort,
despite intensive searches including examinatianare than 60 sections from a single muscle

biopsy (Esposito et al., 2014). It has been suggdesiat the chance of a positive finding may
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increase should biopsy material be collected friaas svhere magnetic resonance imaging
suggests myositis (Italiano et al., 2014) or sithere muscles are swollen, painful, or show

signs of inflammation (Fayer et al., 2015).

Despite molecular tools having been key in claaifien of the outbreaks of sarcocystosis in
Malaysia, the full identity and life cycle & neshitti is still a matter of discussion. A recent
publication reported a finding & nesbitti-like SSU-rDNA in an Australian scrub python
(Smalia amethistina, sampled at the Cape York Peninsula, QueenslasdyHPs, which were
regarded as the natural intermediate hos& dsbitti are not found in Australia, such a finding
is unexpected (Wassermann et al., 2017). Australamb pythons prey preferentially on birds
and mammals, including rodents and wallabies, hackfore it was hypothesized tig&anesbitti
might actually have a snake-rodent life-cycle, vathmates and humans as aberrant or — due to
low intermediate host-specificity — alternative tso@Vassermann et al., 2017). Thus, it is
possible that the true natural intermediate hostiseS. nesbitti-like parasites that caused the

outbreaks in Malaysia may not yet have been idedtif

Another complication is that the suitability of tS&U-rDNA locus to differentiate between
Sarcocystis spp. is questionable (Gjerde, 2013; Poulsen a@as8bld, 2014; Dubey, 2015), and
someSarcocystis species that are phylogenetically closely relatee actually biologically
distinct from each other (e.darcocystis neurona, Sarcocystis falcatula; Dubey, 2015). Thus,
although theSarcocystis species in NHPs, snakes, and humans have verlasi@8U-rDNA
sequences, it is possible that they belong tordiffiespecies, with their own distinct life cycles

and host ranges.

Based on research @arcocystis species in domestic and wild ruminants, the IT&&L$ and
parts of the LSU-rDNA gene may also be valuablgets for further characterizations (Gjerde,
2016). Furthermore, sequencing the partial mitodnahcytochrome c oxidase subunit | gene
(cox1) may offer a useful possibility for distinguishibgtween even closely relat&arcocystis
species (Gjerde, 2013, 2016). Howewex1-based tools may be of limited suitability for
investigations of crude clinical or environmentahgles in which parasite DNA is not enriched.
Although the analytical sensitivity is not yet chetierized, it is likely to be much lower than
those targeting the SSU-rDNA locus. The ideal makactargets for resolving tHe nesbitti

guestion would be species-specific targets inclgidiighly repetitive gene elements, similar to
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those developed fdroxoplasma gondii (Burg et al., 1989; Homan et al., 2000). Howewatt)
the limited availability of reference material, tidentification of such repetitive elements

currently seems out of reach.

In conclusion, although SSU-rDNA sequencing waseswely helpful in identifying potential
sources and routes of transmission, and obvioudgdan the establishment of interventions to
reduce the likelihood of further human infectiotiee heading in one of the early reviews is valid

still “Unsolved mysteries: The source of infectiori (Tappe et al., 2013).

2.9 Toxoplasma gondii in bobcats

Wild felids are important in the sylvatic cycle Tdxoplasma gondii. In a study ofT. gondii
infections in feral domestic and wild felids in @atnia, USA,T. gondii DNA was detected in
49 of 166 feral catdHelis catus), 10 of 73 mountain liond2(ma concolor), and 11 of 27 bobcats
(Lynx rufus) (VanWormer et al., 2014). The researchers comdubtat wild cats that come in
contact with feral and domestic cycles may intradatypical genotypes to domestic cats and
thereby facilitate the transmission of potentialigre virulent genotypes to humans, domestic
animals and wildlife (VanWormer et al., 2014). vat study, bobcats, with > 40%
seroprevalence, seemed to be more likely to beesttive, and thus, presumably, more exposed
to T. gondii infection than the other wild or feral cats invgated. This subject is of more than
simply academic interest, because atypical genetgpeulating in wildlife have been found
recently in humans in the USA (Pomares et al., 20h8&ddition, atypical genotypes were

identified in cases of fatal human toxoplasmosiBriench Guiana (Carme et al., 2009).

