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Résumé

RESUME

La diversité génétique intra-spécifique constitue le potentiel adaptatif des especes
et, a ce titre, elle est donc indispensable pour 1’évolution de celles-ci. Chez les
vertébrés, les genes du complexe majeur d'histocompatibilité (CMH) sont une
composante essentielle de quoi permet de faire face aux parasites en initiant une
réponse immunitaire. La pression de sélection exercée par les parasites et la
sélection sexuelle via le choix du partenaire devraient donc agir sur la diversité
génétique du CMH. Cependant, la distinction empirique des pressions sélectives
agissant sur la diversité génétique du CMH en milieu naturel nécessite de suivre
un grand nombre individus tout au long de leur vie et d’effectuer leur
génotypage. Le premier objectif de cette these a donc été développer et appliquer
un protocole de génotypage chez la marmotte Alpine (Marmota marmota), sur
quatre loci du CMH décrits précédemment. Ceci permet par la suite d'étudier,
dans une population de marmottes Alpines vivant en milieu naturel, si les
caractéristiques génétiques du CMH influencent (1) le choix de partenaire, (2) la
présence et/ou l'abondance de trois especes de parasites intestinaux et (3) leur
survie juvénile. Ce travail a fourni une méthode appropriée pour la détermination
de génotypes fiables sur un grand nombre d'échantillons en utilisant des
techniques de séquencage de nouvelle génération. Ensuite, nous avons constaté
I’existence d'un choix de partenaire basé sur le CMH mais aussi sur les
caractéristiques de l'ensemble du génome. Par la suite, nous avons mis en
évidence le faible role du CMH sur la présence et abondance de trois especes de
parasites intestinaux. Finalement, nous avons constaté que l'association entre la
survie juvénile et les caractéristiques génétiques du CMH et de l'ensemble du
génome ont changé au cours des vingt-trois ans de suivi de la population. Dans
I'ensemble, cette thése présente une approche intégrée de l'étude des roles du

CMH sur une population contemporaine de marmottes Alpines.



Résumé

Mots clés: choix du partenaire, CMH, consanguinité, défense immunitaire,
diversité génétique, sélection balancé, sélection induite par des parasites,
sélection naturelle, sélection sexuelle, séquencage de nouvelle génération, valeur

sélective



Abstract

ABSTRACT

Intra-specific genetic diversity represents the true potential of adaptation of
species and is thus essential for evolutionary change. In vertebrates, the genes of
the major histocompatibility complex (MHC) play a critical role in vertebrate
disease resistance by initiating immune response. The selective pressure carried
out by parasites and sexual selection via mate choice are supposed to maintain
the extreme diversity found in the MHC. Yet, empirical differentiation of
selective pressures acting on MHC in the wild requires individually based
monitoring of a large number of individuals and genotyping them. The aim of
this thesis was firstly to develop and apply a genotyping protocol in Alpine
marmots (Marmota marmota) to genotype four previously described MHC loci.
This allows subsequently to evaluate, in a wild population of Alpine marmots, if
MHC characteristics play a role (1) on mate choice, (2) on the presence and/or
abundance of three intestinal parasite species and (3) on juvenile survival. This
work provided a suitable method to reliably genotype large number of
individuals using next-generation sequencing techniques. Then, we found
evidences for female mate choice based on MHC but also on neutral genetic
characteristics. Subsequently, we evidenced the weak role of MHC
characteristics on the presence and abundance of three intestinal parasites.
Finally, we found evidences for a change of the effect of genetic diversity at both
MHC and neutral loci on juvenile survival during the 23-year monitoring study.
Overall, this thesis comprises an integrated approach for the study of the roles of

MHC in a contemporaneous population of Alpine marmots.

Keywords: balancing selection, fitness, genetic diversity, immune defence,
inbreeding, MHC, natural selection, next-generation sequencing, mate choice,

parasite-driven selection, sexual selection
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Introduction

1 GENETIC DIVERSITY AND EVOLUTIONARY CHANGE

The International Union for the Conservation of Nature (IUCN) has recognized
genetic diversity as one of the three levels of biological diversity requiring
conservation (McNeely et al. 1990). The main reason for the genetic diversity
conservation is that genetic variation is essential for evolutionary change
(Frankel and Soulé 1981). Among both inter and intra-specific genetic diversity,
intra-specific genetic diversity represents the true potential of adaptation and
evolution of species. Indeed, intra-specific genetic diversity allows populations to
evolve in response to (1) biotic challenges such as new diseases, changes in
parasites, changes in predators or changes in competitors and to (2) abiotic
challenges such as environmental changes derived from human activity (e.g.
greenhouse warming, ozone layer depletion or pollution) (Frankham 1996). Low
levels of genetic diversity may limit the ability of populations to continuously
respond to these challenges in both the short and long term evolutionary time
(Simberloff 1988, Ellstrand and Elam 1993).

Infectious diseases caused by the great variety of extant parasites are
considered as one of the most important and common environmental challenge
encountered by species and individuals (Haldane 1949, Weatherall 2003). Indeed,
most of the living organisms are parasites and any single host species can be
infected by numerous parasite species (from viruses to worms) (Windsor 1998).
Under natural conditions, individuals are constantly exposed to parasites during
its whole lifetime and parasites cause injuries or diseases resulting in a decrease
the host's fitness (fitness is defined here as the lifetime reproductive success,
which can be both survival and reproductive success (Clutton-Brock 1988), or
the individual contribution to population growth (Coulson et al. 2006)) or even in
the host's death. As a consequence, parasites act as one of the major demographic

and evolutionary forces (Altizer et al. 2003).
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Although interactions between hosts and parasites are permanent, their
relationships are far from being stable since co-evolution between hosts and
parasites under the form of arms race exists. Specifically, the co-evolution
between hosts and parasites, also referred as Red Queen Hypothesis (Van Valen
1973) is based on the necessity for the host to avoid or resist parasites, which
leads to the evolution of alleles conferring resistance to parasites (resistance is
defined here following Thomas et al. (2007) by the ability of hosts to prevent
parasite infection or limit parasite load), and the necessity for the parasites to
encounter and infect its hosts, which leads to the evolution of alleles conferring
more virulent or more resistance capacities.

Host defence against parasites depends on the host's ability to prevent,
control and clear infections caused by parasites. Host defences include natural
barriers (e.g. skin, mucous membranes), immune system (i.e. biological
structures and processes that provide specific and unspecific protection for
individuals against pathogens encountered) or changes in behaviour (e.g. spatial
avoidance, temporal avoidance, changes in diet) (Schmid-Hempel 2011).
Whereas the prevention against parasites is achieved by either natural barriers,
immune systems or changes in behaviour, the cleaning of infections is mainly
achieved by the immune system, although behavioural defences or physiological
responses not directly associated with the immune system may also contribute to
clean infections (Schmid-Hempel 2011). Vertebrate immune system can be
classified in two subsystems, the innate and the adaptive immune systems.
Whereas the innate immune system is one of the main responsible for infection
prevention and infection eradication at an early stage, the adaptive immune
system is one of the main responsible for specific infection control and cleaning.
A necessary component of the immune system is the genetic diversity at those
genes or gene families which participate in both innate and adaptive immune
system (i.e. immune genes) (Sommer 2005) such as chemokine receptors,
interleukin receptors, leukocyte immunoglobulin-like receptor superfamily, major
histocompatibility complex, toll-like receptor or vitamin D receptor (see

Acevedo-Whitehouse and Cunningham 2006 for more examples, their functions
20



Introduction
and known associations with infectious diseases). Among all these genes, the
genes of the major histocompatibility complex (MHC) account for a relatively
important resistance variance to infection (Jepson et al. 1997). Moreover, decades
of research focussed on MHC have led to a better understanding of its structure,
functions and evolution than that of other genes involved in the immune

response.

2. THE MAJOR HISTOCOMPATIBILITY COMPLEX

The MHC is a multi-gene family present in all jawed vertebrates that plays a
crucial role in the immune system. MHC genes are divided into three families,
named class I, II and IIl (Kelley et al. 2005, Acevedo-Whitehouse and
Cunningham 2006). Among these three families, the MHC class I and II have
been largely studied because of their relevance for the adaptive immune
response. In order to control infections, which necessitate the alarm of T cells
from the presence of foreign invaders, MHC transcript molecules play a key role.
Specifically, MHC transcript molecules are able to bind antigen peptides from
different parasites and present them to T cells. Then, if a T cell identifies the
antigen peptide as a non-self, it trigger a cascade of immune reaction processes
(Klein 1982) to control the infection. Both MHC class I and II are cell surface
trans-membrane proteins, but have different functions. Whereas MHC class 1
molecules are present on the surface of all nucleated cells and bind intracellular
antigen peptides, MHC class II molecules are present only on immune cells (e.g.
dendritic cells, macrophages or B cells) and bind extra-cellular antigen peptides
(Bjorkman and Parham 1990, Hughes and Yeager 1998).

The evolutionary pattern of MHC genes agrees with a birth-and-death
process, where new genes are created by gene duplication processes. Then, these

duplicated genes are either maintained during large periods, become non-
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functional (i.e. pseudogenes) or are deleted (Nei et al. 1997). Although the
overall structure and function of the MHC genes has been conserved during the
evolution of the different vertebrate lineages, important differences regarding
genomic organization exist between them, especially between birds and
mammals. Whereas in birds extensive copy-number variation occurs (i.e. genes
with a variable number of copies in the genotype of an individual), in mammals a
maximum of two alleles per locus occurs.

A great number of species possesses extraordinary levels of MHC allelic
diversity and heterozygosity (Edwards and Hedrick 1998, Knapp 2005) and
MHC genes are indeed considered as the most variable genes of the vertebrate
genome. For example, thousands of alleles have been described in human

populations (http://www.ebi.ac.uk/ipd/imgt/hla/) or more than one hundred in

other mammals (primates: Rhesus monkey (Macaca mulatta), rodents: four-
striped grass mouse (Rhabdomys pumilio), root vole (Microtus oeconomus), or
artiodactyls: red deer (Cervus elaphus) (reviewed in Winternitz et al. 2013).
Although these extraordinary levels of MHC diversity found in some species,
this diversity is highly variable between species (reviewed in Kelley et al. 2005,
Winternitz et al. 2013) and even some species show low levels of MHC diversity
(e.g. mammals: 4 alleles in a sample of 172 European bisons (Bison bonasus)
(Radwan et al. 2007) or 10 MHC class I and 4 MHC class II alleles in a sample
of 141 cheetahs (Acinonyx jubatus) (Castro-Prieto et al. 2011); birds: 4 alleles in
a sample of 20 South Island saddlebacks (Philesturnus carunculatus) (Sutton et
al. 2013) or 3 alleles in a sample of 30 Galapagos penguins (Spheniscus
mendiculus) (Bollmer et al. 2007)). Low levels of MHC diversity are generally
found in species who have suffered bottleneck events (reviewed in Radwan et al.
2010), although some species with reduced effective population sizes have
shown high MHC diversity levels despite showing a low genetic diversity across
neutral markers (Hedrick et al. 2000, Aguilar et al. 2004, Hedrick and Hurt
2012).

The majority of MHC polymorphism is located at the codons supposedly

involved in antigen binding sites (ABS) (Garrigan and Hedrick 2003), which is
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the basis for a differential peptide binding (Reche and Reinherz 2003). Because
the recognition of non-self is done on ABS, these sites are considered one of the
key components of the MHC immune function and the focus of much of the
research carried out on MHC genes. It is in ABS where at least two evidences of
balancing selection could be found (Garrigan and Hedrick 2003). First, contrary
to the neutral evolution, the rate of non-synonymous substitutions (i.e. amino-
acid altering) on ABS is generally higher than that for synonymous substitutions,
apparently because of selection have favoured amino-acid substitution (Hughes
and Nei 1989). Second, in genetic systems that evolve under balancing selection,
trans-species polymorphism (i.e. alleles in one species share their closest ancestry
to alleles from another) can often be found (Klein et al. 1998). Accordingly,
trans-species polymorphism in MHC alleles has been already documented in
mammals (Radwan et al. 2007, Castro-Prieto et al. 2011).

