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Ecological factors, combined with everchanging tnaghes contributed to modifications in the transiarsof parasitic diseases from domestic to

wildlife carnivores andice versa

In this second review article, we focus on parasiiseases caused by helminth and arthropod pesasiired between domestic and wild canids

and felids in Europe.

Advancements in current knowledge of transmissoates is crucial to provide policy-makers with clealications on strategies to reduce the

impact of these diseases on changing ecosystems.

Abstract

Over the last few decades, ecological factors, @etbwith everchanging landscapes mainly linkeduman activities (e.g. encroachment and
tourism) have contributed to modifications in thensmission of parasitic diseases from domestidglttife carnivores andice versaln the first

of this two-part review article, we have providedazcount of diseases caused by protozoan parakdescterised by a two-way transmission
route between domestic and wild carnivore spetiethis second and final part, we focus our attantin parasitic diseases caused by helminth
and arthropod parasites shared between domestiwighdanids and felids in Europe. While a completelerstanding of the biology, ecology and

epidemiology of these parasites is particularhyleihging to achieve, especially given the compleritthe environments in which these diseases



perpetuate, advancements in current knowledgen$mnission routes is crucial to provide policy-nrakeith clear indications on strategies to

reduce the impact of these diseases on changisystems.
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Onchocerca lupiToxocara canisAelurostrongylus abstrusu$roglostrongylus brevigrAngiostrongylus vasorum

1. Helminths and arthropods of wild and domestic carnivores. a complex scenario

With a few exceptions in some areas, the knowlexfghe ecology and epidemiology of helminths anthrapods shared by wild and domestic
carnivores in Europe is limited. One of the exaapdi exampes is the tapewoichinococcus multilocularjsthe causative agent of zoonotic
alveolar echinococcosis, for which extensive dat#®the ecology in rural and urban habitats &ilable for central Europe (Deplazes et al., 2004;
Hegglin et al., 2015; Raoul et al., 2015). In aiddit like protozoans, parasitic helminths and agods are also characterised by complex life
cycles, often involving a range of intermediatey(eAelurostrongylus Troglostrongylus Angiostrongylusand Opisthorchi$ and paratenic hosts
(i.e., Toxocarg, which makes the identification of potential halzaof cross-transmission between wild and domestraivores andice versa
particularly challenging. This scenario is furtleemplicated by the plague represented by the illegde of wildlife species into Europe (often
carrying parasites) (Davidson et al.,, 2013) whicbupled with the ever-increasing human and petetyaepresents a serious obstacle to the
implementation of control strategies aimed at pnéing the cross-transmission of helminths and epbds from wild to domestic carnivores (and
humans). In the second part of this two-part atiale provide an overview of key diseases causquhlgsitic helminths and arthopods shared by

domestic and wild canids and felids (with a pattcdiocus on those with potential public health lizggtions) and discuss a potential way-forward



towards controlling the spread of these diseasesw@l as those caused by protozoan paraswesihe combined efforts of veterinarians,

physicians, microbiologists, biologists and healtticy-makers.

2. Helminthsinfecting domestic and wild carnivores

2.1. Taeniids

Echinococcus granulosu®mplex

The taxonomy oEchinococcusspp. (Cestoda, Taeniidae), causing cystic echowmsis (CE) in intermediate hosts (mainly wild adamestic
large herbivores and omnivores) and humans, isustder revision (Lymbery et al., 2015; Romig et 2015). CE is an important zoonosis still
persisting in Southern Europe and the Balcan angf@nyg in Eastern European countries and in thédagion (Marcinkut et al., 2015)with
severe clinical implications (Stojkovic et al., 201For EuropeE. granulosussensu stricto (sheep strain, genotypes G1-3) septe the principal
agent of zoonotic CE affecting humans (mainly irutBern and South-Eastern Europe) with a considerbblden of diseas&chinococcus
intermedius(E. granulosuig strain, G7) is the main human agent of hum&nirCcountries of the Baltic region, Poland andtpaf Eastern
Europe (Marcinkut et al., 2015), with sporadic cases recoraedther European areas (Sardinia, Spain, and galjtiEchinococcus canadensis
(cervide strain, G8 and G10) occurs in the circulapiNorth, including Sweden, Finland and Estonia.

The life cycles of the CE species-complex in Eurgglg on canids (mainly the domestic dog) as defi@ihosts, and a range of large herbivorous
and omnivorous species as intermediate hosts. hailgecanids are susceptible Ea granulosuss.l. and can contribute significantly to disease
epidemiology and zoonotic transmission (e.g., timgal in Australia; Jenkins et al., 2005). For canadensipossibly overlapping transmission

cycles have been described: “the original wolf-dngkervid (reindeer or elk) -cycle; the semi-synampic cycle involving sled and hunting dogs



and wild cervids; and the synanthropic cycle inwadvherding dogs and semi-domesticated reindeeks§@en and Lavikainen, 2015). In the
intermediate hosts including humans (rare casds lawt pathogenicity) cysts predominantly appeathm lungs. Actually, the wolf-cervid cycles
sustain the parasite in Fennoscandia. Howeverjrfgdulinting and sled dogs raw meat or offal canragioally cause patent infections with
zoonotic potential.

Patente. granulosugs.l. or Gl)infections have been detected in jackals (Takédes,e2014; Breyer et al., 2004) and in wolves autBern Europe
(Italy, Guberti et al., 2004, Gori et al., 2015;a8p Sobrino et al., 2006). A sylvatic cycleBfintermediusnvolving wild boars and wolves was
hypothesized to occur in a Portuguese national (faderra et al., 2013); in Spain, a wild boar itdéelcwith fertileE. granulosugG1) cysts was
detected in a region inhabited by wolves (Martinsid@do et al., 2008). In addition, in Italy (Apemairegion), a semi - domestic life cycle
involving sheep and wolves has been proposed (@wdiaal., 2004). Spatial behaviour (large homegesnand long dispersion distances) of these
large canids promotes the spread of this pardsiteighout Europe. On the other hand, in Europectefl foxes are only rarely detected (and
usually with low burdens dE. granulosus s).and are therefore considered of marginal impagan parasite transmission. Domestic and wild
felids are not susceptible to intestinal infectiovith CE species occurring in Europe, but can suffem CE, although very rarely (Armua et al.,
2014).

In Europe, control of CE focuses on the domesticdycles of the parasite, with veterinary publgahh measures including control of stray dogs
and dog deworming campaigns (Craig and Larrieu620%/hile continuous recommendations are made frairefrom feeding dogs offal of

hunted or home slaughtered animals and to reguddrlyinister deworming dog treatments, these aem aféglected.

Echinococcus multilocularis



Echinococcus multilocularigCestoda, Taeniidae) are small tapeworms of caraeiwefinitive hosts whose cycle includes a rangecokent
intermediate hosts (bearing the metacestode stagkjelies on a predator-prey relationship. Theperparasite ecology is intimately linked to
the dynamics of the prey population and to theatjebheeds of the predators (Raoul et al., 2015mn&hs and a range of animals (e.g. pig, a variety
of monkey species, dogs and others; Deplazes akertt=€001) are accidental hosts. Alveolar echigoosis (AE) is one of the most severe
parasitic zoonoses in Europe and worldwide in tleetiNern Hemisphere, with very serious clinical iroglions and high burden of disease
(Stojkovic et al., 2014; Torgerson et al., 2008)eTange of occurrence Bf multilocularisis still expanding across Europe, and growingfoed
populations Figure 1) and colonisation of residdrdreas by these carnivores are major determimdile progressive urbanisation of the parasite
life cycle (Liccioli et al., 2015). This, in turepntributes to a significant increase of the intectisk to dogs hunting infected voles and to haoma
populations exposed to & multiloculariscontaminated environment (Deplazes et al., 20Bdyeral studies have reported an increase in human
AE incidence in Austria, Switzerland, France, Pdlamd Lithuania (Gottstein et al., 2015; Marcirikat al., 2015). In Switzerland, an average
twofold increase of the annual incidence was docuetkin 2001-2005 (10-15 years since a signifieaqgansion of fox populations) when
compared with that recorded in 1993-2000 (Schwesged., 2007). Besides known high endemic areasfo(Southern Germany, Eastern France
and Switzerland), cases of AE are increasinglydeaported from Lithuania and parts of Poland, Wrace now considered ‘new’ highly endemic
areas (Marcinkut et al., 2015); therefore, the emergence of AE reaa previously considered ‘disease-free’ shoult b underestimated
(Gottstein et al., 2015).