In North America, the bobcat is a common wild fediad could play an important role in the
transmission oT. gondii. There are millions of bobcats in the USA (Robartd Crimmins,

2010) and theill. gondii seroprevalence tends to be high. It was shownqursly that 71%
(15/21) of bobcats from northern California (Riemaat al., 1975), 52% (30/58) from the US
and Mexico (Kikuchi et al., 2004), 83% (109/1319rfr Pennsylvania (Mucker et al., 2006), and
100% (35/35) from Mississippi (Verma et al., 202Wgre seropositive foF. gondii. These data
are not dissimilar to those of domestic cats inUls\, ranging from 34-100% depending on cat

type, age, and habitat (Dubey and Jones, 200&)sfekisting entirely on a prey diet are more
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likely to be infected than domestic cats that acednly canned or dried food. Given the high
infection rates, bobcats are probably responstdia fvery high (> 65%]. gondii infection rate

in deer in USA. In 2004, unfrozen samples (bloairh tongue, and faeces) were collected from
35 free ranging wild bobcats from Mississippi, USAxoplasma gondii antibodies were

detected in serum by the modified agglutination {&5:200) in all 35 bobcats. Hearts from all
bobcats were bioassayed in mice and vidblgondii was isolated from 21; these strains were
further propagated in cell culture. AdditionallyNB was extracted from digests of tongues and
hearts of all 35 bobcat$; gondii DNA was detected in tissues of all 35 bobcats. Gene
characterization of DNA from cell culture-derivesbliates was performed by multiplex PCR
using 10 PCR-RFLP markers. Results showed that DBxgenotype #5 predominated (in 18
isolates) with a few other genotypes (#24 in tvadates, and #2 in one isolate). The genotype #5
(also known as clonal type 12) is a major genotgpeildlife in North America (Dubey et al.,
2011; Khan et al, 2011). From the above 35 bob&8Z&-DNA sequencing at two polymorphic
marker loci, GRA6 and GRA7, detected mixed stramsnfecting the tissues of bobcats; most
possessing Type 1l ToxoDB genotype #1 or #3 allat6sSRA7 versus Type X (type 12,

ToxoDB genotype #5) alleles at GRA6 (Verma et2017). These results suggest that

individual bobcats have been exposed to more tharparasite strain during their life time.
Together with high seroprevalence, the data sudhasthese bobcats were exposed and

contributed to a high level of contamination ofitlevironment withT. gondii.

Genetic typing off. gondii strains has evolved since the seminal study ofédamd Sibley

(21995) who first used six multilocus PCR-RFLP maski® study genetic diversity. This method
is simple, cost-effective, and, as no special egeint is needed, it is cheaper than MLST typing.
Later, a multiplex multilocus PCR-RFLP method waseloped using 10 markers (Su et al.,
2010). This method improved resolution in distirgiumg differentT. gondii strains, and as it is a
nested PCR, it is more sensitive. This effort gatezf an integrated database to reveal global
gondii diversity (Su et al., 2012), distribution of geypés world-wide (Shwab et al., 2014), and
partition of genotypes into a spatial gradient anomal species in North America (Jiang et al.,
2018). Surprisingly, the phylogenetic network gated from the PCR-RFLP data is similar to

that obtained from whole genome sequence datarfkzoes al., 2016).
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There is very little variation in SSU-rDNA @t gondii, so it is not a useful marker for
genotyping (strain identification). However, dughe high copy number of this gene, it is an
excellent marker for identification @t gondii infection. Currently 10 PCR-RFLP markers,
including SAG1, SAG2, SAG3, BTUB, GRAG, c22-8, c29L358, PK1, and Apico, are used
for genotyping. Among these markers, c22-8, c28q2, L358 are non-coding polymorphic
DNA sequences, Apico is an intron sequence in piegalast, and the others are polymorphic

genes.

Toxoplasma gondii genotype data from humans is very limited dudé&olimited access to

human tissue for isolation and characterizatiothefparasite. Indeed, > 90% of existing
genotype data om. gondii is derived from animal sources. However, the a@kpiew is that
humans can be infected by all sub-types. With eyt the interplay with bobcats, human
infection may arise indirectly from bradyzoitesundercooked meat from domestic or game
animals that have themselves been infected viast®oyiginating from the faeces of bobcats, or
directly from oocysts in contaminated water, swoilfresh produce consumed raw. It should also

be noted that bobcat meat is exported for humaswuoption, and may also be eaten by hunters.

The virulence of different. gondii strains is also of relevance. Experimental studas
confirmed that some genotypes are lethal to mitereas others are non-lethal, and that the
virulence phenotype is linked to polymorphic vinute genes ROP18 and ROP5 (Shwab et al.,
2016). Although epidemiological data are clear dmaheT. gondii genotypes are more virulent
to humans than others, we do not have sufficigotimation at present to know whether
particular genotypes associated with particuladhf@ species are more or less likely to be
virulent in humans. This is clearly an area thatlddoe usefully explored using the molecular

tools available.

3. Conclusions

The number of wildlife species that may be hostsri@ric protozoan parasites of potential
zoonotic importance is huge. However, regardlesshather a particular protozoan can infect
both humans and a particular wildlife species,phblic health importance is determined not

only by that possibility, but also by the likelindof transmission occurring, along with the
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severity of disease from any infections that maseaRather than consider each enteric
protozoan of potential zoonotic importance and mershow molecular tools have contributed to
our understanding of different wildlife specieg@servoir hosts, we have decided to use selected

parasite-host pairs to illustrate some of the prsgiand frustrations in this field.