Although each functional transcript MHC allele is available to present a large
number of antigens from structurally divers parasites thanks to the promiscuity of
MHC peptide binding molecules (Frank 2002, Nikolich-Zugich et al. 2004),
individuals with high diversity at ABS are supposed to resist a broader array of
parasites because different ABS are required to bind different antigen peptides
from the wide range of parasite strains and species (Hughes and Yeager 1998).
Also, individuals with specific alleles are supposed to resist specific parasites due
to the specificity of transcript MHC alleles. Evidences for both MHC diversity
and the possession of specific alleles have been associated with parasite
resistance in a variety of vertebrates (reviewed in Spurgin and Richardson 2010,
Sin et al. 2014). On the contrary, low levels of MHC diversity has been suggested
to increase species vulnerability to parasites in some species such as in
Tasmanian devils (Sarcophilus harrisii) (Siddle et al. 2007, 2010) or in lowland
leopard frogs (Lithobates yavapaiensis) (Savage and Zamudio 2011). In
Tasmanian devils, the spread of a transmissible tumour between individuals by
biting is apparently facilitated by very low variation at MHC class I. Indeed, the
low MHC diversity of Tasmanian devils may result in an immune system failure

to recognize the tumor as “foreign” (Siddle et al. 2007). However, caution is
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required before considering MHC depletion as a serious concern in conservation
because any study has already reported the extinction of populations or species
due to a reduction of MHC diversity (Radwan et al. 2010).

Besides the importance of MHC diversity on parasite resistance, having too
many MHC genes could also be disadvantageous since it could promote negative
T-cell selection. Negative T-cell selection is a process that removes T-cells that
bind too strongly to self peptides (Starr et al. 2003) and would direct immune
responses towards self-proteins. If this process may prevent that autoimmunity
may array, the result of a negative T-cell selection is the reduction of the number
of different T-cell receptors (Lawlor et al. 1990, Nowak et al. 1992) and therefore
the reduction of the host capacity to bind divers antigen peptides. Nowak et al.
(1992) suggested that, to counteract these selective forces, an intermediate
number of MHC genes would allow to confer the maximum parasite resistance.
Accordingly, associations between the possession of intermediate MHC diversity
levels and a high parasite resistance have already been found in three-spined
sticklebacks (Gasterosteus aculeatus) (Wegner et al. 2003a,b) or in bank voles

(Myodes glareolus) (Kloch et al. 2010)).

3. MAINTENANCE OF MHC POLYMORPHISM

Understanding the causes and consequences of MHC genetic diversity is a major
issue in evolutionary biology, ecology, epidemiology and conservation (Hedrick
et al. 2000, Siddle et al. 2010, Savage and Zamudio 2011). Two main non-
mutually exclusive hypotheses have been proposed for the maintenance of MHC
polymorphism: balancing selection through pathogen-mediated selection and
MHC-dependent mate choice (Hedrick 1992, Apanius et al. 1997, Penn and Potts
1999, Knapp 2005, Milinski 2006, Spurgin and Richardson 2010).

Three types of balancing selection through pathogen-mediated selection are
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supposed to participate in the maintenance of the MHC polymorphism: the
heterozygote advantage (i.e. overdominance), the negative frequency-dependent
selection (or rare allele advantage) and the fluctuating selection. The
heterozygote advantage hypothesis proposes that individuals with higher MHC
diversity should be favoured to recognize a greater number of parasites than
individuals with low MHC diversity levels (Doherty and Zingernagel 1975, Penn
et al. 2002). As a consequence MHC diverse individuals would be able to trigger
more effective immune responses towards specific parasites (Carrington et al.
1999, Penn et al. 2002, Worley et al. 2010) and co-infections (Hughes and Nei
1992, McClelland et al. 2003). The negative frequency-dependent selection
hypothesis proposes that specific alleles (often rare alleles) in a given population
would confer greater protection to parasites because parasites are likely to be
adapted to overcome the most common alleles (Bodmer 1972, Potts and
Wakeland 1990, Slade and McCallum 1992). Under these circumstances, the co-
evolution between hosts and parasites would drive a cyclic change in the
frequency of MHC alleles. Finally, the fluctuating selection hypothesis proposes
that temporal and/or geographical parasite diversity and virulence could lead to
an heterogeneous selection of different MHC alleles through time and space,
respectively (Hill 1991, Hedrick 2002).

Evidence for heterozygote advantage, the negative frequency-dependent
selection, and the fluctuating selection has been found in a wide range of non-
model vertebrates (from fish to mammals) and for a wide range of parasite
species (e.g. viruses, bacteria, protozoan or helminths) (see Sin et al. 2014 for a
recent review). However, how to differentiate between these hypotheses remain
unclear because the results of the involved mechanisms may produce similar
MHC patterns (Spurgin and Richardson 2010).

Because of the key role of MHC diversity and/or the presence of specific
alleles in host's parasite resistance, MHC could potentially be a good candidate
for the genetic basis of female mate choice if MHC characteristics of the chosen
males contribute to enhance the quality of the offspring produced (Yamazaki et
al. 1976, Hamilton and Zuk 1982). Two non-exclusive hypotheses involving
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female mate choice for MHC characteristics have been proposed: the good genes
hypothesis and the genetic compatibility hypothesis. According to the good genes
hypothesis, mate choice is based on an absolute criterion common to all females
(Neff and Pitcher 2005), and females are expected to preferentially mate with (1)
heterozygous males if this choice results in MHC heterozygous offspring (good-
genes-as-heterozygosity hypothesis, Brown 1997) because producing MHC
heterozygous offspring is advantageous since heterozygous individuals are
supposed to recognize a wider range of pathogens (Doherty and Zinkernagel
1975) and/or (2) with males possessing specific alleles (good genes hypothesis
sensu stricto) that confer resistance to specific parasites (Takahata and Nei 1990).
According to the genetic compatibility hypothesis, mate choice is based on a
relative criterion specific to each female (Trivers 1972, Zeh and Zeh 1996, 1997,
Neff and Pitcher 2005). According to this hypothesis, females are expected to
choose MHC-dissimilar males because it is more likely to result in the
production of MHC heterozygous offspring (see above for the expected selective
advantages of MHC heterozygous individuals). In species at risk of inbreeding,
female may also prefer to mate with MHC-dissimilar males if this allows
avoiding to mate with a related partner (Potts and Wakeland 1990, Penn and Potts
1999). Although a choice for MHC dissimilarity could be advantageous for
female fitness, these advantages could be counterbalanced by the production of
offspring with an excess of MHC genes. In this case, a choice for intermediately
MHC dissimilar males could be favoured to produce offspring with an
intermediate number of MHC genes.

After 40 years of research on the links between MHC characteristics and
mate choice on a wide range of animals (see specific reviews in Penn and Potts
1998, 1999, Arcaro and Eklund 1998, Jordan and Bruford 1998, Penn 2002,
Ziegler et al. 2005, Milinski 2006, Yamazaki and Beauchamp 2007, Spurgin and
Richardson 2010), mate choice for MHC genes has been reported in several taxa,
but does not seem universal. A recent meta-analysis based on 48 previously
published studies found significant support regarding a MHC-dependent mating

preferences at both diversity and dissimilarity when these estimators where
26



Introduction
characterized over several loci, whereas no clear pattern was evidenced in studies
focussing on a unique locus (Kamiya et al. 2014).

Although balancing selection and mate choice are considered as the main
processes driving MHC polymorphism, non-selective processes such as genetic
drift (Ejsmond and Radwan 2011, Sutton et al. 2011), gene conversion
(Martinsohn et al. 1999) or maternal-foetal interactions (Knapp et al. 1996, Ober
et al. 1998) may also drive MHC polymorphism. Genetic drift has been found to
result in an accelerated decrease of functional MHC diversity compared to the
decrease of neutral genetic diversity (Ejsmond and Radwan 2011, Sutton et al.
2011). In order to explain these patterns, Ejsmond and Radwan (2011)
hypothesised that after a bottleneck event, the most adaptive MHC alleles may
become fixed whereas rare alleles, that in large populations are likely to be
retained despite many of them may be temporally disadvantageous, would be lost
due to genetic drift. On the contrary, gene conversion (i.e. a non-reciprocal gene
transfer during the process of meiotic recombination resulting in inheritance
pattern that does not follow Mendelian rule (Galtier et al. 2001)) at both inter and
intra-locus is expected to increase the number of MHC alleles (Martinsohn et al.
1999). Evidence of gene conversion at MHC has already found in pot-bellied
seahorse (Hippocampus abdominalis) (Bahr and Wilson 2012). Finally, maternal-
foetal interactions could also have an impact on the maintenance of MHC
polymorphism since foetuses that do not differ at MHC alleles from maternal
alleles are more likely to be aborted than foetuses differing at MHC alleles, the
last ones being histocompatible foetuses. Accordingly, significantly higher foetal
loss rates have been found when parents do not differ at MHC in captive
pigtailed macaques (Macaca nemestrina, Knapp et al. 1996) or at HLA (human
leukocyte antigen, the human MHC) in humans (Ober et al. 1998). This
interactions could indeed have favoured MHC heterozygous individuals and
ultimately the maintenance of MHC polymorphism. However, the relative
contribution of these non-selective processes on MHC polymorphism is, to date,
uncertain (Castro-Prieto et al. 2011).

If the evolutionary causes of the MHC polymorphic maintenance have been
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broadly studied, the evolutionary consequences of this polymorphism such as its
impact on individual fitness remain less studied. In the few wild populations
where the associations between MHC characteristics and survival or reproductive
success were evaluated, MHC characteristics significantly affected individual
fitness (Bernatchez and Landry 2003). For example, a study carried out on rhesus
macaques (Macaca mulatta) found that MHC heterozygous males sired
significantly more offspring than homozygous males (Sauerman et al. 2001).
Also, a ten years of study on Seychelles warbler (Acrocephalus seychellensis)
revealed a positive association between MHC diversity and juvenile survival
(Brouwer et al. 2010). Similarly, a study carried out on great tits (Parus major)
found an association between MHC super-types (i.e. grouped MHC transcript
molecules according to peptide-binding specificity) and three components of
individual fitness (survival, annual recruitment and lifetime reproductive success)
(Sepil et al. 2013).

Empirical differentiation of selective pressures acting on MHC has been
difficult and it has been suggested that the involved mechanisms could overlap
(Bernatchez and Landry 2003, Sommer 2005, Spurgin and Richardson 2010).
However, both a recent meta-analysis and a model of MHC dynamics have found
evidence that sexual selection may be more important than natural selection for
the maintenance of MHC polymorphism (Winternitz et al. 2013, Ejsmond et al.
2014). Long-term datasets collected on free-living individuals at wvarious
temporal and spatial scales are particularly useful to elucidate the role of MHC in
parasite load, mate choice or fitness (Spurgin and Richardson 2010, Ejsmond et
al. 2014). Moreover, it would be more informative to use a multiloci aproach,
with either including both MHC class I and class II loci or many MHC class 1
and class II loci (if multiple loci in a given MHC class exists for the studied
species) to assess these eventual associations (Ejsmond et al. 2014, Kamiya et al.
2014, Sin et al. 2014). While collecting such large and detailed dataset from wild
populations is in itself challenging, determining accurate MHC genotypes for
such high number of individuals is no less a challenge.

