N
N

N

HAL

open science

The European wildcat as a model for the study of
wildlife: focus on hybridization and the circulation of
viruses

Marie-Pauline Beugin

» To cite this version:

Marie-Pauline Beugin. The European wildcat as a model for the study of wildlife: focus on hybridiza-
tion and the circulation of viruses. Ecology, environment. Université de Lyon, 2017. English. NNT:

2017LYSE1275 . tel-01807665

HAL Id: tel-01807665
https://theses.hal.science/tel-01807665
Submitted on 5 Jun 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-01807665
https://hal.archives-ouvertes.fr

umva;‘smé

El;

N°d’ordre NNT : 2017LYSE1275
THESE de DOCTORAT DE L'UNIVERSITE DE LYON
opérée au sein de
I’'Université Claude Bernard Lyon 1
Ecole Doctorale N° 341

Evolution, Ecosysténe, Microbiologie, Modélisation

Spécialité de doctorat :
Biologie évolutive, Biologie des populations, écophysiologie

Soutenue publiquementle 15/12/2017, par :
Marie-Pauline Beugin

The European wildcat as a model for the study of wildlife:
focus on hybridization and the circulation of viruses

Devant le jury composé de :

GILOT-FROMONT Emmanuelle Pr/LBBE/Vet-Agro Sup/LYON

MICHALAKIS Yannis DR1/MIVEGEC/MONTPELLIER
NUSSBERGER Béatrice PhD/ University of Zurich/ ZURICH
ROUSSET Francois DR1/ISEM/MONTPELLIER
VITALIS Renaud DR2/CBGP/MONTPELLIER
PONTIER Dominique PU Université Lyon 1/LBBE/LYON

QUENEY Guillaume PhD/Président d’Antagene/LA TOUR DE SALVAGNY



II



II



IV



UNIVERSITE CLAUDE BERNARD - LYON 1

Président de I'Université
Président du Conseil Académique
Vice-président du Conseil d’Administration

Vice-président du Conseil Formation et Vie Universitaire

Vice-président de la Commission Recherche

M. le Professeur Frédéric FLEURY

M. le Professeur Hamda BEN HADID

M. le Professeur Didier REVEL

M. le Professeur Philippe CHEVALIER

M. Fabrice VALLEE

Directrice Générale des Services Mme Dominique MARCHAND

COMPOSANTES SANTE
Faculté de Médecine Lyon Est - Claude Bernard Directeur : M. le Professeur G.RODE
Faculté de Médecine et de Maieutique Lyon Sud - Charles Mérieux Directeur : Mme la Professeure C. BURILLON
Faculté d’Odontologie Directeur : M. le Professeur D. BOURGEOIS
Institut des Sciences Pharmaceutiques et Biologiques Directeur : Mme la Professeure C. VINCIGUERRA
Institut des Sciences et Techniques de la Réadaptation Directeur : M. X. PERROT
Département de formation et Centre de Recherche en Biologie Directeur : Mme la Professeure A-M. SCHOTT

Humaine

COMPOSANTES ET DEPARTEMENTS DE SCIENCES ET TECHNOLOGIE

Faculté des Sciences et Technologies
Département Biologie

Département Chimie Biochimie
Département GEP

Département Informatique
Département Mathématiques
Département Mécanique

Département Physique

UFR Sciences et Techniques des Activités Physiques et Sportives
Observatoire des Sciences de I'Univers de Lyon

Polytech Lyon

Ecole Supérieure de Chimie Physique Electronique

Institut Universitaire de Technologie de Lyon 1

Ecole Supérieure du Professorat et de 'Education

Institut de Science Financiére et d'Assurances

Directeur :
Directeur :
Directeur :
Directeur :
Directeur :
Directeur :
Directeur :

Directeur :
Directeur :
Directeur :
Directeur :
Directeur :
Directeur :
Directeur :

Directeur :

M. F. DE MARCHI
M. le Professeur F. THEVENARD
Mme C. FELIX
. Hassan HAMMOURI
. le Professeur S. AKKOUCHE
.le Professeur G. TOMANOV
.le Professeur H. BEN HADID
.le Professeur J-C PLENET

M

M

M

M

M

M. Y.VANPOULLE
M. B. GUIDERDONI

M. le Professeur E.PERRIN

M. G. PIGNAULT

M. le Professeur C. VITON

M. le Professeur A. MOUGNIOTTE
M

. N. LEBOISNE



VI



AKNOWLEDGEMENTS/REMERCIEMENTS

Tout d’abord, je tiens a remercier les membres du jury pour avoir accepté de
juger de la qualité de mon travail de thése. Merci aux rapporteurs de cette thése pour
leurs remarques extrémement intéressantes sur le manuscrit.

Merci également a Dominique et Guillaume pour m’avoir prise en these alors que
jétudiais I'évolution culturelle chez I'Homme, que je m’apprétais a aller étudier la
méiose de la levure et que je ne savais pas que les chats sauvages existaient. Merci
vraiment de m’avoir donnée I'opportunité de travailler sur un sujet aussi intéressant et
plein de questionnements. Merci également d’avoir respecté mon rythme de travail
(surtout mon nombre d’heures de sommeil) et pour la bonne humeur qu’il y a eu dans
tous nos échanges.

Merci également a David qui m’a encadrée pour toutes les parties
méthodologiques et mathématiques et qui m’a été d’'un grand secours scientifique mais
aussi dans les moments de stress avec sa bonne humeur et son ironie que j'ai pas
toujours tout de suite saisie :D

Merci également a Stéphanie pour tes conseils, ta bonne humeur et tous ces
moments ou on a échangé. Cela m’a fait super plaisir de t'avoir dans I'équipe et de
pouvoir te rencontrer.

Je voudrais également remercier toutes les personnes du LBBE et du labex
Ecofect avec qui j'ai partagé ces années de thése. Les Kikis, merci pour toutes ces
batailles de lance-bonhomme, de ne pas m’avoir attaquée avec les fléchettes Nerf et
d’avoir bien pourri mon bureau a chaque fois que j’étais absente :D Désolée d’avoir
baissé le rythme avec les dessins ces derniers mois. Merci aussi a tous les autres
doctorants/post-doc/permanents (on va faire bureau par bureau pour oublier
personne : Seb, Miko, Elise, Salomé, Etienne, Jenn, Célia, Morgane, Laura, Tim, Valentine,
Fred, Rebecca, Elodie, Louise, Victor, Eliane, Sylvie, Pierre, Pierre, Vérane, Sylvia,
Jeanne, Marion, Marion) avec qui j’ai partagé des repas et plein d’autres bon moments

et mauvais parfois (Seb, merci de m’avoir laissée me plaindre :D).

Merci a mon autre équipe, a Antagene, merci de m’avoir toujours accueillie et
intégrée dans I'équipe comme si j’étais souvent la. Merci tout particulierement a Anne
et Cécile qui ont tout fait pour trouver comment optimiser mes aller-venues, surtout en

cette fin de thése pour ménager mon stress ©

VII



Merci a Thibaut pour tout ce que tu m’as appris professionnellement ou pas (:D).
Mourrrraaahh

Merci a tous mes copains de prépa ou pas, qui étaient sur Lyon ou pas: Papa
Gauthier, Marine, Gabi, Zean-Zean, Guigui, Ulyyyyysse, Laetitia, Jean, Maelys, Mathilde,
Céline, Loulou, Marion, Colin, Benji, Diddy, Lily, Nico...pour toutes ces années de rire, de
blagues incomprises, de tapons et de pickapoo... Et merci de toujours étre 1a ©

Merci a ma famille qui est trés sympa et qui m’a toujours soutenue quoi que je
décide de faire bien que ce soit parfois assez difficile a suivre. ]'espére vous amuser plus
que je ne vous stresse ©

Je suis aussi obligée de remercier Bob. Tu sais que j'ai envie de te vanner pour ce
que tu as écrit dans tes remerciements de these mais je vais rester sobre. Merci d’avoir
partagé ces quelques années avec moi, j'espére en passer encore quelques-unes encore
a tes cotés ou que ce soit, baignée de ton amour a contempler tes yeux assortis a la
piscine. Aprés on verra ce qu’on fait :p

Finalement, je me dois de remercier le chaton, Lady Fluffy, qui a désespérément
tenté de m’étouffer dans mon sommeil pendant deux ans et demi. Grace a elle, j’ai pu
constater a quel point les chats ont une maniére bien a eux de penser, d’agir et de faire
tomber toutes sortes d’objet au sol en ayant toujours I'air aussi surpris. Je ne sais pas si
elle m’a appris grand-chose sur le chat sauvage, mais en tout cas, elle m’a permis de
toujours aimer les chats méme dans les moments les plus difficiles.

Une grosse pensée également pour Pilou qui m’a écouté réviser mes legons et

préparer mes oraux pendant bien des années...

Cette these s’est réalisée dans le cadre d'une convention CIFRE (ANRT N°
2014/0504) entre la compagnie Antagene et le Laboratoire de Biométrie et Biologie
Evolutive de Lyon, et dans le cadre des travaux du LABEX ECOFECT (ANR- 11- LABX-
0048) de I'université de Lyon.

VIII



ABSTRACT

Hybridization and infectious diseases are two major issues for wildlife
conservation worldwide. The European wildcat Felis silvestris silvestris, through
its interactions with its close relative the domestic cat Felis silvestris catus,
represents a valuable model for the study of these two issues and their
interactions. The European wildcat is both threatened by hybridization and
infectious diseases. This, combined with the high diversity of environments
where it lives throughout Europe, allows to perform comparative studies and to
understand which environmental determinants impact gene and pathogen
flows. Here we propose two new methodological developments for the
detection of hybrids based on genetic markers allowing for a better
comparability between studies and leading to a fast detection of hybrids
respectively. Hybrid detection and assessment of spatial relatedness pattern
were carried out in two local populations of European wildcats differing mostly
on the level of fragmentation of their environment. For one of these populations,
we conducted a serological survey to investigate whether domestic cats and
wildcats exchange some of the most common viruses of the domestic cat (FPV,
FHV, FCV, FIV). We found a higher rate of hybridization in the most fragmented
environment. There, the wildcat population, in spite of the surrounding
domestic cats that were infected at high prevalence for the four viruses, was not
infected by any of the viruses. The presence of genetic or behavioral barriers
may explain this result. The local sampling achieved in this work allowed us to
investigate mechanisms behind hybridization and viruses’ circulation. In both
environments, the European wildcat does not seem threatened by domestic
cats. However, measures should be taken to prevent a future increase in

frequency of the phenomenon both for the control of gene and virus flows.

Keywords: population genetics, modelling, infectious diseases,

STRUCTURE, local sampling, felids
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RESUME

L’hybridation et les maladies infectieuses sont deux problématiques
majeures pour la conservation de la faune sauvage a travers le monde. Le Chat
sauvage européen Felis silvestris silvestris, a travers ses interactions avec son
proche apparenté le Chat domestique Felis silvestris catus, représente un modele
intéressant pour I'étude de ces deux problématiques et de leur interaction. Le
fait que le Chat sauvage soit touché par ces deux phénomenes, combiné a la
variabilité des habitats dans lesquels il vit en Europe, permet de conduire des
études comparées et de comprendre quels déterminants environnementaux
influencent les flux de genes et de pathogenes. Ici, nous proposons deux
nouvelles approches méthodologiques basées sur l'analyse de marqueurs
génétiques, pour une meilleure comparabilité entre études et une détection
rapide des hybrides respectivement. Nous avons recherché les hybrides et
regardé la distribution spatiale des individus apparentés dans deux populations
locales divergeant principalement sur le niveau de fragmentation de
I'environnement. Dans 'une de ces populations, nous avons également conduit
une étude sérologique pour déterminer si les chats sauvages et domestiques
échangeaient certains des virus communs du Chat domestique (PVF, HVF, CVF,
VIF). Nous avons observé un taux d’hybridation plus élevé dans
I'environnement le plus fragmenté. Malgré la ceinture de chats domestiques
infectés a haute prévalence autour d’elle, la population de chats sauvages de ce
méme environnement n’était infectée par aucun des virus. La présence de
barriéres génétiques et/ou comportementales expliquerait ce résultat.
L’échantillonnage local présenté ici nous a permis de mieux comprendre les
mécanismes a la base de I'hybridation et de la circulation des virus. Dans les
deux environnements, le Chat sauvage européen ne semble pas menacé par le
Chat domestique. Toutefois, des mesures préventives devraient étre adoptées

pour éviter que cela ne devienne le cas.

Mots-clé : génétique des populations, modélisation, maladies infectieuses,

STRUCTURE, échantillonnage local, félidés
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Prologue

Prologue

All along my cursus, | have mixed applied studies during my Engineering School
and more fundamental research, choosing all my internships in academic
laboratories. The possibility to carry out a PhD thesis, thanks to a CIFRE
convention, both in the private laboratory Antagene and the academical laboratory
of Biometry and Evolutionary biology has been an amazing opportunity to carry on
my studies remaining connected both to the fundamental sciences, and to practical
considerations which are often more easily understandable by large audience.

Antagene is an animal genomics laboratory that historically achieved genetic
tests to detect hereditary diseases, and for genetic identification in pets. More
recently, Antagene proposed new services for the genetic study of wildlife,
including the development of markers and panels of markers, and genetic analyses
for a wide range of species (partridges, cats, wild boars, wolves, hares, rodents,
etc). My PhD consisted in focusing on the European wildcat in order to acquire a
competence for the study of hybridization that could be used in other species as
part of Antagene’s activities. The methods used and/or developed for the study of
the European wildcat were then applied in these other species. I also participated
in bio-informatic analyses and literature monitoring in these other species.

In this introduction, I introduce first wildlife and the problematics attached to its
study. I present then the two problematics I have been focusing on during my PhD,
hybridization and the circulation of viruses, and finally present the European

wildcat.
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Chapter 1: General introduction

1.1. STUDYING WILDLIFE

1.1.1. DEFINING WILDLIFE

The definition of wildlife has been strongly consistent over time and based on
the opposition between animals which can be owned by humans and animals
which cannot. In the History of animals (343 BC), Aristote describes thus private
(domestic) and non-private (wild) animals and specifies that some non-private
animals will never become private like the wolf for instance. Subsequent studies
led twenty centuries later about dog domestication processes showed that the wolf
may not have been such a good example (Vila et al. 1997, Leonard et al. 2002). In
the XVIIIth century, Buffon also dedicates a substantial part of its Natural History
(1749) to the description of wildlife and described it again as “free”, still in
opposition to owned animals, but also as “happy” and “innocent”, thus anchoring
deeply his definition in the “good savage” myth conveyed by the Essais from
Montaigne or the Discours sur l'origine et les fondements de l'inégalité des hommes
written by Buffon's contemporary, Rousseau. Today, in legal texts, wildlife remains
defined in opposition to owned and exploited animals, pets and farm animals,

which do not live in natural environment.

1.1.2. THE REASONS FOR THE STUDY OF WILDLIFE

The study of wildlife is intimately linked to its management and preservation
which themselves are deeply anchored in hunting practices for which the long-term
stock sustainability is a key parameter. Traces of such wildlife management can be
found since the thirtieth century in China. However, the very first work associated
with wildlife management is the Game management of Leopold (Leopold 1933).
The tight connection between hunting and wildlife management is still going
strong. In France, for instance, the ONCFS (National Office for Hunting and Wildlife)
plays an important role for the management both of game species for stock

sustainability purposes (Saint-Andrieux and Barboiron 2015, Mauvy et al. 2010)
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and more recently of species which do not belong to the game species list and
whose conservation is threatened (Piédallu et al. 2016).

In recent years, another phenomenon has triggered the development of wildlife
studies. Human societies have indeed come to realize that the resources on Earth
are limited (Odum and Barrett 2005) and that they need to be preserved. These
resources include the biodiversity and the species, especially wild animal species,

living on earth.

1.1.3. A MULTIDISCIPLINARY FIELD

The study of wildlife is a very general notion that encompasses many issues
which call for the use of a wide variety of techniques and concepts belonging to
different disciplines (Bury et al. 2006). Then, wildlife research can consist in the
investigation of on-going mechanisms at the individual level such as stress
response (Sheriff et al. 2011) or personality traits (Dingemanse et al. 2004), as
much as processes involving several individuals either from the same population
(for instance social patterns, Armitage et al. 2017) or from different populations
and/or species (like hybridization or inter-specific competition). All these levels of
focus as well as the issues they convey are closely intertwined and hardly
understandable when taken independently. Lately, the impact of men’s activities on
all these different issues has been increasingly studied in order to better assess our
impact on the environment.

During my PhD, I firstly focused on hybridization, an important issue that is
often promoted by human’s activities (Crispo et al. 2011). Secondly, I focused on
the factors which can promote or prevent the circulation of viruses between two

hosts, a topical point for wildlife with strong interactions with hybridization issues.
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1.2. HYBRIDIZATION AS A MAJOR EVOLUTIONARY
PROCESS

1.2.1. FROM A MYTH TO A WIDESPREAD REALITY

Figure 1.1: Attic kylix medallion (around 515 BC) representing the Minotaur.

National museum of archeology of Madrid

Hybridization is a concept well apprehended by the collective mind as the
mixing of individuals belonging to different species. Such hybrids are notably
widely represented in mythology (Figure 1.1) with, for instance, the Minotaur, son
of the human Pasiphae and a bull. This view of hybridization actually fits with the
historical definition of the phenomenon which defined hybrids as the sterile
progeny of two individuals belonging to different species (Mayr 1942). According
to this definition, hybrids are systematically sterile due notably to genetic
incompatibilities between the hybridizing populations (Burke and Arnold 2001,
Dobzhansky-Muller Model). The Mule and the Hinny, which result from the

crossing of horses (Equus caballus) and donkeys (Equus asinus) are good



Chapter 1: General introduction

illustrations of such hybridizing process (Benirschke et al. 1962). This definition of
hybridization implies that hybridizing individuals will leave less offspring than
non-hybridizing ones and thus have a lower fitness. Outbreeding behaviors would
then be selected against by natural selection and hybrids would result from
‘mistakes’. A definition of the species solely based on a sterility criterion is however
debated (Mayr 1942) notably because this sterility is far from being systematic in
experimental studies. Darwin (1859) provided many examples, mostly drawn from
plants, where the hybridization between different species led to fertile hybrids and,
on the contrary, examples where hybridization between varieties led to sterile
progeny. Several propositions have been made to overcome this limitation.

The main difficulty for the definition of hybridization can be illustrated by this

question in Harrison (1993):

Is there a middle ground between hybrids as the product of interspecific crosses

and hybrids as offspring of any pair of genetically distinct individuals?

Different definitions of hybridization, differing mostly regarding the level of
differentiation to be considered between the parental individuals (Stebbins 1959,
Harrison 1990, Gompert and Buerkle 2016) have been proposed. However, and in
spite of the technological advances and notably the development of genetic tools,
Harrison’s question remains unanswered and definitions pile up. During my PhD
thesis, according to Rhymer and Simberloff (1996), I considered hybridization as
the reproduction of individuals belonging to genetically differentiated populations.
Given that this definition does not include any threshold, the term ‘hybridization’
could refer to any mixing wherever it occurred between species, sub-species or
lineages.

Under this definition, many more situations correspond to hybridizing events
and hybrids can display different levels of fertility (Arnold and Hodges 1995,
Arnold and Martin 2010): only one sex hit by sterility (Svedin et al. 2008), both
sexes partially sterile or as fit as parental individuals (Arnold and Hodges 1995),

8
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hybrids fitter than their parents although such hybrid vigor may be bound to
particular environmental conditions (Grant & Grant 1992, Arnold & Hodges 1995,
Fitzpatrick and Shaffer 2007). The ability of hybrids to produce offspring may also
be regulated by behavioral features. For instance, in seals (Arctocephalus spp.) of
Macquarie Island, hybrids tend to have less offspring while they are equally fertile
as parents because females do not recognizing them as suitable mates (Lancaster
2006). Such impact of sexual selection on the reproductive success of hybrids has
also been reported in birds and more especially in flycatchers (Ficedula spp.)
(Svedin et al. 2008) where 80% of the loss of fertility was attributed to sexual
selection (ability to mate, sperm competition).

Even if more animal populations have been considered to undergo
hybridization under this new definition, hybridization in animal species has
remained poorly acknowledged for years while it was largely recognized in plants
as an important phenomenon (Harrison 1993). Given the reproductive system of
plants which relies on wind, water or animals for seed dispersal, ‘mistakes’ leading
to hybridization were expected to occur more often (Mayr 1942). This delay for the
recognition of hybridization as a frequent and major evolutionary phenomenon in
animals has widely been attributed to the influence on his contemporaries of the
zoologist Ernst Mayr who predicted hybridization to be possible but highly
marginal in animal species (Mayr 1942, Mallet 2005, Dowling and Secor 1997).
However, the fact that plants are easier to manipulate experimentally as well as the
absence of reliable genetic tools until recently may also explain this late
recognition. The development of genetic tools has indeed considerably expanded
our capacity to detect hybridization because hybrids are often difficult to
distinguish from parental forms solely based on morphology (Mallet 2005).
Notably, genetics have led to the discovery of cryptic species, i.e. species that
cannot be differentiated morphologically (Clare 2011, Trigo et al. 2013), and which
can hybridize.

These recent advances have thus led to a wide recognition of hybridization by

the scientific community as a major evolutionary process in animals, and this
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process has been documented in many animal taxa including mammals (Figure
1.2). Its role in the evolution of animal genomes remains however complex as it is
both considered as a driver for the formation and evolution of species and a threat

for their persistence.
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Figure 1.2: Importance of hybridization across mammal genders. Genders in

transparency are those for which we found no study reporting natural and/or

anthropogenic hybridization published over the last thirty years (adapted from
OrthoMaM database, Appendix 1 for references).
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1.2.2. ADAPTIVE VS THREATENING HYBRIDIZATION

a. Natural hybridization as a major evolutionary process

More and more evidence suggest that the species as we known them have
been shaped through a process of reticulate evolution (Arnold 1992), that is with
substantial gene flows between species (Arnold and Kunte 2017, Abbott et al.
2013). Arnold (2006) even proposed to consider the representation of species
according to a ‘web of life’ instead of the more simplistic ‘tree of life’. In animals,
these gene flows would have occurred through hybridization and introgression
defined as the durable integration of genes acquired by hybridization (Mallet et al.
2016, Larsen et al. 2010).

One way these gene flow may have shaped animal genomes is through the
formation of hybrid lineages (Seehausen 2004, Abbott et al. 2013). Such hybrid
speciation would depend on hybrid fitness and the availability of niches where
hybrids are fitter than their parents (Abbott et al. 2013, Seehausen 2004). This
speciation process is considered rare in animals but has been reported in several
occasions (Larsen et al. 2010, vonHoldt et al. 2011). For instance, vonHoldt et al.
(2011) showed that in North Carolina, endemic species of wolves may actually be
the descendants of hybrids resulting from the reproduction of coyotes (Canis
latrans) and gray wolves (Canis lupus).

The role of hybridization in the evolution of genomes is however believed to
have mainly occurred via the transfer of genes from one population to another
(Arnold and Kunte 2017, Jeong et al. 2014) during natural hybridizing events.
Hybridization can indeed happen naturally, i.e., independently from human
activities (Mallet 2005, Malukiewics et al. 2015), either between populations which
usually live in sympatry or between populations which move and meet while they
used to live in allopatry. Classically, natural hybridization is considered as mainly
adaptive, the gene transfer it conveys allowing to acquire beneficial adaptations to
the environment. Examples of adaptive hybridization between sympatric

populations are principally reported in amphibians which would switch their
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mating preference to hetero-specifics depending on environmental conditions
(Pfennig 2007, Qi et al. 2014). For example, females Spadefoot toads (Spea spp.)
prefer to mate hetero-specific males when the year is dry, which leads to a loss of
fertility of the offspring but also to a faster development period necessary to get out
of the pods before they are completely empty (Pfennig 2007). Transfer of
advantageous adaptations through population mixing is also documented in
Human populations. For instance, the admixture of Han Chinese and Sherpa would
have allowed individuals to adapt to high altitude conditions (lack of oxygen, cold
temperatures) and thus settle in a new environment (Jeong et al. 2014).

Examples of hybridization during secondary contacts are, for a large part,
related to contacts driven by the last glacial period, which gathered many species in
refugees in Spain, Italy, and in the Balkans (Stamatis et al. 2009, Ferrero et al.
2011). During these episodes of temporary sympatry, hybridization can be the
simple result of a higher frequency of contacts or it can be adaptive. Such adaptive
behavior has been proposed notably for the Brown hare Lepus europaeus (Alves et
al. 2003, Melo-Ferreira et al. 2007), which presents strong introgression of
mitochondrial DNA originating from the mountain hare Lepus timidus that lives in
northern Europe and high altitude. It was proposed that, given the role of
mitochondria in energetic metabolism, this introgression was adaptive and allowed

brown hares to adapt to colder temperatures (Alves et al. 2008).
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b. The threat of anthropogenic hybridization

Hybridization can thus promote the appearance of new species and shape
existing ones. Hybridization can also lead to the collapse of several species into one
(Seehausen et al. 2008) and be a source of extinction and a threat for the
conservation of wildlife species (Allendorf et al. 2001).

This threatening potential stands both for low and high levels of outbreeding
depression. When the outbreeding depression is substantial, i.e. when hybrids have
a low fitness (sterility or low viability), the extinction of parental individuals can
occur through demographic swamping (Wolf et al. 2001). In this case, the extinction
of the parental form results from a waste of energy as it is allocated into a vain
reproduction with an incompatible partner, which leads to a decline of the
population’s growth rate. Such extinction pathway has been proposed for trouts
(Oncoshynchus spp., Leary et al. 1995) but is expected to be rare (Prentis et al. 2007,
Todesco et al. 2016). When the outbreeding depression is not severe and when
hybrids show good levels of viability and fertility, they can lead to the disruption of
local adaptations of genes (Allendorf et al. 2001) and promote the appearance in
the parental population of new combinations of alleles that are deleterious and lead
to the extinction of this population. When the hybrids are fit enough, they can
replace the extinct parental population. Such process is classically referred to as
genetic swamping (Wolf et al. 2001, Todesco et al. 2016). Genetic swamping is
expected to happen more often than demographic swamping and has been
reported in several occasions in animals (Roberts et al. 2010, Coleman et al. 2014).

These past decades, the role of hybridization in the extinction of species has
been particularly investigated given that the impact of humans on their
environment (fragmentation, species introductions, climate change) has created
new opportunities for hybridization and, in some cases, led to the increase in
frequency of the phenomenon where it already existed (Todesco et al. 2016).

This anthropogenic hybridization can result directly from the action of human
when hybridization is induced by the release of exotic individuals or hybrids. For

instance, restocking policies of game species are widely conducted in Galliforms
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(Sokos et al. 2008) and have led, notably for the partridge (Alectoris spp.) or the
quail (Coturnix spp.) to the release of hybrids in the environment (Sanchez-Donoso
et al. 2012, Casas et al. 2016). The individuals bred in captivity to restock natural
populations proved in these situations to be hybrids of the target species to restock
and another species, reared for its meat, that, in the case of the partridge, diverged
from the native species million years ago (Randi et al. 1992). The release of these
domesticated individuals leads then to the introduction of alleles and genes that
may be deleterious for the survival of the species.

Anthropogenic hybridization can also occur indirectly, as a result of the
changes caused by human activities on their environment. For instance, climate
change would have promoted the hybridization between North American flying
squirrels (Glaucomys spp.), which had never been reported to outbreed, next to a
shift in their distribution range in relation with the global warming (Garroway et al.
2010). Human activities may also impact physico-chemical properties of the
environment. In Lake Victoria, the cichlid fishes (Haplochromis spp.), which can
interbreed but do not in natural conditions due to mate choice based on coloration,
were indeed observed to hybridize next to the increase in turbidity of the water
(Seehausen 1997). In this case, humans promoted hybridization by making
impossible the recognition of conspecifics. Finally, the fragmentation, urbanization
and destruction of natural habitats create new opportunities of encounters (Crispo
et al. 2011) and notably between domestic forms and their wild counterparts.
Hybridizing events involving the domestic cats (Felis silvestris catus) and the
domestic dogs (Canis lupus familiaris) are particularly investigated (Oliveira et al.
2007, 2008, Nussberger et al. 2013, Le Roux et al. 2015, Godinho et al. 2011,
Newsome et al. 2013), notably because their popularity as pets has led to the
explosion of their demography (FACCO 2016). In addition, the process of
domestication and breed selection undergone by the domestic cat and the domestic
dog has led to the selection of specific traits including behavioral traits, like
tameness (Lindberg et al. 2007, Montague et al. 2014, Tamazian et al. 2014), and
morphological traits (Lipinski et al. 2008, Anderson et al. 2009); these traits can be
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particularly problematic for the survival of individuals in natural habitats or create
conflicts with humans (tameness of hybrids between wolves and dogs for instance,
Monzén et al. 2014 ).

Hybridization between wild and domestic forms may thus represent a serious
threat for the conservation of the wild populations it affects. This particular
situation is particularly studied, and even more given that this connection between
wild and domestic populations can represent a threat for human and veterinary

health if it came to promote the circulation of infectious diseases between habitats.
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1.3. THE INCREASING PLACE OF INFECTIOUS
DISEASES

1.3.1. DEFINITION AND INCIDENCE OF INFECTIOUS
DISEASES WORLDWIDE

Infectious diseases are defined as diseases caused by an infectious agent
(virus, bacteria, fungi mostly) which enters and spreads in a human or animal body
and can be transmitted by infected individual to a susceptible one (Barreto 2006,
WHO). This transmission occurs when susceptible and infected individuals interact
in a way that allows the exchange of the agent (simple contact, sexual contact,
bites). These diseases have strongly marked human demographic history with
drastic declines notably after the plague pandemic in the 14th century (Morens et al.
2008) or later, during the 1918 influenza pandemic (Morens and Fauci 2013).
Nowadays, their impact on human societies remains a major issue as millions of
deaths resulting from infectious diseases are identified every year (WHO). For
instance, respiratory infections result in the death of more than four million people
worldwide every year (Fauci and Morens 2012) while AIDS, a major pandemic
currently affecting human societies, affected more than 36 million people in 2015
and caused the death of more than 1 million this same year (WHO, UNAIDS 2016).
Infectious diseases are also of major importance for other animal species, both
domestic and wild. Only these past years, several infectious diseases have resulted
in major economic loss in farm animals, for instance in duck sector in south-
western France due to the avian flu (Briand et al. 2017). Regarding wildlife,
infectious diseases have proven to be a serious threat with drastic demographic
decreases reported. For instance, in 2001, the outbreak of Ebola in human
populations has been associated with drastic declines in great apes’ populations
(Leroy 2004) and particularly in Gorillas Gorilla gorilla (indices of presence
reduced by 50 to 80% depending on the species after the epidemic). In Europe, the

Iberian Lynx Lynx pardinus is the most threatened felid in the world (Delibes et al.
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2000) mostly because of the decline of its main prey the wild European Rabbit
Oryctolagus cuniculus whose populations have been decimated by infectious
diseases (Moreno et al. 2008). Overall, 37% of the extinction in the wild of this past

century are at least partly attributable to infectious diseases (Smith 2009).

1.3.2. THE STUDY AND MANAGEMENT OF INFECTIOUS
DISEASES

The management of infectious diseases classically involves the use of
epidemiological models that allow to understand the dynamics of the infectious
diseases, predict their future evolution and also establish control and prevention
measures and assess their efficiency (Ferrari et al. 2008, Haydon et al. 2006,
Fulford at al. 2002). Some particular thresholds are widely used to characterize
infectious diseases: the basic reproductive number Ry, which corresponds to the
number of secondary cases caused by the introduction of an infected individual in a
population entirely susceptible (Diekmann and Heesterbeek 2000), and the critical
community size (CCS) which is the minimal population size necessary to sustain a
pathogen (Lloyd-Smith et al. 2005, Bartlett 1957). The Ro is classically used to
assess whether a pathogen can propagate in the environment. If Ry is equal or
greater than one, this means that an infected case causes the infection of at least
another individual and thus that the pathogen is expected to propagate. If Ro is
below one, the pathogen is not expected to spread. The Ro has been widely used to
assess for instance the percentage of a population that must be vaccinated to stem
the propagation of a pathogen (Anderson and May 1985, Fitzpatrick et al. 2012).
However, when the transmission is stochastic, infectious diseases may increase in
frequency even when Ry is below the unity (Antia et al. 2003). A critical community
size is expected for the viruses whose transmission depends on the total population
size (Lloyd-Smith et al. 2005). The existence of this CCS would explain why
threatened species, which are distributed into small populations, have less

parasites compared to larger populations (Woolhouse 2001, Altizer et al. 2007).
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More and more, the management of infectious diseases combines
epidemiological and ecological approaches (Johnson et al. 2016). The genetic
diversity of the populations (Altizer et al. 2003), their social organization (Nunn et
al. 2015), dispersal behavior (Craft 2015) or inter-specific interactions (Caron et al.
2015), are thus investigated in regard to the potential role they have on the
propagation of infectious diseases. New methodological approaches are thus

increasingly proposed to combine ecology and epidemiology.

1.3.3. A WIDE DIVERSITY OF INFECTIOUS DISEASES
DYNAMICS

The range of infectious diseases dynamics that can be modelled, studied and
managed is very wide as infectious diseases can take many different forms. For
some of them, like the seasonal flu, the infection will last for one or two weeks,
while for others like AIDS, the infection persists until the death of the individual.
Death can be induced by infectious diseases or not, in the long term or in the short
term. For instance, the Marburg virus has a case fatality rate that can reach 88%,
while almost all infected individuals recover from the Chikungunya (World Health
Organization). These different patterns are the result of a co-evolutionary process
between the host and the pathogen, which defined over time levels of virulence of
the pathogen (Ebert and Hamilton 1996), or ability to develop some immune
response for the host (Best and Kerr 2000).

Infectious diseases can also differ regarding the number of different hosts
they affect which can go from one specific host (Kuiken et al. 2006) to more than a
dozen (Bruning-Fann et al. 2001, Nugent 2011, Woodroffe et al. 2016, Roex et al.
2013, Krajewska et al. 2014, Gortazar et al. 2008). In the first case, pathogens are
referred to as specialist (or single-host). The exact range of hosts infected by
specialist strains is not clear across studies but ranges from one (strict specialism)
to a few (Woolhouse et al. 2001), nor is defined any minimum differentiation

required between two hosts to identify them as two types. Herpesviruses are
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typically considered highly adapted to one specific type of host (Tischer &
Osterrieder 2010) as well as the immunodeficiency viruses, which show specific
strains in humans, monkeys, and cats for instance. On the contrary, pathogens able
to infect a wide range of hosts are generalist pathogens (or multi-host pathogens).
This type of pathogen can be illustrated by the bovine tuberculosis (Bruning-Fann
et al. 2001, Nugent 2011) but also the canine distemper virus, which has been
observed in a wide range of species from felids, mustelids to seals (Beineke et al.
2015). Such generalist strains and the modalities of their circulation have become
the focus of many studies as they are responsible for zoonoses, i.e. infectious
diseases that spread from animal species to humans (Estrada-Pefa et al. 2014), and
constitute an important source of emerging infectious diseases (Greger 2007,

Morand et al. 2014).

1.3.4. ZOONOSIS AND EMERGING INFECTIOUS DISEASES

Emerging diseases are considered as the third epidemiological transition in
human history after the development of agriculture which favored pathogen
exchanges between newly domesticated animals and humans (Wolfe et al. 2007),
and the improvement in hygiene and nutrition at the beginning of the XXth century
that resulted in a drastic decrease of the infectious diseases’ incidence (Greger
2007). They correspond to diseases that have recently increased in frequency or
geographical range or recently expanded their host range to a new species or result
from the appearance of a new pathogen (Daszak et al. 2001). Of all the types of
pathogens that can induce infectious diseases, viruses are particularly represented
(Woolhouse & Gowtage-Sequeria 2005).

The emergence of an infectious disease can occur in different situations. First,
the emergence can occur in a host which could not be infected by the pathogen. In
that case, the emergence of the disease requires a “jump” from another host to the
new host and the successful passing of many consecutive steps (Parrish 2008).

Because of these many steps, the jump from one species to another is expected to
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remain a rare event. Two main factors have been proposed as facilitators for such
passage: their phylogenetic proximity and their contact rate. There is no clear
evidence that phylogenetic proximity favours cross-species transmission as such
events have happened between species phylogenetically distant (Parrish et al.
2008, Allison et al. 2012, Zhuo and Feschotte 2015). Furthermore, studies focusing
on the impact of environmental changes on the emergence of infectious diseases
tend to strengthen the role of the contact rate in the acquisition of a new host. The
fragmentation, urbanization, climate change, etc, induced by humans’ activities
create new interfaces and contact opportunities (Crispo et al. 2011) and have been
proposed to promote jumps and infectious diseases emergence (Estrada-Pefia et al.
2014, Woolhouse et al. 2005, Murray et Daszak 2013). For instance, Murray and
Daszak (2013) estimated that 20% of the emerging diseases since 1940 are due to
land use changes by humans.

Second, the emergence of an infectious disease can occur in a host that can
already be infected by the pathogen involved. In this case, the absence of this
pathogen was due either to a lack of exposure or a size of population below the
critical community size that did not allow the persistence of the pathogen. The
emergence of the pathogen in this situation is then the result of a change in the
interactions between the host and its environment, including other hosts present in
this environment that may be infected by the pathogen and maintain it. These other
hosts may then act as a reservoir for the pathogen and introduce it in new hosts
when environmental conditions create contact opportunities. The frequency of
these reintroductions combined with the capacity of propagation of the pathogen in
the new host will then define whether there is a real emergence of the disease in
the new host population (Fenton and Pedersen 2005). Several major reservoirs
have been identified like rodents (Han et al. 2015). More recently, bats have been
increasingly suspected as one of the major reservoir of emerging diseases including
Ebola (Leroy et al. 2005, Calisher et al. 2006). Domestic canids and felids have also
been proposed as major reservoirs especially for wildlife diseases (Pedersen et al.

2007) as up to 80% of their pathogens are considered to be generalists that can
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infect wildlife species (Cleaveland et al. 2001). For instance, domestic dogs may
constitute a reservoir for the Serengeti ecosystem (Cleaveland et al. 2000).
Domestic animals also played an important part in the evolution of human
infectious diseases (Salkeld et al. 2016, Wolfe et al. 2007) and still exchange
pathogens with human populations. For instance, in Saudi Arabia, an outbreak of
Middle-East Respiratory Syndrome (SARS) that caused the death of more than 300
people in 2012, is believed to originate from domestic camels (Camelus spp., Salkeld
et al. 2016, Rasmusen et al. 2015). Domestic animals are thus involved in the
transmission of infectious diseases due to their central place at the interface
between wildlife and anthropic areas. The study of how wildlife species may come
to interact and share viruses with domestic animals encloses many key questions in
relation with the emergence of infectious diseases both in wildlife, in domesticated
animals, and in humans. One particular domesticated species widely represented in
urban areas is the domestic cat Felis silvestris catus, which may interact with
wildlife species and especially with the European wildcat Felis silvestris silvestris, on

which I focused during my PhD.
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1.4. THE WILDCAT AS A MODEL ORGANISM FOR
WILDLIFE

1.4.1. SETTLEMENT HISTORY OF EUROPEAN WILDCAT
POPULATIONS

a. Who is the European wildcat?

The European wildcat (Felis silvestris silvestris Schreber 1777) is a medium-
size carnivore belonging to the Felidae family, which would have appeared 35
million years ago (Driscoll et al. 2007). Two sub-families can be distinguished
inside this family: the panterinae which include the Lion Panthera leo or the Tiger
Panthera tigris for instance, and the felinae which include many species including
the Felis gender. The Felis gender includes five sub-species of cats in addition to the
European wildcat (Figure 1.3, Driscoll et al. 2007): the northern African wildcat
F.s.lybica (Forster 1780), the central Asian wildcat F.s. ornata (Gray 1830), the
southern African wildcat F.s. cafra (Desmarest 1822), the Chinese desert cat F.s.

bieti (Milne-Edwards 1872) and the domestic cat F.s. catus.
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F.s.catus

F.s.ornata F.s.lybica

F.margarita
F.s.bieti

F.s.bieti

F.s.silvestris

230,000 F.s.silvestris

F.s.cafra

F.s.ornata
F.s.lybica

170,000

F.s.catus

F.margarita

Figure 1.3: Phylogenetic relationships between the sub-species of the gender
Felis built from mitochondrial genes ND5 and ND6 adapted from Driscoll et al.
(2007). Photography credits: Terry Whittaker (F.s. ornata), A. Sliwa (F.s.lybica),
XiNing Wild zoo (F.s. bieti), Payman Sazeh (F.margarita), Sonelle (F.s.cafra) and Luc

Viatour (F.s.silvetris). Personal photography for the domestic cat.
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Early representations of the European wildcat can be found in the Natural
History of Georges Buffon (1749, Figure 1.4.A.). However, this representation does
not include most of the morphological and anatomic criterions used to identify
European wildcats. Kitchener et al. (2005) proposed an exhaustive list of twenty
pelage criterions for the distinction between European wildcats and domestic cats
(Figure 1.4.B.). The European wildcat is generally brown-gray or dark-gray with
tabby patterns. A black line runs along its spine and stops at the basis of the tail
while the dorsal line generally continues on the tail in domestic cats. The shape of
the tail is also one of the main pelage difference between wild and domestic cats.
The European wildcat presents a thick tail ending with a broadly rounded black tip,
preceded by two to three black bands. Other pelage characteristics have been
identified but often less discriminant like white fur on the chin or a reddish back of
the ear. Pelage criterions can be complemented by craniological and anatomical
criterions such as the dimensions of the skull of the intestine length (Yamaguchi et
al. 2004, Devillard et al. 2014). These criterions proved efficient for the
identification of individuals from the two sub-species. Some proved however more
efficient than the others. Thus, among the anatomical criterions, the intestinal
length and the cranial volume prove to be the most discriminant (Kriiger et al.

2009).
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Figure 1.4: Morphological characterization of the European wildcat. A.
Representation of the domestic and the wildcat from the Natural History from
Georges Buffon (1749). B. representation of the twenty pelage criterions proposed
by Kitchener et al. (2005). Each line and number corresponds to one of the
criterions.

The European wildcat was originally believed to live exclusively in forests.
However, recent studies showed that it preferentially settles in mixed habitats
where both closed and open areas are available, for rest and hunting, respectively
(Lozano et al. 2003, Jerosh et al. 2010, Silva et al. 2013). Wildcats mostly prey on
rodents but can integrate other preys in their diet such as rabbits, which is
preferred when available (Lozano et al. 2006), birds or lizards (Malo et al. 2004,
Sarmento 1996). Their diet does not include any food coming from humans as
wildcats keep their distance from human infrastructures (Germain et al. 2009).

The European wildcat is a solitary and highly territorial felid like most
representatives of its family (Sunquist and Sunquist 2002). For this reason, almost
no overlapping is observed between the home-ranges of different individuals, and

especially between females (Corbett 1979, Biré et al. 2004). Females tend to select
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home ranges that gives them access to large resources to achieve reproduction and
weaning of the cubs in better conditions (Sarmento et al. 2009, Urra 2003, Stahl et
al. 1988) while males’ home-ranges often encompass several females’ territories
(Corbett et al. 1979, Stahl et al. 1988). An increase of movements across home-
ranges have been reported during the mating season when individuals are looking
for a suitable mate (Corbett 1979). The season of reproduction in wildcats typically
starts in November and ends in February with most of the mating occurring
between January and February (Condé and Shauenberg 1974). Only one litter per
year is expected in Northeastern France (Condé and Shauenberg 1974) although
two litters per year were suggested in Scottish wildcats (Corbett 1979). A litter is
classically composed of three to five kittens, and the mother provides all the

parental care.

b. Evolution of its distribution range

The first fossil records of the European wildcat correspond to a period of the
Pleistocene going from 74,000 years to 15,000 years BC (Sommer and Benecke
2006). The fossils retrieved from this period and until recently show that the
European wildcat has been widely distributed in Europe in the past, from
Scandinavia to the Mediterranean border. The fluctuations in the distribution of the
fossils reflect past expansions of the populations of European wildcats from
forested habitat to mixed ones where forest alternates with more open areas, but
also a sensitivity to climate conditions and particularly to too thick snow covers
(Sommer and Benecke 2006, Mermod and Liberek 2002).

Today, the European wildcat is considered as a threatened species by the
International Union for the Conservation of Species (IUCN) that listed it as “Least
Concern” (Yamaguchi et al. 2015). The convention of Bern, which aims at
promoting cooperation to ensure the conservation of natural resources and which

came into effect in 1982, lists the European wildcat in the Annex II of the
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convention among the “strictly protected fauna species”. At the European level, it is
also listed as a “European protected species of animal” in the Annex IV for the
Habitats and Species directive; and most European countries consider it as a
protected species at the national level. The decline of the populations of European
wildcats that led to these conservation measures results from several factors.

First, the European wildcat has been directly persecuted and hunted. In
Scotland, it is still considered as a pest and persecuted (MacDonald 2004). Also,
European wildcat populations are strongly impacted by traffic and road-kills
(Yamaguchi et al. 2015). Besides their impact on wildcats’ mortality, roads are part
of the human infrastructures that contribute to the destruction and fragmentation
of the European wildcat’s habitat by imposing new barriers to wildcats movements
(Klar et al. 2009, Hartmann et al. 2013). This fragmentation appears at the
European scale as the distribution area of the European wildcat is discontinuous
(O’Brien et al. 2008) but also more locally with the report of many populations in
fragmented environments (Millan and Rodriguez 2009 in Spain, Hertwig et al. 2009
in Germany, Léger et al. 2008 in France). This fragmentation has a direct impact on
the size of European wildcats’ populations and on the genetic variability they can
sustain, which may impact directly their viability (Spielman et al. 2004).
Fragmentation of European wildcats populations is then a major threat for the
conservation of this sub-species. However, it is not considered as the major risk of
extinction for the European wildcat. The domestic cat represents the major threat
for the conservation of the European wildcat because these two sub-species can

hybridize but also because they may exchange pathogens.
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1.4.2. THREATENING INTERACTIONS WITH THE
DOMESTIC CAT

a. Who is the domestic cat?