Although these different example vignettes malabeiar that there is no simple answer, it is also
obvious that the use of molecular tools for différprotozoa in different wildlife hosts has
enabled improved understanding of the complexitthefsituation. These examples also
highlight the challenges of applying molecular std unravel this complexity and to gain a
better understanding of the extent to which enfaratozoa in wildlife may present a threat to
public health. For each of our selected parasitdifa host pairs, we summarize in Table 7
three of the major advances and challenges assdaiath the use of molecular tools to

investigate zoonotic potential.

Among the commonalities in the advances, are theasing accumulation of data and
sequences and an improved understanding of thegényy, interrelationships, and differences
between species (although a related challengdlfierthat some of the main sequence data
resources are not curated, and contain errors).ngrttte commonalities of the challenges are
that the DNA from protozoan transmission stagdaécal samples or environmental samples is
not always easily accessible for amplification, amaly be in small quantities or be of low
guality. This encourages researchers to use mpitigenes, such as SSU-rDNA, as targets for
amplification. However, as these are well consertteely do not necessarily provide the
necessary resolution to determine whether two senjlar sequences are actually derived from
the same genotype or even the same species. Asutarléools become more sophisticated,
enabling easier and faster comparison of greatetiches of the genome, up to whole genome
sequencing, we may find that different strainsiofilar parasites that we previously combined
in the same sub-type due to being very similarvenadentical at one genetic locus, are actually
very different at other loci. The extent and megrohthese similarities and differences will
require careful interpretation; even strains thpgdear different may still utilize the same

spectrum of hosts.

In conclusion, molecular tools have provided uswaiore information about the possibility that

several enteric protozoa from wildlife may infecinhans, resulting in cases or outbreaks of
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diseases occurring that have not necessarily edudied in important articles on this subject.
The usefulness of these tools to indicate plausiblesmission sources and routes for specific
cases or outbreaks has been well proven. Nevesthdlas is not the end of the story, and
molecular tools often only indicate the possibitiat a particular protozoan parasite may be
zoonotic, not that it is. Nor do these tools neagBgindicate the likelihood of transmission
occurring or the impact, both of which are relewahen assessing a threat. Well-designed
traditional epidemiological studies, experimentabges to confirm reservoir hosts, and
identification of markers for virulence are all ionpant approaches that should not be
overlooked for ensuring that the results obtain@dgimolecular tools are useful and of
relevance when considering potential public heiafijpacts.
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Figure legends

Figure 1. Phylogenetic relationships among genotypesraephalitozoon cuniculi,

Encephalitozoon hellem andEncephalitozoon intestinalis based onA) partial sequences of

internal transcribed spacer gene (ITS), Bhgartial sequences of polar tube protein gene (PTP).
Numbers at the nodes represent the bootstrap vghuesg more than 50% support based on
1000 replications. Phylogenetic trees were infelngthe Neighbor-Joining method with the A)

Jukes-Cantor and B) Kimura 2-parameter models ilGME& software.

Figure 2: Phylogenetic relationships of tEmterocytozoon bieneusi genotypes identified in
cervids. The phylogenetic tree was inferred witieaghbour-joining analysis of tHe bieneusi
ITS sequences, based on distances calculatedheitkimura two-parameter model. Bootstrap
values > 50 % from 1,000 replicates are shown emtdes. Th&. bieneusi-ITS genotypes
detected in cervids (more than one isolate) arevshand those isolates that clustered into the
same clade as those considered to be zoonotioas&dered to be in Group 1, the “potentially

zoonotic group”.
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Table 1: The 35 protozoa (and one incorrectly classifiebirtinth) responsible for the EID

events included in the database, as extracted Supplementary Table 1 (Jones et al., 2008)

L ocation® Driver? and Wildlife Classification (enteric or
association (0, N, W, U)® otherwise)*
Angiostrongylus Taiwar International travel & Incorrect classification &
cantonensis commerce (W) protozoan -A. cantonensis
is a nematode
Babesia divergel Easterr Land use changes ( Vectorborne(notenteric)
Europe
Babesia micro us Land use changes (! Vectorborne(not enteri)
Babesia micro-like Croati¢ Human susceptibility t Vectorborne (not enteri
infection (W)
Babesia micro-like us Human susceptibility t Vectorborn: (not enteric
WA1l-type infection (W)
Balamuthia mandrillari  US Human susceptibility t  Freeliving amoeb.
infection (W) (probably not enteric)
Brachiola vesicularum Czech Human susceptibility to  Microsporidian (enteric
Republic infection (0) association unknown)
Cryptosporidium parvum  US L and use changes (N) Coccidian-like (enteric)
Cyclospora cayetanensis PapuaNew  Human susceptibilityto  Coccidian (enteric -
Guinea infection (U) limited zoonotic potential
for this species)
Encephalitozoon Switzerland Human susceptibility to  Microsporidian (maybe
cuniculi infection (W) entericin some hosts)
Encephalitozoon hellem  US Human susceptibility to  Microsporidian (maybe
infection (W) entericin some hosts)
Encephalitozoon us Human susceptibilityto  Microsporidian (enteric)
intestinalis infection (0)
Enterocytozoon bieneusi  Haiti Human susceptibilityto  Microsporidian (enteric)
infection (N)
Giardia duodenalis us Human demogr aphics Flagellate (enteric)
& behavior (0)
I sospora (Cystoisospora)  US Human susceptibilityto  Coccidian (enteric)
belli infection (0)
Leishmania donova German Human susceptibility t Vectorborne (not enteri
infection (W)
Leishmania infantu Southerr Land use changes (! Vectorborne (not enteri
Europe
Leishmania tropic Saudi War and famine (W Vectorborne (not enteri
Arabia
Nosema connori Japan Human susceptibilityto  Microsporidian (enteric
infection (0) association unknown)
Plasmodium falciparur ~ Venezuel Antimicrobial agent us  Vectorborni (not enteric
chloroquine-resistant 0)
P. falciparum Thailanc Antimicrobial agent us  Vectorborne (not enteri
mefloquine-resistant 0)
P. falciparummultiple Thailanc Land use changes Vectorborne (not enteri
drug-resistant
P. falciparumproguani-  Malaysie Antimicrobial agent us  Vectorborne (not enteri