Canid species (particularly the red fox) are thestmmportant definitive hosts d&. multilocularis Small numbers (< 50) of mostly non-gravid
worms have occasionally been detected in wild $eldd in domestic cats (Deplazes et al., 2011; d2epl 2015). Furthermore, the reduced

capacity of domestic cats to excrete parasite bggdeen documented under experimental conditiayse{ et al., 2006). Therefore, even if wild



or domestic felids often predate on infected inextiate hosts, they are not considered to play amnale in the maintenance of the parasite life
cycle and are of minor zoonotic relevance. Unlikescexperimental studies have revealed that neesfalomestic dogs and raccoon dogs excrete
comparable large numbersBf multiloculariseggs (Kapel et al., 2006).

Even if the prevalence &. multilocularisinfection is usually lower in dogs (0.3-1% in aage, up to 7% in animals with free access to r&jent
they can contribute substantially to enviromentaitamination by parasite eggs, also given theih lpigpulation density particularly in urbanised
areas (Hegglin and Deplazes, 2013). Furthermovenghe close human-dog relationship, the freqoentamination of dogs’ coats by taeniid eggs
and the frequent dog habit to roll in fox faecemine fur may represent an important source oftctide (Deplazes et al., 2011). An even more
prominent role of the domestic dog in the zoonttnsmission of this parasite has been describésim (Craig and Larrieu, 2006; Raoul et al.,
2015).

The raccoon dog is highly susceptible to most darggites; however, its contribution to the epiddagy of E. multilocularisis poorly understood.
Studies performed in endemic areas for this pa&rasvealed that the prevalence of infection in saoccdogs is much lower than in foxes
(Bruzinskait-Schmidhalter et al., 2012). Based on characteftghavioural traits, such as the habit to defecatgrines, their reduced activity on
meadows and pastures (major vole habitats) andloh winters, this species is unlikely to play a keje in maintaining the life cycle dt.
multilocularis (Hegglin et al., 2015). Large canids are highlgcayptible to pater. multilocularisinfections. In Europe, wolves (Martinek et al.,
2001; Bagrade et al., 2009) and jackals (Széll.e2013) with pateriE. multilocularisinfection have been recorded. However, their doution

to parasite transmissions is rather limited, eggcconsidering their generally low population diéies; however, the extended spatial behaviour

of wolfs (Figure 2) and jackals could contributdahe introduction of the parasite in new areas.



Intervention strategies to minimise the risk of A&Ehumans must consider the complex ecology ofwiii@ host, the possible involvement of

domestic dogs, and foresee effects of planned hwmildhfe interactions such as increased huntingsgure (Hegglin et al., 2015). Fox deworming
campaigns with prazigquantel containing baits hdwevsé some promise (reviewed by Hegglin and Depla2@t3). This strategy was implemented
in defined rural and urban areas, and within 1-&gea significant reduction of the egg contamaratvas recorded in the enviroment. However,
on a larger scale and over extended periods, ttagegy is expensive and, given the long incubatiore of the disease in humans, a tangible
benefit could realistically take ~20 years (Hegg@limd Deplazes, 2013). The effect of controlling B\Emeans of monthly deworming treatments of
domestic dogs has not been investigated in ddiatl,is recommended by the European Scientific Celuoe Companion Animal Parasites

(ESCCAP) (http://www.esccap.org/uploads/docs/nkzxxnesccapgllendoguidelines.pdf).

Taeniaspp.

A variety of Taeniaspp. has been described in wild felids. In Eurabiar from Estonia the predominant species werpisifomisandT. laticollis
(both with mountain hares as intermediate ho3tsjjydatigenaprobably with the roe deer as principal internagelihost) and'. taeniaeformis
(with rodents as intermediate host) (Valdmann gt2804). The Iberian lynx has been described ad#iinitive host ofl. polyacanthaand, in
single cases, of. pisiformis(Millan and Casanova, 2009)aenia taeniaeformjsT. crassicepsand T. martis have been described from wild
European cats (Krone et al., 2008). The epidemicddgole of wild felids in the transmission ®heniaspp is not well understood, and they are
hypothesized to play only a minor role in the trarssion to domestic cats or dogs. Domestic catay(str free roaming cats) play a dominat role in

the transmission of. taeniaeformigo rodents as intermediate hosts, based on tlyirdopulation density especially in residentiaaes.



Wild canids are definitive hosts of a large ranf@aeniaspp, with rodents or large mammalians serving as iinégliate hosts. Foxes and raccoon
dogs are predominately infected witlaeniaspp transmittedvia rodents (e.gT. polyacanthaT. crassiceps(Bruzinskai¢-Schmidhalter et al.,
2012) and, in some areas, foxes can be infectdd Wwipisiformisthrough predation of rabbits/hares (Vergles Ratal., 2013). Dogs with free
access to rodents or hunting dogs (fed with offahunted hares/rabbits) can develop patent infasti@and contribute to the transmission of the
parasite. In jackald,. pisiformis T. hydatigenandT. crassicep$iave been described (Takacs et al., 2014). Thiisvalknown definitive host for

T. taeniaeformis, T. polyacantlend T. crassicepgrodents are intermediate host¥),serialis (hares/rabbits)T. krabbei(wild cervids), andT.
hydatigenaT. multicepsandT. ovis(sheep and goats) (Guberti et al., 1993; CraigGumadg, 2005). However, the role of this speciespreading
the parasites to domestic cats and dogs is likelggmal, and probably limited to populations ‘aktj such as hunting dogs and shepherd dogs.
Nevertheless, similarly t&chinococcusspp., the extended spatial behaviour of wolveslyikranslates into spread of parasite infectiams t

domestic canids.

2.2. Trematodes

Opisthorchis felineus

Opisthorchis felineugTrematoda, Opisthorchiidae) is a liver fluke affieg the biliary tract of domestic and wild mamsjand humans. The life
cycle is complex and indirect; immediately follogirexcretion of embryonated eggs with the faeceshef definitive host in a freshwater
environment, they infect and hatch withBithynia snails, the first intermediate hosts (Kaewkes,3}0Bollowing a phase of asexual reproduction
in the snail, free-living cercariae are released the environment and ingested by a fish of tmeilfaCyprinidae (the second intermediate hosts),

where they develop into metacercariae (Kaewkes3R0dhe final hosts (e.g., humans, dogs and catp)iee the infectiorvia ingestion of raw or



poorly cooked infected fish. Infection Y. felineusis of public health concern in Asia and EastermoRa, and it is considered re-emerging in
Italy, where eight outbreaks have been documemted 2003 to 2011 (De Liberato et al., 2011; Pozialg 2013). In Western and Central Europe,
the parasite has been detected in domestic (catslags) and wild mammals (red foxes, polecats)h \pitevalence ranging from 16 to 73%
(reviewed by Pozio et al., 2013).

Both fish-eating domestic and wild mammals contebto maintaining the parasite life cycle, espégialnen defecating in the proximities of
freshwater bodies, that are the habitate of saailsitermediate hosts. Large carnivores charaeteby a wider home-range (e.g., foxes and stray
dogs), may also contribute to spreaddgfelineusin other environments. However, this occurrenceoissidered limited (Filatov et al., 1989),
especially when compared with the capacity of mathko spread infectionga travel and trade of infected fish. The preventdrinfection in
humans and pets is theoretically achievable thradgguate alimentary education, and by freezirgfés raw consumption. This may contribute
to reducing the prevalence of infection also indiifié sharing the same environment with domestionais. However,O. felineuscan be

propagated by fish-eating wildlife only, which thepresent a source of infection or re-infectiopeeglly for feral cats and stray dogs.

2.3. Nematodes

Spirocerca lupi

Spirocerca lupi(Spirurida, Thelaziidae) is a nematode of worldwiligtribution, most common in tropical and subtogpiareas (Bailey, 1972).
Dogs and other wild carnivorous are the naturatshos$ this parasite (Anderson, 2000); adsitlupilive embedded in gastric and oesophageal
nodules and intermediate as well as paratenic laostgvolved in their transmission (Anderson, 20@nbryonateaggs are shed in the faeces of

the infected host and develop to infective L3 witkine intermediate hosts (i.e., coprophagous ®etiéhin two months (reviewed in van der



Merwe et al., 2007). Final hosts may become intebteingesting either infected intermediate or feni& hosts, which include poultry, wild birds,
lizards, rodents, hedgehogs and rabbits (Ander800)2 In the final host, larvae are liberated ia gastric lumen and migrate through the thoracic
aortic wall to the caudal oesophagus within 90@6 days, where they mature to adults and embeddnles (Bailey 1972; van der Merwe et al.,
2007).