Genetic analyses classify the domestic cat Felis silvestris catus in the same
genetic cluster than the northern African wildcat Felis silvestris lybica (Driscoll et al.
2007, Ottoni et al. 2017, Figure 1.3). The finding of cat remaining in a human
sepulture from Cyprus dating from 9,500 years BP (Vigne et al. 2004) along with
other indices like the representation of house cats in tombs in Egypt from 3,600
years BP (Driscoll et al. 2009) led to the conclusion that the domestic cats result
from a domestication process undergone by northern African wildcats less than
10,000 years BP. This process of domestication is still difficult to understand
because wildcats make poor candidates for domestication if we consider that their
obligatory carnivore diet prevent them from digesting efficiently anything but
proteins, that they are solitary and that they do not provide any clear services to
the humans with whom they live (Driscoll et al. 2009). The most probable
explanation for cat domestication right after the origin of agriculture 12,000 years
BP, is that the stocking of grains in human settlements provided a stable resource
for cats and that individuals acquired a higher tolerance for human presence that
gave them access to this resource. Genes associated with tameness and response to
reward would be involved in this self-domestication process (Tamazian et al. 2014,
Montague et al. 2014). In exchange, cats would have kept grains from rodents
(Driscoll et al. 2009). The dispersion of these tamed wildcats that became later the
domestic cats we know, was achieved through human terrestrial and maritime
commercial roads since prehistoric times, 6500 years BP (Lipinski et al. 2008,
Ottoni et al. 2017). Upon their arrival they may have met and hybridized with local
sub-species of wildcats, including the European wildcat which was then confined to
Europe (Ottoni et al. 2017). The wide diversity of domestic cats breeds we observe

today (Figure 1.5) is far more recent as breed selection programs would have
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started 150 to 200 years ago (Lipinski et al. 2008, Driscoll et al. 2009). This
selection of breeds based on morphological characters, and notably pelage color,
explains the wide diversity of phenotypic patterns in the cat, which still include
stripped tabby patterns close to the pelage of European wildcats (Figure 1.5).
Today, domestic cats are increasingly popular as pets. In France alone, the number
of owned cats is measured in millions of individuals (FACCO 2016). However, this
represents only a fraction of the domestic cats that are actually present as many
more are expected to live under a feral way of life, i.e. without an owner, feeding
opportunistically on human resources or hunting. Due to their exploding
demography, domestic cats have become an issue for the conservation of several
species, mostly rodents and birds (van Heezik et al. 2010, Medina et al. 2011), and

also for the conservation of the European wildcat.
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Figure 1.5: examples of phenotypes in domestic cats including stripped

phenotypes close to the European wildcat phenotype (top left and bottom left).
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b. Hybridization and introgression

The phylogenetic proximity between wild and domestic cats, which would
have diverged 200,000 years ago (Driscoll et al. 2007), has led to the presence of
weak reproductive barriers between the two sub-species and allows hybridization
(Oliveira et al. 2008, Pierpaoli et al. 2003, Beaumont et al. 2001, Hertwig et al.
2009, Lecis et al. 2006, Randi et al. 2001, Say et al. 2012, O’Brien et al. 2009,
Nussberger et al. 2013). Their phylogenetic proximity is even more important
bearing in mind that hybridization, and thus gene exchanges, between the two sub-
species is expected to have occurred when domestic cats were brought to Europe
by humans and natural hybridization between European and African wildcats
would have occurred in refugia during the last glacial period (Ottoni et al. 2017).

At a recent time-scale, hybridization between the European wildcat and its
domestic counterpart has been widely observed across the entire distribution
range of European wildcats. In the United-Kingdom, ‘pure’ European wildcats may
have gone extinct and replaced by a swarm of hybrids, presenting however features
close to the European wildcats’ (Daniels et al. 2002), notably due to persecutions
(Beaumont et al. 2001). Such swarm of hybrids has also been reported in Hungary
(Lecis et al. 2006). In other countries, hybridization has been reported at lower
levels (from 0 to 30%, Randi et al. 2001, Oliveira et al. 2008, Hertwig et al. 2009,
O’Brien et al. 2009, Nussberger et al. 2013, Ballesteros-Duperén et al. 2015).
Hybridization between sub-species appears to be widespread but in highly
heterogeneous proportions. As already mentioned, this phenomenon is not
expected to be new (Ottoni et al. 2017) and gene flows and introgression are
expected to have occurred for years between wildcats and domestic cats (Hertwig
et al. 2009, French et al. 1988, Hubbard et al. 1992). Some barriers, like ‘agonistic’
behaviors, are thus expected to exist and to have prevented a total merge of the two
sub-species (Corbett et al. 1979, French and Easterbee 1988). The increasing
fragmentation and destruction of the wildcat habitat may disrupt these barriers
along with demographic dynamics and promote encounters with hetero-specific

mates (French and Easterbee 1988). Furthermore, domestic cats and wildcats can
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share territories (Sarmento et al. 2009). The exploding demography of the
domestic cats may thus change inter-specific interactions and notably competitive

interactions.

The identification of hybrids between the domestic cat and the wildcat has
been classically performed based on morphological data, using an extension of the
rules proposed by Kitchener et al. (2005, Figure 1.4). However efficient for the
distinction of domestic cats and European wildcats, this morphological tool
becomes far less efficient when it comes to distinguish hybrids from the parental
sub-species (Devillard et al. 2014, Ballesteros-Duperén et al. 2015). The rise of
genetic techniques has allowed to circumvent this low resolution issue and
molecular markers such as microsatellite markers or single nucleotide
polymorphism markers have been widely used for the study of hybridization in
cats. A large tool-box is then available to investigate hybridization between these

two sub-species (Nussberger et al. 2013, 20144, Oliveira et al. 2015).

¢. Pathogens sharing

The domestic cat carries a wide range of pathogens including nematodes
(Fisher 2003, Traversa et al. 2009), protozoans (Lélu et al. 2010), bacteria (Handt
et al. 1994) and viruses (Fromont et al. 1997, Duarte et al. 2012). These pathogens
can be shared with the European wildcat (Duarte et al. 2012) and the European
wildcat may even be a reservoir for some of them (e.g. Troglostrongylus brevior,
Falsone et al. 2014).

Many viruses have been proposed to infect European wildcats. The wide
majority of the serological studies conducted on the European wildcat viruses were
however performed on individuals morphologically identified (McOrist et al. 1991,
Daniels et al. 1999, Leutenegger et al. 1999, Millan and Rodriguez 2009) and there
is a chance that positive individuals were in fact hybrids. The viruses infected and

potentially threatening the European wildcat thus remain poorly known along with
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the role hybrids may play in their circulation between sub-species and their
evolution from a sub-species to another and notably from the domestic cat to the
European wildcat. Two studies (Racnik et al. 2008, Duarte et al. 2012) were
however led with a genetic identification of individuals and have shown that some
viruses known to be extremely dangerous for wild felid conservation, such as the
Canine Distemper Virus (Duarte et al. 2012, Roelke and Parker 1996), could infect
the European wildcat. The assessment of the conditions under which viruses
circulate between wild and domestic species is then a pressing issue to better

understand how threatened by viruses the European wildcat may be.

d. Why is the European wildcat a relevant model?

The European wildcat, similarly to the Lynx Lynx pardinus for the study of the
impact of roads on wildlife (Litvaitis et al. 2015), represents an interesting model
organism for the study of hybridization and viruses’ circulation between domestic
and wild populations as it allows for the study of these phenomenon under a wide
range of conditions (climaticc human persecution, fragmentation and
urbanization...). Working on the domestic cat/European wildcat system also comes
with a methodological and conceptual advantage. The increasing popularity of
domestic cats as pets has indeed led to the soaring of veterinary practices adapted
to this species. In relation with these practices, knowledge about the cat has
accumulated as much regarding its anatomy, physiology, genetic, viruses (Pontius
et al. 2007). The two sub-species being close, a substantial part of this knowledge
and the tools resulting from it are transposable through often minor adaptation far
less costly than for other species. Thus, for genetics for example, many genetic
markers used for wildcats’ studies have been adapted from the domestic cat
markers (O’Brien et al. 2008) and many markers developed for the domestic cats
are still available to improve the current molecular tools (Menotti-Raymond et al.

2003)
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1.5. GOALS OF THE PHD WORK

The general objective of my PhD work was to master concepts, and
methodologies encountered for the study of wildlife and especially regarding
hybridization issues. For this purpose, I focused on one particular organism, the
European wildcat Felis silvestris silvestris which may be threatened by
hybridization in some parts of its distribution. The epidemiological aspects
addressed in my PhD work were not directly used and applied as part of
Antagene activities but represent primordial bases for a better understanding of
the threat raised by hybridization events and more especially the threat it

represents through its impact on virus circulation.

1.5.1. HYBRIDIZATION

More precisely, regarding hybridization, my PhD aimed both at
understanding which ecological mechanisms may impact on the probability of
hybridizing for wild and domestic cats, and develop new methods for the
detection of hybrids. Regarding this methodological development, two different
approaches were used. First, we worked on a rationalization of existing
methods which define thresholds allowing to distinguish parental individuals
from hybrid ones, and propose an iterative algorithm which would lead to a
better comparability between studies (Chapter 3, Part 1). Second, we developed
a new method, much faster than existing ones, allowing the categorization of
individuals in different hybrid classes (Parents, F1, F2, backcrosses) with an
efficiency comparable to what is obtained with existing programs (Chapter 3,
Part 2). Regarding the ecological mechanisms, I tried to understand how the
habitat fragmentation can modulate the level of hybridization of wildcats and
domestic cats by studying two different populations of wildcats which evolve in
very different landscape configuration: a highly fragmented environment

(Chapter 4, Part 1) and in a continuous environment (Chapter 4, Part 2).

1.5.2. INFECTIOUS DISEASES

Regarding infectious diseases, the aim of the PhD was to assess, at a local
scale, the level of infections of European wildcats and hybrids by four viruses
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commonly found in domestic cat populations and to discuss possible underlying
processes explaining the observed prevalence. No European wildcat was
infected by any of the four viruses. This result led us to wonder whether this
truly reflected an absence of the virus in the population or whether this absence
of infected wildcats reflected something else. We thus developed a statistic-
dynamic model taking into account different parameters (observed prevalence
in the domestic cat populations, effective contacts between domestic cats and
wildcats, propagation of the virus in the wildcat population) to assess under
which conditions we could expect to observe zero infected wildcats. We then
discussed whether this absence of infected wildcats could result from the

presence of barriers, either genetic or behavioral (Chapter 5).
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2. MATERIAL AND
METHODS

GENERAL CONSIDERATIONS
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2.1. GENETIC MARKERS

2.1.1. 'WHAT IS A GENETIC MARKER?

Genetic markers are a category of molecular markers, i.e. portions of a
molecule from which information can be drawn, which have been soaring since
1980s (Schlotterer 2004). They consist in a sequence of DNA which can be
present under various allelic forms in the same individuals or in the different
individuals present in a population. The length of this sequence strongly varies
depending on the marker from one base to several dozens. These genetic
markers can be inherited from parents to offspring following Mendelian rules of
inheritance for most of them (but we will see the case of mitochondrial markers
and Y-linked markers). They can also undergo mutational events and thus pass
from an allelic form to another. The different markers do not necessarily follow
the same mutational scheme (Ellegren 2004, Morin et al. 2004). For population
genetics studies, genetic markers are expected to be neutral and thus, not to be
affected by selection. Thus, their allelic distribution across individuals only
results from population’s dynamics and reproduction patterns. Classically,
several genetic markers are used jointly in order to define a genotype which will
correspond to the ensemble of alleles one individual display for all of the genetic
markers considered. The number of markers used is an important parameter as
it impacts the resolution power with which questions can be addressed (Vaha
and Primmer 2006).

Since the eighties, several molecular markers have been developed and
abandoned in favor of more effective markers. Today, the genetic markers
widely used are the microsatellite markers and the Single Nucleotide
Polymorphism (SNP) markers. Many studies foresee SNPs as the next choice
genetic marker while microsatellites would disappear (Morin et al. 2004).

However, both types of markers remain widely used.
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2.1.2. GENETIC MARKERS AVAILABLE FOR WILDLIFE
STUDY

We propose here to review the advantages and disadvantages associated
with each of these genetic markers.

Allozymes are the first molecular marker developed (Schlétterer 2004).
They rely on enzymatic, i.e. protein, polymorphism which can be detected by
electrophoresis due to differences in size and charge of the different forms of a
considered enzyme. Allozymes are still used in recent studies, mainly for species
identification (Eckert et al. 2010, Djan et al. 2014, Lodé et al. 2005). Their cheap
cost is one of their most attractive features but they suffer from major flaws
such as a low polymorphism, compared to microsatellites (Djan et al. 2014). In
addition, their use requires fresh material and thus lacks practicity compared to
DNA-based markers, DNA being more stable than proteins (Schlotterer 2004).

In early eighties, restricted length polymorphism markers (RFLP) were
developed. They consist in the digestion of DNA by restriction enzyme then
amplification of the restricted fragments. Depending on the individuals, the
fragments will vary in size and thus, migrate differentially. The amplified
fragments are not characterized using RFLPs, thus we cannot know if the
markers used correspond or not to neutral areas of the genomes, which is an
important requirement in many population genetics analyses (Khan 2015). Yet,
RFLPs have been used in recent studies, for instance to develop markers on
mtDNA (Chazara et al. 2010, Lancaster et al. 2006).

A close type of markers, the amplified fragment length polymorphism
(AFLP), is used both to detect species and assess admixture between
populations (Dodson et al. 2015). The use of AFLPs relies on the digestion of
DNA by restriction enzymes and then includes the use of adaptors before a step
of amplification (Vos et al. 1995). Although efficient (Selkoe and Toonen 2006),
AFLPs require much more markers than microsatellites to reach the same
resolution and thus have been largely dethroned by microsatellites.

The nineties also match with the period when random amplification of
polymorphic DNA (RAPD) markers were developed (Schlotterer 2004 ). The use

of RAPD consists in random amplifications of a genome. Although cheap, RAPD
40



Chapter 2: Material and methods - General considerations

markers are not much used nowadays for several reasons. First, they are mainly
dominant, which means that heterozygotes will be seen as homozygotes. Thus,
only phenotypic frequencies can be drawn from their use while allelic
frequencies are essential for analyses such as admixture (Sunnucks 2000,
Barilani et al. 2007a). In addition, like RFLPs, the nature of the amplified DNA
being unknown, some key hypotheses in population genetics and especially
neutrality may be violated and the interpretation of RAPD results difficult
(Barilani et al. 2007a). RAPDs have also been discarded because of a lack of
repeatability (Bonin et al. 2004).

Microsatellites have become increasingly popular along the years notably
thanks to their high polymorphism that allows to use mush less markers
relative to other methods, to achieve more efficient analyses (Selkoe and
Toonen 2006). They correspond to repeats of DNA patterns (typically 2 to 6
bases) present in high frequency in the nuclear genome. The alleles of a
microsatellite, which result from slippage and errors during replication,
correspond to different numbers of repeats. Typically, microsatellites display
between five to forty repeats (Selkoe and Toonen 2006). Beside their high
polymorphism, microsatellite are markers of choice because they are expected
to be neutral with a Mendelian inheritance. Also, the flanking regions
surrounding the microsatellite can be widely conserved across species, thus
allowing the use of the same markers to study several species (Huang et al.
2005, Coughlan et al. 2006, Barbara et al. 2007). They have been widely used to
answer many different issues from population structure (Piertney et al. 1998,
Hamill et al. 2006), to hybrid detection (Oliveira et al. 2008, Godinho et al. 2011)
passing by relatedness estimates (Janecka et al. 2007). However, they are far
from being ideal markers. First, their mutation scheme is complex (Ellegren
2004), and the same allele may result from several evolutionary trajectories due
to homoplasy processes (Selkoe and Toonen 2006). For this reason,
microsatellites are rarely used to reconstruct phylogenies (Petren et al. 1999,
Orisini et al. 2004), the risk of homoplasy increasing in distantly related species.
Second, their analysis is not possible to automate (Schlotterer 2004, Guichoux et

al. 2011), thus making time-consuming the use of an important number of
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markers. Finally, the microsatellites suffer from their lack of transposability
between labs (Morin et al. 2004, Schlotterer 2004, Nussberger et al. 2013).

This particular drawback of microsatellites does not stand for SNP
markers which are, on the contrary, highly transposable with existing data
repositories (Schlotterer 2004). They also present a rather straight forward
mutation scheme, which makes easier interpretations, and are expected to be
more representative of the entire genome compared to microsatellites (Morin et
al. 2004). They consist in a polymorphism at one base and have generally only
two alleles. Because of this low polymorphism, more SNP markers relative to
microsatellites are systematically required to reach the same resolution
(typically 4 to 10 more SNPs than mircosatellites, Morin et al. 2004). In many
studies, nuclear markers are combined with mitochondrial DNA. Mitochondrial
DNA is not inherited according to Mendelian rules as it is transmitted
uniparentally (typically by the mother). The mtDNA is expected to evolve faster
than the nuclear genome and thus become more quickly diagnostic of taxa
(Sunnuck 2000). That is why this type of marker is highly popular for
phylogenetic and phylogeographic studies (Searle et al. 2009, Grill et al. 2009,
Corrales et al. 2014). Mitochondrial DNA is also used in hybridization studies, in
complement to nuclear markers, as it provides interesting data about the
direction of hybridization (are females from one populations mating more with
the males of the other population compared to the other way round?). In
complement, and in order to cover both sexes, genetic markers only transmitted
by the male can also be used. These markers are Y-linked markers and can, in
the same way, help for the study of hybridization (Wirtz 1999, Nussberger et al.
2014b, Randi et al. 2014). It also can convey clues of ancient events of
hybridization thanks to its absence of recombination between loci (Alves et al.

2003, Melo-Ferreira et al. 2007).

2.1.3. GENETIC MARKERS CHOSEN

During my PhD, I worked with a panel of 31 microsatellites, amplified in
three multiplexes, which were developed in the domestic cat (Menotti-Raymond

et al. 1999) and adapted to wildcats. These markers have been used in previous
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studies (O’Brien et al. 2009, Say et al. 2012). We expect this number of
microsatellites to allow for a high resolution for the detection of hybrids
between wild and domestic cats (Oliveira et al. 2008). We chose microsatellites
over SNP (Nussberger et al. 2014b, Oliveira et al. 2015 for an efficient detection
of hybrids between wild and domestic cats) because, in addition to the detection
of hybrids, we wanted to carry out relatedness analyses, for which
microsatellites provide a higher resolution (Morin et al. 2004).

The genotyping of microsatellites requires several steps (Figure 2.1.). First
the DNA is extracted from the biological material sampled. Then, the regions of
the DNA that enclose the targeted microsatellite loci are amplified. Dyes of
different colors (usually four colors) are used to allow for the simultaneous
analysis of several loci that produce fragments of similar length. These
fragments are separated according to their length by electrophoresis in a
sequencer. The results of the migration are then read in a dedicated computer
programs in which the intensity of the band obtained by electrophoresis is
represented according to their size. Alleles for the locus are then deduced from

this representation.

2.1.4. NON-INVASIVE VS INVASIVE GENETICS

The biological material on which genetic markers are analyzed can be of
different natures. Classically, analyses have been performed on high quality
material, such as blood and tissues, which are easy to collect on domesticated
animals during veterinary controls. On wild animals, such biological material
can be collected notably through protocols of capture-mark-recaptures but they
imply an importance disturbance of the environment that one wants to be
minimal during field studies, especially for endangered species. In addition,
some species can prove hard to trap in the first place either due to their elusive
behavior or because only a few individuals are left in the wild.

For these reasons, in the last twenty years, non-invasive genetic sampling
has been developed. It consists in the collection of material without the need to
trap or even observe the targeted individual (Taberlet and Bouvet 1992, Hoss

1992, Morin et al. 1993). The material collected may correspond to feces, hairs,
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urine, feather, etc. Such material can be present in large quantities on the field
but it must be sampled in optimal conditions (weather, temperature, hour of the
day, time since deposit) and then processed in the lab with precautions
(avoidance of contamination, several genotyping) because the DNA contained in
these samples is typically present in low quantity and/or quality (Taberlet and
Luikart 1999, Maudet et al. 2004, Panasci et al. 2011, Wedrowicz et al. 2013).

During my PhD, both invasive and non-invasive genetic samples have been used.
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Figure 2.1: Representation of the different steps of the genotyping of a
microsatellite locus of a diploid individual. In this example, the microsatellite is
a tetranucleotide, i.e. the repeated motif counts four base pairs (AACT). We
represent the case of a heterozygote individual. The stars represent the dye
used for the amplification and sequencing step. Here, it corresponds to a blue
dye.
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2.2. EPIDEMIOLOGICAL MODELLING

2.2.1. THE DIFFERENT CATEGORIES OF MODEL

Mathematical modelling consists in a simplified representation of a global
process by mathematical equations. The building of these equations requires a
clear identification of the major mechanisms at the basis of the process we want to
model (De Jong et al. 1995). The selective inclusion of only the main mechanisms
involved in the global process implies that we consider the mechanisms not taken
into account either as marginal or as conservative (their integration would only
reinforce the conclusions of the modelling approach).

In epidemiology, the global process we want to describe is the propagation
and, if necessary, the extinction of pathogens for control and prevention purposes
but also to predict future evolution of the host-pathogen system. The models
mainly used in epidemiology differ according to three aspects: the scale at which
the propagation of the virus is considered, whether or not stochasticity is included,

and the timescale at which events (infections, recovery, etc) occur.

a. Compartment models versus individual-centered models

The epidemiologic dynamics according to which a pathogen propagates in a
population of hosts can be firstly described at the scale of groups of individuals.
This type of models is referred to as compartment models. They rely on the
description of a limited number of states that describe the hosts. For instance, if we
imagine a pathogen that infects individuals for a week before it is eliminated by the
host and the host to go back to being susceptible after the infection. From an
epidemiological point of view, hosts can be either susceptible (available for an
infection) or infected. The population studied can thus be described by these two

compartments. All individuals from the same compartment are supposed to be
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strictly identical. If a difference (for instance sex) has to be taken into account in
the model, new compartments must be considered in the model. Individuals can
transit from a compartment to another according to rates of transitions which are
defined according to the system specificities. One particular rate requires to be
carefully chosen: the rate of pathogen transmission. Classically, the transmission
rate can be described either as dependent on the total population size of the system
(action mass transmission or density-dependent transmission) or independently
(proportionate mixing or frequency-dependent transmission). The relevance of
these two ways of describing a transmission event remain strongly debated (De
Jong et al. 1995, McCallum et al. 2001, Guiserix 2009). The epidemiological
dynamics can also be described at the individual level. This scale of study allows to
take into account individuals specificities (sex, age, etc) which may impact
significantly the dynamics of the system under study (Bansal et al. 2007, Sieber et
al. 2014, White et al. 2015). Contrary to compartment models, in such individuals-
centered models, each individual is unique and cannot be taken as a surrogate of
another.

In my PhD, I focused on compartment models because I worked at the
population level and because the use of individual-centered models would have

complicated my models and made the interpretation of the results more hazardous.

b. Deterministic versus stochastic models

Transitions from one state to another (susceptible to infected for instance)
can be considered to happen at every time step in a constant manner. When this is
the case, the model is considered deterministic and the results obtained with this
model will be identical for one given set of initial conditions. Deterministic models
can represent a good approximation for systems of infinite or very large size

(Nasell 1995). For populations of limited sizes however (which correspond in fact
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to any real population), it may not represent faithfully the dynamics observed on
the field. Stochastic models may thus be preferred to account for real dynamics. In
such models, the transition from one state to another is drawn from a probabilistic
law. The process of transition from one state to another is considered without
memory, this means that the state of the system at the time t+1 only depends on its
state at time t. The probabilistic law that allows to model such process is the
exponential law. Thus, the rates of transition for a stochastic model are drawn from
a negative exponential law whose rate corresponds to the rate of transition used in
the deterministic model. Stochastic models can thus lead to different results even
when started with the same set of initial conditions. They are expected to be more
precise than deterministic models (Nasell 1995) and to better capture processes of
extinction of the pathogen (Bartlett 1956).

European wildcats are observed in populations in a fragmented distribution
that does not allow for large population sizes, stochastic models were then

implemented during my PhD thesis.

c¢. Discrete versus continuous time models

Finally, models can be described in discrete (e.g. Oli et al. 2006) or continuous
(e.g. Berthier et al. 2000), time. In the first case, events (infection, recovery) are
supposed to occur at a given frequency (every year for instance) while in
continuous time models, events can occur at any frequency. In epidemiology,
continuous-time models are often preferred, and this is also the type of model we

chose to implement.
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2.2.2. EXAMPLE OF MATHEMATICAL FORMALIZATION

Let us consider again the model that includes only two compartments:
susceptible and infected. If we consider the transmission to be independent for the
total size of the population, then the flow of individuals that transit from S to I at
each time step can be written as SI/N where S is the number of susceptible
individuals at the time ¢, I the number of infected individuals at time ¢, and N the
total size of the population that equals at any time S+I. If we had considered the
transmission to follow an action mass pattern, than the flow between S and I would
have been SSI. The flow of individuals that recover from the virus and that goes
from the compartment I to the compartment S can be expressed as dI with d the
rate of individuals recovering at every step of time and I the number of infected
individuals in the compartment at the time considered. At this point, it is worth
noting that in compartment models, because individuals from the same
compartment cannot be distinguished, the time spent in a compartment by an
individual is not taken into account to determine when this individual will transit
from this compartment to another. This is however not true, individuals which are
sick first are expected to recover also among the first. This is then another

approximation made in compartments models.

In addition to the epidemiological flows, we can add demographic flows that
will correspond to the processes of death and birth in the population. If we
consider b the birth rate and m the mortality rate, then, provided that both
susceptible and infected reproduce similarly, the flow entering the S compartment
through birth can be designed as b(S+I) while the flows of individuals disappearing
from the compartments S and I because they die will be mS and mlI respectively.

All the compartments and flows can be reported in a diagram in order to

better appreciate the model implemented (Figure 2.2.).
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b(S+1) BSI/N

imI
dI

Figure 2.2: example of transition diagram. The boxes S and I correspond to
the compartments « Susceptible” and “Infected” respectively. The arrows represent
the flows that exist between the different compartments or coming into and from
the different compartments. The expressions given beside the arrow correspond to
the value of the flows. The letters b, m, d and 8 correspond to the birth rate, the
death rate, the recovery rate and the transmission rate respectively.

mSi T

Once the compartments and flows have been determined, equations can be
built to represent the system.

In deterministic models, these equations are built according to an elementary
law: the number of individuals in a compartment at time t+h (h being the small time
laps separating two steps) is equal to the number of individuals that were present
in the compartment at time ¢ minus the individuals that have left the compartment
during h and increased by the number of individuals that entered the compartment

during h.

For instance, if we consider the compartment S:

Individuals present at time t = S(t)

Individuals present at time t+h = S(t+h)

Individuals that left the compartment during h: hBSI/N + hmS
Individuals that entered the compartment during h: hb(S+I) +hdl
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Then, we obtain:

S(t+h) =S — w — hmS(t) + hb(S(t) +I(t)) + dhI(t)

Which can be rewritten as:

St+h) —S@) —BS@®I(D)
h - N

mS(t) +dI(t) + b(S(t) + I(t))

Because we are in continuous time, h is expected to be very small. When h

tends towards zero, this equation becomes a differential equation:
@ st arebs+1
i N ( )
For simplification, we write S instead of S(t) and I instead of I(t). In a similar
way, we can describe the dynamic in time of the compartment I with the following

differential equation:

dr_psr_
ac N "

From this system of two differential equations, several parameters can be
determined like the number of susceptible and infected individuals at equilibrium,

i.e. when these number stop varying, which corresponds to the values of S and I

when g =0 and % = 0. The basic reproductive number Ry can also be calculated

from this system as the ratio between the flow entering the infected compartment
and the flow leaving the infected compartment for S=N and I = 1. In this particular

example, we may find
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The same diagram of transitions can be used for a deterministic and a
stochastic model. Then, the events considered in the stochastic model and the

transition rates associated will be as reported in table 2.1.

Table 2.2.1: Events of the SI model presented and associated transition rates
used at parameters of the exponential exponential law from which the probability

of realization of the events is drawn.

TRANSITION EVENT TRANSITION RATE
(S1)=>(5+1, 1) Birth b(S+I)
Death of a
S2(5-1,1 i I
DX ) susceptible m
(S1)=2(5-1,1+1) Infection BSI/N
(S51)2(5+1,1-1) Recovery dl
Death of an
(5025 1-1) infected mi

Stochastic models and their associated transition rates can be used in two
different ways. First the model can be characterized by a system of probabilistic
equations that can be analytically resolved. Second, a simulation study can be
performed to study the system. The simulation process used in this second

situation is represented in Figure 2.3.
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SIMULATION |
START =

| Determination of h | €
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DEATH DEATH
SUSCEPTIBLE / INFECTED
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(S-1,1) (S+1,I-1) (S+1,I) (S-1,1+41) (S, I-1)
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l
v
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Figure 2.3: Representation of the different steps of the simulation of a
stochastic epidemiological dynamics using the events presented in the Figure 2.2.
At time t=0, the system is at a given state (S,I). Then, according to a negative
exponential law, the timelaps h between two events is determined along with the
event associated with this timelaps. The number of individuals is implement in
consequence as well as the time that is increase of h. Then, if the time is larger than
the maximal time fixed for the simulation (Tsimul), the program stops. If not, the
simulation carries on with the determination of a new timelaps until the next event,
etc.
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2.2.3. THE VIRUSES CONSIDERED IN THE PHD WORK

a. The Feline Herpes Virus

The feline herpes virus (FHV) is a DNA virus from the varicellovirus gender.
Closely related viruses from this gender have been observed in other carnivores
such as dogs (Canis lupus familiaris, Papageorgiou et al. 2016) or in seals (Phoca
vitulina, Bodewes et al. 2015). The FHV infection occurs mostly via nasal, oral and
conjunctival mucous membranes and results, after a short period of incubation (2
to 6 days in average), first in an acute phase of disease during which most of the
virus shedding happens then, in many cases, by cycles of latency/reactivations
during which the virus can also be spread (Gaskell et al. 2007). The FHV is a well-
known pathogen of domestic cats which has been observed in other felids such as
the Cheetah Acinonyx jubatus (Munson et al. 2004) or the Lion Panthera leo
(Hofmann-Lehmann et al. 1996).

The latency/reactivation cycles led us to consider the FHV as a virus which
persists all along the lifetime. Thus, the FHV can be modelled using three
compartments: Susceptible, Exposed and Infected. However, given the very short

time of incubation compared to a lifetime, a SI compartment model was used.

b. The Feline Panleukopenia Virus

The Feline Panleukepenia Virus (FPV) is DNA virus which is observed in wild
and domestic felids but also in minks (Mustela vison) and raccoons (Procyon lotor,
Parrish 1995) and which appears to spread between these different hosts (Hoelzer
and Parrish 2010). Though the FPV can be transmitted directly, a major part of its
transmission is believed to happen indirectly given the high resistance of the virus
in the environment (Hoelzer and Parrish 2010). In most cases, the individuals
infected recover from the infection within ten days after the infection. Cats
recovering from the infection can develop immunity (Scott and Geissinger 1997).

Four compartments may thus be required to model the FPV epidemiological
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dynamics: susceptible, infected, recovered and an environmental compartment

(Berthier et al. 2000).

c¢. The Feline Calicivirus

The Feline Calicivirus (FCV) belongs to the family of the Calicividae which
contains some major pathogens in Humans (viruses responsible for the gastro-
enteritis) and in wildlife (hemorrhagic syndrome of the Hare for instance). The FCV
has been an important pathogen of felids for more than 40 years and is observed
under different strains (Radford et al. 2007). The most common form leads to oral
and upper respiratory tract disease from which individuals recover after two to
three weeks. Some cats do not eliminate spontaneously the virus but these cases
remain rare. Focusing on the main form of the virus, two compartments seem to be
enough to model the FCV: susceptible and infected with a possibility of recovering

to be susceptible again.

d. The Feline Imnmunodeficiency Virus

The Feline Immunodeficiency virus (FIV) is very close to the Human
Immunodeficiency Virus (HIV) and causes an immunodeficiency syndrome close to
one observed in humans with the same three steps: Acute phase, clinically
asymptomatic phase and terminal phase. In felids however, the risks for
opportunistic infections, neurological diseases and tumors are increased
(Hartmann 2011). The mode of transmission is also different as bites and
aggressive contacts are the main transmission path in felids which makes
aggressive individuals more at risk (Sparger 1993). Given the absence of recovery
from the FIV, a SI model, similar to the theoretical model presented above as an

illustration, is usually used (Fouchet et al. 2009).
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2.3. AREAS OF STUDY AND SAMPLING METHOD

2.3.1. NORTH-EASTERN FRANCE

From 2007 to 2011, wild and domestic cats were sampled in the French
department of Meuse, in north-eastern France which corresponds to the historical
area distribution of the wildcat in France (Léger et al. 2008). This part of France
benefits from a degraded oceanic climate with hot summers (mean temperatures in
July between 18 and 19°C) and cold winters (1.5°C in average in January), with
significant falls of rain (800 mm per year in average).

The area of study corresponds to 400 km? where an alternating between
small villages (about 25 in the area of study, between 30 and 600 inhabitants per
village), agricultural fields and forests is observed (Figure 2.4). The mean density
over the area is of 35 inhabitants per kilometer square, which is low compared to
the national average of 103 inhabitants per kilometer square (INSEE, 2011). The
high number of villages leads to the presence of numerous roads between them
and, consequently, between forests, resulting in a fragmented environment. The
fragmentation in this part of France remains however moderate with an effective

size of natural environment mesh between 12 and 30 km?* (CEMAGREF 2010).

Figure 2.4: landscape configuration in North-Eastern France with alternating
of agricultural fields and forests — personal photography

56



Chapter 2: Material and methods - General considerations

Invasive sampling in north-eastern France

Except for 10 wild individuals which were collected dead on the roads,
domestic and wild cats were trapped using baited two-door cages in order to
collect blood (Figure 2.5). For domestic cats, the cages were hidden in farms and
baited with sardines. For wildcats, all cages were hidden in the forest and baited
with valerian. In both cases, once trapped, cats were weighted and put asleep using
ketamine and Imalgene in quantity relative to the weight of the cat. Once the cat
was asleep, blood was sampled from the jugular vein and different measurements
were taken regarding the sex, the global body condition or the phenotype of the
individual. Cats were then left in a calm place until they woke up. Both genetic and

serological analyses were performed on the blood collected.

Figure 2.5: Two domestic cats trapped in a farm from North-eastern France -

Personal photography
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2.3.2. FRENCH PYRENEES

From 2014 to 2017, the natural reserves of Jujols and Nohédes from eastern
French Pyrenees, were sampled. Indices of the presence have been observed for
decades but this region of France has aroused little interest for scientific study.
Natural reserves correspond to regulated territories which aim at protecting
natural heritage such as flora, fauna, geological formations, etc.

Jujols and Nohedes display elevations between 760 and 2459m and benefits
therefore from a mountainous climate with Mediterranean influences. The summer
(19°C in July) and winter (3°C in January) average temperatures are close to those
observed in north-eastern France. Precipitations in this area of France are
abundant with an average of 913 mm per year.

Nowadays, the presence of men is lower in the Pyrenees compared to north-
eastern France, however, in the past, men pressure may have been far more
important. The area of study we considered corresponds approximately to 325 km?
and counts 10 villages which gather from 10 to 380 inhabitants, leading to an
average density of 9.1 inhabitant per kilometer square. The landscape is not

considered as fragmented (Figure 2.6, CEMAGREF 2010).

Figure 2.6: landscape configuration in French Pyrenees with small villages in
the middle of continuous mountainous areas - personal photography
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Non-invasive sampling in the Pyrenees

The status of the “Natural reserve” did not allow us to capture wildcats in the
Pyrenees. Then, we used non-invasive sampling to gather genetic information.
Feces were collected opportunistically across the area of study by agents of the
natural reserves. Domestic cats from the villages in direct contact with the reserves
were also sampled either collecting hairs or using oral smear. Only cats which had
access to the outside, were born in one of the villages were sampled in order to
assess the genetic profile of the local population of domestic cats, likely to have

reproduced with wildcats. Only genetic analyses were performed on those samples.
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Foreword

The detection of hybridization is complex especially when the genetic
differentiation between the populations which hybridize is low. Given the rise of
studies focusing on hybridization, many methodological developments have been
proposed to assess how individuals may be admixed between several populations.

The methods actually available for the detection of hybrids present several
flaws and notably regarding (1) the comparability they allow between studies, and

(2) their speed of execution.

In this chapter, I present two different methodological developments I
worked on during my PhD. In the first part, I present a method which helps
rationalizing the use of existing computer programs (STRUCTURE) and which, I
expect, will help improving the comparability between studies dealing with
hybridization in the future. In the second part, [ present a new method. Because of
its high speed and good efficiency, this method represents a valuable alternative for
hybridizing studies especially in an industrial context where computing facilities

are not as important as in universities.
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3.1. Iterative determination of
representative parents for
detecting hybrids:

application to wild and
domestic cat populations

Domestic cat or ancient hybrid? - Personal photography
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Abstract

Hybridizing events are increasingly observed across taxa and, in spite of their
adaptive potential are mainly considered as a threat for the conservation of many
species. Important methodological developments have been achieved to improve
the detection of hybrid individuals, however, some aspects of these methods still
need further investigation. This is particularly true when the detection of hybrids
must be achieved without known reference individuals, in which case, a pool of
representative parental individuals must be built from the dataset. The process by
which this pool is built varies importantly across studies. Here, we describe an
iterative algorithm which allows to define a representative pool using a
rationalized approach. We show that this algorithm leads to a more representative
pool of parental individuals compared to the building approaches usually found in
the literature. The further classification of individuals either as parent, hybrid or
suspect was similar according to the three methods. The application to a real
dataset of wild and domestic cats allowed us to detect low rates of hybridization
between the two sub-species. This algorithm represents a first step for the
rationalization of the entire hybrid detection process in absence of reference
individuals, which is expected to increase the comparability of studies on
hybridization.

Keywords: Felis silvestris catus, F s. silvestris, computer simulations, threshold

determination, STRUCTURE software, hybridization

BEUGIN Marie-Pauline, FOUCHET David, QUENEY Guillaume, ROUSSET Francois,
PONTIER Dominique (in preparation)
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3.1.1. INTRODUCTION

Hybridization, defined as the reproduction of individuals belonging to two
genetically distinct populations (Morgan-Richards et al. 2009) is recognized as a
major evolutionary process involved in both extinction and adapative dynamics
(Arnold 1992, Melo-Ferreira et al. 2007; McDevitt et al. 2009; Monz6n et al. 2014;
Qi et al. 2014). It would happen in 25% of the animal species on average (Mallet
2005) and yet be sufficiently rare to allow for the persistence of differentiated
species. Current studies tend to focus on hybridization as a threat for the
conservation of species and, recently, it was shown that hybridization is promoted
by global changes (anthropogenic modification of the environment, Oliveira et al.
2007; Galov et al. 2015; climate change, De La Torre et al. 2015; Taylor et al. 2015).
Hybridization is then expected to increase in frequency in coming years. In line
with these studies, the International Union for the Conservation of Nature (IUCN,
2016) has pointed out hybridization as the major threat for the persistence of a
wide variety of species. Hence, assessing to what extent a population undergoes
hybridization has become a central issue for the establishment of the conservation
status of many species (Brennan et al. 2014) but also represents a major
phenomenon to take into account in order to evaluate their adaptive potential
(Hoffmann and Sgro 2011; Sackman and Rokyta 2013).

Morphology often provides limited resolution for the detection of hybrids
because they are cryptic or result from the hybridization of cryptic species (Stuart-
Fox et al. 2009; Devillard et al. 2014). Genetics have then become the main
approach for the study of hybridization (Barilani et al. 2007a, b; Oliveira et al
2008; Olano-Marin et al. 2014; Vuillaume et al. 2015) and computer programs
implementing powerful statistical methods have been developed to analyze the

genotypes (Pritchard et al. 2000, Corander et al. 2006, Anderson & Thompson
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2002, Alexander et al. 2009). The most popular computer programs are based on
Bayesian inference. They differ in several ways: for instance, the type of markers
used, the number of parental populations, the detection of hybrid categories (F1,
F2, backcrosses...). The basic idea behind these programs is to infer, for each
individual of the sample, the proportion of its genes that comes from the K different
clusters (assignment probability expressed as g-values) included in the analysis.
These clusters can be the two parental populations (K=2) or parental populations
and categories of hybrids (F1, F2, backcrosses, etc) depending on the program
used. The g-values range between zero and one, and these values sum to 1 for one
particular individual. In an ideal situation, the g-values obtained for parental
individuals and hybrids of different categories, would belong to distinct, separated
distributions. However, because most of the time analyses rely on a limited number
of genetic markers (Oliveira et al. 2008; Vuillaume et al. 2015) and concern
hybridization between loosely differentiated species for which diagnostic markers
are not always available (Barilani et al. 2007a,b; Godinho et al. 2011; Mengoni et al.
2015), these distributions tend to overlap widely. Interpreting such data is then
challenging due the potentially complex distribution of different levels of hybridity
among individuals. To deal with this complexity, an important decision is to
determine optimal threshold values in order to establish for which assignment
probabilities values an individual belongs most probably to a given cluster.

Several methods have been developed for the determination of this threshold
(Le Roux et al. 2015; Godinho et al. 2011; Oliveira et al. 2007). A method commonly
used, especially when no reference individuals (i.e., individuals for which we know
if they are hybrids or not) are available, consists in selecting a limited number of
individuals from the original dataset that had been unequivocally assigned to the

parental populations to simulate F1 hybrids, F2 hybrids and backcrosses using
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dedicated programs (Hybridize function Jombart 2008, HYBRIDLAB, Nielsen et al.
2006). This simulated sample is then analyzed to determine a threshold using
either the highest assignment probability reached by a hybrid or the lowest
assignment probability reached by a parent, using one of the available software
packages (Oliveira et al. 2007; Barilani et al. 2007b; O’'Brien et al. 2009; Hertwig et
al. 2009; Godinho et al. 2011, 2015). The limited set of individuals initially selected
is considered to contain reliable representatives of the parental species. However
crucial, this first selection step varies from one study to another and the rationale
behind the selection of parental individuals remains opaque. Some authors choose
which individuals are representative using a threshold (0.9 in Oliveira et al. 2007;
0.95 in Bohling and Waits 2011). Any individual above it is then integrated in the
representative pool of parents. Others choose the n individuals best assigned to
each parental population (37.5% in Hertwig et al. 2009; about 65% in Oliveira et al.
2007). This proportion of selected individuals over the total number of sampled
individuals varies a lot among studies and its determination is unclear. A general
method is then required to determine an appropriate pool of representative
individuals for each parental population.

In this study, we propose a new method to select the number of individuals
representative of each parental population. Our method relies on an iterative
algorithm that integrates step by step individuals in the parental pool. This
algorithm can be applied to any assignment probability distribution generated by
available computer programs. Our approach is illustrated and compared to existing
methods for hybrid identification using (i) simulated datasets with different
compositions in hybrids and levels of differentiation, and (ii) a real dataset
composed of wildcats (Felis silvestris silvestris) and domestic cats (F. s. catus) from

Northeastern France. Hybridization between these two sub-species has been

71



Chapter 3: Detecting hybrids, a methodological challenge

observed in several European countries (Beaumont et al. 2001; Pierpaoli et al
2003; Oliveira et al. 2007; Hertwig et al. 2009; Nussberger et al. 2014; Le Roux et al.
2015, Beugin et al. 2016) and is presented as the major threat for the conservation
of the European wildcat (Driscoll et al. 2007, Driscoll & Nowell 2010). Therefore,
assessing the proportion of hybrids in wildcat populations is currently a topic of

crucial interest.

3.1.2. MATERIAL AND METHODS

a. Defining representative parental individuals

In previous studies, the identification of thresholds for the detection of
hybrids is based on the selection in one step of a pool of representative individuals
from the original dataset according to different rules (e.g., the best n assigned
parental individuals, use of a fixed threshold, Oliveira et al. 2007, Hertwig et al.
2009, Bohling and Waits 2011). With such an approach, only part of the individuals
categorized in fine as parents are considered for the simulations. This might be a
problem as not taking these individuals into account may lead to ignore part of the
genetic diversity of the parental species. To overcome this limitation, we propose
an iterative algorithm that allows at each step to integrate individuals above the
threshold in the pool of representative parents and to continue iterations until the
number of individuals integrated reaches a plateau. We chose to use the clustering
computer program STRUCTURE (Pritchard et al. 2000; Falush et al. 2003; Hubisz et
al. 2009) to determine the individual probabilities of assignment. Several reasons
explain this choice: this program is widely used in hybridization studies with more
than 25,500 citations referenced in Google Scholar in early 2017 for the three

references. In addition, this program can deal both with microsatellite and SNP
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data (Haasl and Payseur 2010). Furthermore, compared with other programs such
as BAPS (Corander et al. 2003), STRUCTURE is less conservative, i.e. it detects more
easily individuals as hybrids including true hybrids and thus detects more efficiently
older generations of hybrids as hybrids (Bohling et al. 2013). Simulations with
STRUCTURE were performed in the Linux Environment using the computing
facilities of the CC LBBE/PRABI. In this study, only the case of hybridization

between two parental populations is considered.
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Figure 3.1.1.: Description of the iterative algorithm. The figure represents the
three main steps of the algorithm. The first frame corresponds to the initialization of the
algorithm. Individuals from the studied population are analyzed with STRUCTURE in order
to get g-values for each cluster. Then, a few are selected to be the first representative
parents. The second frame correspond to the simulation part of the algorithm. Individuals
previously selected are used to simulate more hybrids and parents for which we get g-
values with STRUCTURE analysis. This step is repeated 5 times and all the g-values
obtained are pooled together. At the end of these repetitions, thresholds corresponding to
the lowest g-value reached by a parental individual are calculated at a 1% risk. Then, we go
back to step 2, these new selected parents being used for the simulations. The step 2 and 3
are repeated until convergence, i.e., until a plateau is obtained, for the number of
individuals integrated to the pool of representative parents. The dashed line on the
convergence plot corresponds to the iterations taken into account to determine the final
pool of representative parents.
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b. Description of the iterative algorithm

The algorithm can be split into three steps (Fig. 3.1.1).

