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SUMMARY

Over the last decades, natural ecosystems have suffered a significant
transformation due to human activity, being the fragmentation of the territory one of the
main consequences. These transformations generate an impact on wildlife populations,
causing thanovement of species towards more suitable habitats where they can acquire
the trophic resources and shelter necessary for their survival. In addition, inasemi
Mediterranean areas, these wildlife movements may also be associated with the climatic
characteristics of the environment, since scarce and irregular annual precipitation, high
temperatures and high levels of evapotranspiration frequently lead to periods of scarcity
of water resources. In this sense, similarly to wildlife, parasites are affegtédee climatic
conditions of the ecosystem in which their life cycle develops. Environmental temperature
and humidity are two of the main factors for the development of a parasite's life cycle,
and anyalterationaffecting these factors canfluence both the frediving stages and the
intermediate or paratenic hosts that participate in it, and can lead to changes in the

transmission of the parasite itself or even affect its survival.

Currently, anthropized areas have become to interactiotmieen wild animals,
domestic animals and humans, which may pose an epidemiological risk derived from the
transmission of shared pathogens, including numerous species of parasites. The red fox
(Vulpes vulpasis one of the most abundant and common synanthicospecies in this
wild-domestichuman interface, and it hosta wide variety of parasites, many of them
shared with domestic canids or even humans. Therefore, their proximity to rural or urban
areas can be considered a risk of transmission in both destgenerating the spitiver
effect, where the fox can also be a victim of this exchange of pathogens. In this sense,
epidemiological studies should take into account these new situations where these shared

areas can become important sites of parasi@tsmission.

The diagnostic method used in this type of epidemiological studies should be as
sensitive and accurate as possible to minimize the number of false negatives and to obtain
the closest value to the real parasite intensity. Therefore, the usesnfitable diagnostic
method is essential to assess witte greater rigor the possible impact of parasites on the
health of the individual and, on a larger scale, on the host population. Furthermore,
specifically in the case of foxes, it is necessaryntwkthe epidemiological risk associated

with the presence of this canid in the wittbmestichuman interface.
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The main objective of this Thesis was to describe the nematode commuthisies
parasitizethe cardiopulmonary, gastrointestinal and urinary sysgeof the red fox
population in the Region of Murcia (SE Spain), as well as to know how the biotic and
environmental variables of this serarid Mediterranean region influence the abundance

of these parasites.

For this purpose, the first objective of thi$esis (Chapter 1) was to evaluate the
sensitivity and accuracy of a pestortem diagnostic method for the detection of
cardiopulmonary nematodes in foxes. A total of 51 foxes were necropsied during 2015
2018, and both the heart and lungs of each fox wexamined for nematode detection.
Specifically, three consecutive methodological steps were employedtiiestpening of
the tracheobronchial tree, pulmonary arteries and heart cavities (OT), followetieby
manual squeezing of the lung parenchyma (Vé8Y finallythe artificial digestion of the
lung parenchyma (ADyith a solution of pepsin and hydrochloric acid. Four species of
cardiopulmonary nematodes were isolatedingiostrongylus vasorum, Crenosoma vulpis,
Eucoleus aerophiluand Metathelazia capslata. The total number of nematodes
obtained in each of the methodological steps applied was 454 (OT), 285 (WS) and 141
(AD). The consecutive use of OT and WS improved the quantification of the parasitic
intensity present in the host, and reduced the numloé false negatives. Sensitivity was
96.1% when using OT followed by WS. When the methodological step AD was not used,
the accuracy of the parasite intensity decreased to 84%, failing to detect 16% of the
cardiopulmonary nematodes present. On the othemtathe use of AD increased the
sensitivity of the prevalence and the intensity of parasitizatiorAofvasorumand M.
capsulata both species located in small capillaries and bronchioles of the lung,
respectivelycomplicating its detectionThe results botained allow us to recommend the
method we have employed when designing epidemiological studies based on the
detection of cardiopulmonary nematodes in wild carnivores, since it will be possible to
obtain results of prevalence and parasite intensity inoadance with the reasituationof

the carnivore population under study.

On the other hand, it is important to know the epidemiological factors that
condition the presence of parasites in fox populations inhabiting seidiareas, since

water stress is aenvironmental determinant that can lead to an approach of animals to
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anthropized areas and, therefore, to higher contact rates at the-adchestichuman
interface. Therefore, the second and third objectives of this Thesis were to describe the
gastrointesinal and cardiopulmonary nematode communities (Chapter 2) and that of the
urinary system (Chapter 3) present in the fox population of the Region of Murcia. In
addition, the influence of biotic and abiotic variables characteristic of this -aeichi
Mediterranean area on five nematode species selected for their sanitary importance,
either for their pathogenicity in dogs or for causing zoonaoAisg{ostrongylus vasorum,
Crenosoma vulpis, Uncinaria stenocephala, Toxocara aadi§oxascaris leoninavas
evaluated (Chapter 2). The same analysascarried out forPearsonema plic€Chapter

3), a urinary bladder parasite little studied in domestic and wild canids and whose
epidemiological situation in this type of environment is unknown. During the period-2015
2021, a total of 167 carcasses of foxes were collected from recovery centres, authorized
hunting activity and roailled individuals Necropsy was performed the
cardiorespiratory system was initially extractednd the methodology described in
Chapter 1 was applied. In addition, the gastrointestinal systeesqphagus, stomach,
small and large intestine) was examined and, finally, the kidneys, ureters atdebla
were opened. Generalized linear models (GLM) were used to snéhe influence of
biotic and abiotic variables on parasite abundance. Chapter 2 described a total richness of
eleven species of nematodes, seven gastrointestiPadriygodermatites affiis, Uncinaria
stenocephala, Toxocara canis, Toxascaris leonina, Spirocerca vulpis, Oxynema
crassispiculumand Trichuris vulpls and four bronchopulmonary Ahgiostrongylus
vasorum, Crenosoma vulpis, Eucoleus aeropaild$/etathelazia capsulata The resus
obtained in the models indicated that, in this seamid Mediterranean region,
temperature and humidity are the variables with the greatest influence on the abundance
of the selected parasites, as well as forestry and agricultural areas. This coviatioege
areas provide places of refuge that, indirectly, favour optimal temperature and humidity
conditions for the establishment and development of parasite eggs andifrieg larvae

(U. stenocephala, T. carasdT. leonind, and the gastropods involved the life cycle of

A. vasorumand C. vulpis On the other hand, it was found that the presence of foxes in
anthropized areas may pose an epidemiological risk, since a higher abundakte of

stenocephala T. canisand T. leoninawas detected in areas de to humanized
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environments, implying a higher risk of transmission between synanthropic foxes and

dogs sharing the same zone.

In Chapter 3 of this Thesis, the presencePofplicawas detected in the urinary
bladder of 2.4% of the foxes examined (4/16IMe analysis of environmental variables
confirmed that humidityis the limiting factor for the development of the biological cycle
of this parasite. The low prevalence ef plicafound could be due to the fact that the
climatic conditions of the senarid Mediterranean regions, in general terms, are not
sufficiently favourable for the development and survival of the earthworm, which is the
necessary intermediate host for this parasite species to complete its life cycle. However,
the confirmation that thisnematode is present in the fox population of the Region of
Murcia is the evidence that, even in these sarid Mediterranean areas, there are places
where the conditions of humidity are appropriate for the presence of the parasite. This
result suggestshiat there are specific areas in which the potential risk of transmission of
P. plicaexists, being able to maintain the sylvatic cycle due to the fox and, consequently,
posing a risk to dogs that share these areas. Therefore, shared environments by domesti
and wild species should be taken into account when designing health monitoring plans for

those pathogens that, as in the casePofplica can affect domestic and wild canids.

During the development of the objectives previously mentioned, specimens of a
spirurid nematode species were isolated from the bronchi and bronchioles of the
examined foxes, whose description did not coincide with any of the species of
bronchopulmonary nematodes described in this wild canid to date. However, based on
the morphometrt characteristics of the specimens studied, it was possible to confirm that
it was a nematode species belonging to the gelletathelazig and more specifically to
the speciedetathelazia capsulataTherefore, the fourth and final objective of this Thesis
was to make a detailed morphometric description of this lung nematode species, as well
as its molecular markers COI and rDNA. Measurements of the main structures were made
using both light microsqoy and scanning electron microscopy, which allowed
comparisons with previously morphometric descriptionshbf capsulatamade in host
species different than the red fox. The majority of the measures were in agreement with
those previously described by othauthors, although some differences were found.

Specifically, the main difference was in the length of the individuals, both males and
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females (6.6 mm and 7.4 mm, respectively), but there were also slight variations in the
mean valuef the depth of thebuccal cavity andhe distance between the excretory
pore and the anterior end, both of which were lower than those described previously. On
the other hand, DNA extraction and PCR amplification of the mitochondrial marker COI
and five rDNA markers (18S, 285.8S, ITS1 and ITS2) were carried out, and then
sequenced and phylogenetically areggl. Based on the data available in GenBank, results
obtained concluded that the sequencesMf capsulataare closely related to the family
Rhabdochonidae, but also syest distant relationships with the family Thelaziidae, both
belonging to the superfamily Thelazioidea. This is the first findihg eapsulatan foxes

in Europe, and therefore in the Iberian Peninsula, as well as the first time that molecular
markers br this species are described. This analysis provides very useful information for
future phylogenetic studies on the nematodes of the gemdstathelaziaspp. and,

generally, on the species of the family Pneumospiruridae.

The results obtained throughout the development of this Thesis provide valuable
information in different aspects. First, it shows the importance of using an appropriate
diagnostic method for the objectiveedired, and a protocol is described for the diagnosis
of cardiopulmonary nematodes of carnivores that allows obtaining accurate results. On
the other hand, the analysis of the environmental variables in sandi Mediterranean
areas highlights that the aulability of humidity, temperature and, indirectly, cover
vegetation areas, are key epidemiological factors in the maintenance, dispersion and
abundance of the nematode species that affect foxes and dogs. Considering that the fox
is the most abundant wilccarnivore species in this sefmiid region, it should be
emphasized that its presence in the widdmestichuman interface may represent an
added risk factor to parasite transmission, so prevention and control measures should be
applied. Thus, these dataae be useful when designing epidemiological monitoring
programs, and management and conservation plans for other carnivore species or

endangered species that share habitat with the fox.
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A lo largo de las ultimas décadas los ecosistemas naturales han sufrido una notable
transformacion debido a la actividad humana, siendo la fragmentacion del territorio una
de las principales consecuencias. Estas transfoonasi generan un impacto en las
poblaciones de fauna silvestre, provocando el movimiento de las especies hacia habitats
mas adecuados donde pueden obtener los recursos troficos y refugio necesarios para su
supervivencia. Ademas, en las zonas mediterraneasisgsidas, estos movimientos de
fauna silvestre también pueden estar asociados a las caracteristicas climéticas del
entorno, debido a que las precipitaciones anuales escasas e irregulares, las temperaturas
elevadas y el alto nivel de evapotranspiraciomgioian en muchas ocasiones periodos de
escasez de recursos hidricos. En este sentido, al igual que la fauna silvestre, los parasitos
se ven afectados por las condiciones climéticas del ecosistema en el que se desarrolla su
ciclo biolégico. La temperatura i@ humedad ambientales son dos de los factores
principales para el desarrollo del ciclo de vida de un parasito, y cualquier cambio en dichos
factores puede afectar tanto a las formas de vida libre como a los hospedadores
intermediarios o paraténicos que giipan en él, pudiendo dar lugar a cambios en la

transmision del propio pardsito o incluso afectar a su supervivencia.

Actualmente, las areas antropizadas se han convertido en zonas de interaccion
entre animales silvestres, animales domeésticos y elgearamo, lo cual puede suponer un
riesgo epidemiolégico derivado de la transmision de agentes patégenos compartidos,
entre los que se encuentran numerosas especies de parasitos. El zoriduipes vulpes
es una de las especies sinantrépicas mas abundantemunes en esta interfaz silvestre
domésticechumano, y es hospedador de una amplia variedad de parasitos, muchos de
ellos compartidos con canidos domésticos, o incluso con el ser humano. Por ello, su
cercania a las areas rurales o urbanas puede coms®k un riesgo de transmision en
ambos sentidos, dando lugar al efecto spier, donde el zorro también puede ser
victima de ese intercambio de patégenos. En este sentido, los estudios epidemiologicos
deben tener en cuenta estas nuevas situaciones doestes territorios compartidos

pueden convertirse en importantes lugares de transmision de parasitos.

El método de diagnéstico utilizado en este tipo de estudios epidemiolégicos debe
ser lo mas sensible y exacto posible para minimizar el nimero de fadg@divos y

obtener el valor mas préoximo al real de la intensidad parasitaria. Por ello, el uso de un
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meétodo de diagnostico adecuado es esencial para valorar con mayor rigor cual es el
posible impacto de los parasitos sobre la salud del individuo y, ameagala, sobre la

poblaciéon de hospedadores estudiada. Ademas, en el caso concreto del zorro, es
necesario para conocer el riesgo epidemiolégico asociado a la presencia de dicho canido

en la interfaz silvestrdomésticehumano.

Por todo lo mencionado ant®rmente, el objetivo principal de esta Tesis Doctoral
fue describir las comunidades de nematodos presentes en el sistema cardiopulmonar,
gastrointestinal y urinario que parasitan la poblacion de zorro rojo de la Region de Murcia
(SE de Espafia), asi commnocer como influyen las variables bioticas y las variables
ambientales caracteristicas de esta region semiarida mediterrdnea en la abundancia de

dichos parasitos.

Para ello, el primer objetivo de esta Tesis Doctoral (Capitulo 1) fue evaluar la
sensibilihd y exactitud de un método de diagnéstipostmortem para la deteccion de
nematodos cardiopulmonares en el zorro. Durante los afios 2018 se realizo la
necropsia de un total de 51 zorros, y tanto el coraz6n como los pulmones de cada uno de
ellos fuera examinados para la deteccion de nematodos. En concreto, se emplearon tres
pasos metodolégicos consecutivos: en primer lugar, la apertura del arbol
tragueobronquial, arterias pulmonares y cavidades cardiacas (OT), seguido del estrujado
manual del parénquna pulmonar (WS), y finalmente la digestion artificial del mismo (AD)
empleandouna solucion de pepsina y acido clorhidri€e.aislaron cuatro especies de
nematodos cardiopulmonaresAngiostrongylus vasorum, Crenosoma vulpis, Eucoleus
aerophilusy Metathelazia capsulataEl total de nematodos obtenidos en cada uno de los
pasos metodoldgicos aplicados fue de 454 (OT), 285 (WS) y 141 (AD). El uso de OT y WS
de forma consecutiva permiti6 mejorar la cuantificacion de la intensidad parasitaria
presente @& el hospedador, a la vez que se redujo el nimero de falsos negativos. La
sensibilidad fue del 96.1% al utilizar OT seguido de WS. Cuando el paso metodolégico AD
no se empleo, la exactitud del calculo de la intensidad parasitaria disminuyé hasta el 84%,
dejandose de detectar el 16% de los nematodos cardiopulmonares presentes. Por otro
lado, el uso de AD incrementd la sensibilidad en la cuantificacion de la prevalencia e
intensidad de parasitacion d&. vasorumy M. capsulata ambas especies situadas en

peguefios capilares y bronquiolos del pulmén, respectivamente, lo que dificulta en
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ocasiones su deteccion. Los resultados obtenidos nos permiten recomendar el método
que hemos empleado cuando se disefien estudios epidemioldgicos basados en la
deteccién de nematdos cardiorrespiratorios en carnivoros silvestres, ya que se podran

obtener resultados de prevalencia e intensidad de parasitacion acordes con los valores

reales que tiene la poblacidon de carnivoros gaaobjeto de estudio.

Por otra parte, es importanteonocer los factores epidemiolégicos que condicionan
la presencia de parasitos en las poblaciones de zorros que habitan en zonas semiaridas,
puesto que el estrés hidrico es un determinante ambiental que puede dar lugar a un
acercamiento de los animales aeas antropizadas y, por tanto, a mayores tasas de
contacto en la interfaz silvest@omeésticechumano. Por ello, el segundo y tercer objetivos
de la presente Tesis Doctoral fueron describir las comunidades de nematodos
gastrointestinales y cardiopulmonaréSapitulo 2) y las del sistema urinario (Capitulo 3)
presentes en la poblacion de zorros de la Region de Murcia. Ademas, se evalud la
influencia de las variables bidticas y abidticas caracteristicas de esta zona semiarida
mediterranea en cinco especies gematodos seleccionadas por su importancia sanitaria,
ya sea por su patogenicidad en perros o por ser causantes de zoohagisstrongylus
vasorum Crenosoma vulpjgJncinaria stenocephaldoxocara canig Toxascaris leonina
(Capitulo 2). Este mismaalisis se re@o para la especi®earsonema plicéCapitulo 3),
un pardsito de la vejiga urinaria poco estudiado en canidos domésticos y silvestres y del
gue se desconoce su situacion epidemioldgica en este tipo de ambientes. Durante el
periodo 20152021 se recogieron un total de 167 cadaveres de zorros procedentes de
centros de recuperacion, individuos atropellados o abatidos en cacerias autorizadas. Se
realizé la necropsia y se extrajo, inicialmente, el sistema cardiorrespiratorio, sobre el que
se aplié la metodologia descrita en el Capitulo 1. Ademas, se examind el sistema
gastrointestinal (esofago, estdmago, intestino delgado e intestino grueso) y, finalmente,
se procedi6 a la apertura de los rifiones, uréteres y vejiga. Para el andlisis de laimfluenc
de las variables bidticas y abioticas sobre la abundancia de los parasitos se utilizaron
modelos lineales generalizados (GLM). En el Capitulo 2 se describidé una riqueza total de
once especies de nematodos, siete de ellos gastrointestin@tesygodermétes affinis
Uncinaria stenocephala, Toxocara canis, Toxascaris leonina, Spirocerca vulpis, Oxynema

crassispiculuny Trichuris vulpisy cuatro broncopulmonareg\(giostrongylus vasorum,
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Crenosoma vulpis, Eucoleus aerophilusMetathelazia capsulata Le resultados
obtenidos en los modelos indicaron que, en esta region semiarida mediterranea, la
temperatura y la humedad son las variables con mayor influencia sobre la abundancia de
los parasitos seleccionados, asi como las zonas con terrenos forestajeisaas. Este

tipo de éareas, cubieds por vegetacion, aportan lugares de refugio que, de manera
indirecta, favorecen que las condiciones de temperatura y humedad sean éptimas para el
establecimiento y desarrollo de los huevos y larvas de vida libresi@drasitos U.
stenocephala, T. canysT. leoning, y los gasterépodos implicados en el ciclo biolégico de
A. vasoruny C. vulpisPor otra parte, se comprobd que la presencia del zorro en areas
antropizadas puede suponer un riesgo epidemiologico, ya spI detectdé una mayor
abundancia delJ. stenocephalaT. canisy T. leoninaen zonas cercanas a ambientes
humanizados, lo que supone un mayor riesgo de transmision entre los zorros

sinantrépicos y los perros que estén compartiendo la misma ubicacion.

En ¢ Capitulo 3 de la presente Tesis Doctoral se detecto la presenBiaplieaen
la vejiga urinaria del 2,4% de los zorros examinados (4/167). El andlisis de las variables
ambientales confirmé que la humedas el factordimitante para el desarrollo delico
biolégico de este parasito. La baja prevalenciaPdelicaencontrada podria deberse a
gue las condiciones climaticas de las regiones semiaridas mediterrdneas, en términos
generales, no son lo suficientemente favorables para el desarrollo y supsiawee la
lombriz de tierra, que es el hospedador intermediario necesario para que esta especie de
parasito pueda completar su ciclo biologico. Sin embargo, la constatacién de que este
nematodo esta presente en la poblacion de zorros de la Region dedvasg¢a evidencia
de que, incluso en estas zonas aridas mediterrdneas, existen lugares donde las
condiciones de humedad son apropiadas para la presencia del parasito. Este resultado
sugiere que hay areas concretas en las que el riesgo potencial de treomsdes. plica
existe, pudiendo mantenerse el ciclo selvatico a expensas del zorro y, en consecuencia,
suponiendo un riesgo para los perros que comparten dichas zonas. Por ello, estos
ambientes compartidos por especies domesticas y silvestres deberiarséean cuenta
a la hora de disefiar los planes de vigilancia sanitaria de aquellos patégenos que, como es

el caso deP. plica pueden afectar a canidos domésticos y silvestres.
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Durante el desarrollo de los objetivos de la Tesis Doctoral antes menciorsedos,
aislaron de los bronquios y bronquiolos de los zorros examinados ejemplares de una
especie de nematodo espirurido cuya descripcion no coincidia con ninguna de las especies
de nematodos broncopulmonares descritas en este canido silvestre hasta la fexha.
obstante, en base a las caracteristicas morfométricas de los especimenes estudiados, se
pudo confirmar que se trataba de una especie de nematodo perteneciente al género
Metathelazia,y més concretamente a la espedietathelazia capsulataPor ello, el
cuarto y ultimo objetivo de esta Tesis Doctoral fue hacer una descripcion morfométrica
detallada de esta especie de nematodo pulmonar, asi como de sus marcadores
moleculares COIl y rDNA. La medicion de las principales estructuras de este nematodo se
hizo enpleando tanto microscopia Optica como microscopia electrénica de barrido, lo
cual permitid6 hacer comparaciones con las descripciones morfométricas anteriormente
realizadas dé/. capsulataen especies de hospedadores diferentes al zorro rojo. La gran
mayoria de las medidas realizadas concordaron con las descritas previamente por otros
autores, aunque se encontraron algunas diferencias. En concreto, la principal fue la
referida a la longitudlel nematodo, tanto de machos como de hembras (6,6 mmy 7,4
mm, respectivamente), pero también hubo ligeras variaciones en los valores medios de
profundidad de la cavidad bucal y en la distancia entre el poro excretor y el extremo
anterior, que fueron irdriores a los descritos hasta el momento. Por otro lado, se llevé a
cabo la extraccién del ADN y su amplificacién a través de la técnica PCR del marcador
mitocondrial COIl y de cinco marcadores rDNA (18S, 28S, 5.8S, ITS1 y ITS2), para después
proceder a sisecuenciacion y andlisis filogenético. Basandose en los datos disponibles en
el GenBank, los resultados obtenidos concluyeron que las secuenchs cipsulata
estan estrechamente relacionadas con la familia Rhabdochonidae, pero también sugieren
relaciones distantes con la familia Thelaziidae, ambas pertenecientes a la superfamilia
Thelazioidea. Este es el primer hallazgddeapsulataen zorros de Europa, y por tanto
en lapeninsulaibérica, al igual que es la primera vez que se describen los marcadores
moleculares para esta especie. Este analisis proporciona informacién muy util para futuros
estudios filogenéticos sobre los nematodos del géndeiathelaziaspp. y, en general,

sobre las especies de la familia Pneumospiruridae.
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Los resultados obtenidod@alargo del desarrollo de esta Tesis Doctoral aportan una
valiosa informacion en diferentes aspectos. En primer lugar, ponen de manifiesto la
importancia de emplear un método de diagndéstico adecuado para el objetivo perseguido,
y se describe un protocolpara el diagnostico de nematodos cardiopulmonares de
carnivoros que permite la obtencion de resultados fiables. Por otra parte, el andlisis de los
condicionantes ambientales en zonas semi&gidaediterraneas resalta que la
disponibilidad de humedad, langperatura y, de manera indirecta, las zonas cubiertas
por vegetacion, son factores epidemiolégicos clave en el mantenimiento, dispersion y
abundancia de las especies de nematodos que afectan al zorro y al perro. Teniendo en
cuenta que el zorro es la espedle carnivoro silvestre mas abundante en esta regién
semiérida, se debe destacar que su presencia en la interfaz sikgstrésticchumano
puede suponer un factor de riesgo afiadido a la transmision de parasitos, por lo que se
deben aplicar medidas de prencion y control teniendo en cuenta este hecho. Asi, estos
datos pueden ser Utiles a la hora de elaborar programas de vigilancia epidemioldgica y
planes de gestién y conservacion de otras especies de carnivoros o especies en peligro

gue compartan habitaton el zorro.
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ENVIRONMENTADRISTURBANCESID WILDLIFE

Throughout the last few decaddsuman pressure on natural ecosystems has
increased, leading to the destruction of habitats, being one of the major consequences of
these anthropogenic activities the fragmentation of the natural areas. Fragmentation
constitutes the modification of naturdiabitats into smaller and more isolated parcels
which has significant effects on the functionality of ecosystems, including the viability of
wildlife populations (Jaeger et al., 2016; Am&@stafio and Palomares, 2018). These
modifications have favoured themergence of new ecotones in the landscape, leading to
changes in ecological interactions and, frequently, causing wild populations movement
which may lead to an out of balance of certain wild spep@sulations (Mestre et al.,
2021). All these changessult in a progressive movement of these animals closer to
urbanized or rural areas, where they find trophic resources or refuge. In this sense, the
preference of wildlife species for a particular habitat depends on the type of vegetation
cover, food avaability, predation risk or environmental barriers of human origin (Amaya

Castafio and Palomares, 2018).