resistant

(0)




P. falciparumquinine- Thailanc Antimicrobial agent us  Vectorborne (not enteri
resistant 0)
P. falciparum Thailanc Antimicrobial agent us  Vectorborni (not enteric
sulfadoxine- 0)
pyrimethamine-resistant
Plasmodium vive India Breakdown of public Vectorborne (not enteri
health measures (0)
P. vivaxchloroquine Papua Nev War & famine (0 Vectorborne (not enteri
resistant Guinea
P. vivaxproguani- Malaysie Antimicrobial ager use  Vectorborne (not enteri
resistant 0)
Toxoplasma gondii Various Human susceptibilityto  Coccidian (entericin
infection (N) definitivefelid host)
Trachipleistophora Czech Human susceptibilityto  Microsporidian (enteric
anthropophthera Republic infection (0) association unknown)
Trachipleistophora Australia Human susceptibilityto  Microsporidian (enteric
hominis infection (0) association unknown)
Trichomonas vaginal us Human susceptibility t Flagellatt (not enteri)
infection (0)
Trichomonas vaginali Austrie Antimicrobial agent us  Flagellat« (not enteriy)
metronidazole-resistant 0)
Trypanosoma bruce Democratic War & famine (W Vectorborne (not enteri
gambiense Republic of
Congo
Trypanosoma bruce Sudal Breakdown of public Vectorborne (not enteri
rhodesiensis health measures (W)
Trypanosoma cru Brazil Land use changes (! Vectorborne (not enteri

1: The location column is based on the locationgiedions used in Table 1 of the

Supplementary Material of Jones et al. (2008)hengenultimate column of that table headed
“Location”. When a single location is given thiscigpied verbatim for the country or region
heading, regardless of political affiliation. Hoveeymore specific pinpointing provided in the
original table (such as city, county, or even tugiton) are not included in the current table.
Furthermore, where several countries were notedave grouped them if feasible (e.g., Eastern
Europe forBabesia microtirather than the various countries listed)

2: The drivers written in this column have beeniederbatim from the “Driver” column used
in Table 1 of the Supplementary Material of Jortes.g2008).

3: The wildlife association designations used laeecbased on those used in Table 1 of the
Supplementary Material of Jones et al. (2008), iipalty, the column in the original table
described as “Zoonotic type”. Derived directly frohe definitions used for that table (although
with a different coding system), with the variadkfinitions copied verbatim from those
provided by Jones et al. 2008, 0 means non-zoofditease emerged via human to human
transmission); N means non-wildlife (zoonotic ENZEat caused by a pathogen with no known
wildlife origin); W means wildlife (zoonotic EID @nt caused by a pathogen with a wildlife
origin); and U means unspecified (zoonotic EID éwaused by a pathogen with an unknown
origin).



4. The classifications used in this column aredssived directly from Table 1 of the
Supplementary Material of Jones et al. (2008) eladt for the purposes of the current article, a
very brief description indicates whether each protocould be considered as enteric.



Table 2: Overview of enteric protozoa (including Microsptia andBlastocystiy and a potential
wildlife host species selected for review in thiscke, including the reasons for their inclusion.

Enteric Brief description Wildlife Host characteristics of relevanceto
protozoan (definitive)  transmission of enteric protozoa from
parasite host® wildlife hosts to people
Balantioidescoli  Ciliate: relatively large Wild boar  Sus scrof: most widespreaspecies o
(Balantidium trophozoites inhabit the wild pig. Distribution from Western
coli) colon and caecum of the Europe to the Far East and Southeast
host. Both asexual and Asia. Introduced populations on all
sexual replication. continents except Antarctica. High
Transmission via cysts in reproductive rate. Suitable habitats
environment. include mixed landscape (agricultural
fields and forest). Likely to contaminate
environments where humans work, have
leisure activities, and produce food.
Blastocystis sp. Stramenopiles: exist i Rodents Very diversified mammalian orde

Cryptosporidium
SPp.