In the first step, the initialization step, individuals from the study sample are
analyzed in order to obtain individual probabilities of assignment to each parental
species as well as 90% credibility intervals for these probabilities. Calculations
were carried out under the admixture model assuming correlated allele
frequencies and K = 2, which corresponds to the assumption of two species
contributing to the gene pool of the sample. No prior species information is used.
Preliminary analyses allowed us to determine optimal lengths of burn-in and
MCMC chains, i.e. length allowing for the convergence of the chain on the one hand,
and a restrained calculation time on the other hand. They led to set a burn-in of
100,000 steps followed by 300,000 iterations. Individuals were then ranked
according to the value of their probability of assignment in the parental species 1,
the m% individuals best ranked were then selected as initial representatives of the
parental species 1. The same step was performed in order to obtain representative
individuals of the parental species 2. Three m values were tested: 1%, 20% and
50%.

This initial pool of individuals thus built at the end of step 1 was then used in
step 2. Two hundred individuals from each parental cluster were simulated using
the function hybridize from the package adegenet (Jombart 2008). As the
composition of the dataset may influence the outputs of STRUCTURE (Bohling et al.
2013), we added simulated hybrids (200 F1, 200 F1*P1, 200 F1*P2 with P1 and P2
being the parental species 1 and 2) to the dataset in order to get parental g-values
in presence of hybrids. All these simulated individuals were then analyzed using
STRUCTURE with the same parameters as before in order to obtain the g-values for

each of them. This second step was repeated 5 times in order to check for results
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consistency; at each repetition, the g-values were stored along with the category of
each simulated individual in order to be used in step 3.

In step 3, the g-values were used to define two thresholds that corresponded to
the 1% quantile of the distributions of g-values for each parental species (TP1 and TP2
thresholds).The threshold values obtained were then used to select a new pool of
representative parents. The representative parents were, in this case, all
individuals for which the lower bound of the 90% credibility interval initially
calculated in step 1 was above the threshold defined by the lowest value reached
by simulated parents (TP1 and TP2). We chose to determine the threshold based
on the mean probability of assignment provided by STRUCTURE and to select
individuals based on the credibility interval in order to limit the integration of
individuals in the parental pool at each iteration (Appendix, Figure S3.1.1.). Based
on this new pool of representative individuals, we repeated steps 2 and 3 five times
iteratively. The number of repeats was set in order to reach a plateau for the
number of individuals integrated. The final pool of representative parents obtained

at the end of the iterations could then be used to further categorize individuals.

¢. Comparison with two other methods

The pool of representative parents was also determined using two methods
widely used in the literature. Both rely on the probability of assignment calculated
for the initial sampled population (thus corresponding to the results obtained at
the end of the step 1 of the algorithm). The first method consists in selecting
individuals based on their g-value. A threshold commonly used to differentiate
hybrids and parents is 0.9 (Lancaster et al. 2006; De La Torre et al. 2015; Le Roux
et al. 2015; Guildea et al. 2015). Following the method used in Oliveira et al. (2008),
representative parents were then defined as the individuals presenting both a

mean g-value and the lower bound of credibility interval above this threshold
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value. The second method consists in selecting the n individuals best assigned to
each cluster. The proportion of individuals chosen varies among studies with
authors selecting from 20 to 75% of the sampled dataset to build the pool (Oliveira
et al. 2007, 2008; O’Brien et al. 2009; Hertwig et al. 2009). Here, we chose for the
comparative study to establish the representative pool using m values of 1%, 20%
or 50% best assigned individuals in each population, similarly to what was done

with the iterative algorithm.

d. Detection and classification of hybrids

Once the representative pool of parents was built, individuals (parental
individuals and hybrids of category F1, F2 and backcrosses of first generation)
were simulated for each method using the function hybridize from the package
adegenet (Jombart 2008). Two hundred individuals were simulated for each
category and the simulated dataset was analyzed with STRUCTURE program using
the same parameters as in the algorithm. The probabilities of assignment obtained
as output were then used to define four thresholds. As in the implementation of the
iterative algorithm, the thresholds were calculated with a 1% risk. The two first
thresholds corresponded to the 1% quantile of the distributions of g-values of the
simulated parental individuals, for each cluster. The two other thresholds corresponded
to 99% quantile of the distribution of g-values of first generation backcrosses.
Consistently with the denominations used in the algorithm description, the first
two thresholds will be thereafter denoted as TP1 and TP2, and the last two as TH1
and TH2. These four thresholds allowed for the definition of zones allowing for the
classification of individuals as either parent, hybrid or suspect. The zone
corresponding to suspect individuals, hereafter called grey area, included all the
individuals presenting a g-value that could belong to several distributions

(Appendix, Figure S3.1.2). Individuals were assigned to one of these zones either in
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a conservative way (to allow more easily an individual to be detected as parent;
conservative approach), considering their mean probability of assignment to the
clusters, or in a more relaxed way (to allow more easily an individual to be detected
as hybrid; relaxed approach), considering the lower bound of the credibility

interval.

e. Application to datasets

Sampling and genotyping of cat populations in North-Eastern France

The study took place in Northeastern France between April 2008 and May
2011. Three hundred and seventy-one domestic cats and 42 presumptive wildcats
were captured and measured according to the protocol described in Beugin et al.
(2016). The fieldwork was conducted by qualified people according to French
legislation. Accreditation has been granted to the UMR-CNRS5558 (accreditation
number 692660703). Cats were classified as domestic or wild based on
morphologic criterions (Léger et al. 2008; Devillard et al. 2014).

All cats were genotyped using 22 microsatellites amplified in three
multiplexes (Appendix, Table S3.1.1). DNA extraction was performed using a
purification column kit (Nucleospin 96 Tissue kit, Macherey-Nagel) following the
manufacturer protocol. PCR reactions were performed step by step following a
unidirectional workflow starting in a clear room with positive air pressure where
sensitive reagents, enzymes and primers, were prepared. Then, DNA and reagents
were assembled in a pre-PCR room. PCR amplifications happened in 96-well
microplates in a post-PCR area with negative air pressure. The PCR reaction
occurred in a final volume of 10pul that contained 5ul of Mastermix Taq polymerase
(Type-it, QIAGEN), 1.35ul of primers pairs at a final concentration comprised
between 0.08 and 0.6uM, and 30ng of DNA. Each pair of primers was coupled with

a fluorescent dye. The reaction started by a denaturation step at 95°C for five
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minutes. This step was followed by thirty PCR cycles (denaturation step = 95°C,
30s; annealing step = 55.9°C, 90s; elongation step = 72°C, 30s) and a final
elongation step at 60°C during 30 minutes. PCR products were resolved on a
capillary sequencer ABI PRISM 3130 XL (Applied Biosystem) in denaturing
conditions (formamide) and an internal size marker in one migration for each
multiplex. All these steps were performed using filtered tips. Finally, the
electrophoregrams were analyzed using GENEMAPPER 4.1 (Applied
Biosystem/Life Technologies) independently twice. Results were then confronted
and ambiguous loci were set to missing data. The resulting genotypes were used to
check for Hardy-Weinberg equilibrium and linkage disequilibrium using FSTAT
2.9.3.2 (Goudet 1995), respectively, with a 5% Bonferroni correction. The software
Genetix 4.05.2 (Belkhir et al. 1996) was furthermore used to estimate Weir &
Cockerham’s Fst (1984) between domestic and wildcats. The frequencies of null
alleles in both sub-species were calculated according to Brookfield (1996) and the
statistical significance of these frequency assessed using a binomial exact test following
De Méeus et al. (2002). Finally, we estimated the rate of migration per generation
using BAYESASS 3.0.3 (Wilson and Rannala 2003), i.e., the proportion of gene flow
from domestic cats to wildcats and from wildcats to domestic cats. We run
BAYESASS with a MCMC chain length of 5,000,000 after a burn-in period of
1,000,000, with a sampling interval of 2,000. Our iterative algorithm was run three

times to check for results consistency.

Simulated datasets

The simulated datasets fulfilled three goals. First, we assessed whether the
iterative algorithm converged to a final pool of individuals truly representative of
the parental populations whatever the value of m at initialization. This convergence

was assessed based on the composition of the final pool of representative parents
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both in terms of Fsr (according to Weir and Cockerham 1984) and individuals
integrated in the pool (number and hybrid category). Second, we evaluated the
reliability of the results obtained with the iterative algorithm for the real dataset
compared to those obtained with the two other methods. For this purpose, the
simulated datasets included several of the main characteristics of the real dataset:
number of loci (22 loci), polymorphism (5 alleles per locus) and level of
differentiation (Fsr close to 0.17, using Weir & Cockerham’s estimator, see Results
section) and the relative proportion of the two populations. Thirdly, we evaluated
to what extent the iterative algorithm provided results comparable to the ones
obtained with the threshold and the n best methods in terms of percentage of
correct identifications, type 1 error (proportion of parents categorized as hybrids
and reciprocally) and composition of the grey area. For this aim, we generated
additional datasets with Fsr equal to 0.30 and 0.5 to widen the situations of genetic
structure considered. Also, we compared the thresholds obtained with the iterative
algorithm and the n best method for the three values of 7 at initialization, as well as
the resulting categorization of individuals, in order to assess the final impact of the
m value.

For computation time purposes, we simulated only a limited number of
datasets and could not explore the whole range of dispersal and mutational models
classically proposed by simulations programs (e.g. QuantiNEMO, Neuenschwander
et al. 2008). Given the complexity of the domestic cat genetic structures, it was
difficult to select some “best” model from these computer programs. We chose then
to simulate datasets using a simple approach that does not use coalescence and
does not require the selection of a particular model, and that allows to build many
different genetic structures, possibly including structures reachable with classical

models. The simulated datasets were built as follows: for each locus, the allelic
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frequencies of the A (A=5, see Results section) alleles were drawn from a Dirichlet
distribution. Then, each allele from each locus and each individual, was randomly
sampled among the A possible according to the obtained frequency for the
population. Only simulated datasets with a Fsr value equal to the expected Fsr
(equal to 0.17 as in the real cat populations, or 0.3 and 0.5) were used for further
analyses. For each simulated dataset of parental individuals, we generated hybrid
individuals using the function hybridize. Two different scenario, corresponding to
two hybrid distributions, were analyzed. In the first one called “Ideal” scenario, we
simulated only first generation backcrosses as hybrids in the proportion obtained
for the real dataset (using the relaxed approach). In the second scenario called
“Continuum” scenario, we simulated hybrid categories up to the third generation of
backcross; the proportion of first generation backcrosses being identical to the
proportion observed for the first scenario. Given the number of markers and the Fsr
value between wild and domestic cats (see Results section), and the fact that we
considered only first generation backcrosses for the determination of the
thresholds in our approach, we did not expect to detect hybrids passed the first
generation of backcrosses (Vaha and Primmer 2006). The aim of these two
scenarios was to test the impact of further generations of hybrids on the detection
of first generation backcrosses. The iterative algorithm was run three times for
each simulated dataset in order to test for consistency across repeats. The impact
of the value of m at initialization, of the scenario and the repeat on the composition
of the representative pool was tested using a mixed linear model with the
simulated dataset (60 datasets simulated) as random parameter. In addition, we
assessed the percentage of divergence between two representative pools as the
percentage of individuals that were not shared by the different representative

pools compared.
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3.1.3. RESULTS

a. Population structure and hybrid detection in cat sample

All the 22 microsatellites were polymorphic in the 42 presumptive wildcats
and 371 domestic cats. Neither the wildcat nor the domestic cat populations
presented any deviation from Hardy-Weinberg equilibrium nor did they show any
linkage disequilibrium or significant null allele frequencies. Overall, domestic cats
displayed a higher number of alleles per locus than wildcats (mean = 11.77, sd =
0.69 vs. mean = 6.91, sd = 0.43, respectively). However, when considering only
alleles observed with a frequency higher than 5%, the mean number of alleles per
locus was similar between the two subspecies (mean = 4.82, sd = 0.23 vs. mean =
4.50, sd = 0.27, respectively). The number of private alleles was higher in domestic
cats than in wildcats, however, relative to their sample sizes, the wildcats
presented more private alleles than domestic cats with a frequency higher than 5%.
A significant genetic differentiation between the two sub-species was found (Weir
and Cockerham’s Fsr= 0.154; 90% confidence interval: 0.119-0.196). Finally, we
did not detect any significant gene flow from domestic cats to wildcats (m = 0.0009;
95% credibility interval between 0 and 0.0034) while we found a low but
significant gene flow from wildcats to domestic cats (m = 0.0077; 95% credibility
interval between 0.00019 and 0.028).

As expected, the iterative algorithm reached a plateau for the number of
individuals integrated in the final representative pool of parents (Appendix, Figure
S3.1.3). Thirty-six individuals were systematically included in the representative
pool of wildcats whatever the repeat or the value of m at initialization. An additional
individual was integrated in a single repeat. Regarding the domestic representative
pool, we found between 0 and 0.2% of divergence between repeats, which
correspond to a difference of one individual. Depending on the value of m at
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initialization, the representative pool counted between 342 and 349 individuals,
the largest number of integrated individuals being obtained with the m equal to
20% and 50%. The conservative approach allowed us to detect 2 hybrids among
the morphologically domestic cats and none among the morphologically wild
population. Using the relaxed approach, 16 and 6 hybrids were detected,
respectively. This would correspond to rates of hybridization between 0 and 14%
in the wildcat population, and between 0.5 and 4.3% in the domestic population.
Both for domestic and wildcats, the number of individuals used for the initialization
did not change the final number of individuals detected either as parent, hybrid or
suspect while it impacted strongly the results obtained with the “n best” method
(Figure 3.1.2, Appendix - Figure S3.1.4). The “n best” method and the iterative
algorithm led to similar results when the initialization was made with the 50% best
individuals in the “n best” method. The threshold method also yielded comparable
results to what was obtained with the iterative algorithm but recognized only five

hybrids, the sixth individual being categorized as suspect (Appendix, Figure S3.5).
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Figure 3.1.2: Number of parents (in black), hybrids (in white) and suspect
individuals (in grey) detected in wild and domestic morphologically determined
populations using the iterative algorithm either with a m value at initialization of
1%, 20% or 50%. Qmean is the mean g-value of individuals and Qci is the low

boundary of the CI 90%.
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b. Simulations and performance of the iterative algorithm

The sample sizes simulated for each category of individuals and each scenario

(‘Ideal’ and ‘Continuum’) are given in Table 1.

Large/
Scenario P1 P2 1st 2nd 3rd Fsr
Small
Real dataset 42 371 6/15 0 0 0.154 45/4.82 883
Ideal 110 1070 20/50 0 0 0.155/0.274/0.465 5/5 8.61
Continuum 70 970 20/50 20/50 20/50 0.146/0.259/0.442 5/5 8.61

Table 3.1.1: Sample sizes simulated for each category of individuals. P1
represents the smallest parental population (wildcats in the real dataset) and P2
the largest (domestic cats in the real dataset). 1st, 2dn and 3rd are the three
generations of backcrosses which can be simulated depending on the scenario. The
Fsr value given is the mean of the values obtained over the different simulations
corresponding to each scenario and each level of Fsr tested. A is the mean number
of alleles per locus for small population/large population. The last column is the
ratio between the number of individuals from P2 over the number of individuals

from P1.

We found a plateau in both scenarios (Figure S3.1.6 in supplementary
material). Lower values of m at initialization led to more differentiated pools of
representative individuals, especially in the continuum scenario (x* = 30.96, df = 1,
p < 0.001). However, all Fsr values remained very close to the expected values of
0.17 (0.174 on average for ideal scenario, 0.172 for continuum), 0.3 (0.303 on

average for ideal scenario, 0.283 for continuum) and 0.5 (0.506 on average for ideal
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scenario, 0.473 for continuum). In addition, less individuals were integrated in the
pool for low values of 7, again especially with the continuum scenario (x?=9.01, df
=1, p = 0.0027). However, at least 91% of the true parental individuals were
integrated in the pool on average whatever the value of m at initialization, and less
than 1% of the representative pool corresponded to hybrids. Finally, the repeat did
not impact significantly the differentiation of the pool. The method showed thus a
high repeatability. We assessed that the final pools of representative parents
diverged by 4.5% (sd = 0.032) between cases initialized with m = 1% on the one
hand, and 7 = 20% and 7 = 50% on the other hand, these two last initial conditions
diverging in an order of magnitude similar to what was observed between repeats
starting with the same value of 7 (divergence by 1.1%, sd = 0.088). This state with
a majority of parents integrated in the final representative pool of individuals led to
similar thresholds and categorization whatever the value of m (Figure S3.1.9 and
S3.1.10, supplementary material). Then, although the composition of the
representative pool changed depending on the value of 7, the iterative algorithm
seemed to converge in fine to similar results whatever the initial conditions.

These results contrasted strongly with what was obtained with the ‘n best’
method for which the value of m at initialization had a major impact on the
categorization. The lowest m value led indeed to a worse recognition of parents as
such (Mann Whitney tests: p<0.0001 both for conservative and relaxed approaches
when comparing m = 1% with m = 20%/50%; p = 0.048 with a unilateral test on the
conservative approach and p = 0.0013 with a bilateral test on the relaxed approach
m=20% and m=50%) and, in parallel, to a higher proportion of parents recognized
as hybrids (Figure 3.1.3, Figure S3.1.10 of the appendix) compared to initializations
with m=20% and 7=50%. This can be explained by the fact that, contrary to what

was obtained with the iterative algorithm, the threshold values are deeply
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impacted by the initialization value and especially between 7 = 1% and 7 =20% and
50% (Figure 3.1.4). Such difference can, in turn, be directly linked to the
representative pool of parents selected using this method which changes
drastically in terms of number of individuals integrated by construction, but also in
terms of Fsr value (y* = 134.52, df = 1, p < 0.001)) with a mean size effect of 0.86
(Clp5=0.78-0.94) which was stronger than the effect size obtained with the iterative
algorithm (0.999 with a Clgs of 0.993-1.005). Using the n best” approach, we reached
on average 0.26 for an expected Fsr value of 0.17, 0.38 for an expectation of 0.3 and
0.6 for an expected value of 0.5. Similar categorization results could be obtained
with the iterative algorithm and the ‘n best’ method for m=50% for this last method.
We chose to consider this m value of initialization for the ‘n best’” method to
compare it to the ‘threshold’ method along with the iterative algorithm as it seemed
the most efficient initial condition for this method. We found that the final
categorization was quite similar between methods (Figure 3.1.3). However,
parental individuals were more likely to be categorized as hybrids with the ‘n best’
method compared with the ‘threshold’ method (Mann-Whitney test, p < 0.001) and
the iterative algorithm (Mann-Whitney test, p < 0.001) both with the relaxed and
conservative approaches, while less hybrids were categorized as suspects with the

‘n best’ method (p = 0.002 for both methods) with the conservative approach. There

was no significant difference for any other aspect of the categorization.
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The composition of the grey area depended on the method used although the
impact of the method remained marginal with low effect sizes (effect sizes below 1.5).
On average, hybrids and parental individuals were equally represented in the grey area.
The Continuum scenario led however to lower proportions of parents in the grey area (y?
=1436.32, df = 1, p < 0.0001). The proportion of parental individuals in the grey area
did not depend on the differentiation of the simulated population nor the value of 7 at
initialization for the iterative algorithm. On the contrary, more parental individuals were
present in the grey area for high differentiation levels (y? = 8.66, df = 1, p = 0.0033) and
low values of 7 at initialization (y? = 11.36, df = 1, p = 0.00075) with the ‘n best’

method.

3.1.4. DISCUSSION

This study extends previous work that has evaluated the power of approaches
relying on microsatellite markers to assign individuals to hybrid categories. Here,
starting with a particular situation where populations are weakly differentiated
and genotyped at a substantial number of loci (n = 22) to more differentiated
populations, we proposed an iterative algorithm which allowed for the selection of
a representative and realistic pool of representative parental individuals. The
constitution of such pool is expected to lead to a better assessment of hybridization
rates and of the uncertainty attached to the calculation of these rates as well as a

better comparability between studies.

a. Efficiency of the algorithm to build a realistic and representative pool
We showed that the iterative algorithm allowed building representative pools
made mostly of parental individuals. According to Vaha and Primmer (2006), the

correct identification of first generation backcross would require 48 markers for an
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Fsr (calculated according to Weir and Cockerham 1984) value of 0.21 while the
detection of F1 would require only 12 loci for the same Fsr. Thus, we did not expect
the 22 microsatellites used here to be powerful enough to detect all generations of
backcrosses individuals or even to detect all first-generation backcrosses. The
limited integration of backcrossed individuals in the representative pool may then
result directly from the discriminatory power of the microsatellite panel used and
not from the methodology itself. Such a conclusion is supported by the results of
Oliveira (2012) as first generation backcrosses between domestic and wildcats in
the Iberian Peninsula could not be correctly identified (from 12 to 14% of
backcrosses identified as parental individuals) using a panel of 38 microsatellite
markers for an Fsr value of 0.2. In addition to being relatively hybrid-free, the
representative pool obtained with the iterative algorithm encompassed most of the
individuals which can be identified as parents, and thereby, it contained most of the
genetic diversity of the two parental populations and presented a realistic
differentiation level between parental populations. Regarding the detection of
hybrids, we found that the three methods compared led to very similar results for
the simulated datasets we considered in this study. The main advantage of the
iterative algorithm is its rationality and transferability between studies. It can be
started with a very small, statistically irrelevant, number of individuals and lead to
the same result as would be done with a larger number of initializing individuals
unlike the ‘n best’ method. This is still an arbitrary step but this allows to initialize
the algorithm with the best assigned individuals to each cluster instead of taking
into account the n best assigned.

Finally, we chose to explicitly take into account the uncertainty of the
classification by considering a suspect class. The benefit of this approach appears

particularly when the detection of hybrids relies on the credibility interval and thus
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on a relaxed approach. Such approach would indeed, without the grey area, lead to
an over-detection of hybrids but a very high confidence in a parental class. The
addition of a grey area, leads to the optimization of both the confidence in a
parental and a hybrid classification. Furthermore, it allows to assess a range of
plausible values for the rate of hybridization considering all suspect individuals as

parent for the lower value and all suspects as hybrids as a upper value.

b. Hybridization between wildcat and domestic cats in northeastern

France

The classification as hybrid by the iterative algorithm appears reliable
according to the simulation study. The rates of hybridization of the cat populations
studied reach values up to 14.29% for the morphologically wildcat population, and
at least (as hybrids can be present in the grey area) 4% in the morphologically
domestic population. The overall rate of hybridization (5%) corresponds to the
lower range of values observed in neighboring countries (from 2-8% in Italy Randi
et al. 2001 and Lecis et al. 2006, 3-18.4% in Germany in Eckert et al. 2010 and
Hertwig et al. 2009, 14% in Portugal Oliveira et al. 2008, 25-31% in Hungary in
Lecis et al. 2006 and 45% in Scotland Beaumont et al. 2001 based on 8§ to 21
microsatellites and using the n best approach for Hertwig et al. 2009, Oliveira et al.
2008). Even when considering all suspect individuals as hybrids, the overall rate of
hybridization we obtain (13.8%) corresponds to moderate intensities of
hybridization. Compared with estimations obtained from French samples, the rate
of hybridization we found is surprisingly low (25% on average in Germain et al.
(2008,2009), O’Brien et al. 2009, Say et al. 2012). A possible explanation for this
difference may be linked to different sampling strategies. While our sampling is
local, focused on one population of living wildcats and on neighboring populations

of living domestic cats, previous studies in France relied upon opportunistic
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sampling of road-killed animals, over a much larger area. (Germain et al. (2008,
2009) showed that hybrids tend to live in intermediary environments, between
forests and villages. This would expose them to road mortality more often than
wildcat living in the forest or domestic cats in the villages and thus, sampling
schemes based on road-killed animals may be biased towards a higher proportion
of hybrids. Nussberger et al. (2014b) tested the impact of such different sampling
strategies and did not find any significant difference in the rate of hybridization
obtained either with a systematic or an opportunistic sampling. However, this
comparison was led between hairs non-invasively sampled and carcasses while in
this study, almost all wildcats were trapped (10 road-kills on 42 wildcats). Then, it
would be interesting to see if we would have retrieved a difference when the
systematic sampling consisted of trapping.

Another surprising result, especially regarding the simulation study outputs,
is the total absence of suspect individuals in the wildcat population. This result may
be due to the unbalanced sampling between wildcats and domestic cats, which is
known to generate biases in STRUCTURE (Puechmaille 2016). We thus expected in
the domestic cat population more individuals classified in the suspect category due
to a wider range of g-values. This was observed in most simulations, and,
interestingly, a suspect zone was always detected in the simulations for both
populations. To go further, we resampled the dataset several times in order to
obtain similar population sizes for the two cat populations. These resampled
datasets (n = 10) were then analyzed in order to classify individuals into parent,
hybrid and suspect. While the number of suspect individuals did not differ based
upon the mean probability of assignment, we found a significantly higher number
of suspect individuals in the domestic population (Mann-Whitney Test, w = 49, p =

0.00074) when the classification was carried out with the relaxed approach. If the
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unbalanced sampling size has an impact, it is not the only reason for the observed
difference in the proportion of suspect individuals between wild and domestic cat
populations. This could be due to the fact that the domestic population is more
introgressed than the wild one, thus the presence of suspect individuals is a
manifestation of this introgression. This hypothesis is strengthened by the fact that
the only weak but significant gene flow in our system was from wildcats to
domestic cats. A similar gene flow was reported by Hertwig et al. (2009) in eastern
Germany, in a fragmented area notably marked by extensive cultivated landscapes.
Our results are consistent with the hypothesis of asymmetrical hybridization
formulated in Beugin et al. (2016) for this particular population of wildcats. In this
study, eighteen of the wildcats were equipped with radio-collars in order to
investigate the spatial organization of the population. The authors showed that the
population seemed to be organized with a core of wildcat females surrounded by
wildcat males. It was then proposed that this organization may promote
hybridization between wild males and domestic females and thus, introgression

would indeed be expected in higher proportions in the domestic population.

¢. Future developments

The simulated datasets we generated presented one major difference
compared to real datasets, they did not present any private allele. Although this
may introduce biases, we would expect them to lead to lower distinction efficiency
of hybrid and parents, and we have no reason to think that this would change the
relative performance of the three methods. Currently, the iterative algorithm
method rests upon STRUCTURE program, which requires a substantial
computation time (hours are necessary for a single analysis using the iterative
algorithm). Although the algorithm can be adapted to any program delivering

assignment probabilities (NEWHYBRIDS, BAPS), this time limitation remains as
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none of these programs run quickly and as efficiently as STRUCTURE for now (pers.
Observation, Bohling et al. 2013). The adaptation of the algorithm to faster
approaches would permit to consolidate current results given the low but existing
variability between repetitions, by allowing a higher number of repetitions. Our
algorithm is also expected to help clarifying the process of defining thresholds for
the classification of individuals. However, more work is still needed to complete its
rationalization. In particular, the simulation step during which individuals of
different categories are simulated is a key step which would need more attention.
Some authors have indeed mentioned that the composition in hybrids of the
dataset changes the output of STRUCTURE (Bohling et al. 2013). This raises the
question of how many individuals we should simulate for each category and if some

proportions should be observed for these simulations.

3.1.5. CONCLUSION

The rationalization of the building of the representative pool proposed here
represents an important first step towards a rationalization of the entire process of
threshold determination and a better comparability between studies on
hybridization. We detected substantial on-going hybridization between wild and
domestic cats. However, the question as to know whether this hybridization is a
threat for the conservation of the wildcat population has to be debated taking
account that the core of the forest does not appear affected by this genetic mixing
up. These results make all the more pressing to conduct more studies at a local
scale to investigate whether such pattern, with a central nucleus of the population
apparently protected from external influences, is observed elsewhere. Indeed,
while studies assessing hybridization rates have been multiplying in wildcats, they

have not been associated with spatial and behavioral data. We believe that to
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further understand hybridization between cat sub-species and in other species,

studies combining different approaches are strongly needed.
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3.1.6. APPENDICES

Table S3.1.1: Distribution of the 22 microsatellite markers in the different

multiplexes.

Multiplex 1 Multiplex 2 Multiplex 3
Fcal26 Fca8 Fca69
Fcab75 Fca26 Fca105

Fca4b Fca201
Fca58 Fca220
Fca96 Fca229
Fcal124 Fca293
Fca577 Fca310
Fca668 Fcad53
Fca678
Fca7b
Fca149
Fcad41
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Figure S$3.1.1: Illustration of the conditions required for individuals to be

integrated in the representative pool. The dashed line represents the threshold
determined at the considered iteration and the four points correspond to the four
positions possible regarding this threshold for individual assignations. The only
position retained to be integrated in the representative pool is the situation circled
in grey where both the mean probability of assignment and its 90% credibility

interval lowest boundary are above the threshold.
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Figure $3.1.2: Representation of the different categories (P = Parent, S =
Suspect, H = hybrid) according to the g-values distributions and thresholds

obtained.
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Figure S3.1.3: Convergence of the algorithm for the definition of the
representative pool in domestic cats (on top) and wildcats (at the bottom)
depending on the initialization. Blue lines correspond to the repeats made with m =
1%, red lines to the repeats made with m = 20% and green lines to repeats made

with 7 = 50%.
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Figure S3.1.4: impact of the value of 7 at initialization on the categorization
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of domestic cats (on the left) and wildcats (on the right) depending on the
initialization and the method (conservative on top vs relaxed at the bottom) with

the n best method. Parents are in black, suspects in grey and hybrids in white.
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Figure S3.1.5: Comparison of the results obtained for the categorization of
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cats as either parents, hybrid or suspect with the Iterative algorithm ( = 1%), the
“n best” method (m = 50%) and the threshold method for the domestic cats (on the
left) and the wildcats (on the right) with the conservative (at the top) and the
relaxed (at the bottom) approaches. Parents are in black, suspects in grey and

hybrids in white.
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Figure $3.1.6: Convergence of the algorithm for both the ideal and the
continuum scenario for the small (on the left) and the large (on the right)
populations for m=1% (blue), m = 20% (red) and m=50% (green). For the ideal
scenario, the black line corresponds to the actual number of parents while for the
continuum scenario, the three lines correspond to 90% of the parental individuals,
the exact number of parental individuals, and the number of parental individuals
increased by the second backcrosses which are not expected to be detected with

our panel resolution (from bottom to top).
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Figure S3.1.10: variability of the categorization across simulations using the
relaxed approach. Each simulation is represented by 4 graphics (P1, P2, BC1, BC2)
in line. Two simulations are then presented by line. On each graph, seven bars are
represented, the three first bars correspond to results obtained with the iterative
algorithm either with m = 1%/20%/50% at intilization. The three next bars
correspond to the results obtained with the ‘n best’ method also depending on the
three values of 7. Finally, the last bar corresponds to the results obtained with the

threshold method. Parents are in black, suspects in grey and hybrids in white.
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3.2. A fast likelihood solution to
the genetic clustering

problem

Domestic cat or hybrid? Personal photography from Serdinya in the Pyrénées

Orientales
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ABSTRACT

The investigation of genetic clusters in natural populations is an ubiquitous problem
in a range of fields relying on the analysis of genetic data, such as molecular ecology,
conservation biology and microbiology. Typically, genetic clusters are defined as distinct
panmictic populations, or parental groups in the context of hybridisation. Two types of
methods have been developed for identifying such clusters: model-based methods, which are
usually computer-intensive but yield results which can be interpreted in the light of an
explicit population genetic model, and geometric approaches, which are less interpretable
but remarkably faster.

Here, we introduce snapclust, a fast maximum-likelihood solution to the genetic
clustering problem, which allies the advantages of both model-based and geometric
approaches. Our method relies on maximising the likelihood of a fixed number of panmictic
populations using a combination of geometric approach and fast likelihood optimization
using the Expectation-Maximization (EM) algorithm. It can be used for assigning genotypes
to populations and optionally identify various types of hybrids between two parental
populations. Several goodness-of-fit statistics can also be used to guide the choice of the
retained number of clusters.

Using extensive simulations, we show that snapclust performs comparably to current
gold-standards for genetic clustering as well as hybrid detection, with some advantages for
identifying hybrids after several backcrosses, while being orders of magnitude faster than
other model-based methods. We also illustrate how snapclust can be used for identifying the
optimal number of clusters, and subsequently assign individuals to various hybrid classes
simulated from an empirical microsatellite dataset.

shapclust is implemented in the package adegenet for the free software R, and is
therefore easily integrated into existing pipelines for genetic data analysis. It can be applied
to any kind of codominant markers, and can easily be extended to more complex models
including, for instance, varying ploidy levels. Given its flexibility and computer-efficiency, it
provides a useful complement to the existing toolbox for the study of genetic diversity in
natural populations.

Keywords: genetic clustering, EM algorithm, hybridization, genetic
assignment, population membership, relative performances, SNP, microsatellites

Marie-Pauline BEUGIN, Thibault GAYET, Dominique PONTIER, Sébastien
DEVILLARD and Thibaut JOMBART (in revision in Methods in Ecology and

Evolution)
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3.2.1. INTRODUCTION

The identification of groups of genetically related individuals within a
population, sensu population subdivision, is an ubiquitous problem in most fields in
which genetic data analysis plays an important role including molecular ecology,
evolutionary and conservation genetics. Quantifying the magnitude of the
population subdivision, assessing whether the genetic differentiation matches with
the spatial repartition of subpopulations or not, and, identifying from which genetic
units individuals belong or come have been the focus of attention of population
geneticist from the inception of population genetics (Wright 1951). Specific
applications include for example the definition of panmictic groups (Pritchard,
Stephens & Donnelly 2000; Corander, Waldmann & Sillanpaa 2003; Falush,
Stephens & Pritchard 2003), the classification of isolates into distinct lineages in
microbiology (Maiden et al. 1998; Feil et al. 2004), the investigation of social or
ecological units in molecular ecology (Sugg et al. 1996; Jombart, Devillard & Balloux
2010), and the identification of various types of hybrids in conservation genetics
(Allendorf et al. 2001; Anderson & Thompson 2002; Vdahda & Primmer 2006).
Because of this wealth of applications, genetic clustering has received considerable
interest from the methodologists community. Seeking the number of genetic
clusters from a set of individual genotypes and assigning individuals into clusters
has become a gold standard in population genetics, and, a large number of
statistical methods have been developed and used routinely for nearly two decades
(Pritchard, Stephens & Donnelly 2000; Anderson & Thompson 2002; Corander,
Waldmann & Sillanpaa 2003; Falush, Stephens & Pritchard 2003; Jombart,
Devillard & Balloux 2010).

While there is no single taxonomy of methods, a natural separation can be
made between ‘model-based’ approaches, which use a population genetics model to
compute a likelihood, including maximum-likelihood (ML) and Bayesian methods

(Pritchard, Stephens & Donnelly 2000; Anderson & Thompson 2002; Dupanloup,
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Schneider & Excoffier 2002; Corander, Waldmann & Sillanpaa 2003; Falush,
Stephens & Pritchard 2003), and ‘geometric’ approaches, which cluster individuals
based on their distances in the genetic space spanned by allelic data, without
assuming a specific population genetics model (Feil et al. 2004; Jombart, Devillard
& Balloux 2010). In genetic clustering problems, the likelihood is defined as the
probability that the set of genotypes under consideration was generated under a
given population structure and model of evolution. As such, these methods are
more readily interpretable: individual group membership probabilities genuinely
reflect the probability that the individual ‘belongs’ to the different groups.
Unfortunately, these methods are typically computer-intensive, as they involve the
exploration of a high-dimensional parameter space using optimisation procedures
(Dupanloup, Schneider & Excoffier 2002) or Markov Chain Monte Carlo (MCMC()
techniques (Pritchard, Stephens & Donnelly 2000; Corander, Waldmann &
Sillanpaa 2003; Falush, Stephens & Pritchard 2003; Vaha & Primmer 2006). While
more efficient implementations have been developed (Tang et al. 2005; Alexander,
Novembre & Lange 2009; Raj, Stephens & Pritchard 2014), geometric approaches
remain an appealing alternative, as they are typically orders of magnitude faster,
while producing comparably accurate results under a range of simulation scenarios
(Jombart, Devillard & Balloux 2010). The main limitation of geometric approaches
lies in the fact that their results are harder to interpret biologically. Indeed, these
methods typically identify clusters from pairwise genetic distances, without
providing group membership probabilities (Jombart, Devillard & Balloux 2010;
Legendre & Legendre 2012), so that weak separation between clusters or
admixture patterns cannot be distinguished from strong, clear-cut population
structure. To some extent, this issue can be addressed using exploratory
approaches such as the DAPC (Jombart, Devillard & Balloux 2010), to visualise
cluster diversity in a reduced space and even estimate group assignment
probabilities, but these probabilities merely reflect genetic proximities, and cannot

be interpreted as probabilities that an individual belongs to a given population.
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Here, we combine both types of approaches to formulate a new clustering
method called ‘snapclust’, which retains the advantages of both worlds. Our method
relies on the most common population genetics model which underlies Hardy-
Weinberg (HW) equilibrium to compute the likelihood of a given clustering
solution. Rapid convergence to ML estimates of clusters is achieved by combining
geometric approaches (Jombart, Devillard & Balloux 2010; Legendre & Legendre
2012) and the Expectation-Maximisation (EM) algorithm (Dempster, Laird & Rubin
1977). In practice, our method allows to select the optimal number of clusters
within a set of genotypes, and provides results where group assignment scores are
genuine probabilities that a given genotype was generated in various populations
under HW model, while remaining essentially as fast as geometric approaches
(Jombart, Devillard & Balloux 2010). Our method can also be used for identifying
various types of hybrids between two parental populations. Besides, being a ML
estimation method, snapclust can also be combined with goodness-of-fit statistics
such as Akaike information criterion (AIC, Akaike 1998) or the Bayesian
information criterion (BIC, Schwarz 1978) to guide the choice of the optimal

numbers of clusters.

In this paper, we describe the model underlying snapclust and its
implementation, and then compare the performance of our method with current
gold-standards for genetic clustering (STRUCTURE (Pritchard, Stephens & Donnelly
2000; Falush, Stephens & Pritchard 2003), BAPS, adegenet’s find.cluster (Jombart,
Devillard & Balloux 2010) and hybrid identification (Newhybrids (Anderson &
Thompson 2002)). Using a large number of simulations, we assessed the impact of
the number of loci, the dispersal model, the level of genetic differentiation between
populations, and the number of populations (when looking at multiple clusters
without hybrids), on the performance of the different methods. We also provide a
worked example based on the analysis of a simulated dataset to illustrate typical
results provided by the method. snapclust is implemented in the package adegenet
(Jombart 2008; Jombart & Ahmed 2011) for the R software (R Core Team 2017),
thus being readily compatible with a wealth of tools for genetic data analysis in R
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(Goudet 2005; Paradis 2010; Popescu, Huber & Paradis 2012; Kamvar, Tabima &
Griinwald 2014; Jombart et al. 2017).

3.2.2. MATERIAL AND METHODS

a. Rationale of snapclust

Model likelihood

We consider a dataset of allelic profiles x = {xij} where i indexes individuals (i
=1, .., N) and j indexes loci (j = 1, ..., J), so that x;; is a vector of allele counts for
individual i at locus j. The likelihood of our model is defined as the probability of
observing these data given a clustering solution g = {g(i)}, where g(i) defines the
group of individual 7, with groups indexed by k = 1, ..., K. Under the HW model, this
likelihood is defined as:

p(xij | fot.j» ) = M (Xij, fy(.j, TT)
where M is the probability mass function of the multinomial distribution, fg(,
is the vector of allele frequencies in group g(7) at locus j, and m is the ploidy of the
organism considered. Allele frequencies within a group are directly computed as
the relative frequencies of each allele in this group. Assuming independence

between loci, the likelihood term for the genotype i is given by:

p(xi | fo, 1) = N p(xij | fo(.j, TT)
where fgi) = {fogt1 ... fo@)} and xi = {xi1, .., xij}. If we further assume
independence of individuals conditional on their group memberships, the general

likelihood is given by:

p(x|fg, m) =MNip(xi| fo0), 7)
where f = {fl ... fK}. In practice, we will consider the log-likelithood of a clustering

solution defined as:

LL(g) = Zi%i M (xij, fg(i),j, TC)
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Note that while the current implementation of snapclust considers a constant
ploidy across individuals and loci, the formula above can readily be extended to

varying ploidy, in which case  will become an individual- or locus- specific term.

Assuming that all clusters have been sampled, the probability p(g(i) = k) that
an individual i belongs to a group k is defined by the standardised likelihood:

pg(?) =k) =p(xi| g(0) = k fi, ®) / Zqp(xi | (1) = q, fo, )

Modelling hybridisation

The clustering model above can be readily extended to accommodate the
presence of hybrids. For simplicity, we consider a case where hybrids are obtained
from two parental populations 4 and B. The allelic composition fuj(w) of a hybrid
population H at locus j is defined as a mixture of the allele frequencies of two
parental populations, fa; and fg;. This mixture is defined by the hybridisation
coefficient w, which indicates the proportion of the genomes of the hybrid

population coming from the parental population 4, so that:

fuj(w) =w faj+ (1-w) fs,

Modelling of hybridisation through the coefficient w is very flexible, as it
enables the specification of any kind of hybrids between A and B. For instance, first-
generation hybrids (F1) correspond to w = 0.5, while first and second generations
backcrosses with A respectively correspond to w = 0.25 and w = 0.125. The

likelihood of a hybrid is defined as before, but using the allele frequencies mixture:

p(xi| g(1) = H, fa, f3, w, 1) = N p(xi; | fr.j, )

Optimisation procedure

snapclust achieves fast likelihood maximisation using the EM algorithm
(Dempster, Laird & Rubin 1977), in which the vector of group membership g is

treated as a latent variable. In this respect, our approach is closely related to K-
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means clustering, except that snapclust maximises a log-likelihood rather than
between-group distances (Jombart, Devillard & Balloux 2010). The EM algorithm
proceeds by alternating computation of the likelihood, and assignment of
individuals to their most likely cluster. Allele frequencies are updated at each
iteration using their maximum likelihood estimation, i.e. the mean frequencies of
alleles in individuals of a given group. The algorithm, adapted from the use of EM
for maximizing likelihood in mixed distribution problems (Fraley & Raftery 2002),
can be formalised through the following steps:

1. define initial group assignments g (see ‘starting point’ below)

2. (expectation step) update allele frequencies f within each group, computed
as the relative frequencies of alleles amongst individuals of this group;
compute group membership probabilities p(g(i) = k) for all individuals i
and groups k

3. (maximisation step) update the group definition g: based on group
membership probabilities computed in step 2, assign each individual to
their most likely group

4. return to step 2 until convergence

We assume convergence when the difference in log-likelihoods in two

successive iterations becomes negligible, i.e. is less than an arbitrary threshold (set

to 10-10 by default).

Starting point

The EM algorithm typically converges very fast, generally within 10 iterations
in the simulated and empirical datasets described here. Unlike some other
optimisation procedures and MCMC, it is a deterministic algorithm, so that it
always converges to the same solution for a given starting point (step 1). As a
consequence, it is unfortunately also prone to being trapped in local maxima,
yielding sub-optimal results for some starting points. To avoid this issue, we
implemented several options to define the initial clusters used as starting point of
the algorithm. The first strategy, borrowed from the original implementation of K-

means in R (R Core Team 2017), is a ‘brute force’ approach in which the algorithm
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is run multiple times, using each time a randomly defined group assignment, and
retaining the solution with the highest likelihood. The second strategy which we
introduce here is to use fast geometric approaches such as Ward’s clustering
(Legendre & Legendre 2012) or K-means after dimension reduction (Jombart,
Devillard & Balloux 2010) to set up the initial clusters. Based on our simulated
datasets, random initial groups with 50 independent replicates, K-means, and Ward
initialisation all gave similar results. By default, we recommend using Ward as it
will be faster for for most datasets. The three methods are available in the

implementation of the algorithm, as well as any other user-defined initial clusters.

Finding the optimal number of clusters

The advantage of using a ML approach is that different models can be
compared using classical goodness-of-fit statistics. While a full comparison of
model selection techniques for genetic clustering is beyond the scope of the present
paper, we have implemented four different information criteria shown to be useful
for selecting the true number of clusters in the case of mixtures of distributions
(Akogul & Erisoglu 2016). These statistics all rely on measuring the lack of fit of the
model (deviance), and use different penalties for the complexity of the model
(number of free parameters). The first, Akaike’s Information Criterion (AIC, Akaike
1998), is probably the most frequently used for models comparison. Noting L’ the

estimated maxima of LL(g), the AIC of our model is computed as:

AIC=-2L"+2(K(P-)))
where the first term is the deviance of the model, and the second term
corresponds to the complexity of the model, with P being the total number of alleles
in the dataset across J loci. The complexity reflects the fact that for each of the K
groups, (P - J) independent allele frequencies are estimated, so that the total
number of free parameters of the model is (K (P - J)). We also implemented the

variant of the AIC for small sample sizes, defined as (Akogul & Erisoglu 2016):
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AlCc=-2L"+2(K(P-J)N) / (N-KP + K] - 1)))
A popular alternative to AIC and AlCc is the Bayesian Information Criterion
(BIC, Schwarz 1978), which also relies on a penalised deviance, albeit putting a

stronger cost on complexity:

BIC =- 2L+ In(N) (K (P-)))
Finally, we also implemented the Kullback Information Criterion (KIC,
Cavanaugh 1999), which gave the best overall results for detecting the number of
clusters from mixtures of multivariate normal distributions (Akogul & Erisoglu

2016):

KIC=-2L'"+3 (K(P-))+1)
All these statistics have similar behaviours in that the lower values typically
indicate better fits. In practice, a sharp decrease in the statistics values with

increasing numbers of clusters is most likely to reveal the optimal numbers of

clusters (Jombart, Devillard & Balloux 2010).