Mammalian carnivores are considered one of the most sensitive species to habitat
loss because of their spatial and diet requirements, as well asridirced reproductive
rate (Crooks, 2002; Luck, 2007). Adaptation to changes in the landscape owed to human
disturbance varies depending on the ecological and behavioural plasticity of a particular
carnivore species (Bateman and Fleming, 2012). Heterogenemyironments are
attractive to some wild carnivores because they provide a greater diversity of ecological
niches compared to homo 8044 Mackerstedsat @2915( Cer v i |
In this sense, urban and periban areas offer facilitienithe availability of trophic
resources or permanent water sources (Plumer eR8l14), making these areas attractive
for wildlife. In fact, mesocarnivores such as the stone maridar{es foing, Eurasian
badger Meles meley but also wild canids asdban wolf Canis lupus signatysnd red
fox (Vulpes vulpgshave matched well to this kind of environments in the Iberian
Peninsula (Salek et al., 2015). Another a
Romana" by MartineAbrain et al. (2019), and refers to the evolution of wild fauna from
an evasive behaviouo a gradual approach to human settlements. In this sense, one of

the carnivore species better adapted to anthropized areas is the red fox, the most widely
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distributed wild carnivore in the Iberian Peninsula (Gortdzar et al., 2007) whose
populations are arrently approaching to urban settlements, sharing territories with other

domestic carnivores and human populations (ERagz et al., 2016; Barrera et al., 2020).

THE RED FOX

The red fox is a mammal species of the order Carnivora with a worldwide
distribution (Macdonald and Reynolds, 2004) (Figure 1). Along the Iberian Peninsula it is
mainly present in heterogeneous ecosystems (Lédartin, 2017), although it can
occupy a wide variety of habitaf¥irgds, 2001). According to the International Union for
Conservation of Nature (IUCN), the fox is a species of Least Concern (LC) (Macdonald and
Reynolds, 2010), with the same classification in Spain (Blanco, 2007) since it does not have
any natural threat to their conservation (SilleZabiri et al., 2004). Nertheless, in the
Iberian Peninsula, as well as in many other Mediterranean regions, the fox is currently a
hunting species under population control, and nowadays rkiéidis one of the most

common causes of death (Grilo et al., 2008).

Figurel. Worldwide distribution of the red foXMulpes vulpés Purple areas correspond to zones
where this carnivore has been introduced, and yellow ones are the original distribution area of
the species. From: IUGNhiternational Union for Conservation of Nature) (2016).

Thanks to its ecological plasticity, the red fox is capable to successfully adapt to
anthropized areas, such as rural, parban and urban settlement (DidRuiz et al., 2013;

Plumer et al., 2014khren et al., 202D High scavenging resources, as garbage or-road
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kills individuals carrion make these zone
Carrasco et al., 2007; Rosalino et al., 2010; Selas et al., 2010). Besides, agricultural or
forestry activities increase the edge effect between these anthropized areas and natural
habitats, which favours the abundance of prey populations and, therefore, the predation
success of this carnivore. In this sense, the distribution and availability of tregsuiacnces

in the Iberian Peninsula are conditioned by a latitudinal gradient, creating biogeographical
differences in the diet of the fox (Dell'Arte et al., 2007; ERaifz et al., 2013). Accordingly,
lagomorphs are more abundant and the preferred prey auteern areas, while in
northern regions, small mammals such as rodents, fruits or seeds are the alternative
choice for foxes (Soriguer et al., 2003; ERadz et al., 2013). Reptiles, insects and
invertebrates complement the available resources, mostlpeateling on the type of
habitat and the period of the year (Lopdfartin, 2017). Moreover, the red fox is the main
predator of game species with an important hunting value, such as thdeggkd
partridge @lectoris rufa or the rabbit Qryctolagus cunicub) (DelibesMateos et al.,

2008; Villanua et al., 2008).

Its generalist and opportunistic diet also make foxes susceptible to becoming
infected with a wide range of pathogens (Duscher et281Q6), since many of their prey
could act asntermediate or paratenic hosts species (Senior et al., 1980; Reperant et al.,
2009; Bowman, 2014; Deak et al., 2020). Parasite infection in hosts can prompt an impact
on the fitness or even the survival of individuals. In this sense, parasite speciesffeat
host population densities, impacting on their body condition and suppressing their
immune system when high parasite loads occur (Lindenfors et al., 2007;-Glimmera
et al., 2017; Ferreira et al., 2019), even leading to the death of the hastdiBa et al.,
2010). It may also lead to modifications in their social behaviour, foraging, or changing
their movements within their home range (Moore, 2002). Depending on their own specific
requirements, each parasite may occupy different biologicdlesan the host, provoking
a variety of health consequences such as gastrointestinal or respiratory disorders (Morgan
and Shaw, 2010; Traversa, 2011).

Besides the opportunity of hunting a wide range of prey, and thus become infected
with the parasites thg may harbour, the approach of foxes to urban or pgban areas

could lead to new opportunities to spread these pathogens (Chase et al., 2020; Genzélez
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Avila et al., 2020Jahren et al., 202McClure et al., 2020)Thus, foxes become highly
relevant fran an epidemiological point of view (Dattilo et al., 20Z@yyrov et al., 2021)
due to the health risk for domestic carnivores and humans they represent (Deplazes et al.,

2004; Reperant et al., 2007; Di Cerbo et al., 2008; Karamon et al., 2018; Otranto and

// __ Biospher;\\
' Wildlife \
- \ =

[ Peri-domestic |
\ wildiife )
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B 3
/ = o \

e | Humans | Livestock |

. \ / \
Tm . TR £
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Figure2. Pathogen spilbver at wildlifedomestichuman interface. Arrows represent the direction
of pathogens transmitted among areas of interaction. This spread can lead to the appearance of
new reservoirs and even generate a new transmission cycle. Figure tiagedes et al. (2013).

In fact, dogs are phylogenetically very close to foxes (Huang et al., 2014), and share
many species of parasites, so their health status may become affected as a consequence
of their coexistence in the same argengiostrongylusasorumand Dirofilaria immitisare
two of the most relevant examples of these shared parasite spéatslocated on the
right side of the heart and the pulmonary arteries (Alho et al., 2018; Carretdn et al., 2020),
and they cause severe signs in infectedividuals (Traversa et al., 2010). Moreower,
immitis is also a zoonotic parasite. Likewise, other nematode species with potential
human health implications aréncylostoma caninumwhich causescutaneous larva
migrans(Schwartz et al., 2022), dioxocara canjswhich causesgiscerallarva migrans,

ocular larvamigrans etc., where humans could become parasitized after accidentally
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ingesting infective eggs present in the environment (Otranto and Deplazes, 2019; Wu and
Bowman, 2020)Hence, red foxan act as a source of parasites and may originate a spill
over in the wildlifedomestichuman interface (Figure 2) (Thompson et al., 2009; 2010). In
this epidemiological scenario, wild and domestic canids, and even livestock, might serve
as a link betwesm the sylvatic and domestic cycles of parasites, where also human could

be concerned.

In this sense, epidemiological studies should be implemented from a One Health
perspective Garcésand Pires, 2021), a multidisciplinary view where animal, human and
natural ecosystem health are considered (Figure 3). Through the adoption of this wider
perspective of pathogen transmission occurring at the wildliéenestichuman interface,
new diseaseantrol plans will become significantly more effective (Mackenzie and Jeggo,

2019).

Environment Wildlife

oS 4
iy

Humans

= - 4

Figure3. One Health approach, where human, animal (including both domestic and wild species)
and ecosystem health are intimately connected. Figure based on Thompson et al. (2013).
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PARASITES, ENVIRONMENTAL CONDITIONS AND EPIDEMIOLOGICAL
IMPLICATIONS

Similarly to wildlife populations, habitat changes also affect parasite occurrence by
altering parasitehost relationships (Harris and Dunn, 2010). Pathogens that proliferate in
anthropized environments are those whose transmission depends on vectorsesvo's
that are well adapted to these areas (Cable et al., 2017). From a geographical point of
view, parasites must be distributed in the areas where their hosts are also present, thus
the relationship between host and parasite abundance can be useddeatify
epidemiological hotspots where the risk of occurrence of a specific parasite is higher
(Poulin, 2014). Likewise, since parasite infective forms and their intermediate or paratenic
hosts are present in the environment, it is essential to know ashmasgcpossible their
biology in order tobetter understand the epidemiology of the parasite transmission
(Morand, 2015; Aleuy and Kutz, 2020). In this sense, parasites occurrence is affected by
the climate (Poulin et al., 2011), and many of them show aibligion conditioned by a
latitudinal gradient, as a proxy for environmental variables (Morand, 2015). More
precisely, climatic factors have an effect on helminths, both on those having an indirect
life cycle involving intermediate and/or paratenic hosted on those transmitted by free
infective stages present in the environment (Poulin et al., 2007, 2011; Altizer et al., 2013;
Mkandawire et al., 2022). Parasites are heterothermic animals that can suffer alterations
in their phenology as a consequence abfanges in abiotic conditions (Mouritsen and
Poulin, 2002; Ogden et al., 2005; Poulin and Mouritsen, 2005). However, those which
develop within a homeotherms host will be less influenced by external conditfidal(,

2010). Thusthe environmental tempeature has a significant influence on the parasite

life cycle, since any disturbance can also affect, for example, the dynamics of the
intermediate hosts or their survival (Shapiro et al., 2017). Besides, the presence of
humidity in the environment is essgal to balance the desiccation effect and favour the
survival of the frediving stages, apart from favouring the motility of the larvae in the
environment (Tarig, 2015). Probably, combined interaction of these two factors,
temperature and humidity, mighigenerate ideal environmental conditions for the
development of parasites. A case in point is cover vegetation areas as a proxy of moisture

and mild temperatures, which influences the success of the life cycle of parasites, as well
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as intermediate and patanic host population dynamics (Martin and Sommer, 2004;

MartinezValladares et al., 2013).

For all these reasons, the design of epidemiological studies that consider
environmental variables is necessary to know the distribution of parasites and,
consequatly, to know which are the areas with the highest risk of occurrence of these
pathogens (Sanchigdonsonis et al., 2019; Deak et al., 2020). This type of epidemiological
analysis is especially necessary in areas affected by environmental changes, esther du
human action or climate changédnkinset al., 2011; Jones et al., 2013; McMahon et al.,
2018; Aleuy and Kutz, 2020). This is the case o$dnetarid Mediterranean basin, that
according to future scenarios due to the progress of climate changegisf the regions
with the greatest vulnerability, showing a high risk of sufferingter stress and
desertification (IPCC, 2007; Vileaver et al., 2021). In general ternaid or semiarid
Mediterranean regions suffer low rainfall patterns, unequaligtributed over the year,
and high evapotranspiration values, which lead to a deficit of water severely impacting to
biodiversity (Zereini et al., 2004As regards Iberian Peninsula, floods or prolonged
periods of drought will be increasingly frequentesarios (GarciaRuiz et al., 2011;
Bangash et al., 2013; Andrade et al., 2021). In particular, southeastern Spain, including the
Region of Murcia, is one of the most arid regions in EuropeG@iado and Pérez
Morales, 2019) and, based on the mean anmuratipitation and temperature values, the
KoppenGeiger classification (Peel et al.,, 2007) categorizes the southeastern
Mediterranean basin of the Iberian Peninsula as an arid desert climate (BSk and BSh)

(Figure 4).
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CLASIFICACION CLIMATICA DE KOPPEN (1981-2010)

CLIMAS

A

Figure 4. KoppenGeiger Climate Classification of the Iberian Peninsula, Balearic and Canary
Islands (1982010). Figure from Chazarra et al. (2018).

The scarcity of hydric resources predicted by these climate scenarios will increase
water competition, both in urban, rural and natural environments (Mitaver et al.,
2021).This trend towards a more intense environmental aridity drives the movement of
host species to areas with better resources for their survival, and waterpoints duioe t
attractive areas of confluence for domestic animals, human and wildlife (MarGugpsa
et al., 2021), leading to an interaction increase among synanthropic species, as the red
fox. This tendency can also disturb the dynamics of disease transmissioa directly
affecting the reproduction or mortality rates of intermediate and/or paratenic hosts or
free-living parasite stages, or changes in the behaviour or population dynamics of hosts,

their contact rates or physiology (Dobson et al., 2015).

Considering these predictions in the Mediterranean areas of the Iberian Peninsula,
it is important to carry out epidemiological studies that evaluate both the biotic variables
of hosts and the abiotic variables of the territory to understand how the ptessre
distributed and what is the epidemiological risk of each region. Thus, we could predict in
which areas a confluence between fox and domestic canids populations, or humans, is

expected to exist, as well as locations where suitable conditions fgpahesite life cycle
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are occurring. This information is essential to elaborate wildlife management plans and
prevention programs for the control of parasite transmission at wiledibenestichuman

interface.

Finally, these epidemiological studies must lasédd on a precise diagnostic tool, as
it is necessary to provide the most accurate data for a correct analysis of the health status
of the individual and of the host population studied. In this sense, it is necessary to use a
method that provides the greast possible sensitivity with the lowest false negative rates,
as well as the highest accuracy to obtain the most exact values of parasite intensity. The
evaluation of the effectiveness of the method used for an epidemiological study is
essential, since,part from selecting the most appropriate to obtain the best results, the
costs and execution time of the study must be taken into account (Roeber et al., 2013;
Llewellyn et al., 2016; Buonfrate et al., 2018), as depending on the final purhase

functional performance or technical efficiency involved may differ (Nicolay et al., 2014).
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The red fox Yulpes vulpesLinnaeus, 1758) can be a host of parasites shared with
domestic animals and even humans, thus their epidemiological role in the interaction
between the sylvatic and anthropic cycles of these pgts may be critical. Hence, the
main objective of thiFhesids to describe theommunities of thenematode species that
currently parasitize the red fox population frothe Region of Murcia (SE Spain). In this
context, the use of an accurate diagnostiethod is essential to confirm the presence
and intensity of parasites in this host species, which allows a m@eseestimation of

the potential effect exerted by the pathogen on the host and, moreover, to evaluate the
epidemiological risk associatedttvfoxes at the wildlifedomestichuman interface. This

leads us to the first objective of thithesis

1. To evaluatehe sensitivity and exactness ofpstmortem diagnostic method for

the detection of cardiopulmonary nematodes of the red .fokraditionally, the

opening of the tracheobronchial tree, heart chambers, linegsand their branches

is the diagnostic method carried out to detect parasitized foxes arwhkoulate the
parasite intensity. Our purpose is to anggd if the sensitivity and exactness increase
by the additional application of two consecutive steps: squeezing the lung
parenchyma and the artificial digestion of this tissue with hydrochloric an

pepsin solutionThis objective will be addressed@apter 1

As mentioned above, it is well known that foxes can potentially spread pathogens to
domestic animal populations, and even to humans. Therefore, understanding the
epidemiological factors #it determine the presence of nematodes parasitizing these
carnivores in serrarid areas is necessary, given that water stresmnignvironmental
determinant influencing higher rates of fox contact with anthropized areas. The
evaluation of the abiotic characteristics of the area of study could provide valuable
information to explain the parasite occurrence in foxes, the epidemiological role of
intermediate and paratenic hosts in the maintenance of the life cycle of some of these
parasites, as well as the potential significance that transmission through infective stages
present in the environment could have. For this purpose, the second and thiedtolgs

of thisThesisvere proposed:
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2. To describe the gastrointestinal and cardiorespiratory nematode communities of the

red fox population in the Region of Murcia (SE Spdihg¢ prevalence and intensity

of nematode species was calculated, discussingtwbald be the epidemiological

role of the fox in the maintenance and dispersal of some of these parasites, especially
in areas shared with other domestic carnivores. In the case of nematode species that
are of major health importance, either because ttaag pathogenic parasites shared
with dogs and cats or because they cause zoonosesAngipstrongylus vasorum
Crenosoma vulpjdJncinaria stenocephajaoxocara caniand Toxascaris leonina

a detailed study of the environmental factors that could éaan effect on their

parasite abundance was carried otihis objective will be addressed@mapter 2

3. To evaluate the occurrence ®fearsonema plicin the red fox population of the

Region of Murcia (SEJhis is a urinary bladder nematode with an indirect life cycle

in which earthworms patrticipate as obligate intermediate hosts. For this redson,
plicahas been scarcely studied in foxes and otharids from semarid areas, as is

the case in the southeast of the Iberian Peninsula. However, it is necessary to know
if, in these dry areas, there are potential zones where environmental factors allow
the parasite to be present. The analysis of #imotic variables will make it possible

to know if P. plica until now neglected in senra@rid Mediterranearregiors, should

be considered as a potential pathogen for domestic and wild carnivores in these
areas. For this reason, it was arsglg whether environmatal factors influence the
presence and abundance &. plica identifying the presence of transmission

hotspots.This objective will be addressed@napter 3

Over the course of the objectives described above, bronchial spirurid nematode
specimens were isolated, but their identification to the species level did not fully agree
with the morphometric descriptions published to date. These nematodes apparently
belong to the family Pneumospiruridae, genMietathelazia.A detailed morphometric

description was carried out based on images taken with both light and electron

microscopy.The main structures of the nematode were measured and described,

critically comparinghese results with those of similar species described in foxes and
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other wild carnivores. The identification was completed by molecular technidu@s

objective will be addressed @hapter 4
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ABSTRACT

Cardiopulmonary nematodes can cause health and fitness disorders in wild and
domestic carnivores. The red foXulpes vulpgsmay beinvolved in the spread of these
shared parasites at the domestidgldlife interface. This study aims to evaluate the post
mortem diagnostic method to asse#s sensitivity in the detection of cardiopulmonary
nematodes in the red fox, as well as their ex@&ss to estimate the parasite intensity of
each nematode species. For this purpose, {iftye cardiorespiratory systesof foxes
were analysed. The heart and lungs of each fox were examined through three
consecutively methodological steps: first, the tracheobronchial tree and the pulmonary
arteries and their branches were opened (OT); next, the lung parenchyma was immersed
in water and squeezed (WS); finally, thumg parenchyma was artificially digested in a
solution of pepsin and chlorhydric acid (ADYuF nematode species were identified:
Eucoleus aerophilusAngiostrongylus vasorumCrenosoma vulpiand Metathelazia
capsulata Of the total number of nematodes found, most of them were recovered using
OT (n=454), followed by WS (n=285) and AD (n=T4&)use of these two additional and
consecutivemethodological stepshelped to improve parasite intensity results and
decreased false negative case detection. More specifically, the results obtained using OT
and WS indicate that, when used together, the sensitivity in the detection of parasitized
foxes was 96.1%, while the exactness of the parasite intensity found was 84éf theé
AD step is added, although it does not increase the sensitivity in the diagnosis of
cardiopulmonary nematodes, results are more exact with respect to parasite intensity,
increasing the total number of parasites by 16%. In additdd,improves theensitivity
in the detection ofA. vasorumand M. capsulata as well as quantifying more exactly the
parasite intensity of these two nematode species (92.5% and 92.3% of exactness without
AD, respectively)Our study provides valuable information that shdwbe taken into
account when planning epidemiological studies based on cardiorespiratory nematode

detection by necropsy in foxes.

INTRODUCTION

Cardiopulmonary nematodes are common parasites of wild and domestic
carnivores that inhabit mainly in the tracheobronchial tree (trachea, bronchi and
bronchioles). It is widely recognized that lungworms cause respiratory diseases with
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serious health implations for the hostTraversa et al., 20)@&nd, consequently, may also
influence wild population dynamics (Martin®ondan et aJ 2019).

Environmental degradatioof natural areas is one of the main factors why a large
variety of wild species, includimgammals, have expanddtleir home range intairban
and perturban areas,attracted by the trophic resources available in anthropized
environments. This leads to increased interaction among domestic animals, wildlife and
humans (Plumeet al, 2014; Mackertedt et al.,2015; Deplazest al.,2019) promoting
the spread of parasites to neendemic areas and their establishment in domestic animals
and, when possible, even in humans (Deplazes et al., 2004; Saeed et al., 2006; Traversa et
al., 201Q Veronesi etal., 2014; Otranto et al., 2015).

Red fox Yulpes vulpesis one of the most widely distributed wild carnivore
worldwide. This canid has great ecological plasticity, being capable of adapting to a wide
range of habitats, including anthropized are@3iazRuiz et al., 2013; Hoffmann and
SilleraZubiri, 2016). Indeed, fox prefers fragmented and heterogeneous areas (Gloor et
al., 2001). This great adaptability, together with the fact that fox shares a large number of
pathogens with dogs and cats, makea relevant species from an epidemiological point
of view at the domestiavild interface (Dattilo et al., 2020 ayyrov et al., 2021).

Eucoleus aerophilu€renosoma vulpsndAngiostrongylus vasoruare lungworms
previouslydescribed in wild and domdstcanids worldwide (Morgan et al., 2005; Traversa
et al., 201QTolnaiet al.,2015; Deak et al., 2020). Specificallyaerophilugsyn.Capillaria
aerophilg is located on the tracheal and bronchial mucosa of a broad range of canids,
felids, mustelidand even humansinderson, 2000; Lagevic et al., 2008; Traversa et al.,
2009;Di Cesare et al., 201%olnai et al., 2015), where& vulpisnfects the bronchioles,
bronchi and trachea of canids and mustelids (Anderson, 2000; Schug et al., 2018). Both
nematodescan cause mucosal oedema and lung disorders (Nevarez et al., 2008)e
other hand,A. vasorums a nematode of the pulmonary aries and the right side of the
heart that can produce progressive deterioration of the respiratory and cardiac functions
or even neurological disorders (Alho et al., 2018; Carretén et al., 2020). Nowadays this
nematode species is considered an emergingyworm in Europe both in domestic and
in wild canids (Helm et al., 2010; Deak et al., 2017; Tayyrov et al., 2021; Tieri et al., 2021).
All these nematodes have been previously described in foxes from Iberian Peninsula

(MartinezCarrasco et al., 2007; Gami€Castafié et al., 2015; Martin€&ondan et al.,
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2019; Carreton et al., 2020). Other cardiopulmonary species described in red fox are the
heartworm Dirofilaria immitis(Gortazar et al., 1998; Segovia et al., 2064aroidedhirti
(MartinezRondan et al2019) andMetathelazia capsulataa poorly described nematode
found in the bronchi oiNile foxes and mustelids@eritcher, 1948; Pence and Dowler,
1979;Jiménez et al., 2013).

