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Highlights

» The resilience of ecosystems is being challengetiéyhinning boundaries between domestic and anidals.

The epidemiology of diseases caused by a numbafeaitious agents is undergoing profound readjustme

Substantial risk exists for diseases of wildlifespyead to domestic carnivores amcke versaand for zoonotic agents to emerge or re-emerge in

human populations.

In the first part of this two-part article, we rew the role wild canids and felids may play in ttesmission of protozoa and arthropod-borne
agents to dogs and cats in Europe.

Abstract

Over the last few decades, the world has witnessdidal changes in climate, landscape, and ecasgs{Ehese events, associated to other factors
such as increasing illegal wildlife trade and chagdiuman behaviour towards wildlife, are resultinig thinning boundaries between wild canids
and felids and their domestic counterparts. Asrsequence, the epidemiology of diseases causealoyber of infectious agents is undergoing
profound readjustements, as pathogens adapt tthosts and enviroments. Therefore, there is a askiteases of wildlife to spread to domestic
carnivores andice versaand for zoonotic agents to emerge or re-emergemman populations. Hence, the identification ef lazards linked to

the co-habitation of these species is criticalroieo to plan and develop adequate control stradexgainst these pathogens. In the first part of thi



two-part article, we review the role that wild adsiand felids may play in the transmission of protoand arthropod-borne agents to dogs and cats
in Europe, and provide an account of how curredtfature progress in our understanding of the epoénd epidemiology of parasites, as well as

of host-parasite interactions, can assist effoneed at controlling parasite transmission.
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1. From wildlife management to public health concerns

There is an increased awareness of the globalteftéseveral aspects of human politics (e.g., strilization, urbanization, fragmentation of the
environment, land use, recycling in urban settingsk of political will) on the ‘health’ of the pteet, and on the alterations that humankind is
causing on the precarious balances of the ecosygstéhe resilience of ecosystems is being challerigedhe thinning boundaries between
domestic and wild animals, ultimately resultingaimedistribution of infective agents (Thompsonlet2010; Colwell et al., 2011; Tompkins et al.,
2015). These changing scenarios are not only aferornto animal and environmental conservation tioey are likely to become an issue of public
health relevance, especially considering theiratéf@n the epidemiology of some infectious dise&Begire 1). For instance, parasites affecting
both domestic and wild carnivores may circulateMeein and among sympatric populations of animalss facilitating potential spill-overs of the
infections to humans (Polley, 2005). Indeed, witdl @omestic carnivores are considered the firstcgoof human infections with zoonotic agents,
which include, in descending order, viruses, pro&gzacteria, and fungi (Cleaveland et al., 2001 )particular, while until recently domestic
animals were mostly blamed for the transmissiozadnoses to humans (e.g., livestock through consampf meat and dairy products), the

emergence or re-emergence of zoonotic infectione Bamulated studies on the role that wild birdd aammals, including carnivores, may play



in their spreading (Polley, 2005). An increasingntyer of cases of infection or disease caused kaspgas of wildlife origin may be a consequence
of a plethora of factors, which may act alone oconcert (e.g., the introduction of a new parasiteildlife origin or of new routes of transmission
to humans), and a causality is usually hard tabéista Whether new cases can be attributed tortineduction of ‘new’ parasites of wildlife origin
(i.e., emergence), or to a sudden peak after agef reduced incidence (re-emergence) is diffitolassess, mainly as a result of incomplete
and/or inaccessible epidemiological data for thesthogens (Thompson et al., 2009). Importantly, fiitne of parasites from wildlife to domestic
carnivores andvice versamostly depends on the specific ecological variavitech characterise each given area. For exampiletirig practices
(and therefore the presence of hunting dogs), dsasehuman encroachment in wildlife habitats (ireral tourism facilities) may facilitate the
spill-over of parasitic infections from domesticnas and felids to wild populations. Similarly, tlestablishment of wildlife reservoirs may
determine a subsequent spill-back of the sameipzsds populations of domestic animals, ultimafeypetuating the life cycles of parasites.
According to their behaviour and ecology, wild adaones are free-ranging at low or high geographsealle (i.e., up to 800 km in wolves), their
territories are characterised by no or limited larres and they are unlikely to be subjected tootingh veterinary inspections, except for specific
national preventive programs, such as those prairfotethe control of sylvatic rabies in foxes (Rast and Brochier, 1999). Therefore, data on
parasitic diseases shared between domestic anccanhilvores is scant and limited to case reportsase series obtained under national programs
for wildlife conservation (Table 1). In the firsag of this two-part article, we review current kledge of the role played by wild canids and felids
in maintaining and spreading protozoal diseasegjedisas other tick-borne infections, to domesaenivores in Europe, with a particular focus on
parasites of public health significance. We alsstuass the relationships between wildlife infectiansl emergence (or re-emergence) of selected

diseases caused by protozoa.



2. Wild felidsand canidsin Europe

Europe is the smallest continent of the woflli(.000.000 square km), home to more than 700 mdliohabitants (at a density of ~70 per square
km), with the vast majority of them clustered invtes. At the same time, ~75 and ~90 million dogs eais, respectively, are estimated to inhabit
the continent as household pets (FEDIAF, 2012)ettogy with a few millions of stray dogs and cats] avild carnivores (the red fox being the
most abundant followed by the raccoon dog and wdlg whole dynamic of infection disease transraissimong wild and domestic carnivores is
complex and driven by many host species that hve&ympatry, and share susceptibility to the samasgta species, as well as dietary habits (which
may include many intermediate and paratenic hoBt)h species occupies its own environmental rlichg the spectrum of resources utilized by
a species), which very often overlaps that of opacies. For parasites, these scenarios repregpattunities to enlarge their own ecological
niche. In this perspective, ecologically ‘elasticrasites are expected to expand their geograptrtbdtion, abundance and host spectrum, while
parasites living in very specialized ecologicalheis, as the Iberian lynynx pardinu¥ populations, are possibly directed towards exiting
thereby adding to further loss of biodiversity.