Common clinical signs associated with spirocercastsassociated with the presence of oesophagédalasoand include regurgitation, emesis and
weight loss, and other non-specific signs suchyaesxm (van der Merwe et al., 2007). Beside thecglppesophageal nodules, the parasite may also
induce other lesions that include aortic scarringh( or without osseous metaplasia and/or dystmophlcification) as well as aneurysm formation,
and caudal thoracic vertebral spondylitis (vanMerwe et al., 2007).

Infections byS. lupihave been reported in wildlife species across [iireuch as foxes in Serbia (Pavéogt al. 1997), Belarus (Shimalov and
Shimalov, 2003), Spain (Segovia et al., 2004), Grg®iakou et al., 2012), Denmark (Al-Sabi et 2014b) and Italy (Magi et al., 2014) and in
wolves and raccoons in Poland (Szasika et al., 2010; Popiotek et al., 2013pirocerca lupihas been extensively described in dogs from Europe
(i.e, in southern Italy; Giannelli et al., 2014). & survey carried out in 260 privately owned divygm Greece, the prevalence $f lupiinfection

was 10% (Mylonakis et al., 2001), with a highervadence in trace hunting dogs (21%), than in sbemting dogs (5%) or household animals
(0%), thus lending credit to the association betw®&elupiand hunting dogs. Interestingl, lupiisolates from Denmark are genetically distinct
from other isolates from Europe, Asia and Afridayd raising questions on the occurrence of cryggecies within isolates from Europe, Asia and

Africa (Al-Sabi et al., 2014a). To date, this pa@es considered non-zoonotic.

Thelazia callipaeda



Thelaziacallipaeda(Spirurida, Thelaziidae) has been traditionallpwn as the “oriental eyeworm”, because it infesitenarily dogs in the Far
Eastern countries (i.e., Indonesia, Thailand, Chfmaea, Myanmar, India, and Japan) (see Ander2ddQ). However, over the last 15 years, this
parasite has been recognised as a ‘new’ agentutdrodisease in several areas of Europe (Otranth,e2013a), having been described in dogs in
Northern Italy (Rossi and Bertaglia, 1989) and,rsafier, in cats and foxes from Northern and Sauth@ly, with a prevalence of up to 60.1% in
dogs from some municipalities of the BasilicatawagOtranto et al., 2003). From these first stadand within only a few years, infections by
callipaedahave been reported in France (Dorchies et al.7R@witzerland (Malacrida et al., 2008), Spainr@t al., 2011), Portugal (Rodrigues
et al., 2012) and in Bosnia and Herzegovina andafizrqHodz¢ et al., 2014). Due to the ocular disease thisgi@&aauses in animals (e.g.,
conjunctivitis, epiphora, and ocular discharge akiis, and corneal ulcers) (Otranto and Trave285), infection byl. callipaedaadultsis easily
differentiated from that of other ocular nemato@eg., Dirofilaria spp.). Therefore, the increased number of casés cdllipaedainfection in
Europe reported in the literature may be partlyl@red by the growing awareness of veterinariar arasitologists, but may also indicate that
canine thelaziosis is emerging in some Europeamsatmportantly, where the infection in dogs isvatent, it has also been reported in other host
species such as cats (Maia et al., 2014) and {dAakacrida et al., 2008; Hod¥et al., 2014; Sargo et al., 2014).

The widespread distribution of this nematode indperis probably related to the presence of suitabt#ors and hosts in different European
countries. For example, its vectdthortica variegata(Drosophilidae, Steganinae), is distributed thraug Europe (Maca and Otranto, 2014).
Studies conducted on the ecology of this lachryragphis drosophilid identified large areas of Eurapesuitable habitats fé?. variegataand,
therefore, for the expansion of thelaziosis (Owaet al., 2006a). Although the role of hunting ddgsvelling throughout Europe has been
hypothesized as a possible factor of the introduactf T. callipaedain some areas (Mir6 et al., 2011), clear evidemrehis is still lacking. In

addition to the ubiquitous distribution of the wactthe availability of several competent wild ®shay also facilitate the spreading Df



callipaedainto new areas. Indeed, wild canids (i.e., foxeslyves), mustelids (i.e., beech martens) and fdligs, wild cats) are suitable hosts for
this parasite (Otranto et al., 2009), and liveare§ted and meadow areas wherevariegataperpetuates. The importance of wild canids (e.g.,
foxes) and the existence of a natural, wild cyClecallipaeda regardless the presence of dogs, is confirmeth&high prevalence of infection
(e.q., 27.7%) recorded in foxes in areas whereidf@gtion has yet to be described (Hadet al., 2014). Prevalence in foxes may reach 49.3%
(Otranto et al., 2009) in highly endemic areas, nehbe infection is well-established in populatimfsdogs and cats. Although other wildlife
species act as hosts for callipaeda(Table 1), foxes are likely to represent the priynfamsts due to their habits, which may favour tloeintact
with the vector. Indeed, the seasonality and tlepuscular activity oP. variegata(Otranto et al., 2006b) coincide with the activtgtterns of
foxes, during dawn and dusk (Fedriani et al., 1998 role of red foxes in spreading thelaziasastheir movements within their own territories
(which vary between 10 and 30 km) (Niewold, 1980nBaster et al., 1991) should be further studikxhgawith that of wolves, which occupy vast
territories (>800 km) (Mech, 1970). Finally, in hlg endemic areas for canine thelaziosis (e.g.n&hihuman infection is prevalent (Shen et al.,
2006); therefore, the recent cases of human imiestdiagnosed in areas of ltaly, France and Spairuasurprising (Otranto and Dutto 2008;

Fuentes et al., 2012).

Ascarids

Ascarioses (Ascaridida, Ascarididae) are worldwdlifused geohelminthiases of medical and veterirsggyificance caused by large (usually 10-
15 cm in length) roundworms found in the intestafetheir vertebrate hosts (O’Lorcain and Hollan@0@). Ascarioses of wild and domestic
carnivores include those causedBaylisascaris procyoni@in racoons and dogs)pxocara canigin dogs) and'. cati(in cats) (Crompton, 2001).

The ascarid life cycle is direct, with thick-shelleggs being passed in the faeces of the infedst] binder suitable environmental conditions (i.e.,



28-33 °C), third-stage larva (L3) develope withi® 2veeks. After ingestion of embronated eggs, tBenlvade the intestinal wall and migrate to
the liver and lungs (‘hepato-pulmonary migratiomach thetracheaand are swallowed and develaguib males and females within 21-29 days
in the small intestine. Upon entering the systeomculation, somé& . canislarvae will become arrested in somatic tissueddveed by Crompton,
2001; Schnieder et al., 2011), to then re-activatbe bitches during the last trimester of pregyawhen they are transmitted to the lititeutero
(Fulleborn, 1921). Conversely, infection of femabds withT. catiduring pregnancy results in transmammary transonssf infective larvae to
the kittens (Coati et al., 2004). Infective lanadgso occurs in a range of paratenic hosts (incydiaents) (reviewed by Sprent, 1958) that further
complicate the epidemiology of ascarid infectioasd particularly that of species infecting predgatarldlife such asB. procyonis the raccoon
roundworm. This species has been reported as at@dtg zoonotic, albeit alBaylisascaris(including B. transfugaof bears) are considered as
potential zoonotic agents (cf. Sato et al., 200&viG et al., 2005).

Raccoons are the primary hosts Bf procyonis however,infection can also reach patency in dogs and calssga migransin humans.
Experimental evidence in mice and jirddgriones unguiculatyssupports the hypothesis thattransfugainfecting bears) may also be responsible
for cases of neurdhrva migrans(Sato et al., 2004), with severe (fatal) neuratabor ocular outcomes (Otranto and Eberhard, 2QhITaccoons,
the infection occurwia the ingestion of larvated eggs around the animalsiows; racoons’ defecation sites are thereforportant areas of
contamination for domestic carnivores as well asdms (Page et al., 1999). Raccoons have firstip baported to western Russia, Estonia and
Ukraine from North America in the first half of tl2®th century (Nowak, 1984; Helle and Kauhala, 39891d have become established in Eastern
and Northeastern Europe since the 1970s (BaueB)2Bbwadays, raccoons are an integral part ofatihdlife fauna of several European areas

(Singer et al., 2009), where they can cause sepmldems in the implementation of rabies contral aradication programs (Singer et al., 2009).