Red fox is thought to be a key reservoir of cardiopulmonary nematodes worldwide
being one of the main drivers of the increase of cases in dogs/érsa et al., 2010;
Veronesi et al., 2004The emergence of cardiopulmonary parasites in pets has led to a
growing interest to understand the causes of their occurrence (Deak et al., 2020; Fuehrer
et al., 2021)Therefore, it is necessary to carry out epidemiological studies based on the
diagnosisof cardiopulmonary nematodes in pets and also in foxes, especially in those
areas where the interaction between these host species is more intense (De Zan et al.,
2021).

Many of the studies published to date aimed at detecting the presence and parasite
intensity of cardiopulmonary nematodes in carnivores are based on the isolation of these
parasites by necropsy. However, to the autt
the sensitivity of this diagnostic method. Assessing the effectiveness of theortheth
applied for epidemiological studies is fundamental, since the choice of the most
appropriate method guarantees the most accurate results and can also reduce the costs
and/or the execution time of the study (Llewellyn et al., 2016; Buonfrate et al.,)20h&
most frequently used diagnostic method for detecting cardiopulmonary nematodes in
carnivores is the opening of the tracheobronchial tree, heart chambers and the pulmonary
arteries and their branches. We propose the evaluatiothefsensitivity of his method
in the detection of parasitized red foxes and the precision in quantifying the parasite
intensity of each species of cardiopulmonary nematode. Moreover, we evaluated the
accuracy of the subsequent application of two consecutive steps: firsijiheersed in
water and squeezing of the lung parenchyma and, second, the artificial digestion of lung
parenchyma in a solution of hydrochloric acid and pepsin. The improvement of this
diagnostic method could be particularly significant to address studiassias where wild
and domestic carnivores share the same habitat, with high risk of transmission of

lungworms.
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MATERIAL AND MBODS

Study samples

Between 2015 and 2018, 51 red foxes (23 females and 28 males; 17 juveniles and
34 adults) shot imuthorized hunts or found dead by ro#&ill in Murcia and Alicante
provinces (SE Spain) were necropsied. The sex and age of the animals were recorded, as
well as their weight divided in three categories: low (< 5kg), mediuih K§) and high
(>7kg). Thage category was determined by tooth growtharris, 1978). Heart and lungs,
including the trachea, were extracted, individually refrigerated in plastic labelled bags and

submitted to the laboratory, where they were frozen-20°C until their analysis.

Laboratory procedures

Analysis of cardiorespiratory system included three consecutive steps: first, the
heart chambers, the tracheobronchial tree and the pulmonary arteries and their branches
were opened (OT); next, the lung parenchyma was immersed in watesqueezed (WS);
andfinally, the lung tissue was artificially digested in a solution of pepsin and chlorhydric
acid (AD)Figure 1) Briefly, after defrosting the samples at laboratory temperature, the
tracheobronchial tree and the large pulmonary wveswere longitudinally opened and
inspected under the stereoscope to isolate the nematodes. Also, the heart was separated
from the lungs as close as possible to the main vessels, and chambers were opened and
inspected. To conclude the first step of the &sis (OT), trachea and cardiac chambers
were washed and filtered through a 63 um of mesh sieve, and the retained material was
examined under the stereomicroscope.

For washing and squeezing the respiratory tracts (W8} pieces (3x3 cm) were
immersed ina bucket with water and manually squeezed for one min@gbsequently,
the water was filtered as previously described, and the retained material was deposited
in a Petri dish and examined under a stereomicroscopenoove all nematodes located
in smallvessels and bronchi which were not detected with the previous step. (OT)

Finally, all the pieces of lung parenchyma were artificially digested (AD) as described
in MartinezRondan et al(2019) with some modifications. Specifically, the tissue was
digestedin a solution with pepsin and chlorhydric acid (1.5%) in distilled water, under a

constant and slight shaking, at 40°C for 15 min. After this time, the digestion sediment
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was recovered and examined under the stereomicroscope. When parts of the

parenchymaemained undigested, this procedure was repeated as described above.

-

Figurel. Analysis of cardiorespiratory system included three consecutive step&pgking of
the tracheobronchial tree. (BJgueezing of lung parenchyma.-g Artificial digestion of the lung
parenchyma and remains observation under gtereomicroscope.

The nematodes isolated in each methodological step (OT, WS or AD) were cleaned
in distilled water and separately preserved in 70% ethanol until their morphometric
identification based orGericlier (1948),Anderson et al(2009), Costa eal. (2003),
Jiménez et al. (2013) and Latrofa et(2D15).

Statistical analysis

Prevalence (P) and median intensity (MIl) were calculated following Maegcdils
(1982) and Busht al. (1997). According to quatrtiles, four categories was used for evaluate
overall parasite intensity (very low:2, low: 35, medium: 620 and high: >20 nematodes),
and three categories (low, medium and high) for each nematode species idenffied (
aerophils 1-2, 34, >4 specimendA. vasorum1-5, 620, >20 specimeng;. vulpisl, 2,
>2 specimens; anl. capsulata 1-3, 48, >8 specimens). The distribution of data was
analysed with ShapirVilks test. Nomparametric KruskaWallis test and Yate'sorrected

chisquared test were used to compare medians and proportions, respectively. R software
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4.1.2 (R Core Team, 2021) software was used and significance threshold was established
for the value g0.05.

The sensitivity of a diagnostic method is defined byftrenula: TP/(TP+FN), where
TPis a true positive result and FN is a false negative result. In otherspiord the ability
of the method to accurately classify infected animals (Rutjes et al., 2007; Carrau et al.,
2021). In our study, TP occurred whardiopulmonary nematodes were isolated in the
studied fox, while FN corresponded to animals in which these parasites were not detected
despite being present in the cardiorespiratory system of the host. Specificity is defined by
the formula: TN/(FP+TN), wiee TN is a true negative result, and it is referring to the
capacity of the method to detect not parasitized individuals (Coughlin et al., 1992). In this
study, the specificity of the method was not taken into account, since the use of AD
ensures the identication of 100% of negative foxes (i.e., not parasitized by
cardiopulmonary nematodes). Moreover, the identification of the four nematode species
found is certain on the basis of the taxonomic keys used, with no possibility of confusion

with other nematale species.

RESULTS

Overall, 880 cardiopulmonary nematodes were isolated from the samples, and four
species were identifiedzucoleus aerophilugngiostrongylus vasorunpCrenosoma vulpis
and Metathelaziacapsulata The highest number ohematodes were detected by OT
(454/880, 51.6%, MI 4 specimens, rang&Q). In the next methodological step (WS),
another 285 nematodes were obtained (285/880, 32.4%; Ml 4.5; rargf,while in the
last step (AD), 16.0% of the total number of isolatednatodes were detected (141/880,
MI 2, range 120) (Table 1Figure?). Attending to nematode species, 100%&oferophilus
and 98.4% o€. vulpisvere collected when the first two steps (OT and WS) were applied.
In the case oA. vasorumand M. capsulata the percentage of recovery by the first two
steps was lower (84.4% and 76.6%, respectively), being necessary to digest the lung
parenchyma (AD) to detect the remaining specimens of each species (15.6% and 23.4%,

respectively) (Table 1).

48



CHAPTER 1

Tablel. Distribution of the number (N) and percentage of specimens (P), median intensity (M)
and range of each nematode species isolated from red foxes by opening (OT), squeezing (WS) and
artificial digestion (AD).

oT WS AD
Ml Ml Ml Total
0 0 9

E. aerophilus 81 (97.6) 2 (+15) 2 (24) 1 (k1) 0 0 83

3.5 64 3
A.vasorum 200 (48.6) o 147(358) 6(835) iy g7y 41
C.vulpis  48(78.7) 1(121) 12(19.7) 4 (L7) (116) 1 61
M. capsulata 125 (38.5) 2 (170) 124 (38.1) 2 (1-27) (27364) (1_220) 325
All species 454 (51.6) 4 (1:70) 285 (32.4) 4.5 (135) (1f61) (1_220) 880

Overall, the sensitivity of detection of cardiopulmonary nematodes was 80.4%
(41/51) when OT was the only procedure used, while it increased to 96.1% (49/51) when
OT and subsequent WS were applied. Finally, when the three steps (OT+WS+AD) were
used, sensivity increased by 3.9% (2/51).

According to each of the nematode species found, a sensitivity of 100% was
obtained when using OT and subsequently WS in the cake aérophilugand C. vulpis
(Table 2). When only OT was used, the number of false negatives was higlvésiorum
(30.80) andM. capsulata(51.9%), increasing the sensitivity to 92.3% and 92.6%,
respectively, when the second methodological step (WS) was perfaritnisdelevant o
note that up to 7.7% of foxes infected with vasorumand 7.4% of those harbourirlg.
capsulatawould not have been detected as carriers of these nematode species if the last

step of the diagnostic method (AD) had not been used.

Table2. Sensitivity of the detection of the four cardiopulmonary nematode species described in
the study using the threstep diagnostic method: opening (OT), squeezing (WS) and artificial
digestion (AD).

oT OT + WS
Nematodes TH® FNP  Sensitivity (%) %FN TP FNP  Sensitivity (%) %FN
E. aerophilus 26 1 96.3% 3.7% 27 0 100% 0%
A.vasorum 18 8 69.2% 30.8% 24 2 92.3% 7.7%
C. vulpis 8 1 88.8% 11.2% 9 0 100% 0%
M. capsulata 13 14 48.1% 51.9% 25 2 92.6% 7.4%

(a) True positive foxes; (b) False negative foxes.
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The evaluation of biotic factors (age, sex and weight of the foxes) did not show
significant relationship with neither prevalence nor parasite intensity in spite of the use

of each methodological step even the whole procedure {palue>0.05) (Table 3).

Table 3. Number of parasitized foxes (P: prevalence) and intensity of nematodes (MI: median
intensity) detected by the threstep diagnostic method (opening: OT; squeezing: WS; artificial
digestion: AD) attending to the sex, age and weight of the host.

Diagnostic procedure

oT OT+WS OT+WS+AD

. Number Intensit Intensit Intensit
Variable  Level il L P Y p(w) e Y p () e y
Sex Male 28 85.7% 299 (5) 100% 475 (7) 100% 566 (9.5)
Female 23 73.9% 155 (2) 91.3% 264 (3) 100% 314 (3)

Age Juvenile 17 88.2% 150 (4) 94.1% 251 (7.5) 100% 295 (8)
Adult 34 76.5% 304 (3) 97% 488 (4) 100% 582 (5)

Low 13 92.3% 110 (3.5) 100% 187 (4) 100% 208 (4)

Weight Medium 25 80% 207 (3.5) 92% 336 (7) 100% 427 (9)
High 13 69.2% 137 (4) 100% 216 (3) 100% 245 (3)

The use of OT as the unique methodological step resulted in the detection of only
56.2% of the positive animals with an overall very low parasite intensitg (1
cardiopulmonary nematodes), showing statistically significhifiérences (pvalue <0.05)
with the results of foxes with any of the remaining ranges of parasite intensity: 90.9% (low
parasite intensity), 83.3% (medium parasite intensity) and 100% (high parasite intensity)
(Table 4). In addition, in the case of foxégth an overall very low parasite intensity, 12.5%
were false negatives when OT and WS were applied consecutively, being only confirmed
as true positives when AD was used. Although differences were not statistically significant,
the number of nematodes isated increased when AD was included in the diagnostic
procedure, improving the exactness. Specifically, 20% (4 nematodes), 15% (6 nematodes),
22.3% (32 nematodes) and 126 (99 nematodes) of the total number of nematodes
isolated from foxes with very lovilpw, medium and high parasite intensity, respectively,
were detected when using AD. In this sense, the exactness improves when, at least, OT

and WS are used as a tvgtep method of parasite detection as is shown in Table 4.
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Table4. Positive foxes (P (%)) and number of nematode specimegsiétected by the three
step diagnostic method (opening: OT; squeezing: WS; artificial digestion: AD) attending to the
global parasite intensity ranges.

Diagnostic procedure

oT OT+WS OT+WS+AD
Intensity range Elfufr;lz):sr P (%) ns P (%) ns P (%) ns I(E)C()aftfv?/sss)
Very low (12) 16 56.29%) 10 87.5% 16 100% 20 80%
Low (35) 11 90.9% 22 100% 34 100% 40 85%
Medium (620) 12 83.3% 51 100% 112 100% 144 77.7%
High (>20) 12 100% 371 100% 577 100% 676 85.3%
Total specimens 454 739 880 83.9%

© Statistically significant differences-yalue < 0.05).

The lowest sensitivity of detection by OT Mt capsulataand A. vasorumwas
recorded in the groups of foxes with low parasite intensity, showing 68.8% and 42.6% of
false negatives (Table 5), although differences were only statistically significalt for
capsulata(p<0.05). This percentage remains remarkable for both nematsukecies
(12.5% and 14.3 % of false negatives, respectively) when the diagnostic procedure
included two steps (OT followed by WS). Interestingly, the use of the OT step detected
100% of the foxes with a high parasite intensity of each of the four spedies o

cardiopulmonary nematodes foundable 5).

Finally, the implementation of AD as the last step allowed the detection of
specimens oA\. vasorumand M. capsulatathat were not found with the two previously
applied steps (OT and WS). Specifically, ircése ofA. vasorunit was possible to detect
25% of the total nematodes (7/28 nematodes) in the category of foxes with low parasite
intensity, 24.3% (18/74) in foxes with medium parasite intensity, and 12.6% (39/309) in
animals with high parasite intengit In the case oM. capsulata these same parasite
intensity categories were 24% (6/25), 23.4% (7/30) and 23.4% (63/270), respectively
(Table 5).
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Table5. Number of parasitized foxes (P: prevalence) and number of nematode specimens (ns)
detected by the threestep diagnostic method (opening: OT; squeezing: WS; artificial digestion:
AD) attending to the parasite intensity ranges of each cardiopulmonary nefeapecies.

Diagnostic procedure

oT OT+WS  OT+WS+AD
Species Intensity Number of P (%) (ns)
range foxes

1-2 17 94.1% (21) 100% (22) 100% (22)

E. aerophilus 34 5 100% (17) 100% (17) 100% (17)

>4 5 100% (43) 100% (44) 100% (44)

1-5 14 57.4% (11) 85.7% (21) 100% (28)

A. vasorum 6-20 6 66.6% (22) 100% (56) 100% (74)
>20 6 100% (167) 100% (270) 100% (309)

1 6 83.3% (5) 100% (6) 100% (6)

C. vulpis 2 1 100% (2) 100% (2) 100% (2)

>2 2 100% (41) 100% (52) 100% (53)

1-3 16 31.2% (6) 87.5% (9) 100% (25)

M. capsulata 4-8 5 40% (3) 100% (23) 100% (30)
>8 6 100% (116) 100% (207) 100% (270)

) Statistically significant differences-galue < 0.05).

DISCUSSION

To the authors' knowledge, to date no study evaluatedgbasitivity and exactness
of the commonly used diagnostic method for the detection and quantification of
cardiopulmonary nematodes in carnivores. This method consists on opening the
tracheobronchial tree, the heart chambers, and the pulmonary arteries tair
branches. To know the sensitivity of this method, it is necessary to have a gold standard
procedure that allows knowing exactly the number of nematodes in the cardiorespiratory
system. In our study, we have applied a procedure based on three consesteéps (OT,
WS, AD) that, together, allow all nematodes to be detected and, therefore, should be
considered the gold standard method@lhree of the cardiopulmonary nematode species
detected E. aerophilusC. vulpisand A. vasorun) had been previously edcribed
parasitizing foxes in the Iberian Peninsula (Marti@@zrasco et al., 2007; Garrido
Castaié et al., 2015; Fanelli et al., 2019; MartiRendan et al., 2019However, the

fourth recovered speciedyl. capsulata has not been recently recorded wdwide. The
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last reported description of this species in foxes was in Israel in the middle of the last
century (Gerichter, 1948), and later the nematode was only cited in badgeteg meles
(Pence and Dowler, 1979). Recently, a new species of this gamus M. mexicanahas

been described in ninbanded armadillo Dasypus novemcinctusrom Central Mexico
(Jiménezetal.,,2013).o0 t he author’s knowledge, this
species in red foxes from Iberian Peninsula.

Since the pplication of the three diagnostic steps was performed consecutively, the
first one (OT) was the step with the highest recovery of nematodes as expected, followed
by WS and, finally, ADChe use of OT and subsequently WS allowed the detection of a
high pecentage of parasitized animals (96.1%). terms of overall prevalence of
cardiopulmonary nematodes, our results show that if AD is not applied as the last step in
lung processing, the method will have a 3.9% false negative rate. These results, although
represent a small percentage, should be taken into account when conducting
epidemiological studies based on OT and WS exclusively. Regarding the parasite intensity
estimation, our study shows that the exactness of the method is reduced when AD is not
used (8% when OT and WS were applied), especially in the quantificatidnwasorum
and M. capsulata(84.4% and 76.6%, respectively). In the cas&.oferophilusand C.
vulpis exactness values were higher although AD were not used (100% and 98.3%,
respectively). Globally, when AD was used, 141 more nematodes were detected (16%).
In this regard, our results indicate that better records were obtained when two
consecutive 15 minuteAD steps were performed instead of only one lasting 30 minutes.
Thisdifference helped to prevent nematodes to be digested.

Most of studies focused on the estimation of lungworms in foxes only use opening
and/or flushing Jeffery et al., 2004; Santoro et al., 20Hgjupin et al., 2016; Deak et al.,
2020;GillisGermitsch etal., 2020; Lemming et al., 202 owever, results are not always
comparable since the method used in these studies is not uniform in all cases (Lemming
et al., 2020). Moreover, the aim of many studies is to determinate the presence/absence
of cardiorespiatory nematodes, without evaluating in many cases the parasite intensity
(Schug et a) 2018). This highlights the need to standardize the diagnostic method for
parasites in carnivores based on the necropsy of the cardiorespiratory system.

There are no imilar studies evaluating the sensitivity and exactness of

cardiopulmonary nematode detection using different methods. Only Houpin et al. (2016)
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compared the results of three methods for the detectionAfvasorumdissection and
visual examination (compable to OT), PCR and a canine antigen detection ELISA test.
The sensitivity of detection &. vasorunusing the OT method described by these authors
reached 84.1%, while in our study it was 69.2%. However, the application of the second
step (WS) in ourtady reached a sensitivity of 92.3%.

Sensitivity of detection and exactness of the parasite intensity quantification found
by our threestep method varied attending to the lungworm species. Specifically, the
sensitivity was 100% for detectirtg. aerophila and C. vulpisinfected foxes,and the
exactness of the parasite intensity was 100% and 98.4%, respectively, when OT and
subsequently WS were used. These results are consistent with the fad thatrophilus
is usually detected in the upper parts of thespiratory tract (trachea and large bronchi)
and C. vulpisis localized in bronchi and bronchioles (Nevarez et al., 2005), so the
application of AD does not represent a significant step to extract these nematode species
from their usual location.

On the other hand, sensitivity of detection of positive foxetorasorumand M.
capsulatawas below 93% when AD step was not used, meaning that 7.7% and 7.4% of
parasitized foxes by these nematode species were false negative, respectively. In terms of
intensity, 15.6% ofA. vasorumspecimens parasitizing foxes (rangel4) were found
using AD. This is justified by the location of these nematodes in areas of the lung that
make their detection by OT and WS difficult. In this sense, adults\aisorumare usually
located in the right ventricle and major pulmonary arteries, but also in capillary vessels
(Carretdn et al., 2020; Morchén et al., 2021), showing a great difficulty to be opened, even
using finetipped scissors. So, artificial digestion represemnhecessary step to extract the
nematodes from these parts of the lung parenchyn#a.vasorunis highly pathogen to
canids (Poli et al., 1991; Morgan et al., 2008). In fact-lugtiedA. vasorumungs can be
easily recognized as they are much heasi®l denser than healthy ones, showing yellow
calcareous deposits that denote the existence of damaged arkttefy et al., 2004
Therefore, when a high intensity & vasorunctan be perceived visually, the use of the
whole procedure could be recommendiéo provide more exact parasite intensity results.

LikewiseM. capsulatecollected by AD represented 23.4% (rang0) of the total
number of these nematodes isolated in this study. This species is found mainly in bronchi

and bronchioles (Gerichter948; Pence and Dowler, 1979) and, as previously mentioned,
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artificial digestion allows a better isolation of specimens located in bronchioles of smaller
diameter.

As noted above, the small capillaries or bronchioles are not often examined in detail
when wsing only OT, either with or without the later use of WS, so it is not possible to
recover all the nematodes present in the host nor to detect all the positive animals.
Consequently, prevalence, abundance or parasite intensity rates could be underestimated
(Morgan et al., 2008). Particularly, our results showed that up to 25% and 24% of the
specimens ofA. vasorumand M. capsulatawould not be detected if AD step was not
included in the diagnostic evaluation of foxes with low parasite intensities. Therekare
is necessary to improve recovery of nematodes as well as to decrease false negative cases
(MartinezRondan et al., 2019).

The use of the WS step in addition to the classical OT step is decisive in estimating
the prevalence of parasitized foxes wiHow intensity oM. captulatg since the number
of positive animals detected with these two phases is significantly higher than that
described in the case of exclusively using OT.

Sex, age, and weight of foxes in no case influenced the results dlfiggaosis of
cardiopulmonary nematodes, which shows that the thstep method we describe can
be applied in a general way in carnivores, regardless of the category to which the host
belongs.

According to the prevalence of parasitized foxes registereddnyguthe first two
steps of the proposed method (OT and WS), the use a costly andctingiming
technique such as AD should be carefully evaluated since it will only increase the number
of positive animals by 3.9%. On the other hand, AD should be of greaest if the
objective of the study is to quantify the parasite intensity on the host, obtaining the exact
number of specimens.

The results achieved in the present study allow us to assure that the classic method
used so far to detect the presence cérdiopulmonary nematodes in carnivores, only
based on the opening of the airways and the heart together with washing and squeezing
of these tissues, is not sufficient to precisely analyse small respiratory organs as well as to
detect the presence of vergmall nematodes. In these circumstances, the addition of a
supplementary diagnostic step, the artificial digestion of lung tissue, should be

convenient. Furthermore, this threstep method has proved to be of particular interest
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in heavily parasitized aniats. The fox is a synanthropic carnivore species that shares
habitat with other domestic carnivores (mainly dogs and cats) and even humans. Their
faeces, which may contain infective eggs or larvae, could be a source of infection for stray
and domestic dogfTraversa et al2014), and even humans could be affected with several
bronchopulmonary zoonotic nematodes such EsaerophilugOtranto and Deplazes,
2019). The implementation of this method could provide precise information on the
distribution of cargdopulmonary nematodes on wild carnivores, nowadays submitted to
deep investigation given the possibility that domestic animals acquire these infections by
contact with wild carnivores, even more in the present circumstances, in which the
approach of populaons of wild carnivores to anthropized areas has been widely verified.
This knowledge would allow to significantly improve the design of the wildlife

management plans currently in force.

REFERENCES

Alho, A.M., Meireles, J., Schnyder, M., Cardoso, L., Belo, S., Deplazes, P., de Carvalho, L.M., 2018.
Dirofilaria immitisand Angiostrongylus vasorunmthe current situation of two major canine
heartworms in PortugaVet Parasitol, 252, 120126.