The resulting epidemiological landscape is compiaxthat widely distributed, abundant domestic avith species are sympatric with their
domestic/wild hybrids, and often share the habitgth rare, endangered species. New species, hanlgospecific parasites, are expanding their
distribution range, thus adding complexity to tlustfparasite relationship. Humans in particulaupgcnearly all ecological niches inhabited by all
other species, including parasites.

Eight species of canids and felids are known tapot Europe (Sillero-Zubiri, 2009; Sunquist anch§uist, 2009), i.e. five canids (the walfanis
lupus the golden jackalCanis aureusthe raccoon dog\lyctereutes procyonoidethe artic fox,Alopex lagopusand the red foXyulpes vulpes

and three felids (the Iberian lynkynx pardinusthe Eurasian lynx,ynx lynx and the wildcatFelis silvestris silvestrjs In addition, the raccoon



(Procyon loto), an exotic species introduced to Europe overpdst decades, may also be included, given itsivelatoseness to the family
Canidae, its increased geographical distributiahtae role played as epidemiological reservoiramrotic agents, including parasites.

Based on knowledge of their natural history, thecggs of canids and felids occurring in Europe loamdeally grouped into three main categories,
namely with i) restricted, ii) wide or iii) very @e distribution. Among those with a restricted gepdical distribution and reduced population size,
the artic fox conservation status is consideretleafst concern” (IUCN, 2014). However, the EuropéBannoscandian) population is very small
(about 200 individuals) and distributed into foswlated sub-populations (Angerbjérn et al., 20These animals are unlikely to come into contact
with domestic dogs and cats, as populations areyhigpnstrained by the availability of suitable hats and conflict with human settings. The
demography of artic foxes largely depends on lemgmimle Alticola lemminu¥ cycles and the availability of undisturbed arasdens and cub
care. The population dynamics of the artic fox @s® affected by the simultaneous presence ofaxessfin their habitats. Indeed, red foxes have
occupied most of the fennoscandian areas suitabthet artic fox, thus resulting in the confinemehtthe latter to mountains which, in turn,
represent a less suitable habitat. The Iberian Bma the European population of the Eurasian lwis¢ survive in very small populations.
Amongst the large cats, the Iberian lynx is comrgidehe closest to extinction (i.e., critically endered, according to the IUCN list) with less than
200 individuals inhabiting two geographically segiarareas of Spain (Von Arx and Breitenmoser-Wors2608). The Eurasian lynx is considered
‘least endangered’ by the IUCN (IUCN, 2014), bu¢ tBuropean population is divided into several sraab-populations (which include sub-
species), of which most are critically endangek&atgensky et al., 2013).

For all these species, the limited availabilitypgfographical corridors connecting small and isdla@gb-populations leads to inbreeding which, in
turn, results into a loss of genetic variabilitya@a et al., 1998; Schmidt et al., 2011). Theualtitto dispersal of young individuals is limitedda

thus the possibility to occupy new suitable habitatterritories is considerably reduced. It islweabwn that loss of genetic variability within the



host population limits its resilience to parasitifections. Many eco-ethological barriers prevawniss breeding of these wild animals with domestic
species. Therefore, the population sizes of the faxt, the Iberian lynx and the European populadiof the lynx, respectively, are likely to be too
small to allow the establishment of these specsespidemiologically important reservoirs of manyeven host-specific parasites. In fact, these
animals are more likely to be infected by parasitaasmitted by abundant sympatric host specied) a8 the fox or the domestic cat (Ryser-
Degiorgis et al., 2005).

Wolves and the wildcats are species with a widegggahical distribution range but with a limited pdgtion size. These species have recently
expanded their distribution range and abundant&ayh their conservation status in Europe is atiisidered ‘under threat’ in most areas. Cross-
breeding with domestic free ranging dogs and caisonsidered disadvantageous, since it leads dmngestetic introgression (= movement of
gene/s from one species to another, leading toetgepollution”) (Daniels et al., 2001; Verardiat, 2006). However, it seems that cross breeding
with the domestic equivalent species is commomaéamy areas, fertile hybrids (wolf x dog and wildgatlomestic cat) represent a conspicuous
proportion of the wild populations. For examplesamtinuous “cline” between domestic cats and wilsldeas been described in Scotland (Daniels
et al., 2001) while in Italy the occurrence of dogvolf hybrids has been reported in some wolf papahs at the border of their historical
geographical range (Ciucci et al., 200Biglre 2). Cross breeding may derive from the absence mdistent eco-ethological barriers between wild
and domestic species (Bir6 et al., 2005), and filoencapacity of wild species to undergo behavioadaptation to fragmented habitat landscapes
and to take advantages from human activities (tholylarge populations of game, animal breedingwaste production). As a consequence of the
taxonomic closeness between wild and domestic epettie use of common habitats and the preserfegtitd hybrids, wolves, wildcats, hybrids

and dogs and cats may be considered as a uniquedmsation characterised by two distinct ecotyjles genetically pure wild populations that



survive in remote wild areas, and the domestic dogs$ cats living in overcrowded European towns. ther parasites, this translates into the
availability of huge ecological niches encompassiati the wild and the anthropic environments.

Finally, amongst wild dogs and cats of Europe,reétefox is a unique example of a species with § wade distribution range and with a huge
population size, being the most common carnivoré&umope. Its local abundance benefits from the gmres of humans. In urban areas, the
availability of food and resting places, human ratee and the absence of predators/competitorsg mhakred fox a very successful species. The
red fox itself can be considered as a species otingethe wild and the anthropic environments. Ge®graphical distribution of red foxes
encompasses all ecological environments and hapéat the population size enables the red foxayp the role of epidemiological reservoir for
many parasites that infect all susceptible spesti@sing the same habitats, including humans. Digeg jackal is a poorly studied species whose
ecology (including punctual distribution, genet@riability and local abundance) is almost unknom¢old et al., 2012). In the late 1960’s, the
species range was restricted to the central Badkaa (Bulgaria, Romania, Serbia); nowadays, thgrg@bical range of the species is expanding
towards the West, such as in Italy and Austria #inatinhabited by a few reproductive couples. ltikered fox, the golden jackal can be described
as a generalist predator, due to the ability tal#isth successfully in any kind of environment. fik&to its great colonising potential, the spewses

expected to further expand its geographical distigim range over the forthcoming years.