Large-scale sequencing of MHC has long been restricted due to elevated
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costs and methodological difficulties to obtain accurate genotypes. Nevertheless,
amplicon-based next-generation sequencing (NGS) platforms such as 454,
[Nlumina, SOLID or Ion Torrent have allowed to obtain large number of DNA
sequences at relatively affordable costs (see Glenn 2011, Shokralla et al. 2012).
The major difficulty of the use of these techniques is that they are prone to errors
such as artifacts (substitutions and chimeras) during PCR or indels during the
sequencing process (Glenn 2011). Discerning true alleles versus sequencing
errors is thus challenging, especially for highly polymorphic genes such as MHC,
where alleles often differ by a single nucleotide (Babik 2010). Although a great
number of challenges to obtain reliable genotypes by using efficient post-
processing procedures have been overcome during the last years (Babik et al.
2009, Galan et al. 2010, Zagalska-Neubauer et al. 2010, Huchard et al. 2012,
Radwan et al. 2012, Sepil et al. 2012, Sommer et al. 2013, Lighten et al. 2014a,b,
Stutz and Bolnick 2014), a universal procedure is still lacking (see Huchard and

Pechouskova 2014 for more details on MHC genotyping challenges).

4. AIM OF THE STUDY

Taking advantage of a long-term individually based monitoring of a wild
population of Alpine marmots (Marmota marmota), the aim of this study was
first to reliably genotype individuals at four previously described polymorphic
MHC loci belonging to MHC class I (Mama-UB and Mama-UD) and class II
(Mama-DRB1 and Mama-DRB2) (Kuduk et al. 2012). Then, I investigated the
role of MHC diversity in mate choice, intestinal parasites and juvenile survival in
order to better understand the role of MHC in natural populations.

The Alpine marmot, a territorial, socially monogamous and cooperative
breeding species, is a well suited biological model to study these questions for at

least three reasons. First, an exceptional large and detailed dataset spanning 25
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years is available (see http://thealpinemarmotproject.org for detailed information
on the scientific project), with data collection including trapping and handling
(i.e. capture-mark-recapture) of more than 1500 individuals belonging to more
than 30 family groups. Second, although females are constrained in their choice
of social pairs due to the competitive process for dominance acquirement, the
existence of extra-pair paternities (Cohas et al. 2008) may be a way to adjust
their mate choice and to copulate with males possessing peculiar MHC
characteristics. Third, the intestinal parasites of monitored individuals are well
characterised (Callait and Gauthier 2000), which enables the study of eventual
associations between MHC characteristics and the presence or abundance of
intestinal parasites.

This thesis is organised around four chapters coupled with a material and
methods and a discussion section. Each chapter has been either accepted for
publication or is in preparation for future publication. The first chapter has also
been presented in a conference (2éme colloque de Génomique Environnementale,
Rennes, France). In this chapter, I developed a suitable method to reliable
genotype any kind of genes without copy-number variation (i.e. genes with a
variable number of copies in the genotype of an individual) using any amplicon-
based NGS platform and I applied it to obtain highly reliable individual
genotypes in Alpine marmots at the four MHC polymorphic loci. In the second
chapter, I investigated whether females base their social and extra-pair mate
choice on neutral and/or on key functional loci using sixteen microsatellites and
four MHC loci belonging to both MHC class I and II. In the third chapter, I
assessed whether the individual MHC characteristics - MHC diversity and the
presence of MHC specific alleles — were associated with the presence and/or the
abundance of three intestinal parasites. In the fourth chapter, I analysed whether
the juvenile survival depended on neutral (using sixteen microsatellites) and/or
on key functional loci (using MHC loci belonging to both MHC class I and II)

along the studied period.
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1. BIOLOGICAL MODEL

The genus Marmota

Marmots are sciurid rodents, belonging to the tribe Marmotini and the genus
Marmota. The genus Marmota has a recent origin. The earliest marmot fossil is
M. minor, dates from 10.3 million years ago and lived in North America (Steppan
et al. 2011). Nowadays, fifteen marmots are currently recognized: six in North

America and nine in Eurasia (Figure 1, Table 1).
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Figure 1. Contemporaneous distribution of the fifteen described species of the genus
Marmota. Stippling (M. flaviventris) and darkest shading (M. caligata) are used to
distinguish 2 species with large, overlapping ranges in western North America (from
Steppan et al. 2011).

From these fifteen marmot species, eleven are considered as least concern,
Menzbier's marmot as vulnerable, Mongolian marmot as decreasing, Vancouver

Island marmot as critically endangered and the remaining one, Forest-stepe
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marmot, has not yet been evaluated (Table 1).
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Scientific Name Common Name Red List Category Geographic
distribution
M. broweri Alaska marmot Least Concern North America
M. caligata Hoary marmot Least Concern North America
M. flaviventris Yellow-bellied marmot Least Concern North America
M. monax Woodchuck Least Concern North America
M. olympus Olympic marmot Least Concern North America
M. vancouverensis ~ Vancouver Island marmot  Critically Endangered  North America
M. baibacina Altai marmot Least Concern Eurasia
M. bobak Bobak marmot Least Concern Eurasia
M. camtschatica Black-capped marmot Least Concern Eurasia
M. caudata Long-tailed marmot Least Concern Eurasia
M. himalayana Himalayan marmot Least Concern Eurasia
M. kastschenkoi Forest-stepe marmot Not evaluated Eurasia
M. marmota Alpine marmot Least Concern Eurasia
M. menzbieri Menzbier's marmot Vulnerable Eurasia
M. sibirica Mongolian marmot Decreasing Eurasia

Table 1. The currently recognized species and conservation status of the genus Marmota
according to the TUCN Red List of Threatened Species.

The Alpine marmot

Generalities

Alpine marmots (M. marmota) were widespread in Europe until the early
Holocene (around 11,700 years BP) (Couturier 1955, Besson 1971). However,
several drastic reduction of their population size, possibly due to environmental
variations (Preleuthner and Pinsker 1993, Rassmann et al. 1994), occurred during
the early Holocene and reduced the distribution of this species to the Alpine arc
and the Carpathian mountains, its actual natural distribution (Figure 2).
Nowadays, two subspecies of Alpine marmots are currently recognized: M.
marmota marmota, who live in the Alpine and Pyrenean arc, and M. marmota

latirostris, who live in the Carpathian mountains.
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Figure 2. Contemporaneous distribution of the Alpine marmot. Natural populations are
represented in Yellow, reintroduced populations in light Purple and introduced populations
in dark Purple. Image from http://www.iucnredlist.org

The meta-population of Alpine marmots situated in the Alpine arc (Figure 2)
is the biggest for this species and was estimated to 100,000 individuals in 1994
(Le Berre 1994).

Between 1948 and 1988, around 400 Alpine marmots were introduced into
the French Pyrenees from individuals of the subspecies M. marmota marmota
captured in the French Alps (Lopez et al. 2010). The introduced population grew
rapidly and nowadays occupy almost all the Pyrenean arc (Figure 2). In 2000, the
estimated population in the Pyrenees was around 10,000 individuals (Herrero et
al. 2000), although in 2010 Loépez et al. (2010) suggested that this population was
probably higher because it was still occupying new areas. The subspecies M.
marmota marmota was also introduced in France (Massif Central, Jura and
Vosges), in Germany (Black Forest) and Italy (Appennines) (Figure 2). In the
Appenines, in addition to the introduction of the subspecies M. marmota
marmota, the subspecies M. marmota latirostris was also introduced.

The subspecies M. marmota latirostris has a restricted range and a small
population, with a population estimated to 1,500 individuals. According to the
IUCN Red List of Threatened Species, this subspecies should be monitored and
protected (http://www.iucnredlist.org/details/12835/0). This subspecies was
reintroduced in Romania in 1973 (Figure 2).

At the European level, Alpine marmot is a protected species (Annex III Bern

Convention; Annex III Convention on the Conservation of European Wildlife and
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Natural Habitats, 82/72/CEE). In France it is considered as non domestic species,
belonging to the national biological heritage. The French rural Code forbid
hawking, sale, selling or buying dead specimens (R. 211.1 to R. 211.3), digging
up, trapping (R. 227.5), and transport of live specimens (L. 224.8). The capture
and the transport of marmots for scientific or re-population purposes (R. 224.14)
as well as reintroductions (L. 211.3) are regulated.

The Alpine marmot’s habitat is usually Alpine and sub-Alpine grasslands
between 1000 and 3000 m asl. in altitude (L6pez et al. 2010). Slope affects where
marmots stablish their territory since when they have a choice they prefer low or
medium slopes (Allainé et al. 1994, L6opez et al. 2010).

Alpine marmots are herbivorous and their diet is very diversified. They eat
different plant species according to their phenological development and the
nutritional requirements of the individuals (Rudatis and De Battisti 2005). The
main predators of Alpine marmots are the Golden eagles (Aquila chrysaetos) and
the Red foxes (Vulpes vulpes).

In this species there is a lack of sexual dimorphism. Alpine marmots possess
a brown coat, with orange markings on the back and with beige to orange on the
belly. They have a brown muzzle, with a white band, between the nose and the
eyes, and small ears (Figure 3). The extremities of Alpine marmots are short.

Finally, its tail is brown, bushy and black in the extreme.

L AR 2 )
Figure 3. Alpine marmot from the population of La Grande
Sassiére Nature Reserve (Alps, France). Photography: Marie-
Léa Travert.
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An adult Alpine marmot reaches between 45 and 68 cm in length (not
including the tail, which measures between 13 to 16 cm). Their body mass
significantly changes throughout the year. The minimal adult weight (2.2 Kg) is
achieved in mid-April and coincides with the end of hibernation, whereas the
maximal adult weight (6.5 Kg) is achieved in mid-October and coincides with the

entry into hibernation (Kértner and Heldmaier 1995).

Life cycle
Alpine marmots reach sexual maturity at two-years old. From this moment, they
can reach dominance or stay as subordinates in their natal territory (Figure 4).

Alpine marmot average lifespan is around 7 years, but the oldest individual
observed to date in the studied population was a female aged of 16 years.
Although being a monomorphic species, senescence differs between sexes.
Whereas males show evidence of both chronological senescence (i.e. a decrease
in body mass scaled to absolute age) and terminal decline (i.e. a decrease in body
mass scaled to individual age at death), females do not show any detectable
senescence in body mass (Tafani et al. 2013a).

Regarding the reproductive performance with age, females showed a
senescence of litter size (Berger et al. 2015). Despite the decrease of litter size
found in aged females, females showed an increase of offspring size with age
(Berger et al. 2015). As a consequence, female reproductive performance remains
constant throughout the female's lifetime (Berger et al. 2015).

Hibernation lasts for approximately 200 days (Figure 4) but may vary
depending on the altitude. All members of the family group hibernate together in
the same chamber of the burrow previously covered by hay and blocked with
soil, gravels and faeces (Kortner and Heldmaier 1995). During hibernation,
Alpine marmots undergo a substantial reduction of metabolism in order to
preserve their vital functions and increase survival probabilities during the
winter. They alter periods of torpor (characterised by a decreased physiological
activity and body temperature) and euthermia (characterised by wakefulness and
an increase of body temperature) (Arnold 1988). Although euthermia periods
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represent less than 10% of the hibernation length, they cause 85% of the
energetic expenditure during the hibernation period (Arnold 1988). During
euthermia periods, individuals dissipate heat, which increase the burrow
temperature. Social conditions during hibernation appear to play a crucial role
since male subordinates (named helpers) are supposed to undergo higher and/or
longer euthermia periods than other individuals, bringing more heat to the pups
and therefore contributing to the increase of pups' survival (Arnold 1990, Allainé

and Theuriau 2004).
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Figure 4. Alpine marmot life cycle: annual (cycle) and for
the entire life (blue strip). Image from Tafani et al. 2013b.

Individuals spend the favourable season (April to September) accumulating
enough fat reserves to survive hibernation and initiate reproduction the following
year (Kortner and Heldmaier 1995).

Reproductive individuals gave birth to a litter from 1 to 7 pups (median = 4)
once a year. Mating occurs shortly after the end of hibernation, from mid-April to
early May, and gestation lasts for 30 days (Figure 4). Once born, pups stay in the
natal burrow for 40 days, where mothers lactate them (Figure 4). Once weaned,
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pups emerge from the burrow between late June and mid-July, and start eating
and discovering the territory (Figure 4, 5). A bias in sex-ratio at the emergence
from the burrow toward males is observed in the studied population (Allainé
2004).