Encephalitozoon
SPp.

Pathogenic
Entamoeba spp.

several different

morphological forms —

vacuolar, granular, and

amoeboid - that inhabit

the intestine.

Transmission via cysts in
environment.

Apicomplexan: numerot  Wild fish
(>30) species.
Sporozoites invade
epithelial cells.
Epicellular location.

Both asexual and sexual
replication.

Transmission via oocysts
in environment.
Microsporidian

host cells infected via an
extruded polar tubule that
injects infective
sporoplasm.
Multiplication within cells
by merogony and
schizogony.

Spores released by cell
bursting; transmission
stage in environment.
Amoebozoan Non-
trophozoites inhabit large human
intestine and multiply by primates
binary fission. (NHP)
Transmission via cysts in
environment.

Wild birds

living in huge numbers on all continents
except Antarctica. Inhabit a wide variety
of terrestrial habitats, including man-
made environments. Many species are
considered pests. Likely to contaminate
environments where humans live and
produce food.

Some wild fish species represent

only a food source for humans, but may
also inhabit waterways used as drinking
water sources or for recreation.
Defecation into water favours survival
for parasite transmission stages, but also
may enable wide dissemination.

With birds living and breeding in neal

all terrestrial habitats and all continents,
and some migrating over vast distances,
birds provide a mechanism for
dissemination of transmission stages of
enteric protozoa into all environments,
including urban and agricultural,
depending on bird species.

The close taxonomirelationshig
between humans and NHPs facilitates
transmission of pathogens between
them. Drivers such as urbanization,
habitat fragmentation, deforestation,
tourism, increase the likelihood of
overlap between habitats.




Enterocytozoon
bieneusi

Giardia
duodenalis

Sarcocystis
nesbitti

Toxoplasma
gondii

Microsporidan Wwild
infects intestinal epithelial cervids
cells via injection of

sporoplasm through a

polar tubule.

Multiplication within cells

by merogony and

schizogony.

Transmission via spores

in environment.

Flagellate (Ordei Red foxes
Diplomonadida):
trophozoites inhabit small
intestine and replicate by
binary fission.
Transmission via cysts in
environment.
Apicomplexan with twc
host (prey, predator) life
cycle. Sexual
reproduction in intestine
of definitive host.
Asexual reproduction in
sarcocysts in muscle of
intermediate host.
Oocysts shed in faeces
and may lyse, releasing
two sporocysts;
transmission stages in
environment.

Snakes are indicated as
definitive hosts forS.
nesbitti.

Apicomplexan with twc
host (prey, predator) life
cycle. Felids are definitive
host.

Asexual reproduction in
bradyzoites in muscle of
intermediate host.
Sexual reproduction in
intestine of definitive
host.

Oocysts transmission
stage in environment.

Snakes

Bobcat

Deer are widely distributed, ai
indigenous species are found in all
continents, except Australia and
Antarctica. Some live in sizeable
populations. Depending on species,
cervids occupy different biomes, from
tundra to tropical forest, but mostly
inhabit mixed habitats. Adjacent
croplands benefit several species, and
enable contamination of environments
where human food is produced. Further
human interaction as many species are
important game animals.

Vulpes vulpe: widely distributec
member of the Carnivora. Occurs
throughout the northern hemisphere,
adapting rapidly to new environments
and food sources. Very successful at
adapting to and colonizing urban
environments.

Although snakes do not possess spe
characteristics that are relevant for
transmission of enteric protozoa to
people, they are the wildlife species that
has been associated with transmission of
S. nesbittio humans.

Lynx rufu: although not possessil
specific characteristics relevant for
transmission of enteric protozoa to
people, felids are the only definitive
hosts ofToxoplasmaBobcats range
from southern Canada to central
Mexico, including most of the USA.
Living near agricultural areas, prey
population are a main driver for
distribution, unrestricted by human
populations, provided a suitable habitat
is available.




a: The wildlife (definitive) hosts listed here are not the only wildlife hosts for the parasite under
consideration, but those selected for consideration for the purpose of this article.



Table 3: Cryptosporidiunspecies and genotypes reported in wild fish usiogecular tools.

GenBank
. . . 0 o
Species Hogt Marine/ S|te(_)f Overall % accession gp60 . Reference
Freshwater  Infection Prevalence number subtype*
(SSU-rDNA)*