3. Protozoa infecting domestic and wild car nivores
Multiple routes of transmission of protozoan paessirom wild to domestic carnivores (avide versa are known, and they are characterised by
complex webs within and among their ecosystemssd leclude transmissiovia food containing parasite stages (elpxoplasmaand water

(e.g., Giardia and Cryptosporidiuny as well as through one or more arthropod vecterg., Leishmaniaand tick-borne protozoa); therefore,



determining the exact route of parasite transmisbgween or amongst wild and domestic host populsis challenging. However, knowledge of
such transmission routes is pivotal to ensurehthasrds are identified, thus leading to the detaatron of critical control options. In the followgn
we provide selected examples of diseases causptblyzoan and vector borne-bacterial infectionsutating in wildlife and domestic carnivore

populations, taking into account public health imgtions.

Leishmania

LeishmaniaKinetoplastida, Trypanosomatidae) are intracetlpl@tozoa transmitted by sand flies to humansamudhals (Schonian et al., 2010),
currently distributed in at least 98 countries, @adsing infections with a broad spectrum of symst@nd clinical signs, from asymptomatic to
life threatening diseases (Alvar et al., 2012). Tifeecycle is complex and indirect, involving déflent morphological stages, in various vertrebate
cell types and extraellularly in the insect ho3tise genus comprises many species, with the valafigome being still debated (Schonian et al.,
2010). However, in Europe only three species grerted.Leishmania infanturnrs the predominant species causing canine leisiosiar(CanL), as
well as the visceral (VL) and cutaneous (CL) foimbumans (Faucher et al., 2011). The anthropospgcied eishmania tropicandLeishmania
donovanicause occasionaly and focally human CL and VL iaeGe and Cyprus, respectively (Mazeris et al.pRQless frequentlyl,. infantum
may cause disease in cats (Pennisi et al., 20183hvmay also eventually serve as a source offtiofeto sand fly vectors (Maroli et al., 2007).
Generally, the dog is regarded as the main reseovdi. infantum due to the high susceptibility to the infectiasghse and to the great ability to
transmit the parasite to the arthropod vector, mdst individuals with overt clinical disease anéss often, subclinically infected dogs (Dantas-

Torres et al., 2014). However, the recent occugasfchuman outbreaks in Spain (Arce et al., 20b3) were not accompanied by an increase in



prevalence of leishmaniosis in dogs or cats (Mirdle 2014), led to speculations that other anémsilich as haretdpusspp.) and wild rabbits
(Oryctolagus cuniculysare able to transmiiteishmaniao sand flies (Molina et al., 2012; Jiménez et2014) eventually acting as reservoirs.

The role of wildlife in the epidemiology of leishmiasis has been recently reviewed by Millan e{2014), who concluded that black raRaftus
rattus) and hares could contribute to maintaining thisapie in a given area. The list of wild carnivokesh confirmed cases dfeishmania
infection in Europe includes red fox, wolf, pole¢stustela putoriuy stone martenMartes foing, pine martenNlartes martes European badger
(Meles meles European mink Nustela lutreold, weasel Mustella spp.), golden jackalQanis aureuy Egyptian mongooseHgrpestes
ichneumol, common genetGenetta genet)a Iberian lynx and European wildcat, with red famd wolf showing clinical signs of disease (see
Millan et al., 2014). In most cases, infected va&inivores were detected in areas where CanL ismeieg thus it is not known whether the control
and prevention of the infection in dogs (Otranta &uantas-Torres, 2013) could impact on the transionsof L. infantumto human disease in
those areas, considering that wild carnivores cogfaesent a permanent source of parasites tofgamdctors. The advent of high-throughput
molecular tools, such as next-generation sequenaiiigcontribute to a further understanding of tia@onomy ofLeishmaniaand help answering
guestions surrounding the strains shared by andlaiing amongst domestic and wild carnivores (Geagsi et al., 2015).

For detailed information on drivers for the spregdbf CanL in Europe see the article by Cardosd.€2015).

Giardia
Giardia (Diplomonadida, Hexamitidae) is a binucleated, dléaged protozoan with a worldwide distributionfezting a wide range of hosts and
causing mostly self-limiting diarrea, less frequgrdccompanied by chronic intestinal clinical SgiRyan and Caccio, 2013). The transmission is

characterised by ingestion Gfardia cysts (Lloyd and Williams, 2014). After excystatjdhe trophozoyes attach to the small intestiral with



the aid of a unique ventral adhesive disc (ThommswhMonis, 2011). The trophozoites remain exttalee| undergo multiple mitotic divisions,
and encyst again. The taxonomy @iardia is still under revision (Monis et al., 2009; Thasop and Monis, 2011)Giardia duodenalis(syn.
Giardia intestinalis Giardia lamblig is a complex of genotypes infecting mammals amduding at least eight distinct genetic groups or
assemblages (from A to H) (Ryan and Caccio, 20TBge host-specific assemblages C or D and F predortiininfect dogs and/or cats,
respectively, and they are not considered to baaim(Ryan and Caccio, 2013). On the other hamelhuman- and primate-specific assemblages
A and B have been reported in dogs and cats, pkatig under conditions of strict human-animal asaton in shared environments; humans have
been indicated as the main source of animal irdast{Ryan and Caccio, 2013; Thompson, 20G&&rdia duodenaliss a common parasite of dogs
and cats (Bowman and Lucio-Forster, 2010), beipgnted as the most prevalent pathogen in dog ptpota(Batchelor et al., 2008; Claerebout et
al., 2009; Bryan et al., 2011).

While Giardia occur in wildlife, especially in wild rodents awérvids, the majority of the infections are caubgchuman- or domestic animal-
specific assemblages, rather than by wildlife-dpegenotypes (Thompson, 2013). This suggests whldlife can act as amplifiers dbiardia
assemblages specific to other hosts, as it has d@@mmented in beavers (reviewed in Thompson, 2004 uropeGiardia has been reported in
20-46% of wolves from Poland (Bajer, 2008), in 4.6P6ed foxes, 10% of wolves and 12.5% of golderkgds from Croatia (Beck et al., 2011), in
4.8% of red foxes in Norway (Hamnes et al., 20@Y5-15.7% of red foxes from Bosnia and Herzego\idadzi et al., 2014). Only the canid
genotypes C and D have been detected in wolvek(Bal., 2011); however, given the small numbecysts recovered from faeces, a passive
ingestion of cysts from a contaminated source cooldbe excluded. To the best of our knowledgeinfmmation onGiardia infection in wild

felids is currently available.