The illegal importation of raccoons may also repnésa major threat for the spread of ascarids toedtic dogs and humans. For example,
procyonis Toxocaraand Toxascarissp. have been recently recovered from the intestfimaccoons illegally imported to Norway (Davidseinal.,
2013). The extreme resistance of ascagds in the environment (i.e., up to 5 years uf@esurable environmental conditions) further enlesnc
the risk of transmission of these parasites froid ¥a domestic animals andice versaand therefore the risk of zoonotic infectionst Fastance, a
case of human neurologidarva migransby B. procyonishas been described in Germany (Sorvillo et aD220

Wild and domestic canids (dogs and foxes) and dediet natural hosts fdr. canisandT. cati respectivelyT. canisroundworms are common in
red foxes in Denmark (estimated prevalence: 49%e€8 et al., 2006), Switzerland (44%) (Reperaal.eR007), Italy (9%) (Magi et al., 2009),
Ireland (20%) (Stuart et al., 2013) and Poland (L{B6recka et al., 2013). Similarly,. canishas been isolated from golden jackals in Hungary
(20%) (Takéacs et al., 2014) and from wolves inyl{@uberti et al., 1993) and Poland (7%) (Boredkal.e 2013). Environmental contamination by
T. caniseggs is mainly linked to eggs passed in faecesfetted domestic and wild canids; however, giviea importance of transplacental
transmission in puppies, these should be dewormedediately after birth (Overgaauw, 1997). While dsitic dogs are likely to receive regular
deworming treatments, thus limiting the spreadhef infection to populations of wild carnivores, antrolled populations of feral dogs play a
crucial role in the contamination of the environméy Toxocaraeggs, thus effectively acting as a “bridge” betwe®mestic and wild host
populations (Deplazes et al., 2011). In additiaaey the predatory nature of wildlife host speaéd. canis paratenic hosts (including rodents,
birds and invertebrates) play a crucial role in sipeeading of this parasite, thus further compiigathe epidemiological scenario (reviewed by
Reperant et al., 2007). Prevalence data in wildiffecies lead to speculations that foxes play amnaje in the maintenance of the wildelife cycle
of T. canis notably, since the mid-1980s, a steady increageopulations of urbanised foxes had been repdhexighout Europe (Scott et al.,

2014); foxes are known predators, and feed predamtiynon small mammals, birds and invertebrategidveed by Reperant et al., 2007). This



behaviour is likely to impact on the epidemiolodyTo canis thus strengthening the link between wild and detmecanid populations (Morgan et
al., 2013). Conversely, wildlife hosts for catiinclude feral cats in England (35%; Nichol et 4881), feral cats and Iberian lynxes in Spain (35%
prevalence in feral cats; Millan and Casanova, 20B8rasian lynx in Finland (98%; Deksne et al.120and pine martens in Poland (13%;
Borecka et al., 2013).

Both B. procyonisandT. caniscan cause ocular or viscelatva migrans or covert toxocarosis, in humans (reviewed by ékeal., 2014; Deplazes
et al., 2011). Compared with canis viscerallarva migranscaused byB. procyoniscan be particularly severe, as a consequence dath that the
larvae grow larger as they migrate (reviewed bya¢as, 2001). Rare cases of human infections haame teported in Europe (Kichle et al., 1993);
notably, a case of unilateral neuroretinitis symaeowvas reported in a patient who had purchasedcawoa from a local zoo (Kichle et al., 1993).
While the zoonotic role of. catiis controversial (Macpherson, 2013; Sturbe et28l1,3), the presence of large populations of featd in several
European countries, together with the intrinsic lleinges associated with anthelmintic treatmentsthafse populations, contribute to the

maintenance of parasite pressure to domestic f@Rdaddn-Franco et al., 2013).

Hookworms AncylostomauUncinaria)

Ancylostoma caninuandUncinaria stenocephal&Strongylida, Ancylostomatidae) are cosmopolitankworms of the intestine of dogs and other
canids (Anderson, 2000). The life cycle of theseapiic nematodes is direct, with female hookwommsreting morphologically similar thin-
shelled eggs, which are passed in the faeces diasie Under suitable environmental conditions,(R8-33 °C), the ‘rhabditiform’ L1s hatch from
the eggs. The L1s feed on bacteria and, withiny®,daoult to L2s and subsequently to the L3s withih days. This latter stage retains the cuticle

of the L2 (i.e., sheath) and is referred as ta@riibrm’ larva (Anderson, 2000). The infection ocewvhen the infective L3s are ingested by (



stenocephalpor penetrate the skin oA(caninun the vertebrate host (Anderson, 2000); while largflJ. stenocephalanature to adult males and
females in the small intestine of the vertebratstfidarvae oA. caninumenter the subcutaneous tissues and migrate viairthdatory system to
the heart and lungs, where they moult to fourtlgestiarvae (L4s). From the lungs, the larvae mig(ai the trachea and pharynx) to the small
intestine, where they develop to adult males anthfes within 2-7 weeks depending on species (readelay Beveridge, 2002). The adult stages
attach by their buccal capsule to the intestinatesa, rupture capillaries and feed on blood (Arater2000). L3s ofAncylostomaspp. can
undergo developmental arrest (= hypobiosis) indbmnatic tissues of the vertebrate host and, fotigwactivation during pregnancy, undergo
transmammary transmission to the offspring (Arasal ldwak, 1999). The pathogenesis of hookworm dséamainly a consequence of the blood
loss, which is caused by tissue damage and dirgestion of red cells by the adult worm (reviewgd3asser et al., 2008).

Epidemiological surveys of wild carnivore populaison Europe have highlighted a role of red foxeseservoirs oll. stenocephalanfections in
Denmark (prevalence: 86%; Willingham et al., 19%jain (58%; Criado-Fornelio et al., 2000), Switamed (78%; Reperant et al., 2007), Ireland
(38%; Stuart et al., 2013), and Poland (combinedaglence ofA. caninumandU. stenocephalanfections 9%; Borecka et al., 2013). However, a
significant prevalence of hookworm infections hagib detected in golden jackals in Hungaky daninumd5% andJ. stenocephald0%; Takacs

et al., 2014), in wolves in Italy (Guberti et &1993) and Poland (combined prevalenceéAotaninumandU. stenocephal®%; Borecka et al.,
2013).

Occasionally, the migration @&. caninumlarvae through the skin of human hosts may resututaneoudarva migrans(CLM), also known as
‘creeping eruptions’ (Bowman et al., 2010); theerof U. stenocephalan CLM remains unclear (Bowman et al., 2010). Efere, clearly, the
presence of these parasites in wildlife populaticeesents a significant threat to populationsi@hestic dogs in Europe and, in turn, to the

occurrence of cases of CLM in humans. For instanases of CLM have been reported from several Eamomountries over the last decade,



including the UK, Germany, Italy and Serbia (reveellby Bowman et al., 2010); in the UK, the infectisas attributed t&J. stenocephalaue to

the absence of autochthonotiscaninuminfections (Beattie and Fleming, 2002). Four case€LM attributed to canine hookworms have been
described in Germany (reviewed by Bowman et all020Interestingly, one of the CLM cases detectedsermany was reported to occur
following the flooding of the river Elbe, which hddrced the patient to spend considerable time shelter together with domestic and wild
animals (reviewed by Bowman et al., 2010). The otheee cases were described in patients who tstédilakesides and riverbanks around urban
areas (Klose et al., 1996); although the origimalrse of infection was not conclusively determirjtbse et al., 1996), it is plausible that wildlife
species acting as hosts for these parasites mag ¢auributed to the contamination of such envirents. The same areas represent frequent
destinations of dog-walkers, thus encouraging trassion of hookworms among wildlife, dogs and huméef. Smith et al., 2014). It is however
important to point out that such transmission sttawdt be considered unilateral, in that undispaxfedog faeces may act as a source of infection

for wildlife (Smith et al., 2014).