Gilthead sea brean$parus Marine HM243548 ) B

aurata), European sea bass Stomach ' Alvarez-Pellitero and Sitja-
C. molnari (Dicentrarchus labrax (and 5-25 HM243550, - Bobadilla, 2002, Palenzuela

intestine) HQ585890 etal., 2010
C. molnari Northern pike Esox luciu} Freshwater - 40 KP939354 - Certad et al., 2015
C. scophthalmi Turbot Scophthalmus maximus Marine Intestine 100 KR340588 - Alvarez-Pellitetaal, 2004
qutOSpo”d'um Mullet (Mugil cephalu} Marine Intestine 2 GQ925452 - Reid et al., 2010
Piscine genotype 3
C. scrofarum School whiting Gillago vittatg Marine - 4 - - Reid et al., 2010
C. xiaoi School whiting Gillago vittatg Marine = - - Reid et al., 2010
C. parvum School whiting Gillago vittatg Marine Intestine 2 - 11aA18G3R1 Reid et al., 2010
Mackerel scad
C. hominis Marine - 3 - IdA15G1 Koinari et al., 2013
(Decapterus macarell)s
Mackerel scad 4 o
C. parvum Marine - 7 - llaA15G2R1 Koinari et al., 2013
(Decapterus macarellyys

. . , llaA19G4R1 o

C. parvum Silver barb Puntius gonionotys Freshwater - 2 - Koinari et al., 2013
Arctic char Salvelinus alpinus 1laA15G2R1,
European whitefishGoregonus 33-100 KP939335, laA16G2R1,

C. parvum lavaretug, European perch Freshwater Intestine KP939337, laA17G2R1 Certad et al., 2015

(Perca fluviatilig and roach KP939351

(Rutilus rutilug

* in most cases either only one isolate was idedtifieonly one or no representative sequence wasied to GenBank

** correspondinggp60subtype identified in samples that were positoresitherC. hominisor C. parvumat the SSU locus



Table 4. Zoonotic potential oEncephalitozooimtestinalis E. cuniculiandE. hellemand their
genotyping at various gene targets (Galvan e2@l3; Mathies et al., 1999; Xiao et al., 2001).

Species Genotype Zoonatic
ITS Ssu? PTP? SWP-1 IGS-TH IGS-HZ potential
E. 6 7
intestinalis i i i NA NA ) Yes
| - | la, Ib NA NA Yes
E cuniculi I - Il I NA NA Yes
- cunicul I - I llla, b NA NA Yes
\Y - NA NA NA NA Yes
1A 1A 1A NA 1 1 Yes
1A 1A 1B NA 2 1 Yes
1A 1C 1C NA 2 2 Yes
E. hellem 2 NA 2A NA NA NA No
2 2B 2B NA NA NA Yes
3 NA 2C NA 3 NA No
3 NA 2D NA NA NA Yes

the internal transcribed spacer (ITS) of the rRNKAe small subunit rRNA (SSUSthe polar
tube protein (PTP)'the sore wall proteinl (SWP-1):’the intergenic spacers of the ribosomal
genes®not differentiated into genotype®yA: sequence of the gene is not available



Table5. The presence and distributions of different ggoes$ ofEnterocytozoon bieneusi cervids

Species Collection sites % prevalence  ITSGenotype(no.) Potentially zoonotic Reference
t
(positiveltotal) genotypes

Sika deerCervus nippo)* China: 33(28/86 BEBG6 (20), HLJIL-I (1), HLJID-II (1), HLJD-II, HLID-III Zhao et al., 201

Heilongjiang and HLJD-III (1), HLID-IV (1), HLJID-V (4)

Jilin
Red deerCervus elapht)? China: 20 (1/5 HLJD-V (1) - Zhao et al., 201

Heilongjiang
Pere David'sdeer Elaphurus China: Henal 34 (16/47 Type IV (4), EbpC (4), EbpA (4), BEB type IV, EbpC, Ebp. Zhang et al.
davidianu$® (2), COS-I (1), COS-II (1) 2015
Wild reindeers Rangjifer China: Northeas 17 (21/125 Peru6 (6), CHI-RD1 (12), CHMRD2 Peru6, CHI-RD1, Liu et al., 201
tarandug® forest region of (1), CHN-RD3 (1), CHN-RD4 (1) CHN-RD2, CHN-RD3,

Great Hinggan CHN-RD4

Mountains
Sika deerCervus nippo)* China: Jilin 7 (23/326 J (11), BEB6 (4), EbpC (1), KI-1 (1), CHN-DC-1, KIN-1, Zhang et al.

CHN-DC1 (1), JLD-1 (2), JLD-2 (2), EbpC, JLD-2, JLD-3 2016
JLD-3 (1)

Hog deer Axis porcinu)? China: Sichua 75 (3/4 BEB6 (2), CHS9 (1 - Li et al., 201
Red deerCervus elapht)? China: Sichua 25 (1/4 BEB6 (1 - Li et al., 201
Sika deer Cervusnippor)? China: Sichua 50 (2/4 BEBG6 (1), SCO03 (: SCO: Li et al., 201
Red deerCervus elaphy)® China: 8 (8/104 BEBG6 (7), HLIL-VI (1) HLJD-VI Zhao et al., 201