Cryptosporidium

Cryptosporidium(Eucoccidiorida, Cryptosporidiidae) share seveg@bemiological features witlbiardia, being a waterborne pathogen causing
self-limiting intestinal infection distributed wallvide; it infects a wide range of animals includihgmans, and is characterised by a direct
transmission, with an environmentally resistantygp¢infectious when shed by the host). Followingeastion, the oocyst releases four sporozoites
that invade enterocytes in the small intestine,etgy to merozoites and finally gametocytes resgltn oocysts formation (Lendner and
Daugschies, 2014). The taxonomy@dyptosporidiumhas been controversial; based on biological anetgefeatures, ~30 species are currently
recognized as valid, of which at least 14 are gty zoonotic (Slapeta, 2013).

Dogs and cats are infected by the host-specificiep€ryptosporidium canisand Cryptosporidium felisrespectively, which can occasionally
infect humans and are considered of minor and natelgsublic health significance (Lucio-Forster et a010; Slapeta, 2013). The reported
prevalence ofCryptosporidiumspp. in dogs in Europe has been 7.4% in Spaing@suet al., 1996), 1.1-3.3% in Italy (Rinaldi &t 2008;
Zanzani et al., 2014), 13% in kennel dogs of Pol@gjer et al., 2011), 2.8% in shepherd and hurdiogs in Greece (Papazahariadou et al., 2007),
8.7% in owned dogs of The Netherlands (Overgaaual. €2009), and 2% in dogs in rural areas of thedd Republic (Dubné et al., 2007). If one
repeats faecal sampling of dogs during the firsir yé age, the prevalence of infection can risegdo 44.1% (Hamnes et al., 2007). The recorded
prevalence in cats is more variable: 0% in coloatg ¢Spada et al., 2013) and in owned and freeirmpoats of Italy (Paoletti et al., 2011), 4.6%
in household cats of The Netherlands (Overgaauwal.,€2009) 8.1% and 17.2% in the UK (Scorza et al., 2014 affacted cats, the prevalence can
rise to up to 24.4% (UK; Paris et al., 2014). Sésddn the occurrence Gfryptosporidiumspp. in wild carnivores in Europe are scant, wighh
prevalence (38.7%) registered in red foxes fromv&{@ (Ravaszova et al., 2012) and in wolves inaRdl(37.5-55%) (Kloch et al., 2005;

Paziewska et al., 2007). In the latter country,tagive genotypes were recorded to infect rodeR&z{ewska et al., 2007). In Ireland, 5% of



American minks Kustela visoh were infected withCryptosporidium anderson(infecting cattle); both mink genotype (Stuartakt 2013) and
Cryptosporidium parvumvere also detected in red foxes (Nagano et a7 R0rhere is currently no evidence of wild carmesinfected byC.

canisor C. felis

Toxoplasma

Toxoplasma gondi{Eucoccidiorida, Sarcocystidae) is one of the nsagicessful protozoan parasites, virtually infegtall cell types and an
enormous range of mammals (including cetaceanfiam@ns) and birds, and occupying a great varietgtiall, of habitats (Dubey, 2004; Smith,
2009; Schluter et al., 2014). This zoonotic agexs been estimated to affect one-third of the hupggulation (Tenter et al., 2000)). gondiiis
characterised by an indirect, complex life cycheoining cats and other felids as definitive hostsxual reproduction); warm-blooded animals act
as intermediate hosts (asexual reproduction), ascats (see White et al., 2014 for details). Chtxdsnon-sporulated resistant oocyds the
faeces, which contaminate water and feedstuffdowolg the ingestion of the sporulated oocysts byrermediate host, the sporozoites transform
to tachyzoites, which and undergo asexual repramlucilhis pathogenicprocess is terminating with tbemation of a tissue cyst cointining
bradyzoites which can persist lifelong in the imediate host. Warm-blooded animals can acqlimeoplasmay ingesting sporulated oocysts in
the environment, or tissue cystsa predation), or from an infected mother (congenstalactogenic transmission). gondiiis a unique species
comprising three main clonal lineages known asgyipd and Ill. In Europe, type Il predominatesdas transmitted mainly by the domestic cat to
wild and domestic mammals and birds (Sibley et24l09).

Although less than 1% of cats is estimated to shmxysts worldwide (Hartmann et al., 2013), envirental contamination is ensured by the

extreme resistance of the oocysts, which can remabie for at least 1 year in soil at cold tempamras and from 2 to 4.5 years in marine and fresh



water (VanWormer, 2013). This characteristic, cedplith the small infectious dose (even 1 oocysthie to infect a mouse (Smith, 2009), the
persistence over years in intermediate hosts l@dnultiple routes of transmission explain the emars burden off oxoplasmanfection and
toxoplasmosis in humans and animals worldwide.

In Europe, exposure to or infection willoxoplasmahas been detected in almost all the wild spediesamivores, i.e. wild cat (Millan et al.,
2009a; Hermann et al., 2013), Eurasian and Ibdyia (Millan et al., 2009b; Jokelainen et al., 2D1®d fox (Jakubek et al., 2012; Herrmann et
al., 2013; Verin et al., 2013), wolf (Akerstedtatt, 2010; Lopes et al., 2011) and mustelids (Blsret al., 2013; Chadwick et al., 2013), even at
very high percentages (see also Sobrino et al7;2D8 Craeye et al., 2011; Dubey et al., 2014).