Implementation and availability

snapclust is implemented in the R package adegenet (Jombart 2008; Jombart
& Ahmed 2011) version 2.1.0, available via R’s native package installation system

as well as on github (https://github.com/thibautjombart/adegenet). The function

snapclust.em implements the basic method, including different options for defining
the initial state of the EM algorithm and the model for hybrids classification. The
functions AIC, AICc, BIC and KIC implement the respective goodness of fit statistics.
The function snapclust.em.choose.k derives clustering solutions for increasing
numbers of clusters and computes the associated goodness of fit statistics, so that it
can guide the choice of the optimal number of clusters. The method is documented
in a dedicated online tutorial available by typing
adegenet::adegenetTutorial(snapclust’) in a R session. Code and documentation

are released under GPL >= 2 license.
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b. Simulations

Simulated datasets without hybrids

The datasets were simulated using QuantiNEMO (Neuenschwander et al.
2008) with the parameters indicated in Table 1. We chose to simulate Single
Nucleotide Polymorphism (SNP) markers and explored a wide range of possible
configurations by varying four simulation parameters: the number of loci, the
dispersal model, the rate of dispersion, and the number of populations. The
different rates of dispersal led to different levels of differentiation between
populations. All combinations of dispersal rate and number of loci were tested as
the number of loci and the differentiation level are expected to define jointly the
resolution of a panel of genetic markers (Vaha & Primmer 2006). This led to 36
combinations of parameters. Ten independent random replicates were obtained for
each combination leading to 360 simulated datasets. For each replicate, the number
of populations and the dispersal model were chosen randomly. The number of

individuals per population was fixed to 100.

Simulated datasets with hybrids

The simulated datasets used for the clustering of hybrids were derived from
the previous simulations, by sampling two parental populations (P1, P2) at random
in each of the 360 simulated datasets described before. For each, hybrids were
simulated using the function hybridize of the adegenet package to obtain F1
hybrids (P1 x P2), first generation back-crosses (BC1: F1 x P1 and F1 x P2), and
second generation back-crosses (BC2: (F1 x P1) x P1 and (F1 x P2) x P2). Each
simulated dataset was formed by 100 individuals from P1 and P2 each, and 10
individuals from each hybrid class (i.e. 50 hybrids in total). While arbitrary, these
sample sizes yielded a sufficient number of hybrids to analyse while retaining

enough individuals to characterize the genetic makeup of parental populations.
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Analyses of simulated datasets without hybrids

Our simulation study focussed on comparing snapclust to existing standard
for the assignment of individual genotypes to groups (rather than inferring the true
number of clusters). Therefore, the number of clusters was fixed to the known
number of populations within the simulated dataset for all presented analyses. The
clustering of individuals in absence of hybrids was performed using the snapclust,
STRUCTURE 2.3.4 (Pritchard, Stephens & Donnelly 2000; Falush, Stephens &
Pritchard 2003; Hubisz et al. 2009), BAPS 5.4 (Corander, Waldmann & Sillanpaa
2003; Tang et al. 2009; Cheng et al. 2013), and adegenet’s find.clusters (Jombart,
Devillard & Balloux 2010). The snapclust analysis was carried out using default
parameters (group assignment initialization using the ‘ward’ option). STRUCTURE
analyses were carried out using an admixture model with correlated allele
frequencies between populations and no a priori information on population
membership. The program was run ten times for result consistency purposes, with
MCMC length of 500,000 after a burn-in of 100,000 iterations. Individuals were
assigned to the cluster for which their posterior assignment probability was the
highest. For BAPS, we performed a ‘mixture clustering’ analysis. Finally, we ran the
function find.clusters retaining 90% of the total variation in the initial dimension

reduction step.

As clusters identified in these previous analyses are not labelled, it was
impossible to judge if individuals were assigned to their true cluster. To assess the
quality of the results and compare the different methods, we used pairwise
comparisons of individuals instead, examining whether pairs of individuals where
adequately placed in the same, or different clusters. We used two complementary
measures to do so calculated on each of the 360 simulated dataset analysed. The
True Positive Rate (TPR) was defined as the proportion of individuals belonging to
the same population which were indeed clustered together by the method. The
True Negative Rate (TNR) was defined as the proportion of individuals which did

not belong to the same population and were adequately placed in different groups
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by the method. Note that the Rand index (Rand 1971), which can be used for
comparing unlabelled clusters, is proportional to (TPR + TNR), so that the present
analyses should give a more detailed account of clustering results than the Rand
index alone. The impact of the different simulation parameters on TPR and TNR
was assessed using separate multivariate linear regressions. As classical linear
regression is designed to predict a response variable which can take any positive or
negative values, a logit transformation was applied to the proportions, so that

log(TPR / 1 - TPR) and log(TNR / 1 - TNR) were used as response variables.

We tested for the effects of the number of loci, the dispersal model, the overall
Fst between simulated populations, the number of populations, and the clustering
method. We also investigated potential two-way interactions between the
clustering method and the four simulation parameters we varied (Table 3.2.1), as
well as between the number of loci and the Fst. Backward stepwise model selection
based on AIC was used to retain significant predictors, and confirmed using
classical likelihood ratio tests. Bonferroni correction was used to account for
multiple testing with a target type 1 error of 1%. When assessing the overall
differences between methods across all simulations, we compared TPR and TNR
predicted by the respective models by transforming predicted logit rates back to

their original scale.

Table 3.2.1: Parameters used in the simulations using the computer program

QuantiNEMO.
Parameter Value Parameter Value
generations 10000 Population size 100
Number of loci [20, 50, 80, 150, 300, 500] Number of alleles 2
Dispersal model Migrant-pool island model or 1-D Mutational model K-allele
stepping stones model model
Dispersal rate [0,0.001, 0.002, 0.003, 0.005, 0.01] Mutation rate 0
Number of 2-15 Mating system random
populations mating
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Analyses of simulated datasets with hybrids

The clustering of individuals in presence of hybrids was carried out using
snapclust and the computer program NEWHYBRIDS (Anderson & Thompson 2002).
The snapclust analysis was carried out using the default parameters and specifying
hybridisation coefficients for F1, first (BC1) and second (BC2) generation back-
crosses (hybrid.coef values: 0.5, 0.25, 0.125). The NEWHYBRIDS analysis was
carried out using Jeffreys’s prior and setting the burn-in period to 100,000, with a
MCMC length of 500,000 iterations. Ten repetitions were carried out for each
simulated dataset. Unlike the previous comparison, parental and hybrid classes are
labelled, so that it was possible to compare the methods by directly examining how
well they assigned individuals to their actual hybrid group, using the mean correct
group assignment, computed as the proportion of individuals whose type (parental,
F1, BC1 and BC2) was correctly identified. In addition, we also examined the group
membership probability calculated by each method for the true group, later
referred to as the ‘support’ for the true group. As before, the impact of the different
simulation parameters on the performance of the methods was assessed using
multiple linear regression on logit probabilities, with separate models for the mean
correct group assignment, and the support to the true group. In both cases, the
following predictors were included: number of loci, dispersal model, Fst, as well as
the hybrid class (parental, F1, first or second back-cross), and the clustering
method. Interaction were investigated between the method and the simulation
parameters, and between the number of loci and the Fst. As before, variable
selection was achieved using backward stepwise selection based on AIC and
likelihood ratio tests, using a Bonferroni correction to account for multiple testing

with a target type 1 error of 1%.
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c¢. Illustration using microsatellite data

To complement the simulation study which assessed the overall
performances of our method, we illustrated its practical application by reproducing
a typical analysis of microsatellite markers data, starting with the identification of
the most likely number of clusters, followed by the assignment of individuals to
groups, and the description of relationships between groups. We simulated hybrids
from an empirical dataset of 30 microsatellite markers typed for 15 breeds (Laloé
et al. 2007), distributed as the ‘microbov’ dataset in adegenet. Parental populations
were obtained by sampling 30 individuals from the Lagunaire and 30 from the
Salers populations. Hybrids were simulated using the function hybridize, to obtain
30 F1 hybrids, and then 30 of each first and second backcrosses, resulting in 210
individuals. While arbitrary, these numbers replicate a situation where hybrids are
more numerous than parental populations, as could be the case in nature when

studying large hybridization zones.

We first carried out a global clustering analysis on this dataset, looking for the
optimal number of clusters using AIC (function snapclust.em.choose.k) in order to
confirm that K=2 parental populations was the optimal solution. We then looked
for potential hybrids (function snapclust.em), using hybridisation coefficients
corresponding to F1 (0.5), first generation backcross (0.25, 0.75) and second-
generation backcross individuals (0.125, 0.875). Group membership probabilities
were visualised using the function compoplot. As a complement, we also explored
the diversity between hybrid classes using a discriminant analysis of principal
components (DAPC, Jombart, Devillard & Balloux 2010), employing cross-

validation to determine the optimal number of principal components to retain.
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3.2.3. RESULTS

a. Clustering of individuals without hybrids
All four different methods exhibited very good performances in terms of
TPR (most results above 90%) and near perfect TNR, showing that clusters present
in the simulated dataset were overall well recovered by all approaches (Figure
3.2.1). Runtime analysis showed that snapclust was on average 27 times faster than
BAPS and about 120,000 times faster than STRUCTURE, with an average analysis

time below a second (Table S3.2.1).

Multivariate linear regression captured a large fraction of the variation in
logit(TPR) values (Adjusted R?: 61.45%; p < 2.2x10-16; Table S3.2.2). It revealed
some significant differences between methods, with larger TPR for BAPS (¢t = 4.095;
p = 4.46x10-5) compared to STRUCTURE and snapclust (Table S3.2.2). Results for
find.clusters were more difficult to interpret because of negative interactions with
increasing Fst (t = -4.35; p = 1.43x10-°) and numbers of populations (¢t = -5.35; p =
9.98x10-8), but were overall lower than in other methods across all simulations
(Figure 3.2.1). Increased number of loci and Fst values generally led to improved
TPR values, although a saturation effect was observed, so that large numbers of loci
and stronger Fst effectively cancelled out (¢t = -8.47; p=5.88x10-17). We note,
however, that while significant the effect sizes were all very small, so that the actual
differences in the methods’ performance across all simulations remained negligible.
Indeed, the mean predicted TPR varied only marginally, with 97% for find.clusters,
98% for snapclust and STRUCTURE, and 99% for BAPS.
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Figure 3.2.1: comparison of the various methods on simulated genetic
clusters. This figure shows the distribution of A) the true positive rates (TPR) and
B) true negative rates (TNR) obtained over all the 360 simulations for the four
different methods: snapclust (SC), BAPS (B), STRUCTURE (S) and find.clusters (FC)
for the clustering of individuals in absence of hybrids. This width of the enveloppes

reflects the density of points.
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Similar results were observed for logit(TNR) values, although the model
explained a smaller fraction of the variance in TNR values (Adjusted R?: 43.98%; p
< 2.2x10-16; Table S3.3.3). Increased number of loci (¢ = 12.60; p = 1.33x10-34) and
larger Fst (t = 23.27; p = 7.79x10-102) generally improved TNR values, although the
same saturation effect as for TPR was observed (t = -9.08; p = 3.45x10-19). In
addition, larger number of populations led to improved TNR (t = 10.16; p =
1.91x10-23). The function find.clusters also exhibited significantly lower TNR than
the other methods (t = -5.14; p = 3.08x10-7). Again, while these differences were
significant, the overall results across all simulations showed negligible variation
across the different methods, and excellent performances overall, with average

predicted TNR above 99% for all methods.

b. Clustering of individuals with hybrids

Results based on the proportion of correct assignment and the support to the
true group both showed similar patterns, with stark contrast between snapclust
and NEWHYBRIDS (Figure 3.2.2, Tables S3.2.4-5). The final model of the proportion
of correct assignment explained most of the variation in the results (adjusted R? =
63.78%; p < 2.2.x10-16). Increased number of loci (t = 23.32; p = 2.74x110) and
stronger Fst (t = 31.28; p = 5.094x10-185) generally improved group prediction,
although a significant yet negligible saturation effect was observed between the
two (t = -5.046; p = 4.78x10-7). While hybrid classes were on average harder to
identify than parental populations, with the lowest success observed for deeper
backcrosses, the two methods behaved very differently: NEWHYBRIDS seemed to
recover parental populations more efficiently, but snapclust exhibited improved
performances for the identification of hybrids in deeper levels of hybridization
(Figure 3.2.2, Table S3.2.4-5). This contrast was strongest for BC2, in which the odd
ratio of accurate group predictions averaged to 4.80 in snapclust (95% CI: [2.09 -
11.01]) compared to NEWHYBRIDS. Results were qualitatively identical when
examining the support to the true group (Figure 3.2.2, Table S3.2.5), although the
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difference in odd ratio for BC2 was smaller, with an average of 1.74 (95% CI: [1.05 -
2.87]). As for the clustering comparison, snapclust also proved more computer
efficient, being on average 525,000 times faster than NEWHYBRIDS, with an

average runtime of 0.54s.
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Figure 3.2.2: comparison of snapclust (red) and NEWHYBRIDS (blue) for the
identification of hybrids using simulated data. This figure shows the distributions
of A) the mean proportion of correct group assignment and B) the support (i.e.
group membership probability) for the true class across all simulated datasets.
Three hybrid classes are considered in the simulations in addition to the parental
class: first generation hybrids (F1), first generation backcrosses (BC1) and second-
generation backcrosses (BC2). This width of the envelopes reflects the density of

points.
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c. Illustration on the microbov data

AIC values computed for increasing values of K showed a sharp decrease at
K=2, with only marginal improvements for K=3, hinting to the existence of two
major clusters (Figure 3.2.3A) here formed by the parental populations (Salers and
Lagunaire). Other goodness-of-fit statistics (AICc, BIC, KIC) also pointed to K=2, but
AIC showed the most clear-cut result (Appendix, Figure S3.2.1). Subsequent
analysis with snapclust including F1 hybrids as well as first and second-generation
backcrosses shows well-identified parental clusters, as well as a large number of
individuals assigned to the hybrid classes (Figure 3.2.3B). Parental and F1 hybrids
groups were well identified, with 98.3% and 93.3% of successful individual
assignment, respectively. Deeper hybrid classes were much harder to recover, with
51.7% of the BC1 and only 16.7% of BC2 correctly identified. This result is however
in line with expectations in the presence of weak genetic differentiation. Indeed,
while moderate genetic differentiation was observed between parental populations
(Fst = 0.157), the average differentiation between BC2 and the ‘neighbouring’
groups (closest parent and BC1) was negligible (Fst < 0.01). This lack of
differentiation was confirmed by a DAPC retaining 20 dimensions (Figure S3.2.2),
which showed that individuals were structured along a cline of genetic
differentiation between the two parental populations, with considerable overlap

between ‘neighbouring’ groups (Figure 3.2.3C).
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Figure 3.2.3: illustration of snapclust using simulated hybrids from cattle

0.0

breed microsatellite data. A. Representation of the Akaike Criterion value according
to the number of populations (K) considered. B. Representation of the individual
probability of assignment obtained with the function snapclust.em for the different
types of individuals present in the dataset. C. Representation of the first axis of the
discriminant analysis of principal components carried out on the hybrid groups

found using the snapclust analysis.
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3.2.4. DISCUSSION

We have introduced ‘snapclust’, a new genetic clustering method which
achieves fast maximum likelihood identification of the optimal number of clusters
within a set of genotypes, assignment of individuals to panmictic populations, and
can also be used to detect various classes of hybrids. The analyses of simulated data
show that our method performs as well as current gold-standards for genetic
clustering under the investigated models. Indeed, while statistically significant
differences were observed in TPR and TNR across methods with BAPS exhibiting
the best results, these differences were in fact negligible in terms of absolute
performance: predicted TPR was 97% for snapclust compared to 98% for BAPS, and
predicted TNR exceeded 99% for both methods. When used to detect hybrids,
snapclust exhibited different performances from NEWHYBRIDS, being less accurate
for identifying parental populations but better at recovering deeper hybrid classes
such as second generation back-crosses, while being again tremendously more
computer efficient. The combination of likelihood estimation and EM algorithm for
cluster detection is not new (Fraley & Raftery 2002), and has been used
successfully as a fast yet powerful alternative to more complex likelihood-based
methods in other fields than population genetics (Fraley & Raftery 1998). As such,
we believe the kind of approach introduced here offers exciting prospects for
extending previous efforts for making model-based genetic clustering methods
more computer-efficient (Tang et al. 2005; Alexander, Novembre & Lange 2009;
Raj, Stephens & Pritchard 2014).

The fact that snapclust is orders of magnitude faster than other model-based
approaches gives it a substantial practical advantage, especially when the analysis
needs to be run multiple times, as is the case when investigating different values of
K, when conducting a simple simulation study, or when using resampling strategy
to assess statistical uncertainty. This latter aspect in particular is worth
investigating, as our method does not, unlike Bayesian approaches (e.g. BAPS,

STRUCTURE) include a natural measure of uncertainty in the form of distributions
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of group membership probabilities for each individual. For snapclust, an alternative
approach to assess statistical uncertainty may be to use bootstrap, in which case
the method would be run a large number of times (e.g. 100) on datasets obtained
by random re-sampling (with replacement) of the loci. Such approach would
provide a distribution of group membership probabilities for each individual (one
per run), and thereby a measure of uncertainty. Bootstrap on loci can readily be
implemented using existing tools for genetic data handling (Jombart 2008; Jombart
& Ahmed 2011; Kamvar, Tabima & Griinwald 2014). It would be relatively easy to
apply in the case of hybridization between two parental clusters, in which case
clusters are labelled, and therefore comparable across different runs. In the general
case of unlabelled clusters, however, the difficulty of matching clusters across

different runs will first need to be overcome for this approach to be applied.

While our simulation study required substantial computational resources,
there are undoubtedly many more scenarios and methods to explore, involving a
wider range of population genetics models, optimization procedures, and
potentially various types of genetic markers. The relative effects of selection,
recombination, and linkage disequilibrium remain to be investigated. The latter
may be of first concern, as it would break the assumption of independence between
loci, in which case our model only approximates the actual, unknown likelihood.
This said, the very same assumption underpins maximum likelihood phylogenetic
reconstruction, which has nonetheless proved tremendously useful over the past
decades (Felsenstein 1981, 2004). We also note that our simulation study
compared assignment of individuals to groups across different methods, assuming
the true number of clusters was known. Examining performances for inferring the
optimal number of clusters would have led to prohibitive computational times, and
was beyond the scope of the present study. Further work dedicated to investigating
this specific issue would undoubtedly be useful. In particular, the choice of the
adequate measure of goodness-of-fit, and the potential impact of maximum
likelihood approximation through the EM algorithm should be given further
consideration. With this in mind, we implemented four different statistics
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measuring the goodness-of-fit of clustering solutions, which should hopefully

provide the needed flexibility for future investigations of the ‘true K'.

In our simulations, the number of loci and levels of genetic differentiation
varied independently, so that the resolution of the datasets may not have been
sufficient for detecting some of the hybrid classes, especially the second generation
backcrosses (Vahd & Primmer 2006). While this was not a problem for comparing
the relative performances of snapclust and NEWHYBRIDS, ensuring sufficient
resolution should be a primary concern in empirical studies. Ideally, further work
will formulate guidelines for defining the minimum resolution required for
recovering specific hybrid classes. As a pragmatic alternative, we suggest
comparing clustering solutions involving different degrees of hybridisation, and

selecting the model providing the best fit of the data (e.g., sensu AIC).

The approach described here is flexible, as it can accommodate any type of
codominant markers including microsatellites and SNPs, and can readily be
extended to varying ploidy levels. Interestingly, it can also be extended to other
genetic models as well, including potentially more complex ones. Contrary to
Bayesian approaches which can need hundreds of thousands or even millions of
iterations to reach mixing and provide a representative sample from the posterior
distribution, our fast likelihood maximisation using the EM algorithm converges in
a few iterations - typically less than 10 in our simulations. As a consequence, our
approach could have great potential for addressing more complex population
genetics model, as long as their likelihood is tractable or can be reasonably
approximated. One potential obstacle to such extensions is that group
memberships need to be treated as a discrete variable, where individuals
essentially belong to one group. This will exclude mixture models in which
individuals effectively have multiple origins. A workaround for this issue may be to

model ‘mixed groups’ explicitly, as we have done in our hybridisation model.
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Our method is implemented in the R package adegenet (Jombart 2008;
Jombart & Ahmed 2011), which supports a wide range of data including
microsatellites, SNPs, and amino-acid sequences, and implements several methods
for exploring genetic data (Jombart, Pontier & Dufour 2009), revealing spatial
patterns (Jombart et al. 2008), or investigating genetic clusters (Jombart, Devillard
& Balloux 2010). Interoperability between different tools has been a long standing
issue in genetic data analysis (Excoffier & Heckel 2006). We hope the availability of
snapclust in the same environment as a wealth of other tools for population
genetics (Goudet 2005; Paradis 2010; Kamvar, Tabima & Griinwald 2014; Archer,
Adams & Schneiders 2017) and phylogenetics (Bortolussi et al. 2006; Schliep 2011;
Revell 2012; Popescu, Huber & Paradis 2012; Jombart et al. 2017) will enhance its

usefulness for the community.
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3.2.6.

APPENDICES

Table S3.2.1: runtimes of the different methods for the clustering and

hybridisation analyses. Values indicate the median time computed across all

simulations, with the 95% percentile interval indicated between square brackets.

Computing times indicated for Structure and Newhybrids correspond to the

computing time for one repetition. Time is indicated either in seconds (‘s’) or in

hours (‘h’).
Clustering without hybrids | Clustering with hybrids
snapclust 0.89s[0.11s; 6.45s] 0.54s [0.16s; 2.275]
BAPS 24s [7s; 89.05s] NA
STRUCTURE 29.36h [2.17h; 377.25h] NA
find.clusters 0.15s[0.02s; 3.09s] NA
Newhybrids NA 78.87h [10.15h; 503.24h]
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Table S3.2.2: effect of different variables on the simulation results in the

absence of hybrids on the True Positive Rate (TPR). This table provides the

summary of the final multivariate regression carried out on logit(TPR). Bold font

indicates significant results after Bonferroni correction with a target type 1 error of

1%. Contrasts were set for ‘Method’ with STRUCTURE as the intercept.

Estimate Std. Error t value Pr(>|t])
Intercept 1.94 0.18 10.74 6.54e-26
Number of loci 0.0043 0.00040 9.93 1.68e-22
Number of populations (K) -0.038 0.016 -2.44 0.015
Fst 6.61 0.26 25.16 7.74e-116
Method_snapclust 0.023 0.25 0.094 0.93
Method_BAPS 1.0045 0.25 4.095 4.46e-05
Method_find.clusters 0.89 0.25 3.62 0.00031
Number of loci : Fst -0.0058 0.00070 -8.47 5.88e-17
Fst : Method_snapclust -0.036 0.33 -0.11 0.91
Fst : Method_BAPS -0.95 0.33 -2.91 0.0037
Fst : Method_find.clusters -1.43 0.33 -4.35 1.43e-05
Nb_Loci : Method_snapclust -0.00010 0.00050 -0.11 0.91
Nb_Loci : Method_BAPS -0.0014 0.00050 -2.88 0.0041
Nb_Loci : Method_find.clusters -0.00020 0.00050 -0.32 0.75
Nb_populations : Method_snapclust 0.0074 0.022 0.34 0.74
Nb_populations : Method_BAPS 0.0085 0.022 0.39 0.70
Nb_populations :Method_find.clusters -0.12 0.022 -5.35 9.98e-08
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Table S3.2.3: effect of different variables on the simulation results in the

absence of hybrids on the True Negative Rate (TNR). This table provides the

summary of the final multivariate regression carried out on logit(7TNR). Bold font

indicates significant results after Bonferroni correction with a target type 1 error of

1%. Contrasts were set for ‘Method” with STRUCTURE as the intercept.

Estimate [ Std. Error tvalue Pr(>|t])
Intercept 3.59 0.12 30.79 4.04e-160
Number of loci 0.0038 0.00030 12.60 1.33e-34
Number of populations (K) 0.075 0.0074 10.16 1.91e-23
Dispersal model_stepping stones -0.095 0.11 -0.86 0.39
Fst 3.77 0.16 23.27 7.79e-102
Method_snapclust 0.014 0.11 0.13 0.90
Method_BAPS 0.33 0.11 3.02 0.0025
Method_find.clusters -0.56 0.11 -5.14 3.08e-07
Number of loci : Fst -0.0059 0.00060 -9.08 3.45e-19
Stepping stones : Method_snapclust -0.0026 0.15 -0.017 0.99
Stepping stones : Method_BAPS -0.048 0.15 -0.31 0.75
Stepping stones : Method_find.clusters -0.49 0.15 -3.16 0.0016
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Table S3.2.4: effect of different variables on the simulation results in the

presence of hybrids, on the probability of correct assignment. This table provides

the summary of the final multivariate regression carried out on logit(p), where ‘p’ is

the probability of correct group assignment. Bold font indicates significant results

after Bonferroni correction with a target type 1 error of 1%. Contrasts were set for

‘Method’ with NEWHYBRIDS as the intercept.

Estimate | Std. Error t value Pr(>|t])
Intercept 0.65 0.17 3.85 0.00012
Number of loci 0.011 0.00050 23.32 2.74e-110
Dispersal model 0.12 0.045 2.73 0.0063
Fst 7.96 0.25 31.28 5.094e-185
Hybrid Class F1 -1.26 0.18 -7.18 8.56e-13
Hybrid Class BC1 -4.19 0.18 -23.87 4.82e-115
Hybrid Class BC2 -5.71 0.18 -32.58 2.077e-198
Method_snapclust -1.43 0.18 -8.13 6.32e-16
Number of loci : Fst -0.0052 0.0010 -5.046 4.78e-07
Hybrid Class F1 : Method_snapclust 1.63 0.25 6.55 6.59%e-11
Hybrid Class BC1 : Method_snapclust 1.98 0.25 7.99 2.014e-15
Hybrid Class BC2 : Method_snapclust 2.99 0.25 12.07 9.019e-33
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Table S3.2.5: effect of different variables on the simulation results in the

presence of hybrids, on the support to the real class. This table provides the

summary of the final multivariate regression carried out on logit(p), where ‘p’ is the

support to the true group. Bold font indicates significant results after Bonferroni

correction with a target type 1 error of 1%. Contrasts were set for ‘Method’ with

NEWHYBRIDS as the intercept.

Estimate | Std. Error tvalue Pr(>|t])

Intercept 0.40 0.10 3.94 8.26e-05
Number of loci 0.0077 0.00030 26.51 9.85e-139
Dispersal model 0.11 0.027 4.082 4.60e-05
Fst 5.61 0.15 36.50 6.71e-240
Hybrid Class F1 -0.64 0.11 -5.99 2.29e-09
Hybrid Class BC1 -3.033 0.11 -28.62 1.023e-158
Hybrid Class BC2 -3.81 0.11 -36.00 2.14e-234
Method_snapclust -1.34 0.11 -12.69 6.27e-36
Number of loci : Fst 0.0033 0.00060 5.37 8.72e-08
Hybrid Class F1 : Method_snapclust 0.69 0.15 4.61 4.20e-06
Hybrid Class BC1 : Method_snapclust 1.24 0.15 8.30 1.56e-16
Hybrid Class BC2 : Method_snapclust 1.90 0.15 12.67 7.96e-36
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Figure S3.2.1: selection of the optimal number of clusters for the microbov
example. This figure shows results of the 4 goodness-of-fit statistics implemented
for snapclust (AIC, AlCc, BIC, and KIC), identifying 2 optimal clusters in from the

microbov example dataset.
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DAPC Cross-Validation

Proportion of successful outcome prediction
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Figure S$3.2.2: Output of the cross-validation analysis carried out to
determine the number of principal components to retain in the DAPC led on the
microbov example. This figure shows the proportion of successful group re-
assignment via cross-validation for varying numbers of PCA axes retained, using
90% of individuals for the training set. For each number of PCA axes, 30
independent replicates were obtained. The density of observation is indicated in
blue shades. The plain and dashed lines indicate the mean expectation from a

random classifier, and its 95% confidence interval.
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Addendum

The two methods presented in this chapter address two different issues:
how can we improve existing methodologies and which new methods can be
developed to better cope with current issues.

The improving of existing method is a never-ending process. In this
chapter, we worked on the statistical processing of data but other aspects can
be considered to improve the detection of hybrids. Notably, the panel of genetic
markers on which rely the statistical analysis can be designed specifically for
the study of hybridization through the integration of widely differentiated
markers in the panel (Godinho et al. 2011, Nussberger et al. 2013). During my
PhD, I came to work on a similar panel of selected markers, developed by
Antagene for the detection of hybrids between the wild boar Sus scrofa scrofa
and the domestic pic Sus scrofa domesticus (Beugin et al. 2017, Appendix 3).

The method snapclust allows for a quicker detection of hybrids and works
efficiently both with SNP and microsatellite markers while recent
methodological developments mainly aim at increasing the speed of calculation
for SNP data coming from next-generation sequencing. An algorithm close to the
snapclust algorithm, FLOCK, has been proposed by Duchesne and Turgeon
(2009). Although the description of the algorithm lack details, FLOCK seems
also to rely on an expectation-maximization (EM) process and to make the
assumption of Hardy-Weinberg equilibrium and linkage equilibrium (Paetkau et
al. 1995). In addition, the FLOCK algorithm includes a “leave-one-out” step that
is not implemented in snapclust but that could be interesting as a future
development of the method. FLOCK has been proposed as an efficient and much
faster alternative to STRUCTURE (Duschene and Turgeon 2009, Anderson and
Barry 2015) for the clustering of individuals into sub-populations, similarly to
snapclust in this chapter (part 2). Snapclust offers additional functionalities as it
allows for the categorization of individuals into hybrid classes, thus providing a
fast alternative to NEWHYBRIDS (Anderson and Thompson 2002). In addition,

its implementation in R makes it readily accessible.
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The method proposed here leads to assignment probabilities on which we
did not apply thresholds. However, the same issue of overlapping between
hybrid categories when the differentiation is low exists with this method and
thus, the algorithm described in the first part may be, in the future, applied to
the snapclust method in order to reinforce the reliability of the categorization of

individuals into hybrid categories.
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4. Opening the ecological
black box to understand

hybridization
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Foreword

Genetic and statistical analysis of biological material allows, as seen
before, to assess which individuals are most probably hybrids and which ones
are most probably parents (either domestic cats or wildcats in our study case).
The rates of hybridization obtained with these methods allow to know if
hybridization occurs and in which proportion. However, it does not allow to
understand why, under which conditions it occurs and does not allow to assess
how changes in the environment may promote hybridization in the future,
especially given the on-going global changes.

In order to better understand the determinants of hybridization in the
local population from northeastern France, we combined genetic data with
radio-tracking to assess the spatial organization of the wildcat population. The

first part of this chapter presents in detail this study.
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4.1. Female in the inside, male
in the outside: insights into
the spatial organization of

a European wildcat

population

Feral domestic cat from a farm in northeastern France - personal photography

147



Chapter 4: Opening the black box to understand hybridization

148



Chapter 4: Opening the black box to understand hybridization

ABSTRACT

Hybridization between the European wildcat, Felis silvestris silvestris, and
the domestic cat, Felis silvestris catus, has been found in several European
countries with different landscape structures and in various proportions. In this
study, we focus on a local population of European wildcats in forests
fragmented by agricultural lands in northeastern France. Our aim is to better
understand how the spatial organization of the wildcats in this particular type
of environment might impact the proportion of hybridization. We combined
radio-tracking and genetics through the use of microsatellite markers in order
to assess both the spacing pattern and the level of hybridization of this wildcat
population. Hybridization is rare in this wildcat population with only one
putative hybrid (most likely backcrossed) detected out of 42 putative wildcats.
We found that most females were concentrated inside the forest while males
stood in the periphery or outside the forest. Furthermore, many males and
females resulted related. Such a spacing pattern might limit contacts between
male domestic cats and female wildcats and can be one of the causes that
explain the low level of hybridization in the wildcat population in this
environment. We could not exclude the possibility of hybrid presence in the
neighboring domestic cat populations. Our results yield new insights on the
influence that the landscape configuration and the spacing pattern can have on
genetic flow between the populations of the two subspecies.

Keywords: Felis silvestris silvestris, hybridization, microsatellites, kinship,

habitat fragmentation, radio-tracking

BEUGIN, M. P., LEBLANC, G., QUENEY, G., NATOLI, E., & PONTIER, D.
(2016). Female in the inside, male in the outside: insights into the spatial
organization of a European wildcat population. Conservation Genetics, 17(6),

1405-1415.
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4.1.1. INTRODUCTION

The European wildcat is a medium-sized carnivore that belongs to one of
the five Felis silvestris sub-species, with a wide geographical distribution
(Driscoll et al. 2007). For long time, humans have had conflictual relationships
with the European wildcat (Stahl and Artois 1994; Inskip and Zimmermann
2009) that led to the reduction of their number. Nowadays, its range goes from
Portugal (Oliveira et al. 2008) to Bulgaria (Petrov et al. 1992; Randi 2008)
passing through Scotland (Daniels et al. 2001), and the species is classified as
‘Least Concern’ by the International Union for the Conservation of Nature
(Driscoll and Nowell 2010). The most threatening species for the wildcat is the
domestic cat Felis silvestris catus, which descends from the African wildcat F. s.
lybica (Vigne et al. 2004; Driscoll et al. 2007). The domestic cat is increasingly
appreciated as pet and always for its ability to control rodents (Loss et al. 2013)
in rural environment, as it was in the past. In France, it is estimated that eleven
millions of domestic cats are owned in 2012 (FACCO 2012) for 65 million
inhabitants. This estimation does not take into account feral and stray cat
populations. Both are domestic cats, the former are born in or have reverted to a
wild state, while the latter have not had socialization with humans but live
around rural properties (Bradshaw et al. 1999; Medina et al. 2014). The
growing popularity of the domestic cat as pet increases the population of feral
and stray cats directly through uncontrolled births that in turn increase
uncontrolled adult feral and stray cats (e.g., Hellard et al. 2012). In rural
habitats, both stray and feral cats might favor hybridization between the wild
and the domestic cat.

Hybridization between these two sub-species has been found in several
European countries in different proportions (Beaumont et al. 2001; Pierpaoli et
al. 2003; Lecis et al. 2006; Oliveira et al. 2008; Hertwig et al. 2009; Say et al.
2012; Nussberger et al. 2014b) and has probably led to the extinction of ‘true’
European wildcats in Scotland (Beaumont et al. 2001; Daniels et al. 2002). The
heterogeneity of hybridization importance suggests that genetic compatibility is

not enough to explain the occurrence of hybridizing events and that
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environmental parameters such as the landscape configuration might play a
substantial role.

For hybridization to happen, individuals from the two sub-species have
to meet. In France, the areas of distribution of the two sub-species are
considered to overlap almost entirely (Léger et al. 2008). Encounters and
hybridization are expected to occur during the mating season when both feral
cats and wildcats have been observed to roam outside their usual home range in
order to find a sexual partner (Corbett 1979; Ferreira et al. 2011). However, the
assessment of the sub-species areas does not contain information on their
spacing pattern and/or on the spatial relationships between males and females
(and on the resulting mating system; Corbett 1979). Moreover, most studies
focused on individual movements in their environment (Biré et al. 2004;
Germain et al. 2008; Jerosch et al. 2010) but few considered the whole
population and investigated how individuals interact (e.g., Klar et al. 2008).

Here, we analyzed the spacing pattern of a population of wildcats at a fine
geographic scale in Lorraine (France) where the landscape is structured with
fields and forests and which constitutes the historical area of distribution of the
European wildcat in France (Léger et al. 2008). We combined genetic analyses
and radio-tracking in order to, firstly, distinguish wildcats, domestic cats and
hybrids and, secondly, to analyze the spacing pattern of the wildcats.
Furthermore, we analyzed the genetic relationships of wildcats in order to
understand if the kinship influenced their spatial distribution. Then, matching
these results our aim was to assess whether the spacing pattern of this wildcat

population may explain the observed rate of hybridization.

4.1.2. MATERIALS AND METHODS

a. Study area and data collection

The study took place in Northeastern France (5°45°51.0”E, 48°31'04.3”N)
between April 2008 and May 2011. All the cats of the study were trapped and
radio-tracked in an area of 130 km? We further used this area to assess the

density of the wildcat population. The landscape consists of an alternation
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between forests, agricultural fields and permanent grasslands with an altitude
comprised between 300 and 400m in forest and between 250 and 300m in the
villages surrounding it. A total of sixteen villages, with a mean density of 35
inhabitants per km? (less than 600 inhabitants per village, 228 on average),
were in direct proximity with the central forest where wildcats were sampled
(Figure 4.1.1). The fragmentation in this region was estimated as being
substantial (Cemagref 2010). The local climate is semi-continental. The
precipitations are abundant and regular all along the year. The average
temperature in summer is 18.5-19°C. The average winter temperatures

approach 1°C in January.
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Figure 4.1.1: Distribution of the villages surrounding the wildcat
population (forests in grey) where all the domestic cats were trapped (data
from QGIS).
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The fieldwork has been conducted by qualified people according to
current French legislation. Accreditation has been granted to the UMR-
CNRS5558 (accreditation number 692660703) for the program. Cats were
captured using trapping cages containing crushed valerian roots (Valeriana
officinalis), a common attractant for cats. As it mimics cats’ sexual secretions,
valerian’s use is bound to the mating season (Kilshaw et al. 2015). All captures
were then made from November to February of each year. Trapped individuals
were anaesthetized with ketamine chlorohydrate (Imalgene 1000, 15mg/kg,
Merial) and aceprozamine (Vétranquil 5.5%, 0.5 mg/kg, Ceva). A permanent
subcutaneous electronic device (transponder Trovan, AEG & Telefunken
Electronic, UK) was injected in each cat to aid subsequent identification of each
individual. Sex, age, pelage and morphological characteristics including body
weight (using a hanging scale, £0,3%) and cranial measurements were assessed.
A blood and hair samples were collected for further genetic analysis. We
determined wildcats’ age based on teeth and morphological characteristics. All
cats presenting the typical wildcat phenotype (specific coat color; Leger et al.
2008) were classified as wildcats and this classification was confirmed or
rejected based on the result of the genetic analysis. Individuals were released at
the site of capture. Thirty-two wildcats (20 females, 12 males) were caught alive
and the eighteen first caught individuals (14 females, 4 males) were equipped
with VHF radio transmitters (Biotrack, UK). The dead bodies of ten wildcats (3
females, 7 males) were collected on the road following car crush accidents.
Thirty cats with a typical domestic phenotype were captured using baited traps
in the villages surrounding the forests. All cats were feral (n=19, 14 females, 5
males) or domestic with free access to the outside (n=11, 6 females, 5 males).

The same protocol followed for wildcats was applied for domestic cats.
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b. Genetic analysis: subspecies characterization and

kinship determination

The forty-two wildcats were genotyped using thirty-one microsatellites
and the thirty domestic cats using twenty-five (Menotti-Raymond et al. 1999;
O’Brien et al. 2009, Appendix, Table S4.1.1). DNA extraction was performed
using a purification column kit (Nucleospin 96 Tissue kit, Macherey-Nagel). DNA
was then amplified and analyzed using an ABIPRISM 3130XL Applied Biosystem
DNA sequencer. Results of sequencing were read using GeneMapper v.4.1
(Applied Biosystem/Life Technology).

The genetic identification of the species to which each individual belonged
was performed by employing the Bayesian analysis implemented in
STRUCTURE v.2.3 (Pritchard et al. 2000; Falush et al. 2003) based on the
twenty-five microsatellites genotyped for both the wild and domestic cats. The
analysis was performed under a model allowing admixture and using no prior
information of phenotypic classification. Individuals were then assigned to the
F.s. silvestris or to the FE.s. catus clusters according to the posterior probabilities
obtained. We performed twenty independent runs, each with values of K
assumed genetic groups ranging from 1 to 4. The expected value of K was 2 but
we ran K to higher values to discard the eventuality of a third potential hybrid
cluster. According to Gilbert et al. (2012)’s suggestions, we performed 500,000
Markov Chain Monte Carlo iterations after a burn-in period of 100,000. The
convergence of the algorithm was checked visually using STRUCTURE run-time
plots. We determined the number of clusters following the method of Evanno et
al. (2005) using STRUCTURE HARVESTER online web 0.6.94(Earl and VonHoldt
2011) after running CLUMPP v.1.1.2 (Jakobsson and Rosenberg 2007) in order
to obtain an average matrix over the twenty simulations. We considered as
hybrid any individual for which the posterior assignment probability was lower
than 0.91 according to the maximum threshold used for the detection of hybrids
in wildcats (between 0.80 and 0.91; Mattucci et al. 2013; O’Brien et al. 2009;
Oliveira et al. 2008). Since our aim was to check whether individuals
morphologically classified as wildcats were truly wildcats, we chose the highest

threshold in order to be conservative. For each population, deviations from
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Hardy-Weinberg equilibrium and linkage disequilibrium were tested using
FSTAT v.2.9.3.2 (Goudet 1995). The presence of null alleles or other scoring
errors was evaluated using MICROCHECKER v.2.2.3. (Van Oosterhout et al.
2004). We estimated Fs values according to Weir and Cockerham’s (1984)
version of Wright's F-statistic using GENETIX v.4.05.2 (Belkhir et al. 1996).

We used ML-RELATE (Kalinowski et al. 2006) software and estimated
genetic relationships between all dyads of wildcats, based on 31 microsatellites.
This program uses the maximum likelihood estimate of relatedness between
pairs of individuals to discriminate between the relationships: Unrelated (U),
Parent-Offspring (PO), Full sib (FS), Half sib (HS). We tested all assignations to
one of these categories compared to the alternative ones using 1,000
simulations, which gave us a probability that the determined category is the
correct one (Appendix, Table S4.1.2). We discarded any pairwise relationship
for which the p-value of the determined category against unrelated (U) was
higher than 5%. When two individuals were categorized as FS and when their
age differed by at least one year, kinship was assumed to be PO. In order to test
whether relatives are geographically closer together compared to non-relatives,
we calculated the pairwise geographic distance between individuals using the
program SpaGeDi (Hardy and Vekemans 2002). Then, we statistically assessed if
the pairwise distance between relatives was significantly different from the
pairwise distance between non-related individuals using a Mann-Whitney test.
For this spatial analysis, we discarded seven individuals out of forty-two for

which we did not record the coordinates with a GPS.

¢. Spatial organization and home-range analysis

We located each of the 18 equipped wildcats at least once per week (mean
= 1.24, sd = 0.18) by triangle procedure using hand-held antenna. Individuals
were monitored all along the year, including during the mating season
(November to February). For each individual, we had a number of locations
over a year comprised between 52 and 81. Locations were positioned on a map
using Quantum GIS (Quantum GIS Development Team 2012) and the plugin

open layers available in the software. In order to assess the minimal distance
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between each village and the locations recorded, we calculated the distance
matrix with QGIS between each location and the periphery of urban areas.
Urban areas were previously defined by building a polygon circling all the
infrastructures inside each village. A random distribution of 1546 locations was
simulated. A distance matrix was also calculated and further compared to the
distances obtained with our dataset with a Mann-Whitney test. We also
estimated the number of locations monitored within the forests. Only the
forests, and not the wooded local areas such as field borders, were taken into
account for this calculation. We used the package adehabitatHR (R Development
Core Team 2010; Calenge 2011) to estimate the annual home-range size using
the Minimum Convex Polygon estimator (MCP). We set the percentage
parameter to 95% as usually recommended in order to overcome possible bias
due to an occasional displacement of the individual outside its home-range. Only
individuals spotted in the same area all along their monitoring were taken into
account. We did not have enough locations to establish the accurate home-range
size, which would be comparable with other studies, except from one male (M2,
Appendix Figure S4.1.1). However, the estimations obtained allowed us to
compare home-range sizes of individuals within this study. We chose to

compare only adults over a period of one year (Appendix, Figure S4.1.2).

4.1.3. RESULTS

a. Genetic characterization of the two subspecies

More than 50% of the loci was amplified in all domestic and wildcats,
consequently they were all included in STRUCTURE analysis. The optimal value
of K was 2 (Appendix, Figures S4.1.3, S4.1.4). All individuals classified as
wildcats according to their external phenotypic characteristics were assigned to
one cluster with posterior probabilities greater than 0.8 while all presumed
domestic cats were allocated to the second cluster with probabilities greater
than 0.97. Then, the phenotypic classification coincided to the wildcat genotype.

The two clusters were highly differentiated with an Fs: value of 0.16 (Confidence
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Interval at 95%: 0.12 - 0.2). All domestic cats were trapped outside the forest,
at the edge or inside the villages (Appendix, Figure S4.1.5).