Trichuris vulpis

Trichuris vulpis(Enoplida, Thichuridae) are common whipworms @& targe intestine of domestic and wild canids. Titeecycle is direct; the
cephalic end of adult worms (= stichosome) is erdbddn the mucosa of the large intestine of théebeate host, while the caudal end is free in
the lumen. Eggs laid by adult females are excrati#id the hosts’ faeces and develop into larvatetective eggs over a period of 3 to 8 weeks
depending on environmental conditions (reviewed tgversa, 2011). Following the ingestion of infeeteggs by a suitable host, larvae hatch and
develop within the intestinal mucosa before retugrtio the lumen to develop to adult worms (reviewgd raversa, 2011). Importantly, infective

eggs are particularly resilient in the environmdhis feature, together with the inability of thesh to mount a protective immunity against



successive infections, contribute to the build-Gpigh parasite burdens in the canine hosts antlyrm make control of the infection particularly
challenging (reviewed by Traversa, 2011).

Infections byT. vulpishave been widely reported in a range of wildljpfedes across Europe; these include golden jack&lsingary (prevalence:
10%) (Takacs et al., 2014), wolves in ltaly (Gubettal., 1993), wolves and pine martens in Pol@hdvulpis 13% andTrichuris spp. 40%,
respectively) (Borecka et al., 2013) and foxesétahd (4%), Denmark (0.5%) and Poland (65%) (Sa¢adl, 2006; Borecka et al., 2013; Stuart et
al., 2013). In patrticular, a survey conducted ia ltter country revealed infections Byvulpisto be rather intense in foxes and martens, with an
average of 132.2 and 84.7 eggs per gram, resphigcthaing detected in these two species (Boreclad. e2013). Based on these observations, the
authors speculated that these species, and particfdxes, act as the main reservoirs of infedifor dogs in those geographical areas, linked to
the presence of these (and other) parasites ilon@htparks (Borecka et al.,, 2013), although thenmtio potential ofT. vulpisis yet to be
ascertained. Similarly t@. canis the steady increase in urbanised populationoxéd (reviewed by Deplazes et al., 2004; Scotil.e?814;
Liccioli et al., 2015), together with knowledge thafective eggs ofT. vulpis are highly resistant in the environment (yearseundarsh
environmental conditions), makes public parks ofropolitan areas important sourceslofvulpiscontamination for domestic dogs (Zanzani et al.,
2014). WhileT. vulpisis generally considered non-zoonotic, a few casgaesumptive human cases of viscdeba migranscaused by this
parasite have been reported over the past few;yeavgever, the true identity of the worms detedteguch cases remains blurry (reviewed by
Traversa, 2011). Nevertheless, clearly, infectioynd. vulpisare particularly common in wild carnivores in Eueognd, given the resilience of

vulpiseggs, as well extended spatial behaviour of welalaivore species are likely to impact on the datan of whipworms.

Dirofilaria immitis andDirofilaria repens



Dirofilarioses are mosquito-borne parasitic infent caused by nematodeisthe superfamily Filarioidea. Although severaksigs are included
within the genudDirofilaria (Spirurida, Onchocercidaelpd. immitisand D. repensare the most important members, being common perasi
domestic carnivores, such as dogs and cats, lubatsther hosts such as wild carnivores and hur(ido€all et al., 2008; Penezet al., 2014)D.
immitis has a worldwide distribution and it is endemianany countries in Europe, Asia, Africa and the Aicas.D. repends endemic in the Old
World but has not been found in the Americas tlaus f

Adult D. immitisworms occur in the pulmonary arteries and riglarhehambers, causing a severe condition knowmaise and feline heartworm
(HW) disease, whileD. repensis found mainly in subcutaneous tissues, causulgciganeous dirofilariosis (McCall et al., 2008)bekrant
migrations with ectopic localizations (e.g. bodyitas, central nervous system, eye) have beenribescfor bothDirofilaria species (Dantas-
Torres et al., 2009; Favole et al., 2013).

The life cycle of both parasites consists of figevhl stages developing both within an intermedmtsquito host (from embryo to infective)L
that also acts as vector, and in a definitive \meete host (from 4.to the adult stage). The prepatent period is Ddays foD. immitisand 189-
259 days foD. repens respectivelyMcCall et al., 2008). The adult females of botle@ps release embryos (microfilariae) into the 8lobthe
mammalian host. Mosquitoes become infected wheindgak blood meal from a microfilaraemic host (MdGatl al., 2008) Dirofilaria infective
larvae are transmitted by several mosquito genectyding Culex Aedes Ochlerotatus Anopheles Armigeresand Mansonia howeverAedes
vexansCulex pipienccomplex andAedes albopictuare implicated as the main natural vectors ofdlvesrms (Cancrini et al., 2007; Capelli et al.,
2013).

Until a few years ago, interest in dirofilariosigsvfocused primarily oB. immitis because of its pathogenicity in companion anintdtsyvever,

the increasing spread Ofirofilaria infections, particularly oD. repenstowards Eastern and Northern European countres tianslated into an



increase of veterinary awareness and perceptioncféet al.,, 2014). Furthermore, bdihrofilaria species are zoonotic, and human cases of
infection byD. repensare dramatically increasing in Europe (Genchi.gef@11; Simon et al., 2012; Satamatin et al.,301

Further to the abundance of susceptible mosquiémes a suitable climate to permit development of paeasites in the intermediate host,
transmission oDirofilaria spp. is dependent upon the presence of a suffiocienber of microfilaraemic hosts.

The domestic dog and some wild canids are the itleérmosts for botiDirofilaria species, where the parasites are able to develagult stages,
producing abundant and persistent microfilaremidn@blood stream, and thus serve as the mainvaeseof the infection. Cats and wild felids are
considered ‘aberrant’ hosts, where seldom the piasadevelop to the adult stage, although a lovellevansient microfilaremia probably plays a
role as a source of infection for mosquitoes dutivese short periods (McCall et al., 2008).

D. immitisinfections have been reported in wild felids, sashthe wild cat, ocelot. €opardus pardal)s mountain lion [Felis concolo}, clouded
leopard Neofelis neburoga snow leopardncia uncig, Bengal tiger Panthera tigri3 and lion Panthera led in their natural habitats or while
held in captivity in urban zoos or free ranginddafari’ parks located in endemic areas of caniriedtion (for references until 2007 see McCall et
al., 2008; further data is available in Pedezi al., 2014). In most cases, the infection wasaeridental finding at necropsy and circulating
microfilariae were never detected. However, midaoifie were recently recovered from a leopddnthera pardus parddisn a highly endemic
area of northern ltaly (Mazzariol et al., 2010).Sarbia, one wild cat was found infected in 200%erbia (Penegiet al., 2014), but no data of
microfilaremia was reported.

More consistent is the role of wild canids as resierthosts ofDirofilaria, e.g. coyotesGanis latran$ in the USA (Wang et al., 2014). In this host,
microfilaremia ranges from 16% to 35% (Miller et, &009; Paras et al., 2012). This species cansals@ as source of infection for mosquitoes. In

Europe,D. immitisprevalence in jackals was 9.6% in Bulgaria (Kuw&et al., 2011), 7.4% in Hungary (Tolnai et al12), and it ranged from 2%



to 12.7% in repeated surveys (2009-2013) in Sdip@nezt et al., 2014), albeit no data on microfilaremighese animals is available. Infection
was detected in wolves in Spain (~2%; Segovia.ef@01), Italy (Pascucci et al., 2007), Bulgafte¢rgieva et al., 2001), Serbia (1.4%; Peheti

al., 2014) and reported from Belorussia (Shimalod en’kevich, 2012). Data of microfilaremia in wes$ is unavailable; however, 37 adult
worms were recovered from a single individual (R&net al., 2014), this suggesting that microfilaremilikely to occur in this species.

Only limited data is available on microfilaremiafoxes. For instance, 6.8% out of 132 foxes fronagea endemic for cani@rofilaria in Italy
were infected, and. immitis and/orD. repensmicrofilariae were found in 2.3% of the examinednaals (Magi et al., 2008). No additional
information is available on the prevalence of miitacemia in this host species, although severaleys had shown that foxes can serve as hosts
for Dirofilaria . For instance, prevalence of infectionyimmitiswas 1-3% in Bulgaria and Serbia (Kirkova et a1 2, PeneZiet al., 2014), and
3.7% in Hungary with a worm burden ranging fromol5tin infected animals (Tolnai et al., 2014). Rdemces seem to by associated by the
climatic conditions of the areas under investigatior instance, in the Ebro Valley (Spain), prevade ofD. immitisranges from 1.7% to 32.3% in
foxes from semiarid and irrigated habitats, redpelst (Gortazar et al., 1998).