The contribution of European wild felids to envino@ental contamination with oocysts and, in turn¢aband dog (and other animals) infections is
likely minimal, given their low density comparedtiwvthat of owned or colony cats (with the exceptbrconfined small populations, as the case of
the wild cat in Majorca island, Spain, whose premak of infection was up to 85%) (Millan and Casan@®009). Other wildlife, including wild
canids, contribute to maintainifigpxoplasman the environmentia tissue cysts, which represent a source of infedto predators and scavenger
animals, and of transmission to the offspring. Mavild small animals, particularly rodents and bjrdan also act as sources of infection for
domestic cats and hunting dogs. Whilexoplasmanfection in wildlife is mostly subclinical (Thonspn, 2013), the spill-over of virulent strains

from domestic to wild cats could threaten endargyspecies, such as the Iberian lynx in Spain.

4. Tick-borne diseases

Piroplams



Piroplasms (Apicomplexa, Piroplasmida) are intrgkepcytic protozoan parasites comprising sevesakga, of whiclBabesia Theileriaand
Cytauxzooraffect wild and domestic carnivores.

Babesiaspp. have been traditionally divided into large anthliBabesiabased on the morphology of the parasite in théhegytes (Solano-
Gallego and Baneth, 2011). Three species of deecdrge’ Babesiaare known as dog pathogeBs:rossj transmitted byHaemaphysalis

elliptica, B. vogelj transmitted byRhipicephalus sanguineggsnsu lato (the brown dog tick), aBdcanis transmitted bypermacentorspp. ticks,

with the latter two occurring in Europe (Irwin, Z)0Babesia vogelis distributed (almost) worldwide and, in Europas been reported from areas
where the brown dog tick is present, i.e. mainlthi@ countries bordering the Mediterranean seaein®d in Solano-Gallego et al., 2011). Because
B. canisis transmitted bypermacentorspp., mosth\D. reticulatus this parasite causes the most widespread caalmesimsis in Europe (Solano-
Gallego and Baneth, 2011). The parasite merozwitdén the infected erythrocytes are ingested blggiduring blood feeding. In the tick gut, the
parasites undergo sexual development, followedobyagjony. The parasites then travel to the tickvagl glands, from which the infectious
sporozoites are transmitted to a susceptible cdrose Infection byB. vogeliis usually characterised by milder clinical signsyweverB. canis
infections are frequently associated with haemolgtiemia, fever, lethargy, jaundice and vomitipdgisomegaly, and hematuria. Disease severity
ranges from mild clinical infections to peracutenagolytic crises, which can result in shock andlhle@hronically infected dogs act as carriers,
even in the presence of high specific antibody eatrations and represent sources of infectioni¢kstBabesia vogelhas not been reported in
wild carnivoresbut B. caniswas found in one fox in Portugal (Cardoso et2d113) and in two fatal cases of captive wolves imghry (Erdélyi et
al., 2014), indicating a negligible role of thesinaals as reservoirs of “larg@abesiafor dogs.

The “small” forms ofBabesiain dogs, considered for long timeBsgibsonj have been sporadically reported in Europe (Se(aalego and

Baneth, 2011; Yisaschar-Mekuzas et al., 2012), usscthe main tick vector (i.edaemaphysalis longicorniss present only in Russia. However,



the increasing use of molecular tools suggestedathggher number of "small" speciesBdbesiacould circulate in dog populations. These
protozoa are closely related to members of the gy€haileria (Beck et al., 2009) and have been namenhicrotilike piroplasms, also known as
“Spanish dog isolate”. This species was later rhas¥ heileria annaeand has been reported in dogs of Spain, Croatidarntugal (Farkas et al.,
2015), causing a severe disease. In wild carnivbrasinads increasingly reported in red foxes, i.e. in 88.@f foxes in Portugal (Cardoso et al.,
2013), 50% in Austria (Duscher et al., 2014), 46id%ermany (Najm et al., 2014a), 20% in Hungamrkigs et al., 2015) and 0.98% in Italy
(Zanet et al., 2014). These findings suggest thadd could act as wild reservoirs of the protozoan.

Babesiosis is less common in domestic cats andasyhinly toB. felis which cause anemia and icterus in South Afric&urope otheBabesia
spp. are found in cats ald vogeliis considered the most common agent circulatingrencats in Portugal (Maia et al., 2014). In additB.
canisandT. annadanfections have been sporadically reported in frats Spain and Portugal (Solano-Gallego and Bargéihl). The information
on the occurrence of piroplasms in wild felidsve® more scarce and only an intraerythrocytic spiedplasm was reported in the wild Iberian

lynx of Spain (Luaces et al., 2005).

Cytauxzoonosis of felids is a tick-borne diseasesed byCytauxzoon feli§Theileriidae), which recognizes in the vertebtadst an intra-

erythrocytic phase and schizonts in macrophagesooiocytes (Millan et al, 2007Cytauxzoon felisauses a severe and fatal disease of cats in the
USA and the bobcat.ynx rufug is considered the natural host since it showsraigtent, subclinical infection (Millan et al, ZQ0Recently, other
species oCytauxzoorinfecting wild and domestic felids have been sgmally described. In Europe, a cat was found taedénfected by

Cytauxzoorsp. (0.8%) andH. canisin France (Criado-Fornelio et al., 2009). An endefocus of cytauxzoonosis was for the first tinescribed in



Italy, with a prevalence of 23% in colony and owwats (Carli et al., 2012). Bytauxzoorike piroplasm has also been described in thadher

Lynx from Spain (Luaces et al., 2005; Millan et 2007, 2009b).

Anaplasma

Anaplasmaspp. (Rickettsiales, Anaplasmataceae) are Grarativeg obligate intracellular bacteria; two spedigfect dogs, hamehAnaplasma
phagocytophilumthe causative agent of granulocytic anaplasmasidA. platys causing thrombocytic anaplasmosis. The latterahasridwide
distribution, with reports of infection from Souéimd North America, Australia, Asia and Africa. Witheurope, the geographical distribution/af
platysis associated to that &. sanguineus.l., although the vectorial role of this tick sjgschas never been ascertained (Dantas-Torres, et al
2013).A. phagocytophilunoccurs in the northern hemisphere, and it is trated by hard ticks of thixodes ricinuscomplex. The main vector of
this pathogen is the taiga titkpersulcatusn Asia, the sheep tick ricinus in Europe, the deer tickx, pacificug in eastern North America, and
the Western black-legged tick<( scapularig in western North America. Besides these majotoretick speciesA. phagocytophilunhas been
detected in a range of othbodesspecies, as well as sondermacentorand Haemaphysalispecies; however, the latter two genera are not
considered of epidemiological importance (reviewe&tuen et al., 2013Anaplasma phagocytophiluhas been detected in a range of European
countries, with varying prevalence in ticks, rarmggfrom zero to over 20% (23.6% in Denmark; Skarpiesbn et al., 2007; 24.4 % in Italy; Cinco
et al.,, 1997; and 20.5 % in Spain; Ruiz-Fons et28l12), and up to 33% in Bulgaria (Christova et 2001). Infection rates in dog samples were
recently reviewed (Stuen et al., 2013), and prexaeanged between 0.5% in Poland (408 animalspetyet al., 2009) to 7.5 % in Italy (50 dogs;
Alberti et al., 2005). Seroprevalence rates in dagsgenerally higher, i.e. 8.76% in central Itgpani et al., 2008), 9% in a mixed dog cohort