Anderson, R.C., 2000. Nematodes parasites of vertebrates: their development and transmission.
2" Ed. CABI Publishing, Wallingford, UK. 650 pp.

Anderson, R.C., Chabaud, A.G., Willmot2(9. Keys to the nematode parasites of vertebrates:
Archival.CABI

Buonfrate, D., Requerslendez, A., Angheben, A., Cinquini, M., Cruciani, M., Fittipaldo, A., Giorli,
G., Gobbi, F., Piubelli, C., Bisoffi,2018. Accuracy of molecular biology techniques for the
diagnosis of Strongyloides stercoralis infectiam sysematic review and metanalysisPLoS
Negl Trop Dis, 12(2), e0006229.

Bush, A.O., Lafferty, D., Lotz, J.M., Shostak, A.W., 1997. Parasitology meets ecology on own terms:
Magnolis et al. revisitedl Parasitol, 83(4), 57583.

Carrau, T., Martine€arrasco, C., Garijo, M.M., Alonso, F., Ruiz de Ybafiez, R.R., Tizz&i, P., 20
Evaluation of the BaermariVetzel method for detecting lungworm larvae in wild ruminants
from faecal samplesl Helminthol, 95, 15.

Carreton, E., Morchén, R., FaleGordon, Y., Matos, J., Cofadriguez, N., MontoyAlonso, J.A.,
2020. First epideniological survey ofAngiostrongylus vasorunin domestic dogs from
SpainParasit Vectors 13(1), 16.

Costa, J.O., de Araujo Costa, H.M., Guimaraes, M.P., Re@@scription ofAngiostrongylus
vasorum(Baillet, 1866) and systematic revision of species assigned to the gengi@strongylus
(Kamensky, 1905) amshgiocaulugSchulz, 1951). Rellled. Vet, 154, 916.

56



CHAPTER 1

Coughlin, S.S., Trock, B., Criqui, M.H., Pickle, L.W., Browner, D., Teffl,992C The logistic
modeling of sensitivity, specificity, and predictive value of a diagnostic le<tlin
Epidemiol, 45(1), 7.

Déttilo, W., Barroze&Chavez, N., Lildoriega, A., Guevara, R., Villalobos, F., Sanfdaaon, D.,
Neves, F.S., 1zzaq, Ribeiro, S.P2020.Speciedevel drivers of mammalian ectoparasite faunas. J
Anim. Ecol, 89(8), 17541765.

De Zan, G., Citterio, C.V., Danesi, P., Gaspardis, G., Gabassi, E., Panciera, L., Zanardello, C., Binato,
G., Cocchi, M., 202Angiostrongylosis in northeastern Italy: First report of two autochthonous
fatal cases in dogs and first detection in a wild i@d Vet Parasitol Reg Stud Rep, 23, 100505.

Deak, G. , Gher man, C. M., l oni ca, A. M. , Vezenda
lonut, M., Damian, A., Cozma, V., Mihalca, A.D., 28adgiostrongylus vasorumm Romania: an
extensive swey in red foxesyulpes vulpedrarasit Vectors 10(1), 1-6.

Deak, G., GhermarC.M., lonica, A.M., Péter, A., Sandor, A.D., Mihalca, A.D., 2020. Biotic and
abiotic factors influencing the prevalence, intensity and distributiofco€oleus aerophilusnd
Crenosoma vulpi® red foxesVulpes vulpefrom Romanialnt. J Parasitol Parasiteswildl., 12,
121-125.

Deplazes, P., Hegglin, D., Gloor, S., Romig, T., 2004. Wilderness in the city: the urbanization of
Echinococcus multiloculariBrends Parasitgl20, 7784.

Deplazes, P., Eichenberger, R.M., Grimm, F., 2019. Witdlifemitted Taeniaand Versteria
cysticercosis and coenurosis in humans and other primatés]. Parasitol. Parasites Wildl., 9,
342-358.

DiazRuiz, F., Delibedateos, M., GarcidMoreno, J.L.L6pezMartin, J.M., Ferreira, C., Ferreras,
P., 2013 Biogeographical patterns in the diet of an opportunistic predator: the red\folpes
vulpesin the Iberian Peninsuldlammal Rey, 43, 5970.

Di Cesare, A., Otranto, D., Latrofa, M.S., Veronesiefuydei, S., Lalosevic, D., Gherman, C.M.,
Traversa, D., 2014enetic variability oEucoleus aerophildsom domestic and wild host&es
Vet Sci, 96(3), 512515.

Fanelli, A., SanchMonsoris, G., Martinefarrasco, C., Tizzani, 019.Parasites in red fox: the
environmental risk factors (Valencia, Spain). Conferenza ESRI, Roma, ltalia.

Fuehrer, H.P., Morelli, S., Unterkéfler, M.S., Bajer, A., Bakmarb | K -Szarek) b ,UFarkas, k
R., Grandi, G., Heddergott, M., Jokelainen, Rfickii., Leschnik, M., Miterpakova, M., Modry, D.,
Petersen, H.H., Skirnisson, K., Vergles Rataj, A., Schnyder, M., Strube, Dir@d2daspp. and
Angiostrongylus vasoruncurrent risk of spreading in Central and Northern Eurdpethogens,
10(10) 1268.

GarridoCastafié, 1., Ortufio, A., Marco, |., Castella, J., Z0a&liopulmonary helminths in foxes
from the PyreneesActa Parasito] 60(4), 712715.

Gerichter, C.B., 1948. Three new species of the g&fetsthelazia(Nematoda). J Parasitol,
34(2), 7583.

GillisGermitsch, N., Tritten, L., Hegglin, D., Deplazes, P., Schnyder, M., 2020. Conquering
Switzerland: emergence ohngiostrongylus vasorurover three decades and rapid regional
increase in the fox population contrasts with the stable prevalence of lungwdtarasitology
147,10711079.

Gloor, S., Bontadina, F., Hegglin, D., Deplazes, P., Breitenmo2&Q1J.The rise of urban

57



CHAPTER 1

fox populationgn Switzerland. MamnBiol, 66(3), 155164.

Gortazar, C., Villafuerte, R., Lucientes, J., Fernandez de Luco, DHAI9¢&. related differences
in helminth parasites of red foxes in the Ebro vallégt Parasitol, 80(1), 7581.

Harris, S.1978. Age determination in the red foXylpes vulpgs- an evaluation of technique
efficiency as applied to a sample of suburban foxegodl, 184, 91117.

Helm, J.R., Morgan, E.R., Jackson, M.W., Wotton, P., Bell, R., 2010.a@gimagongylosis: an
emerging disease in EuropkVet Emerg Crit Care,20(1), 98109.

Hoffmann, M, SillereZubiri, C., 2016Vulpes vulpesThe UICN Red List of Threatened Species
2016. E. T23062A46190249.

Houpin, E., McCarthy, Gz;,er r and, M. , De Wa al, 2016TCompariddnife i | | , E .
three methods for the detection oingiostrongylus vasoruin the final hostVet Parasital, 220,
54-58.

Jeffery, R.A., Lankester, M.W., McGrath, M.J., Whitney, H.G., 20@#stongylus vasorurand
Crenosoma vulpi® red foxes Yulpes vulpésin Newfoundland, Canad&an J Zool, 82(1), 66
74.

Jiménez, F.A., Ros¥aldez, R., Gardner, S.L., 20A%ew species dfietathelazia(Nematoda:
Pneumospiruridae) from the lungs of a nihanded armadillo in Central MexicBev Mex.
Biodiver, 84(1), 8793.

Lalesevic, D., Laleevic, V., Klem, 1., Stanojelovanow, D., Pozio, E., 2008. Pulmonary capillariasis
miming bronchial cainoma. AmJ Trop. Med. Hyg, 78(1), 141.

Latrof a, M. S. , Li a, R. P. , Gi annel | i, AL, Col el l
A., DantasTorres, F., Mutafchiev, Y., Veneziano, V., Otranto, D., ZlX¥hosoma vulpis wild

and domestic carnivores from Italy: a morphologeradl molecular study. Parasitétes, 114(10),

3611-3617.

Lemming, L., Jgrgensen, A.C., Nielsen, L.B., Nielsen, S.T., Mejer, H., Chriél, M., Petersen, H.H., 2020.
Cardiopulmonary nematodes of wild carnivores from Denmark: Do they serve as reservoir hosts
for infections in domestic animaldft. J Parasitol ParasitedVildl., 13, 90-97.

Llewellyn, S., Inpankaew, T., Nery, S.V., Gray, D.J., Verweij, J.J., Clements, A.C., Gomes, S.J., Traub,
R., McCarthy, J,22016. Application of a multiplex quantitative PCR to assess prevalence and
intensity of intestinal parasite infections in a controlled clinical tfaloS NegTrop. Dis, 10(1),

€0004380.

Mackenstedt, U., Jenkins, D., Romig, T., 2015. The role afevitdthe transmission of parasitic
zoonoses in pefurban and urban areadnt. J Parasitol ParasitedVildl., 4(1), 7£79.

Margolis, L., Esch, G.W., Holmes, J.C., Kuris, A.M., Schad, GThEd8&e of ecological terms in
parasitologyJParasito] 68(1), 131133.

MartinezCarrasco, C., Ruiz de Ybéfiez, M.R., Sagarminaga, J.L., Garijo, M.M., Moreno, F., Acosta,
I., Hernandez, S., Alonso, F.D., 2@@&rasites of the red fox/(lpes vulpesinnaeus, 1758) in
Murcia, southeast SpaifRed Med. Vet (Todouse) 158§(7), 331335.

MartinezRondan, F.J., Ruiz de Ybafiez, M.R., tBpeegiro, A.M., Fidalgo, L.E., Berriatua, E.,
Lahat, L., Sacristén, |., Oleaga, A., Martld@zasco, C., 2019. Cardiopulmonary nematode
infections in wild canids: Does the keydie hostprey-parasite evolutionRes Vet Sci, 126, 51-

58.

58



CHAPTER 1

Morchén, R., Montoysilonso, J.A., Sanchégudo, J.A., de Vicen®engochea, J., Murcia
Martinez, X., Carretdn, E., 2024ngiostrongylus vasorurim domestic dogs in Castilla y Ledn,
Iberian Peninsula, Spain. Animals, 11(6), 1513.

Morgan, E.R., Shaw, S.Brennan, S.F., de Waal, T.D., Jones, B.R., Mulcahy, G., 2005.
Angiostrongylus vasoruna real heartbreaker. Trends Parasitall, 4951.

Morgan, E.R., Tomlinson, A., Hunter, S., Nichols, T., Roberts, E., Fox, M.T., Taylor, M.A., 2008.
Angiostrongylus vasoruand Eucoleus aerophilug foxes Vulpes vulpésin Great BritainVet
Parasitol, 154(1-2), 4857.

Nevérez, A., Lopez, A., Conboy, G., Ireland, W., Sims, D., 2005. Distrib@enafoma vulpis
andEucoleus aerophilus the lung of freeranging red foxesulpes vulpgsJ Vet Diagn Invest,
17(5), 486489.

Otranto, D., Cantacessi, DantasTorres, F., Brianti, E., Pfeffer, M., Genchi, C., Guberti, V., Capelli,
G., Deplazes, P., 2015. The role of wild canids and felids in spreading parasites to dogs and cats in
Europe. Part Il: helminths and arthropods. Medrasitol, 213, 2437.

Otranto, D., Deplazes, P., 2019. Zoonotic nematodes of wild carnivams J
Parasitol ParasitedVildl., 9, 376383.

Pence, D.B., Dowler, R.C., 1979. Helminth parasitism in the badmeddea taxugSchreber,
1778), from the western Great Plair&roc Helminthol Soc Wash, 46, 245253.

Plumer, L., Davison, J., Saarma, U., 2014. Rapid urbanization of red foxes in Estonia: distribution,
behaviour, attacks on domestic animals, and heakks relaéd to zoonotic diseasePloS
Oneg 9(12), :15.

Poli A., Arispici, M., Mancianti, F., Abramo, F., 1991. Pathology of naturally acquired
Angiostrongylus vasorumfection in the red fox\ulpes vulpesAngew Parasitol, 32, 121 126.

R Core Tearf2021). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL http://wwAstBect.org/

Rutjes, A.W., Reitsma, J.B., Coomarasamy, A., Khan, K.S., Bossuyt, P.M., 2007. Evaluation of
diagnostictests when there is no gold standard. A review of methods. Health Techsstss
11(50).

Saeed, |., MaddeKyttel, C., Monrad, J., Kapel, C.M., 2006. Helminths of red foxs6 vulpds
in DenmarkVet Parasitol, 139, 168179.

Sant or o, iolW. DiPbscoAR., &Neok, B., Restucci, B., Pagano, T.B., Veneziano, V., 2015.
Angiostrongylus vasorurninfection in red foxes ulpes vulpds in southern ItalyActa
Parasitol, 60(2), 356359.

Schug, K., Krédmer, F., Schaper, R., Hirzmanfailing, K., Hermosilla, C., Taubert, A., 2018.
Prevalence survey on lungwormAr(giostrongylus vasorumCrenosoma vulpisEucoleus
aerophilug infections of wild red foxe&/(Ipes vulp@sn central Germany. Parasitectors, 11(1),

85

Segovia, J.MTorres, J., Miquel, J., 2004. Helminth parasites of the red/fialp@s vulpek., 1758]
in the Iberian Peninsula: an ecological stullgta Parasito] 49(1) 67-79.

Tayyrov, A., Schnetzler, M., GilBermitsch, N., Schnyder, M., 2021. Genetic diverdityhe
cardiopulmonary canid nematod&ngiostrongylus vasorumvithin and between rural and urban
fox populationsinfect Genet Evol, 87, 1-11.

59



CHAPTER 1

Tieri, E.E., Saletti, M.A., D" Angelo, A.R., Pari
E. , D" Alteri o, N. , Lat r of a&Angiodton§ylus vasoruim faxed o , D. ,
(Vulpes vulpésand wolves Canis lupus itali@ from Abruzzo region, ltaly. Ind Parasitol

Parasites Wild] 15, 184194.

Tolnai, Z., Széll, Z., Sréter, T., 2015. Environmental determinants of the spatial distribution of
Angiostrongylus vasorum Crenosoma Vvulpisand Eucoleus aerophilusn HungaryVet
Parasitol, 207(3-4), 355358.

Traversa, D., Di Cesare, A., Conboy, G., 2010. Canine and feline cardiopulmonary parasitic
nematodes in Europe: emerging and underestimatearasit Vectors, 3, 122.

Traversa, D., Di Cesare, A., Milillg,I&¥io, R., Otranto, D., 200@fection byEucoleus aerophilus
in dogs and cats: is another extiretestinal parasitic nematode of pets emerging in ItaRes Vet
Sci, 87(2), 27€7.

Traversa, D., Di Regalbono, A.F., Di Cesare, A., La Toibeake, J., Pietrobelli, M., 2014.
Environmental contamination by canine geohelmintRarasit Vectors 7(1), 1-9.

Veronesi, F., Morganti, G., Di Cesare, A., Lepri, E., Cassini, R., Zanet, S., Deni, D., Chiari, M.,
Ferroglio, E., 2014&ucoleus boehnmifection in red foxYulpes vulpésfrom Italy. VetParasitol,
206, 232239.

60



CHAPTER TWO

Environmental determinants in the
occurrence of gastrointestinaland
cardiopulmonary nematodes in the
red fox in sendarid Mediterranean
areas







CHAPTER 2

ABSTRACT

Increasingragmentation of natural ecosystems due to human activity is leading to
movement of wildlife from their natural habitats to new areas, including urban
settlements. Red foxMulpes vulpésis the most abundant wild canid in searid
Mediterranean areas ofthe southeaster Iberian Peninsula, and its approach to
anthropized areas could pose a risk of disease transmission to domestic carnivores and
even to humans. Such transmission of pathogens may also be conditioned by the climatic
factors of the region, affeting their survival or that of intermediate and/or paratenic
hosts involved in the life cycle. Climatic conditions of sana regions are characterized
by high temperatures and low precipitation, so it is important to understand how this may
influence m the distribution and abundance of parasites in the territory. On the other
hand, Mediterranean basin, which includes the semi Mediterranean regions of the
Iberian Peninsulais considered a vulnerable area owing to meteorological variations
derivedfrom climate change, with a predictive future with more dry periods and greater
fluctuations in the rainfall dynamics. Due to the arid conditions of this region, the scarcity
of water availability could result in areas shared by synanthropic fox popusatowl
domestic animals that become hotspots for parasite transmission. Hence the main
objective of this study was to describe the gastrointestinal and cardiopulmonary
nematode species affecting fox population in these sard areas and also the influence
of environmental variables on the parasite abundance. For this purpose, the respiratory
and gastrointestinal tracts of 167 foxes collected over the years -2023 from the
Region of Murcia (SE Spain) were necropsied. Environmental variables, composed by
three datasets (climatic variables, spectral index and land coeer)well as host
characteristics (sex, age and body condition using KFI index) were evaluated using a
Generalised Linear Model. @eterminethe parasite spatial aggregation Moran index was
used, as well as a continuous spatial distribution based on statistical models obtained. The
total richness found waseleven species, seven were gastrointestinal nematodes
(Pterygodermatites affinjsUncinaria stenocephala, Toxocara canis, Toxascarisnkgon
Spirocerca vulpis, Oxynema crassispicidadhTrichuris vulplsand four cardiopulmonary
ones(Angiostrongylus vasorum, Crenosoma vulpis, Eucoleus aerophilus and Metathelazia

capsulatg. The influence of these biotic and abiotic variables was performedAfor
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vasorum, C. vulpis, U. stenocephala, T. cand T. leonina considered to be the
nematode species ajreaterimportance for domestic canid health, and in some cases,
even for hunan health. Temperature and humidity were found to be the most important
variables influencing the abundance of the parasites, as well as areas with forestry or
agricultural lands. Cover vegetation areas in this saa zone, provide refuge sites with
mild temperatures and moisture in the soil, which help the optimal developmerd.of
stenocephala, T. canend T. leoninaeggs, as well as the establishment of gastropod
populations that participate in the life cycle 8f vasorumand C. vulpis Although the
analysis of spatial parasite distribution abundance indicates a random pattern, maps
about absolute abundance distribution values showed a geographically defined location
for C. vulpisandT. leoninawhereas this distribution where homogeneous for tlest of
nematode species selectedhisgeographical distribution is especially important in the
case ofU. stenocephala, T. carasid T. leoninaspecies, since they showed points with
high values of abundance near to anthropized areas. These findinggdheecarefully
evaluated since the presence of these parasites may result in a risk of transmission
between domestic and wild canids, and even to human health, so it should be considered

in epidemiological vigilance and management plans.

INTRODUCTION

The increase of the environmental pressure and the fragmentation of natural
habitats are two of the consequences of the anthropogenic activities, which cause a
severe impact on wildlife. These changes in ecological interactions have caused, in
addition to theloss of biodiversity, that many wild species have had to adopt new
strategies to find resources, often being forced to adapt to anthropized areas (Pimm et
al., 1995; Ellis, 2011; Brearley et al., 2013). One of the consequences of this change in wild
animd behaviour has been the increase in their contact with domestic animals and
humans (Di Cerbo et al., 2008), which means an enhanced transmission risk of pathogens
(Smith et al., 2009; Thompson et al., 2009; Duscher et al., 2015; Hassell et al., 2017). In
this sense, anthropogenic trophic sources are a predictable and attractive resource for
wildlife, leading to changes in the ecology of wild species and, indirectly, potential shifts

in hostparasite interactions (Becker et al., 2018).
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Themaintenance and transmission of parasites is conditioned by the presence of
their host species (Harris and Dunn, 2010). Nevertheless, this parasite occurrence is also
affected by abiotic factors (Dobson et al., 2015; Morand, 2015; Bi@ssta and Poulin,
2017; Turner et al., 2021). In this sense, environmental conditions could influence on the
survival and embryogenesis of the parasites’ fligeng stages, and also invertebrate
species that participate as intermediate or paratenic hosts are sensitivehéget
conditions (O"Connor et al.,, 2006; Poulin et al., 2007, 2011; Altizer et al., 2013;
Mkandawire et al., 2022). For instance, very high temperatures could induce the
desiccation of parasite eggs present in the environment (Okulewicz et al., R@lgand
Kutz, 2020), whereas moisture could be a factor for the successful development of
embryonated eggs or infective larvae (O"Connor et al.,, 2006; Tarbiat et al., 2015).
Likewise, molluscs and earthworms, which are common intermediate or paratenic hosts
of several helminth species, are influenced by these climatic factors (Morgan et al., 2009;
Singh et al., 2019; Aleuy and Kutz, 2020). Besides, areas provided with natural refuges
such as woodlands or cultivated areas also favour the presence of beneficial
microclimates for the development of these invertebrates (Martin y Sommer, 2004).
Hence, it is important to identify locations which can become microclimates with
favourable conditions for the establishment of the sylvatic cycle of parasites in order to
detect potential foci of infection.

On the other hand, climate change is leading to variations in meteorological
dynamics, increasing global mean temperature or decreasing precipitation. As a result of
predictive climatic models, Mediterranean basin is onetled most affected areas by
these changes (IPCC, 20UitenteSerrano, 2007). In particular, the Mediterranean semi
arid regions of the Iberian Peninsula will be one of the most vulnerable areas due to
increased drought periods or floods (Vicer8errano2007; Bangash et al., 2013; Andrade
et al., 2021). Considering the importance of humidity and temperature on parasite life
cycles, epidemiological studies must consider all these environmental determinants,
especially in serrarid Mediterranean areas, 9B estimates indicate that they will suffer
greater water stress in the coming decades (Tomaszkiewicz et al., 201&ravi&x et al.,
2021).

The red fox Vulpes vulped.innaeus, 1758) is an abundant carnivore with a

worldwide distribution. It is an opptunistic predator, with a varied diet that includes
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small and mediunsize mammals, birds, reptiles, insects, fruit or rubbish (Morandi et al.,
2019; Waindok et al., 2021). This wild canid is a resilient species with an ecological
plasticity that allows ito adapt to different types of habitats, such as forests, agricultural
lands, or even petiirban and urban areas, where high fox density could odoerto the
availability of anthropogenic trophic resourcgdartinezCarrasco et al., 2007; Sandor et
al.,2017; Karamon et al., 2018). The red fox is a territapalicies, with a relatively small
home range (Trewhella et al., 1988; Deverstison et al., 2013) determined by several
factors, such as age, sex, presence of predators or food availability f€adatet al., 2019;

Main et al., 2020). On average, the size of their home range is betwe&b®Mha,
although it can sometimes reach 5860 ha when larger territories are available (Dekker

et al., 2001; Henry et al., 2005). On the other hahe, fox canact as a host for a large
number of parasites. For this reason, many studies highlight the prominent role that the
fox can play in the transmission of these parasites, especialhuman settlements
(Deplazes et al., 2004; Reperant et al., 2007; Di Gatrbb, 2008; Otranto and Deplazes,
2019). In fact, the occurrence of foxgsanthropizedareas of semarid Mediterranean
climate in southeastern Iberian Peninsula is increasingly frequent. In addition, considering
that this wild canid can be a host parasites shared with domestic animals and even
humans, its epidemiological role in the interaction between the sylvatic and anthropic
cycle of these pathogens may be critical (Traversa et al., 2010). Among these parasites
shared with domestic canids arardiopulmonary nematodes such &sgiostrongylus
vasorumand Crenosoma vulpiglho et al., 2018, Schug et al., 2018), both presenting an
indirect life cycle withgastropod molluscs as intermediate hosts (Anderson, 2000;
Carreton et al., 2020). Regarding thastrointestinal nematodes of wild and domestic
canids,Uncinaria stenocephajaloxocara canisnd Toxascaris leoninare particularly
relevant because they atgroadly distributed and may cause zoonoses (Okulewicz et al.,
2012; Traversa et al., 2014).