Figure 5. Four pups of the same litter few days after their emergence from the natal
burrow. Photography: Carole et Denis Favre-Bonvin.

Snow depth in winter is the main environmental factor shaping litter size of
Alpine marmots and the general thinning of winter snow cover that has been
repeatedly reported to occur in the Alps during the last decades, have lead to a

decrease in litter size (Tafani et al. 2013b).

Socio-spatial organization
Alpine marmots live in family groups from 2 to 20 individuals (Allainé 2000).
Family groups are composed of a dominant couple; sexually mature (2 years and
older) and immature (younger than 2 years old) subordinates of both sexes; and
pups born that year (Allainé et al. 2000). Individuals of both sexes may stay
dominant for several years until being evicted by another individual or dying
(Lardy et al. 2011).

Interactions between individuals are frequent (Perrin et al. 1993a,b). Friendly

interactions can be observed between all individuals of the same social group,
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although friendly interactions with the dominant male are less frequent.

Alpine marmots of the same family group share a common multi-purpose
territory (range between 0.9 ha and 2.8 ha) comprising a main and secondary
burrows (Perrin et al. 1993b). In their territory, individuals (1) draw their food
source; (2) use the main burrow to hibernate, to sleep during the night and to give
birth (Perrin et al. 1993a); and (3) use their secondary burrows to escape from
eventual predators.

Although subordinate individuals are involved in territorial surveillance, they
rarely defend their territory, activity relegated to the dominant couple (Arnold

and Dittami 1997).

Dominance

Mature subordinates (2 years and older) of both sexes can reach dominance by
replacing his father or his mother. Otherwise, mature subordinates of both sexes
start dispersing to reach dominance by replacing a dominant from another
territory or by creating a new territory, a more unusual phenomenon (only five
cases observed between 1990 and 2014 in the studied population). Female
subordinates reach dominance at 3.21 + 0.11 years old (Lardy 2012) and male
subordinates reach dominance at 3.50 + 0.11 years old (Lardy et al. 2012).
Between 1990 and 2014, 20.2% (131 over 649) of the females and 18.6% (147
over 791) of the males born in our population became dominants in our study
site. The probability to acquire dominance at 2 years old (at sexual maturity) is
low in both sexes (the probability of becoming dominant the following year was
0.04 + 0.01 for yearlings, is 0.30 + 0.04 for 2 years old and 0.45 + 0.06 for adult
subordinates, Ferrandiz-Rovira unpublished data), suggesting that there is a
common delay of one or more years in the dispersal.

The main dispersal period is just after hibernation and early summer, where
aggressive encounters between dispersal and dominant individuals from the same
sex are common. The consequences of aggressive encounters are injuries
inflicted by other individuals, which may cause severe infections as well as the
eventual loss of a territory for the dominants. Landless individuals are highly
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subjected to fitness costs since dispersing individuals which fail to reach
dominance within the dispersing year have high mortality rates (Stephens et al.
2002). Dominant individuals which lose their territory have also high mortality

rates (Lardy et al. 2011).

Mating system

The Alpine marmot is a socially monogamous species. The dominant couple
mates for one to several consecutive reproductive years (mean: 2.47, range: 1-8
between 1990 and 2014), and stays paired throughout the year.

The dominant pair monopolizes reproduction by inhibiting reproduction of
same-sex subordinates through aggressive behaviour (Arnold and Dittami 1997,
Hackldnder et al. 2003), resulting in a high level of corticosteroids that limit
testes maturation and spermatogenesis in subordinate males (Arnold and Dittami
1997); and resulting in the failure of embryo implantation and development in
subordinate females (Hackldnder et al. 2003).

If dominant females generally successfully monopolize all reproduction,
extra-pair paternity (EPP) occurs (Goossens et al. 1998, Cohas et al. 2008). EPP
was found to increase with the number of sexually mature subordinate males
present in the family group (Cohas et al. 2006, 2008, Lardy et al. 2012).
Moreover, the presence and the number of extra-pair young (EPY) was found to
increase when females are paired with too similar or too genetically dissimilar
males (measured at sixteen a priori neutral microsatellite loci) with respect to
them (Cohas et al. 2006, 2008). Lardy et al. (2012) suggested that, in Alpine
marmot, the control of many subordinates is energetically costly for dominant
males, leading them to lose the control of reproduction (i.e. occurrence of EPP)
and/or the dominance tenure. It has been suggested that obtaining genetic
benefits is the main evolutionary force driving extra-pair paternity in Alpine
marmots (Cohas et al. 2007). Indeed, the occurrence of EPP has some
consequences in terms of fitness of the produced offspring. Specifically, extra-
pair young were found to have a better survival rate as well as a higher
probability of dominance access than within-pair young (Cohas et al. 2007).
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Communication
Communication is the transfer of information from one animal to another, either
from conspecifics or from other species. Alpine marmots use two main types of
communication, the chemical communication (scent) and the vocal

communication.

Chemical communication

Alpine marmots, as all marmot species, have anal glands and two facial glands
that may be used to communicate: jugal glands (also named as orbital or cheek
glands) are located bilaterally between the eye and the ear, and buccal glands are
located at both oral angles (Rausch and Bridgens 1989, Blumstein and
Henderson 1996).

Cheek rubbing by jugal glands is the main territory marking mode in Alpine
marmots (Bel et al. 1995, 1999). Jugal gland is an exocrine gland located in the
dermis and its secretive activity is age-dependent, with no secretion observed in
juvenile marmots (Bel et al. 1999). Previous studies on Alpine marmots showed
that (1) scent-marking mainly occurs between the breeding period and the
emergence of offspring (Bel et al. 1995, Lenti Boero 1995); (2) scent-marking is
spatially distributed and mainly involves the territory boundaries and the main
burrows (Bel et al. 1995, Lenti Boero 1995); (3) although all mature individuals
of a family group scent-mark, this behaviour is mainly done by dominant
individuals (Bel et al. 1995); and (4) foreign scent marks are removed or replaced
(Bel et al. 1995). Given that scent-marking behaviour with jugal glands is the
main territory marking mode and that foreign individuals represent an important
threat for dominants (see Appendix A for detailed information on this
phenomenon), it is likely that the dear enemy phenomenon occurs in this species.
If the dear enemy phenomenon occurs in Alpine marmots, jugal glands are
supposed to play a key role on this behaviour.

When same-sex adults are in conflict both individuals moves their tail from
up to down, suggesting that both individuals may expose their anal glands to the

other individuals. A similar behaviour has been observed in yellow-bellied
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marmots, behaviour named as tail-flag (Armitage 2014).

Vocal communication

When adult individuals discover a predator, they often emit loud vocalizations
(i.e. alarm calls). These alarm calls may create confusion and may increase the
caller chances to escape as well as the conspecifics chances to escape, because it
also function to warn conspecifics about the presence of a predator (Shelley and
Blumstein 2005). Individual variations related to the propensity to alarm are not
negligible, variations that may be linked to more or less cooperative individuals

(see Appendix B for more details).

Genetic characteristics

Alpine marmots, as other 7 marmot species, have 38 chromosomes, whereas the
number of chromosomes in the remaining marmot species range between 36 and
42 (Armitage 2014).

In Alpine marmots, low levels of genetic variability at both at neutral and
functional markers have been found using allozymes (Preleuthner and Pinsker
1993), minisatellites (Kruckenhauser et al. 1997, Rassmann et al. 1994),
microsatellites (Cohas et al. 2009, but see Goossens et al. 2001) and MHC
(Kuduk et al. 2012, Chapter 1), and this in different populations spreading the
whole Alpine arc. Demographic processes, and especially bottlenecks, have been
hypothesized to have originated a huge decrease of genetic variability in this

species (see discussion section and Appendix C for more details).

Neutral markers
Sixteen microsatellites have yet been characterized for the Alpine marmot: SS-
Bibl1l, SS-Bibl18, SS-Bibl20, SS-Bibl31, SS-Bibl4 (Klinkicht 1993); MS41,
MS45, MS47, MS53, MS56, MS6, ST10 (Hanslik and Kruckenhauser 2000);
Ma002, Ma018, Ma066, Ma091 (Da Silva et al. 2003). Among these sixteen
microsatellites, allelic polymorphism ranged between two and nine alleles.

Since microsatellites are non-coding regions of the genome, they are
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supposed to reflect neutral evolutionary process (Jarne and Lagoda 1996). Thus
microsatellites have been used to infer genome-wide heterozygosity of
individuals (Slate and Pemberton 2002, Coltman and Slate 2003; but see Vili et
al. 2008, Ljungqvist et al. 2010). However, caution is required to consider a small
number of microsatellites as a good proxy of genome-wide heterozygosity since
a recent study found that genome-wide heterozygosity is better measured from
around 75 microsatellites (Miller et al. 2014).

In Alpine marmots, individual heterozygosity have been found to impact on
individual fitness. Specifically, a positive correlation between heterozygosity
(calculated over the sixteen microsatellites) and juvenile survival was observed
(Cohas et al. 2009). The potential mechanism behind this correlation seems to be

explained by the general effect (Cohas et al. 2009).

Functional markers

Six MHC loci have yet been characterized for the Alpine marmot: four MHC
class I loci (Mama-UA, Mama-UB, Mama-UC and Mama-UD) and two MHC
class II DRB loci (Mama-DRB1 and Mama-DRBZ2) (Kuduk et al. 2012). Among
these loci, two MHC class I loci (Mama-UB and Mama-UD) and two MHC class
IT loci (Mama-DRB1, and Mama-DRB2) were polymorphic (2 alleles for Mama-
UB, 3 for Mama-UD, 8 for Mama-DRBI, and 3 for Mama-DRBZ2), whereas
polymorphism was not detected at Mama-UA and Mama-UC (Kuduk et al.
2012). Although four loci had allelic polymorphism, only one MHC class I
(Mama-UD) and one MHC class II loci (Mama-DRBI) led to polymorphic
proteins (2 and 7 proteins) (Kuduk et al. 2012).

In Alpine marmots, the two MHC classes showed different patterns of
evolution. Whereas no signal indicating positive selection was found (i.e. the
non-synonymous and synonymous substitution ratio (dn/ds) was less than one for
both ABS and non-ABS sites) in MHC class I alleles, clear evidence of historical
positive selection for amino acid replacements (i.e. dy significantly exceeded ds
in putative ABS sites but not in non-ABS sites) was found in MHC class II

alleles (Kuduk et al. 2012). These divergent patterns of allelic evolution may
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reflect differences in selection pressures acting on class I and class II genes.

Alpine marmots as hosts

The most frequently pathologies occurring in the genus Marmota are derived
from ectoparasites and parasites located in the digestive tract (Bassano 1996).
The bacterial and viral diseases are rarely described (Bassano 1996).

In a study carried out in the National Park of Berchtesgaden (Germany), a
single important ectoparasite was found, the mite Echinonyssus blanchar (Arnold
and Lichtenstein 1993). E. blanchar is an obligate hematophage present in all
Eurasian marmot species that lives in its burrows (Arnold and Lichtenstein
1993). In this study, Arnold and Lichtenstein (1993) found that (1) the number of
mites negatively correlated with body mass, (2) the number of mites increased
juvenile mortality, and (3) females with a high number of mites during the
preceding winter delayed the date of juvenile weaning.

Alpine marmots living in the Alpine arc are regularly parasitized by four
intestinal parasites (Bassano et al. 1992, Callait and Gauthier 2000). Three out of
four parasites are Helminth species (extra-cellular parasites): the Cestode species
Ctenotaenia marmotae (Figure 6a,6d), and the two Nematoda species, Citellina
alpina (Figure 6b,6e) and Ascaris laevis (Figure 6¢,6d). The fourth parasite is a
protozoan species (intra-cellular parasite), the Coccidia species Eimeria monacis
(Figure 6¢). Although Alpine marmots have a low specific richness, the intestinal
parasite load is high. During hibernation their intestines are atrophied (Bassano et
al. 1992) and this may be the cause of the large observed decrease of parasite
load during this period (Callait and Gauthier 2000). Besides to consider
hibernation as a strategy enabling marmots to survive during the harsh winter
conditions, hibernation can also enable rid of a large number of parasites.
However, each year, the parasite population dynamics allow an infestation of the
most hosts of the population (Callait 1999). The consequences of the presence or
abundance of intestinal parasites are difficult to identify because they do not
cause any apparent pathology (Callait 1999). However, whether intestinal
parasites affect or not Alpine marmots survival and/or reproductive success
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remains unknown.