Until now, data on the occurrence®f repensin wild carnivores is very scant. Recentfiirovi¢ et al. (2014) recovered one single worm from 71
examined wolves and one from 48 foxes in Centrikda

Therefore, reports dDirofilaria infection in wild felids are anecdotal, and mosgimate from animals held in captivity in HW heaepdemic
areas. Wild felids are likely to represent “innacerctims” of HW infections (Genchi et al., 2008ther than possible reservoirs of infection for
domestic cats and dogs, and the contribution afwhidlife to the spreading of disease is margiialen though little information is available on
the microfilaremia in wild canids, these hostsrae likely to actively contribute to the spreadofghe disease. In some areas of Eastern Europe,

D. immitisprevalence is relatively high and the finding dbih male and female worms suggests that micraddamay occur in the blood stream.



Undoubtedly, the detection Bf. immitisin the pulmonary arteries and in heart right chaimzeless challenging than searchingDorepensn the
subcutaneous tissue. Nevertheless, given thagsteEh European countrid3, repends more prevalent thad. immitisin dogs and it is a frequent
cause of human infection (Genchi et al., 2011; Sirabal., 2012; Satamatin et al., 2013; Ta3tasevt et al., 2015), surveys on this parasite in
wild carnivores are necessary. Whichever Efilaria species, the assessment of the presence of nacdidi in the peripheral blood of these

animals is critical to clearly elucidate the rofenald carnivores as reservoirs of infections inréjpe.

Onchocerca lupi

Onchocerca lup(Spirurida, Onchocercidae) is a little known fited, which primarily infects dogs in some areassofope (i.e., Hungary, Greece,
Germany and Portugal; reviewed in Otranto et &l1,32) and USA (i.e., California, Nevada, Coloradd blitah; Labelle et al., 2011; Labelle et al.,
2013). Recently, the zoonotic potential of thisgsate has been recognised, therefore spurringntieeest of the scientific community on this
nematode (Otranto et al., 2010. lupi has been reported for the first time in a Caucasialh from Gruziya (Georgia, former USSR; Rodonaja,
1967), but information on the occurrence of thisnatode in wild canids such as wolves and foxesdkihg. The lack of knowledge of the
epidemiology of this parasite in wild animals is stip associated to the difficulties in achievingaiable diagnosis and, subsequently, in
monitoring the infection in animal populations. éadl, while in the acute phase of the infection,im@ronchocercosis is characterised by
conjunctivitis, chemosis, lacrymation, periorbisatelling (Komnenou et g12002; Sréter and Széll, 2008), the definitive d@gis of infection is
achieved through the detection of nematodes inlesdallowed by their identificatioryia morphological and/or molecular examination. Howeve
in cases of parasitic granulomas involving theotmitbar space of the eye, dogs may remain subalipimfected (Otranto et al., 2013b) and, in

these animals, the detection@f lupi microfilariae in skin sediments remains the onlyi@pfor diagnosis. Indeed, a prevalence of theahbn of



8.4% was registered in apparently healthy doogs dagipled in areas of Greece and Portugal, whieieatlcases had previously been reported in
dogs (Otranto et gl2013b). The detection of viab{@. lupi microfilariae in wild canids or felids, which avsually examined at necropsy, seems
complicate and studies of the epidemiology of tifedtion in these animals are very difficult to foem. Moreover, studies of the distribution of
the parasite based on that of the vector, whichamresnunknown, are currently missing. However, tbeuorence of human cases of zoonotic
infections byO. lupiin Turkey, Tunisia and Iraq deserves attentiongeisply in areas where dog infection is endemia eaises a flag on the
importance of conducting studies of the biology apdlemiology of this filarioid (as well as the idiication of its insect vector) in domestic and

wild carnivore species.

Metastrongyloids

Metastrongyloids are bursate nematodes whose athfltst the lungsAelurostrongylus abstrusus (Strongylida, Angiostrongylidaeand
Troglostrongylus brevior(Strongylida, Crenosomatidae) or the heart and pohary arteries Angiostrongylus vasorunand Angiostrongylus
chabaudi(Strongylida, Angiostrongylidae) of wild and dortiexarnivores (Anderson, 2000). Dogs and wild dar(e.g., foxes, wolves, coyotes
and jackals) are definitive hosts far vasorumthe infection is considered endemic in severaaarof Europe (Morgan and Shaw 2010; Elsheikha
et al., 2014). Conversely, domestic and wild catsratural hosts dA. abstrususandT. brevior, while infection byA. chabaudis confined to wild

cat populations (Biocca, 1957), with a single aaftsafection recently reported in a domestic caltaty (Varcasia et al., 2014).

Metastrongyloids are characterised by an indiréetdycle, with gastropod molluscs serving as imediate hosts; in these hosts, the nematode
first-stage larvae (L1) (excreted with the faecemfected hosts), develop into the infective, dhstage larvae (L3). Different species of snaild an

slugs may serve as competent intermediate hosispanasite development to its infective form vaaesording to the species of snail, as well as



environmental and climatic conditions. Interestynghe terrestrial gastropddelix asperseéhas been shown to permit simultaneous developofent
both A. abstrususand T. brevior, thus potentially representing a source of mudtipifections in the definitive host (Giannelli dt, 2014b).
Paratenic hosts such as small mammals, birdsdézamnd frogs may act as amplifiers of the infec(Balt et al., 1994; Morgan et al., 2005). In
addition, recent observations of infectionsTbyoreviorin suckling kittens have shed some light on aliéwe routes of transmission, such as direct
transmission from the queen to the offspring (Briahal., 2013).

Infections by metastrongyloids may be subclinigaihduce a wide spectrum of clinical presentatidben symptomatic, respiratory signs are the
most common clinical manifestations, accompaniedlibgrders in blood circulation and coagulationjailbmay complicate the clinical scenario,
e.g. in cases of canine angiostrongylosis (revieimeschnyder et al., 2010). Fatal cases of diseagsed byA. abstrususandT. breviorhave also
been recorded, although the latter species is stespeo hold a greater pathogenetic potential (Brigt al., 2012; 2014).

The best known wildlife reservoir of infection By vasorumnis represented by the red fox; in Europe, prevaef infection in this animal (from 5
to 56%) is higher than that in dogs (from 0.3 18%9) from the same geographical area (Koch and ¥étle2009), thus prompting the hypothesis
that foxes are mainly responsible for the transimmsef infection to dogs (Morgan et al., 2005; Ei#ha et al., 2014). This hypothesis is supported
by experimental evidence showing a lack of genstigaration betweeA. vasorumisolates from dogs and foxes (Jefferies et alQ920 The
increase in fox density, along with climate chaagd increased pet movements, have been incrimiagtédving factors of the spread of cases of
canine angiostrongylosis (Elsheikha et al., 200ther wild canids may play minor roles in the epmtogy of angiostrongylosis (Elsheikha et al.,
2014). Thus far, only two cases, namely in norther@sSpain (Segovia et al., 2001) and central Iglgni et al., 2014), have been described in
wolves from areas where canine and fox angiostiosgjis endemic (Traversa et al., 2010). Angiostrongglbss been recently reported also in

golden jackals in Hungary (Takacs et al., 2014)ilembther wild hosts, such as Eurasian badger dted @.untra luntra), have been identified as



putative reservoirs of the infection, although theie in transmitting the infection to dogs rensaimcertain (Torres et al., 2001; Millan et al.,
2004). Much remains to be investigated about thdhycs of infection in wild populations and factarsderpinning the spill-over to dogs (Morgan
and Shaw 2010; Elsheikha et al. 2014).

European wild cats have been hypothesized to actessrvoirs and spreaders ®f brevior infection to domestic cats. Indeed, while
troglostrongylosis has occasionally been reportedamestic cats, infection by this lungworm is fregt (up to 71.4% prevalence) in wild cat
populations (Falsone et al., 2014). However, thmuoence of feline troglostrongylosis may have beessed over the past few years (Otranto et
al., 2013c; Brianti et al., 2014), which may expléhe paucity of previous reports. Unlike brevior, A. abstrususs mainly reported in domestic
cats, with only a small number of cases reportediiid felids (West et al., 1977; Szczesna et &I0& Gonzalez et al., 2007). Indeed, the increased
awareness of this parasite amongst clinicians amadspologists has been accompanied by a risepofteein domestic cats (Brianti et al., 2014),
which may be misinterpreted as an apparent increaee number of cases of infection. It may alspgen that there is currently an increased
incidence of troglostrongylosis in cats in Europeat the absence of previous data prevents us W drg/ reliable picture about the current
epidemiological situation of the disease at botjiareal and local level.