Due to the epidemiological importance arising from this changing situation, the
main objective of this study was to describe the cardiopulmonary and gastroméésti
nematode species affecting the fox populations in sand areas of southeastern Iberian
Peninsula, anagng whether there are environmental determinants that influence the

abundance and spatial distribution of these parasites. Moreover, it wasstisduwhether
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the presence of foxes in searid areas represents a health risk in the transmission of

these parasites to dogs and humans present at the wildidfmestichuman interface.

MATERIAL AND METHODS

Study area and sample collection

The study wasarried out in the Region of Murcia (SE Spain), an area with a
predominantly Mediterranean climate and considered as one of the driest regions of the
Iberian Peninsula. The annual rainfall is scarce (less #@hmm/year), with high
interannual variabity and very high potential evapotranspiration values (Miré et al.,
2018).

This study involved a total of 167 foxes collected between 2015 and 2021 from
hunting programmes, wildlife recovery centres or redtled individuals, covering the
whole of the Reipn of Murcia. The site where each fox was recovered was identified by
using geographic coordinates as represented in Figure 1.

Animals were categorized according to sex (96 males and 71 females), and age (51
juveniles and 116 adults) following Harris T89. During necropsy, the respiratory and
gastrointestinal tracts of foxes were extracted, refrigerated in plastic labelled bags, and
frozen at-20°C until analysis. In the case of one rdaltifox, only the small intestine could
be obtained, because mosf the large intestine had been lost. Moreover, the Kidney Fat
Index (KFI) was used to estimate body condition of foxes. This index was calculated
according to Riney (1955), applying the formula: KFI = (FW/KW) *100 (Riney, 1955), where
Fat Weight (FW) ithe weight of the perirenal fat and Kidney Weight (KW) the weight of

the kidney after fat removal.

67



CHAPTER 2

4285000

4265000

4205000 4225000 4245000

4185000

4165000

4145000

Legend

® Fox location

565000 585000 605000 625000 645000 665000 685000 705000

Figurel. Location of foxes (n=167) in the study area (Region of Murcia, SE Spain).

Laboratory procedures

After defrosting, the tracheobronchial tree and the large pulmonary vessels were
longitudinally opened and examined under tséereomicroscope. Besides, heart was
separated from lungs and chambers were opened and inspected. Then, trachea and the
cardiac chambers were washed using a sieve (mesh diameter 63 um), and the withheld
material was observed under the stereomicroscope.segliently, lung parenchyma was
cut in small pieces (3x3 cm) and manually squeezed immersed in a bucket with water. This
water was filter as described above and the content transferred to a Petri dish and
examined under the stereomicroscope. In this wayasédes that would have remained
in the minor blood vessels or bronchi can be flushed out. Finally, according to Martinez
Rondan et al(2019), artificial digestion of lung parenchyma was performed. Briefly, tissue
was digested in a solution with pepsindanhlorohydric acid (1.5%), constantly shacked,
at 40°C, for 15 min. The sediment was checked under the stereomicroscope.

Each section of the digestive tract (oesophagus, stomach, small and large intestine)

was separated and then opened longitudinallye Thucosa of each of these portions was
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scraped and washed using a sieve (mesh diameter 300 um), and both the content and the
mucosa were examined under the stereomicrosc@pigure 2)All recoverethematodes

were preserved in 70% ethanol until identificat.

Figure 2. Digestive tract analysiprocedure (A). Digestive tract extracted after necropsy. (B)
Intestine opened longitudinally and the posterior washing and sieving of the contents (C).

Lactophenol was used to clear adult nematodes before their morphometrical
identification according t&erichter (1948)Yamaguti (1961), Anderson (2000), Costa et
al. (2003), Popiolek et al. (2009) and Rojas et al. (2018).

Statistical analysis

Prevalence (positive animals/total animals; P) with 95% confidence intervals
(95%CIl), median abundance (number of parasites/total animals; MA}heéttange and
median parasite intensity (number of parasites/positive animalswith) the rangewere
calalated according to Margolis et al. (1982) and Bush et al. (1997) for each nematode
species isolated in this study

R software 4.1.2 (R Core Team, 2021) software was used for carrying out statistical
analysis, and significance threshold was establisbeg fvalue <0.05. Shapiro Wilks test
was used to determine the normality of data.

Once the species were identified, the analysis of environmental anddegsndent

factors that could be influencing the abundance of these species was limitedl to
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vasorum C. vulpisT. canisT. leoninaeandU. stenocephalalhese parasites were selected
because of their epidemiological, pathogenic and health relevance, since they are
frequent in both domestic and wild canids and because, sometimes, they can cause
infecion i n humans (Smith et al ., 2003; Macpher s
al., 2016; Otranto and Deplazes, 2019; Lemming et al., 2020; Tylkowska et al., 2021; Pohly
etal., 2022). A Generalised Linear Model (GLM), with either a Poisson or Binegaitie
distribution was used to evaluate host and environmental factors influencing parasite
abundance ofC. vulpisandT. canisA. vasorumT. leoninaand U. stenocephala

Three packages of environmental variables were used (Table 1). The first dataset is
comprised of annual and monthly average data series of climatic variables such as
precipitation, temperature, radiation and reference evapotranspiration (ETO) (Ninyerola
et al., 2005). In the case of ETO, these values were calculated in accordance with
Hargreaves and Samani (1985) using monthly and annual average values of temperature
and radiation. The second dataset was obtained from the reflectance values of the land
surface from the OLI and TIRS sensors of the Landsat 8 satellite
(https://earthexplorer.usgs.gov/). Images from winter and summer seasons were
considered (05/08/2019 and 12/01/2020, respectively). The Normalized Vegetation Index
(NDVI), which is an index redat to plants photosynthesis, is calculated from the ratio of
the wavelengths of the visible spectrum in the red raing€0.640.67 um) and in the near
infrared ” (0.850.88 pm). Normalized Moisture Index (NDMI) is related to the
vegetation waterstress, which is determined from the wavelengths of the near infrared,
and the Shodwave Infrared’ (1.571.65 pm). Bare Soil Index (BSI) reports the
difference in spectral behaviour between bare soil and sparsely vegetated areas. For that,
algaithm uses the wavelengths mentioned above in addition to the blue rédng@.45
0.51 pum)of the visible spectrum. Moreover, the thermal infrared band (10.6011.19
pum), that estimates soil moisture and thermal mapping, was appiad the TIRS sensor.
Finally, Land Cover dataset was divided ifite habitat categories defined in CORINE
Land Cover (CLC): artificialized territory, agricultural land, forestry areas, wetlands and
water surfaces (https://land.copernicus.eu/pareuropean/corine-land-cover/clc2018)
All these dataset groups were calculated considering a 1 km radius buffer (400 ha) from
the geographic location of origin of each individual, considered as average fox home range
(Deak et al., 2020), using QGIS (3.16.11) swéw
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The collinearity of the data was assessed by the Variance Inflations Factors (VIF),
reducing the number of factors included in the model. Specifically, when VIF values were
greater than 5, the collinearity was considered to be high, and these valess
di scarded. Package “usdm” was wused to calc

Information Criterion (AIC) (Akaike, 1974) was used for model selection.

Based on fox locations, the spatial autocorrelation of each of the selected nematode
species was also anald. For this purpose, the Moran index was used, where values close
to 0 denote a random distribution, while the positive values indicate a tendency to
clustering and negative values would suggest a tendency of the data to be dispEnsed.
result is a score and a {value that will give us information on whether there is statistical

significance.

Finally, the continuous spatial distribution of the abundance of the aadly
nematode species was calculated using the invdisence weighted interpolation (IDW)
process. The method was performed using ArcGIS through the Geostatistical Analyst plug
in. Independent parameters were fitted for each of the variables containing parasite
abundance, according to the resulting model®. predict a value at locations without
records, IDW takes the measured values surrounding the prediction location. Recorded
values closer to the prediction site will have a greater influence on the predicted value
than those further away, assuming thata@ameasured point has a local influence that

decreases with distance (Watson and Philip, 1985).
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Tablel. Host and environmental variables that predict nematode species occurrence in red foxes from the Region of Murcia (SE Spain).

Host variables

Sex
Age

KFI (bodyondition)

Description

Source

Male and female levels

Juvenile and adult levels

Indicator of physiological and nutritional statt
of the host

Harris (1978)
Riney (1955)

Climatic variables

Evapotranspiration
Radiation

Precipitation

Temperate

Daily potential evapotranspiration (mm/day)
Extraterrestrial solar radiation (mm/day)
Average of precipitation during the summi
and winter seasons (mm)

Average of temperate during the summer ai
winter seasons (°C)

Ninyerola et al. (2005)

Spectral index

NDVI

NDMI

BSI

Vegetation quantification calculating th
difference betweennearinfrared (vegetation
reflects) and red light (vegetation absorbs).
Combine neainfrared and shorwave
infrared to measure the water content of th
vegetation.

Indicator of soil variations combining shei
wave spectral bands and blue, red, nei
infrared.

Elaborated by the authors base
on Landsat images fror
https://earthexplorer.usgs.gov/

Land cover

CLC category 1
CLC category 2
CLC category 3
CLC category 4
CLC category 5

Artificial surfaces
Agricultural areas

Forest andseminatural areas
Wetlands

Water bodies

CORINE Land Cover

Urbanization distance

The distance of the fox location point from ¢
urban settlement.

Elaborated by the authors base
on CORINE Land Cover (CLC2(
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A total of eleven nematode species were identified, including four cardiopulmonary

species (1217 specimens collected) and seven gastrointestinal species (5779 nematodes

in total). The overall prevalence ofdes parasitized by at least one nematode species was

89.2% (84.83.9 95%CI; 149/167). Prevalence, mean abundance and median intensity of

each nematode species are presented in Table 2.

Table2. Nematodes collected from thgastrointestinal and respiratory tracts of foxes (n=167)

from Region of Murcia (SE Spain).

Species Positive P (C1959%8) MA (range¥ MI (range}

All species (n=6996) 149 @ 42.3;23. 0 13 (0389) 20 (1389)
E'(ie:rzogg)”us 45 (20?2293.6) 0 (044) 2 (144)

A'(r‘]’j;);)’m 46 " 0?; 35; 3 0 (0107) 2.5 (+107)
%ZE'SS 12 e 27 '121_ Y 0 (028) 1(128)
M'(Ziizu;?ta > (25?;1%.0) 0(0117) 2 (+117)
;':alfgg; 121 (67?&70_5) 4 (0326) 7 (1-326)
o A S
T(-nljgzizr;a 29 (11.1;273.5) 0 (069) 2 (169)
T Sy e s
S(ﬁ‘:";'g)is 25 ( 9;_52'5_7) 0 (013) 1(1-13)

o g M0 om o
R A

! Positive: number of positive foxe®revalence of nematode species (%) with 95% confidence intervals
(C195%):Median Abundance with rangéminimum and maximum number of nematodes collected)
“Median Intensity with rangéminimum and maximum number of nematodes collected).

73



CHAPTER 2

The highest pasite richness recorded was seven nematode species (4%4,2.9
95%CI; 6/149). 18.1% (112@.3; 27/149) of foxes harboured only one species of
nematode, 20% (14-37.3; 31/149) two species, and coinfections with three, four, five
and six nematode speciegere 14% (8.4.9.7; 21/149), 20.1% (1326.6; 30/149), 16.1%
(10.222; 24/149) and 6.7% (210.7; 10/149), respectively. The prevalence and median
intensity of each parasite species according to the sex and age categories of the host are

shown in Table .3
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Table3. Percentage of positive foxes (n=167) and median intensity of each nematode species according to host characteristicag@ex and

E. aerophilus A. vasorum C. vulpis M. capsulata
Variable Category  N! P (IC95) MI (range§ P (1C95) MI (range§ P(1C953 MI (range§ P (1IC95) MI (range§
25 26 7.3 32.3
Sex Male 9%  (16.333.6) 2 (115) (17.234.8) 2 (+107) (2.1-12.5) 1(128) (22.941.6) 2 (54)
29.6 29.6 7 33.8
Female 71 189402) 2 (144) (18.940.2) 3 (167) (1.1-12.3) 1(¥2) 228448 O (L)
. 15.7 21.6 7.8 255
Age Juvenile 51 5 2056) 2 (18) (10.3328) 2107 (0.415.2) 1) (13537.4) (54
31.9 30.2 6.9 36.2
Adult 116 (23.440.3) 2 (144) (21.838.5) 4 (167) (2.311.5) 1.5 (£28) (27.444.9) 2 (+117)
P. affinis U. stenocephala T. leonina T. canis
Variable Category  N! P (IC95) MI (range§ P (IC95) MI (range§ P (IC95) MI (range§ P (IC95) MI (range§
73.7 294 20 13.7
Sex Male % (easszs (0 F59) (20.338.6) 3 (153) (11.928.0) 3 (169) (6.7-20.8) 1(F7)
73.9 26.1 14.5 4.3
Female 69 435842 7 (1326) (15.7:36.4) 5(%31) (6.222.8) 2 (116) (-0.49.1) 1(F2)
. 68 18 14 14
e Juvenile 50 552809y OS5 (73086 3(+10) (4.423.6) 5 (169) (4.423.6) 2 (1)
’ Adut 114 793 8 (1:326) 32.4 3 (1:53) 193 2 (116) 79 1(1:3)
(68.584.1) (23.841.0) (12.026.5) (2.912.8)
S. vulpis O. crassispiculum T. vulpis
Variable Category  N! P (IC95) MI (range§ Category Nt P (IC95) MI (range§ P (IC95) MI (range§
15.8 52.6 3.1
o Male 95 (8.423.1) 2 (+-13) Male 95 426626 O° (£222) (0.36.6) 6 (17)
14.5 57.3 4.4
Female 69 (6.222.8) 1(19) Female 68 (45.669.1) 11 (3163) (:0.59.3) 3 (24)
. 16 . 50 2
Age Juvenile 50 (5.826.1) 1(2-13) Juvenile 50 (36.1:63.8) 4 (1-163) (1.95.9) 4 (44)
14.9 56.6 4.4
Adult 114 g3014 2 (19) Adult 113 urs6s7) 14222 0.68.2) 3 (7)

IN: number of foxes collected for each categ@B; prevalence of each nematode species by fox sex and age (%) with 95% confidence intervalSMC@&Pge): median
intensity (minimum and maximum number of nematodes collected).
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The significant environmental and hed¢pendent variables included in the

prediction models for each nematode species are shown in Table 4, including the AIC

values and the explained variance obtained in each model.

Table 4. Significant predictive environmental and fox variables correlated positively (+) or
negatively {) with nematode species abundance.

Nematode species correlation

. A. C. T. T. u.
Variables Levels . . )
vasorum vulpis canis leonina stenocephala
Male + + +
Sex
Female
Juvenile - +
Age Adult
KFI +
Winter
Season Summer
Transition
Year - -
19/08/20 + +
NDMI 20/01/20 - - - +
Urban distance - -
Precipitation Winter i "
Summer - - +
Radiation Summer
Mean maximum summer i i +
temperate
CLC1 + +
CLC2 + - + +
Land uses (CLC) CLC3 + +
CLC4 +
CLC5 + +
AlC 453.2 155.2 158 263.1 389
Explained variance 23.4% 79.1% 41% 48.7% 30.6%

Concerning to statistically significant host variables in the predictive models (Table

4, Tables SE5), male gender of the host was positively correlated with the lungworm

vulpisand the ascaridg. canisand T. leoninaabundances. Juvenile age category was

positively related torl. canisabundance and negatively related @ vulpisbundance. On

the other hand,A. vasorumabundance was positively correlated with KFI of foxesd

use categories showed positive relatiith A. vasorunandU. stenocephalabundances

(except for the land use CLC 4 in the latter nematode species); in the c@seupisits
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abundance decreases as the surface of agricultural ama®ases Regarding the
distance to urban areaabundarces ofC. vulpigndT. leoninavere negatively correlated
to this variable Summer NDMI was positively correlated with vulpisand T. canis
abundances, whereas abundancesfofvasorumC. vulpisand T. canisvere negatively
associated with winter NDMéxcept forT. leoninaThe environmental variable maximum
summer temperatire had a negative effect on the abundance of ascarids, while it was
positive for the hookwormU. stenocephalaThe abundances . vulpisand T. canis
decreased when values of high mean summer rainfall raised, being positive the correlation
with T. leoninaabundance. Finally, the mean precipitation in winter were positiaelg
negativelycorrelated with the abundances bf. stenocephalandT. leoninarespectively.
Spatial distribution regarding nematode abundance of the five nematode species
was analged showing a random pattern (results of Moran's index are shown in Table 5).
To evaluate geographical incidence of asatlyspecies, a continuous spatdistribution
was calculated based on statistical models obtained (Fi@urd.ocation comparison
showed a higher abundance M. vasorumamong other parasites. Regarding spatial
mapping of absolute values., vasorumT. caniandU. stenocephalarovided a spatially
homogeneous distribution. Instead,. vulpisand T. leonina evidenced a geographically

defined location.

Tableb. Spatial pattern distribution of nematodes from foxes attending to Moran index results.

Moran Index

Nematode species value z-score p-value
A. vasorum 0.012488 0.179918 0.857217
C. vulpis 0.014894 0.242118  0.808689
T. canis 0.013635 0.193298  0.846725
T. leonina 0.02291 0.372817  0.709284
U. stenocephala 0.037318 0.427374  0.669107
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A. vasorum C. vulpis T. leonina T. canis U. stenocephala
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Figure3. The top row shows the spatidistribution of the absolute abundance of each of the parasites analysed. The bottom row shows the comparative
abundance between the parasites analysed. A geometric interval classification scheme has been used, which create clzsselbreakdass inteals that

have a geometric series. This ensures that each class range has approximately the same number of values in each ¢ltss @dmhti@between intervals

is consistent. Thus, a balance is achieved between highlighting changes in the mideteaval the extreme values.
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DISCUSSION

Red foxes have been widely investigated as carriers of a great variety of pathogens
in natural environments (Otranto and Deplazes, 2019). Previous studies have highlighted
that changes in the land use of the territory, together with the fragmentation dtirs
ecosystems, facilitate the contact between wild and domestic animals, enhancing the
transmission risk of parasites, some of them of pathogenic relevance to canids (Morgan
et al., 2008).0On the other hand, among otharonditions the occurrence of pasites
depends on environmental factors and the presence of the intermediate and paratenic
hosts involved in the life cycle (Poulin and Morand, 2000; Bozick and Real, 2015).

All the nematode species reported in this study, excepiMetathelazia capsuaita,
have been previously described in the Iberian Peninsula (Gortazar et al., 1998; - Criado
Fornelio et al., 2000; Eira et al., 2006; Marti@rasco et al., 2007; Garridiastafné et
al., 2015; Figueeido et al., 2016; Fanelli et al., 20MartinezRondan et al., 2019) and
other European areas (Saeed et al., 2006; Magi et al., 2015, 2016; Tolnai et al., 2015;
Fiocchi et al., 2016; Schug et al., 2018; Gavrilovic et al., 2019; Deak et glTy2k@@ska
et al., 2021)This wide species rickss highlights, among other aspects, the diverse diet
of foxes in semarid Mediterranean areas, where invertebrates, reptiles or small
mammals are the main prey of this wild carnivore (ERaiz et al., 2013; Soe et al., 2017;
Castafneda et al., 2022). e prey act as intermediate and/or paratenic host for the
nematode species found in our study (Martir@arrasco et al., 2007; Schug et al., 2018;
Mgrket al., 2019; Deak et al., 2020)

To the author’s knowledge, this is the first time that the geMetathelaziahas
been found in foxes in Europe and, specifically, the first recokdl cbpsulatan red foxes
worldwide. This lung parasite has been previously cited in marbled pol¥catéla
peregusny, European badgeMeles melekNile fox Yulpes vulpg niloticg and American
badger Taxidea taxus(Gerichter, 1948; Pence and Dowler, 1979). The life cycle of this
nematode is not completely known (Anderson, 2000), although an intermediate host is
thought to be involved in transmission (Gerichter, 194B)is noteworthy that M.
capsulatais the most prevalent bronchopulmonary species in this study. This parasite is
found mainly in small bronchi and bronchioles (Gerichter, 1948; Pence and Dowler, 1979),

so itslocationby conventional parasitological tecigues (opening of the bronchial tree)
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may go undetected and, consequently, the prevalencklo€apsulatan the fox may be
underestimated. Therefore, in addition to a thorough examination of the lung
parenchyma, we recommend artificial digestion of tigstie as a final step to confirm the
presence ofM. capsulata thus avoiding falseegative foxes. Our results highlight the
need to address epidemiological studies to know the occurrence of this nematode in other
European fox populations. It would also &dvisable to investigate whether there is a life
cycle associated with dogs or wild canids, and if the pathogenic effddt chpsulata
should be taken into account as a threat to the health of canids.

A. vasorumand C. vulpisare not considered to cause zoonosis, although their
pathogenic effects on wild and domestic canids are well known (Morchon et al., 2021;
Pohly et al., 2022). Thearccurrence in the ecosystems depends on the density of their
intermediate hosts (Lemming et al., 2020), but also on environmental conditions. In this
sense, explanatory models of the abundances of these nematodes indicated that summer
NDMI values are pdsiely associated with both lung nematodes, while the opposite
occurs with winter NDMI. It is known that temperature and humidity determinate the
development and survival of lungworm larval stages (Ferdushy and Hasan, 2010; Robbins
et al., 2021), as wellsainfluence the activity and dynamics of their intermediate hosts,
snails and slugs (Morgan et al., 20@9ho et al., 2018), or amphibians, described as
paratenic host ofA. vasoruniBolt et al., 1994). Recently, the survival of up to 8 weeks of
A. vasorm L3 andC. vulpisnfective stage in the environment once excreted by slugs or
snails have been demonstrated in laboratory conditions (Conboy et al., 2017; Robbins et
al., 2021). Therefore, the transmission risk for wild and domestic canids increases wher
environmental conditions favour the presence of intermediate and/or paratenic hosts, or
the survival of free infective larvae (Maksimov et al., 2017). The study area is characterized
by a semiarid Mediterranean climate, with very dry and warm summerser€fore,
habitats with greater vegetation cover are possibly the most suitable for the occurrence
of A. vasorumand C. vulpis In our study, all land cover categories were positively
correlated with A. vasorumabundance. Agricultural, wooded or wetlandeas have
suitable microclimatic conditions for the presence of snails, slugs and amphibians, with
optimum humidity, temperature and vegetation cover for the survival of these
intermediate and paratenic hosts, and alsw the infective larvae. Although thgpatial

distribution of the occurrence of these two nematodes followed a random pattern,
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without significance in the clustered distribution, the continuous spatial distribution map
indicated the existence of specific areas where the parasite abundancéiglasr and,
therefore, we can assume that the risk of infection is higher in these locations (Bigure
In the study carried out by Cabanova et
clusteredA. vasorundistribution with infection foci. Thislustered pattern has also been
described in other European countries (Helm et al., 2010; Tolnai et al., 2015; Maksimov et
al., 2017), showing a higher infection risk in areas with environmental characteristics that
do not always coincide among the studiearried out, which demonstrates that the
distribution of A. vasorumis conditioned by specific bioclimatic determinants of each
study area.