Figure 6. Four intestinal parasites of Alpine marmot:
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marmotae egg (a), Citellina alpina egg (b), Ascaris laevis egg and
Eimeria sp. oocyst (c), C. marmotae and A. laevis (d) and C. alpina (e).

Photography: Marie-Pierre Callait-Cardinal.

2. STUDY SITE AND POPULATION MONITORING

The Nature Reserve of the Grande Sassiere

In 1990, the population of Alpine marmots living in the nature reserve of the

Grande Sassiere (French Alps) became the object of study for a large number of

researchers and students (Figure 7). Under the name of the Alpine marmot

project (see http://thealpinemarmotproject.org for detailed information of the

scientific project), a capture mark and recapture program coupled with an

observation protocol were developed. Annually, there is a field season (lasts

between forty to sixty days depending on the year) carried out during the active

period of Alpine marmots. The field season continuously involves between four

and eight people (researchers, post-docs, PhD students or bachelor students).

The nature reserve of the Grande Sassiere is managed by the National Park of
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Vanoise and it is located in the Tarentaise Valley (Tignes, France). It has an
altitude ranging from 1850 to 3757 m asl. and a typical Alpine climate, with low
temperatures, strong daily and annual variation in temperature and marked
precipitations. A large body of evidence shows us the general effects of climate
change in the study site. Specifically, the average snow depth from December to
March decreased by 1.87 + 0.68 (mean + SE) cm per year from 1991 to 2011;
while the average air temperature in April increased by 0.16 + 0.04 °C per year

from 1990 to 2011 (Tafani et al. 2013b).

Figure 7. 360° view of the tud site at the end of the spring in 2011. Photography: Maxime
Gay.

The flora is characteristic of Alpine and sub-Alpine grassland and forms a
dense carpet of vegetation (Gensac and Rothé 1974). It is composed of a
multitude of grass types and hosts a profusion of flowers when summertime
arrives.

The fauna includes many emblematic species coexisting with Alpine
marmots such as the chamois (Rupicapra rupicapra), the ibex (Ibex ibex), the

bearded vulture (Gypaetus barbatus), the Golden eagle and the Red fox.

Marmot territories

Studied family marmots are situated in the low part of the reserve, at 2350 m asl
(45°29'N, 65°90'E). All territories are roughly at the same altitude, in an area of
approximately 1.5 Km long and 500 Km wide, are distributed of each side of a
tourist trail that traverses the valley floor, and are exposed to North or to South
(Figure 8). In North facing slopes, snows lasts longer and plants growth is
delayed, thus limiting the food resources during the early active period of
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marmots. In Yellow-bellied marmots, this limitation of food affected marmots'
life history traits (Van Vuren and Armitage 1991).

Cartography of marmot territories is defined and actualized each year (Figure
8). During all these twenty-five years, a total of forty-one marmot families have
been studied for more than one year, although twenty-five of them have been

followed intensively (Figure 8).

. R L
Figure 8. Distribution and demarcation of different family territories studied
in 2013. Orange territories are followed intensively and Yellow territories are
followed since 2013.

Marmot trapping

During the pups emergence period (from the 15" of June to the 15" July), each
territory is carefully observed to identify the emergence of the pups. Then
juveniles are counted and trapped either by small two-door live traps or by hand.
Almost all of the pups are captured within the three days following their first
emergence from the burrows.

Over 80% of the marmots from one year old are captured at least once every
year, between mid-April to mid-July, using two-door live traps baited with
dandelions (Taraxacum densleonis). Between one and four traps are placed in
front of the entrance of the main burrows of each territory (Figure 9), which
allow us to assign with certainty each trapped individual to its territory. To

identify and evaluate the presence and the abundance of intestinal parasite
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species, a faecal sample is collected (if available) from the trap immediately after

the capture.

Figure 9. Adult male staying in front of a trap baited with dandelion.

Marmot handling

Once captured, individuals are tranquillized with Zolétil 100 (0.1 mL Kg™) by
intramuscular injection. Once anaesthetized, individuals are sexed, aged from
their size (up to 3 years) and weighed. Morphological characteristics (presence of
visible testis for males, developed teats for females, development of scent glands
for both sexes) are used to confirm dominance status determined from
observation (see behavioural observations section below). Captured marmots are
individually marked with a transponder chip (model ID100, 0.9 cm long, <0.1 cm
in diameter, Trovan Ltd, www.Trovan.com, Identifikationssysteme, Metternicher
Stralle 4, 53919 Weilerswist, Germany) injected under the skin of the neck for
permanent individual recognition, and with one metal tags (1 cm x 3 mm) at their
ear for visual identification of sex (right side for females and left side for males).
Additionally, dominants are also tagged with a coloured plastic tag (<1 cm? right
side for males and left side for females).

Different morphological measurements are done: jaw length, fore-foot length,
ulna length, hind-foot length, tibia length, body length without tail, zygomatic
width and pelvis width.

For genetic analyses, skin biopsies and hair samples are collected. For skin
biopsies, a piece of skin (<1 mm?®) is removed with a biopsy punch (Alcyon,
Lyon, France) without causing any bleeding. For chemical analysis, scent
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samples are collected from jugal, buccal and anal glands when secretion is
available. Finally, blood samples are also collected.

Handling lasts a maximum of 30 minutes and individuals are absent from
their territory for a maximum of 90 minutes (time elapsed between the capture
and the release, once the animal has completely awakened from the anaesthesia).

Any individual has observed to be excluded from its territory following capture.

Behavioural observations

During the field season each family group is observed to determine group
composition. Fore each group, the number of adults, two years old, yearlings and
pups of each sex are counted thanks to their ear marks and the use of 10x50
binoculars and 20 x 60 telescopes. Moreover, scent-marking behaviour and
aggressive interactions allow us to categorize individuals as subordinates or
dominants (Bel et al. 1999). To avoid disturbing marmots during observation, the
distance between marmots and the observer varies between 80 and 200 m and
observations are always done outside from the focal marmot territory.
Observation sessions last one hour and are randomly distributed during the
period of activity from 8:00 a.m. to 12:00 p.m. and from 15:00 p.m. to 21:00 p.m.
During the field season, each family is observed a minimum of 30 hours.

Two additional behavioural observations have been carried out between 2012
and 2014 field seasons in order to (1) test the presence of the dear enemy
phenomenon (see Appendix A for more details on this project) and (2) to study
both the individual variations related to the propensity to alarm (see Appendix B
for more details on this project) and the population variation of alarm calls. Both

projects were conceived and designed as adjacent works of this thesis.
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CHAPTER 1:
LARGE-SCALE GENOTYPING

Large-scale genotyping of highly polymorphic loci by next generation
sequencing: how to overcome the challenges to reliably genotype
individuals?

M Ferrandiz-Rovira, T Bigot, D Allainé, M-P Callait-Cardinal and A Cohas
Heredity (2015), 114: 485-493
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Abstract

Studying the different roles of adaptive genes is still a challenge in evolutionary
ecology and requires reliable genotyping of large numbers of individuals. Next
generation sequencing (NGS) techniques enable such large-scale sequencing, but
stringent data processing is required. Here, we develop an easy to use
methodology to process amplicon-based NGS data and we apply this
methodology to reliably genotype four MHC loci belonging to MHC class I and
IT of Alpine marmots (Marmota marmota). Our post-processing methodology
allowed us to increase the number of retained reads. The quality of genotype
assignment was further assessed using three independent validation procedures.
A total of 3 069 high quality MHC genotypes were obtained at four MHC loci for
863 Alpine marmots with a genotype assignment error rate estimated as 0.21%.
The proposed methodology could be applied to any genetic system and any
organism, except when extensive copy-number variation occurs (i.e. genes with a
variable number of copies in the genotype of an individual). Our results highlight
the potential of amplicon-based NGS techniques combined with adequate post-
processing to obtain the large-scale highly reliable genotypes needed to

understand the evolution of highly polymorphic functional genes.

Keywords: Alpine marmot; high throughput sequencing; Marmota marmota;

non-model species; parentage relationships; post-processing
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1. INTRODUCTION

Understanding the evolution of highly polymorphic functional genes is a major
issue in evolutionary biology, ecology and medical science (e.g. genes involved
in immunity in insects (Ellis et al. 2012), in plants (Jones 2001) and in
vertebrates (Hedrick 1994, Akira et al. 2001); genes regulating self-
incompatibility in plants (Charlesworth and Awadalla 1998) or in fungi (Wu et al.
1998)). Reaching this goal requires the comprehension of the role of the different
selective pressures acting on functional genes. For this purpose, information
regarding the genetic makeup of free-living individuals at various temporal and
spatial scales is needed (Vasemdgi and Primmer 2005).

Amplicon-based next generation sequencing (NGS) techniques allow the
sequencing of large numbers of individuals at affordable costs (the term amplicon
refers here to a pool of sequenced reads obtained for a given individual, locus
and PCR). Moreover, amplicon-based NGS techniques are highly suitable to
genotype genes with high allelic diversity and provide a viable method to obtain
an accurate genotyping of all copies for genes characterized by a variable number
of copies (i.e. with copy-number variation) (Babik 2010, Promerova et al. 2012).
Indeed, amplicon-based NGS techniques have been widely used to genotype
individuals at a wide range of highly polymorphic functional loci such as the
major histocompatibility complex (MHC) in rodents (Babik et al. 2009, Galan et
al. 2010, Sommer et al. 2013), primates (Huchard et al. 2012), carnivores
(Oomen et al. 2013), birds (Radwan et al. 2012, Sepil et al. 2012, Dunn et al.
2013) and fish (Herdegen et al. 2014, Lighten et al. 2014a); the CYP7B1 and
SPG7 genes involved in the hereditary spastic paraplegia in humans (Schlipf et
al. 2011); Toll-Like Receptor (TLR) genes in New Zealand robin (Petroica
australis) (Grueber et al. 2012); and the S locus receptor kinase (SRK) gene
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involved in plant self-incompatibility in rock cress (Arabidopsis sp.) (Jergensen
et al. 2012).

Owing to their wide range of applications, amplicon-based NGS
techniques have undergone an extremely fast development (see Shokralla et al.
2012 for details on development of NGS technologies) leading to the emergence
of several NGS platforms such as 454, [llumina, SOLiD or Ion Torrent. While
these NGS platforms may differ in terms of the number of obtained reads per run,
the number of base pairs per read, the run time or the cost per run (see Glenn
2011, Shokralla et al. 2012 for reviews of available NGS techniques), all
amplicon-based NGS techniques generate multiple reads for a given amplicon
and are prone to errors such as artefacts (substitutions and chimeras) during PCR
or indels during the sequencing process (Glenn 2011). Discerning true alleles
versus sequencing errors is thus challenging especially where several
functionally distinct alleles may differ by a single nucleotide (Babik 2010), and
post-processing procedures are then needed. How to deal with these errors is a
fundamental challenge for large-scale sequencing studies and two approaches

have been proposed (Lighten et al. 2014b) (Table 2).
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The first approach aims to classify each variant as an allele or an artefact
based on two assumptions: (1) that variants corresponding to alleles will be over-
represented compared to artefacts and (2) that artefacts will be more similar to
alleles than alleles will be from each other. Protocols then filter out obvious
artefacts (too short or too long reads), filter variants based on their frequency of
occurrence within an entire run and/or within an amplicon and apply criteria
based on sequence similarity to differentiate artefacts from alleles (e.g. Galan et
al. 2010, Babik et al. 2009, Radwan et al. 2012, Huchard et al. 2012). The second
and very recent approach (Lighten et al. 2014a, Stutz and Bolnick 2014), rather
than applying frequency or similarity criteria to determine whether a given
variant is an allele or not, groups variants into clusters based on the similarity of
the corresponding sequences and then identify alleles on a cluster by cluster basis
rather than on a variant by variant basis. Both these approaches suffer from
validation over a very limited number of samples using cloning or duplicate
PCRs of the same samples (generally less than 30 samples but see Sommer et al.
2013 for a counter example).