Heilongjiang and

Jilin
Siberian roe deeCapreolus  China: 11 (2/18 BEB6 (2 - Zhao et al., 201

pygargu$’®

Heilongjiang and
Jilin




Sika deerCervus nippo)* China: Henan an 36 (215/599 BEB6 (129), HLJI-I (18), EbpC (3) D, HND-I, EbpC, HNL- Huang et al.
Jilin HLJID-IV (2), COS-I (1), EbpA (1), D  IlI, JLD-I, JLD-II, JLD- 2017
(1), ILD-I (7), ILD-II (5), HND-I (4), I, JLD-IV, JLD-V,
JLD-1II (2), HND-II (1), JLD-IV (3), JLD-VI, EbpA
JLD-V (2), JLD-VI (5), HND-III (1),
JLD-VII (1), JLD-VIII (16), JLD-IX (1),
JLD-X (1), HND-IV (1), JLD-XI (2),
JLD-XII (1), JLD-XIV (7)

Red deerCervus elaphy)* China: Henan an 38 (6/16 BEBG6 (2), JLL-IV (3), JLD-XIII (1) JLD-IV Huang et al.
Jilin 2017
Musk deer Moschus China: Sichual 17 (38/223 SCO03 (38 SCO: Song et al., 201
berezovsk)f
White-tailed deerOdocoileus USA: Maryland 33 (26/80 WL4 (11), 1 (7), J (1), LW1 (1) - Santin anc
virginianug® DeerEb1-DeerEb13 (one each) Fayer, 2015
Wwild dee? Australia: 4 (25/610) D (3), J (1), Type IV (1)MWC_d1 (19), D, Type IV, MWC_d1, Zhang et al.
Melbourne MWC_d2 (1) MWC_d2 2018
Total China, USA, 18% (415/2251) Potentially zoonotic genotypes are in bold f
Australia

BEB6 (170),SC03 (39), MWC_d1 (19), HLID-I (19), JLD-VIII (16), J (13)CHN-
RD1 (12), WL4 (11),EbpC (8), | (7), JLD-XIV (7),JLD-I (7), ILD-IV (6), Peru6
(6), ILD-11 (5), ILD-VI (5), HLID-V (5), TypelV (5), EbpA (5), D (4), HND-I (4),
HLJID-IV (3), JLD-1 (2),JLD-2 (2), JLD-III (2), JLD-XI (2),ILD-V (2), COS-I (2),
COS-Il (1),KIN-1 (1), HLJD-II (1), HLJID-III (1), HLJID-VI (1), CHN-DC1 (2),
CHN-RD2 (1), CHN-RD3 (1), CHN-RD4 (1), JLD-3 (1), JLD-VII (1), JLD-IX (1),
JLD-X (1), JLD-XII (1), JLD-XII (1), CHS9 (1)HND-II (1), HND-IIl (1), HND-IV
(1), LW1 (1),MWC _d2 (1), DeerEb1-DeerEb13 (one each)

" Mixed infections

! Farmed deef: Zoo deer? Forest farmed' Deer breeding centrayVild deer
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Table 6: Amplification of Giardia duodenaliDNA by PCR at different gene loci for isolatesrfroed fox samples already confirmed
to containGiardia cysts by immunofluorescent antibody microscopy.

Country % prevalenceby IFA" Amplification at genestargeted for PCR Assemblages Reference
(number positive/ (successful amplification/isolates tested) reported
samples examined) SSU-rDNA? BG® TPI* GDH® ITS1& ITS?®
Croatic 5 (3/66 1/3 NA"  0/3 NA’ 0/3 A Beck et al., 201
Norway 5 (13/269 NA’ 1/3  NA’ 7/12 NA’ AandE  Hamnes et al., 20
Polanc 19 (4/21 NA’ 0218 NA’ NA’ NA’ - Stojecki et al., 201
Swede| 45 (46/104 0/14 0/14 4/14 0/14 NA’ B Debenham et al., 20

Yimmunofluorescent antibody microscopgmall subunit rDNA? p-giardin:“triosephosphate isomerasgiutamate dehydrogenaSe;
internal transcribed spacer loci 1 andrit attempted®PCR was performed on all samples, not only thoséipe by IFA.
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Table 7: Overview of advances and challenges associatidtiaé use of molecular tools for understandingaiiglic health threat
from enteric protozoan parasites in specific widhost species.