In semiarid areas of southeastern Iberian Peninsula, the abundande. afulpis
decreased when percentage of agricultural lands increa&eiimilar result was described
by Maksimov et al. (2017), who found th@t vulpignfection risk in foxes was lower in
agricultural areas, while urban areas had a higher risk of occurrence. In contrast, other
authors have described a wide distribution patternGfvulpisoccurrence, probably due
to the resistance of L1 larvae to vau® climatic factors, including freeze temperatures
(Cabanova et al., 2018).

Several mollusc species involved in the life cycla.ofasorumand C. vulpishave

been described, such asion lusitanicum, Arion vulgaris, Deroceras reticulatum, Helix
aspersa(sin.Cornu aspersujrandLimax maximugColella et al., 2016; Maksimov et al.,
2017; Fuerher et al., 2020), some of them being present in the southeast of the Iberian
Peninsula (Borreda and Martin€xti, 2014). Specificallifl. aspersas a common snaih
Mediterranean regions (Colella et al., 2016), also frequent in urban gardens.
reticulatum is commonly found in cultivated fields, ard lusitanicuds usually more

abundant in wooded areas (Maksimov et al., 2017).
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Figure4. Abundance distribution maps @fngiostrongylus vasoruand Crenosoma vulpis

According to previous studiesA. vasorumand C. vulpiscan use different
intermediate host in their life cycle, so their occurrence in different types of habitats is
possible ultimately impacting on the infection rates of these nematodes in domestic and
wild canids in these areas (Garriastafé et al., 2015; Deak et al., 2017; Deak et al.,
2020). Further investigations on the intermediate host species involveaififéncycle of
these emerging parasites are necessary to better understand the factors associated with
their distribution and maintenan-Gemiisch syl vat

et al., 2020; Morgan et al., 2021).

U. stenocephalas ahookworm with a direct life cycle where eggs are excreted
through the host’'s faeces, from which the
conditioned by environmental characteristics (Anderson, 2000; Richard et al., 1995). This
nematode is capable tanfect domestic and wild canids, and less frequently humans
(Seguel and Gottdenke$tr RONFo v Miisoneoohtliec, e2 0 a2
most prevalent nematodes in European foxes (Saeed et al., 2006; Reperant et al., 2007;

Di Cerbo et al., 2008; Vergles Rataj et al., 2013; Fiocchi et al., 2016; Waindok et al., 2021),
although in Spain its prevalence is lower (Gortazaale 1998; Criadé-ornelio et al.,

2000; MartinezCarrasco et al., 2007) as shown in our study. Transmission occurs when
the definitive host ingest L3, but larvae can also penetrate through the skin (Gibbs, 1961).
Moisture, mild temperature and vegetatiocover are favourable conditions for the

protection and viability of the free larvae and, consequently, for carnivore infection to
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occur (Fiocchi et al., 2016). In this sense, attending to our results, all the variables with a
positive influence on the amdance olJ. stenocephalaare associated with these optimal
habitat conditions: land uses (forestry, agricultural and even urban areas), mean winter
rainfall and mean maximum summer temperate. The high temperatures frequently
reached during the summen ithe Region of Murcia are possibly the main limiting factor
that reduces the survival df. stenocephaldree-living stages. Therefore, areas covered
with vegetation, such as wooded or agricultural areas, protect the larvae from exposure
to the sun and hip to maintain a lower temperature and higher humidity. In fact, the
continuous spatial distribution map revealed very specific areas in which the abundance
of U. stenocephalés higher than in the rest of the study area (FigbyeSpecifically, the
peri-urban area of Murcia city, the capital of the province, is one of these zones with the
highest abundance. These findings should be of concern to public health authorities, since
previous studies have shown that the presence of geohelminth eggs and ieféthae

in urban and perurban areas carries a high risk of transmission between dogs and foxes,
as well as a potential hazard to humans (Reperant et al., 2007; Traversa et al., 2014;

Karamon et al., 2018).

U. stenocephala

lO

Abundance

Figure5. Abundance distribution map d@dncinaria stenocephala
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T. canisandT. leoninaare two relevant parasites of wild and domestic canids that,
also, cause zoonoses (Otranto and Deplazes, 2019). Despite of most of the studies in
wildlife reported higher prevaleces ofT. canisthan of T. leonina(Saeed et al., 2006;
Reperant et al., 2007; Figueiredo et al., 2016; Magi et al., 26&63there was a higher
prevalence ofT. leoninathan of T. canis in agreement with the results obtained by
Gortazar et al. (199&)nd CriadeFornelio et al. (2000). This higher prevalence may be due
to the fact thatT. leoninaggs can survive in a wider variety of environmental conditions,
including the capacity to embryonate in darkness ordsistfreezing temperatures for a
longer time thanT. canisegg (Okulewicz et al., 2012Pespite being parasites with a
similar life cycle, divergent results have been obtainEdis is the case dhe negative
and positive influence of NI winter on the abundanceyr the negative and positive
effect of summer rainfall in the case @f canisand T. leonina respectively. All these
results suggest that there are possibly other environmental factors that could be
contributing to the occurrence of these parasites. Thigh abundance off. leonina
detected (212 specimens) differs notably from thatTofcanig(32 specimens) and may
causethese divergent results. However, to know more precisely the influence of these
bioclimatic determinants, it would be necessary to gsala larger number of foxe©n
the other hand,T. leoninaabundance increased in agricultural areas and when distance
to urban sites decreased. Remarkably, these factors did not influence the abundance of
T. canis This contrast could be due to differaxin the survival of infective eggs in the
environment (Okulewicz et al., 2012), but this could not be justified on the diet of foxes,
since bothT. canisand T. leoninapresent life cycles with the same paratenic hosts
(rodents). In this senséMark et a. (2019) observed that the presence Bf leoninain
foxes was conditioned by the abundance of rodent populations that, according to these
authors, are more accessible and abundant in rural or-pdyan areas. On the other
hand, Antolova et al. (2004) found th@t canisseropositivity in rodents fromuburban
areas of Slovakia was higher compared to from rural areas, and Brochier et al. (2007)
detected foxes parasitized by this ascarid in urban areas from Belgium. Therefore, in
agreement with other authors (Reperant et al., 2007; Traversa, 2d&2k et al., 2019),
further studies are needed to know in more detail the environmental factors that
determine the occurrence of these two ascarid nematodes, especially in urban ard peri

urban areas where foxes are present and, consequently, may contribute to the
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maintenance ofl. caniandT. leoninaby environmental contamination with ascarid eggs

(Traversa et al., 2014; Nijsse et al., 2015).

One of the most remarkable results was that, as shown in the continuous spatial
distribution map (Figuré), two of the aeas with the greatest. canisabundance were in
the southwest and the southeast of the region, being areas with one of the highest human
population densities. Likewise, the spatial distributionTofleonina(Figure6) indicates
points with higher abundaces in the northwest and north of the region, which are also
highly anthropized areas. These results suggest that foxes in theserpan areas should
be considered as a health risk factor, so veterinarians and public health management

authorities in these areas should pay special attention to this issue.

Figure6. Abundance distribution maps @ooxocara caniand Toxascaris leonina

In our study, male foxes had higher risk of infectionChyvulpisT. canisand T.
leonina Previous studies have found that male foxes are more likely to be parasitized by
T. caniandT. leoningRichards et al., 1993; Segovia et al., 2004; Saeed and Kapel, 2006),
possibly because they usually have a larger home range and, therefore, acivides of
areas potentially contaminated with eggs of these ascarids or with the presence of
paratenic hostgTorres et al., 2006; Tylkowska et al., 2021). In contrast, other authors
have found no significant differences in the presencé.afanigWolfeet al., 2001; Roddie
et al., 2008) andC. vulpigMagi et al., 2015; Morandi et al., 2019) between sexes. It has

been suggested that differences in the prevalence of pathogens may be conditioned by
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host sex, because testosterone reduces the immune respande consequently, males
are more prone to infectionKlein, 2004GuerraSilveira and Aba&ranch, 201B In our
study, significant differences between sexes were not detected in all parasites, so we
consider that this hypothesis does not fully explaim cesults

Juvenile foxes in the serarid area under study showed a positive correlation with
the abundance off. canis while it was negative in the case Gf vulpisThe different
transmission ways of. canis including transplacental and galactogerransmission
(Anderson, 2000Roberts et al., 2013), could explain this result. In this sense, previous
studies have found that juvenile foxes were more prone to be parasitized. lwanis
(Richards et al., 1993; Saeed and Kapel, 2006), and, youngtémdso have higher
prevalenceof C. vulpigt han adults (Jeffery et al., 2004,
al., 2016). In our study, the significantly negative correlation detected in juvesuldd
be due tothe less time they have had throughout their lives to become infected with
molluscs o free infective larvae, so that the cumulative effect has not had time to occur

and, consequently, the abundance is lower in this age category.

This study confirms that fox populations inhabiting semd Mediterranean areas
are a reservoir for a divetygi of nematode species, many with severe implications for
domestic carnivores and even humans. In spite of the arid conditions in the Region of
Murcia, natural forestry together with agricultural areas favour the appearance of
parasites, since one of theast important environmental features is humidity, which has
proved indispensable for the development of the fageng stages and the intermediate
hosts. High temperatures registered in this serd region combined with the lack of
rainfall and elevatelevels of evapotranspiration, limit the availability of water and
humidity. Therefore, those areas shared by synanthropic foxes and domestic carnivores
can become a hotspot for parasite transmission among these hosts, turning proximity to
urban populationsn an epidemiological risk factor. Finally, it is important to note that it
would be desirable a deeper study of intermediate (for vasorumand C. vulpi¥ or
paratenic (forT. canisand T. leonind hosts. A better knowing of involved species and
variabks determining their abundance, could help to anticipate potential fox infection

hotspots.
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SUPPLEMENTARY FILES

Table 3. Angiostrongylus vasorumesults usingsLM with Negative Binomial distribution

Coefficients Estimate Std. Error z value Pr(>|z])
Intercept 222.63584 328.23099 0.678 0.497588
Year -0.45258 0.15666 -2.889 0.003865 **
KFI 0.02385 0.01005 2.374 0.017577 *
Summer NDMI 13.00436 7.19607 1.807 0.070739 .
Winter NDMI -19.25155 5.72538 -3.362 0.000772 ***
CLC® 0.19884 0.06653 2.989 0.002799 **
CLC 2 0.19812 0.06646 2.981 0.002874 **
CLC3 0.19890 0.06652 2.990 0.002788 **
CLC 4 0.43830 0.14421 3.039 0.002371 **
CLC5 5.79711 2.14449 2.703 0.006866 **
MMS Temperaturé?  0.01519 0.02338 0.650 0.515939

@) CLC1 = Artificial surfaces; CLC2 = Agricultural areas; CLC3 = Forestry aradusaimireas; CLC4 =
Wetlands; CLC5 = Waterbodi€sMean Maximum Summer Temperature.

Table &. Crenosoma vulpigsults usingsLM withFamily Poisson distribution.

Coefficients Estimate Std. Error z value Pr(>|z])
Intercept 1.566e+03  2.620e+02 5.978 2.26e09 ***
Winter 3.071e+00 1.704e+00 1.802 0.071593.
Year -7.680e01 1.294e01 -5.934 2.95e09 ***
AgeJuvenile -1.556e+00 5.411e01 -2.875 0.004040 **
SexMale 2.253e+00 5.272e01 4.275 1.92e05 ***
Summer NDMI 4.337e+01  4.640e+00 9.347 < 2el6 ***
Winter NDMI -4.297e+01  7.422e+00 -5.789 7.06e09 ***
Urbanization distance -3.303e04 1.020e04 -3.240 0.001196 **
CLC® -9.490e04 3.321e04  -2.858 0.004268 **
CLC5 -2.695e+00 2.031e+02 -0.013 0.989413
Mean summer precipitation -3.574e02 1.057e02 -3.380 0.000724 ***

(@ CLC2 = Agricultural areas; CLC5 = Waterbodies
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Table 8. Uncinaria stenocephaleesultsusingGLM with Negative Binomial distribution.

Coefficients Estimate Std. Error z value Pr(>|z])
Intercept -3.367e+02 1.490e+02 -2.260 0.02384 *
AgeJuvenile -8.806e01 4.790e01 -1.839 0.06599 .
KFI -5.166e03 9.710e03  -0.532 0.59473
Winter NDMI -7.559e+00 4.396e+00 -1.720 0.08551 .
Urbanization distance -1.525e04 8.914e05 -1.711 0.08701 .
CLC® 8.555e02 4.292e02  1.993 0.04626 *
CLC 2 8.593e02 4.287e02  2.005 0.04499 *
CLC3 8.626e02 4.290e02 2.011 0.04432 *
CLC 4 1.092e01 8.247e02 1.324 0.18559
CLC5 3.818e+00 1.494e+00 2.556 0.01059 *
Mean winter precipitation 1.591e02 4.966e03  3.203 0.00136 **
MMS Temperaturé? 1.130e01 2.786e02  4.056 4.99e05 ***

@ CLC1 = Artificial surfaces; CLC2 = Agricultural areas; CLC3 = Forestry aradusaindreas; CLC4 =
Wetlands; CLC5 = Waterbodi€Mean Maximum Summer Temperature.

Table 4. Toxocara canigesultsusingGLM with FamilfPoisson distribution.

Coefficients Estimate Std. Error z value Pr(>|z])
Intercept 2.277e+01  6.036e+00 3.772 0.000162 ***
AgelJuvenile 1.023e+00  3.996e01 2.561 0.010448 *
SexMale 1.900e+00  5.565e01 3.414 0.000641 ***
Summer NDMI 1.658e+01  5.959e+00 2.783 0.005384 **
Winter NDMI -7.898e+00 3.616e+00 -2.184 0.028953 *
CLC® -4.051e04 2.963e04 -1.367 0.171500
CLC3 -4.520e04 3.127e04 -1.445 0.148371
CLC5 -2.715e+00 2.704e+02  -0.010 0.991987
Mean summer precipitation -2.205e02 6.607e03 -3.337 0.000846 ***
MMS Temperaturé? -6.283e02 1.896e02 -3.315 0.000917 ***

(M CLC2 = Agricultural areas; CLC3 = Forestry anehatumal areas; CLC5 = Waterbodi@dlean Maximum
Summer Temperature.

Table S. Toxascaris leoningsultsusingGLM with Negative Binomial distribution.

Coefficients Estimate Std. Error z value Pr(>|z|)
Intercept 81.2249626 16.5607669 4.905 9.36e07 ***
KFI -0.0203092 0.0123046  -1.651 0.09883 .
SexMale 2.1127046 0.6452360 3.274 0.00106 **
Winter NDMI 20.3136725  6.3930281  3.177 0.00149 **
Urbanization distance -0.0004118 0.0001323  -3.111 0.00186 **
CLC® 0.0014942 0.0003597 4.154 3.27e05 ***
Mean winter precipitation  -0.0407718 0.0087913  -4.638 3.52e06 ***
Mean summeiprecipitation  0.0446445 0.0089706  4.977 6.47e07 ***
MMS Temperaturé? -0.2824611 0.0511225 -5.525 3.29e08 ***

@) CLC2 = Agricultural are&Mean Maximum Summer Temperature.
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SUMMARY

Pearsonema plices a nematode that parasitizes the bladder of domestic and wild canids,
with an indirect biological cycle with earthworm as intermediate hosts. In most cases, this
nematode causes minor signs of disease to the hosts, although severe cases have also
been described. The red fo/(llpes vulpgscan be definitive hosts &. plicashowing a

high variable prevalence in Europe, including Iberian Peninsula, ranging from 1% to more
than 90%.

The red fox is a wild species with synanthropic behaviour and a highgecall plasticity

that allows it to inhabit different kind of habitats. So, it can be considered as a reservoir
for this parasite since foxes can share territories with domestic canids.-&a&mi
Mediterranean areas include a wide range of landscapes, evhathropized areas are

one of the most common territories, resulting to the movement of wildlife to these zones.
This approach can increase even more the contact between wildlife, domestic animals

and human and, consequently, the transmission of diseasgsng them.

Several epidemiological studies at the domestic animaldlife-human interface in these
semtarid areas focus on the environmental particularities that can lead to specific contact
areas between foxes and canids, where biotic and abiotiditioms can favour the
presence of shared pathogens. Although the environmental conditions in these dry
regions are nota priori favourable for the cycle oP. plica the understanding of the
specific conditions that allows this parasite to successfuliypiete its biological cycle
and, therefore, to infect host species inhabitingsh areas, are highly convenient. Thus,
the aim of this study was to evaluate the presenc®oplican red foxes from the Region

of Murcia (SE Spain), a seanid Mediterrarean region, and to elucidate the biotic and

environmental characteristics which determine the abundance of this parasite.

In order to achieve these objectives, between 2015 and 2021, the urinary system (bladder,
kidneys and ureters) of 167 foxes was analysed. Nematodes found after opening and
examination of these organs were morphometrically identified. Sex, age and body
condtion (KFI) were the host variables analysed. Environmental variables were
categorized into three groups for their analysis: climatic variables, spectral index and land
use; these data were calculated based on

prevalerce, median abundance and median intensity were calculated, and the influence
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of the previously mentioned biotic and abiotic variables in relatiorPoplicaabundance
was evaluated using a Generalized Linear Model (GLM). Finally, Moran's index was

calculded to estimate the spatial autocorrelation of this parasite.

Four foxes (P= 2.4%, 4/167) were parasitized MAthplica recovering a total of 35
specimens. Contrary to the host variables, the environmental factors showed significant
results, being the wter normalized differential humidity index (NDMI), CORINE Land
Cover categories (anthropogenic surfaces, agricultural land and forestry areas), distance
to urban areas and mean summer precipitation, the variables included in the model with
a positive infuence on the abundance &f. plica Moreover, Moran's index indicated a

random distribution of the parasite throughout the territory (p>0.05).

As expected, attending to the arid environmental characteristics of the study area, the
prevalence of this nematle was low. Although this result contrast with the higher values

obtained in other European regions, it agreeith those found in studies carried out in

areas with similar characteristics than those in the area under study. Our results revealed

the importance ofthoseenvironmental variables related to humidity, an essential factor

for the development of the earthworm and, therefore, for the maintenance of this
parasite’s cycle. Il n addition, the positive

indirectly related to this same parameter, since it favours soil moisture.

The present study confirms the presencdoplican red foxes from the Region of Murcia,

a semiarid area in the southeast of the Iberian Peninsula. Despite the low prevalence
found, there are locations where the abiotic conditions are optimal for the development
of earthworms, allowing the parasite to complete its biological cycle. Considering the
synanthropic behaviour of this wild canid and its approach to urban;yean or rual
areas owing to the trophic and water resources that these zones provide, it is important
to take these results into account when epidemiological studies or health vigilance
programs are developed, especially in the case of areas shared by wild andtidomes

animals.

Detailed information on this chapter has been published inltiternational Journator
Parasitology: Parasites and Wildlifevhich DOI is provided below to consult:

https://doi.org/10.1016/j.ijppaw.2022.08.005
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ABSTRACT

Metathelazia capsulatés a lungworm that inhabit in the bronchi and bronchioles
from mammal carnivore species, which life cycle its unknown. Spirurid nematodes were
isolated at necropsy from the respiratory tract of red fox®ulpes vulpgsfrom the
Region of Murcia (SE Spain). The main objective of this study was to describe in detail the
morphometric features of these nematodes, as well as to report some molecular markers.
The images obtained by light microscopy and fetaission scanngpelectron microscopy
were used to describe and measure the principal structures, comparing these
characteristics with previous descriptions performed on this nematode species. The
principal morphometric difference compared to previoMs capsulatadescrigions was
the shorter total length for both males and females (6.6 mm and 7.4 mm, respectively). In
addition, the mean values of buccal cavity depth and distance between the excretory pore
and the anterior end of the nematode were also lower than thoseviaesly reported,
while rest of features were in accordance with the ranges described to date of this species.
On the other hand, sequence data of the mitochondrial (COI) and nuclear (rDNA) genes of
M. capsulataare described, being the first time that neaular markers are reported for
the genusMetathelaziaand also for the entire family Pneumospiruridae. These results
indicate, based on data available from GenBank, that sequences obtaiivkdapsulata
are closely related to the family Rhabdochonidagjich is assumed to belong to
superfamily Thelazioidea, a superfamily including the family Pneumospiruridae, but also
suggest the distant relations with the family Thelaziidae. This is the first timeMhat
capsulatais reported in red fox from Europe. iststudy provides valuable information for
future phylogenetic studies oNletathelaziaspp. nematodes and, in general, on species

of the family Pneumospiruridae.

INTRODUCTION

The superfamily Thelazioidea comprises three families: Pneumospiruridae,
Rhabdocbnidae and Thelaziidae. This last family includes nematodes whose primarily
host are birds and mammals, while those in Rabdochonidae parasitize marine and
freshwater fishes (Chabaud and Bain, 1994). The Pneumospiruridae family includes
nematodes parasiting the respiratory system of carnivores, having little information

about their transmission and life cycle (Anderson, 2000), although Gerichter (1948)
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suggested that an intermediate host could be involved, as occurs in other Thelazioidea
nematodes.

Alongwith PneumospirurandVogeloidesMetathelaziais the main genus included
in Pneumospiruridae (Chabaud, 1975) with a large number of species described
worldwide (Chabaud and Bain, 1994) affecting lung parenchyma or bronchi of their host.

The identificatbn of nematodes belonging to Pneumospiruridae family is frequently
based on the morphological characteristics of the cephalic region. In this sense, along the
years, different authors have taken into account this criterion to classify
Pneumospiruridae nenmades (Dougherty, 1943; Wertheim and Chabaud, 1977); in
particular, the genu¥ogeloidegpresentssix developed lips, the genneumospiruras
smaltipped, and in the genusletathelazialips are absent (Pence and Stone, 1977).

M. californica(Skinker,1931),M. bassarisc{Pence and Stone, 1977) akd servalis
(Wertheim and Giladi, 197&re some of the species that have been previously reported
in carnivores such bobcdtélis rufuy cougar Puma concolor hippolestesr servalEelis
servali3. Moreover, the northern whiteébreasted hedgehodtinaceus roumanicus sager
and the Egyptian mongooséi¢rpestes ichneum@rhave been described to hodd.
multipapillataand M. oesophagearespectively (Gerichter, 1948).

Nile fox Vulpes vulpes nilotigaEuropean badgeMeles meley American badger
(Taxidea taxusand marbled polecaMormela peregusneaare the three carnivore species
in whichM. capsulatahas been previously reported (Gerichter, 1948; Pence and Dowler,
1979). AdditionallyM. mexicanais a new species that has been recently described from
a Ninebanded armadillo@asypus novemcinctum Central Mexico (Jiménez et al., 2013).

To the author’s knowledge, since Gerichter (1948) descriptions, no other species of
the genusMetathelaziahas been described until the moment in Europe. This lack of
reports regarding nematodes of the genMetathelaziacontrasts with studies published
inrecent years concernintpe genusvogeloidesin particular, Blanco et al. (1993) isolated
Vogeloides oesophagéa Egyptian mongoosesiérpestes ichneumgiirom Spain, and a
new species nameWogeloides morowaliensisas been recently described in Palkas
tube-nosed batslyctimene cephalotggrom Indonesia (Purwaningsih et al., 2021).

In this study, a spirurid nematode detected in the bronchi of red foxes coming from
Region of MurciaSE Spain) was morphologically described. Also, six molecular markers

were reported: me mitochondrial (cytochrome oxidase subunit | (COI) gene) and five
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nuclear markers (18S gene, 28S gene, 5.8S, and internal transcribed spacers (ITSs) ITS1
and ITS2) of the ribosomal DNA (rDNH)erefore, the aim of this study was to enhance
the knowledge of Pneumospiruridae family, providing morphological and molecatar d

of this spirurid found in red foxes.