Among the forty-two wildcats, only one was identified as hybrid (F9C)
with a posterior probability of 0.82 for the wild cluster in STRUCTURE. This
individual was discarded from the following analyses (Appendix, Table S4.1.3
and Table S4.1.4 for detailed information about individuals used in the different
analyses). Therefore, this population of wildcats was mostly constituted of ‘true’
wildcats and was not a swarm of hybrids. We did not detect neither departure
from Hardy-Weinberg equilibrium for any of the loci nor linkage disequilibrium
both in the domestic and wildcat populations. Analysis with MICRO-CHECKER
did not indicate the presence of null alleles in the wildcat population, but it
suggested the presence of null alleles at 3 loci (Fca45, Fca96 and Fca577 with
estimated null allele frequencies of 0.077, 0.13 and 0.10, respectively) in the
domestic cat population.

We found no significant difference in body weight between domestic and
wildcats (Figure 4.1.2). The age of trapped domestic cats ranged between 1 and
7 years old while for wildcats, the estimated age varied between 1 and 4. These
two variables, body weight and age, were strongly correlated (Spearman rank

correlation test, Rho = 276.46, p = 0.00085).
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Figure 4.1.2: Body weight and age according to the sex of individuals and
their sub-species (Grey: Felis s. catus; Black: Felis s. silvestris). Errors bars stand

for standard deviation.

b. Kinship analysis

We found that 90% of the wildcats were related to at least another
individual (Table 4.1.1). Most of the pairwise relationships identified (79.2%)
were poorly defined (corresponding to HS) and the remaining ones were
equally distributed between PO and FS relationships. Fifty per cent of the
pairwise Kkinships involved two females, 34.9% a male and a female, and 15.1%
involved two males. Males were related with less than two individuals on
average (mean = 1.89, sd = 1.633) while females had three relatives on average
(mean = 3.23, sd = 1.66). The lower number of relatives for males was
significant (Mann-Whitney test: w = 309.5, p = 0.0075). We found three males
(M22, M29, M33) and one female (F13) who were not related to any other

individual.
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Table 4.1.1: Related individuals classified depending on the kind of
kinship relation for each wildcat by the software ML_RELATE. The sex of each
individual is indicated by F for females and M for males. For each individual, we
indicate if he is linked by a PO, FS or HS relationship with any individual. The
direction of the PO relationships is given in parenthesis: C mean “Child”, P
means “Parent”, “?” means that the determination of the age was not precise
enough to draw any conclusion. F15 and F18 individuals were initially assigned
to FS by ML-RELATE, we set their kinship to PO as one was fully adult (F15) and
the other one juvenile (F18).

Ind. PO FS HS
M1C M4

M2C F19

M3C F5C (P) F4C F28, F5, M11
M6C M14

M7C M10C M8C

MS8C F28, M10C, M7C
M10C M7C M8C

M2 F31 F32, F5

M4 M1C

M11 M3C, F4C, F3
M14 M6C, M27, M30, F25
M16 F24

M17 F12 (C)

M22

M26 F5C, F32, F19
M27 F23, M14

M29

M30 F25, M14

M33
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Ind.
F4C
F5C
F3
F5
F6
F7
F8
F9
F10
F12
F13
F15
F18
F19
F20
F21
F23
F24
F25
F28
F31
F32

PO FS
F5C (P) M3C
M3C (C), F4C (C)
F8
F7(C),F9(?)
F6 (P)
F3
F6(?)
M17 (P)
F18 (C)
F15 (P)
M2

HS
F28, F5,F7, M11

F28,F5, M26

M11
M2, M3C, F4C, F5C, F28, F32
F20,F21

F9, F4C, F31
F24

F7,F21,F31

F15, F28,F31
F28

F20,F10
F24,
M2C, M26
F19, F6, F15
F6, F9
F25, M27
F8, F18
M30, F23, M14
F5CF5, F10, F12, M3C, F4C, M8C
F7,F9,F10
F5, M2, M26
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Relatedness appeared to be correlated with the pairwise geographic
distance only when considering female-female related couples. The existence of
parentage between two females (PO, FS and HS taken altogether) was indeed
correlated with a smaller geographic distance between those females (w =
935.5, p = 0.0029) while it was not significant when considering related couples
involving males (p = 0.69). This resulted in the occurrence of ‘related units’
made of related females with neighboring home-ranges (see Figure 4.1.3.a.).
Two individuals belonged to the same related unit when, in addition to being
geographically close, they were strongly related (PO/FS). HS relationships
allowed an individual to be considered as part of a related unit when the HS
kinship was retrieved for several individuals of the unit. No related units that

included adult males were observed.

¢. Spatial organization of the population

The density in our area was estimated to 0.32 cats per km?. Wildcats were
not homogeneously distributed across the massif. They remained significantly
further from the villages than by chance (w = 167, p <0.0001). On average, the
minimal distance between a cat and a village was of 1km (sd = 0.73, min = 52m,
see appendix, Figure S4.1.6). Also, 92% of the locations were monitored inside
the forests, forests that occupied about 28% of the area of study. All the
fourteen females radio-tracked had settled inside the forest with some
overlapping between their home ranges; some of the home-ranges included the
ecotone between the forest and the crops (Figure 4.1.3.b.). Only one female
(F23) was caught clearly outside the forest (see Figure 4.1.3.c.). Home ranges of
males were systematically on the border of the forest, between two forests (M2)
or outside the forest (M11). No male wildcat was captured in the heart of the
forest. During the time of the study two males (M4, M17, see Figure 4.1.3.d.)
changed their home range from year to year because they were probably
dispersing.

One male over the four died during the monitoring so only three equipped
males had enough locations to allow home-range size estimation, but two of

them (M4, M17) were dispersing during the study. For male M2, both a global
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home-range (over the whole period of radio-tracking) and an annual home-
range (year 2009) were calculated, the latter for comparison with those of
females. Eight females matched the requirements defined (i.e., enough locations
over a complete year, see appendix Table S4.1.3, S4.1.4). The annual home-
range size estimated for the male M2 (422.11 ha) was larger than all estimated
female annual home-range sizes (mean = 130.82, sd = 39.82, see Figure 3.b.).

The global home-range size of the male M2 was 347.57 ha.
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Figure 4.1.3: Spatial organization of the wildcat population. Forests are
represented in grey. White areas are composed of fields and urban areas. a.
Representation of the four main related units identified by the kinship analysis.
Only the thirteen females or kittens defining these units are represented. Each
unit is shown by the dotted circle that encloses the individuals of the unit. The
four units are: F3-F8, F6-F7-F9-F21, F5-F28-F5C-F4C-M3C, F18-F15. b. Home-
range represented by 95% minimum convex polygons for individuals (15
individuals) that did not die during the monitoring for males (dotted lines) and
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females (solid lines). Substantial overlapping between females (hatching areas)
and between a male (observed only for the male M2) and females (dotted areas)
are represented. c. Trapping locations of all the wildcats. d. Movement per
semester of the two migrating males. One (M4) is shown by filled circles, the
other one (M17) with filled squares. For both the monitoring lasted three
semesters. White spots represent the first semester, grey spots the second
semester and black spots the last one.

4.1.4. DISCUSSION

The combination of genetic analyses and radio-tracking of the wildcats
allowed us to estimate the level of hybridization in this environment and shed
light on remarkable features of the spacing pattern that might explain the low

proportion of hybrids.

a. Density and individual spacing pattern

Our wildcat population density (0,32 cats.km-2) falls within the values
found in other areas (0.16-0.44 cats.km-2, Dimitrijevic 1980; 0.17-0.25 cats.km-2,
Heller 1992; Okarma et al. 2002, 0.1-0.13 cats.km2) and it is coherent with
studies carried out in similar landscapes in France (0.2-0.5 cats/km?; Stahl &
Léger 1992) and in Switzerland (0.35 cats.km-2; Weber et al. 2008). This density
might be underestimated, as it was not possible to trap all individuals in spite of
an important capture effort.

Our results showed substantial differences in the spacing pattern between
females and males. We found that all the females concentrate inside the forest.
Females are known to be highly territorial (Bir6 et al. 2004) and the rarity of
cases of overlapping in the population studied here confirms this statement.
Most female home ranges allow direct access to agricultural fields or grasslands
(see Figure 4.1.3.b., Figure S4.1.5). While forests provide a shelter against many
different threats, fields are food-rich areas attracting rodents that cats can hunt.
Such alternating between resting sites and hunting grounds has been previously
proposed to be the optimal environment for wildcats (Lozano et al. 2003).

On the contrary, we found that all the males were trapped and/or located

with telemetry outside or in the periphery of the forest all year round.
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Unfortunately, we do not have enough data on male home ranges, but the fact
that no males were captured or detected within the forest raises questions
about the observed population spatial structure. The greater dependence of
females on forest compared to males has also been reported in a quite similar
habitat in Germany by Klar et al. (2008). The pattern we observe might be
related to different requirements between sexes. Availability of prey might be
more important in males than the protection provided by the forest cover. On
the opposite, females that do all the rearing of offspring might privilege shelters
and forest ecotones often richer in small prey abundance and diversity than
interior forest (Doyle 1990; Gomez and Anthony 1998; Osbourne et al. 2005).
Finally, as expected (Daniels et al. 2001; Bir6 et al. 2004), males have probably
larger home-range than females and may include several female home-ranges,
but the shortage of data on males does not allow us to confirm this pattern (see
Figure 4.1.3.b.). The home-range (347.57 ha over the whole monitoring period -
422.11 ha over one year) of the only male (M2) included in our analyses was
three times larger than that of females and overlapped part of the home-ranges
of two females (F15, F18). Its size falls within the range (from 170 to 1000 ha)
found in the literature (Corbett 1979; Stahl 1986; Daniels et al. 2001; Bir¢ et al.
2004; Pifieiro & Barja 2011; Kilshaw et al. 2015).

b. Kinship structure

The wildcat population exhibited strong relatedness but the structure
differed in males and females. If most females resulted to be related among
them and to males, males were not related among them. In addition, related
females tended to remain in the same area while kinship did not affect the
spatial distribution of males: related and unrelated males were found at
comparable distances. This pattern might reflect a tendency in males to disperse
more and over larger distances than females (if they disperse). The hypothesis
is reinforced first by the high percentage of males (70%) killed from collisions
with vehicles, then by the fact that the two individuals who changed their home
range year after year were both males. Such a male-biased dispersal behavior is

a common feature in felids (Pusey and Packer 1987; Janecka et al. 2007; Croteau
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et al. 2010) and in particular in domestic cats (Devillard et al. 2004; Hansen et
al. 2007).

We did not find a clear pattern between relatedness and home ranges
overlapping in females. We observed four cases of substantial overlapping
between females. In one case the two females (F9 and F10, four and three years
old, body weight of 4 kg and 3.1 kg, respectively) were not related. The
overlapping lasted only one spring during which two other neighboring females
were located outside the usual area where they had been monitored until then.
This might reflect a temporarily environment disturbance more than a relevant
behavioral pattern. In the three other cases home range overlap was observed
between related females. Two of them occurred most probably between a
mother and her daughter (F6-F7, F15-F18) but the kinship for the last one was
unclear (F9-F21). In each case the daughter was a young adult (one year old)
and a kitten (not trapped) was observed close to one of the daughters. These
observations suggest that prey might be abundant enough in this habitat

resulting in greater tolerance for overlap between females and their relatives.

c¢. Hybridization

We found only one putative hybrid, most probably backcrossed, out of the
4?2 putative wildcats, suggesting a negligible impact of hybridization on this area
(2.3%). No hybrid individuals were detected in the 30 domestic cats. Our local
hybridization rate confirmed what was found at a larger scale in France
(O’Brien et al. 2009), and is among the lowest rates found in Europe (from 2.1%
in Italy, Randi et al. 2001, to 26.1% in Hungary, Pierpaoli et al. 2003). Such a low
hybridization rate has been found in similar environments in eastern Germany
(4%, Hertwig et al. 2009) and Italy (8%, Lecis et al. 2006). Previous studies
have found various levels of differentiation between wildcats and domestic cats
(Fst varying from 0.11-0.12: Hertwig et al. 2009, Beaumont et al. 2001, Pierpaoli
et al. 2003, Randi et al. 2008, to 0.20-0.22: Oliveira et al. 2008, Mattucci et al.
2013). The differentiation (Fs=0.16) we found in our study between wildcats

and domestic cats is then substantial when compared to what has been
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observed in various locations and confirms that hybridization is rare in our
study area.

In this type of environment, crops act as “corridors” between the forest
and the villages, allowing physical meeting between domestic and wildcats.
During the same three-year study (2008-2011), 474 domestic feral and stray
cats have been captured in the different villages surrounding the forests
(Hellard et al. 2012). Both subspecies share the same diet based on rodents
(Sarmento 1996; Malo et al. 2004; Germain et al. 2009; Pifieiro and Barja 2011)
and both utilize agricultural fields as hunting grounds (G. Leblanc, personal
observations). Furthermore, since the breeding season of the two sub-species
partially overlap (November-February for the wildcats; February-September for
the domestic cats, Condé & Schauenberg 1974; Gagnon & Dantzer 2013),

conditions for extensive hybridization would be met in this environment.

The specific wildcat population spacing pattern, with a sex-biased
distribution of the wildcats inside/outside the forest (females inside and males
on the edges) might limit mating between female wildcats and male domestic
cats. In addition, male wildcats are known to be strongly territorial with large
territories encompassing smaller female ones (Klar et al. 2008). Although we
did not have enough male wildcats monitored to confirm this pattern, male
wildcats can be effective to limit the possibility of mating between male
domestic cats and female wildcats living in their territory. On the contrary, we
cannot exclude that male wildcats can mate with female domestic cats. Such
asymmetry in the hybridization pattern has been suggested for wildcats in
Swiss Jura (Nussberger et al. 2014b) based on mtDNA analysis. No wildcat
phenotype was recognized in the captured 474 domestic cats, but genetic
analyses are going to be achieved to test for this hypothesis in the near future

(Beugin et al. in preparation).
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4.1.5. CONCLUSION

To conclude, the radio-tracking of a local population of wildcats combined
with genetic analysis allowed us to shed light on the spacing pattern of the
wildcat in a mixed forest/crop habitat, never described previously. Males’
kinship was uneasy to trace, probably due to their high dispersal over long
distances, while we identified related females living in close proximity,
suggesting a phylopatric behavior. Although the data is not sufficient to draw
definitive conclusions, the pattern found can partly explain why the level
hybridization is low in France, despite the claimed complete overlapping of wild
and domestic cat areas. Our results suggest that to understand the underlying
mechanisms responsible for hybridization in a species it is essential to analyze
the situation at a fine geographic scale, which put in evidence possible barriers
between the sub-species due, for example in this case, to habitat choice. More
studies combining genetics and animal radio-tracking should be led in order to
assess how unique this spatial organization is, how much it depends on the
landscape structure and to investigate further if it limits the risk of

hybridization in the wildcat.
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4.1.7. APPENDICES

Table S4.1.1: Microsatellite markers used for the species identification

and the parentage analysis (Menotti-Raymond et al. 1999; O’Brien et al. 2009).

MARKER SPECIES PARENTAGE
NAMES |IDENTIFICATION | ANALYSIS
Fca8 yes yes
Fca26 yes yes
Fca43 yes yes
Fca45 yes yes
Fca58 yes yes
Fca77 yes yes
Fca96 yes yes
Fcal24 yes yes
Fcal26 yes yes
Fca547 yes yes
Fca577 yes yes
Fca668 yes yes
Fca675 yes yes
Fca031 no yes
Fca024 no yes
Fca(078 no yes
F37 no yes
Fca023 no yes
Fca085 no yes
Fca069 yes yes
Fcal05 yes yes
Fca201 yes yes
Fca220 yes yes
Fca229 yes yes
Fca293 yes yes
Fca310 yes yes
Fca453 yes yes
Fca678 yes yes
Fca075 yes yes
Fcal49 yes yes
Fca441 yes yes

170



Chapter 4: Opening the black box to understand hybridization

Table S4.1.2: Probabilities of belonging to the assigned category
compared to the three other relationship categories proposed by ML-RELATE

for the retained pairwise kinships.

Assessed Assessed
Ind1{Ind 2 ) . |vs PO|vs FS|vs HS|vs U Ind1{Ind 2 ) . |vs PO|vs FS|vs HS[vs U
relationship relationship
F12 | M17 PO - 0 0.003 | 0 F31 F9 HS 0 0 - |o0.008
FAC | F5C PO - 0 0 0 F6 F20 HS 0 0.003 - |o0.008
F5C | Fac PO - 0 0.001 | o M14 | M30 HS 0 0.031 - |0.009
F5C | m3c PO - 0.001 0 0 M26 | F19 HS 0 0.01 - 0.01
F6 F7 PO - 0 0 0 F7 F31 HS 0 0 - |o.011
F6 F9 PO - 0 0 0 F9 F31 HS 0 0.003 - |o.011
F7 F6 PO - 0.002 | 0.001 | O M2 F5 HS 0 0 - |o.011
F9 F6 PO - 0 0 0 F3 | Mi11 HS 0 0.095 - |o.012
M17 | F12 PO - 0.002 | 0.001 | O Fac | m11 HS 0 0.005 - |o.012
M3C | F5C PO - 0 0 0 F5 M2 HS 0 0 - |o.012
F15 | F18 FS 0 - 0022 | o F23 | F25 HS 0 0.004 - |o0.013
F18 | F15 FS 0 - 0.026 | 0 F19 | M26 HS 0 0.012 - |o.014
F31 | M2 FS 0 - 0.007 | o M30 | M14 HS 0 0.027 - |o.014
F4C | m3c FS 0 - 0.001 | 0 F5 | M3C HS 0 0.001 - |o.016
F8 F3 FS 0 - 0.064 | 0 M1l | F3 HS 0 0.001 - |o.016
M10C | M7C FS 0 - 0 0 F5 F4C HS 0 0 - |o.018
M1C | M4 FS 0 - 0 0 FaC F5 HS 0 0 - |o.019
M2 | F31 FS 0 - 0.011| o F25 | M30 HS 0 0 - |o0.021
M3C | F4C FS 0 - 0.004 | 0 F28 F5 HS 0 0.012 - |0.022
M4 | M1C FS 0 - 0 0 M11 | F4C HS 0 0.027 - |0.025
M7C | M10C FS 0 - 0 0 M6C | M14 HS 0 0 - |o0.026
F3 F8 FS 0 - 0.059 |0.001 F5C | M26 HS 0 0.001 - |0.029
F10 | F15 HS 0 0 - 0 F32 | M26 HS 0 0 - 0.03
F18 | F24 HS 0 0.025 - 0 M26 | F32 HS 0 0 - 0.03
F24 | F18 HS 0 0.027 - 0 M3C | F5 HS 0 0 - 0.03
F28 | F5C HS 0 0 - 0 M3C | F28 HS 0 0 - |o0.031
F5C | F28 HS 0.005 0 - 0 F5 F28 HS 0 0.003 - |0.032
F7 F9 HS 0 0.001 - 0 M30 | F25 HS 0 0 - |0.032
F9 F7 HS 0 0 - 0 M2 | F32 HS 0 0 - |0.033
M10C | M8C HS 0 0.001 - 0 F10 | F28 HS 0 0.004 - |0.034
M27 | M14 HS 0 0.006 - 0 F28 | F10 HS 0 0.002 - |0.034
M7C | M8C HS 0 0.002 - 0 M14 | F25 HS 0 0 - |o.034
M8C | M10C HS 0 0 - 0 M14 | M6C HS 0 0.002 - |o.034
M8C | M7C HS 0 0.004 - 0 M27 | F23 HS 0 0 - |o0.034
F15 | F20 HS 0 0.011 - |o.001 F25 | M14 HS 0 0 - |o0.035
F21 F9 HS 0 0.009 - |o0.001 M8C | F28 HS 0 0.001 - |o.036
F31 F7 HS 0 0.001 - |o0.001 F28 | M3C HS 0 0 - |o.038
F15 | F10 HS 0 0 - |0.002 F28 | M8C HS 0 0 - |0.039
F19 | M2C HS 0 0.005 - |o0.002 F32 F5 HS 0 0 - |0.039
F5C F5 HS 0 0.002 - |0.002 F5 F32 HS 0 0.001 - |0.039
M14 | M27 HS 0 0.01 - |o0.002 F7 F4C HS 0 0.001 - 0.04
F10 | F31 HS 0 0.003 - |0.003 M26 | F5C HS 0 0.001 - 0.04
F28 | F4AC HS 0 0 - |0.003 F23 | M27 HS 0 0 - |o.041
F31 | F10 HS 0 0.02 - |0.003 F24 F8 HS 0 0.001 - |0.044
F5 F5C HS 0 0.003 - |0.003 F28 | F12 HS 0 0.001 - |o.044
F9 F21 HS 0 0.01 - |0.003 F20 | F19 HS 0 0.013 - |o.046
M2C | F19 HS 0 0.007 - |o0.003 F32 | M2 HS 0 0 - |o0.047
F20 | F15 HS 0 0.013 - |0.004 M16 | F24 HS 0 0 - |0.047
M1l | M3C HS 0 0.035 - |o0.004 F4C F7 HS 0 0 - |o.048
M3C | M11 HS 0 0.033 - |o.004 F12 | F28 HS 0 0 - |o0.049
F25 | F23 HS 0 0.009 - |0.006 F6 F21 HS 0 0 - |0.049
FaC | F28 HS 0 0.021 - |o0.006 F8 F24 HS 0 0 - |o0.049
F20 F6 HS 0 0.002 - |o0.007 F21 F6 HS 0 0 - 0.05
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Chapter 4: Opening the black box to understand hybridization

Figure $4.1.3: Results obtained in STRUCTURE HARVESTER (Earl and
VonHoldt 2011) using Evanno’s (Evanno et al. 2005) method for the

determination of the optimal number of clusters K.
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Figure S4.1.4: STRUCTURE output. The posterior probabilities of the Felis
s. catus are represented in grey while the posterior probabilities of the cluster
Felis s. silvestris are in black. The dotted white lines represent the threshold of

0.91. Any individual between the two lines is considered to be hybrid.
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Figure S4.1.5: Radio-tracking locations obtained for each individual.
Domestic cat trapping locations are represented by blue stars. Each wildcat
monitored by radio-tracking is represented by a different combination of color
and shape (white diamond: M2; blue circles: F18; violet circles: F15; red
diamonds: M4; light green circles: F19; turquoise circles: F20; green squares:
M11; yellow pentagons: F24; light blue triangles: F21; blue diamonds: M17;
orange squares: F3; green triangles: F9; pink circles: F10; white triangle : F6 ;
yellow diamonds: F12; blue triangles: F7; grey circles: F5; violet squares: F8).

Data are from QGIS software (open layer plugin).
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Table S4.1.3: Wildcat individuals used for each analysis performed in the

study. “yes” means that the individual was taken into account for the analysis,

“no” that the individual was discarded for this analysis.

STRUCTURE | AGE/WEIGHT | ML-RELATE KINSHIP | KINSHIP-DISTANCE | HOME-RANGE SIZE
NAME | RADIO-TRACKING
ANALYSIS |CORRELATION ANALYSIS ANALYSIS ANALYSIS
M2 yes yes yes yes yes yes
M4 yes yes yes yes yes no
M11 yes yes yes yes yes no
M14 no yes yes yes yes no
M16 no yes yes yes yes no
M17 yes yes yes yes yes no
M22 no yes yes yes yes no
M26 no yes yes yes yes no
M27 no yes no yes no no
M29 no yes no yes no no
M30 no yes no yes no no
M33 no yes no yes no no
M1C no yes yes yes yes no
M2C no yes yes yes yes no
M3C no yes yes yes yes no
M6C no yes yes yes yes no
M7C no yes yes yes yes no
M8C no yes yes yes yes no
M10C no yes no yes yes no
F3 yes yes yes yes yes no
F5 yes yes yes yes yes no
F6 yes yes yes yes yes yes
F7 yes yes yes yes yes yes
F8 yes yes yes yes yes yes
F9 yes yes yes yes yes yes
F10 yes yes yes yes yes yes
F12 yes yes yes yes yes no
F13 no yes yes yes yes no
F15 yes yes yes yes yes yes
F18 yes yes yes yes yes no
F19 yes yes yes yes yes no
F20 yes yes yes yes yes yes
F21 yes yes yes yes yes no
F23 no yes yes yes yes no
F24 yes yes yes yes yes yes
F25 no yes yes yes yes no
F28 no yes no yes no no
F31 no yes no yes no no
F33 no yes no yes no no
F4C no yes yes yes yes no
F5C no yes yes yes yes no
F9C no yes no no no no
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Table S4.1.4: Criterions used to keep or discard individuals in the

different analyses performed in the study.

ANALYSIS CRITERION
RADIO-TRACKING The first 18 individuals captured.
STRUCTURE ANALYSIS Be amplified at more than 50% of the loci.
AGE/WEIGHT CORRELATION All individuals identified as "pure" wildcats.
ML-RELATE KINSHIP ANALYSIS All individuals identified as "pure" wildcats.
All individuals identified as "pure" wildcats and for wich we have GPS
KINSHIP-DISTANCE ANALYSIS .
coordinates.
Individuals monitored by radio-tracking, identified as "pure" wildcat, for which
HOME-RANGE SIZE ANALYSIS | locations are available over a complete year and that do not show any sign of
dispersion.
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Chapter 4: Opening the black box to understand hybridization

Interlude

If we consider the results obtained in chapter 3 (Part 1) and chapter 4 so far,
the rate of hybridization in the local population of European wildcats remains
moderate (between 0 and 14%) compared to the rates observed in Europe.

Interestingly, the low but significant gene flow from wildcats to domestic
cats detected in Chapter 3 is consistent with an asymmetrical hybridization
pattern probably related to the spatial organization of wildcats (between wildcat
males and domestic females). The different results we obtained combining
different approaches are thus consistent and seem to support the existence of a

low gene flow between cat sub-species in Northeastern France.

In the second part of this chapter, we studied a second local population of
European wildcats from southern France in the Pyrénées Orientales. We
compared the features observed in this second population (parentage,
hybridization) to the observations from northeastern France in order to
understand whether the environmental conditions, and notably different levels of

fragmentation, lead to different hybridization and population structure patterns.
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4.2. Hybridization pattern of a
Pyrenean population of

European wildcats

Domestic cats from Nohedes - personal photographies
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ABSTRACT

The European wildcat Felis silvestris silvestris is threatened across the totality of its
area of distribution by hybridization, in varying degrees, with the domestic cat F.s.
catus. The underlying ecological processes promoting hybridization, remain largely
unknown. In France, wildcats are mainly present in the North-East but signs of
their presence in the French Pyrenees have been recently provided. However, no
studies have been carried out in the French Pyrenees to assess the genetic status of
wildcats and the extent of their hybridization with domestic cats. We have
compared a local population of wildcats living in a continuous forested habitat in
the French Pyrenees and a local population of wildcats living in a fragmented
forested habitat in Northeastern France to evaluate how habitat fragmentation and
the presence of agricultural fields influence the population structure of European
wildcats. Seventy-one wildcat-like scats and 27 hair samples of domestic cats were
collected in the Pyrenees and genotyped using 31 microsatellite markers to assess
hybridization and relatedness patterns. We show that close kin were not found in
the same geographic location contrary to what was observed for females in the
Northeastern wildcat population. Furthermore, there was no evidence of
hybridization in the Pyrenean wildcats and only one domestic cat raised suspicions
in spite of a very close proximity between the two subspecies. The two wildcat
populations were significantly differentiated (Fs: = 0.08). In addition, the genetic
diversity of the Pyrenean wildcats was lower than that of other wildcat populations
in France and in Europe. Taken together, these results suggest that habitat
fragmentation, and in particular the absence of agricultural fields, may play an
important role in lowering the probability of hybridization by reducing the
likelihood of contact with domestic cats. Moreover, our results suggest that the
French Pyrenean wildcat populations is isolated and may be threatened by a lack of
genetic diversity.

Keywords: Felis silvestris silvestris, Felis silvestris catus, relatedness,
microsatellites, non-invasive sampling

BEUGIN Marie-Pauline, SALVADOR Olivier, QUENEY Guillaume, NATOLI
Eugenia, PONTIER Dominique (In prep).
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4.2.1. INTRODUCTION

Hybridization is especially common between subspecies, due to incomplete
reproductive isolation and therefore a higher likelihood of successful interbreeding
(Rhymer and Simberloff 1996; Levin 2002; Randi 2008). This is the case for the
European wildcat Felis silvestris silvestris, a medium-sized carnivore widely spread
in Europe (O’Brien et al. 2008), which is highly threatened over its entire
distribution area by its closely related domestic counterparts F. s. catus (Yamaguchi
et al. 2015). Interbreeding between wildcats and domestic cats may lead to
introgressive hybridization, followed by disruption of local genetic adaptations,
and then to a loss of the European wildcat genetic integrity, and even to the
extinction of the sub-species (Allendorf et al. 2001).

Studies across the area of distribution of the European wildcat have shown
that there is a high degree of variability in the extent of admixture with domestic
cats. High levels (up to 45%) of hybridization have been reported in Hungary and
Scotland (Beaumont et al. 2001; Daniels et al. 2001; Pierpaoli et al. 2003; Lecis et al.
2006; Randi 2008), while low levels (between 0 and 2%) of interbreeding with
domestic cats have been shown in Germany, Italy, and Portugal (Randi et al. 2001;
Pierpaoli etal. 2003; Lecis etal. 2006; Oliveira etal. 2008). The direction of the
gene flow also varied, some studies reporting a gene flow from domestic cats to
wildcats (Oliveira et al. 2007, Nussberger et al. 2014) while others showed the
opposite with a detected flow from wildcats to domestic cats (Hertwig et al. 2009,
Beugin et al. in preparation). Such high degree of heterogeneity in hybridization
modalities and subsequent introgression may result from differences in
methodological approaches (Beugin et al. in preparation) but it probably reflects
different environmental conditions (e.g., habitat fragmentation, urban pressure).
Characterizing the patterns and processes of hybridization in nature is crucial to
the introduction of measures designed to prevent hybridization and then plan

efficient conservation guidelines for European wildcats.
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The different underlying processes leading to hybridization have been
underinvestigated in the past, since this requires to focusing on the interacting
populations of wildcats and domestic cats at a local scale. To our knowledge, only
one study combining genetics and radio-tracking of wildcats (Beugin et al. 2016)
has been conducted at a local scale in an area of ancient sympatry in Northeastern
France. This study was conducted in a fragmented landscape, where forests, crops
and villages alternate. A spatial sexual segregation was observed, with females
living mostly inside the forest with an access to crops, and males remaining at the
edge of the forest. The localization of male wildcats was proposed to be a factor
promoting hybridization between them and female domestic cats. Furthermore, the
home-ranges of related females were spatially close - even overlapping - suggesting
that prey might be abundant enough in this habitat to result in a greater tolerance
for overlap between females and their relatives (Beugin et al. 2016). However, this
single study may not have accurately captured all the diversity in the hybridization
processes and more local studies are urgently needed to deepen our understanding
of the factors promoting hybridization in the European wildcat.

In this paper, we have conducted a genetic study of wildcats at a local scale
within a protected area in the French part of the Pyrenees. The French Pyrenean
wildcat population is suspected to be relatively isolated within the species’
distribution range in France and northern Europe (Say et al. 2012), and has never
been genetically characterized, particularly regarding hybridization. In this area the
forest landscape is highly continuous, contrary to the fragmented forests of
Northeastern France (CEMAGREF 2010). Here, we have endeavored to assess the
genetic status of this wildcat population and the impact of spatial proximity of
wildcats to human influences on their genetic admixture by comparing results of
relatedness and hybridization pattern with the wildcat population of northeastern
France studied in Beugin et al. (2016). Given the continuous forest habitat with few
interfaces between forests and villages in this area, we may expect hybridization to

be rare or inexistent in Pyrenean European wildcats. We did not expect female
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natal philopatry when food resources are less abundant in the study area due to the

absence of agricultural fields.

4.2.2. MATERIAL AND METHODS

a. Study area and non-invasive sampling

Fresh feces of wildcats were collected opportunistically from 2010 to 2016 in
the nature reserves of Jujols and Nohedes in the eastern part of the French
Pyrenees (Figure 4.2.1). The Nohedes Nature Reserve presents elevations ranging
from 760-2,459m while the elevation of the Jujols Nature Reserve ranges between
1,100 and 2,172m. The study area covers a total surface of 325 km? of continuous
forest (oak, maple, ash, pines, beech). Experienced field agents from the nature
reserves have collected evidence for additional occurrences of European wildcats
since 1993 based on camera-trapping surveys, direct observations or feces, which
has allowed us to associate the sampling of fresh feces to the overall presence of
the European wildcat in the study area. For domestic cats, hairs were sampled in
2010 and 2017 in the villages of Nohedes (N = 20), Conat (N=4), and Serdinya (N =
3), located on the edge of the reserves (see Figure 4.2.1). Only individuals born in
the villages, sterilized or not, were included in our sampling. A total of 71 feces and
27 hair samples were thus collected. We also included in the analysis 42 European
wildcats (Beugin et al. 2016) as well as 31 domestic cats originating from different

villages in northeastern France.

b. DNA extraction and microsatellite genotyping

All cats were genotyped using 31 autosomal microsatellites and one marker
of sex, amplified in three multiplexes. DNA extraction was performed using a
purification column kit (Nucleospin 96 Tissue kit, Macherey-Nagel) following the
manufacturer protocol. PCR reactions were performed step-by-step following a
unidirectional workflow starting in a clear room with positive air pressure where

sensitive reagents, enzymes and primers, were prepared. DNA and reagents were
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then assembled in a pre-PCR room. PCR amplifications were made in 96-well
microplates in a post-PCR area with negative air pressure. The PCR reaction
occurred in a final volume of 10pul that contained 5ul of Mastermix Taq polymerase
(Type-it, QIAGEN), 1.35pl of primer pairs at a final concentration between 0.08 and
0.6uM, and 30ng of DNA. Each pair of primers was coupled with a fluorescent dye.
The reaction started with a denaturation step at 95°C for five minutes. This step
was followed by thirty PCR cycles (denaturation step = 95°C, 30s; annealing step =
55.9°C, 90s; elongation step = 72°C, 30s) and a final elongation step at 60°C during
30 minutes. PCR products were resolved on a capillary sequencer ABI PRISM 3130
XL (Applied Biosystem) under denaturing conditions (formamide) and an internal
size marker in one migration for each multiplex. All these steps were performed
using filtered tips. Finally, the electrophoregrams were analyzed using
GENEMAPPER 4.1 (Applied Biosystem/Life Technologies) twice independently.
Ambiguous loci were classed as missing data. Only the individuals with an

amplification success higher than 70% were included in the subsequent analyses.

c. Consensus genotypes and population genetics analyses

Consensus genotypes were built as follows. Two genotypes were considered
to represent the same individual when (1) they were identical, (2) they only
differed by missing data and these missing data did not represent more than ten
microsatellite markers, (3) they only differed by missing data below the threshold
of ten markers and a single difference that could be explained by allelic dropout.
For each locus, the frequency of null alleles was assessed following Brookfield’s
(1996) method, and tested for significance using binomial tests according to De
Méeus et al. (2002). All loci exhibiting significant evidence of null alleles were
discarded from further analyses. Deviations of loci from both Hardy-Weinberg
equilibrium (HWE) and linkage equilibrium were both tested using FSTAT v 2.9.3.2.
(Goudet 1995) with a Bonferroni correction and a 5% risk for all populations. Loci
showing a departure from HWE were also discarded from the analysis. The

software FSTAT v2.9.3.2. was also used for estimating Weir and Cockerham'’s Fsr
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between wildcat and domestic cat populations from the Pyrenees and from
Northeastern France as well as allelic richness. Expected (Hk) and observed (Ho)
heterozygosities were calculated using GenALEx 6.501 (Peakall and Smouse 2012).
Finally, a discriminant analysis of principal components (DAPC, Jombart et al.
2010) was used in order to visualize the differentiation between domestic and

European wildcat populations from northeastern France and the Pyrenees.

d. Spatial structure and relatedness

The 52 fresh fecal samples for which the sampling location was recorded
were displayed on a map using QGIS v2.8.1., together with the other indices of
presence of European wildcats (feces and photo trapping). The program ML-Relate
(Kalinowski et al. 2006) was used to calculate pairwise relatedness between all
wildcat individuals. Using a linear model, we tested whether sex or relatedness
were a significant predictor of the pairwise geographical distance between
individuals. Geographical distances between individuals were calculated with QGIS
v2.8.1. We considered the mean pairwise distance between samplings for
individuals sampled several times. Statistical analysis was performed in R 2.14.2 (R

core development team 2016).

e. Admixture analysis

The Bayesian clustering method implemented in STRUCTURE v2.3.4
(Pritchard et al. 2000, Falush et al. 2003) was used to identify wildcats, domestic
cats and possible hybrids by applying the admixture model with correlated allele
frequencies. The optimal number of clusters K was determined using the method
described by Evanno et al. (2005). STRUCTURE was used to assess membership
proportions (qi) to the inferred K clusters, which correspond to the proportion of
each individual’s multilocus genotype belonging to each of the inferred K clusters.
The threshold level to differentiate wildcats and domestic cats from hybrids was
determined by selecting individuals which were believed to be representative of

the parental populations using the iterative algorithm described in Beugin et al. (in
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preparation). This algorithm consists of the repetition of a simulation-selection
process allowing for the building of a representative pool of parents
(representative regarding the differentiation between parental population and
their genetic diversity). At each step, individuals from different hybrid classes
(parental classes, F1, F2, first generation backcrosses) were simulated using the
function hybridize from the package adegenet (Jombart 2008). At initialization,
these simulations were carried out based on the 5% top-ranked (based on g-
values) individuals from each cluster. These simulated individuals were then
analyzed with STRUCTURE using no prior information in order to get individual g-
values. All the individuals characterized by a lower bound of their 90% credibility
interval higher than the 1% quantile of the distribution of g-values of the parental
simulated individuals were then integrated into the representative parental pool
and used to carry on the simulations at the next iteration. This simulation-selection
process was then repeated until the number of individuals integrated in the
representative parental pool stabilized. This way, all individuals that can be
considered as a parental individual are used to define the threshold that allows
hybrids to be distinguished from parents.

In order to carry out such categorization, we simulated 200 individuals
(domestic cats, wildcats, F1, F2, F1 x domestic and F1 x wild) using the function
hybridize from the R package adegenet (Jombart 2008) based on the pool of
representative individuals built and ran STRUCTURE ten times in order to
determine four thresholds corresponding to the lowest g-values reached by
parental individuals on one hand (thresholds TP1 and TP2) and the highest g-
values reached by hybrid individuals in the second hand (thresholds TH1 and TH2).
This defined the borders of the parental zone, the hybrid zone and the grey zone.
All STRUCTURE analyses (iterative algorithm and threshold determination) were
run for a burn-in period of 100,000 and MCMC length of 100,000 iterations
according to Gilbert et al. (2012) and following graphical verifications of the
convergence of the algorithm based on the parameter alpha. We ran the function

snapclust (Beugin et al. submitted) from the adegenet package in order to
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determine the category of detected hybrids. Given the number of microsatellites
and the expected order of magnitude of the differentiation between domestic cats
and wildcats (F.= 0.11 to 0.20 - Beaumont et al. 2001; Oliveira et al. 2008; Hertwig
et al. 2009; Mattucci et al. 2013; Beugin et al. 2016) we considered only F1 hybrids
and first-generation backcrosses (F1 x Domestic cat and F1 x Wildcat) in the
snapclust analysis. Additionally, the direction of the gene flow between wild and
domestic cats was assessed by estimating the rate of migration per generation with
the computer program BAYESASS 3.0.3. (Wilson and Rannala 2003) with a MCMC
chain of 5,000,000 after a burn-in period of 1,000,000 with a sampling interval of
2,000. All other parameters were left to default.

4.2.3. RESULTS

a. Genotyping and markers’ selection

Feces and/or direct observations of European wildcats have been reported all over
the nature reserves of Jujols and Noheédes up to an elevation of 2430m. Samples
genotyped were collected over the entire area where signs of the presence of the
European wildcat had been reported (see Figure 4.2.1). Forty-five out of the 71
fresh feces collected, and 22 out of the 27 hair samples collected were successfully
amplified at more than 70% of the loci. On average, 74.1% (sd = 0.31) of the loci
were successfully amplified using feces while 81.5% (sd = 0.32) of the loci were
successfully amplified on average from hairs.

We did not detect any significant null allele frequencies, nor did we detect
significant deviations from HWE or any linkage disequilibrium. Subsequent
analyses were thus performed on the 31 microsatellites. We identified 39 unique
genotypes including 21 domestic cats (15 females and 6 males) and 18 European
wildcats (10 females and 8 males). Six (3 females and 3 males) out of the 18
European wildcats were sampled several times (from two to 6 times). Feces from
the same individual were found at a maximal distance of 5.3 km for a male, and 3

km for a female. Different feces from the same individual were found within 540 m

193



Chapter 4: Opening the black box to understand hybridization

of elevation for one male, whereas the other individuals were sampled within 100-
200 m of elevation. These recaptures did not allow us to establish home-ranges due
to the lack of locations per individual. We detected wildcats genetically confirmed
as such in elevations up to 2250 m. Contrary to what was observed in northeastern

France (Beugin et al. 2016), no spatial sex segregation was observed (Figure 4.2.2).
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Figure 4.2.1: Localization of the study area. The pink circles represent all the
locations where feces, camera-trapping or direct observations attested for the
presence of the European wildcat. The yellow stars correspond to the locations of
the fresh feces. The villages where domestic cats were sampled (except Urbanya)
are indicated in black and are located at the edge of the natural reserves of Jujols
and Nohedes.
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Figure 4.2.2: locations of the samples according to the sex of individuals.

Females are indicated in orange and males in blue

196



Chapter 4: Opening the black box to understand hybridization

b. Genetic diversity and kinship pattern

The domestic cats showed a higher allelic richness (mean = 6.01, sd = 1.28,
Appendix, Table S4.2.1) than European wildcats (mean = 4.55, sd = 1.39) in the
Pyrenees. Northeastern European wildcats also had an allelic richness higher than
their Pyrenean conspecifics (mean = 5.38, sd = 1.37). Average values of
heterozygosity were slightly higher in the Pyrenean domestic cats (Ho= 0.696; Hr =
0.712) than in European wildcats (Ho = 0.659; He = 0.619). The Pyrenean
populations of European wildcats and domestic cats were significantly
differentiated with a Fsr value of 0.18. A significant differentiation between
Pyrenean wildcats and Northeastern domestic cats (Fsr= 0.19), and wildcats (Fsr=
0.0835), was also found, while Northeastern domestic cats were significantly
differentiated from Pyrenean domestic cats (Fsr =0.0414). The DAPC scatter-plot
(Figure 4.2.3) confirmed the sharp distinction between the two European wildcat
populations.

In both sexes, related wildcat individuals were not sampled significantly
closer together compared to unrelated individuals in the Pyrenees according to the
linear mixed model (Appendix, Figure S4.2.1). On the contrary, in Northeastern
France, related females were captured significantly closer together than unrelated

females (F = 6.88,df = 1, p = 0.0095; Appendix, Figure S4.2.1).
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Figure 4.2.3: Scatter plot of the discriminant analysis of principal
components (DAPC). The domestic cats are represented in red (Pyrenean
population) and purple (Northeastern population), and the European wildcats in
green (Pyrenean population) and blue (northeastern population). The first PC

describes 81% of the genetic diversity and the second axis 14%.
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c¢. Admixture analysis

Evanno’s method showed that K=2 best described our data, one cluster
corresponding to the domestic cats, the other corresponding to the European
wildcats (Figure 4.2.4). The iterative algorithm allowed us to define hybrids as
individuals presenting a mean probability of assignment (conservative approach)
or a lower bound of credibility interval (relaxed approach) below 0.79 for domestic
cats, and below 0.83 for European wildcats.

Using the conservative approach, we did not detect any hybrid and snapclust
confirmed the absence of hybrids. Using the relaxed approach, one of the domestic
cats sampled in Nohedes was detected as being hybrid and this individual detected
as being hybrid by the relaxed approach was substantially assigned to the first-
generation backcross category by snapclust (Appendix, Figure S4.2.2). The absence
of gene flow from domestic cats to wildcats (m = 0.0148 - CI95: 0-0.042) as well as
from wildcats to domestic cats (m = 0.0160 - CI95: 0-0.046) was consistent with

the absence of hybridization between the two subspecies.
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Figure 4.2.4: Results from the STRUCTURE analysis. Each cat genotype is
represented by a vertical bar split into K=2 colored sections, according to its
relative assignment to the genetic cluster: domestic cats in blue, European wildcats
in green. The proportion of the bar in a given color represents the assignment

probability of the individual for the corresponding cluster.
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4.2.4. DISCUSSION

Our study has confirmed the presence of wildcats in the French Pyrenees within a
large area of the nature reserves of Nohedes and Jujols up to 2,430 m. Moreover,
our study has provided the first genetic characterization of a local population of the
French Pyrenean wildcats, despite their presence being acknowledged since 1993
(Observations collected by trained personnel of the nature reserve, Say et al. 2012).

The primary interesting result is that males as well as females in close
proximity are not kin related suggesting that both males and females disperse in
this continuous forest landscape, i.e., related females did not tend to remain in the
same area contrary to the wildcat population of northeastern France (Beugin et al.
2016). The dispersal pattern may directly reflect the level of food resource
availability. In fragmented environments as observed in Northeastern France, with
forest alternating with field crops, large areas rich in resources are available for
wildcats (Lozano et al. 2003, Silva et al. 2013). With carnivores, food distribution
has been suggested to be the major determinant of species spatial distribution
(MacDonald 1983). The importance of resource distribution on the spacing pattern
of wildcat females has already been proposed (Stahl et al. 1988, Sarmento et al.
2009) and was supported by the study in northeastern France (Beugin et al. 2016).
Thus, although the European wildcat is acknowledged to live solitarily (e.g., Corbett
1979, Bir6 et al,, 2004), its dispersal pattern may show more variability than has
been described up to now.