Building on these approaches, we propose a genotyping protocol suitable
for any genes which does not present extensive copy-number variations between
individuals of a given species and for data generated by amplicon-based NGS
techniques. Compared to previously published protocols, this protocol (1) can be
applied to amplicons with very low coverage, (2) can be readily implemented
thanks to a web interface, (3) has been extensively validated (1 450 validated
genotypes), and (4) is highly reliable (error rate = 0.21%). This protocol allows
reliable genotyping of amplicons with low coverage thanks to the assignation of
reads based only on a few base pairs of the primers instead of the whole sequence
and to clustering reads containing sequencing errors such as indels. Given that
amplicon-based NGS techniques remain expensive (Glenn 2011, Shokralla et al.
2012), the proposed protocol contributes to the reduction of the sequencing costs.

The proposed protocol has been applied to data generated by 454
sequencing (suitable since the targeted MHC sequences range from 175-bp to

230-bp) on four MHC loci (Mama-UB, Mama-UD, Mama-DRB1 and Mama-
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DRB?2) (Kuduk et al. 2012) of 1096 wild Alpine marmots (Marmota marmota).
The MHC is a multi-gene family present in all jawed vertebrates and the MHC
genes are the most polymorphic loci known in the vertebrate genome (reviewed
in Kelley et al. 2005). These genes, divided into three main families named class
I, IT and III (Kelley et al. 2005), encode for proteins involved in antigen
presentation and play a critical role in vertebrate disease resistance by initiating
the immune response (Hedrick 1994). The quality of the assigned genotypes was
assessed through (1) checking intra-individual repeatability of amplicon-based
NGS sequencing; (2) comparing genotypes of a given individual obtained by
amplicon-based NGS and Sanger sequencing; and (3) assessing the consistency
of the obtained genotypes using the parentage relationships previously

established based on a panel of sixteen microsatellites.

2. MATERIAL AND METHODS

Amplicon-based NGS data processing
INGS data processing to obtain individual genotypes can be divided into the four
following steps:
- Step 1. Assignment of reads to loci and individuals, elimination of singletons
and elimination of reads with inappropriate sizes;
- Step 2. Elimination of amplicons with insufficient coverage;
- Step 3. Determination of alleles;
- Step 4. Determination of homozygous and heterozygous amplicons.

All steps are fully described below. These steps are carried out using two
custom and heavily commented Python scripts which are freely available at

https://github.com/tbigot/alFinder, accompanied by example files and dataset. A

user friendly web interface (http://pbil.univ-

lyonl.fr/software/alFinder/config generator/alFinder config stepl) is available
58



Chapter 1: Large-scale genotyping
to apply the procedure.

In the case where alleles have been previously described, the user can process
directly through all the steps described below. In the case where alleles have not
been previously described, the user should conduct a pre-treatment to identify
alleles' sequences. To this purpose, the user should follow the steps described
below but retaining only reads equal to the expected allele length in step 1.3 and
skipping step 3. The post-processing procedure can then be conducted (following
all steps described below) to maximize the number of retained reads and
amplicons thanks to indels' assignment (see step 3).

Step 1. Assignment of reads to loci and individuals, elimination of singletons,
elimination of reads with inappropriate sizes

Only reads containing perfect analogous individual tags (forward and reverse)
and the minimal number of bp allowing to distinguish with no ambiguity
between the forward and reverse primers (e.g. the first x-bp of the different
primers used or any x-bp within the primer sequence) instead of complete
primers are retained from the FASTA files produced as a result of the sequencing
run (Step1.1). The use of x-bp of the primers instead of the complete primers was
designed to maximize the number of retained reads per individual. The number
and position of bp used is flexible and depends on the design of the primers and
on the degree of stringency needed. After cutting off tags and primers, the library
file is compressed by removing singletons (i.e. variants represented by a single
read) (Stepl.2) as well as reads with less than 95% or more than 105% of the
expected allele length (Step1.3) to decrease the opportunity for inclusion of PCR
chimeras and to maximize the number of reads with indels retained.

Step 2. Elimination of amplicons with insufficient coverage

Given that a minimal number of reads is required to obtain a reliable genotype
and that several identical reads must be present within a given amplicon to obtain
a reliable allele (Galan et al. 2010), the minimal number of reads per amplicon
needs to be calculated to ensure a negligible probability of missing alleles. The
model proposed by Galan et al. (2010) was used to assess this number per

amplicon. In this model, the confidence level (f) to determine a correct genotype
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depends on three components: (1) r, the minimum required number of copies of
the given allelic variant within an amplicon; (2) n, the total number of reads for a
given amplicon; and (3) m, the maximum number of alleles within an amplicon
(i.e. m is fixed to 2 for one locus in a diploid species). The program “Negative
Multinomial” (implemented by Galan et al. (2010) and freely available online) is
used to determine the minimum value of n for a confidence level (f) of at least
95%. Thus, amplicons with less reads than the total number of reads for a given
amplicon (n) are discarded at this stage.

Step 3. Determination of alleles

Variants corresponding to previously described alleles are identified and named
following the original names of the alleles. Remaining variants are classified in
two groups: (1) variants with a length corresponding to the one of the previously
described alleles (i.e. correct length variants) and (2) variants with a length
different than the one corresponding to the previously described alleles (i.e.
incorrect length variants).

To increase the number of assigned reads thanks to the use of sequencing
errors, all variants are aligned using the progressive alignment (Feng and
Doolittle 1987) with the default aligning parameters of the CLC Sequence
Viewer software free trial version 6.7.1. Since the primary artefacts generated by
amplicon-based NGS techniques differ among platforms used (e.g. 454 and Ion
Torrent primary generate indels, SOLiD generates A-T bias and Illumina
generates substitutions (Glenn 2011)), this step is more efficient in retaining
additional reads for 454 and Ion Torrent instruments than for other technologies.
Studies using SOLiID or Illumina instruments could thus skip this step until
further implementations may allow the exploitation of artefacts generated by
these techniques.

First, among correct length variants, those presenting indels that lead to a
change in all amino-acids following the indels (i.e. variants with one insertion
and one deletion resulting from sequencing errors) are assigned manually to a
previously identified alleles or to another correct length variant. Other correct

length variants are not assigned since they could be either artefacts (i.e. indels) or
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true alleles produced by mutation-selection effects. Assigning such variants could
lead to the underestimation of allelic diversity. Second, incorrect length variants
presenting indels are assigned manually to previously identified alleles or to
correct length variants. Assignation of variants with indels allows to increase the
evidence that the most frequent variant present in a given amplicon is a true allele
(Stutz and Bolnick 2014). This procedure could be especially useful when true
alleles are represented by few reads due to a lower sequencing efficiency relative
to other alleles (Sommer et al. 2013).

Step 4. Determination of homozygous and heterozygous amplicons

To determine homozygous and heterozygous amplicons, the model proposed by
Hohenlohe et al. (2010), and later used by Etter et al. (2011), is used to calculate,
given the sequencing error rate, the likelihood of each possible genotype given
all the retained variants of an amplicon. An homozygous or an heterozygous
genotype is assigned to each amplicon based on a likelihood ratio test between
the most likely homozygous and the most likely heterozygous genotypes with
one degree of freedom. If the likelihood ratio test is not significant, no genotype

is assigned.

Field methods and sample collection

DNA samples were collected in three wild populations of Alpine marmots
located in the Nature Reserve of the Grande Sassiere (at 2,340 m a.s.l., French
Alps, 45°29'N, 65°90'E), the Gran Paradiso National Park (at 2,190 m a.s.L,
[talian Alps, 45°35'N, 7°11'E) and the Llosa valley (at 1,900 m a.s.l., Catalan
Pyrenees, 42° 26'N, 1°42'E).

In the Grande Sassiere Nature Reserve, Alpine marmot samples have been
collected since 1990. Individuals from 26 family groups were captured,
tranquillized with Zolétil 100 (0.1 mL Kg™), sexed, and their age was determined
from their size (up to 3 years). Their social status was determined according to
scrotal development for males and teat development for females, and hair

samples and skin biopsies were collected for molecular analysis. The
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composition of family groups was assessed from both capture—recapture data and
intensive observations (see Cohas et al. 2006 for details on the observation
protocol). Similar protocols have been used since 2008 in the Gran Paradiso and
the Llosa valley populations.

From the captured individuals, 1 036, 30 and 30 genetic samples were
obtained from the Grande Sassiére, the Gran Paradiso and the Llosa valley

populations, respectively (Table 3).

Number of Number of Number of Number of Number of Number of
captured individuals individuals amplicons amplicons amplicons

individuals with to be to be to be success-
microsate- sequenced sequenced sequenced fully
llite at4 MHC per MHC forall4 sequenced at
genotypes loci locus MHC loci  all 4 MHC
loci
Total 1096 1036 1096 1152 4 608' 3 069"
The Sassiére 1036 1036 1036 1 092! 4 368" 2 894!
Grand Paradiso 30 0 30 30 120 91
The Llosa 30 0 30 30 120 84

Table 3. Summary of the individuals and amplicons used for MHC and microsatellite
sequencing. 'Includes replicated individuals.

DNA extraction

For these 1 096 individuals (Table 3), genomic DNA was extracted from 15 to 30
hairs or skin biopsies by incubation at 66 °C for 80 min for hairs and at 56°C for
120 min for skin biopsies in 50 pL lysis buffer (20 mM Tris-HCI, 1.5 mM MgCl.,
25 mM KCI, 0.5% Tween 20, and 0.1 mg/ml proteinase K), followed by 20 min

of proteinase K inactivation at 96°C.

MHC characterization

Six MHC loci have yet been characterized for the Alpine marmot: four MHC
class I loci (Mama-UA, Mama-UB, Mama-UC and Mama-UD) and two MHC
class II DRB loci (Mama-DRB1 and Mama-DRBZ2) (Kuduk et al. 2012). Among
these loci, Mama-UB, Mama-UD, Mama-DRB1, and Mama-DRB2 were
polymorphic (2 alleles for Mama-UB, 3 for Mama-UD, 8 for Mama-DRBI1, and 3
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for Mama-DRB?2), whereas polymorphism was not detected at Mama-UA and

Mama-UC. Thus, only the four polymorphic loci were sequenced in this study.

Amplicon-based NGS

Amplification of MHC loci used specific primers for Alpine marmots designed to
separate each locus and to avoid sequencing several duplicated genes with a
single pair of primers (see Kuduk et al. 2012 for more details). Amplification of
MHC class I used the primers MarmMF1/MarmR2 for Mama-UB, and
MarmMF1/MarmR4 for Mama-UD (Kuduk et al. 2012). Amplification of MHC
class IT DRB loci used the primers MM_DRB_F1/MM_DRB_R3 for Mama-
DRB1 and MM_DRB_F2a/MM_DRB_R2 for Mama-DRBZ2 (Kuduk et al. 2012).
MM_DRB_F2a (5'-ACGATTCCTGCAGCAGATGA-3") was used instead of
MM_DRB_F2 (5-GAGTGTCATTTTTTCAATrGGA-3") (Kuduk et al. 2012),
because the high number of homopolymers in the MM_DRB_F2 primer region
interferes with the extraction of reads. A GS FLX Titanium Primer Adaptor (5'-
CGTATCGCCTCCCTCGCGCCATCAG-3" for forward primer and 5'-
CTATGCGCCTTGCCAGCCCGCTCAG-3 for reverse primer) necessary for the
454 sequencing were added to these locus-specific primers. A 6-bp tag used for
barcoding individuals was also added between the adapters and the locus-specific
primers. Sixteen different tags in the forward primers and twelve different tags in
the reverse primers (Table 7 in Appendix 1, Chapter 1) with a minimum of 3-bp
differences between tags were used to ensure a very low probability for a read to
be assigned to the wrong individual due to a typing mistake in the individual tag
and to allow us to pool 144 amplicons/locus.