MATERIAL AND METHODS

A total of 167 cardiorespiratory tracts were obtained between 2015 and 2021 from
foxes coming from hunting programmes, wildlife recovery centres or-folket in the
Region of MurciaSESpair). Each respiratory tract was longitudinally opened through the
tracheobronchial tree and the large pulmonary vessels. Subsequently, the lung
parenchyma was cut3k3 cm pieces)mmersed in waterand manually squeezed he
content was filtered through a 6@m of mesh sieve, and the remaining material was
inspected under the stereomicroscope. Finally, lung tissue was artificially digested with a
solution of pepsin and chlorhydric acid (MartifilRandan et al 2019), in order tadentify
worms located in brochioles of smaller diameter. All isolated helminths specimens were
preserved in absolute ethanol until morphological identification or DNA extraction to

molecular analysis.

Morphometrical identification

A total of 29 nematodes (14 males and 15 female€renmeasured and cleared
with lactophenol to carry out their description. The visualization of internal structures was
performed using a Leica DM6000B microscope connected to Leica DFC280, while for
length and width of the parasite Leica Z6 APO stereors@mpe connected to Leica
DFC550 digital camera was used. Both system equipment presented Leica Application
Suite V 2.5.0 software. All measurements were taking using ImageJ software and
expressed in micrometers, with the exception of the total length ef tlematodes, that

was measured in millimeters.
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Sample preparation and field emission scanning electron microSoopgng

For the study of lips details, field emission scanning electron microscofyHMIE

was used. As previously mentionedmples were fixed in absolute alcohol at laboratory
temperature until processing. Subsequently, postfixation was performed with 1% osmium
tetroxide during 2 hours and the samples were washed in 0.1M sodium cacodylate buffer
with sucrose. Specimens wereldalrated with acetone series and dried at critical point
on 0.2 pum Isopore filters (Merck Millipore Ltd). Lastly, the samples were subsequently
submitted to platinum sputtering with a 5.0 nm thin film (Leica EM ACE 600) and were
examined employing an FEM, (ApreoS Lovac IML Thermofisher), with a selected

voltage of 5 kV, 0.2 nA and working distance of 10 mm.

DNA extraction, PCR amplification, cloning and sequencing

The total DNA of six female nematodes was extracted from ethixed specimens
with the standard phenethloroform procedures using the whole specimen for each DNA
extraction. The different molecular marke(€0OI, 18S, 28S, 5.8S, ITS1 and W&2)
amplified by PCR (Polymerase Chain Reaction) with specifics primer pairs (Table 1).
Specift primer pair were used to amplifgOl, 18S, and 28S sequenaeiile for the ISTs
and 5.8S three primer pairs combinations were used (Table 1).

The combination of the primer pailTSIF and nema28 R68 allowed the
amplification of the ITS1, 5.8S and ITi$2 long fragment of abou2kb (ltagaki et al.,
2005; Xiang et al., 2013). As this fragment was difficult to amplifffa¢ditate the
amplification of these markers, two new primer ITi8&tR and ITSht-F located on the
5.8S sequence were designed as internal primers to combine tolT$dF and
nema28 R68primers. Thus, the combination difSiF andITS1int-R allowed he
amplification of ITS1 and part of the 5.8S, and the combination of-int$2 and
nema28 R6&llowed the amplification of part of the 5.8S and the ITS2. PCRs were
performed in 50ul of reaction, containing-3@0 ng of template DNA. The PCR conditions
were as follows: initial denaturation at 95°C for 4 minutes; 35 cycles with denaturation
30s at 95°C, annealing temperature 90s and polymerase extension 120s at 72°C; and a
final extension of 5 minutes at 72°C. The annealing temperatures were 50°C foBSQI, 1
28S and ITSA.8SITS2, 48°C for ITS1, and 54°C for ITS2. In order to get an accurate
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sequencing, the amplicons were resolved in 1% ethidium brossidimed agarose gels,
and they were isolated from the gel with a QIAquick gel extraction kit (Qiageinjlaned
in ZCompetent JIM10%E. coli(Zymo Research) using the PGEMTeasy vector (Promega).

Positive clones were Sanger sequenced with T7 and SP6 primers.

Tablel. List of amplified markers, name, sequence and references of the primers

Amplificati
Markers  Primers Pairs Primers sequences on size Reference
(bp)
col COlintF 5-TGATTGGTGGTTTTGGIAA 689  Casiraghi et al. (2001
COlintR  5-ATAAGTACGAGTATCAATAT
18S  nemail8s_FO1 S'CCATGCAV‘;)C?TCTAWGTTC‘ 1775  Xiang et al. (2013)
nemal8s_RO: 5-GGAAACC';T'GTTACGAC'FT
285 c1’ 5-ACCCGCTGAATTTAAGTAT 972 be B(g'(')%‘:l'; etal.
D2 5-TCCGTGTTTCAAGAGGG
'T‘T‘fsfs ITSIF 5 TTGCGCTGATTACGTCGCT 20182027  Itagaki et al. (2005)
nema28 R68 5-TTAGTTTCTTTTCCTCCGET Xiang et al. (2013)
ITS1 ITSIF 5 TTGCGCTGATTACGTCGCT 10601070  Itagaki et al. (2005)
ITSHnt-R  5-TACCAACGGGAATGAAGEC This work
ITS2 ITS2nt-F  5-CGTGGATCGATGAAGARC( 10301062 This work
nema28 R68 5-TTAGTTTCTTTTCCTCCGET Xiang et al. (2013)

Sequence and phylogenetaalysis

The sequences were analysed and aligned using Bioedit program (version 7.0.9.0)
(http://www.mbio.ncsu.edu/BioEdit/bioedit.htm)l and Clustal Omega (Sievers and
Higgins, 2021; Madeira et al., 2022). The obtained sequences were aligned and compared
with thosebelonging to other nematode species using the Blast tool (Altschul et al., 1990).
Thephylogenetic relationships were reconstructed with Maximiukelihood (ML) (Nei

and Kumar, 2000) using MEGA X (Kumar et al., 2018). Node supports in the analysis were
assessed with 2000 bootstrap replicates. For this analysis,G# sequences from
different nematode species available in GenBank considering a 100% of coverage and the
highest percentages of identity with our sequences were usgdandlerellaguiscalj
HM773029; Cylicospirura subaequglissQ342968;Cylicospirura felinelisGQ342967;
Dirofilaria sp. Hongkongensi&X265050Dirofilaria repens KF692102Gongylonema
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pulchrum APO017685; Gongylonema nepalensisLC388892; Onchocerca ochengi
NC_031891Rhabdochona xiphopherMH778493;Rhabdochona salgadoMH778492;
Setaria labiatopapillosa NC_044071;Spinitectus osoripiMN592671; Spirocerca sp
KJ605489Spirocerca lupiMT522373Thelazia rhodesiMT511659Thelazia callipaeda
AMO042556 The besffit nucleotide substitution model with the lowest BIC (Bayesian
Information Criterion) value was chosen using MEGA X, and for these sequences was

GTR+G.

RESULTS

Measurements from the studied nematodes are shown in Table 2, as well as

standard deviation, range and variation coefficient.

Species description

Nematodes have a tegumental sheath covering the body with thick and smooth
cuticlewith awhitish appearancelhe buccal cavity has two pseudolabia and four papillae
pairs in two circles, a pair each located laterally at dorsal and ventral margins of buccal
capsule. Also, thre are two big lateral amphids (kige 1). Excretory pore presents a small
gland and thevesophagus is clubhaped with a short muscular anterior part and a longer
glandular posterior part, with a constriction coinciding with the nerve ringu(Eig).

These parasites showed a clear sexual dimorphism. The width of males is uniform
throughoutthe body. The tail is disposed in a spirally shaped, with conical shape ending
and absent caudal alae. There are six pairs of lateral papillae with the following
disposition: two preanal pairs, one adanal pair (Fég3) and three postanal pairs (kg
3). The spicules are falciform and slightly different in length (Table 2) with pointed end
(Figure 4) and adouble tearshaped gubernaculum is present (Hig4).

The body of females becomes gradually wider until the tail, which is rounded and
presents an ending dorsal bending mucron. Vulva and anus are close to the posterior end,
coinciding with a strong muscular system at the terminal portion of the vaginar&5y,

Eggs are numerous, ovsthaped and thiclshelled. They are completely embnated at

the terminal part of the uterus (Figie. 6). Results of measurements are shown in Table 2.
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Table2. Mean, standard deviation (sd), range and coefficient of variation (CV) of the measures of
male and female specimens (expsed in micrometers, except the total length of the nematode,
which is expressed in millimeters)

Male (n=14) Female (n=15)
Mean + sd (range) CV(%) Mean % sd (range) CV(%)

Length (mm) 6.6 +0.74 (5.28.4) 11.3 7.4 +0.75 (5.6-8.5) 10.0

Width 386 + 0.04 (311 492) 11.0 477 +0.05 (318 592) 11.7

Oral cavity width 21 + 4.6 (10.9-28.9) 21.7 20 + 4.9 (16-30) 24.5

Oral cavity depth 11+1.6(7.214.2) 15.1 11 +2.3(6.6-16.5) 21.0

Nerve ringg head 57 + 8.2 (42.6-74.8) 14.4 60 +7.9 (43.4-74.1) 13.3

Excretory 99+9.9(87.6125.7) 100 113+9.3(95.:127.5) 8.2
pore ¢ head

Length oesophagus 416 + 32.9 (355.2477.6) 7.9 439+288 (381.7493.7) 6.5
Width oesophagus 64 + 7.5 (50.8 78.5) 11.7 66 + 8.7 (50.5-84.8) 13.2
Spicule right length 311 + 20.7 (268.8353.6) 6.6
Spicule right width 17 +2.7 (10.8 22.8) 16.2
Spicule left length 297 £ 19.9 (258.5326.8) 6.7

Spicule left width 16 +2.5(11.3-20.7) 15.3
Gubernaculum 36 +4.925.7-49.0) 135
length

Gubernaculumwidth 10+ 2.2 (6.4-14.5) 23.0
Vulvag anus 122 (£ 17.6100.3—149.9 144
Anusc tall 67 (£ 10.2) 51.388.7 15.1
Eggg; length 45 (£ 6.9) 29.957.3 15.3
Eggs; width 34 (+6.5)17.243.7 194
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& | HV curr det | mode | use case | WD mag =2 HFW —20pym—
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Figurel. Scanning electron micrograph with a dorsal view (A) and lateral view (B) of the buccal
cavity (BC) of M. capsulatafemale. Four papillae pairs: two small pairs (SP) and two large pairs
(LP) can be distinguished. The amphids (A) are at the bottom of the two pseudolabials (PL).
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- | HV curr det | mode usecase WD mag ®  HFW p————50 um ————|

s 5.00kV 0.20nA ETD SE Standard 10.4 mm 600x 423 pm Murcia University Apreo

Figure2. (A) Optical microscope image of the anterior part of a female specimih chpsulata

where the excretory pore (EP) can be distinguished together with the gland (G), as well as the
constriction at the level of the nerve ring (NR). (B) Scanning eleatiorograph showing the
opening of the excretory pore (EP).
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Figure3. Scanning electron micrograph of the caudal end of a male specimdna#psulata (A)
Postanal papillae (PAP). (B) Preanal papillae (PRP), quguiltde (AP) and postanal papillae
(PAP), and spicules (SP).
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HV curr det mode usecase WD mag ®  HFW —100 uym——
5.00kV 0.29nA ETD SE Standard 19.8 mm 250x 508 pm Murcia University Apreo

Figure4. (A) Scanning electron micrograph of the caudal end of a male specinMencapsulata
showing falciform spicules (SP) with pointed end. @jical microscope image in which the
presence of double gubernaculum (GU) can be appreciated.
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HV curr det mode usecase WD mag ® HFW j———m 40 pm——m—]

5.00 kv | 0.20nA ETD SE Standard 10.1 mm 1000x 254 pm Murcia University Apreo

Figure5. (A) Scanning electron micrograph of a female specimeM.ofapsulatashowing the
vulva (VU) and anus (A) close to the posterior end. (B) Optical microscope image showing the
musculature of the vagina (MV) and the vulva (VU) and anus (A) position.
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Figure6. Ovalshaped and thiclshelled eggs viewed through the optical (A) and the scanning

electron micrograph (B).

115



CHAPTER 4

Sequences analysis

Six COI sequences (ON995€118995623) were obtained from three nematodes.
All these sequences had the expected siz&&9 base pairs (bp) and an A+T content
between 69.28% to 69.81%. The alignment of the sequences showed very little
intraindividual variation (04D.29%); the interindividual variation was between 0.29 to
1.45%, both due to several substitutions but notdeletion or insertion. In fact, all of
them could be translated to the corresponding protein fragment without stop codon.
Nucleotide variation in COI sequences and the A+T content were similar to that of other
nematode specieddrio et al., 20090trantoet al., 2005Bai et al., 2020 As no sequences
for this genus or family are previously described we aligned the COI sequences with some
that covered the same region and are available in GenBanK belonging from different
nematode genera Ghandlerella Cylcospirura Dirofilaria, Gongylonema Onchocerca
RhabdochonaSetarig Spinitectus Spirocercaand Thelazid. The result of the alignment
demonstrated that the highest identity percentage is observed with the COI sequence of
the speciefRRhabdochona salgad(84.29%) (family Rhabdochonidae) and the lowest with
the specied helazia callipaedé/9.97%) (family Thaziidae).

Four 18S rDNA sequences (OP00408D04065) were obtained from two
nematodes. All these sequences had 1775 bp, and an A+T content between 51.04 to
51.21%. The alignment of the sequences showed very little intraindividual variation (0.06
0.39%) ad the interindividual variation was between 0.17 to 0.23%. As for COIl sequences,
we aligned the 18S sequences with sequences of the same region that are available in
GenBanK belonging from different nematode gene@Gor{gylonemalchtyobronema
Oxyspirura Physaloptera, Rhabdochon&pinitectus Spirocerca Streptopharagusand
Thelazia. The result of the alignment demonstrated that the highest identity percentage
is observed with the 18S sequenceRiiysaloptera turgidg94.99%) (Physalopteridae)
and the bwest withThelazia lacrymali@8.67%) (Thelaziidae).

Six 28S rDNA sequences (OP0218P£21869) were obtained from three
nematodes. All these sequences had 972 bp, and an A+T content between 54.32 to
54.53%. The alignment of the sequences showed vt ilntraindividual variation (0.0
0.41%), and the interindividual variation was between 0.0 to 0.31%. The Blast search

performed with our sequences iGenBankreported sequences from other distant
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families of nematodes. However, the coverage was lowU@anio50%), and the highest
identity (86.94%) for this coverage corresponded to the spedimgylonema
neoplasticunbelonging to the family Gongylonematidae.

With the different combinations of the ITSs primer pairs (Table 1), six ITS1, ITS2 and
5.8S sequeres were obtained (OP0590@P059083) from three nematodes. The ITS1
presented an A+T content variation ranging between 57.90% and 58.17%, and a length of
734 bp, but one of the sequences had 724 bp due to a delefibe. alignment of the
sequences obtaineshowed avariationintraindividual and interindividual between 0.54%
and 0.69%, and they adkie to random distributed substitutions

The ITS2 sequences had an A+T content ranged between 58.68% and 60.48%, the
length of the sequences varied froB885 bp © 873 bp mainly due to variation in a
microsatellite (TA)nThe alignment of the sequences obtained showedeay little
variation due to base changes, the intraindividaald interindividual variations ranged
between 1.1%2.3% and 0.494.5%, respectivelyThe A+T content of the ITS2 of
Habronema microstomaand H. muscaethewas similar being 70.5% and 64.2%,
respectively (Traversa et al., 2004).

The interspecific variation of the ITSs sequences was very high even between closely
related sequencesB{ouin, 2002) As no sequences for closely related species were
available in GenBank, the alignment of the ITSs sequences with those of other nematode
species belonging from other families was very bad. In fact, Blast search in GenBank
resulted in coverageinferior to 12% of the length of the analysed sequences.

The 5.8S rDNA sequences analysed had an A+T content of 51.63% and 153 bp in
length, being five of them identical, while one presented a substitution. The Blast search
in GenBank demonstrated thahé¢ sequences from species of the gen@mtospirura
Spiruring GongylonemandMastophorushave the highest identity percentages (96.73%,
96.08%, 96.03% and 95.39%, respectively).

Phylogenetic analysis

In this work, the partial sequence of the COI wasdifor the phylogenetic analysis.
Sixteen COI sequences from different nematode species were selected from GenBank
considering a 100% coverture and the highest identity percentages with thesadaly

fragment (see Material and Methods section). The obtdiddaximumlikelihood tree
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(Figure 7) grouped all the sequences dfletathelazia capsulatashowing a close
relationship with the clade that included the species of the geriRrebdochonand
Spinitectugfamily Rhabdochonidae) as expected for a species from the Pneumospiruridae
family. However, the species of the family Thelaziidae (geB@iacercaand Thelazia

are situated on clades more distant.

84 Dirofilaria sp. hongkongensis KX265050
50 |
Dirofifaria repens KF692102
Onchocercidae
b Onchocerca ochengi NC_031891

Chandlerella quiscali HM773029

86

Setaria labiatopapillosa NC_044071 Setariidae

T Gongyle pulchrum AP017685
Gongylonematidae

100 L Gongylonema nepalensis LC388892

Thelazia rhodesi MT51165%
98 Thelazia callipaeda AM042556
Thelaziidae
53_|j Spirocerca lupi MT522373
Spirocerca sp. KJ605489
99 Cylicospirura feli) GQ342967
—| Spirocercidae
72 Cylicospirura subaequalis GQ342968
81 Rhabdochona xiphophori MH778493
99 4'
Rhabdochona salgadoi MH778492 Rhabdochonidae
Spini osorioi MN592671
99 | Metathelazia capsulata W17-1 COl cli
99
|-I Metathelazia capsulata W17-1 COl ¢l2
thelazia capsufata W16-1 COl cl1
100 Pneumospiruridae

Metathelazia capsufata W16-1 COl cl2

77 | Metathelazia capsulata W18-1 COI cl2

g6 - Metathelazia capsufata W18-1 COIl cl1

Figure7. Maximumilikelihood tree using of COIl sequenceMaftathelazia capsulatand sixteen
different nematode species (GTR+G model). Bootstrap supports of 2000 replicates greater than
50 are shown at each node. The scale bar represents the number of nucleotide substitutions per
site.

DISCUSSION

To the authors' knowledge, this isgtirst record of theMetathelaziagenus in red

foxes in Europe, and, specifically, the first time thatcapsulatais found in the bronchial
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tree of this wild canid. This species was reported previously in other wild carnivore species
in America andPalestine (Gerichter, 1948; and Pence and Dowler, 1979). Most of the
morphological characteristics found in the studied specimens were in accordance with
those described by Skinker (1931): poorly developed lips and buccal capsule, similar male
spicules andin case of females, long, pointed and conical tail, and vulva distant from the
anus in the posterior end.

As proposed by Wertheim and Chabaud (1977), the nematode species described in
this study should be classified Bk capsulata since the buccal capsule had two major
lobes (pseudolabials) and four smaller submedian. Moreover, these characteristics of the
cephalic region agrees with other species of the genudMamexicana(Jiménez et al.,
2013).

As noted above, several species of the gellgtathelaziahave been previously
described (Table 3). Concernild. capsulata our results reveal some differences
compared to previously descriptions. When comparing the measures with those
described by Gerichter (1948) and Pence and Dowler (1979), one of the main differences
is the individual size. Specifically, the mean length size of the nematodes found from red
foxes in this study was 6.6 and 7.4 mm for males and females, respectively. However,
previous authors reported higher values of the same measure (10 mm and 18 mm for
males and females, respectively). The same happened to other measures as buccal cavity
depth or distance between the excretory pore and the anterior end of the nematode; in
both cases, our measures were lower than those previous described (Gerichter, 1948;
Pence and Dowler, 1979). As for the remaining data, although the mean values were not
similar, the ranges can be considered in agreement with the descriptiov. afapsulata
as well as the general description of the parasite. On the other hand, the number and
arrangement of the observed papillae coincides with those described by Pence and
Dowler(1979).

Specimens from this study provided evidence of the wide metric variability that can
occur inM. capsulata In fact, Pence and Dowler (1979) discussed similar phenomenon
when they compared their results with those of Gerichter (1948). In thiseselénez
et al. (2013) suggested that differences observed in nematodes recovered from badgers
in America (New World), and those from badgers, foxes and polecats in Palestine (Old

World), could in fact be different species. However, they did not dispbske original
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samples to be able to carry out comparisons and verify his theory. As recommended this
author, based on the variability in the measures found in relation with previMus
capsulata descriptions, if the original specimens were available, enatetailed
comparative studies could be carried out to determine whether this is, in fact, a new
species oMetathelazia

On the other hand, this work is the first time that molecular markers are reported
for the genusMetathelaziaand also for the entirdamily Pneumospiruridaeln fact,
sequence data of the mitochondrial (COI) and nuclear (rDNA) gerdsaafpsulataare
described.The marker anabed presented the usual characteristic in relation to the
sequence length, A+T content andriation described for the same marker in other
nematode speciedereira et al., 2016; Bai et al., 2020)

The analysed markers are commonly used for nematode species identification,
diagnostic and phylogenetic analysisrio et al., 2009fereira et al. 2016;Choudhury
and Nadler, 20183ai et al., 2020 As no information has been reported about molecular
markers of this genus or even of this family, we have not been able to compare our data
with those from closely related species. In fact,doalysed sequences, the Blast searches
in GenBankeported sequences from other nematode families.

Mitochondrial molecular markers are currently being used for species identification
in several organism groups including nematode species (Blouin, 20@2t®ét al., 2005,
2007). Especially the COI gene is a widely used gene as important barcoding for species
identifications and for phylogenetic analysis. Our phylogenetic analysis results with this
gene agree with the consideration that the gendRhabdocbna and Spinitectusare
closely related (Choudhury and Nadler, 2018). Our results indicate that sequendes of
capsulataare closely related to the family Rhabdochonidae, which is assumed to belong
to superfamily Thel azi osugedamilyth&acludes spedes v 4
of the family Pneumospiruridae, but also suggest the distant relations with the family
Thelaziidae.