from Spain, Portugal and Italy (René-Martellet let 2015), 10.6% in Romania and Hungary (Hamell.e2812), 13.5% in Portugal (Alves et al.,



2009), 14.8% in ltaly (Ebani et al., 2013), andtapt0% in Albania (Hamel et al., 2009). Little imfeation is available on natural infections of
dogs withA. platys probably as a consequence of the subclinical fofrdisease despite the detectable haematologh@aiges and in serum
enzyme activities (Warner and Harrus, 2013). Aalitecal forms may present with fever, weight l@w pale mucous membranes, and petechiae
or echymoses that coincide with severe thromboeyi@p Studies on the genetic heterogeneity of rtraif A. phagocytophiluned to the
identification of four distinct clusters, three which are only found in ungulates (two only in wilshgulates) and one cluster includiAg
phagocytophilunsequences from dogs, cats, humans, horses, aasuatigulates; this finding provided evidence ipa diverse ecology and (ii) a
range of virulence and host association of diffeferphagocytophilumstrains (Scharf et al., 2011; Stuen et al., 2013).

In an investigation on tick-borne pathogens in fokePalermo and Ragusa provinces of Sicily, Itabne of the 13 foxes molecularly tested were
positive forA. platys(Torina et al., 2013). To our knowledge, no furtimformation is available oA. platysinfection in wild canids. This might be

a consequence of the limited clinical relevancéhdf pathogen in European dogs, or of the fact i@t studies investigating the prevalence of a
panel of tick-borne diseases simply ignore thisdraem. Conversely, studies are available on tharahreservoir hosts foh. phagocytophilum
(e.g., Vichova et al., 2014; Zele et al., 2012)e Téct that transovarial transmission has neven beenonstrated in any of the majpodesvectors

is conducive to the existence of a vertebrate hestrvoir. Several mammals are likely to act ag hod reservoir (e.g., Keesing et al., 2012).
Beside domestic ruminants (cattle, sheep, goatsyehand mam. phagocytophilunmas been detected in several small mammal spaadksine
species of wild ruminants in Europe alone (reviewe&tuen et al., 2013). Foxes harbdurphagocytophilumvith prevalences of 16.6% in Italy
(Ebani et al., 2011), 4% in the Czech Republic (k4 et al., 2004), 2.7% in Poland (Karbowiak et2009), 2.8% in Switzerland (Pusterla et al.,
1999) were recorded, with no infected red foxeswtbin Slovakia (Vichova et al., 2014). A single ogpof acute granulocytic anaplasmosis was

described in a captive wolf from Austria (Leschatkal., 2012). As prevalence rates in cats (evaty stts) are rarely exciding 0.5% (Hamel et al.,



2012; Morgenthal et al., 2012), studies on wilddielare sparse. However, antibodies agatngthagocytophilumvere detected in 4 out of 106
Eurasian lynx from Sweden (Ryser-Degiorgis et2405).

Ehrlichia

Ehrlichia canis(Rickettsiales, Anaplasmataceae) is the aetiokdgigent of canine monocytic ehrlichiosis (CMEMrlichia canisis transmitted by
the brown dog ticlR. sanguineus.l., whose geographical distribution in the Nepits overlaps that of the pathogen. In Switzer|ahtost 1,000
dogs were tested for antibodies agatstanis and 2.2% were found positive; all of these camenfsouth of the Alps or had travelled further
south (Pusterla et al., 1998). In the same studyauthors failed to detect any positive red faxt @ 1,500 tested), thus lending support to the
hypothesis that dog infections By canishad not been acquired in the same region (Pusedh, 1999). Like all members of the RicketessiE.
canisis an obligatory intracellular pathogen targetohgod monocytes and tissue macrophages. Prevatérc8%, 8%, and 9.7% were detected in
dogs from northern, central, and southern Italgpegtively (Solano-Gallego et al., 2006b), and 1d48d 26% of dogs from ltaly, Spain and
Portugal (René-Martellet et al., 2015) by PCR ammablegy, respectively. Likewise, 17% of dogs weosipive toE. canisby PCR, and 50% by
serology (Hamel et al., 200Fhrlichia caniswas found by PCR in 31% of 13 foxes in Sicily)\Mt@lorina et al., 2013), but none of 150 red foxes
from central Italy and of 1,550 foxes from Switzerdl (see above) scored molecularly positiveBorcanis(Pusterla et al., 1998; Ebani et al.,
2011).