The second important result is that no hybrid was categorically found neither
in the Pyrenean wildcats nor in the Pyrenean domestic cat population. The absence
of hybrids in the Pyrenean population contrasts with the situation in Northeastern
France, where six wildcats out of 42 showed signs of hybridization (Beugin et al.
2016, Beugin et al. in preparation). The absence of hybrids in the continuous
Pyrenean forest landscape may imply that the absence of crops frequented by both
wild and domestic cats for hunting purposes may impede encounters between the

two subspecies. Actually, domestic cats, even feral domestic cats, do not enter the
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forest environment (during the last seven years no pictures of domestic cats have
been taken by camera trapping). Unfortunately, the sample size of this study was
limited and more extensive studies will be required to confirm the absence of
hybridization in this environmental context.

Finally, the Pyrenean wildcats showed values of genetic diversity (4.55) lower
than other wildcat or domestic cat populations in France and in Europe (4.84
alleles per locus on average in the Pyrenean wildcat population while between 3
and 11.8 can be found in the literature with rare populations below 6; Oliveira et al.
2007, O’Brien et al. 2009, Eckert et al. 2010, Say et al. 2012, Mattucci et al. 2013),
suggesting that wildcats in the Pyrenees may be threatened by a lack of genetic
diversity. Not surprisingly, the genetic differentiation between Pyreneans domestic
cats and their Northeastern counterparts was moderate (Fsr=0.04). In contrast, the
Pyrenean wildcat population was significantly differentiated from the northeastern
wildcats with a higher Fsr value (0.08). This genetic divergence could result from a
classic genetic process of isolation by distance (IBD, Wright 1943), which supposes
continuity in the distribution of the European wildcat on French territory; such a
cline has been described in the northeastern wildcat population (Say et al. 2012,
Wiirstlin et al. 2016). Alternatively, some gap in the distribution of wildcats may
exist in France as suggested by O’'Brien et al. (2008) and Say et al. (2012). The
lower genetic diversity of the Pyrenean wildcat population is supportive of the
isolation of this population and thus of the existence of a fragmented pattern of

distribution of the European wildcat across France.

4.2.5. CONCLUSION

Results in this study have added novel information to the European wildcat
population structure in France. They provided further information about the
relationship between environmental conditions and hybridization risks in French
wildcat populations. Conservation strategies of wildcats should take into account

the local habitat such as the existence of a fragmented or continuous forest
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environment, and the presence of agricultural fields. Further investigation should
also focus on the spatial distribution of French wildcats - in particular we need to
confirm whether the French Pyrenean population is isolated from the main area of
wildcats in France (Say et al. 2012) but connected to the Spanish Pyrenean wildcat
population. Depending upon the answer, the usefulness of wildlife corridors to
enhance connectivity between the different wildcat populations should be
addressed to ensure the long-term viability of the French Pyrenean wildcat

population.
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4.2.7. APPENDIX

Table S4.2.1: Indices of diversity for the domestic cats and the European
wildcats sampled in the Pyrenees per locus. The observed and expected
heterozygosities are reported as Ho and He, respectively. Na stands for the number
of alleles per locus, N corresponds to the number of individuals successfully
amplified at each locus. Null reports the null allele frequency estimated using the

Brookfield estimator (Brookfield 1996).

Domestic cats European wildcat

Locus | Ho He Na N Null Ho He Na N Null
F37 0.917 0.840 8 12 -0.042 | 0.250 0.403 3 11 0.109
Fca8 0.846 0.805 7 13 -0.023 | 0.789 0.747 7 18 -0.025

Fca023 0538 0.754 6 13 0.123 | 0.737 0609 3 18 -0.079
Fca024 0917 0.788 6 12 -0.072|0.462 0.701 5 13 0.141
Fca031 0619 0.799 8 21 0.100 |0.667 0.667 7 15 0.000
Fca43 0571 0585 7 21 0.009 | 0.895 0.798 6 18 -0.054
Fca45 ' 0.714 0.797 8 21 0.046 | 0.684 0.704 5 18 0.011
Fcab58 | 0.905 0.788 6 21 -0.065|0.368 0.320 4 18 -0.037
Fca77 0524 0468 5 21 -0.038|0.737 0.648 6 18 -0.054
Fca078 0500 0.758 7 20 0.147 [0.526 0.524 5 18 -0.002
Fca085 0.714 0.641 5 21 -0.045|0.316 0.266 2 18 -0.039

Fca96 0450 0.451 6 20 0.001 [1.000 0.793 7 14 -0.115
Fca124 0857 0.798 7 21 -0.033|0.889 0826 7 17 -0.035
Fca126 0.778 0.869 10 18 0.049 | 0.632 0.726 6 18 0.055
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Locus
Fca547
Fcab577
Fca668
Fca675
Fca26
Fca069
Fca075
Fca105
Fca149
Fca201
Fca220
Fca229
Fca293
Fca310
Fca441
Fca453

Fca678

Ho

0.667
0.688
0.714
0.905
0.667
0.810
0.714
0.667
0.810
0.857
0.714
0.619
0.667
0.571
0.714
0.714
0.714

Domestic cats

He Na

0.782 7
0.771 7
0.709 6
0.829 10
0.739 6
0.799 7
0.718 5
0.660 7
0.718
0.828
0.637
0.621
0.787
0.642
0.735

0.677

a oo o0 o oo o1 o o O

0.719

N

21
16
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21

Null

0.065
0.047
-0.003
-0.042
0.042
-0.006
0.002
-0.004
-0.053
-0.016
-0.047
0.001
0.067
0.043
0.012
-0.022
0.003

Ho

0.789
0.667
0.833
0.737
0.737
1.000
0.778
0.842
0.556
0.737
0.750
0.474
0.833
0.053
0.706
0.538
0.833

European wildcat

He

0.723
0.656
0.691
0.787
0.684
0.763
0.718
0.796
0.566
0.544
0.732
0.511
0.662
0.051
0.529
0.500
0.687

N Null

N oo o0 o oo »~ b O,

a w o N W s~ o0 &~ s

18
11
17
18
18
18
17
18
17
18
15
18
17
18
16
12
17

-0.039
-0.006
-0.084
0.028

-0.031
-0.134
-0.035
-0.025
0.007

-0.125
-0.010
0.025

-0.103
-0.001
-0.115
-0.026
-0.087
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Figure S4.2.1: Linear regression and 95% confidence interval (represented

using different colors) of the distance between two fresh feces samples according

to the coefficient of relationship. A. in Northeastern France and B. in the French

Pyrenees.
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Figure S4.2.2: Results from the snapclust analysis. Each vertical bar
represents an individual. The colors represent the different hybrid categories
included in the analysis: domestic cats in blue, wildcats in green, F1 in purple,
Flxdomestic cats in orange, F1xwildcats in brown. The proportion of the bar in a
given color represents the probability for the individual belonging to the

corresponding category.
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Addendum

Studies combining genetics and radio-tracking at a local scale led us to
suggest that a high heterogeneity in European wildcats’ populations ‘spatial
organization exists. The understanding of this variability is of major importance
when a population is threatened by hybridization. We are still lacking crucial
information about the Cat system to fully understand the threat possibly raised by
hybridization. Notably, no study was conducted regarding any possible mate choice
that could limit gene flows.

During my PhD, I worked mainly on two other systems: the brown hare Lepus
europeaus and the mountain hare Lepus timidus in one hand (Beugin et al. 2016,
Appendix 2), and bats from the Pteronotus parnellii cryptic species complex on the
other hand (Filippi-Codaccioni et al. in prep). In both cases, hybrids were detected
but the ecological mechanisms at the basis of such events of hybridization differ
completely. For the hares, hybridization seems driven by the global warming and
the species displacements it induces. In bats, most of the hybridization is detected
through the analysis of mitochondrial DNA and interspecific reproduction remains
exceptionally rare even if the species live in sympatry, in the same caves. Strong
mechanisms of reproductive isolation are then expected to prevent hybridization in
spite of frequent opportunities of encounters.

Through these different systems, the Cat, the Hare and the Bat, we could
clearly see that the presence of hybrids does not reflect the same biological
processes according to the species. The ecological study of each species thus

remains essential to understand and predict the evolution of hybridization.
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5. Circulation of viruses
between domestic cats and

European wildcats
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Foreword

The observation of hybridization between the domestic cat and the European
wildcat reveals that individuals from the two sub-species encounter and are thus
likely to exchange pathogens. In order to assess to what extent such pathogen flow
exist between domestic cats and wildcats, we conducted a serological survey on the
European wildcat population from north-eastern France. Results regarding the
viruses that spread in domestic cats’ populations have been published in Hellard et
al. (2011).

In this chapter, we report the results of this serological survey which allowed
us to assess the presence of the feline immunodeficiency virus (FIV), the feline
calicivirus (FCV), the feline herpesvirus (FHV) and the feline parvovirus (FPV) in
the domestic cats’ population, the wildcats’ population and their hybrids according
to the categorization established in Chapter 3, Part 1. This serological survey
indicated that none of the European wildcat is infected by any of these four viruses.
If we can expect wildcats to be unable to sustain a virus because of their small
population size and their solitary way of life, we would expect the epidemiological
pressure maintained by domestic cats to be sufficient to lead to a non-null number
of infected wildcats.

Several hypotheses may explain this null prevalence. First, it could be due to
the presence of a strain which has not been detected by the tests used. However,
laboratory procedures were established in order to detect all the strains of each
virus. Second, given the small population sizes, the observation of a null prevalence
may result from sampling fluctuations. The individuals sampled would then not
capture all the diversity of epidemiological states present in the population.
Thirdly, a behavioral barrier may prevent the transmission of these four viruses
from the domestic cats to the European wildcats. Finally, the viruses observed in
the domestic cat population may be specialist viruses which cannot infect the
European wildcats and their absence may reflect the existence of a genetic or

physiological barrier between the two sub-species.
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In this chapter, we intend to assess under which values conditions of between
sub-species and between wildcats transmission the null prevalence we observed is
statistically expected. Then, we confront these conditions to what we know of the
ecology of the wildcat to assess whether these conditions are consistent with the

known parameters of the population.
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Are European wildcats
threatened by the common

viruses of the domestic cats?

Domestic cat in the urban environment - personal photography
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ABSTRACT

The European wildcat is threatened by hybridization with the domestic cat. The
domestic cats may also represent an epidemiological threat for the wildcats as they
carry several viruses. Serological surveys aiming at assessing whether or not wildcats
were susceptible to domestic cats’ viruses have been led these past years and many
viruses have been detected in wildcats. However, almost none of these studies
combined genetics and serology in order to ensure that the wildcats tested are true
wildcats and not hybrids. Here, we propose a serological survey of a wild population
from North-eastern France, where all wildcats and domestic cats have been
genetically identified as pure individuals or hybrids, for four common viruses of the
domestic cat: FCV, FHV, FPV and FIV. We found a null prevalence for these four
viruses in the European wildcat population while all were present in domestic cats
and in presumed hybrids sampled in villages. Using a statistical model, we found that
the absence of infected individuals was plausible and could only be observed under
particular conditions of circulation of the viruses compatible with the existence of a
barrier - either behavioral or physiological - between sub-species. For all four
viruses, the existence of such barrier matched indeed with the ecology of the
European wildcat. Such results suggest that this particular population of wildcats is

not threatened by these common viruses of domestic cats.

Keywords: cross-species transmission, dynamic-statistical model, behavioral barrier,

infectious diseases

BEUGIN MP, FOUCHET D, LEBLANC G, REGIS C, POULET H, NATOLI E, QUENEY G,
PONTIER D
(In preparation)
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5.1.1. INTRODUCTION

Infectious diseases represent a major concern for the conservation of wildlife
(Pedersen et al. 2007). Domestic animals, and especially domestic dogs and cats, are
among the primary vectors of infectious diseases for wildlife (Cleaveland et al. 2001).
Their high densities allow viruses to persist within their populations when wild
populations cannot maintain pathogens because of their small size. For example,
domestic dogs in the Serengeti ecosystem have been identified as a reservoir for
rabies (Lembo et al. 2008) and the Canine Distemper Virus (Cleaveland 2000), which
has led to a severe demographic decline (one third of the population was killed) in the
Lion Panthera leo population in 1994 (Roelke-Parker et al. 1996). Wild felids may also
be endangered by viruses transmitted by free-ranging domestic cats Felis silvestris
catus (Millan and Rodriguez 2009) including the European wildcat F. s. silvestris, a
close relative of the domestic cat (Driscoll et al. 2007), whose solitary behavior
combined with small population sizes can restrain the spread and persistence of
viruses (Lozano and Malo 2012). Several of the most common viruses of the domestic
cats have been identified in wildcats’ populations (McOrist 1991, Daniels 1999,
Leutenegger 1999, Racnick 2008, MacDonald 2015, Wasieri 2009, Millan and
Rodriguez et al. 2009, Duarte et al. 2012) like the Feline Calicivirus (FCV), the Feline
Herpes Virus (FHV) and the Feline Panleukopenia Virus (FPV). These viruses can be
(re)introduced in wildcats through contacts with their domestic relatives, and thus
domestic cats may represent a threat for the conservation of the European wildcat
from an epidemiological point of view.

Domestic cats are also largely acknowledged as a threat for the conservation of
the European wildcat from a genetic point of view and, more precisely, for the
conservation of its genetic integrity (Yamaguchi et al. 2015). The two sub-species of
cats have been reported to hybridize all over the area of repartition of the European
wildcat (Randi 2001, Oliveira et al. 2007, Hertwig et al. 2009, Beaumont et al. 2001,
Nussberger et al. 2014b, O’Brien et al. 2009, Lecis et al. 2006), and recent studies

suggest that such widespread hybridization events already led to the introgression of
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domestic genes into the wildcat genome (Hertwig et al. 2009). Such hybrid genome
may represent an epidemiological threat because their intermediary genome as well
as their roaming behavior (Germain et al. 2008, 2009) may constitute a bridge for
pathogens to adapt to the wildcat genome and vice versa (Floate and Whitham 1993).
Because hybridization is promoted by global changes such as habitat fragmentation
(Crispo et al. 2011, Todesco et al. 2016), it is expected to increase in frequency in the
future. A deeper knowledge of the conditions of sharing of pathogens between
wildcats and domestic cats may thus allow to better assess the epidemiological threat
associated with the presence of hybrids.

Wildcats infected by feline pathogens (FCV, FPV, FIV, FHV) have been reported
in several studies (McOrist 1991, Daniels 1999, Leutenegger 1999, Racnick 2008,
MacDonald 2015, Wasieri 2009, Millan et al. 2009). In all but one (Racnik et al. 2008),
no genetic identification of individuals was conducted. Given that hybrid individuals
cannot be reliably distinguished from parental individuals based on morphological
traits and coat color alone (Ballesteros-Duperén et al. 2015), positive individuals
identified phenotypically as wildcats without genetic confirmation may actually be
hybrids and not true European wildcats. The extent to which European wildcats are
threatened by the viruses of the domestic cats thus remains poorly documented.

In this study, we conducted a serological survey regarding four of the most
common viruses of the domestic cat, the FPV, the FHV, the FCV and the Feline
Immunideficiency Virus (FIV), in a population of European wildcats from
Northeastern France. This population of wildcats is surrounded by 15 populations of
domestic cats infected by all of these four viruses with prevalence ranging from 20%
to 81% depending on the virus (Hellard et al. 2011). Previous studies (Beugin et al.
2016) showed that the European wildcats in this population hybridize with the
domestic cats meaning that contacts occur between the two sub-species at least
during the breeding period. We thus expected that these interactions between the
individuals could lead to cross-species disease transmission. Surprisingly, none of the
23 wildcats tested were infected by any of the four viruses. As we did not expect this
null prevalence to result from the absence of detection of the viruses, we built a
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dynamic and stochastic model in order to assess (1) if a null prevalence was expected
given the prevalence of the four viruses in the 15 domestic cat populations under
study, (2) under which transmission conditions between the two sub-species as well
as within wildcat population a null prevalence was expected, and finally (3) if these
conditions could be consistent with the ecology of the European wildcat and whether
it may reflect the existence of a barrier preventing the transmission of the pathogen

between the two subspecies.

5.1.2. MATERIAL AND METHODS

a. Sampling and serology

The fieldwork has been conducted by qualified people according to current
French legislation. Accreditation has been granted to the UMR-CNRS5558
(accreditation number 692660703) for the program. Fifteen populations of domestic
cats corresponding to 15 villages are included in our study. These populations largely
varied in size, from 13 individuals in Clérey-la-Cote to 71 in Sauvigny, and were
distant from each other by 1.2 to 4 km. A total of 511 domestic cats, among which 285
feral cats (with no owner), were sampled in those villages and tested for the FPV, the
FCV, the FHV and the FIV (Hellard et al. 2011). None of the domestic cats was
vaccinated and all roam freely. Overall, the estimated prevalence of the FIV, FHV, FCV
and FPV were on average 15.99%, 59.82%, 81.75% and 21%, respectively (Hellard et
al. 2011). However, the prevalence varied according to the population and different
risk factors such as sex, age, way of life (owned vs. unowned), and phenotype (orange
vs. non orange cats). Unowned feral cats were on average more infected by FIV
(21.97% vs. 10%), FHV (67.8% vs. 54.15%) and FCV (86.64% vs. 77.56%) than owned
cats, and less infected by FPV (15.91% vs. 36.59%).

The villages alternated with agricultural fields and forests where European
wildcats lived. In the European wildcat population, females preferentially lived inside

the forest with an access to the agricultural fields while males lived at the periphery of
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the forest (Beugin et al. 2016). Twenty-five wildcats were captured using trapping
cages treated with valerian roots (Valeriana officinalis), a common attractant for cats.
All captures were made from November to February of each year between April 2008
and May 2011. Trapped individuals were anaesthetized with ketamine chlorohydrate
(Imalgene 1000, 15mg/kg, Merial) and aceprozamine (Vétranquil 5.5%, 0.5 mg/kg,
Ceva). A blood sample was taken before the individual was released. Sex and age class
(juvenile, sub-adult and adult) were determined based on morphometric characters
(Pascal and Castanet 1978). The twenty-five wildcats corresponded to 4 juveniles (<1
year old, 4 females), 10 sub-adults (1-3 years old, 7 females and 3 males) and 11
adults (>3 years old, 6 females and 5 males).

The ELISA method (SNAP Combo +, Idexx) was used to detect FIV-antibodies.
According to the manufacturer, this test’s sensitivity and specificity are both 99.9%
(Idexx). Specific antibodies against FHV, FCV or FPV were measured by a specific
blocking ELISA (Poulet, 2007, see Hellard et al. 2011 for details). The FCV being highly
antigenic, the ELISA test for this virus was conceived in order to measure antibodies
whatever the antigenic variant of the sampling (Poulet et al. 2008). Antibodies can be
detectable a few month to several years (1 to 7 years) after the infection (Scott and

Geissinger 1999, Mouzin et al. 2004) depending on the virus.

b. Prevalence in the European wildcats and in hybrids

According to the relaxed approach used in Beugin et al. (in preparation), our
dataset was composed of 23 European wildcats, and 2 hybrids that may correspond to
wild backcrosses (Wild x F1). Among the 511 domestic cats tested for the four viruses
by Hellard et al. (2011), 371 were genotyped (see Beugin et al. in preparation) and 16
of them were identified as domestic backcrosses (Domestic x F1). We tested whether
hybrids were more infected by the four viruses compared to parental individuals with
a binomial linear model in which infected cases were explained by the hybrid status of
the individual (0 for parent, 1 for hybrid) and different risk factors (sex, age, way of

life, phenotype) known to influence the susceptibility to these virus (Hellard et al.
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2011). Due to the low number of wild backcrosses, this test was only performed to

compare prevalence in domestic cats and in domestic backcrosses.

c¢. Description of the dynamic-statistical model

Intuitively, the probability to observe i infected individuals in a population of
size N can be modelled by a binomial distribution with the parameters N and p, the
probability of being infected. The use of this binomial model supposes however that
all individuals are equally likely to be infected and that their probability of being
infected is independent from the other individuals’ epidemiologic status. For
transmissible diseases, these two hypotheses are not verified. Susceptible individuals
do not have the same probability of being infected than infected ones, and the
probability of being infected depends on the status of the other individuals and
notably whether they are infected or not. One possibility to account for this
dependency is to model the probability of observing i infected individuals by a
dynamical process of between-host transmission (Fouchet et al. 2009). These types of
models are widely used for the study of infectious diseases (e.g. Berthier et al. 2000,
Keeling and Eames 2005).

The dynamic-statistical model we propose is a compartment model in which
individuals are distributed in different compartments that correspond to the different
states in which they can be observed. We considered three states: susceptible,
infected and recovered. Individuals could transit from one compartment to another
according to epidemiological parameters (transmission rate, recovery rate) specific to
each virus, and demographic parameters (mortality rate). These three compartments
were all included for the FPV (SIR model). Individuals infected by the FPV become
immune to this virus for several years after the infection (Scott and Geissinger 1997)
while no such immunity is observed for the FCV, FHV and FIV. Furthermore, given the
short life expectancy of domestic cats in this environment (four years, Hellard et al.
2011), we considered immunity to be acquired for life (Berthier et al. 2000). FPV can

remain in feces-contaminated ground for one year (Csiza et al. 1971). Adding the
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environmental contamination compartment would allow to better reproduce the
dynamics of the FPV. However, to simplify calculations, we considered that individuals
directly transmit the virus for one year before they recovered. Individuals can also
recover from the FCV but, as they do not develop any immunity against the virus, they
become susceptible again (SIS model) when the infection ends after one month on
average (Radford et al. 2007). On the contrary, individuals infected with the FIV and
the FHV do not recover once infected (SI model).

The models corresponding to the different viruses can be represented
graphically with a transfer diagram (Figure 5.1). The infection of European wildcats
was expected to occur according to two different paths: between-wildcat transmission
(transmission rate 5’(N’)) or domestic-wildcat transmission (transmission rate 7). The
FPV, FCV and FHV being transmitted by simple contact, we considered their
transmission to be density-dependent, i.e. to depend on the total size of the European
wildcat population. For these three viruses then, §'(N’) = . The FIV is transmitted
through bites and classically modelled using a frequency-dependent transmission

(Fouchet et al. 2009), for this virus then, 5/(N’) =’'/N’.

B'(N')S'T
— =

t sremr |

Figure 5. 1: Transfer diagram representing the dynamics of the FPV (A) and the
FIV, FHV and FCV (B with 6=0 for FIV and FHV).
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Differential equations can be drawn from these diagrams to represent
mathematically the dynamics of the between-host transmission in the European
wildcat population. For the FCV, FHV and FIV, a system of two equations can describe

the dynamics (6 = 0 for FHV and FIV):

d’si
— = —B'WN)S'I'—1S'I" + ml' + 8

dIi
== B'(N)S'T" +15'I* — mI' — &I’ (1)

For the FPV, the system includes three equations:

!

— = —BS'I'—1S'I" + m(I + R)

dt

dr 2

= =S+ —ml' = & (2)
!

— =§8I'— mR'

dt

Where N’ is the size of the European wildcat population, S’ the number of
susceptible wildcats, I’ the number of infected wildcats, I* the number of infected
domestic cats per population of domestic cats at equilibrium. This number could be
calculated by the resolution of a similar system of differential equations representing
the dynamics in the domestic cat populations when all equations were considered
equal to zero, and the system at equilibrium. Given that the viruses considered are
common and have been circulating for years, we assumed that the domestic cat

populations were at equilibrium:

das
— = —ﬁ(N]S‘I‘F ml + &1
dt (3)

a_ (N)SI —ml — &1
dt_‘g
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It could also be efficiently averaged by N*P where N is the size of a population of
domestic cats and P the prevalence reported on average in domestic cat populations
by Hellard et al. (2011). This model applied to the domestic population was also used
in order to estimate the basic reproduction number Ry associated with each virus, the
transmission rate 8 by confronting the expression of the expected prevalence with the
prevalence observed. The expression of f and Ro depends on the compartment model
considered and are reported in Table 5.1. The transmission parameter [ was
expressed according to the parameters inferred from the domestic cat populations. To
this end, we defined p as

p=2o (4)
RIZI'

According to this definition, 5’(N’) could then be expressed as pNB(N)/N’ in the
equations. The equations presented so far allow for a deterministic study of the
between-host transmission of the virus and do not allow to capture virus extinction
processes. The stochastic version of these models must then be used in order to study
the conditions under which a null prevalence in expected. These stochastic models
include the same compartments and transitions between compartments that the
deterministic model but the transition rates are drawn from a negative exponential

law (Table 5.2).
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Table 5. 1: models chosen for each virus and parameters (m: mortality, &:

recovering rate) associated with each of them. The prevalence (P) considered are the
mean true prevalence found in Hellard et al. (2011) for these populations. N
corresponds to the number of individuals present in a population of domestic cats.

Virus | Model m é B P Ro
m+ & BN
FCV SIS 0.0007 0.03 N(1—P) 0.81 m

T BN

FHV Sl 0.0007 0 N{'l —_ p] 0.60 E
m B

FIV Sl 0.0007 0 1—p 0.16 ;

m+ 4§ BN

Table 5. 2: Transitions and associated transitions rates in the stochastic model

Event Transition Transition rate
Between-wildcat infection | (S,R)=>(S-1, [+1, R) BN)S'T
Domestic-wild infection (SDH)~>(S-1,1+1) TS'T*
Recovery (SDH)>(S+1,1-1)

or
Recovery (FPV) (SLR)=>(S,I-1, R+1)
(SLR)>(S+1,1-1,R)
Death of an infected ml’
(S,)>(S+1,1-1)
Death of a recovered (SLR)>(S+1,1,R-1) mR’
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Given that we considered that populations were independent and of constant
size, this model, based on a continuous-time Markov process, can be described by the
following ordinary differential equations (Fouchet et al. 2009) for FHV, FIV (with
d = 0) and FCV:

dpi(t) _
dt

Pﬁ( ]

[ IF(N-I'")+————— (N '—I']I'-I—mI'-I—SI']pE{t]

pB ( ] (5)

- -+ 2w - - )@ - e @

+[m(I'+ 1)+ 5(Ir + 1]]Pi+1 ()

where p, (t) is the probability of observing exactly i infected individuals at a time ¢t. We

tested two different values of N’ (N’ = 30 and N’ = 50) based on the 42 wildcats
sampled in Beugin et al. (2016). As N’ value did not change our conclusions (Appendix
S5.1), we presented results for N’ = 30. Two situations corresponding to two values of
N and P were considered: a situation where all domestic cats (owned and unowned)
can transmit the virus (N = 50, P = average over all cats), and the other one where only
unowned cats transmit the viruses (N = 25 as owned and unowned cats were equally
represented in each population, and P corresponding to the prevalence in unowned
cats).

For the FPV, we decided to build a simplified model where we expressed the

: , & : : :
number of recovered wildcats R’ as —1 "according to equation (2) when we considered

the system at equilibrium. Using this simplification, the equation becomes:
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dpi(t & N)N u
pi(t) _ _[ﬂs(ﬁ _r ——1') +&(N, —r ——I')I' +mlI' + SI']p,-{tJ
dt m N’ m

tlr (V-0 -0 - @)+ EE (N - - D -2~ D) (' -
D]pis ® (6)

+m(I'+ 1) +6(I"+ 1)]p4 (1)

Given that the four viruses we considered have been infecting domestic cats for
years and that the wildcats and domestic cats have been living in sympatry for many
years (Stahl et al. 1988, O’Brien et al. 2009, Beugin et al. 2016), we assumed that the
populations had reached equilibrium and that the distribution of the probability to
observe i infected individuals was stable. We could thus assess the probability of
observing zero infected individuals according to the value of the parameter t and p by
resolving the system of equations when all of them were equal to zero using the

computer program MATLAB with a Gaussian elimination method and the condition:

N+1
D=1 7
=0

We used two parameters as measures of the between sub-species transmission
and between wildcat transmission respectively. The parameter ¢, defined as the ratio
between the number of effective contacts occurring between domestic cats S(N)N and
the number of effective contacts occurring between domestic cats and wildcats tN’,
was used as a measure of the between-species transmission. Increasing values of ¢
corresponded to effective contacts far more frequent between domestic cats than
between domestic cats and wildcats, and thus to a loss of contacts between sub-
species. The parameter p, described previously, was used as a measure for the
propagation loss within the wildcat population. This parameter was expected to vary
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between 0 (no propagation in the wildcat population) and 1 (similar propagation
within wildcats and within domestic cats). The limit beyond which the probability to
observe zero infected individuals was below 5% was drawn according to these two
parameters. All combinations of these two parameters corresponding to the area
below the line could statistically lead to the observation of a null prevalence (Figure
2). We have varied the number of domestic populations transmitting the viruses, and
we represented the corresponding lines. All 15 populations of domestic cats were
likely to transmit viruses to the wildcat population. However, they did not have the
same size or prevalence for all four viruses, and are not all as close to the wildcat
population, their combined effect was not expected to be fifteen times the effect of one
neighboring population. To understand how the number of transmitting domestic
populations can impact the limit, we added the parameter 7 in the previous equations,
which corresponded to the number of populations exchanging viruses with the
wildcat population. For instance, for FCV, FIV and FHV, we added the parameter 7 to

equations (1) as follows:

dpi(t)
dt

pB(N)N

¥

—[TI*(N—I'}*H+ (N’—I’]I’+mI’+5I“]p,-(t]

+ [TI*(N—{I' —1)) *H+@(Nr — ("= - 1]]?:‘—1 ()
(8)

+[m(I'+ 1)+ 5(Ir + 1]]Pi+1 ()
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Virus propagate within wildcats population

Virus does not propagate within wildcats population I

)
Basic reproductive number ratio

Efficient contact ratio

¢

Figure 5. 2: Theoretical illustration of the kind of results expected through our
modelling approach. The hatched zone corresponds to area where the observation of
a null prevalence is probable at a risk of 5%. The vertical red line corresponds to the
reintroduction delay between domestic cats’ populations @d and the horizontal line to

the value of p corresponding to R; = 1. Below this line, the virus is not expected to

propagate in absence of external reintroduction, above it, it can circulate.
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5.1.3. RESULTS

a. Prevalence in domestic cats, wildcats and hybrids

Pure domestic cats and domestic backcrosses did not differ regarding the
prevalence of FIV, FHV and FPV. On the contrary, domestic backcrosses were
significantly more infected than pure domestic cats by FCV (F = 5.03, df = 1, p =
0.026).

Table 5.3.: Number of infected individuals over the total number of
individuals tested for three hybrid categories: pure wildcats (wildcat), wild

backcrosses (F1 x Wildcat) and domestic backcrosses (F1 x Domestic cat).

Genetic Status FIV FHV FCV FPV

Wildcat 0/23 0/23 0/23 0/23
Wild backcrosses 0/2 0/2 0/2 0/2

Domestic backcrosses | 5/16 9/16 16/16 7/16
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b. Conditions of circulation and null prevalence

The results presented here were obtained for a wildcat population containing 30
individuals and with only unowned domestic cats transmitting the viruses. The results
obtained with all the domestic cats and 50 European wildcats are presented in the
appendix (Figure S5.1).

For all four viruses, the observation of zero infected individuals in the European
wildcat population was expected under variable conditions depending on the virus
(Figure 5.3). A null prevalence could be expected for ¢ values ranging from 1.2 (FPV)
to 50 (FCV) for R%=0, and from 2 (FIV) to 100 (FCV) for R%=1. A lower number of
contacts was then expected between domestic cats and European wildcats compared
to between domestic cats to explain the observation of zero infected wildcats.
Increasing the number of domestic cat populations applying an epidemiological
pressure on the European wildcat population increased the limit values of ¢
compatible with the observation of a null prevalence. This increase in 1 affected more
the FHV and the FCV for which the minimal value of ¢ compatible with a null
prevalence, for R=1, was multiplied by a factor 13 between the case with 7=1 and
m=15. For the FPV and the FIV, factors of 11 and 10 were found respectively.

For the FCV and the FHV, we found a maximal value for R’» beyond which we do
not expect to observe a null prevalence in the European wildcat population (2.31 and
2.5); this corresponded respectively to 30% and 70% of the Ro value characterizing
the domestic cat population. We did not observe such a plateau for the FIV and the

FPV, which displayed a wide range of R’s values compatible with a null prevalence.
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Feline immunodeficiency Virus Feline Parvovirus
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Figure 5. 3: Differential number of efficient contacts between domestic cats and
European wildcats (¢), and the basic reproductive number ratio (p) for which a
null prevalence is expected in the wildcat population, for a number of domestic
populations transmitting the virus from 1 to 15 (lines correspond to 1, 3, 6, 9 and
15 populations) with a 5% risk. The horizontal line states for which ratio p the
basic reproductive number of the wildcat population is below 1 and thus for which
ratio p the virus does not propagate in the wildcat population in the absence of
reintroduction from the domestic cat populations.
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5.1.4. DISCUSSION

The present study reports the absence of wildcat contact with all four viruses
(FIV, FCV, FHV, FPV) even for the oldest wildcats (4 years old) despite the endemicity
of these viruses (antibodies are detected in all age classes in the domestic cat
populations, with prevalence of antibodies reaching up to 81%; Appendix, Figures
S5.2 and S5.3) in the surrounding populations of domestic cats. The only two
serological surveys associated with genetic identification of the wildcats (Duarte et al.
2012, Racnick et al. 2008) did not report any infected individual for FIV and FPV for a
similar number of individuals tested (N = 15-28 in Duarte et al. 2012, N = 17 for
Racnik et al. 2008). In both cases, the European wildcats were sampled in a protected
area, poorly fragmented, and with a low urban pressure, which may be associated
with a low domestic cat pressure. On the contrary, the European wildcats of our study
live in a highly fragmented environment with a high domestic cat pressure. The

absence of viruses in this local wildcat population is thus particularly intriguing.

a. A barrier for FCV and FHV

A null prevalence for FCV and FHV reflected a loss of propagation from 30%
(FHV) to 70% (FCV) in the wildcat population and thus, probably the existence of a
barrier to the transmission of these viruses. In addition, less frequent between sub-
species effective contacts compared to the between domestic contacts were
associated with a null prevalence. This difference in the number of effective contacts
between sub-species was more important for FCV (¢ = 100 for FCV vs. ¢=30 for FHV
for R’o= 1) than for FHV. Thus, the observation of a null prevalence for FCV may more
likely reflect the existence of a barrier between the two sub-species. Such a loss of
propagation and effective contacts can be explained either by a loss of contacts
involving wildcats or a cost for viral strains infecting wildcats. Current knowledge
does not allow us to further discuss the existence of a cost. On the contrary, FCV and
FHV being transmitted during friendly contacts (Gaskell and Povey 1982), their

transmission may be lowered by low levels of sociality (Hellard et al. 2012). The
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solitary way of life of the European wildcat (Sunquist and Sunquist 2002) is thus

expected to significantly reduce transmission opportunities.

b. An inconclusive pattern for FIV and FPV

For FIV and FPV, our model failed to show categorically that the null prevalence
observed reflects the existence of barriers. However, this epidemiological model relies
on several assumptions that tend to underestimate either the epidemiological
pressure undergone by the wildcat population (no contact with other wildcat
populations taken into account) or the circulation of viruses (cross-immunity, no co-
infection). Our model is then conservative. Thus, the conditions associated with a null
prevalence are expected to be even more restrictive if we relax these assumptions and
make our model closer to the reality.

The parvovirus is a virus known to easily jump the species barrier (Kerr et al.
1995, Allison et al. 2012) and have been reported in a European wildcat from a
wildlife park (Wasieri et al. 2009). We may then expect R’ to be close to 1. In this case
(R0 =1), a null prevalence is expected for effective contacts between domestic cats 10
to 110 times more frequent than effective contacts between domestic cats and
wildcats. Several hypotheses may explain these results: the two sub-species may
adjust their behavior to avoid contact with each other; the two sub-species live in
different habitats ; finally, it may also result from the fact that feces (the main
transmission path for FPV) are used to mark territories and are not distributed
randomly in the environment (Pifieiro and Barja 2012). As European wildcats and
domestic cats occupy the same territories in a limited way (Ferreira et al. 2011,
Sarmento et al. 2009), individuals may be confronted to the feces of hetero-specifics
only occasionally. On the contrary, for the FIV, a strain specialist of the domestic cat
can be expected. This virus has indeed never been detected in European wildcats
(Duarte et al. 2012, Racnik et al. 2008) and phylogenetic analyses comfort the
existence of rare cross-transmission events between felid species (Troyer et al. 2008).

For low R’o, which would reflect a low propagation of the domestic strain in the
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wildcat population, a null prevalence is expected for domestic cats having effective
contacts 3 to 25 times more frequently with their conspecific than with wildcats. A
behavioral barrier may be involved. FIV is indeed transmitted through bites from
males to females during reproductive events or during fights between males, for the
monopolization of females or territories (Sparger 1993). A previous study led on this
population of wildcats suggested that hybridization events are mostly expected
between wild males and domestic females (Beugin et al. 2016). Females are not
involved in the transmission of the virus (Courchamp et al. 2000), thus cross-
transmission of FIV during reproductive events is probably a rare event. Furthermore,
the periods of reproduction of the domestic cats and the European wildcats poorly
overlap (Condé and Schauenberg 1974, Gagnon and Dantzer 2013), thus, aggressive
contacts between males for the monopolization of females may not occur on a
frequent basis. Lastly, home-ranges of the two sub-species do not overlap (Germain et
al. 2008, 2009, Ferreira et al. 2011), competitive interactions for territories are then

probably limited.

c¢. Infectious status of hybrids

Hybrids were more frequently found infected by FCV. This result suggests that
hybrids could be differentially infected by viruses and may, if frequent in the
environment, act as a hybrid bridge (Floate and Whitham 1993) promoting the
transmission of pathogens from domestic cats to European wildcats. This bridging
capacity would result from intermediary behavioral traits (Biré et al. 2005, Germain
et al. 2009, Kilshaw et al. 2015). In our study, hybrids were equally distributed among
owned and unowned individuals in the domestic population and thus did not appear
behaviorally intermediary, while in the wildcat population, they were captured
outside the forest, suggesting an intermediary behavior. The epidemiological threat
represented by hybrids remains thus to be investigated. Also, the investigation of the
evolutionary history of the viruses, and notably of the genetic flows that may have

shaped current strains, should draw more attention. It should allow to better
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understand the molecular processes involved in the acquisition of resistance and shed
light on mechanisms attached to the existence of a genetic barrier and to the

disruption of this barrier due to host hybridization.

5.1.5. CONCLUSION

The local population of European wildcats presented in this study does not
appear threatened by the domestic cats’ viruses. In addition, hybridization remains
limited and may not represent an issue for the transmission of viruses between the
two sub-species. However, preventive measures limiting hybridization and virus
circulation, such as neutering and vaccination, should be taken in order to prevent

future outbreaks mediated or not by hybrids in the European wildcat population.
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5.1.6. APPENDICES
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Figure S5. 1: Combination of ¢ and p for which a null prevalence is expected in
the wildcat population, for a number of domestic populations transmitting the virus
from 1 to 15 (lines correspond to 1, 3, 6, 9 and 15 populations) with a 5% risk and
indifferent conditions (all domestic cats considered or only unowned cats, 30 of 50
wildcats). The horizontal line states for which ratio p the basic reproductive number
of the wildcat population is below 1 and thus for which ratio p the virus does not
propagate in the wildcat population in the absence of reintroduction from the
domestic cat populations.
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Figure S5. 2: Distribution of the ages in the entire population of domestic cats.
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Figure S5. 3: Distribution of the ages of the infected individuals for each of the

four viruses considered in the study.
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Addendum

The null prevalence observed in the local population of European wildcats led
to the formulation of two hypotheses: either the strains observed, sometimes at
very high prevalence, in the domestic cats’ populations could not infect wildcats
because the differentiation between the two cat sub-species was enough to impose
a prohibitive cost to such generalist transmission; or, a behavioral barrier existed
between wildcats and domestic cats which prevented the passage of pathogens
from domestic cats to wildcats.

Our work showed that the existence of a barrier to the transmission of the
virus between the two sub-species is plausible. The behavioral differences between
wild and domestic cats appearing to be of crucial importance. Such differences may
be partly coded by regions of the genome that have evolved during the
domestication of the domestic cat (Montague et al. 2014, Tamazian et al. 2014) or
originate from its ancestor the African wildcat (Vigne et al. 2004, Driscoll et al.
2007). Thus, the mixing and introgression of genes may soften these differences
and weaken the barrier protecting wildcats from the pathogens of domestic cats. In
this particular population, the epidemiological risk seems contained at present but
an increase of hybridization in the future may disrupt current epidemiological
equilibrium.

The absence of a behavioral barrier would mean that generalist strains
circulate in the area of study. In this area, domestic cats and wildcats are
distributed according to a meta-population configuration that has been shown to
impact the persistence of generalist strategies (Dennis et al. 2011, Hesse et al.
2015). In order to test if a generalist strain, able to infect both the domestic cats
and the wildcats could, persist in our area of study, we built a stochastic and
dynamic epidemiological model. Preliminary results showed a high variability in
the persistence of a generalist strain depending on the epidemiological dynamics

but that this persistence is expected in many cases.
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Less than sixty-five years separate us from the groundbreaking discovery
of the double-strand structure of the DNA molecule by James Watson and
Francis Crick (Watson and Crick 1953). Yet, genetic markers are now widely
used notably in ecology where the rise of genetic tools has, among other
advances, completely revolutionized our vision of the tree of life, of the species
it contains and the evolutionary history that led to their existence today (Delsuc
et al. 2005). Specifically, it allowed to capture the importance of processes such
as hybridization which were traditionally discarded because considered as
minor.

The field of hybridization studies has been growing these past decades as
new methodological and genetic approaches were developed. Hybridization has
now been detected in many different species and sub-species thanks to the gain
of resolution allowed by these new developments (Grant and Grant 1992, Lodé
et al. 2005, Harrison et al. 2014, Vuillaume et al. 2015, Godinho et al. 2015,
Pongracz et al. 2017). The importance of this evolutionary process has made
essential the transfer of concepts and methods from academical environments
to applied structures, which are more closely involved in everyday monitoring
of wildlife species.

The general objective of my PhD was to master methods and concepts
associated with hybridization studies, in order to re-use them in the context of
Antagene’s activities. Ideally, I wanted to establish a routine easily applicable
for any situation. However, given the many questions attached to the study of
hybridization, instead of establishing a routine, I switched towards identifying
several guidelines to help choose the most appropriate method according to the
question addressed. Hereafter, I discuss these different guidelines. Then, I
discuss another category of guidelines, those proposed regarding the
management of hybrids and propose to integrate epidemiological criterions in a
decision tree otherwise composed on ecological considerations only. Finally, to
conclude on the European wildcat, I address the question as to know whether

the domestic cat represents a threat for its conservation in the populations
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studied here, and propose future developments for the study of the
hybridization and viruses’ circulation between domestic cats and European

wildcats.

6.1. METHODOLOGICAL GUIDELINES FOR THE
STUDY

The sampling scheme is of primary importance as all the analyses depend
on this very first step. A full part will be dedicated to this essential step. Here, |
will thus discuss guidelines for the selection of a genetic and statistical

approach.

6.1.1. THE GENETIC APPROACH: ARE NGS UNAVOIDABLE?

Next-generation sequencing (NGS), which allow for a faster and cost-
effective sequencing of genomes (Metzker 2010), are considered as the future
of hybridization and introgression studies (Twyford and Ennos 2012). Recently,
their application to hybridization issues have largely focused on human species
and showed how modern humans hybridized with Homo neandertalis and
which neandertal genes introgressed and are today part of our genome
(Sankararaman et al. 2014). It has also been used in other species, for example
in Canids (Canis spp., Anderson et al. 2009, VonHoldt 2011, 2016), Butterflies
(Lycaeides spp., Gompert et al. 2014) or Suckers (Catostomidae spp., Mandeville
et al. 2015). These studies mostly aimed at understanding the importance of
reticulated evolution in the formation of species, or at characterizing
introgression shedding light on regions that introgress preferentially.

In spite of this rise of NGS techniques, medium-sized panels (MSP) of
genetic markers are still widely used for the study of hybridization (Khosravi et
al. 2013, Francisco et al. 2014, Pongracz et al. 2017). Classically, the ability to

detect efficiently hybrid categories, i.e. the resolution of a panel of genetic
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markers, is considered to depend on a trade-off between the number of
markers it contains and the differentiation between the hybridizing populations
(Vaha and Primmer 2006). The ability to detect hybridization using MSPs may
thus be questioned, especially between loosely differentiated populations, such
as wild species and their domestic counterparts. If we cannot change the
evolutionary history that shaped the genomes of the populations nor the actual
genetic differentiation between them, we can select genetic markers that are
not representative of the entire genome of the species but allow to inflate the
differentiation between them (Nussberger et al. 2013, Godinho et al. 2015,
Oliveira et al. 2015) and move along the number of loci - differentiation trade-
off. For single nucleotide polymorphism markers, two alleles are generally
observed per locus (Nussberger et al. 2013), thus, the selection of highly
differentiated markers can be achieved by the inclusion in the panel of markers
for which alternative alleles are fixed in the hybridizing populations. Panels of
highly differentiated SNP have been built to assess hybridization between the
European wildcat and the domestic cat and reached Fs value of 0.96
(Nussberger et al. 2013) and 0.74 (Oliveira et al. 2015) while the differentiation
between the two sub-species are usually assessed to range between 0.12 and
0.22 (Randi 2008, Hertwig et al. 2009, Oliveira et al. 2008). The identification of
diagnostic markers is not so easy with microsatellites given their high
polymorphism but highly differentiated panels of markers can be proposed.
Godinho et al. (2015) thus proposed a panel of 13 microsatellites allowing to
raise the Fs value from 0.19 to 0.34. These panels proved efficient for the
detection of first and second- generation hybrids (F1 and F2) and on average
80% of the first-generation backcrosses.