PCR was performed in a Mastercycler (Eppendorf, Hamburg, Germany) in
10 pL of reaction mixture containing 5 pL. HotStarTaq Polymerase Master Mix
(QIAGEN, Hilden, Germany), 0.2 pL of both primers at 100 uM, 3.6 pL water
and 1 pL. DNA at a concentration of 30 ng-uL ™. The cycling scheme was 95°C for
15 min, followed by 34 cycles at 95°C for 30 s, primer-specific annealing
temperature (50°C for Mama-UD and Mama-DRB?2 and 55°C for Mama-UB and
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Mama-DRB1) and for 30 s, 72°C for 60 s and a final extension step at 72°C for 10
min. The concentration of the PCR products was measured by fluorometry using
the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). Equimolar amounts of
144 amplicons were pooled for a given locus, and purified using MinElute PCR
Purification Kit (QIAGEN). The amplicons for each of the four loci were
subsequently pooled and sequenced on an eighth of a PicoTiterPlate of a Roche®
454 FLX sequencing instrument (576 amplicons/eighth). The total of the 4 608

amplicons were thus sequenced on a full PicoTiterPlate (Table 3).

Validation procedures

Three validation procedures were conducted on the 1 036 sequenced individuals
from the Grande Sassiére only (Table 3): validation through NGS repeatability,
through Sanger sequencing and through parentage relationships.

For wvalidation through NGS repeatability, thirty individuals were
amplified, for each locus, in 2 to 5 independent PCRs (mean number of
PCR/individual/loci + SD: 2.87 + 0.82) using different tag combinations,
yielding a total of 86 amplicons/locus. Consequently, from the 1096 individuals
for whom DINA was extracted, 1152 amplicons at each locus were included in the
sequencing process (Table 3).

For validation through Sanger sequencing, DNA extractions and PCR
amplifications were carried out for 9 individuals at four MHC loci (36
genotypes) following the same protocols as above. 30 pL of PCR products were
purified using the Axygen® Cleanup Kit for PCR. Purified PCR products were
single-strand sequenced using Dideoxynucleotide Terminator (Dyeterminator, kit
BigDye® v.3.1 provided by LifeTechnologies). Sanger sequences are prone to
sequencing errors in the 5' region. So, for the polymorphic regions to be on the 3'
of the Sanger sequences, we sequenced with the reverse primer, when the
polymorphism was at the end of the sequence of interest, and with the forward
primer, when the polymorphism was at the beginning of the sequence of interest

(MarmR2 (forward) for Mama-UB, MarmR4 (forward) for Mama-UD,
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MM_DRB_R3 (forward) for Mama-DRB1 and MM_DRB_F2 (reverse) for
Mama-DRB2). Sequenced products were then purified using AxyPrep Mag Dye
Clean (Axygen, following manufacturer’s instructions). The DNA sequencing
reactions were then analyzed on an ABI3730XL 96 caps DNA Analyzer
(LifeTechnologies). Obtained reads were aligned using the same procedure as
stated earlier. Genotypes were considered as homozygous when they perfectly
matched with a unique described allele, whereas they were considered as
heterozygous when ambiguous positions in the DNA-sequence were found and
perfectly matched with two described alleles.

For validation through parentage relationships, 1 036 individuals (Table 3)
were genotyped at sixteen microsatellites: SS-Bibl1, SS-Bibl18, SS-Bibl20, SS-
Bibl31, SS-Bibl4 (Klinkicht 1993); MS41, MS45, MS47, MS53, MS56, MS6,
ST10 (Hanslik and Kruckenhauser 2000); Ma002, Ma018, Ma066, Ma091 (Da
Silva et al. 2003) (see Appendix 2 in Chapter 1 for details on protocol and
microsatellite characteristics). Parentage analyses (see Cohas et al. 2008 and
Appendix 2 in Chapter 1) enabled us to confirm maternity and paternity for 663
pups. These 663 mother-father-offspring triads were then used to check for

consistency of the obtained MHC genotypes.

3. RESULTS

454 sequencing output

The 454 sequencing run yielded a total of 584 745 reads. The 6-bp total length of
the individual tags (forward and reverse) and the first 3-bp of the locus-specific
forward and reverse primers were used to assign reads to a given individual and
locus. Among the obtained reads, 459 143 reads perfectly matched the individual
tags and the 3-bp primer markers. Between 966 and 1 069 amplicons were

obtained by retaining 3-bp primers, whereas between 922 and 1 056 amplicons
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would have been obtained by retaining reads with complete primers. The mean
coverage per amplicon varied across amplicons (mean coverage per amplicon
ranged between 69 and 134, see Table 2 for details on each locus) and was lower
than expected (expected coverage per amplicon: 217 reads).

After removing singletons and reads of less than 95% or more than 105% of
the correct length variants (Table 4), 245 178 reads were retained and the
coverage was similar for all loci with respect to the 1 152 genotype calls for each
locus (948 retained amplicons (82%) for Mama-UB; 944 (82%) for Mama-UD;
903 (78%) for Mama-DRBI1 and 901 (78%) for Mama-DRB?2).

The minimum number of reads per amplicon (n) was found to be twelve
(corresponding to a confidence level of 96.1%) after fixing r to 3 following
Galan et al. (2010) and m to 2 (the Alpine marmot being a diploid species and
each locus being amplified separately). A total of 242 067 reads were retained
after discarding amplicons for which the total number of reads per locus was
lower than twelve (Table 4). Again, similar numbers of retained amplicons were
found at each locus with respect to the 1 152 genotype calls for each locus (835
retained amplicons (72%) for Mama-UB; 793 (69%) for Mama-UD; 720 (63%)
for Mama-DRBI1; and 726 (63%) for Mama-DRB2).

At this stage, 578 variants were identified. Sixteen out of these variants
corresponded to previously described alleles (Kuduk et al. 2012), 55 variants had
correct length (all belonging to Mama-UD locus) and the remaining 507 had
incorrect length (77 for Mama-UB, 2 for Mama-UD, 233 for Mama-DRB1 and
195 for Mama-DRB2). Among the 55 correct length variants, 44 Mama-UD
variants contained indels and were assigned to previously identified alleles.
Among the 507 incorrect length variants, 318 contained indels and were assigned
to previously identified alleles (53 for Mama-UB, 104 for Mama-DRBI1, and 117
for Mama-DRB2). The remaining 11 correct length variants and the remaining
233 incorrect length variants could either be PCR artefacts/chimeras or new
alleles differing from those described in Kuduk et al. (2012). After the
determination of homozygous and heterozygous amplicons, all these 244

remaining variants were removed.
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Chapter 1: Large-scale genotyping

The assignment of indels to previously described alleles allowed us to
increase the number of retained reads by 9.56% (194 996 reads were obtained by
assigning indels, whereas 215 601 would have been obtained without assigning
indels) and to increase the total number of retained amplicons (3 069 amplicons
were obtained by assigning indels, whereas 2 866 would have been obtained
without assigning indels).

The distribution of variant frequencies per sample at each locus (Figure 10),
indicated two main peaks corresponding to frequencies of 90-100% and 25-75%.
This distribution is consistent with the expected distribution of homozygous and
heterozygous amplicons. The sequencing error rate for 454 FLX sequencing
instrument has been estimated to range between 0.18% to 0.03% (Huse et al.
2007). Sequencing error rate was assumed to be constant at each locus (but see
Hohenlohe et al. 2010, Etter et al. 2011). Indeed, at this stage of the post-
processing most of the sequencing errors should have been eliminated thanks to
the previous post-processing steps (e.g. the elimination of singletons and reads of
< 95% and > 105% correct length variants or the use of indels). We thus fixed the
sequencing error rate to 0.03%. After determining the most likely genotype for
each amplicon, a total of 239 879 reads were retained (Table 4). Similar numbers
of retained amplicons were found at each locus with respect to the 1 152
genotype calls for each locus (834 retained amplicons (72%) for Mama-UB; 790
(69%) for Mama-UD; 719 (63%) for Mama-DRBI; and 726 (63%) for Mama-
DRB?2). Thus, from a total of 1 152 genotype calls at each locus (4 608 at the four
MHC loci), between 719 and 834 genotypes were retained for each locus (3069
genotypes at the four MHC loci, see Table 4). At the final stage, no new variants
were found suggesting that no new alleles were present in the studied population
and that PCR artefacts/chimeras had been successfully removed during the post-

processing.
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Figure 10. Distribution of the reads according to the frequency of the variant i within the amplicon
j (Fy) they belong over all amplicons with twelve or more reads for Mama-UB (a), Mama-UD (b),
Mama-DRBI1 (c), and Mama-DRB2 (d). White bars likely correspond to homogygous amplicons
(Fy of 90-100%), light gray bars likely correspond to heterozygous amplicons (F; of 25-75%) and
black bars likely correspond to sequencing errors (F;; of 0-5%).

Details on MHC allelic frequencies for the Grande Sassiere population are
summarized in Table 5. The number of genotypes obtained for each individual
was found to significantly differ (x> = 5 330; d.f. = 4; P = <0.0001) from a
binomial distribution with a probability of being genotyped at a given locus of
0.67 (i.e. 3 069 obtained genotypes divided by 4608 genotype calls) due to an
inflated number of individuals for which no genotype was obtained (257
observed vs 14 expected individuals with no genotype).

Conducting the proposed procedure without using a priori knowledge of the
alleles, leads to retain 2 866 amplicons and to identify the 16 variants
corresponding to the previously described alleles (Kuduk et al. 2012) as potential
alleles. The use of the pre-treatment does not affect the obtained results since no

differences were found between these results and the ones obtained when using a
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priori knowledge of the allele.

Investigation of different sequencing error rates revealed that when the error
rate was increased to 0.18, 156 additional genotypes were not assigned and 111
genotypes were found homozygous instead of heterozygous. Increasing the
sequencing error rate further increased the genotyping error rate to 0.95% (13
identified erroneous genotypes) instead of 0.21% (see below for genotype

validation results).
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Chapter 1: Large-scale genotyping
MHC sequencing cost
The expected cost of sequencing a single locus per individual was lower for 454
than for Sanger sequencing. DNA extraction costs 1.50 € (2.02 $) and PCR costs
4.50 € (6.07 $) which is the same whatever the sequencing method used.
Although using numerous tagged primers necessary for amplicon-based NGS
was expected to be costly, the extra-cost compared to using a single pair of
primers necessary for Sanger sequencing was negligible when genotyping such a
large number of individuals.

The cost of sequencing was 1.58 € (2.15 $) and 4.50 € (6.07 $) respectively
for 454 and Sanger. However, after sequencing, 33% of genotype calls could not
be retrieved with 454 sequencing, which represents a real cost of 2.37 € (3.20 $)
per genotype obtained without taking into account DNA extraction and PCR cost

(see Table 2 to compare expected and obtained costs for similar studies).

4. DISCUSSION

The proposed post-processing protocol allowed us to obtain highly reliable
genotypes at two MHC class I and two MHC class II loci for 863 Alpine
marmots, the largest set of individuals genotyped at MHC loci to date for a non-
model species (see Table 2 and Lighten et al. 2014a).