Ehrlichia canishas been detected Ixodes canisugéarvae collected from red foxes in Hungary, sugggsa possible role of this wild carnivore in
the epidemiology of CME (Hornok et al., 2013b)

Besides CMEE. canishas been imputed as an agent of infection in Eatéowing the initial description of a diseaseaicat serologically positive

in France (Charpentier and Groulade, 1986), repartieline infections have originated in Southemrd&pe supported mainly by seroreactivity



(Vita et al. 2005; Solano-Gallego et al., 2006alldyet al., 2012; Vilhena et al., 2013) and canfad by PCR and sequencing in Portugal (Maia et
al., 2014). However, since the agent has not besnisplated from cats, the molecular evidence supgpE. canislike infection must be

interpreted with caution (Breitschwerdt et al., 20

Hepatozoon

Hepatozoorprotozoa (Eucoccidiorida, Hepatozoidae) are apideram parasites; three species are known to cassasg in dogs and cats (i.e.,
Hepatozoon canis, Hepatozoon americanamg Hepatozoon feljs(Baneth, 2013; Baneth et al., 201B). canisis responsible for a variety of
manifestations, ranging from subclinical infectitohr mild and moderate disease, characterised byhivdéigs, lethargy, anaemia and elevated
temperature and, in severe cases, life-threaterangexia. Clinical severity is directly associavath levels of parasitaemia in blood neutrophils
(Krargenc et al., 2006; Marchetti et al., 2009; Bak et al., 2009). Sexual development and sporogbiepatozoorspecies occur in the tick
host, while formation of merozoites (merogony) gadhetes (gametogenesis) occurs in the intermedkatiebrate host. The tick vectorstaf felis
are currently unknown, wherebs canisis transmitted byR sanguineus.l.. Consequently, the geographic distributiotdiotanisoverlaps that of
R. sanguineus.l.; however, reports of canine hepatozoonosisomendemic areas for this tick species (e.g. nofrtthe Alps and the Balkans),
indicate that other ixodid species may trangrhitanis(Dezdek et al., 2010; Farkas et al., 2014; Najal.e2014b). However, the detectionHbf
canisDNA in Dermacentor marginaty®. reticulatusandHaemaphysalis concinn@moved from dogs (Hornok et al., 2013a) needsicoaftory
evidence. Indeed, experimentally infectedricinus were incapable of transmittingl. canis (Giannelli et al., 2013a). Despite the fact that
Hepatozoorspp. are transmitted by haematophagous ectopgastinsmission does not occur during the blooal,isence transmission relies on

the ingestion of infecteticks (both adults or nymphs) by the vertebratet [{Gsannelli et al., 2013b). Thelsporozoites are released from the



sporocysts in the intestine during the digestioocess they penetrate the gut and invade mononuclear, cglisch subsequently disseminate
Hepatozoorspp.via the blood stream to various organs, where merogakgs place. The diagnosis of hepatozonosis rehethe detection of
gamonts within the infected mononuclear cells biplogy or PCR on whole blood, bone marrow or budbat smears (Otranto et al., 2011; De
Tommasi et al., 2014).

Studies on the prevalence ldf canisinfection in dogs from various countries in thederranean area have been reviewed elsewhere tfBane
2011). More recent reports are available from Alagrlamel et al., 2009), France (Criado-Fornelialet2009), Romania (Andersson et al., 2013),
Hungary (Hamel et al., 2012) and Poland (Bajel.e2814). Converselyfor H. felis, reports are only available from field studiesSimain (Ortufio

et al., 2008; Tabar et al., 2008) and Portugalh@fla et al., 2013; Maia et al., 2014). In Eurdipecanishas been reported in 23% of red foxes
from Croatia (Dezdek et al., 2010), 13.4% fromt@babrielli et al, 2010), 45.2% from Germany (Nagal., 2014b), 40.6% and 75.6% from
Portugal (Abranches et al., 1982; Cardoso et @lL4p 8% from Hungary (Farkas et al., 2014), 58f8%% Austria (Duscher et al., 2014)nd 28%
from Spain (Gimenez et al., 2009). In additibh,canishas been detected in one road kill golden jaakaustria (Duscher et al., 2013) and in
60% of 15 shot golden jackals from Hungary (Fasdaal., 2014).

Despite the high prevalenceldf canisbased on detection of the DNA of this pathogertiapatozoorlike parasites have thus far been detected in
foxes or jackals north of the Alps, in areas wheselog infections have been described over thedstide. This observation raises the question of
whether the molecular identification Bf canis(based on one gene marker only) might be yieléatge positive results. Indeed, a longer sequence
of the 18s rRNA amplified from a parasite recoveitedn a jackal in Hungary clustered separately ftbvaH. canisgroup (Farkas et al., 2014);
however, in a Portuguese study, the parasite weetée in 23.4% out of 47 fox bone marrow samphledistopathology and 83.0% by PCR

(Cardoso et al., 2014).



Rickettsia

Rickettsia spp. (Rickettsiales, Rickettsiaceae)sstrof a growing number of Gram-negative, smdtligate intracellular alpha-proteobacteria,
generally classified into three large groups. Tpetted-fever group consists of more than 30 diffespecies most of which are tick-borne, with
some also transmitted by fleas or mites. The tygrosp consists of two specieR. (prowazekjiR. typh), like the so-called ancestral groug. (
canadensisandR. belli)). Rickettsiaspp. have a worldwide distribution, with the gexurical range of each pathogen overlapping thahef
specific tick vector(s) (Parola et al., 2013). Tlais a total of 1&Rickettsiaspp. have been described in Europe, with six éurtipecies awaiting
confirmation WhileR. felisis the only rickettsia in the spotted-fever grauplecularly found in a range of flea and tick spscimost rickettsiae
rely on a unique tick genus for transmission tdelmate hosts (Fournier, 2013). In Europe, the nmygortant rickettsia species &re conorii(two

of the four subspecies) transmitted Rysanguineus.l., R. massiliaelso transmitted biR. Sanguineus.l., R. raoultiiandR. slovacaransmitted

by Dermacentorspp.,R. helveticaandR. monacensigransmitted by. ricinus, R. felisprimarily transmitted by the cat flea, aRd sibiricasubsp
mongolotimonagetransmitted byHyalommaspp. Upon inoculation by the tick, rickettsiae idgaendothelial cells for a first round of repliceat)
which is followed by release of progeny bactenekettsiemia and dissemination of the infectiomew endothelial cells. As a result, an eschar
forms at the site of tick bite, followed by dissaiatied vasculitis, which leads to a variety of syonmt, including fever. AlthougR. conoriiand the
Mediterranean spotted fever have been known for ©08 years, the role of dogs in the epidemiolofjthe disease has been investigated only
recently. Seroprevalence in dogs around the Meditean ranges from from 81% in rural areas in Istdere human cases occur (Harrus et al.,
2007), to 56.4% (Solano-Gallego et al., 2006a) at#h-53% in dogs from Spain (Ortuiio et al., 2008) 88.5% in dogs from southern Portugal
(Alexandre et al., 2011). Some reports describeagsanality of antibody titers, indicating a sharedl immune response in dogs as the cause of