For now, the selection of these markers is mostly based on the
differentiation between hybridizing populations. However, other parameters
such as the number of alleles per locus, or the observed heterozygosity may
impact the resolution of a panel of markers and may be relevant parameters to

take into account, specifically for microsatellite markers selection. In many
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situations, population do not have the same genetic diversity and the
backcrosses to the population that shows a smallest number of alleles and
heterozygosity are usually better detected (Godinho et al. 2015, Beugin et al.
2017). Further investigations may thus be led to see how such asymmetry may
impact the detection of hybrids and may be used in the selection of
microsatellite markers.

In the future however, the use of microsatellite markers for the detection
of hybrids and the study of introgression may be compromised (Nussberger et
al. 2013); SNP panels may be favored, and even more given the need to multiply
local studies (see hereafter) and thus collaborations between laboratories.
However, microsatellite markers remain highly relevant for population
structure and parentage studies which can provide crucial information to
understand hybridization processes (Chapter 4). A combination of markers

may thus provide the best results in the future.

Globally, the efficient detection of hybrids passed the second-generation
backcrosses with current MSPs remains limited (Godinho et al. 2015, Lancaster
et al. 2006, but see Nussberger et al. 2014 for a larger panel composed of 68
diagnostic SNP markers). Two related questions arise from this statement: is
this a limitation for the use of MSPs? And when does a hybrid stops being one
(Daniels and Corbett 2003)? Second generation backcrosses correspond to
hybrid with 87.5% of their genome that belong to one of the parental
populations on average, third generation backcrosses to hybrids with 93.5%
belonging to one population. Many authors consider 90% as an efficient
threshold to distinguish parental individuals from hybrids (Lancaster et al.
2006; De La Torre et al. 2015; Le Roux et al. 2015; Guildea et al. 2015). We may
expect some second generation backcrosses and most third generations to
exceed this threshold. Their management as hybrids thus does not seem
obvious. Given the recent recommendations for hybrid management (Daniels
and Corbett 2003, Wayne and Schaffer 2016) which favor ecosystemic function
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over genetic purity, a race for the detection of old generations of backcrosses
does not seem relevant. In addition, for the regular monitoring of species,
actions conducted on young generations of hybrids allow de facto a control of
older generations and introgression to some extent. The use of medium-sized
panels thus remains relevant for applied study of hybridization thanks to the
compromise they represent between scientific and economic requirements.
Next-generation sequencing represents however a huge source of information
notably for the construction of these panels (see appendix 3) as it gives access
to hundreds, even thousands, of markers (Twyford and Ennos 2012, Loughnan
et al. 2015, Maduna et al. 2017) and thus increases the chances of finding highly

differentiated or diagnostic markers.
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6.1.2. CHOOSING A METHOD ADAPTED TO THE QUESTION
ADDRESSED

The capacity to detect old generations of backcrosses depends on the
panel of genetic markers used for the analysis but also on the computer
programs and the associated statistics chosen to analyze the data. Depending
on the statistical routine, the same individuals will not be detected as hybrids.
The computer programs and the processing of the data delivered by these
programs are indeed more or less conservative, this means that they are more
or less likely to categorize an individual as a hybrid. Similarly to what was
presented in Chapter 3 (Part 1), conservative methods will tend to detect less
hybrids while relaxed methods will, on the contrary, detect more easily
individuals as hybrids. Both approaches can be useful and the extent of their
usefulness is once again strongly dependent on the question addressed
regarding hybridization.

When the objective is to detect parental individuals, for instance for
restocking programs such as those which are commonly performed in
Galliforms (Sokos et al. 2008), one wants to maximize the chances that the
detected parents are true parents in order to restock the wild population with
parental genes. In this case, relaxed methods are the most indicated as any
doubtful individual will be categorized as hybrid. The iterative algorithm
described in Chapter 3 (Part 1) can be used under a relaxed approach and the
snapclust method can be seen as a relaxed counterpart of the program
NEWHYBRIDS as it identifies limit individuals more easily as hybrids (Chapter
3, Part 2). On the contrary, when killing policies are conducted (Landelle 2005,
Jackiw et al. 2015), one wants to eliminate as much as possible hybrids,
especially when the hybrids result from the cross-reproduction of an
endangered species. In such cases, the conservative methods will allow to
detect as hybrids only individuals with strong cues of hybridization. Again, in

Chapter 3 (Part 1), we proposed a conservative use of the iterative algorithm
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that identifies only the most striking hybrids. Other computer programs allow
to detect hybrids in a conservative way like BAPS (Corander and Marttinen
2006) or the method described by Bohling et al. (2011) which consists in
assigning individuals as hybrids when the credibility interval provided by
STRUCTURE along with the assignment probability, does not contain zero or
one. The advantage of these two methods is that they are faster than the one
proposed in Chapter 3. For theoretical purposes, several methods, conservative
and relaxed methods but also geometrical (Discriminant Analysis of principal
components for instance) and population genetics’ based methods
(STRUCTURE, snapclust), are usually combined to have a range of possible rates
of hybridization, and to provide a general characterization of the population
(Randi 2008, Bohling et al. 2011, Couch et al. 2016).

Finally, one may want to identify the hybrid category (F1, F2, etc) of the
individuals. For this purpose, two computer programs have been specifically
designed: NEWHYBRIDS (Anderson and Thompson 2002) and snapclust
described in Chapter 3. The efficient classification of an individual in its hybrid
category is more difficult to achieve than the mere distinction between parental
individuals and hybrids, and requires the use of more markers (Vaha and
Primmer 2006). In those programs, the user needs to determine which hybrid
categories he wants to consider. The definition of hybrid categories
indistinguishable from the parental populations is a source of mistakes and
wrong assignations of parents as hybrids and, reciprocally, of hybrids as
parents. Thus, further development of a rigorous method allowing to assess
which hybrid categories one can reasonably consider is required given the
panel of genetic markers used for the study. We expect such method to rely on
the same parameters (number of loci, differentiation, number of alleles,
heterozygosity) than those used to build MSP of highly differentiated markers
mentioned earlier (Nussberger et al. 2013, Godinho et al. 2015, Oliveira et al.

2015)
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Taking time evaluating which approach is the most relevant regarding the
question we intend to answer may lead to save hours of statistical analysis
given that some computer programs are highly time-consuming. Then, for
efficiency purposes as much as scientific relevance, this decisional step must

not be neglected.
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6.2. THE SAMPLING SCHEME: A PRIMORDIAL STEP
FOR STUDIES’ COMPARABILITY

6.2.1. LIMITS OF THE OPPORTUNISTIC SAMPLING SCHEME

The sampling schemes in hybridization studies are much diversified:
opportunistic sampling of road-killed individuals (Germain et al. 2009, Say et al.
2012, Galov et al. 2015), individual trapping (Lodé et al. 2005, Garroway et al.
2010, Chapter 4-Part1), non-invasive sampling (Schwartz et al. 2004, Godinho
et al. 2015, Chapter 4-Part 2). All these different approaches allow for the
sampling of genetic material in enough quantity and quality to perform genetic
analyses. However, they may not allow to sample the same individuals and thus
to detect similarly hybridization. The opportunistic sampling of carcasses of
road-killed animals for the study of hybridization is particularly widespread in
wildcat studies (Germain et al. 2009, Say et al. 2012, Randi et al. 2001) but also
in other species (Godinho et al. 2011, Galov et al. 2015). In wildcats, road Kkills
are a major cause of mortality (Klar et al. 2008) and thus provide biological
material in large quantity without the setting of heavy sampling protocols
(trapping, systematic collect of feces, etc). However, the individuals killed by
traffic may not be representative of the whole population and thus, carcasses
may lead to biased results for the characterization of hybridization (Nussberger
et al. 2014b) compared to what would be assessed with an exhaustive trapping
of live individuals.

First, carcasses may mainly belong to dispersers because they are more
likely to cross roads to join their new territory. As hybrids may be perceived
differentially by parental individuals (Lancaster et al. 2006), behaviors of
exclusion may lead hybrids to disperse more than pure individuals. Then, the
study of road-killed animals may lead to an over-estimation of the number of

hybrids. Second, in cats, and in several other mammals (Pusey and Packer 1987,
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Honer et al. 2007, Lawson Handley and Perrin 2007), dispersers are mostly
males due to a sex-biased dispersal (Devillard et al. 2004, Hansen et al. 2007).
Then, if hybridization affects differentially males and females, we may not be
able to characterize all the hybrids and capture their diversity. Third, in some
habitats, like in our area of study in the Pyrenees, wildcats are not impacted by
traffic and no carcasses are found on the roads. Studies led solely on road-killed
individuals may thus miss part of the local heterogeneity that exist in the rate of
hybridization. Comparison between opportunistic and systematic sampling
using hair traps locally was made by Nussberger et al. (2014b) and they did not
find major differences between the results obtained with the two sampling
schemes. A more systematic comparison of different sampling schemes may
however be relevant in future studies given the number of possible biases
attached to opportunistic sampling.

Opportunistic samplings all over the area of repartition of the European
wildcat reported highly contrasted levels of hybridization (18% in Hertwig et
al. 2009, 30% in Say et al. 2012, 50% in Pierpaoli et al. 2003). Even if the biases
attached to opportunistic sampling prove in the future to have only a marginal
impact on the rate of hybridization estimated, this sampling scheme remains
poorly adapted to the study of the variability of hybridization patterns because
of the biases listed earlier. In order to do so, local studies between interacting

individuals are required.

6.2.2. LOCAL SAMPLING SCHEMES TO UNDERSTAND THE
HETEROGENEITY OF HYBRIDIZATION PATTERNS

Local sampling studies aiming at understanding why hybridization occurs
in cats, instead of assessing to what extent it occurs, are extremely rare. Local
studies have been conducted in Swiss Jura (Nussberger et al. 2014b) or in
north-eastern France, close to our area of study (Germain et al. 2008) but did

not allow to link ecological features with the presence or absence of hybrids.
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Nussberger et al. (2014b), reported a high resolution genetic study focused on
the detection of hybrids. The panel of genetic markers used was however not
relevant for the study of population structure, or parentage analysis, and was
not combined with other techniques and notably spatial approaches that could
have allowed to understand how individuals may meet. On the other hand,
Germain et al. (2008) combined genetics and radio-tracking but used a number
of microsatellite markers (N = 13) that did not allow to detect reliably hybrids
passed the first generation (F1, O’'Brien et al. 2009). Thus, given the rarity of F1
hybrids, and the absence of difference between wildcats and hybrids, we may
question the reliability of the results reported in this study. Also, only 9
wildcats (5 wildcats and 4 putative hybrids) were monitored in a forest twice
the size of the central forest in our area of study and thus that probably
contains far more individuals. The results presented in Germain et al. (2008)
may thus not be representative of wildcat behaviors.

To our knowledge, the local study conducted in north-eastern France is
the first study including exclusively interacting individuals from both sub-
species and combining an exhaustive sampling of the populations (42 wildcats
and 511 domestic cats trapped in an area of about 250 km?), the use of 22
microsatellite markers allowing for the detection of most of the first generation
backcrosses (67 to 98% depending on the method) and a spatial monitoring of
more than half the individuals trapped alive (18 wildcats equipped over 32
wildcats trapped alive). The same sampling effort could not be deployed in the
Pyrenees for practical reasons (no authorization for live trapping, lack of time
during the PhD to set a rigorous protocol of feces sampling allowing to assess
home-ranges from capture-recapture of feces). However, we did collect a
substantial number of feces in proximity of the villages where domestic cats
live and where hybridization front is expected to stand.

In the case of the hybridization between wildcats and domestic cats, the
presence of agricultural fields seemed to be of major importance and to

promote the encounter of sub-species due to the density of rodents they
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contain (Chapitre 2). For other hybridization systems like the wolf and the dog,
or like the wild boar and the domestic pig, the presence of rodents is not
expected a priori to play a major part given that they are not majority in the diet
of these species (Gade-Jgrgensen and Stegegaard 2000, Herrero et al. 2006, Van
Djik et al. 2008). Other processes may thus be at the basis of hybridization. In
wolves, the need for local studies has also been pointed out (Pacheco et al.
2017). Recently, a population scale study in the Iberian Peninsula mixing
hybridization detection, spatial data and relatedness estimates, showed that,
contrary to classic expectations, hybrids may result from multiple events of
hybridization over a large spatial area and not events spatially restricted
(Pacheco et al. 2017). This study also led to propose social group disruptions
events to promote hybridization. This was also proposed for a wolf-Coyote
(Canis rufus x Canis latrans) system in North California (Bohling and Waits
2015) that was studied at a population scale and for which ecological and
demographic data (pedigree, breeder experience...) were linked to hybrid
detection. The social group stability may then be an important factor shaping
hybridization patterns in canids.

We probably do not have yet a full assessment of the potential of local
sampling schemes to understand hybridization. More local studies are required
in the future to fully grasp the diversity of hybridization patterns and of the
mechanisms that shape them. Beyond a variability in the extent of hybridization
and introgression, these local studies may allow to study in more details which
genes introgress and if some introgress more than others. The introgression of
different genes according to the populations may lead some populations to be
more threatened by introgressive hybridization than others. For instance, if the
fact that both the African wildcat and the domestic cat are susceptible to FIV
(Troyer et al. 2008) results from a sharing of susceptibility genes, and if these
genes introgress in some populations but not all, some may be more

endangered that the others from an epidemiological point of view.
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6.2.3. HOW MAY LOCAL SAMPLING HELP FOR HYBRID
MANAGEMENT?

Local sampling studies provide insights into the causes of hybridization
and thus important information to plan measures aiming at avoiding situations
promoting it. In line with Chapter 4’s results and the studies led by Pancheco et
al. (2017) and Bohling and Waits (2015), measures may for example consist in
green engineering to shape interfaces in order to make them less prone to
promote encounters, or in a change of hunting practices in order to limit their
impact of social structure equilibria. The multiplication of local studies may
allow to refine these measures over time.

The studies about hybridization are classically led at a larger scale, over
several non-interacting populations (Verardi et al. 2006, Pierpaoli et al. 2003,
Vuillaume et el. 2015). This sampling scale allows to detect hybrids relative to a
“genetic core” that corresponds to the genetic material shared by all individuals
from the same sub-species whatever their local environment or history. The
individuals identified as hybrids using this large sampling scheme may be
individuals from populations that went through intense episodes of
introgressive hybridization but may not be hybridizing anymore. Hybrids may
thus not result from recent reproduction events between sub-species but be the
remnant of a past intensive introgressive hybridization. Large sampling may
thus not provide real-time information about hybridizing processes and lead to
the elimination of individuals that are in fact not conveying nor genes nor
pathogens at the time of the study. Alternatively, hybrids detected locally may
be hybrids between hybrid forms and local populations may not be worth
managing against hybridization. As a consequence, local scale may not allow to
identify hybrids in a satisfactory way for conservationists. To what extent local
sampling is relevant for the identification of hybrids and their management in
the short-term remains an open question that may not find an answer before

guidelines for the management of hybrids are clarified.
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6.3. HOW MAY EPIDEMIOLOGY BE INCLUDED IN
HYBRID MANAGEMENT GUIDELINES

6.3.1. THE PROBLEM WITH TRADITIONAL HYBRID
MANAGEMENT

Recent studies have largely focused on anthropogenic hybridization
which is considered as systematically deleterious for the persistence of species
(Mallet 2005). In line with this view, policies for the conservation of species
mainly preconize to stop hybridization either by stemming processes leading to
the production of hybrids or by the elimination of hybrid individuals,
considered as “exotic” individuals threatening native populations (Landelle
2005, Jackiw et al. 2015). The few legal texts dealing with hybrids mostly
address hybrid killing measures, certainly because the absence of local studies
has led to a lack of information regarding the ecological mechanisms at the
basis of hybridization, and thus limit our capacity to prevent hybridization
before it happens.

These policies are based on the premise that clear rules allow to designate
which individuals are hybrids and to assess whether or not they represent a
threat. However, this premise is far from being true and even the use of the
term “hybridization” is controversial in some situations (Gompert and Buerkle
2016). Genetic studies have indeed shown the major impact of reticulated
evolution and that many genomes contain to some extent genes originating
from other species (Mallet et al. 2016, Medugorac et al. 2017, Sankararaman et
al. 2014). The elimination of all individuals carrying traces of introgression
would then be a non-sense and may even become damageable for the species.
Alternatively, the determination of a threshold delimiting when individuals
stop being hybrids is hardly achievable (Harrison 1993, Daniels and Corbett

2003), and thus it can be difficult to distinguish hybridization from conspecific
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reproduction when populations are loosely differentiated. Typically, for the
European wildcat and the domestic cat, their phylogenetic proximity (O’Brien
et al. 2008) and past history of hybridization and introgression (Hertwig et al.
2009, Ottoni et al; 2017) may lead to wonder whether we should really
consider the reproduction between these sub-species as a hybridizing process
(Fredriksen et al. 2015). However, because domestic cats are a domesticated
sub-species, their hybrids are more easily considered as a threat.

The genetic criterions being of limited relevance for the definition of
which hybrids should be protected, eliminated or simply tolerated, these past
years, it has been more and more replaced by functional criterions (Daniels and
Corbett 2003, Jackiw et al. 2015, Galaverni et al. 2017). According to these new
criterions, if hybrids and parental individuals are ecosystem surrogates, then
hybrids may not need to be removed from the environment (Galaverni et al.
2017). While classical approaches have a static view of the conservation of
species where species must remain as they are or even return to their state
before human impacted the environment, these ecosystem-based guidelines
take into consideration the necessary evolution of species (Fredriksen 2015)
which can require hybridization, which proved to be at times beneficial even

when anthropogenic (Anderson et al. 2009).

6.3.2. USING EPIDEMIOLOGY AS A CRITERION FOR THE
MANAGEMENT OF HYBRIDS

In Chapter 5, we proposed behavioral features to explain, for a substantial
part, the absence of infected wildcats in the population from North-Eastern
France and proposed that hybrids, if they increased in number, may disrupt the
current equilibrium and lead to non-null prevalence among wildcats. Then, the
presence of hybrids may clearly become a threat for the conservation of the

European wildcat. So, why not consider the role hybrids play in the circulation
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of pathogens as an additional criterion to decide whether or not hybrids should

be protected?

This criterion has never been proposed as far as I know and, more
generally, such association of epidemiology and ecology in management
guidelines is difficult to find in the literature and possibly inexistent in spite of
the tight connections existing between ecology and epidemiology, and their
respective importance for wildlife conservation. Recently, Wayne and Schaffer
(2016) proposed a tree of decision that relies on three rules allowing to decide
in a specific context whether or not hybrids should be protected (Figure 6.2).
According to their first rule, if hybrids result from a natural hybridizing process,
they must be protected, else, more criterions must be examined. Given that the
impact of men on the environment is global, natural hybridization has become
very difficult to separate from anthropogenic hybridization (Mallet 2005,
Malukiewicz et al. 2015). In practice, the only hybridizing events that can be
attributed to the action of humans without questions are those resulting from
the release of hybrids in nature, for instance for restock purposes in Galliforms
(Sokos et al. 2008). For all other situations, natural and anthropogenic
mechanisms are most likely combined in the hybridizing process. In most cases
then, this first rule will not allow to take a decision. The second rule consists in
defining if hybrids are the ecological surrogates of the parental individuals. In
many cases, especially for backcrosses of advanced generation, we can expect
this to be true but the extent to which two organisms are surrogate is, once
again, a complicated matter (Wayne and Schaffer 2016). A third rule is then
proposed by Wayne and Schaffer: if the restoration of the natural habitat leads
to the selection of native genes, then hybrids may be protected, at least
temporarily, until the restoration succeeds in stopping hybridization. [ propose
to add an epidemiological criterion before this third rule (Figure 6.2) that
consists in assessing whether hybrids may represent a threat for the parental

populations notably by promoting the emergence of new pathogens in the
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endangered population. Like the first two rules of Wayne and Schaffer’s
decision tree, the epidemiological threat represented by hybrids is quantifiable
based on present information. In addition, the effects of the restoration of the
habitat may be in the long term while emerging viruses can lead to rapid
decline of endangered populations (Roelke-Parker et al. 1996, Leroy et al
2004). If hybrids, due to their intermediary genome, do promote pathogen
jumps and the emergence of new diseases (Parrish and Kawaoka 2005), which
remains poorly investigated as detailed hereafter, it makes then more sense to
act regarding epidemiology before acting regarding habitat restoration. Habitat
restoration may however be considered to prevent future hybridization and
infectious diseases outbreaks even if hybrids represent an epidemiological

threat and must be eliminated in the short term (Figure 5.2).
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6.3.3. ASSESSING IF HYBRIDS ARE AN EPIDEMIOLOGICAL
THREAT

The hybrid may represent a threat for the conservation of parental species if
they promote the transfer of parasites from a parental population to another and
thus act as a bridge (Floate and Whitham 1993, Lebrun et al. 1992). Le Brun et al.
(1992) reported indeed a correlation between hybrid status (hybrid class) and
level of prevalence to a ectoparasite (Diplozoon gracile) in Barbels (Barbus spp.)
and proposed based on these observations that hybrids may be eco-ethological
bridges allowing the transfer of parasites from one species to another. The “Hybrid-
bridge hypothesis” was clearly stated only one year later in plant systems (Floate
and Whitham 1993). Since, the hybrid bridge hypothesis has remained mainly
studied in plants. For instance, a recent study in Oaks (Quercus spp., Tovar-Sanchez
and Oyama 2006) showed that oak hybrids were susceptible to more parasites and
may, because of a complete morphological and genetic continuum, favor shifts from
one plant to another. The hybrid bridge remains however poorly investigated,
especially in animals and regarding the evolution of infectious agents. More
investigations are thus required to assess how important this process may be for
the spread of infectious diseases.

Pending additional information, the assessment of the epidemiological threat
represented by hybrids may be achieved using two criterions usually mentioned in
studies associated with the hybrid bridge hypothesis: the relative diversity of
parasites in hybrids and parental forms, and the continuum of prevalence along
hybrid classes. If hybrids are susceptible to more parasites, measures against them
or the absence of measures protecting them should be considered. If the diversity is
equivalent and the prevalence in hybrids is similar to the prevalence in parental
forms or if the diversity in hybrids is lower than the diversity in parental
individuals, then hybrids may be temporarily protected and the third rule of Wayne

and Schaffer (2016) implemented. In parallel, the prevalence of the considered
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parasites should be expressed as a function of the hybrid class in order to assess if
there is a clear relationship between these two variables as expected if hybrids act
as a bridge (Lebrun et al. 1992). This particular measure raises again the issue of
the detection of old generations of backcrosses as this relationship would be better
estimated with a large number of hybrid classes. However, in the first instance,
hybrids’ protection measures may be avoided when a relation appears considering
only the F1, the F2 and the two first generations of backcrosses which are

accessible with current panels of markers (Nussberger et al. 2013, 2014).

6.4. IS THE EUROPEAN WILDCAT THREATENED BY
DOMESTIC CATS?

The European wildcat proved to be a useful model for the study of
hybridization and regarding the circulation of viruses. Beyond the methodological
developments its study allowed, we could gather information which lead us to
wonder whether or not the domestic cat threatens locally the European wildcats, if
measures should be taken in order to limit hybridization and, necessary, what kind

of measures.

6.4.1. DO WE FULLY UNDERSTAND THE ROLE OF
FRAGMENTATION ON HYBRIDIZATION?

Habitat fragmentation is expected to be a threat for the conservation of the
European wildcat (Crispo et al. 2011). Some of our results comfort such deleterious
effect. The comparison between north-eastern France and Pyrenean populations
led us to conclude that the presence of agricultural fields rich in food resources
around forests, in fragmented agricultural landscapes, promoted encounters
between sub-species and hybridization (Chapitre 4). However, our results also

provided insights that may moderate the negative impact of fragmentation on the
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persistence of the European wildcat. First, the spatial segregation of males and
females (Chapter 2, Part 1) in the fragmented environment seemed to promote
hybridization between wild males and domestic females (Chapter 4, Part 1) and
introgression of wildcat genes into domestic genomes (Chapter 3, Part 1). The use
of mtDNA markers and/or Y-linked markers is however necessary to confirm this
pattern. If confirmed, this means that this spatial segregation may actually play in
favor of the wildcat genetic integrity. Second, the genetic diversity in the Pyrenean
wildcat population was significantly lower than the genetic diversity in north-
eastern France. While this difference may be due to the isolation of the wildcat
population in this mountainous environment (Say et al. 2012, Chapter 4, Part 2), we
may wonder whether the absence of hybridization is partly responsible for this
difference. Genetic rescue, i.e. the increase of population fitness owing to the
immigration of new alleles (Whiteley et al. 2015), is one of the possible beneficial
impacts of hybridization (Todesco et al. 2016). This mechanism may have played a
major part in the evolution of other felids from the genus Panthera. Figueir6 et al.
(2017) conducted indeed a genome-wide study in this genus and identified post-
speciation admixture between species of this genus has probably been a recurrent
route of evolutionary rescue when populations reached low effective sizes and
were thus at risk of extinction. So, we may wonder to what extent hybridization
participates in the persistence of a viable genetic diversity in European wildcats

depending on the environment and isolation of the population.

Habitat fragmentation may also have led to the formation of rudimentary
social structures in the wildcat population from north-eastern France (Chapter 2).
This is the first time that a non-solitary way of life is reported for European
wildcats. This shows that this sub-species of cats is more flexible in terms of social
organization than previously thought (Sunquist and Sunquist 2002). Given that the
social structure of a population impacts the dynamics of infectious diseases, this
observation is crucial for future modelling approaches of wildcats’ infectious
diseases spread (Pontier et al. 2009).
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The effect of fragmentation thus appears more complex than usually thought.
[ts effect may probably need to be decomposed into several aspects, like the nature
of the “anthropic” habitat (agricultural fields, roads, grassland, villages...), in order
to investigate with more details how it impacts hybridization between wildcats and
domestic cats, but more largely, hybridization in wildlife. This better understanding
of fragmentation and human impact on hybridization could notably be achieved
thanks to next-generation sequencing. Using whole-genome sequencing (WGS),
Medugorac et al. (2017) identified episodes of intense introgression between yaks
and cattle that coincided with the Medieval Climate Anomaly and the Dzungar-Qing
War, two periods during which high mortality rates in cattle led to hybridization
events to restore herds. A similar study led on wildcats and domestic cats may
allow to understand the introgressive history between the two sub-species and to
relate it to archives about the impact of men on the environment in order to better

understand the part human played in past introgression between cat sub-species.

6.4.2. DO PYRENEAN WILDCATS NEED PARTICULAR
PROTECTION MEASURES?

The low genetic diversity of the European wildcat population studied in the
Pyrenees (Chapter 4, Part2) is worrisome and may be a problem for the persistence
of the sub-species in this area in the future (Spielman et al. 2004). More
investigations are required to assess whether Pyrenean wildcats are threatened
and if specific conservation measures should be considered in this area. In
particular, more investigations should focus on the characterization of the factors
that contribute to the isolation of the population. Controlled genetic rescues are
increasingly considered to prevent extinction of populations marked by low genetic
diversity (Tallmon et al. 2004, Hedrick and Fredrickson 2010). Could such genetic

rescue be applied on Pyrenean wildcats if their decline is confirmed? If so, should
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neutering policies of domestic cats be reassessed in the Pyrenees in order to allow
hybridization between the two sub-species to some extent?

Furthermore, the only individual we may suspect to be a hybrid lived in the
village of Nohedes. The presence of hybrids in the domestic cat population may
actually be expected. According to Wirtz (1999), hybridization is expected to occur
mainly between the female of the population less represented and the males of the
most common population, in response of a lack of conspecific males. This direction
of hybridization was for instance observed for 90% of the hybridizing events
between coyotes (Canis latrans) and red wolves (Canis rufus) in North Carolina
(Bohling and Waits 2015). Generally, the less represented population is the
endangered population. In Nohédes however, the situation may be reversed, the
village being surrounded by mountains where wildcats live (Chapter 4, Part 2).
Hybridization may then be expected to occur between domestic females and wild
males under Wirtz’ hypothesis. Because females take care alone of the cubs,
hybrids would then preferentially live near the village. In Nohedes, most but not all
domestic cats had been neutered by local associations. This partial neutering must
have led to a diminution of the domestic cats available for mating. Could the
scarcity of available mates among domestic cats lead them to accept wildcat males
as sexual partners and hybridize? Is partial sterilization policy better than no
sterilization in the Pyrenees?

These questions are for now impossible to answer without more

investigations but they open interesting perspectives for the future.
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6.4.3. IS THE EUROPEAN WILDCAT THREATENED IN
NORTH-EASTERN FRANCE?

As it is, I think that it is very complicated to conclude and to decide
whether or not hybridization is a problem for the conservation of European
wildcats in northeastern France. Past studies implied that hybrids of recent
generations had an intermediary way of life reflected by an intermediary diet
(Bir6 et al. 2005, Germain et al. 2009) or spatial behavior (Kilshaw et al. 2015).
Hybrids may thus not be ecological surrogates of the European wildcats.
However, the identification of hybrids was not achieved genetically (Kilshaw et
al. 2015) or led on 12 to 13 markers that did not allow to retrieve reliably first
generation backcrosses (O’Brien et al. 2009). Thus, these results may need to be
interpreted with caution. Our results (Chapter 5) may not comfort these results.
In our study, the 16 putative hybrids were indeed equally distributed between
owned (N = 9) and unowned (N = 7) cats and some (N=6) were even tame
enough to be sampled without trapping. These sixteen hybrids being detected
with a relaxed approach (Chapitre 3, Part 1), we may suspect some of them to
be in fact domestic cats. However, even when we considered the two hybrid
detected with a conservative approach, both ways of life (owned and unowned)
were represented. Regarding hybrids detected in the wildcat populations, all
but one were captured outside the forest, which may be due to an intermediary
behavior; however, we cannot discard the hypothesis that they are in fact
wildcats because these hybrids were detected with the relaxed approach.
There are thus no categorical results showing an intermediary way of life of
hybrids neither in the literature nor in our results. Furthermore, in spite of
generations living in sympatry and probable on-going introgression (Hertwig et
al. 2009), the two sub-species remain clearly distinguishable both on an
ecological, morphological and genetic point of view. Barriers preventing too
high rates of hybridization are thus expected (French and Easterbee 1988,
Hubbard et al. 1992) and may still hold.
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Regarding the circulation of viruses, the current rate of hybridization in
north-eastern France does not appear to promote the transfer of domestic cat
viruses to the wildcats. However, some viruses (FIV specifically) may not be
shared by domestic cats and wildcats. Thus, hybrids may represent a potential
threat. Only two putative wild backcrosses (F1 x Wildcat) were tested during
the serological survey and none was found positive to any of the four viruses.
While these two individuals are clearly not statistically relevant to draw any
conclusion, they question the existence of a continuity of infection across

hybrid classes and of a hybrid bridge.

In conclusion, measures against hybrids appear currently difficult to
justify as they do not represent a categorical threat. However, given that the
proliferation of domestic cats is a general issue, measures aiming at controlling
their demography (neutering) should be applied regardless of the actual threat
raised by hybrids. The impact of sterilization policies on hybridization should
however be tested in order to better predict the effects of such policies.
Furthermore, vaccination policies may be conducted in order to decrease the
epidemiological pressure domestic cats apply on the wildcat population and
thus prevent future epidemiological threats due to the presence of hybrids.
Given that hybrids are part of the domestic cat population, such policies would

also disrupt any existing hybrid bridge.

6.4.4. FUTURE STUDIES REQUIRED TO BETTER
UNDERSTAND THE SYSTEM

The European wildcat remains mysterious in many aspects and a lot
remains to be investigated notably to understand its interactions with domestic
cats. In Chapter 4 (Part 1), we based our results on radio-tracking monitoring,.

This monitoring allowed us to have an approximation of the interactions we
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may expect between sub-species. More precision is required to better assess to
what extent wildcats meet domestic cats. More extensive radio-tracking (Martin
et al. 2013) or the use of contact collars (Craft and Caillaud 2011) may allow to
build a contact network useful for hybridization but also in epidemiological
studies. Notably, it may allow to build individual-centered models where
individuals could be characterized by their connections with their neighbors.
Such network models have been used in lions to understand how different
patterns of dispersal can impact the spread of a virus (Craft et al. 2011, 2015)
and may bring a new level of precision in the wildcat-domestic cat system. Such
studies remain for now rare due to the difficulty to asses contact networks
(Craft et al. 2015). The use of a more intensive radio-tracking would also be
interesting to know if there is a spatial temporal sharing between domestic and
wildcats, but also between wildcats to precise the structure of the related units
we observed (Chapter 4, Part 1). Finally, investigations at the population scale
should be associated in the future with investigations at the individual scale in
order to give insights into behavioral and ecological features of European
wildcats. For instance, hybridization being based on the reproduction of
individuals, it would be crucial to understand wildcats can discriminate hybrids

and reject them from their habitat or as mates during reproduction.
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Conclusion

The European wildcat as organism model did not allow me to establish a
unique routine applicable to any species and any question for the simple reason
that such unique routine is impossible to establish. The study of hybridization
encloses indeed many questions which make impossible the use of a single
analytical path. Instead, I could draw crucial questions to ask and some guidelines
to follow from the sampling schemes to the statistical approach when confronted to
the study of hybridization.

Particularly, one must be aware of the major importance of the sampling
scheme because it defines the questions to which we will be able to provide
answers. This is of course true for any experimental design, but given the
multiplicity of questions raised by hybridization, questions which may seem
similar, I think it is important to press the importance of spending time on the
sampling design.

My PhD work allowed me to answer some questions and to identify even
more issues. Then, more investigation is still to come to understand hybridization
and virus circulation between European wildcats and domestic cats and more

largely, across species.
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During the three years that lasted my PhD, I experienced both life in the
academic world and in the private sector. These two environments proved
extremely different and both shaped my way of thinking, making me some kind of
“cultural hybrid”.

Working in an academic laboratory taught me how to study hybridization
with logic and neutrality, knowing that results are true up to a certain probability.
Antagene showed me under which circumstances hybridization is studied and
monitored: for captive-bred individual releases, for conservation of endangered
species, for legal expertises, etc, and that in these applications, the study of
hybridization is not neutral but based on the premise that hybrids are deleterious
for the species, a view largely shared by the society.

Knowing the paradoxical place of hybridization in the evolution of genomes, it
has been really difficult for me to understand why there was this gap, why hybrids
were so despised by the society. Then, I wondered whether or not people knew
about this paradox and I realized that, during my years at school, hybridization was
defined as the mixing between individuals from different species, that evolutionary
ecology was not taught and that, if I had not pursued my studies in ecology, [ would
have never known that hybridization could be beneficial for species. Then, I
realized that our educational system along with the way academic laboratories
communicate with the society, does not allow people to truly understand the
ecological challenges of our time nor the measures undertaken to face them.

At a time when ecological measures are taken in order to stem our impact on
the planet, I think that a better exchange between academic laboratories and the

society is required to help people understand why some measures are taken but
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also to calm the debates associated with them and make them more objective and
constructive.

During my engineering school, 1 specialized in the management of the
environment. Now | realize how important it is to understand both academic
results, methods and approaches as well as applied concerns and societal context,

to manage efficiently.

Hybridization can be an adaptive motor in some cases. I think this is true for
cultural hybridization and more particularly here, I believe that the introgression of
some of the academic knowledge to the society along with an introgression of a
better appreciation of the societal context in the academic labs, will benefit the

future management of wildlife, and more widely the management of our planet.
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La faune sauvage a toujours suscité l'intérét des hommes et plus
particulierement depuis 'éveil de la pensée écologique. au milieu du XXe siecle.
Aujourd’hui menacée par les changements globaux et par les activités de 'Homme,
elle est au cceur de nombreuses études scientifiques. Deux problématiques
apparaissent aujourd’hui majeures concernant la conservation des especes
sauvages : I'hybridation, qui correspond a la reproduction d’individus appartenant
a des populations génétiquement différentiables, et la circulation des maladies
infectieuses qui sont une importante cause de mortalité a travers le monde tant
pour les espéces sauvages que pour 'Homme.

L’hybridation est reconnue comme un processus évolutif majeur chez les
animaux seulement depuis quelques décennies. Elle aussi bien participer a la
survie des especes qu’a leur extinction. L’essor des outils génétiques depuis les
années 1980 a permis de mieux détecter ce processus et a conduit a I'identification
d’'individus hybrides dans de nombreux taxa. La détection de I'hybridation est donc
devenue un enjeu majeur pour les gestionnaires de la faune sauvage et la
transposition des outils développés dans le milieu académique est devenue
essentielle pour organiser un suivi de I'hybridation dans les meilleures conditions.
Ma these, financée par une Convention Industrielle de Formation par la REcherche
(CIFRE) a consisté a permettre ce transfert méthodologique du monde de la
recherche académique vers le laboratoire privé Antagene qui propose des
prestations (génotypage, développement de marqueurs, diagnostic génétique) dans
le secteur de la génomique animale.

Dans ce but, je me suis focalisée sur un organisme en particulier, le Chat
sauvage Européen Felis silvestris silvestris, qui est une espéce menacée en Europe,
et qui est touché par ces phénomeénes d’hybridation. En effet, son homologue
domestique, Felis silvestris catus, est une sous-espece de Chat suffisamment proche
génétiquement du Chat sauvage pour que les deux sous-especes puissent se
reproduire. Les hybrides découlant de cette union, constituent potentiellement une
menace pour l'intégrité génétique du Chat sauvage car, en cas de croisement de ces
hybrides avec des individus « purs », ces hybrides pourraient faciliter I'intégration
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de génes domestiques, qui sont potentiellement déléteres dans un habitat sauvage,
dans le génome des chats sauvages et les mener a l'extinction. Ces hybrides
pourraient également constituer une menace d’'un point de vue épidémiologique.
Les chats domestiques sont en effet porteurs de nombreux virus dont certains ont
déja été impliqués dans des catastrophes démographiques chez d’autres carnivores
sauvages. Les chats sauvages, quant a eux, vivent en petites populations
fragmentées et ne peuvent probablement pas maintenir ces virus. Ils ne sont donc
potentiellement pas armés pour leur faire face, faute d'une coévolution entre ces
virus et les défenses immunitaires des chats sauvages. L’introduction de virus des
chats domestiques dans les populations de chats sauvages pourrait donc s’avérer
dangereuse pour la conservation du Chat sauvage. Les hybrides pourraient aider au
passage de virus d'une sous-espece a l'autre en faisant office de navette du fait de
leur comportement intermédiaire, ou bien en procurant aux virus un milieu
favorisant leur adaptation a un nouvel héte. Au cours de ma these, et afin de
pleinement appréhender quelle menace peuvent représenter les hybrides pour les
chats sauvages, j’ai donc travaillé a comprendre a la fois la menace génétique et la
menace épidémiologique que représentent les hybrides. Deux populations locales
de chats sauvages nous ont servi a mener a bien ce travail : une population dans le
Nord-Est de la France, et une population dans les Pyrénées Orientales.

L’'impact des hybrides sur la conservation des chats sauvages ne peut étre
traité que si 'on est en mesure de détecter les hybrides. L’augmentation du nombre
de cas d’hybridation rapportés dans la littérature a naturellement conduit au
développement de nombreuses approches méthodologiques assurant cette
détection. Plusieurs aspects méthodologiques restent toutefois a améliorer. Au
cours de ma these, je me suis concentrée sur deux aspects. Le logiciel STRUCTURE
est le plus utilisé dans les études portant sur ’hybridation. Il permet de déterminer
dans quelles proportions un individu appartient a 'une ou I'autre des populations.
En l'absence d’individus dont on sait s’ils sont « purs » ou bien hybrides, il est
coutumier de déterminer des seuils sur ces proportions pour établir ce qu’'est un
hybride et ce qu’est un parent a partir de simulations faites sur la base d'un
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échantillon du jeu de données censé représentatif des individus « purs». La
sélection de ces individus représentatifs est un procédé souvent obscur et non
justifié dans les études. Le but de notre premiere approche méthodologique a donc
été de répondre a ce manque de rationalité pour la définition du groupe d’individus
représentatifs. Pour cela, nous avons mis en place un algorithme itératif permettant
de ne partir que d'un ou deux individus, et de construire le groupe représentatif
uniquement sur la base de l'information contenue dans les génotypes et non en
fonction de critéres arbitraires. Nous avons appliqué cette approche aux deux
populations de chats sauvages étudiées. Dans le Nord-Est de la France, nous avons
détecté six individus potentiellement hybrides dans la population de chats
sauvages et seize autres dans les villages ou vivent les chats domestiques. Dans
cette population, un flux de genes des chats sauvages vers les chats domestiques a
été détecté. Au contraire, dans la population pyrénéenne, un seul chat est apparu
potentiellement hybride, au coeur d’'un village particulierement isolé dans la
montagne. Aucun hybride n’a en revanche été détecté dans I'’habitat des chats
sauvages. Cet individu potentiellement hybride ressort suspect avec la deuxieme
approche méthodologique, appelée snapclust, sur laquelle j’ai travaillé au cours de
ma these. Il s’agit d'une méthode rapide de détection de groupes d’individus qui
permet de catégoriser les individus en tant que pur ou bien en tant qu’hybride de
classe donnée (premiere génération, rétrocroisement). Cette méthode se base sur
une approche d’espérance-maximisation qui est une méthode permettant de
rapidement converger vers un état final et qui, de par sa vitesse, se distingue
d’autres méthodes telles que les méthodes bayésiennes implémentées dans
STRUCTURE ou NEWHYBRIDS par exemple. Dans cette approche, les individus sont
répartis dans différents groupes aléatoirement ou bien selon une méthode de
regroupement géométrique (distance de Ward, K-means). A partir de ce premier
regroupement, les fréquences alléliques pour chaque locus dans chaque groupe
sont calculées. A partir de ces fréquences alléliques, on peut calculer la
vraisemblance qu’'un individu appartienne a un groupe plutot qu’a un autre. Les

individus sont alors redistribués vers le groupe auquel ils appartiennent le plus
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vraisemblablement. De nouvelles fréquences alléliques sont alors calculées, et ainsi
de suite jusqu’a ce que la vraisemblance globale du systéme se stabilise. Des
probabilités d’appartenance aux différents groupes inclus dans l'analyse (par
exemple on peut définir la classe des chats sauvage, la classe des chats domestiques
et la classe des F1 nés de la reproduction entre un chat sauvage et un chat
domestique) sont alors calculées a partir des vraisemblances normalisées
individuelles d’appartenir a chacune de ces classes étant donné les fréquences
alléliques associées a chacune de ces classes. Cette méthode se base sur les
hypotheses classiques en génétique des populations que sont I'équilibre de Hardy-
Weinberg et I'absence de déséquilibre de liaison. Une étude par simulation ainsi
que I'étude d'un jeu de données réel nous ont permis de comparer les résultats
obtenus avec cette méthode par rapport aux résultats obtenus avec des méthodes
déja décrites. En ce qui concerne la catégorisation des individus dans les différentes
classes hybrides, notre méthode donne des résultats sensiblement différents de
ceux que l'on peut obtenir avec NEWHYBRIDS, logiciel permettant également une
catégorisation en classes d’hybrides mais beaucoup plus gourmande en temps de
calcul. Tandis que notre méthode tend a catégoriser les individus a la limite de
définition entre les parents et les hybrides dans des classes hybrides,
NEWHYBRIDS tend a les catégoriser en tant qu’individus purs. Dans les deux cas,
un biais existe donc pour les classes hybrides les plus difficiles a étudier. Selon la
question posée, ces biais peuvent étre utilisés a I'avantage de 'utilisateur. Snapclust
représente donc une méthode intéressante pour la détection d’hybrides, en
particulier pour une utilisation dans des structures ne disposant pas de logistique

poussée pour effectuer des calculs sur ordinateur.

Dans l'optique de comprendre les mécanismes sous-jacents a l'existence ou
I'absence d’individus hybrides dans les populations de chats sauvages du nord-est
de la France et des Pyrénées Orientales, nous avons combiné ces approches de
détection de I'hybridation avec d’autres approches génétiques ou bien faisant appel

a d’autres techniques de suivi de la faune sauvage. Dans le nord-est de la France,
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dix-huit chats sauvages, principalement des femelles, ont été équipés de collier de
radiopistage et suivis sur une période allant de six mois a trois ans a hauteur d’une
localisation par semaine en moyenne. Cette étude nous a permis de suivre les
mouvements des femelles et de caractériser leur territoire. Il s’est avéré que les
femelles étaient présentes au coeur de la forét avec un acces quasi-systématique
aux champs agricoles qui entourent le massif forestier ou vivent les chats sauvages.
Les males quant a eux, semblaient présents plutot en périphérie du massif. Une
telle configuration pourrait favoriser une hybridation asymétrique entre les males
sauvages et les femelles domestiques. Une telle asymétrie serait cohérente avec le
flux de genes des chats sauvages vers les chats domestiques mentionné plus tot.
Une étude de parenté a également été conduite sur cette population et mise en
relation avec la localisation des territoires des individus. Des groupes de femelles
apparentées vivant treés proches les unes des autres ont ainsi été observés. De tels
groupes ont été décrits chez le chat domestique dans des milieux riches en
ressources alimentaires. Le regroupement de femelles apparentées chez les chats
sauvages pourrait correspondre a un mécanisme similaire et résulter de la
présence en abondance de rongeurs a chasser dans les champs agricoles a
proximité.

En I'absence d’autorisation de capture des chats sauvages dans les Pyrénées,
une étude de radiopistage n’a pas pu étre mise en place a l'instar de ce qui a été fait
en Lorraine. En revanche, a partir de feces et de poils, des génotypes permettant de
détecter des hybrides mais aussi d’établir des relations de parenté ont été dressés.
L’analyse des relations de parenté en lien avec les localisations d’échantillonnage, a
permis de mettre en lumiére un patron différent de celui observé en Lorraine. Dans
les Pyrénées, les individus des deux sexes semblent disperser dans la mesure ou
I'on n’a pas échantillonné des individus apparentés dans des zones
géographiquement proches. L’absence de groupes de femelles apparentées dans le
milieu pyrénéen ou on ne retrouve pas de champs agricoles riches en proies
conforte notre hypothese d'un effet majeur de la présence de champs dans

'organisation sociale des chats sauvages.
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Ces champs pourraient également étre la raison pour laquelle les individus
s’hybrident davantage en Lorraine que dans les Pyrénées. En effet, les proies dont
ils regorgent sont aussi bien prisées des chats sauvages que des chats domestiques.
Ces zones d’abondance constituent donc des zones potentielles de rencontre entre
les deux sous-especes et donc des zones facilitant les processus d’hybridation.