A recent report of infection b&. chabaudin a cat in Sardinia (ltaly) has spurred the hgpets that the domestic cat may be also act agadleu
host for metastrongyloids that localise to pulmgnagssels and heart (Varcasia et al., 2024 )chabaudiwas first described from wild cats by
Biocca (1957), who considered these animals aprih@ary host for the parasite; indeed, prevalerfdafection was 85% in wild cats from central
Italy, while no positive samples were detected fretnray cats and dogs, or in other wildlife spe¢ies, M. melesandV. vulpe$, from the same
area. However, since data on the distribution angact of A. chabaudiin wild and domestic cats is limite@dny definitive conclusion is

unwarranted.



Capillaria aerophila

Capillaria aerophila(syn. Eucoleus aerophilyg(Enoplida, Capillaridae) is a small lungworm whault stages infect the lungs of domestic and
wild carnivores and, seldom, human beings (Andea00). The adults live beneath the epitheliumhef bronchi and trachea (Conboy 2009),
where females lay eggs that are coughed up, swadlamd excretedia the faeces into the environment, where larvae reatiside the eggs and
become infective within 40-60 days (Conboy, 200®rtebrate hosts acquire the infection throughiriigeston of larvated eggs; these hatch in the
intestine and larvae migraté the bloodstream and/or the lymphatics to the lunggere they invade the mucosa and mature to aawihs within

~6 weeks. AlthoughC. aerophilais characterised by a direct cycle, facultativetransport hosts, such as earthworms, are invoimwethe
transmission and diffusion of the parasite (Ander2000).

Animals harbouringC. aerophilamay be either subclinically infected or show resfary distress ranging from a mild disease to\ser®eand
potentially fatal pneumonia. Adult parasites dam#ge lung parenchyma and cause bronchovesiculathbmounds, sneezing, wheezing, and
chronic dry or moist and productive cough, espgciahen accompanied by bacterial secondary infasti(Barrs et al., 2000; Bowman et al.,
2002).

The parasite is common in wild carnivorous, arid #@lso being increasingly reported in dogs and fratn Europe (Traversa and Di Cesare, 2014).
Prevalence in wild carnivores is usually high; opplations of European red foxes, revalence rea8Bés in Norway (Davidson et al., 2006),
74.1% in Denmark (Saeed et al., 2006), 66% in Honf@réter et al., 2003), 46.8% in the NetherlaBdrgsteede, 1984) and 41.8% in Italy (Magi
et al., 2014)Capillaria aerophilahas been also reported in European wild cat, vjatkal, beech marterMartes foing and raccoon dowith
prevalence rates ranging from 5% (jackals) to 33(@4td cats) (Thiess et al., 2001; Szdfska et al., 2010; Takéacs et al., 2014; Di Cesagd. et

2014; Falsone et al., 2014)istinct genetic populations @. aerophilain foxes, beech marten, cats and dogs from Euhepe recently been



identified, thus supporting the existence of comrpatterns of transmission between wildlife and dstmecarnivores (Di Cesare et al., 2014).
These findings suggest that wild carnivores aateasrvoirs hosts fo€. aerophilaand thus sympatry with dogs and cats may enhdmecedgk of
capillariosis for domestic animals.

In humans, infections b@. aerophilacan mimic the clinical and radiographic findingspulmonary neoplasias, with cough, mucoid sputum,
haemoptysis, fever, dyspnoea, and eosinophiliaofeslt et al., 2008). Cases of human infection have loescribed in Ukraine, Russia, Morocco,
Iran and France (reviewed in Di Cesare et al., p@s2well as, recently, Serbia, where the prevaeicnfection in foxes is particularly high

(LaloSevt et al., 2008; 2013).

3. Artropods

Wild canids and felids can harbour several arthdoppecies, which may be shared with domestic dogscats. These include ticks (order
Ixodida), fleas (order Siphonaptera), lice (orddéithitaptera) and mites (orders Sarcoptiformes armmmbidiformes). While some of these
ectoparasites are primarily associated with wildids and felids, and only seldom detected on tHemestic counterparts, some of these are
commonly observed on domestic cats and dogs, phatig those living in rural areas (e.g., woodedaa). This is the case of some tick (e.g.,
ricinus, Dermacentor reticulatysandRhipicephalus turanicysand flea species (e.@tenocephalides felsndPulex irritang, commonly retrieved
from both wild and domestic canids and felids indpe (Gabrielli et al., 2010; Lorusso et al., 20Mkyer-Kayser et al., 2012). Dogs and cats may
also share mange-causing mites with their wild tegparts (Nimmervoll et al., 2013; Oleaga et al12, Al-Sabi et al., 2014b), although little

information is available on whether some of theges(e.g. Sarcoptes scabipmay indeed belong to distinct populations or eseecies.



In addition to irritation, blood depletion and skasions, ectoparasites of wild canids and felidg tnansmit a range of pathogens to domestic dogs
and cats. A number of studies have reported therignof DNA fragments from different pathogens ifdacanids and felids and their associated
ectoparasites (Gabrielli et al., 2010; Marié ef 2012; Jahfari et al., 2014; Najm et al., 2014ede pathogens (e.dgdepatozoon canisnd
Ehrlichia canig have been frequently associated to diseasesmestec dogs and cats, and some of them (Araplasma phagocytophiluend
Rickettsia massiliganay be also transmitted to humans.

Foxes are habitual hosts of some ectoparasiteesptat may infest domestic dogs, particularlysi@&abrielli et al., 2010; Lorusso et al., 2011;
Meyer-Kayser et al., 2012). In a study conductedsermany, out of a total of 1286 foxes examined 985.9%) were infested with ticks
belonging to four species: ricinus, Ixodes canisugaxodes hexagonuysandD. reticulatus Some of these ticks harboured DNAHbf canis a
widespread pathogen of dogs in some European cesininterestinglyH. canis18S rRNA gene sequences obtained from fokeginus andD.
reticulatuswere identical among each other and 99% similegeguences detected in a dog and in a fox fromriaushd in a jackal in Croatia
(Najm et al., 2014). On the other hand, three dbfie sequences were detected. icanisugaandl. hexagonusone of which was identical to the
one found in foxes and in ricinus andD. reticulatus Another sequence was identical to sequences & dag in Japan, from a fox in Spain and
from a Falkland Island wolf and a fox in Brazil. &khird sequence type shared an identity of 99 Hepatozoorsp. sequence generated from
Japanese martens. The aforementioned study sudigastiifferentH. canisvariants may be circulating among different h@std tick species. It
also raises questions on the role of foxes and #ssiociated ticks in the transmission of thisg@oon, thus far thought to be restricted to itsrmai
vector tick speciefRhipicephalus sanguinesgnsu lato.

The cat fleeC. felis,the dog fleaCtenocephalides caniand the human fleB. irritans, are commonly found in a wide range of wild andnéstic

canids and felids (Farkas et al., 2009; Capéri.e2@13; Gracia et al., 2013). Other fleas, ingligdXenopsylla cheopjsnay also be found in both



wild and domestic felids and canids (Koutinas et E)95; Torina et al., 2013). A recent, comprehanstudy carried out in Albania reported the
finding of the fleaLeptopsylla segni®n domestic cats (Knaus et al., 2014). This rodssbciated flea species has been found infected by
Rickettsia typhithe causative agent of murine typhus, in Cypfisristou et al., 2010). The rickettsia has receb#gn detected in naturally
infected cats and i€. felisfleas in Spain (Nogueras et al., 2013). IntergbtinDNA of bothR. typhiandR. feliscould be detected in some flea
specimens.

Finally, aCytauxzoorspecies, distinct fror@ytauxzoon felidut closely related t€. manuj has been found in wild and domestic cats in Eeirop
(Carli et al., 2012), suggesting that the rangeatbparasites and associated pathogens shareddogirwii domestic canids and felids is probably

larger than currently hypothesized.