frequent reinfections (Espejo et al., 1993); basedhis observation, seroprevalence in dogs has bsed as an epidemiological markerRof



conorii infections (Ortufio et al., 2009). SeroprevalenicB.ayphiin dogs from north-eastern Spain was 9.7%, anti% Xor R. felis(Nogueras et
al., 2009). However serological results must befcdlly interpreted since cross-reactivity amondeaié#nt Rickettsiaspecies is well documentd
(Wachter et al., 2015). Only one report descrilbede acutely ill, febrile dogs from Sicily, Ital$élano-Gallego et al., 2012). Nevertheless, even
under experimental conditions, dogs do not genethdiplay clinical signs; dogs, however, are corapeteservoir hosts fdR. conorii(Levin et

al., 2011).R. sanguineus.l. also acts as a reservoir this pathogen, assawrarial transmission occurs in 100% of naturaifgcted ticks
(Socolovschi et al., 2012). Only a few attemptsiétectRickettsiaspp. other thaimR. conoriiin dogs have been made (Hamel et al., 20R9).
raoultii, R. helveticaandR. monacensiwere detected in ticks removed from dogs in Klgkraine (Hamel et al., 2013), while 16.2% of catyev
seropositive foRickettsiaspp. in Portugal (Alves et al., 2009).

Thus far, noRickettsiahas been detected in wild carnivores in EuropertyFRix foxes from the north-eastern part of Aisstwere negative for
Rickettsiaspp. (Duscher et al., 2014). However, since sBmc&ettsiaspp. are transmitted dyodesspecies (which also feed on carnivores), the

prevalence of these pathogens in wildlife is likehderestimated.

5. Conclusions

The combined experience of microbiologists, papésifists, veterinarians, physicians, biologists apidemiologists is the key for a better
understanding of the ecology of diseases causequtdigzoan parasites that wild carnivores may shite dogs and cats and, in some instances,
with humans. Nonetheless, the flow of infectionnfrovildlife to domestic animals or humans may vacgading to the specific transmission
dynamics of each agent. In addition, the sudderrgenee of ‘new’ parasites in wildlife may greattgpact on their population dynamics and on

conservation of endangered species (Thompson e2@L0). Nonetheless, an increasing number of tepsr becoming available on the



transmission of protozoan pathogens from humansarionals outside Europe (reviewed by Messenger et 28l14), e.g.Giardia and
Cryptosporidium Despite the increasing interest for the everclmgngelationships between animals and humans, a&atween domestic and
wildlife species (Messenger et al., 2014), the flmhuman and domestic animal protozoan parasitegltl carnivores has long been neglected.
The integration of novel molecular and bioinformatitechnologies is likely to aid our understandoighe transmission routes of protozoan
parasites (e.ddepatozoorspp.), as well as the role that animals and humkaysas reservoirs (Viana et al., 2014).

Clearly, defining the structures of protozoan pdegsopulations in domestic and wild hosts has irtgyd implications for studies of the pathogen
transmission, immunogenicity and disease pathogeri€gley et al., 2009). Further research is ndeeinvestigate the genetic diversity of
protozoans (and, for ectoparasites, their assaciathogens) that may be shared with wild and domésdids and canids. These studies could
provide information on the dynamics of parasiteeations among wild and domestic populations andlentne development of more effective

control strategies, which represent the core oseoration, veterinary and public health legislagion
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Figure legend

Figure 1 General potential drivers and interactions amoild,wlomestic carnivores and humans which migh¢afparasite circulation among

host populations in different environments.

Figure?2



A wolf (Canis lupu} on the left followed by three wolf-dog hybrid auim the Maremma Regional Park, a mixed mediteanarierest located on

the Thyrrenian coast of central Italy (courtesy.ofenzo Rigacci).

Table 1 Parasites infecting wild canids and felids in ag@nd risk for humans (references in the text).

Par asites

Carnivorewildlife host

Occurrencein Europe

Zoonotic aspects

Leishmania infantum

Red fox Yulpes vulpes wolf (Canis lupu}, golden jackalCanis
aureus
Iberian lynx (inx pardinug, wild cat elis silvestris silvestrjs

and mustelids

Portugal, Spain, Italy,
France, Croatia,

Greece, Cyprus

Visceral, cutaneous and
rarely mucocutaneous

leishmaniosis

Giardia duodenalis

complex

Wolf (Canis lupu, red fox {ulpes vulpes golden jackalCanis

aureus

Poland, Croatia,
Norway, Bosnia and

Erzegovina

Gastrointestinal infection

Cryptosporidiumspp.

Wolf (Canis lupu}, red fox {ulpes vulpes american mink

(Mustela visoh

Slovak Republic,

Poland, Ireland

Gastrointestinal infection

Toxoplasma gondii

Wild cat (Felis s. silvestriy Eurasian lynxIl{ynx lyny, Iberian lynx
(Lynx pardinu¥, red fox {ulpes vulpes wolf (Canis lupu¥ and

mustelids

All over Europe

Accidental hosts: acute
infection (influenza-like)

and congenital infection




(abortion and fetal
damages, ocular problen

later on).

1S

Babesia canis

Red fox §ulpes vulpes captive Wolf Canis lupu¥

Portugal, Hungary

Not reported

B. microti-like/Theileria

annae

Red fox {ulpes vulpes

Portugal, Italy, Austria,

Germany, Hungary

Rare human caseB.(

microti-like organisms)

Cytauxzoon spp.

Iberian Lynx Lynx pardinu}

Spain

Not reported

Anaplasma

phagocytophilum

Red fox §ulpes vulpes Eurasian lynxl{ynx lyn3

Italy, Czech Republic,
Poland, Switzerland,

Sweden

HGA (Human
granulocytic

anaplasmosis)

Ehrlichia canis

Red fox {ulpes vulpes

Italy

Not reported

Hepatozoon canis

Red fox {/ulpes vulpes golden jackalCanis aureups

Croatia, Germany,
Portugal, Hungary,

Austria, Spain

Not reported
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