Les rencontres permises par ces champs peuvent également permettre
I’échange de virus entre chats domestiques et chats sauvages. Afin de vérifier si des
virus communs du chat domestique présents a haute prévalence dans les
populations voisines de la population de chats sauvages, étaient effectivement
échangés entre les deux sous-especes de chats, nous avons conduit une étude
sérologique. Que ce soit pour le parvovirus félin (PVF), le calicivirus félin(CVF),
I'herpesvirus félin (HVF) ou le virus de 'immunodéficience féline (VIF), aucun chat
sauvage n’a été détecté comme étant infecté. Cette prévalence nulle est surprenante
étant donné la forte pression épidémiologique potentiellement exercée par les
populations domestiques sur la population de chats sauvages. Par ailleurs, ces virus
ont été rapportés dans des populations de chats sauvages dans des études
précédentes. Néanmoins, ces études ne se basaient pas sur une identification
génétique des individus. Ainsi, étant donné la difficulté avec laquelle les hybrides et
les chats sauvages peuvent étre différenciés seulement sur la base de criteres
morphologiques, il est possible que les individus infectés dans ces études ne soient
pas des chats sauvages. L’absence d’individu infecté peut étre expliquée de
différentes manieres. Tout d’abord, les chats sauvages auraient pu étre infectés par
une souche particuliére non comprise dans le spectre de souches détectables par le
protocole de laboratoire mis en place. Nous pouvons rejeter cette hypothése car
des précautions ont été prises pour détecter toutes les souches correspondant a
chaque famille de virus. Deuxiemement, les souches présentes chez les chats
domestiques peuvent étre spécifiques du chat domestique et, a cause d'une
barriere génétique et/ou physiologique, ne pas pouvoir étre transmises au Chat
sauvage. Troisiemement, la souche peut étre capable d’'infecter les chats sauvages

mais une absence de contact entre les chats domestiques et les chats sauvages,
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conjuguée a la petite taille de la population sauvage, empéche son maintien dans la
population sauvage. Nous avons construit un modele statistico-dynamique
permettant de tester pour quelles valeurs de parametres (différentiel de contacts
efficaces et perte de propagation dans la population sauvage par rapport a la
population domestique), nous pouvions statistiquement espérer observer une
prévalence nulle. Nos résultats ont montré que pour l'ensemble des virus, une
diminution de la transmission entre especes (par rapport a de la transmission
entre chats domestiques) et/ou entre chats sauvages, est associée a l'absence de
chat sauvage infecté. Pour le VIF, l'existence d’'une barriére génétique est fort
probable dans la mesure ou ce virus n’a jamais été détecté dans les populations de
chats sauvages. Par ailleurs, la configuration spatiale des chats sauvages qui
favorise la reproduction de males sauvages avec les femelles domestiques pourrait
ajouter une barriére comportementale. Le VIF est en effet principalement transmis
lors de la reproduction ou lors de conflits pour I'acces aux femelles. Les femelles
étant moins porteuses du virus et les saisons de reproduction étant décalées, la
transmission du virus pourrait se faire a moindre fréquence entre sous-especes
méme en l'absence d’une barriere génétique. Pour les trois virus restants, une
barriere comportementale est favorisée. Elle pourrait étre due a la moindre
fréquence des contacts sociaux entre chats sauvages étant donné la territorialité de
cette sous-espece (CVF, HVF) ou bien a la différence d’habitat et d’emplacement des
territoires (PVF). Dans tous les cas, on constate que des barrieres protegent les
chats sauvages des virus domestiques. Ces barriéres pourraient étre mises en péril
par une augmentation du nombre d’hybrides car, de par leur comportement ou leur

génome intermédiaire, ils pourraient les affaiblir,

Finalement, au cours de ma these, j'ai pu développer des méthodes
permettant une détection efficace des hybrides chez le Chat mais aussi chez
d’autres especes. A travers le Chat et ces autres especes, jai pu me poser des
questions sur la pertinence de choisir tel ou tel type de marqueur génétique et sur

Iimpact du protocole d’échantillonnage sur les résultats et surtout sur la
285



Résumé de la these en francais

comparabilité d’études menées indépendamment avec des protocoles différents.
Globalement, étant donné la complexité des problématiques en lien avec
I'hybridation, il est apparu essentiel de bien choisir ses outils en fonction de sa
question et de bien délimiter ce que ce choix d’outil permet ou non de conclure.
Cette remarque est vraie pour n'importe quelle étude scientifique et est apparue
particulierement cruciale pour I'étude de I'’hybridation étant donné la multitude
d’approches disponibles dans la littérature.

Concernant le Chat sauvage, il ne semble pour I'heure que peu menacé par
I'hybridation a la fois dans le nord-est de la France et dans les Pyrénées. Toutefois,
dans le nord-est de la France, des mesures préventives empéchant I'augmentation
en fréquence du nombre d’hybrides devraient étre envisagées, principalement pour
empécher 'effondrement des barrieres épidémiologiques qui semblent en place. Se
positionner quant a la menace génétique que représente I'hybridation est plus
complexe de par le role ambigu de I'hybridation sur l'évolution des especes. ,
L’utilisation de nouvelles techniques de séquencage pourrait permettre de statuer
sur la menace génétique que représente ’hybridation entre chats domestiques et

chats sauvages pour la conservation de ce dernier.
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Appendix 2

Article describing a panel of 12 microsatellite markers developed by
Antagene, for the study of the mountain hare and the European hare. This article

was written as part of Antagene’s activities.
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1 | INTRODUCTION

Abstract

The management of hunted species is challenging, as it must conciliate the conserva-
tion of species and their sustainable exploitation. Nongenetic tools are widely used in
this context but they may present limitations notably when species can hybridize or
when large-scale spatial monitoring is required to establish optimal management ac-
tions. This is why genetic tools have been more and more integrated in wildlife man-
agement practices. However, the markers proposed are often amplified in small
multiplexes when larger ones could allow to better cope with the small quantities of
DNA obtained with noninvasive sampling methods. Here, we propose a unique multi-
plex of 12 autosomal microsatellite markers for the study of two hare species that
exist in sympatry in some areas in Europe and are hunted notably in France: the brown
hare Lepus europaeus and the mountain hare L. timidus. We tested 17 markers previ-
ously used in these two species or other lagomorph species, from which 12 were in-
cluded in this single multiplex. Diversity was between 4 and 30 alleles per locus totaling
126 alleles, and we showed that these markers possess appropriate genetic resolution
for individual and species identification for the populations under study. This multiplex
panel represents the largest number of microsatellites amplified in one reaction pro-
posed for these two hare species and provides a cost-effective and valuable tool for

further hybridization studies and the management of hares.

KEYWORDS

hares, hybridization, individual identification, microsatellites, species identification

the territory (the national bag is of about 600,000 hares; estimations
between 587,080 and 667,207 individuals considering a 95% confi-

The two most widespread species of hares in Europe are the brown
hare (Lepus europaeus), present in most parts of Europe, and the moun-
tain hare (L timidus) that can be found in northem Europe and in the
Alps. Both species have been classified by the International Union for
the Conservation of Nature as “Least Concemn” (Smith & Johnston,

2008). In France, the brown hare is one of the most hunted species on

dence interval for the hunting season 2013-2014; Aubry et al., 2016),
whereas mountain hare hunting is limited to the Alps (the national bag
is of several hundred; ONCFS 2011). This hunting dimension adds sus-
tainable exploitation issues to the classic conservation questions and
makes management plans even more essential to ensure the viability

of hare populations in France. Sustainable management tools, such as

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
© 2017 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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wildlife reserve and limitation of hunting bag or of hunting season,
have already been developed for the brown hare and have led to an
adequate hunting management of this species (Péroux, Bray, Mauvy,
Lartiges, & Marboutin, 2005; Smith, Jennings, & Harris, 2005). In con-
trast, the impact of hunting on mountain hare populations is uncertain
and the direct assessment of the mountain hare demography through
in situ observations and using the same tools encounters practical
problems due to the harshness of its habitat. Furthermore, morpho-
logical differentiation between the two species is error prone due to
extensive resemblance and to the possibility of hybridization within
contact zones (Thulin, Stone, Tegelstrom, & Walker, 2006). New tools,
based on genetic data, are thus required to improve the specific man-
agement of these hare species and to address large-scale issues like
the spatial range and structure of populations, their genetic diversity,
or the monitoring of individuals over time. These are urgent questions
forthe mountain hare as climate change may threaten its habitat range,
particularly in the Alps (Acevedo, Jiménez-Valverde, Melo-Ferreira,
Real, & Alves, 2012; Bisi, Wauters, Preatoni, & Martinoli, 2015; Gobiet
etal., 2014).

The genetics of hares species has first been studied using mito-
chondrial DNA notably in order to unravel the phylogenetic relation-
ships between these species (Alves, Ferrand, Suchentrunk, & Harris,
2003; Stamatis et al, 2009; Wu et al., 2005). Results showed that
the history of hares, both past and present, has been influenced by
different processes (genetic drift, anthropogenic introductions, and
translocations, post-glacial recolonizations from refuges—Kasapidis,
Suchentrunk, Magoulas, & Kotoulas, 2005; Suchentrunk et al., 2006;
Stamatis et al, 2009) which have promoted encounters between
species and the occurrence of hybridizing events (Melo-Ferreira
et al.,, 2007, 2014; Thulin, Stone, et al., 2006; Zachos, Ben Slimen,
Hacklander, Giacometti, & Suchentrunk, 2010). As a result, the mito-
chondrial genome of hares is characterized by multiple introgressions,
which led many authors to turn to nuclear markers to identify spe-
cies or assess levels of ongoing hybridization (Alves et al., 2003, 2006;
Estonba et al., 2006). Several types of nuclear markers can be applied
and microsatellites, notably thanks to their high polymorphism, allow
to reach a high resolution to answer wildlife genetics issues (Morin
etal., 2012).

No microsatellite has been specifically designed either for the
brown hare or for the mountain hare. However, such markers have
already been applied to both species, thanks to the possibility for
cross-amplification of microsatellites (Barbara et al., 2007). The micro-
satellites used in both species were developed for the European rab-
bit (Oryctolagus cuniculus) and the scrub hare (L saxatilis) (Andersson,
Thulin, & Tegelstrom, 1999; Antoniou, Magoulas, Platis, & Kotoulas,
2013; Campos, De Bellocq, Schaschl, & Suchentrunk, 2011; Canu
et al., 2013; Djan, Popovic, & Velickovic, 2014; Estonba et al., 2006;
Fickel et al., 2005; de Freitas, 2006; Fulgione, Maselli, Pavarese, Rippa,
& Rastogi, 2009; Hamill, Doyle, & Duke, 2006; Melo-Ferreira et al.,
2014; Mengoni, Mucci, & Randi, 2015; Surridge, Bell, Rico, & Hewitt,
1997; Thulin, Fang, & Averianov, 2006; Thulin, Malmsten, & Laurila,
2012; Thulin, Stone, et al,, 2006; Zachos et al., 2010). None of these
studies used more than eight markers in the same multiplex. However,

given the increasing use of noninvasive genetics and the subsequent
search for an optimized use of available DNA, larger multiplexes
are expected as they use of a lower quantity of DNA (Beja-Pereira,
Oliveira, Alves, Schwartz, & Luikart, 2009).

In this study, we developed a 12-microsatellites multiplex and as-
sessed its utility in French populations of brown and mountain hares
(1) to validate the specific identification performed based on morpho-
logic data, (2) to assess the power of discrimination between individu-
als of the same species, and (3) to detect putative clues of an ongoing
hybridization between the two hare species within the contact zone.

2 | MATERIALS AND METHODS

2.1 | Samples collecting and DNA extraction

Tissue samples (N = 532 for brown hares, N = 141 for mountain hares)
from hunted hares were collected between 2003 and 2009 in south-
eastem France (Figure 1). The sampling area included regions where
only the brown hare was present, consisting mostly of plains below
1,500 m altitude (see supplementary, Figure S1). The sampling area
also encompassed regions above 2,000 m altitude where mountain
hares were predominantly observed. Both species were observed
between 1,500 and 2,000 m. Hare species identification was made in
the field by hunters. DNA was extracted from ear tissues using purifi-
cation column kits (Nucleospin 96 Tissue kit, Macherey-Nagel) follow-

ing the manufacturer procedure.

FIGURE 1 Geographical locations of sampling areas. Gray
circles and white triangles represent brown and mountain hares,
respectively
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2.2 | Microsatellite markers selection

We selected 17 microsatellite markers described in the literature:
SAT2, SAT3, SATS5, SAT08, SAT12, SAT13 (Mougel, Mounolou, &
Monnerot, 1997), SOL30, SOL33, SOL8 (Rico etal., 1994; Surridge
et al, 1997), OCELAMB, OCELS1B (van Haeringen, den Bieman, van
Zutphen, & van Lith, 1996), DOUTR4 (Korstanje et al., 2001), D7UTR4
(Korstanje et al., 2003) developed for the European rabbit and LSA2,
LSA3, LSA6, LSAS8 (Kryger, Robinson, & Bloomer, 2002) developed for
the scrub hare. Sixteen of them have already been used in both the
brown and/or the mountain hare. As for D7UTR4, it has been devel-
oped for the European rabbit and have not been applied to any spe-
cies of hare as far as we know.

We found 23 studies using microsatellites for the study of the
brown and/or the mountain hare (see supplementary, Table S1). The
17 markers we tested over the 31 available were ranked among the
most used and all had been reported as polymorphic. Overall, no
more than eight microsatellites were amplified in a single multiplex
(mean = 5.5, SD = 2.23) over the 23 studies.

2.3 | Primers design and multiplex design

A first simplex step was performed in order to check whether all loci
were successfully amplified. Only loci correctly amplified were tested
for the multiplex construction. A pigtail (Brownstein, Carpten, & Smith,
1996) was added to all reverse primers in order to avoid the addition
of adenine nucleotides by the polymerase at the end of the amplifica-
tion. This first step also allowed us to estimate the allele size range of
each locus as well as to assess their polymorphism. The primers of loci
with overlapping alleles were dyed with different color fluorescent
dyes. At least 10 base pairs (bp; 15-20 bp for loci with high polymor-
phism) separated loci labeled with the same fluorescent dye. Several
adjustment steps followed in order to reduce the number of artifacts
on electrophoregrams and to maximize the results readability.

2.4 | Multiplex genotyping

PCR reactions were performed step-by-step following a unidirectional
workflow starting in a clear room with positive air pressure to prepare
sensitive reagents (enzymes, primers) and then in a pre-PCR room to
assembly DNA and reagents. The PCR reaction occurred a primer solu-
tion containing 5 pl of mastermix Taq polymerase (Type-it, QIAGEN),
1.35 plof 12 primers pairs at a final concentration of 0.08-0.6 pmol/L
and 30 ng of DNA to be amplified. Each pair of primers was coupled
with a fluorescent dye label (details in Table 1). PCR amplifications
happened in 96-well microplates in a post-PCR area with negative
air pressure. The samples were first denatured at 95°C during 5 min.
Then, thirty cycles followed (denaturation step: 95°C, 30 s; annealing
step: 55.9°C, 90 s; elongation step: 72°C, 30 s) and a final elongation
step at 60°C during 30 min. PCR products were resolved on a capillary
sequencer ABI PRISM 3130XL (Applied Biosystem) with formamide
(denaturing conditions) and an intemal size marker (600 liz; Applied

Biosystem) in one migration. The electrophoregrams were analyzed
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using GENEMAPPER 4.1 (Applied Biosystem/Life Technologies) inde-
pendently twice by different operators. Results were then compared,
and ambiguous loci were set to missing data.

2.5 | Statistical analysis

2.5.1 | Data selection

The power of resolution for the individual identification was assessed
by calculating the probability of identity P(ID) and the probability of
identity between siblings P(ID)sib using GenAlEx 6.501 (Peakall &
Smouse, 2012). These probabilities also allowed us to determine the
minimum number of amplified loci required to have no ambiguity for
individual identification. According to Waits, Luikart, and Taberlet
(2001), we used 0.01 as threshold for the P(ID). We removed from
our dataset any individual typed under the minimum number of loci
determined.

Species identification for each individual was determined using the
Bayesian software STRUCTURE 2.3.4 (Falush, Stephens, & Pritchard,
2003; Pritchard, Stephens, & Donnelly, 2000). We used an admix-
ture model with correlated allele frequencies between populations
and the option POPINFO = 0. The program was run with a Monte
Carlo Markov chain length of 1.000,000 after a burn-in of 100,000
iterations, and from one to four genetic clusters (K= 1-4). Ten inde-
pendent runs were carried out for each value of K, and the informa-
tion from the outputs of the 10 runs for each K was compiled using
CLUMPP (Jakobsson & Rosenberg, 2007). We determined the number
of clusters (K) that best describe the data following the method of
Evanno, Regnaut, and Goudet (2005) implemented in STRUCTURE
HARVESTER online web 0.6.94 (Earl & VonHoldt, 2011). We then
chose to discard any individual for which the genetic assignment did
not match the morphologic identification (individuals had to show a
probability of assignment higher than 0.9 to the opposite cluster to
which they had been morphologically assigned).

Once the species of each individual was determined, null alleles for
each locus in each species were looked for with the software Micro-
Checker 2.2.3 (Van Oosterhout, Hutchinson, Wills, & Shipley, 2003).
The significance of null allele frequencies was then assessed using a
binomial exact test following de Meelis, Béati, Delaye, Aeschlimann,
and Renaud (2002). Dropout probability per locus was assessed ac-
cording to De Mee(s, Humair, Grunau, Delaye, and Renaud (2004).
All subsequent analyses were performed with and without the loci
for which we detected significant signs of null allele frequencies or
dropout. Finally, we tested for deviation from Hardy-Weinberg equi-
librium and linkage disequilibrium for each pair of loci separately for
brown hares and mountain hares with FSTAT 2.9.3.2 (Goudet, 1995).

Significance was assessed applying Bonferroni's correction.

2.5.2 | Detection and characterization of hybrids

In each cluster, we selected the eighty individuals best assigned.
All selected individuals reached a posterior probability larger than
0.99. They were then used to simulate parental and hybrid (F1, F2,
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Backcrosses) genotypes with the function hybridize implemented in
the R package adegenet 2.0.1 (Jombart, 2008). A total of 1,800 simu-
lated genotypes were generated and analyzed using NewHybrids 1.1
(Anderson & Thompson, 2002) in order to estimate the resolution
power of the 12-plex for the detection of hybridization. We consid-
ered that an individual was assigned to a genotypic class when the
probability for this class exceeded 0.90 (Godinho et al., 2011).

2.5.3 | Species diversity and genetic structure

Observed and expected heterozygosity, mean number of alleles
per locus, number of private alleles were assessed using GenAlEx.
Estimations of F_, and F,, per locus, between and among popula-
tions were calculated using Weir and Cockerham'’s estimators (1984)
implemented in GENETIX 4.05.2 (Belkhir, Borsa, Chikhi, Raufaste, &
Bonhomme, 1996).

3 | RESULTS

3.1 | Characteristics of the multiplex

The final marker set consisted of 12 multiplexed microsatellite mark-
ers (LSA2, LSA3, LSA6, LSA8, OCELAMB, OCELS1B, SATS8, SAT12,
SAT13, SOL30, SOL33, SOL8). Of the 17 markers originally consid-
ered, two (SAT2 and SAT5) were excluded because their amplifica-
tion was not satisfactory. SAT3 was also eliminated because of its
low polymorphism. Finally, D7ZUTR1 and DOUTR4 proved impossible
to multiplex with the other markers and were thus discarded. Two
to four markers were allocated to the same fluorescent dye (see
Table 1) with an average spacing of 28 bp between two markers of

the same dye.

3.2 | Data selection

According to the values of P(ID) (2.9.107'° for the brown hare,
1.5.10" for the mountain hare, see supplementary material, Table
S2) and P(ID)sib (0.00015 and 0.0013, respectively), individuals could
be reliably identified with 12 microsatellite loci. In fact, nine mark-

ers were enough to reach the threshold of 0.01 (P(ID)sib for eight

FIGURE 2 Posterior assignation
probabilities obtained within the
STRUCTURE analysis for the sampled hares
with 12 (top plot) and nine (bottom plot)
markers and K = 2. Brown hare membership
is represented in black while mountain

hare assignation is in gray. The 11 dubious
individuals are not represented
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markers equal to 0.0004 and 0.01 for the brown and the mountain
hare, respectively).

The most likely number of clusters was K = 2. More than 97% of
the individuals were assigned to one of the clusters with a posterior
probability higher than 0.9; 81% were assigned with probabilities
higher than 0.99 (Figure 2). F,
entiation between the two clusters (F_, =0.19; Cl 95%: 0.13-0.25).

According to the microsatellite markers, errors of morphologic iden-

estimate indicated significant differ-

tification of the species by hunters were detected for 11 individuals.
These individuals as well as all individuals genotyped with less than
nine markers were removed from the analysis. The final dataset, after
Pl calculations and STRUCTURE analysis, resulted in 521 brown hares
and 122 mountain hares.

Deviation from Hardy-Weinberg equilibrium varied among loci
within both species. Some loci that were out of HW equilibrium:
SAT12 and LSA8 in the mountain hare, SOL33 in the brown hare,
LSA3, SAT13, and SOL30 in both species. There was no linkage
disequilibrium between any pair of loci after the Bonferroni cor-
rection. Only the locus LSA3 showed significant signs of null al-
leles. We also found signs of allelic dropout for the loci LSA6 and
SAT12. In following analyses, we compared the results using 12
markers and nine markers (LSA3, LSA6, and SAT12 removed). The
same 11 errors of species assignation also appeared with the set of
nine markers. The posterior probabilities of assignation were sim-
ilar to the ones obtained with 12 markers (see Figure 2). The F_,
value calculated over nine markers was slightly higher than what
was obtained with the whole panel (F_, = 0.21; Cl 95%: 0.14-0.28).
The confidence interval overlapped widely the one obtained with
the 12 markers.

3.3 | Detection and characterization of hybrids

The profiles obtained with 12 or nine microsatellites were very similar
(see Figure 3). Overall, each hybrid category was mostly assigned to
its real class by the computer program. Using 12 microsatellites, the
mean assignment of F1 and F2 to parental classes was null. On aver-
age, 85.6% of the F1 and 64.6% of the F2 were assigned as such,
respectively. Thus, these hybrid classes were reliably detected using

the microsatellite panel. On the contrary, the distinction between
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backcross and parental classes was not always clear. The mean assign-
ment of the backcross hybrids to the parental classes was equal to
7.4% on average and, inversely, the mean assignment of parental
genotypes to backcross classes reached 5.3% on average. When only
nine markers were used, F2 hybrids and backcrosses tended to be
considered as parental individuals more often (<1% of F2 hybrids and
12%-16% of the backcrosses). This loss of resolution was expected as

we reduced the number of loci.

a.€

0.4

.2

9M 12M OM 12M OM 12M OM 12M OM 12M 9M 12M

EUROPAEUS TIMIDUS Fi F2 BC1 BC2

FIGURE 3 Mean probability of assignment of each simulated
categories to the six parental and hybrid classes tested with
NEWHYBRIDS. Both results obtained with the whole microsatellite
panel (12M) and the reduced panel of 9 markers (9M) are
represented. Black bars represent brown hares, white bars mountain
hares, dark gray stands for 1, light gray for F2, black stripes for
F1*brown hare hybrids (BC1), and gray stripes for F1*mountain hare
hybrids (BC2)

34 | Species diversity and genetic structure

All loci were polymorphic with a mean number of alleles per locus
of 10.5 (standard error = 2.19) in brown hare and 6.08 (SE = 1.06) in
mountain hare (see Table 2). When considering only alleles present
at frequency higher than 5%, the mean numbers were much closer
(brown hare: mean = 3.83, SE = 0.53; mountain hare: mean = 2.91,
SE = 0.39) as were the numbers of private alleles in the two species
when considering frequencies higher than 5% (four for the brown
hare, five for the mountain hare). The brown hare showed a lower
F (F, =0.11; C195%:0.092-0.312) than the mountain hare (F = 0.20;
Cl95%: 0.15-0.24). Using the panel of nine loci, F, estimates were
lower (F, =0.078; CI95%: 0.057-0.097 for the brown hare and
F, =0.13; C195%:0.083-0.18 for the mountain hare). However, the

order of magnitude between the two values remained comparable.

4 | DISCUSSION

Our goal was to generate a set of microsatellite markers in brown
and mountain hares that could be used cost-effectively to distinguish
species and hybrids, and to survey populations and individuals. In this
study, we found that 12 markers could be amplified reliably in a single
PCR reaction in the two target species.

4.1 | Characterization of the French hare
populations and individuals

All 12 loci were polymorphic although two of them (LSA6 and SAT08)
showed only one allele present at a frequency higher than 5%. The

TABLE 2 Estimates of the genetic diversity estimators for the brown hare and the mountain hare. N stands for the number of alleles; H, and
H, are the observed and expected heterozygosity, respectively. The expected frequencies of null alleles are given in the column “Null”. Loci in

wan

Hardy-Weinberg disequilibrium are indicated with a

for the brown hare and a “#" for the mountain hare. Statistically significant null alleles

frequencies are indicated with “**". The last column indicates dropout p-value for both species

Lepus europaeus Lepus timidus
Locus N Fi H, H, Null N Fy H, H, Null Dropout p-value
LSA2 18 0.025 0.69 0.71 0.012 13 0.051 0.7 0.73 0.016 99
LSA3* 047 0.35 0.66 0.22** 7 0.54 0.33 0.71 0.26** D2
LSA6 0.074 0.21 0.22 0.031 0.66 0.008 0.024 0.082 .028
LsAg* 0.073 0.56 0.60 0.029 0.55 0.17 0.39 0.22 .67
OCELAMB* 8 0.10 043 048 0.044 4 0.048 0.28 0.29 0.038 .36
OCELS1B 14 0.0095 0.85 0.86 0.004 12 0.064 0.67 0.72 0.038 A1
SATO8 4 0.040 0.37 0.38 0.015 2 0 0.008 0.008 -0.0041 .073
SAT12* 13 0.022 081 0.83 0.0089 7 0.27 0.52 0.7 0.14 .038
SAT13** 9 0.059 0.74 0.79 0.028 4 0.19 0.5 0.61 0.087 076
SoL30** 30 0.095 0.62 0.68 0.047 9 0.18 0.44 0.54 0.10 .32
SOL33* 4 0.37 0.29 046 0.17 3 0.13 0.35 0.4 0.057 092
SOL08 10 0.036 0.77 0.80 0.016 6 -0.015 0.61 0.59 -0.012 .29
Mean 10.5 0.11 0.56 0.62 - 6.08 0.2 0.38 0.47 -
Variance 219 00018 0.064 0.057 - 1.08 0.0043  0.068 0.07 -
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substantial null allele frequency that we have found in both species for
LSA3 was observed by Mengoni et al. (2015). Thus, in the future stud-
ies, it may be relevant to conduct analyses including or excluding this
marker even if its impact on the results appears limited especially in
our hybridization study. For both species, the estimated mean number
of alleles, including rare alleles, fell within the range of values found in
other European populations of brown hares (11 in Fickel et al., 2005
and Mengoni et al., 2015 vs. 10.6 in our study) and mountain hares
(between 5 and 9 in Hamill et al., 2006; Zachos et al., 2010 and Rehnus
& Bollmann, 2016 vs. 6.1 in our study). Such polymorphism made the
discrimination of individuals possible based on nine markers over the 12
available in the multiplex. This set of optimized microsatellite markers
represents a powerful tool for future noninvasive genetic approaches
(e.g., based on feces), often associated with a higher rate of amplifica-
tion failure. The analysis of a complementary dataset (unpublished data)
made of noninvasive samples (feces) of mountain hares (n = 38) showed
a microsatellite amplification success reaching 97.71%, quite similar to
the amplification success obtained in Rehnus and Bollmann (2016) on
noninvasive samples (feces). The estimates of allelic dropout (0.17 across
loci) and false allele (0.014) were consistent with the ranges obtained in
previous noninvasive genetic studies (Frantz et al., 2003; Steyer, Simon,
Kraus, Haase, & Nowak, 2012). In particular, this panel may be used to
estimate other population parameters such as population size and sur-
vival rates when more common tools (such as direct counts or telemetry
for example) reveal impractical (Kohn etal., 1999; Lukacs & Burnham,
2005). More widely, this panel of microsatellites should allow investigat-
ing the population genetic structures of the two hare species.

4.2 | Specific identification of hares and
hybrids detection

The punctual inconsistencies between the morphological and the
genetic identification (1.4% and 6.8% of individuals wrongly assigned
to the brown hare and the mountain hare, respectively, when consid-
ering exclusively individuals sampled in regions were both species are
observed) show that morphologically similar individuals can belong
to distinct species. The panel of microsatellites might then come to
validate morphological identifications, in particular in mountain areas,
where the accurate estimation of the species distribution over time is
crucial in the context of climate change.

Moreover, this panel allowed to detect reliably first and second
generation hybrids, as well as a majority of backcrossed individuals.
Hybridization has been reported in several occasions (Thulin, Fang,
et al., 2006; Thulin, Stone, et al.,, 2006) and is expected to happen
more and more notably due to the fragmentation of the landscape and
the change in populations ranges caused by climate change (Parmesan
& Yohe, 2003). Thus, it might represent a growing issue for the conser-
vation of the mountain hare. The present data show signs of hybridiza-
tion as one individual appears clearly as a hybrid (assigned to several
of the hybrid classes of Newhybrids but never to the parental classes,
using nine or 12 markers). This individual was located in the contact
zone (see supplementary, Figure S2). Four other individuals showed

signs of hybridization and were mostly assigned to the backcrossed
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categories. However, given the resolution of the microsatellite panel
for this class of hybrids, we cannot know for sure whether they are hy-
brids. The presence of such suspicious individuals reinforces the need
for a genetic tool to further investigate to what extent hybridization
might represent a threat for the conservation of this species in the
Alps. Thus, the 12-plex hereby proposed represents an interesting tool
for the quantification of interspecific reproduction events although it
proved efficient mainly for the detection of recent events of hybridiza-
tion. Its resolution power remains limited for older events, and more
markers are required to reliably detect backcrosses.

4.3 | Using multiplexes in wildlife management

The multiplexing of several markers is always a challenge because of
the interactions between primers that may prevent correct amplifica-
tion of some loci and potentially lead to genotyping errors such as allelic
dropout. However, a careful primer selection and multiple adjustments
allow for the coamplification of a substantial number of microsatel-
lites (Guichoux et al., 2011; Hill, Butler, & Vallone, 2009). The 12-
plex described in this study is the largest, to our knowledge, to have
been proposed for the simultaneous study of the brown hare and the
mountain hare. The multiplexing approach is particularly appropriate
considering the development of noninvasive genetic studies for which
DNA extracted from samples is invariably in extremely small quantities
(Beja-Pereira et al., 2009). However, multiplex genotyping panels rarely
consist of more than eight markers (Guichoux et al., 2011). Larger multi-
plexes have been proposed, for example, in humans (26 microsatellites,
Hill et al., 2009) or in apricots (20 microsatellites, Campoy, Martinez-
Gomez, Ruiz, Rees, & Celton, 2010), but they remain few. The use
of next-generation sequencing methodologies should promote their
development as the technology allows for the simultaneous detection
of many markers (Gardner, Fitch, Bertozzi, & Lowe, 2011), increasing
the probability to find compatible microsatellite markers (i.e., markers
that do not overlap when attributed to the same dye).
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Appendix 3

Article presenting a panel of 20 single nucleotide polymorphism markers
developed by Antagene. The markers were specifically selected to allow for the
detection of hybridization between the domestic pig and the European wild boar.
This is an example of highly differentiated marker panels. This article was written

as part of Antagene’s activities.
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Abstract In the last few decades, populations of wild
boars have been spreading throughout Europe. This expan-
sion is problematic because of conflicts with human activi-
ties and/or sanitary reasons. Thus, the need to develop tools
to understand wild boar populations’ increase as well as
to manage efficiently their populations appears crucial but
challenging. As ancestor of the domestic pig, one of the
main issues associated with this population spread is the
possible hybridization between the two subspecies which
complicates the identification of pure individuals. In this
study, we propose a set of 20 single nucleotide polymor-
phism (SNP) markers, allocated in two 10-plexes, selected
in order to identify the two subspecies. The multiplexes
were validated on reference populations of wild boars and
domestic pigs in order to assess their polymorphism and
their discriminative power. The selected markers allowed
for an exacerbated differentiation between the wild boars
and the domestic pigs compared to other studies and thus
allows for an efficient identification of species. The low size
of this panel of 20 SNP markers makes it a tool compatible
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with economic constraints associated with wildlife man-
agement compared to tools based on chips.

Keywords Low-size panel - Marker selection -
Candidate-gene approach

Introduction

In the last few decades, populations of wild boars have been
spreading throughout Europe (Vernesi et al. 2003; Servanty
et al. 2010; Massei et al. 2015). In France, the populations
have been multiplied by five in 20 years (Saint-Andrieux
and Barboiron 2015). This recent population explosion has
made of the management of wild boars populations a topic
of crucial interest (Scandura et al. 2011). Furthermore, as
it may increase the frequency of interactions between wild
boars and their close relatives the domestic pigs in farms,
it may promote hybridizing events (Vernesi et al. 2003;
Goedbloed et al. 2013a). The presence of such hybrids on
the field makes difficult the detection of “pure” individu-
als because hybrids are cryptic and can display a morphol-
ogy very close to pure morphotypes. Karyotypes (Popescu
et al. 1980) have been used to complement morphological
information but the possible presence of old generations of
hybrids and the events of hybridization between European
and Asian domestic pigs to build commercial breeds (Giuf-
fra et al. 2000) considerably lower the resolution power of
this genetic tool. Thus, lately, the need to increase the tool-
box available to identify and monitor individuals has been
pointed out (Scandura et al. 2011).

The wild boar genetics have benefited from the agro-
nomical value of the domestic pig, thus, a large set of
genetic markers has already been developed and applied
to wild boars (Giuffra et al. 2000; Vernesi et al. 2003;

@ Springer
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Scandura et al. 2011; Kolodziej et al. 2012; Goedbloed
et al. 2013b; Vilaca et al. 2014; Iacolina et al. 2015).
Recently, studies took advantage of sequencing technolo-
gies to develop single nucleotide polymorphism (SNP)
markers. However, the tools currently available, based on
these markers, are mostly chips which provide substantial
but untargeted information only accessible using costly
devices. Here, we developed two SNP markers 10-plexes
specifically designed for the identification of the wild boar
and the domestic pigs. Such panels are expected to increase
the genetic toolbox available for regular monitoring by
wildlife managers in order to help them cope with wild
boars management issues.

Materials and methods
Sampling and DNA extraction

Two reference populations were sampled in order to build
a panel of markers based on true wild boars on one hand,
true domestic pigs on the other hand. Wild boar samples
were collected on hunted animals in the Parc Naturel des
Vosges du Nord, in La Petite Pierre, in France. This popu-
lation has been monitored since the 1980s by the ONCES,
the French hunting and wildlife agency. Given the isola-
tion of this population and the absence of releases in past
decades, the wild boars from La Petite Pierre are consid-
ered as “pure”. The pig reference population was obtained
from a national campaign of sampling conducted in French
butcheries to collect meat pieces from commercial breeds
(Landrace, Large White, Piétrain, Duroc). We focused
the sampling on commercial breeds (in opposition to
rustic breeds) because they have been highly selected to
reach agronomical requirements (Wilkinson et al. 2013),
especially regarding traits such as prolificacy or tame-
ness, which could continue unbalancing wild boar popu-
lations dynamics if introgressed (Rhymer and Simberloff
1996; Lindberg et al. 2007). Overall, 38 wild boars in
La Petite Pierre and 43 domestic pigs were sampled. All
samples were stored in 90° alcohol at —20°C then DNA
was extracted using column kits (Nucleospin 96 Tissue
kit, Macherey—Nagel) and following the manufacturer
procedure.

SNP detection and selection

Firstly, we searched for SNP markers using a candi-
date gene approach. We searched for genes involved in
processes regulating traits of agronomical value such
as reproduction, prolificacy, body size... because we
expect such genes to have been particularly selected to
generate domestic pigs breeds and on which we expect

@ Springer

a pig-specific diversification of the DNA across breeds
(Wilkinson et al. 2013). One hundred and 22 genes were
found in the literature. We selected 36 of them based
on the polymorphism of the SNP they were associ-
ated to. More precisely, known polymorphic sites in the
wild boar were excluded and sites with a clear predomi-
nant or a fixed allele in the domestic pig were preferred.
These 36 genes contained 42 SNPs (see supplementary,
Table S1). For each of them, a fragment between 500 and
750 bp, centred on the known SNP, was amplified over
four randomly chosen “individual DNA” (two wild boars
and two domestic pigs) and two “DNA pools” (mixed
DNA of 10 randomly chosen individuals for each sub-
species). All PCR reactions were performed step by step
following a unidirectional workflow. The PCR was con-
ducted in a total volume of 10 pl (Gold Taq buffer 1X,
MgCl12 2.5mM, dNTP 0.05mM, Gold Taq 0.03U/ul, prim-
ers 0.4 uM, DNA 3 ng/ul). PCR products successfully
amplified were then sequenced using ABI PRISM 3130
XL (Applied Biosystems). Sequences were aligned using
Sequencher v4.6. (Gene Codes Corporation) and poly-
morphisms were detected by eye. A total of 65 informa-
tive SNPs, i.e. polymorphic in the domestic pig and/or
the wild boar, were detected. In a second step, more SNP
markers were selected from sequences obtained in Goed-
bloed et al. (2013a, see supplementary Table S2) for 88
wild boars and 120 domestic pigs using the Illumina Por-
cine SNP60 genotyping beadchip (Ramos et al. 2009).

A total of 20 SNP markers was retained applying the fol-
lowing decision rule: one allele had to be fixed in the wild
boar (both for individuals and pool) and the other allele had
to be predominant or fixed in the domestic pig if possible
(again both in individuals and pool). This decision rule led
to select the most differentiated markers. The distribution
range of the markers was also considered for the selection
in order to maximize the chances to successfully build the
multiplexes.

SNP genotyping

Primers used for the SNP genotyping are provided in
supplementary material (see Supplementary, Tables S3
and S4). The SNP were genotyped by primer extension
using the ABI PRISM® SNaPshot™ Multiplex System
(Applied Biosystems). We used the QIAGEN Multiplex
PCR Taq in a total volume of 10 pl (InX Mastermix,
primer mix—primers concentrations ranging between 0.1
and 0.8 pM in the PCR reaction-, 4 ng/pl of DNA). PCR
products were then purified using ExoSap-IT (Affym-
etrix) and used for the SNaPshot reaction. The SNaPshot
products were furthermore analysed using ABI PRISM
3130XL (Applied Biosystems) in one migration with
an injection of 1.2 kV/23 s and an internal size marker
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(GS-120Liz, Applied Biosystems) in formamide (dena-
turing conditions). All PCR and SNaPshot reactions
included positive and negative controls in order to check
for the reaction good development. The results were then
analysed on Genemapper v4.1 (Applied Biosystem/Life
Technologies).

SNP validation and statistical analysis

The validation of the informative SNP markers occurred
on the set of 43 domestic pigs and 38 wild boars. The
individuals used for the SNP selection are included in
this validation set and were used as controls. Deviations
from Hardy Weinberg equilibrium and linkage equilibrium
were tested using the software Genepop 4.3 (Raymond
and Rousset 1995). Allelic frequencies and heterozygosity
estimates were computed with Genalex 6.501 (Peakall and
Smouse 2012) and Weir and Cockerham’s Fst (1984) was
assessed on Genetix 4.05.2 (Belkhir et al. 1996). A discri-
minant analysis of principal components (Jombart et al.
2010) was also carried out in order to check for the proper
distinction between the wild boar and domestic pig groups
using the dedicated function in the package adegenet
(Jombart 2008).

Results

We found no significant deviation from Hardy—Weinberg
or linkage equilibrium. Overall, the 20 markers reached an
Fst value of 0.67 (90% confident interval: 0.55-0.76, see
Table 1). This high differentiation was obtained both with
markers presenting the same predominating allele in both
species and two different predominating alleles. Twelve
out of the 20 markers presented divergent predominating
alleles according to the subspecies. Domestic pigs showed
higher levels of heterozygosity. This is consistent with the
fact that we preferred markers monomorphic in wild boars
populations while they could be polymorphic in the domes-
tic pigs. Overall, the panel allowed for a sharp distinction
between wild boars and domestic pigs using the discrimi-
nant analysis (Fig. 1).

Discussion

The 20 SNP markers of the panel were highly differenti-
ated compared to other SNP panels used in studies on wild
boars (0.15-0.25 in Goedbloed et al. 2013a; 0.15-0.38 in;
Pérez-Enciso et al. 2015). The sharp distinction allowed

;l;\z::b;g ;Nf)}:a:f;c::x::’:”(g SNP Fst Wild boar Domestic pig

10-plexes in the wild boar and MA He Ho MA He Ho

in the domestic pig
SNP2 0.19 A (1.00) 0.00 0.00 A (0.80) 0.32 0.36
SNP4 0.44 A (1.00) 0.00 0.00 A (0.55) 0.50 0.6
SNP12 0.54 G (1.00) 0.00 0.00 C (0.56) 0.49 0.45
SNP15 0.56 T (0.96) 0.08 0.08 A (0.64) 0.46 0.54
SNP23 0.40 G (1.00) 0.00 0.00 G (0.58) 0.49 0.56
SNP27 0.33 G (1.00) 0.00 0.00 G (0.65) 0.45 0.37
SNP28 0.16 C (1.00) 0.00 0.00 C(0.82) 0.29 0.35
SNP33 0.13 T (0.91) 0.17 0.18 T (0.69) 043 0.49
SNP39 0.21 G (1.00) 0.00 0.00 G (0.77) 0.36 0.28
SNP41 0.25 A (1.00) 0.00 0.00 A(0.73) 0.39 0.44
SNP43 0.98 G (1.00) 0.00 0.00 A (0.98) 0.05 0.05
SNP46 0.91 C (0.96) 0.08 0.08 T (0.95) 0.09 0.05
SNP48 0.75 C (0.90) 0.19 0.16 A (0.88) 0.21 0.23
SNP50 0.61 C (0.70) 042 0.40 T (0.94) 0.11 0.12
SNP52 0.94 C(0.97) 0.05 0.05 T (0.97) 0.07 0.07
SNP53 0.83 A (0.95) 0.10 0.11 G (0.90) 0.19 0.21
SNP54 0.74 A (0.96) 0.08 0.08 G (0.80) 0.32 0.35
SNP55 042 G (0.78) 0.35 0.29 A(0.74) 0.38 0.33
SNP56 0.90 C(0.95) 0.10 0.11 T (0.95) 0.09 0.09
SNP57 0.74 T (0.93) 0.13 0.14 C(0.84) 0.27 0.33

MA corresponds to the predominating allele for each locus and sub-species. The frequency of this allele
is given between parentheses. Finally, He and Ho correspond to the expected and observed heterozygosity

respectively

@ Springer



Appendices

Conservation Genet Resour

0.6+
0.5+
0.4
Q.34
0.2+
0.1

Density

I I | I
-0 -5 0 5 10

Discriminant function

Fig.1 Representation of the two groups identified with the discrimi-
nant analysis of discriminant components. Domestic pigs are repre-
sented by the white distribution and wild boars by the black distribu-
tion

by the panel makes it a valuable tool for the management
of the two sub-species. Apart from identification issues, it
may be useful for the detection of hybrids (Godinho et al.
2014) even though this application was not tested here.
On the contrary, it should not be applied to answer general
population genetics questions because the selection process
used to build the panel may generate biases in statistical
analyses.

The primary goal of this panel was to differentiate
“pure” wild boars from commercial breeds of domes-
tic pigs. The will to work on “pure” wild boars necessar-
ily limited the number of individuals on which we could
develop and test the panel because most populations of
wild boars show signs of introgression and only a few are
free of restocking (Scandura et al. 2011; Goedbloed et al.
2013b). In future studies, the panel of SNP markers should
be applied to more populations of “pure” or “presumed
pure” wild boars in order to discard any specific popula-
tion effect on the high level of differentiation we observed.
Also, it should be used on populations which have experi-
enced hybridizing events in order to assess how introgres-
sion may have reduced the differentiation between sub-spe-
cies and to test if this introgression may affect somehow the
resolution power of the panel.

Finally, at a time when whole-genome sequencing and
wide SNP-chips are increasingly used, we propose a low-
size panel of markers. Such approach might puzzle given
the actual trend which consists in producing “big data”
through the use of new-generation sequencing (NGS) tech-
nologies. However, as described in Shafer et al. (2014),
the aims in genomics and in applied conservation genet-
ics differ and thus, the tool required in those two fields
may not be the same. Plus, questions currently addressed
in conservation genetics do not necessarily require the use
of all the information produced by NGS (McMahon et al.
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2014). Wildlife monitoring is indeed deeply anchored in
a socio-economic environment driven by political policies
that ask for targeted answers, often in a limited time with
limited financial resources. Thus, the huge amount of data
produced in genomics is hardly adapted and transposable
as it is to applied genetics. Tools must then be built to take
advantage of the extraordinary amount of data available
thanks to genomics advances and adapt it to conservation
genetics’ issues (Monzon et al. 2014). A low-sized panel of
markers, chosen and selected in order to answer a targeted
question might be an example of bridging tools between
genomics and conservation genetics.
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