4. Conclusions

The study of the ecology of wildlife parasites inr&pe requires a holistic approach, being an duettfating science due to the fact that
ecosystems are often open and inter-related atl emédrge scales. This is not only caused by thetinued incursions of humans into ever-
changing environments, but also a reduced resdi@fiche environments to such changes. A majortcains of these studies is the limited access
to samples, especially from remote areas. Frompihispective, ecologists and biologists involvegapulation conservation programs represent
key partners for parasitologists working in thedie

Another important issue is the distribution rangel aabundance of some exotic species that areesjianding, as a consequence of their
demographic elasticity and the absence of natuwmastcaints. This is the case, for instance, ofreeoon dog and the raccoon that have been

introduced into Europe only over the last few desafKauhala, 1996; Kauhala and Kowalczyk, 2011c{aaet al., 2012). Accordingly, there is a



tangible risk of further spread of “exotic parasitei.e. the natural parasitofauna of these twocigge Despite the wealth of scientific data
highlighting the effect of diseases on populatigmaimics of wildlife (De Castro and Bolker 2005; feafy et al., 2008; Smith et al., 2009),
diseases are rarely included into internationataironal legislation concerning the conservatiomiofliversity. In some instances, the protection
level of a rare host species can be lowered tdititei disease control/eradication (92/43/EE@3,a ‘population control’ approach that, as a final
step, might even include host depopulation.

The main international legislation dealing withalile disease aims at protecting human health (abies in foxes) or meeting the requirements of
international trade of live animals or animal-dedvproducts (i.e. classical and African swine fewewild boars). The World Organization for
Animal Health (OIE) includes wildlife diseases ia international reporting system for animal he@rorld Animal Health Information Database—
WHAIS, available at: http://www.oie.int/animal-Hemin-the-world/the-world-animal-health-informatiesystem/the-oie-data-system/); however,
no strict indications on the development of a rolsusveillance system are contemplated. In alhefEU Member States, wildlife management and
conservation authorities are not directly respdasibr animal health, since the National Veterin&arvices usually oversee these activities, for
both economic and historical reasons (mainly linkedlomestic animal health and food safety). Aesult, the impact of diseases on wildlife
population dynamics is mainly assessed throughareserojects or local surveys. The scientific delwm a possible approach to monitor wildlife
health, and its feasibility and sustainability tdl ©pen (Ciliberti et al., 2015; Guberti et akp14). An improved knowledge of the complex
wildlife-domestic animals-humans-parasites relaiops would certainly result in a better managenwériithese diseases, in line with the ‘One
Health’ approach to scientific research in thesmaar Finally, given the impact of both micro andcroparasites on the population dynamics of
several endangered species, a robust health riskssment (including mitigating actions) should bepidar of any Action Plan to

restore/reintroduce animal populations. Health asgessments should integrate data on host paputatie, geographical distribution, presence of



sympatric wild and domestic species and data onranand microparasites that (might) affect the coreteon status of the species under

consideration.
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Figure legends

Figure 1 The red foXMulpes vulpésis the most abundant and widespread canid ofeufoourtesy of Adriano de Faveri).

Figure 2 A wolf-dog hybrid crossing the road whiobnnects the village with the sea beach in cemtafl (Maremma Regional Park). These

animals can live - almost unobserved - even inrp @®wded environment (courtesy of Lorenzo Rigpacci



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

Par asites

Carnivorewildlife host

Occurrencein

Europe

Zoonotic aspects

Echinococcus
canadensis
(cervide strain, G&

and G10)

Wolf (Canis lupu}¥

Fennoscandia

Accidental host
developping cystic
echinococcosis (CE) in th
lungs. Restricted tthe
circumpolar North,
including Sweden,

Finland, and Estonia

(4%

Echinococcus
granulosus

sensu stricto(G1)

Golden jackal Canis aureuy wolf (Canis lupu}

Hungary,

Italy, Spain

Accidental host
developping cysts mainly
in the liver and the lungs.
The main CE agent in
Southern and South-

eastern Europe

Echinococcus

intermediugG7)

Wolf (Canis lupu}¥

Portugal, Spain

Accidental host

developping cysts mainly




in the liver and the lungs.
The main CE agent in
countries of the Baltic
region, Poland and parts

Eastern Europe

Df

Echinococcus

multilocularis

Red fox {ulpes vulpes wolf (Canis lupu}, wild cat elis s. silvestrig
golden jackal Canis aureuy artic fox Alopex lagopuy raccoon dog

(Nyctereutes procyonoides

Germany, France,
Belgium, The
Netherlands,
Switzerland, Austria
northern Italy,
Eastern Central
Europe from the
Baltic to Rumania
and Slovenia,
Sweden, Denmark,
Russia, Svalbard

archipelago

Accidental host
developping cysts
especially in the liver.
Alveolar echinococcosis is
a severe zoonosis in
Europe and worldwide in

the Northern Hemisphere

Taeniaspp. (e.gT.

Iberian lynx (inx pardinug, wild cat (elis s. silvestris red fox {/ulpes

All over Europe

Sporadic cysticercosis




crassiceps, T| vulpeg, raccoon dogNyctereutes procyonoides)plf (Canis lupuy, artic

martis) fox (Alopex lagopus mustellids

Opistorchis Red fox Yulpes vulpes polecat Mustela putoriuy European ottel (utra | Belarus, Russia, Liver infection, definitive
felineus lutra) Ukraine, Lithuania, | host shedding viable eggs

Siberia, Netherlands
Scandinavia,
Romania,
Hungary,Austria,
Germany, Poland,
Italy, France,

Portugal Spain

Spirocerca lupi

Red fox Yulpes vulpes wolf (Canis lupu}, four raccoonsKrocyon lotoj

Belarus, Denmark,
Greece, Italy,
Poland, Serbia,

Spain

Not reported

Thelazia

callipaeda

Red fox Yulpes vulpes wolf (Canis lupuy, beech marterMartes foing,
brown harel(epus europaelsEurasian badgeMeles meles wild cat

(Felis s. silvestris

France, Switzerland
Spain, Portugal,

Bosnia and

Ocular infection




Herzegovina, Italy,

Croatia

Toxocara canis

Red fox Yulpes vulpes golden jackalCanis aureul wolf (Canis lupu$,

raccoon dogNyctereutes procyonoides

all over Europe

Ocular or viscerdharva

migrans toxocariasis

Toxocara cati

Feral cat Felis catu3, Iberian lynx Lynx pardinu}, Eurasian lynxL{ynx

lynx), pine martenNlartes americanp

all over Europe

Debated \isceral larva

migrans?)

Baylisascaris

procyonis

Raccoon dogNyctereutes procyonoidggour raccoonsKrocyon loto)

Germany, Norway

Viscerallarva migrans

Ancylostoma
caninumand
Uncinaria

stenocephala

Red fox Yulpes vulpes golden jackalCanis aureul wolf (Canis lupu}

all over europe

Cutaneousarva migrans

Dirofilaria immitis

andD. repens

Red fox Yulpes vulpes wolf (Canis lupu}, golden jackalCanis aureups

Italy, Spain,
Bulgaria, Hungary,

Italy, Serbia, Spain,

Subconjunctival and
ocular localizations,
subcutaneous and

pulmonar nodules

Trichuris vulpis

Red fox Yulpes vulpes golden jackalsGanis aureuy wolf (Canis lupus,

pine martenNlartes americanp

all over europe

Of minor significance




Dirofilaria immitis

Golden jackal Canis aureul wolf (Canis lupuy, red fox {ulpes vulpes

Bulgaria, Hungary,
Serbia, Spain, Italy,

Bulgaria, Serbia

Accidental host.

Subcutaneous nodules

Dirofilaria repens

Red fox {ulpes vulpes wolf (Canis lupu}

Central Balkan

Accidental host.
Subcutaneous and

pulmonary nodules

Onchocerca lupi

Wolf (Canis lupu}¥

Hungary, Greece,

Germany, Portugal

Ocular infection

Angiostrongylus

vasorum

Red fox Yulpes vulpes wolf (Canis lupu}, golden jackalCanis aureuls

Eurasian badgeMeles meles otter Cuntra luntrg

Denmark, England,
Hungary, Italy,

Poland, Spain

Not reported

Angiostrongylus

chabaudi

European wild catHelis s. silvestris

Germany, Italy

Not reported

Aelurostrongylus

abstrusus

Eurasian lynxI(ynx lyny

Poland, Russian

federation

Not reported

Troglostrongylus

brevior

European wild catd=elis s. silvestris

Italy

Not reported

Capillaria

Red fox Yulpes vulpes wolf (Canis lupu}, golden jackalCanis aureul

Denmark, England,

Pulmonary infection




aerophila

raccoon dogNyctereutes procyonoidgguropean wild catHelis s.

silvestrig, beech marterMartes foing

Germany, Hungary,
Italy, Norway, the
Netherland, Poland,

Serbia
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