The morphological and molecular data provided by our study will be useful in future
research for the identification oM. capsulata offering valuable information that will
serve as a basis for phylogenetic studies of nematodes belonging to the genus

Metathelaziaand, in general, of species of the fanflgeumospiruridae.
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Table3. Measurements of some nematode species described from the family Pneumospiruridae

Pneumospirura bassarisci
(Pence and Stone, 1977)

Vogeloides feligVogel, 1928)
(Pence and Ston€,977)

Metathelazia californica(Skinker,
1931) (Pence and Stone, 1977)

Metathelazia multipapillata
(Gerichter, 1948)

Female n=9 Male n=30 Female n=30 Male n=30 Female n=30 Male Female

10.69 mm 5.737.62 15.7-20.9 11.816.5 37.556.4
Lenght (5.306.42: 6.02) (7.4711.20;9.49)  (6.63) mm (18.9) mm (13.4) mm (43.1) mm 14-16 mm 30-40 mm
Width 227 (222258; 235) 404 (216408; 327)  162-346 (275) 442589 (502) 104125 (112) 184-236 (204) 130140 190-260
Lenghtesophagus 340390 340420
Width esophagus 40-50 70-80
Muscular esophagus 105 (1160117; 111) 117 (116140; 125) 125249 (167) 140234 (177) 152199 (171) 216275 (236)
eGslizﬂ:gs 246 (237257; 247) 242 (234281; 250)  193-310(251) 287-386 (332) 316-392 (358) 298503 (404)
Bucal deep 24 (2225; 20) 26 (1428; 19) 1635 (22) 25-35 (28) 57 (6) 6-12 (10)
Bucal lenght
Nerve ring- head 80 (6580; 75) 82 (7688; 81) 61-113 (82) 64-99 (84) 99-135 (119) 117-140(209)
a‘;(rjetory pore 82 (8084;82) 105 (90108: 97) 70-146 (93) 59-94 (76) 140216 (180)
Spicule 181 (140199; 173) 199322 (244) 187-234 (210) 170190
Spicule width
Gubernaculum 41 (4347; 43) 32-53 (39) 29-37 (31) 27-30
Gubernaculum
width
Cloacal opening tail 47-70 (56) 40-70 (61)
Vulva- anus 152 (106164; 142) 118220 (158) 74-182 (117) 100-160
Anus- tail 47 (4759; 53) 37-88 (65) 258353 (308) 60-70
Eggs lenght 47 (47-53; 50) 41-49 (46) 40-48 (44) 47-49
Eggs width 37 (3640; 38) 26-36 (34) 28-34 (32) 3335
Vagina 24003000
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Table 3 (continue)Measurements of some nematode species described from the family Pneumospiruridae.

Metathelazia oesophagea
(Gerichter, 1948)

Metathelazia capsulata
(Pence and Dowler, 1979)

Metathelazia mexicana
(Jiménez et al., 2013)

Metathelazia capsulata
(Gerichter, 1948)

Male Female Male Female Male n=4 Female n=11 Male Female
8.6312.05 11.5621.83 6.558.34 7.97-1.04

Lenght 6.6-6.8 mm 7,88,2 mm (10.07) mm (17.13) mm (7.23) mm (1.04) mm 10-12 mm 18-20 mm
Width 260-280 340-370 131-346 (273) 294-603 (442) 238273 (256) 261-461 (346) 290-360 440470
Lenght esophagus 10001200 12301270 444485 (474) 407-525 (466) 420470 520-550
Width esophagus 190210 230270 70-90 70-100
Muscular 205345 (269)  222-345 (293)
esophagus
Glandular 51179 (117) 96164 (137)
esophagus
Bucal deep 12-54 (30) 10-50 (27) 13-23 (17) 13-28 (21)
Bucal lenght 12-44 (28) 12-47 (34)
Nerve ring- head 49-140 (89) 82-132 (110) 59-79 (68) 58-81(70)
Excretory 72130 (100) 62204 (152) 69-109 (92) 90-121 (107)
pore - head
Spicule length 210230 183315 (260) 190231 (214) 310-340
Spicule width 12-15 (18)
Gubernaculum 3839 2553 (41) 4079 (53) 4554
length
Gubernaculum
width 8-18 (12)
Cloacal = 3676 (54) 7483 (78)
opening- tail
Vulva- anus 80-120 125249 (187) 183259 (204) 140-160
Anus- tail 100 3594 (71) 66-87 (78) 100
Eggs lenght 40-46 42-50 (44) 4052 (44) 47
Eggs width 30-35 29-37 (33) 24-39 (31) 38
Vagina 10001100 19002600
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Ecosystem modification produced by human activities are causing variations in the
behaviour and distribution ranges of wild species. Wildlife can serve as a major reservoir
for pathogens, either parasites, viruses or bacteria, and changes in their digtnbu
ranges may result in a new geographic distribution of diseases (Otranto and Deplazes,
2019). Therefore, the approach of wild species to rural or urban environments can lead to
new interaction with humans and domestic animals, and hence, to a potdmdghér risk
of pathogen transmission (Smith et al., 2009; Thompson et al., 2009; Duscher et al., 2015;
Hassell et al., 2017). In arid or seanid regions, characterized by high temperatures and
low rainfall, the areas with availability of water, humidatycover vegetation can become
hotspots of interaction between domestic animals, wild animals and humans. Along this
Thesis, an epidemiological study of fox population in samd areas of the Iberian

Peninsula, specifically in the Region of Murcia (&iihy was carried out.

The diagnostic method used during sample analysis must be as sensitive and
accurate as possible to provide the most reliable results. Thus, to achieve the first
objective of this ThesisChapter 1}, the sensitivity and diagnosticceuracy of the
traditional procedure used for the isolation of cardiopulmonary nematodes was
compared with a new adaptation of this diagnostic method, which includes two additional
and consecutive steps: squeezing of the lung parenchyma and artificiatidigen a

solution of hydrochloric acid and pepsin was assessed.

From an epidemiological point of view this evaluation is important, since the choice
of an appropriate method can guarantee much more accurate results and reduce costs or
execution time (ldwellyn et al., 2016; Buonfrate et al., 2018). To date, most published
studies dealing with the presence and parasite intensity of cardiopulmonary nematodes
are based on their isolation through necropsy (Jeffery et al., 2004; Santoro et al., 2015;
Houpin ¢ al., 2016; Deak et al., 2020; GHi&rmitsch et al., 2020; Lemming et al., 2020).
Considering the importance of certain cardiopulmonary parasites for wild and domestic
carnivore populations (Alho et al., 2018; Morchén et al., 2021; Pohly et al., 20&2),
necessary to have a gold standard procedure that allow to precisely know the health
status of the studied populations and identify infection hotspots in order to implement
effective management measures. Overall analysis showed that the consecseivé the

three methodological steps improves finding results, especially in terms of intensity.
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Different results when squeezing (WS) and artificial digestion (AD) were provided
according to the distribution of nematodes along the respiratory tract.eSthaerophilus
and C vulpisare found in upper parts of the respiratory tract (Nevarez et al., 2005), the
use of AD did not represent a significant improvement. However, its use significantly
facilitated the isolation oA. vasorumandM. capsulatafrom those bronchioles or vessels
with a smaller diameter. Owing to their small size, capillaries or bronchioles are usually
not carefully examined when the traditional diagnostic method is employed, so it is
possible that false negative results may occurgreament with Morgan et al. (2008) and
MartinezRondan et al. (2019), AD is necessary to improve nematode recovery as well as
to decrease false negative cases, since parasite prevalence, abundance or intensity rates
could be underestimated. On the othermg, the use of AD implies an economic cost and
time-consumption that must be considered. According to our results, its use could be of
interest if the purpose of the study is to quantify the parasite intensity in the host, while
the traditional method base on the opening with the addition of W the parenchyma

would be enough to determine the prevalence.

The epidemiological study described@mapters 2and 3 led to fulfil objectives 2
and 3 of this Thesis, respectively. Specifically, species of nematodes in red foxes and their
relationship with the biotic and, especially, abiotic characteristics of the environment
were evaluated. For this purpose, nematode pununities present in the
cardiorespiratory, gastrointestinal and urinary tracts were asedy Likewise, considering
that this study is carried out in a seauiid area of the Iberian Peninsula, characterized by
high temperatures and scarce precipitation (M et al., 2018), the influence of
environmental variables on the abundance and distribution of parasite species
throughout the study area was evaluated. As a consequence of climate change, it is
estimated that this seraarid region will suffer episoded water stress (Tomaszkiewicz et
al., 2016; Vilaraver et al., 2021) and, possibly, changes in ecological interactions and
distribution of wildlife species, thus this environmental analysis are particularly necessary
in these regions, in order to detedtareas at risk of parasite transmission at the wild

domesticurban interface could exist.

A large richness of nematode species has been described in fox populations,

including a bronchopulmonary spirurid belonging to the geMetathelaziathat had
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neverbeen found in Europe and, hence, not even in the Iberian Peninsula (Chapter 4).
This great parasite richness implies a wide variety of intermediate or paratenic hosts, such
as gastropods (intermediate host AfvasorumandC. vulpiy earthworms (intermethte

host ofP. plica), or rodents (paratenic hosts ®fcanisandT. leoning. These results reflect

the broad diet of the fox, thus showing that it is a generalist species capably to adapt to
several types of habitats (Dell'Arte et al., 200iazRuiz et al., 2013; Martingzarrasco

et al., 2007).

Bioclimatic factors were determinant on the abundance of these nematode species
since they might directly influence on fréiging larvae or parasite eggs in the
environment, as in the case bf stenocephalaT. canior T. leoningChapter 2). Several
environmental variables were associated with the abundancé&.afanisand T. leonina
Temperature is an important component for the development of both ascarids infective
stages, thougf'. leoninaeggs have the ability to adapt to a wide variety of environmental
conditions, better supporting extreme temperatures, even freezing, or being able to
embryonate under dark conditions (Okulewicz et al., 2012). This could explain that its
prevalence was highahan the one ofT. canis Despite the similar life cycle of both
species, results revealed unequal responses, particularly in the case of NDMI values,
precipitation or land cover uses. In addition, the paratenic hosts for these ascarids are
common (rodent}, so diet is not a key factor in these discrepancies. It is possible that
other environmental conditions not anagd could be affecting both species or even their
paratenic host distribution. Hence, it is necessary to continue studies to clarify il detai
these differences (Reperant et al., 2007; Traversa, 20&k et al., 2019). Moreover,
although the statistical results do not evidence urban areas as a risk factor, the continuous
spatial distribution maps showed specific points where the highest aticeks of these
ascarids are neao urban settlements. Therefore, in urban and perban areas foxes
could be maintaining’. canisand T. leoninalife cycles by soil contamination with eggs

(Brochier et al., 2007; Traversa et al., 2014; Nijsse et al5)201

U. stenocephalalso has a direct life cycle, whose infective larvae (L3) will develop
from eggs excreted by the infected host (Anderson, 2000). Humidity, mild temperatures
and vegetation cover are essential factors to enhance the maintenance ancgeett

of these freestage larvae in the environment (Fiocchi et al., 2016) and infection finally
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occurs in the host. In our study, abundanceJofstenocephalavasrelated with thesame
abiotic conditiongmentioned aboveas it is highlighted i€hapter 2. The areas covered
with vegetation (forestry and agricultural areas) provide a refuge from the effect of the
high temperatures in this serairid region, helping to preserve a greater humidity and
decreasing the effect of the temperature. Howevére abundance of this parasite in
urban areas should also be taken into consideration in terms of sanitary aspects, since
infective larvae of this nematode are in the contaminated soil, posing a risk of
transmission to dogs, foxes and even humans (Repetaad., 2007; Traversa et al., 2014;

Karamon et al., 2018).

Lands with permanent watercourses, soil moisture, or refuges providing soft
temperatures, favour also the activity, dynamics and development of intermediate host
populations such as gastropodsdaearthworms (Morgan et al., 2008Iho et al., 2018;
Sankar and Patnaik, 2018; Singh et al., 2019). Gastropods are intermediate Host of
vasorumand C. vulpis cardiopulmonary nematode species described in Chapter 2. The
abundance of both species waegitively related to summer NDMI values, in contrast to
winter NDMI. As occurs with the previous mentioned species, moisture and temperature
are necessary for the survival of infective larvae (Ferdushy and Hasan, 2010; Robbins et
al.,, 2021), aswellasforhe acti vity and dynamics of mol |l u
2009 Alho et al., 2018), or amphibians, paratenic hosAofasorun{Bolt et al., 1994). In
the case ofA. vasorumall land use categories were identified as a risk factor. Habitat with
vegetation cover or water availability are more suitable for the occurrende ghsorum
and C. vulpis Although, it has been shown in several studies that the distributioA. of
varosumis oftenobservedin clusters, leading to think that this parasiteable to adapt
to a wide variety of microclimates (Helm et al., 2010; Tolnai et al., 2015; Maksimov et al.,
2017; Cabanova et al., 2018), in our study i
this semtarid Mediterranean area of Iberian Peninsukgricultural lands served as
protective zones for the transmission Gf vulpisSeveral mollusc species involved in the
life cycle ofA. vasorumand C. vulpidave been described (Colella et al., 2016; Maksimov
et al., 2017; Fueher et al., 2020), and some of them are present in theasghareas of
southeastern Iberian Peninsula (Borreda and Marti@etd, 2014). It is possible that

different habitat requirenents for snail and slug exist (Garri@astafié et al., 2015; Deak
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et al., 2020), but also the host species required for each one of the lungworm species
could be different (Maksimov et al., 2017). In this sense, it would be convenient to conduct
further studies to evaluate all potential factors associated with the maintenance of the

|l ife cycle of these species i n -Getmédscheehvi r on
al., 2020; Morgan et al., 2021).

Along Chapter 3, where the prevalence and the atante of the urinary bladder
nematodeP. plicawere evaluated, results were similar to those described in previous
studies. Foxes withP. plicacame from irrigated agricultural and forest areas, both
variables associated with a higher availability of merstironments, which are necessary
for the presence of the intermediate host of this parasite (Sankar and Patnaik, 2018; Singh
et al.,, 2019). However, climatic conditions in sard Mediterranean areas are not
favourable for the presence of earthworms)dathus the prevalence was very low. In this
regard, evidence that this nematode is present in the Region of Murcia show#tkptte
of the unfavourable environmental conditions of this seamd area, suitable locations
with humidity are available fathe presence of this parasite. Therefore, the maintenance
of the sylvatic cycle d®. plicas possible, and the existence of shared territories between

foxes and dogs may pose a risk to this parasite transmission.

Adaptation to ecosystem changes depends the ecological or behavioural
plasticity of each carnivore species (Bateman and Fleming, 2012). In the case of foxes,
their great ecological plasticity allows them to adapt to anthropized areas. Moreover,
based on their wide feeding range, results fr@hapter 2 and 3 demonstrate that foxes
play a significant epidemiological role as they contribute to the dispersal of these parasites
throughout the territory, as well as helping to maintain the parasite's sylvatic cycle in the
natural environment; thusfoxes can potentially serve as reservoirs of a great diversity of
nematode species, including those shared with domestic carnivores and humans (Duscher
et al., 2015;Mackenstedtet al., 2015; Figueiredo et al., 2016; Otranto and Deplazes,
2019). In this rgard, it should be noted that domestic animals can also play an important
role in the transmission of pathogens, being a link between wild and doradian
niches, which may result in a spWer from wildlife to domestic animals, or vice versa
(spiltback) (Thompson, 2013). Besides, humans can be accidentally infected by the

ingestion of infective eggs of parasite species such aanisreported in Chapter 2. Thus,
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it is important to consider this when establishing management and control measures in

areas where this wildlomestichuman interface is present.

Finally, in order to achieve the objective 4, a morphometric and molecular
description of a nematode recovered from bronchi and bronchioles of red foxes were
performed Chapter 4. The parasite waslentified asMetathelaziacapsulata,a spirurid
nematode previously described in the bronchi and bronchioles of wild carnivores such as
the European badgemMeles meles American badgerTaxidea taxug Nile fox Yulpes
vulpes nilotica or marbled polecat Yormela peregusna(Gerichter, 1948; Pence and
Dowler, 1979). This is the first finding M capsulatain Iberian Peninsula, and to our
knowledge, also in Europe. Most of the morphological characteristics coincided with
previous author slescriptions, even though some differences were found, mainly the
nematode lengthNowadaysmolecular biology techniques are very useful as diagnostic
toolsin parasitology, and frequently employed when parasites are difficult to identify by
classical mghometric techniques or when it is necessary to confirm the species on a
genetic basis. In this sensmitochondrial molecular markers such as COI gene are
currently used for identification of diverse organisms, including nematode species (Blouin,
2002; Otanto et al., 2005, 2007). According to our studgquences of the nematode
identified asM. capsulataare closely related to the family Rhabdochonidae, included in
the superfamily Thel azi bhisdupefamily€mmposed dyk ova et
three families: Rhabdochonidae, Thelaziidae and Pneumospiruridae, and the genus
Metathelaziabelongs to the last one (Chabaud and Bain, 1994gseresults provided
the sequence data description of the mitochondrial (COI) and nuclear (rDNA) gevles of
capsulata, being the firstmolecular markers reported for the genhdetathelaziaand

hence for the familyPneumospiruridae.
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FIRSTThe abundance and species richness of gastrointestinal, cardiorespiratory and
urinary system nematodes detected in thied fox (Vulpes vulpgspopulation in the
southeast of the Iberian Peninsula evidence the important epidemiological role that this
canid plays in the maintenance and dispersal of these helminths in -aani
Mediterranean areas. Since most of these parasites can affect donoestiocvzores and
some cause zoonoses, the presence of foxes at the domastidiuman interface should

be taken into account as an epidemiological risk fat@opublic and animal health.

SECONDThe application of squeezing and subsequent artificial digestion of the lung
parenchymao the diagnostic technique for the detection of cardiopulmonary nematodes

in carnivores, decreases the overall percentage of false negatives, and provides a more
accurde parasite intensity than when only the tracheobronchial tree and pulmonary
vessels are opened. Therefore, the technique based on these three consecutive
methodological steps is recommended to obtain more reliable results and, consequently,
to make a moresolid epidemiological interpretation when studying these parasites in

domestic and wild canids.

THIRDThe use of artificial digestion of lung parenchyma is especially recommended to
obtain more accurate results in the quantification of specimensAngicstrongylus
vasorum and Metathelazia capsulata In addition, artificial digestion increases the
sensitivity of the diagnostic technique for these two nematodes. However, in the case of
nematode species located in the trachea and bronEhicpleus aerophiledCrenosoma
vulpig, it is sufficient to open these tracts and squeeze the parenchyma to get a high

sensitivity in the diagnosis.

FOURTHThe survival of the infective stages of cardiopulmonary and digestive fox
nematodesin the environment as well asthe presence of their intermediate and
paratenic hosts, are conditioned by the high temperatures and lack of humidity
characteristic of serrarid Mediterranean areas. Hence, forested or agricultural areas are
those with the highest abundance of these ndodes due to the microclimatic conditions
that allow the development of their biological cycles. These microhabitats can become
hotspots of intraspecific and, also, interspecific transmissiarematodesn areas shared

by foxes and dogs.
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FIFTHThe preence ofUncinaria stenocephala, Toxocara caaisl Toxascaris leoninia
foxes in semarid areas of the southeastern peninsular highlights the epidemiological risk
posed by the presence of this wild carnivore in anthropized areas, especially in rural and

peri-urban areas, considering the potential zoonotic of these nematodes.

SIXTH:The prevalence oPearsonema plican foxes in the southeast of the Iberian
Peninsula is very low because environmental factors are not favourable for the
development of itdife cycle. However, the detection of parasitized foxes shows that there
are specific areas in which the environmental conditions, both natural or due to human
activity, provide the necessary humidity for earthworms to be present and, in this way,
for P. plicao survive. Consequently, even in seanid Mediterranean environments, it is
advisable to consider the risk of transmission of this nematode, which is common to

domestic and wild canids.

SEVENTHis is the first description of the bronchopuwdmary nematodeVetathelazia
capsulatain foxes in Europe. This finding highlights the need for future studies to
understand the life cycle of this spirurid species and whether adloenestic or wilchosts,

are also involvedh it.

EIGHTHSequences of th€O0I and rDNA molecular markershbf capsulatahave been
identified for the first time. This valuable information, together with the detailed
morphometric description provided, will be useful for future studies on the phylogeny of
Metathelazia genus nematdes and, more generally, those belonging to the family

Pneumospiruridae, where this genus is included.
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PRIMERALa abundancia Ya rigueza de especies de nematodos gastrointestinales,
cardiorrespiratorios y del sistema urinario detectadas en la poblacién de zMulyzeé
vulpeg del sureste de lpeninsulaibéricg demuestra el destacado papel epidemioldmi

que este canido tiene en el mantenimiento y dispersion de estos helmintos en &reas
semiaridas mediterraneas. Dado que la mayoria de los parasitos del zorro pueden afectar
a los carnivoros domeésticos y que algunos son causa de zoonosis, su preseacia en |
interfaz domésticesilvestrehumano debe ser tenida en cuenta como un factor de riesgo

epidemioldgico en el ambito de la salud publica y la sanidad animal.

SEGUNDALa aplicacién del estrujado y posterior digestion artificial del parénquima
pulmonar a & técnica de diagndstico de nematodos cardiopulmondrabitualmente
empleadaen carnivoros, disminuye el porcentaje global de falsos negativos y se obtiene
una intensidad de parasitacion mas exacta que cuando solo se realiza la apertura del arbol
traqueobronquial y de los vasos pulmonares. Por tanto, es recomendable la aplicacion d
la técnica basada en estos tres pasos metodoldgicos consecutivos para obtener resultados
mas fiables y, en consecuencia, para hacer una interpretacion epidemiolégica mas solida

cuando se estudian estos parasitos en canidos domeésticos y silvestres.

TERCEA: El uso de la digestion artificial del parénquima pulmonar es especialmente
aconsejable para obtener resultados mas precisos en la cuantificacién de los especimenes
de Angiostrongylus vasorum Metathelazia capsulataAdemas, la digestiéon artificial
incrementa la sensibilidad de la técnica de diagnostico referida a estos dos nematodos.
Sin embargo, en el caso de las especies de nematodos localizadas en la traquea y
bronquios Eucoleus aerophilygCrenosoma vulpjses suficiente la apertura de estassvia

y el estrujado del parénquima para obtener una elevada sensibilidad en el diagnéstico.

CUARTALa supervivencia en el medio ambiente de los estadios infectivos de los
nematodos cardiopulmonares y digestivos del zorro, asi como la presencia de sus
hospedalores intermediarios y paraténicos, estan condicionadas por las altas
temperaturas y la falta de humedad caracteristicas de las areas semiaridas mediterraneas.
Por ello, las zonas provistas de vegetacion forestal o areas de uso agricola son las de mayor
abundancia de estos nematodos, debido a las condiciones microclimaticas que permiten

el desarrollo de sus respectivos ciclos biolégicos. Estos microhabitats pueden convertirse
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en puntos calientes de transmision intraespecifica y, ademas, interespecificeasn a

compartidas entre el zorro y el perro.

QUINTALa presencia d&ncinaria stenocephald@ oxocara canig Toxascaris leoninan
los zorros de zonas semiaridas del sureste peninsular pone de manifiesto el riesgo
epidemioldgico que supone la presencia de este carnivoro silvestre en areas antropizadas,
sobre todo en zonas rurales y periurbanas, debido al caradendsicode ests

nematodos.

SEXTALa prevalencia d&earsonema plican los zorros del sureste de peninsula

ibérica es muy baja debido a que los factores ambientales no favorecen el desarrollo de
su ciclo biolégico. No obstante, la deteccion de zorros parasitadosieltma que hay

zonas concretas en las que las condiciones ambientales, ya sean naturales o debidas a la
actividad humana, propician la humedad necesaria para que haya lombrices de tierra vy,
de esta forma,P. plicapueda sobrevivir. Por tanto, incluso en bientes semiaridos
mediterraneos es recomendable tener en consideracion el riesgo de transmision que

tiene este nematodo, comun a canidos domeésticos y silvestres.

SEPTIMAES la primera vez que se describe el nematodo broncopulmdesathelazia

capsulataen zorros de Europa. Este descubrimiento pone de manifiesto la necesidad de
realizar futuros estudios para conocer cual es el ciclo biolégico de esta especie de
espirarido, averiguando si otros hospedadores, ya sean domésticos o silvestres, también

estan nvolucrados en el mismo.

OCTAVA:Se han identificado por primera vez las secuencias de los marcadores
moleculares COIl y rDNA bk capsulata Esta valiosa informacion, junto a la descripcion
morfométrica detallada que se ha realizado, serviran para futuros estudios de filogenia de
nematodos del génerbletathelaziay, en general, de aquellos pertenecientes a la familia

Pneumospiruridae, en laug se incluye dicho género.
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