Enteric Wildlife Use of molecular tools for under standing the public health threat from enteric protozoain wildlife
protozoan host
parasite Main advances made Challenges and remaining hurdles
Balantioidescoli  Wild 1. Resolution of the taxonom 1. Changes in taxonomical status over time meaighke curren
(Balantidium boar position of the genus. genus name still not used widely.
coli) 2. Evidence that there is only a single 2. Published genetic data currently not extensivedémparative
species. studies; currently only a couple of genetic markerge been used.
3. Confirmation that the speciesis 3. Within-cyst sequence polymorphisms may creatéusion.
zoonotic. 4. The importance of wild boar (and other wildkgecies) as a
reservoir for human infection remains unresolvespite improved
knowledge of zoonotic potential.
Blastocystis sp. Rodents 1. Greater understanding of t 1. The interaction between different STs and th&t hdcrobiome i
phylogeny of the genus. not yet understood.
2. Improved understanding of subtype&. Phylogenetic studies sometimes inconsistentB@ek
(STs) and their host specificity. sequences that are rgiastocystis
3. ST discrimination based on SSU- 3. The importance of rodents (and other wildlifecps) as a
rDNA. reservoir for human infection remains unresolvesbite
knowledge of zoonotic potential for some STs.
Cryptosporidium ~ Wild fish 1. Greater understanding of t 1. Differentiation between true infecns of fish and carriage n
Spp. phylogeny of the genus. always clear.
2. Considerable data accrued on 2. Many of the studies are ad hoc and preliminarthout
Cryptosporidiunspecies (and some onepidemiology-based planning.
subtypes) found in some fish species, 3. The importance of wild fish (and other wildlgpecies) as a
although most studies on wild or reservoir for human infection remains unresolvexpite
aquarium fish. knowledge of zoonotic potential for sor@eyptosporidiumspecies.
3. Understanding that wild fish may
harbour both zoonotic species and fish-
specific species.
Encephalitozoon  Wild 1. Greater understanding of t 1. Spore shedding intermittent, and therefore esktersampling
spp. birds heterogeneity within and between required.

species.
2. Considerable data accrued on

2. Broad host range can limit the value of genatggdor
determining zoonotic potential.
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Pathogenic
Entamoeba spp.

Enterocytozoon
bieneusi

Giardia
duodenalis

Sarcocystis
nesbitti

Non-
human
primates
(NHPs)

Wild
cervids

Red foxes

Snakes

Encephalitozooispecies and subtyp 3. The importance of wild birds (and other wildlfpecies) as

at different genes, enabling reservoir for human infection remains unresolvexpite
comparisons. knowledge of zoonotic potential for some speciasganotypes.
3. Genetic loci recommended for

routine investigations

1. Understanding that different spec 1. Although SSLrDNA sequence divergence betw¢E. histolytice

of morphologically identical andE. disparis over 2%, it is below 1% fdE. histolyticaandE.
Entamoebawith different nuttalli, so primer design is crucial.

pathogenicity, infect humans. 2. Predictive markers for invasiveness are yeetalbntified.

2. ldentification ofEntamoeba nuttalli 3. The importance of NHPs as a reservoir for humgattion

in NHPs. remains unresolved, despite an improved understgradizoonotic

3. Realisation that, should suitable  potential for some species.
circumstances arise, humans and NHPs

may be infected by the same

Entamoebaspecies.

1. Greater understanding of t 1. Identical subtypes at one gene may differ whattilocus
heterogeneity within thE. bieneusi genotyping is applied.
species. 2. The significance of results from higher resantiools is yet to

2. Phylogenetic analysis can be used te understood, and more discriminatory tools mggr alur
determine potentially zoonotic isolatesunderstanding.

3. Cervids may harbour zoonotic 3. The importance of cervids as a reservoir for &imnfection

genotypes. remains unresolved, despite an improved understgrafizoonotic
potential for some isolates.

1. Understanding that foxes m 1. Amplification of DNA fromGiardia isolates in fox faeces ofte

harbour zoonotic assemblages. unsuccessful.

2. Dogs and red foxes appear not to 2. Low resolution from SSU-rDNA.

harbour the same assemblages. 3. The importance of red foxes as a reservoir flondn infection

3. Understanding that PCR may not remains unresolved, despite an improved understgrafithe
provide most sensitive identification zoonotic potential for some isolates.

method for some isolates or isolates in

some matrices.

1. Phylogenetic analyses usec 1. Lack of accessible material hinders developroéappropriate
indicate potential definitive hosts. tools, with high sensitivity and sufficient resadut.

2. Potential lifecycles indicated by 2. Natural intermediate hosts still not necessadigntified.
detection of particular sequences. 3. Although snakes may be a reservoir for humaeciidn, their
3. ldentification of potential importance in transmission seems to be uncleaséterity of
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Toxoplasma
gondii

Bobcat

transmission routes enabling plann
of appropriate interventions.

1. Greater understanding of t
heterogeneity within th&. gondii
species.

infection means that ev infrequent infections or outbreaks may
considered of public health importance.

1. Lack of accessible material from human infedioreans the
our knowledge of the strains of greatest publidthesgnificance is
limited.

2. Several useful PCR-RFLP markers 2. Identification of markers for pathogenicity walgsist in

have been identified.

3. Global database developed from
PCR-RFLP markers supported by
whole genome sequencing data.

determining those strains of greatest virulence.

3. Although bobcats are a reservoir for human tidactheir
importance remains unresolved; information on thalence of
isolates associated with bobcats would be useful.
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Highlights

» Wildlifeisapotential reservoir of disease agents that may infect humans

» Thepublic health threat from enteric protozoain wildlife is poorly understood

* Molecular tools may help in understanding this threat, but may also confuse

* Weuse nine enteric protozoa-wildlife host examples to review the current position

» Dataaccumulate, but more discriminatory tools and other approaches are important
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