Our protocol maximizes the number of retained reads and amplicons due to
the use of the three first bp instead of the complete primer sequences to identify
the loci and to the assignment of reads with indels to either previously known
alleles or correct length variants. Moreover, the genotype assignment error rate of
0.21% attests the reliability of our method. None of the previous studies have
conducted such an extensive validation of an amplicon-based NGS procedure.
Consequently, the expected coverage per amplicon can be reduced to improve
cost-efficiency without lowering the reliability of the obtained genotypes.
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To date, no previous studies have used only part of the primer sequence and
only two recent studies (Lighten et al. 2014a, Stutz and Bolnick 2014) used
indels or repeatable base-mismatch errors to optimize genotyping procedures.
Interestingly, identifying a given locus based solely on the first three base pairs
instead of on the complete sequence of the primer as well as the assignment of
indels allowed us to increase the number of retained amplicons. This protocol
could be especially useful in future studies where users will choose a low mean
coverage to optimize time and funding.

During post-processing, the differentiation of artefacts and PCR chimeras
from true alleles has proven to be challenging (Babik et al. 2009, Babik 2010,
Zagalska-Neubauer et al. 2010, Huchard et al. 2012, Sommer et al. 2013). The
absence of artefacts and PCR chimeras after removing singletons in our study
could be the result of multiples causes. First, the whole set of reads obtained
during the 454 sequencing process was found to be of high quality (see Appendix
3 in Chapter 1 for a quality diagnostic), such that substitutions were likely very
rare. Second, because we amplified each locus separately, the opportunity for
production of PCR chimeras was largely reduced (i.e. there could have been at
most two allelic variants/amplicon, and only one variant in homozygous
amplicons). However, avoiding production of PCR chimeras is not always
possible as, for instance, in the case of recently duplicated loci where the same
primers amplify several loci and the loci cannot be separated (i.e. Babik et al.
2009, Castillo et al. 2010, Cammen et al. 2011, Oomen et al. 2013). Additionally,
the moderate number of PCR cycles we used should have further reduced
production of PCR chimeras (Lenz and Becker 2008). Finally, the low coverage
per amplicon found in this study might have decreased the probability of finding
both artefacts and chimeras after post-processing.

The extensive validation we conducted demonstrated the accuracy (genotype
assignment error rate of 0.21%) of the proposed protocol for amplicon-based
next generation post-processing. According to previous studies using amplicon-
based NGS (Babik et al. 2009, Galan et al. 2010, Huchard et al. 2012, Oomen et

al. 2013), the use of a stringent post-processing procedure has demonstrated its
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usefulness in disentangling sequencing artefacts and chimeras from true alleles.
Moreover, the validation of genotype assignment by confrontation with known
parentage relationships has proven to be useful since, among the 47% of assigned
genotypes that could be confronted with parentage relationships, 99.79% were
validated. Consequently, such validation should be recommended whenever
parentage relationships are available.

High percentages of genotype assignment were obtained in most studies
using amplicon-based NGS techniques for MHC typing (Table 2), with the
exception of the study of Sepil et al. (2012) (56% of genotype assignment) and
our study (between 63% and 72% of genotype assignment). Our study was
specifically designed to improve its cost-efficiency, and a cost to pay was the
reduced expected coverage per amplicon. This low expected coverage combined
with the high variability of the coverage per amplicon may have contributed to a
higher loss of assigned genotypes compared to previous studies (Table 2). Even
though care was taken to equalize the amount of DNA among amplicons within
pools, and the mean coverage per amplicon seemed adequate to allow genotyping
most amplicons (it exceeded the minimum requirement of twelve reads per
amplicon by over an order of magnitude in this study), a relatively large
proportion of amplicons could not be genotyped because they did not reach the
minimal number of reads.

Variability of coverage per amplicon is a well-known issue when using
NGS and can result from the use of sub-optimal primers (Sommer et al. 2013) or
from the presence of homopolymer regions in the tags (Huse et al. 2007).
However, our marmot-specific primers were carefully designed (Kuduk et al.
2012) and the tags we used (provided in Table 7, Appendix 2 in Chapter 1) were
designed to minimize this problem, which was confirmed after sequencing (the
number of homopolymers in the tags was not found to affect the obtained
coverage per amplicon).

The variability of genomic DNA quality among samples is more likely to
have been a key factor for the high loss of assigned genotypes in our study.

Indeed, the inflated number of individuals for which no genotype was assigned
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suggests a poor genomic DNA quality of some samples. Poor DNA quality may
reduce the coverage per amplicon as well as the quality of the reads, resulting in
the failure to obtain genotypes for some individuals. The existence of poor DNA
quality samples may be due to differences in sample collection and/or sample
preservation, which are likely to occur in studies conducted in the field over
extended period of time. In the present study, the wide period of time elapsed
between sample collection and sample sequencing (ranging from 1 to 21 years)
may have resulted in a poor genomic DNA quality of some samples and therefore
to the high number of obtained individuals with no assigned genotype. If
genotyping a whole set of loci for a given individual is needed, efforts to
maximize DNA quality (collection, storage, and DNA extraction) should be done.

If genotyping most of the individuals is a priority, one should consider a
higher coverage per amplicon (e.g. Zagalska-Neubauer et al. 2010, Oomen et al.
2013), despite the associated increase in the cost of genotyping. Fortunately,
other sequencing platforms such as Illumina now allow for sequencing the full
length of functionally important MHC exons (eg. MHC class IIb exon 2 in
guppies (Poecilia reticulata) (Lighten et al. 2014a)) at much lower cost than 454
sequencing. Similarly, higher minimum coverage per amplicon should be used to
sequence recently duplicated genes (i.e. Castillo et al. 2010, Cammen et al. 2011,
Oomen et al. 2013).

When several loci are amplified with the same set of primers but the
number of loci is not known in advance, the post-processing procedure could be
adapted to firstly obtain the number of sequenced loci. The minimal number of
sequenced loci can be determined using the visualization of the distribution of the
F; (see Results section and Figure 10 for details) and exploration of the F;
(distribution of the variants for a given amplicon) (Babik et al. 2009). Then, the
parameters of the model proposed by Galan et al. (2010) could be changed
according to the determined number of sequenced loci or using an extension of
this model proposed by Sommer et al. (2013), that allows to take into account
variation in amplification efficiency, a common pattern when amplifying several

loci with a unique pair of primers. Additionally, a modification of the maximum-
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likelihood framework proposed by Hohenlohe et al. (2010) and Etter et al. (2011)
is required to determine homozygous and heterozygous amplicons for recently
duplicated genes.

The success of our genotyping protocol stems not only from a low number of
PCR and sequencing artefacts, but also from careful optimization of the primers
we used (see Kuduk et al. 2012 for more details). Sub-optimal primers can result
in low coverage of some true allelic variants (Sommer et al. 2013), and this
would make it impossible to assign genotypes based on the likelihood ratio test
between the most likely homozygous and the most likely heterozygous
genotypes. The fact that we found perfect, or nearly perfect, congruence in all
three of our validation procedures confirms that poorly fitting primers were not
an issue in our system. While investment in the careful design of primers may
often be substantial, it is a well spent effort that is more than compensated during
large-scale genotyping given that methods similar to ours can be applied to any
system for which a given pair of primers amplifies a given number of loci.
However, these methods may not be suitable for species with extensive copy-
number variation (i.e. Babik et al. 2009, Radwan et al. 2012).

No new alleles were found for any of the four MHC loci despite our
extensive sampling effort, indicating that the sample of 38 Alpine marmots
studied by Kuduk et al. (2012) was enough to capture all MHC alleles in these
populations (MHC class I loci: two alleles for Mama-UB and three alleles for
Mama-UD; MHC class II loci: eight alleles for Mama-DRBI1 and three alleles for
Mama-DRB?2). Although similar levels of allelic MHC diversity were found in
wolverines (two and eight alleles were found in two MHC class II loci (Oomen et
al. 2013), the low allelic MHC diversity in Alpine marmots contrasts with higher
allelic diversity generally found in mammals. For example, twenty alleles at the
MHC class I loci were found in woodchuck (Marmota monax) (Yang et al. 2000,
Zhou et al. 2003) and seven in the European bison (Bison bonasus) (Babik et al.
2012). Concerning MHC class II loci, between seven and thirty-eight alleles were
found in ten rodent species (Goiiy de Bellocq et al. 2008), and sixty and sixty-

one in two loci in Grey mouse lemur (Microcebus murinus) (Huchard et al.
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2012). In addition to poor MHC diversity, low levels of genetic variability in
Alpine marmots have been previously found using allozymes (Preleuthner and
Pinsker 1993), minisatellites (Kruckenhauser et al. 1997, Rassmann et al. 1994)
and microsatellites (Cohas et al. 2009, but see Goossens et al. 2001) and this in
different populations spread across the whole Alpine arc. Alpine marmots were
widespread in Europe until the early Holocene (Couturier 1955, Besson 1971).
However, several drastic reductions of their population size possibly due to
environmental variations (Preleuthner and Pinsker 1993, Rassmann et al. 1994)
occurred during the early Holocene and reduced the distribution of this species to
the Alpine arc and the Carpathian Mountains, its actual natural distribution. Such
a low observed genetic diversity found at several genetic markers (MHC,
allozymes, minisatellites and microsatellites) can be the result of bottlenecks
occurring during Holocene. Moreover, small population size may have favored
inbreeding that in turn has reduced genetic variability.

Our results emphasize the efficiency of amplicon-based NGS combined with
adequate post-processing and validation procedures to obtain large numbers of
accurately assigned genotypes from any species and genes in the absence of
extensive copy-number variation. In conclusion, amplicon-based NGS and post-
processing open new possibilities for research on the evolution of MHC and
other highly polymorphic functional genes which require accurate large-scale

assigned genotypes at the individual level.

5. APPENDIX

Appendix 1
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Table 7. Forward (F) and Reverse (R) individual tags for the 4 locus used in one section of
PicoTiterPlate of a Roche® 454 FLX sequencing instrument.

Mama-UB Mama-UD
ID MarmM1_F TAG_F Marm2_R TAG_R MarmM1_F TAG_F Marm4_R TAG_R
1 |MarmM1 _FO01 AACCGA Marm2_R01 TTGAGT |MarmM1_F01 AACCGA Marm4_R01 TTGAGT
2 |MarmM1_F02 AAGTGT Marm2 _R01 TTGAGT [MarmM1 _F02 AAGTGT Marm4_R01 TTGAGT
3 |MarmM1_F03 AGTGTT Marm2_R01 TTGAGT |MarmM1_F03 AGTGTT Marm4_R01 TTGAGT
MarmM1_F04 CCGCIG Marm2_R01 TTGAGT |MarmM1_F04 CCGCTIG Marm4_R01 TTGAGT
MarmM1_F05 AACGCG Marm2_R01 TTGAGT [MarmM1 _F05 AACGCG Marm4 R01 TTGAGT
MarmM1_F06 GGCTAC Marm2_R01 TTGAGT (MarmM1l F06 GGCTAC Marm4_R01 TTGAGT
7 |MarmM1_F07 TTCTCG Marm2_R01 TTGAGT |MarmM1 _F07 TTCTCG Marm4_R01 TTGAGT
8 |MarmM1 _F08 TCACTC Marm2_R01 TTGAGT |MarmM1_F08 TCACTC Marm4_R01 TTGAGT
9 |MarmM1 FO01 AACCGA Marm2_R02 AAGCAG |MarmM1_F01 AACCGA Marm4_R02 AAGCAG
10 (MarmM1_F02 AAGTGT Marm2_R02 AAGCAG [(MarmM1_F02 AAGTGT Marm4_R02 AAGCAG
11 |MarmM1 _F03 AGTGTT Marm2_R02 AAGCAG |MarmM1_F03 AGTGIT Marm4_R02 AAGCAG
12 (MarmM1_F04 CCGCTG Marm2_R02 AAGCAG |MarmM1l _F04 CCGCTG Marm4_R02 AAGCAG
13 |MarmM1_F05 AACGCG Marm2_R02 AAGCAG |MarmM1_F05 AACGCG Marm4_R02 AAGCAG
14 |MarmM1_F06 GGCTAC Marm2_R02 AAGCAG |MarmM1_F06 GGCTAC Marm4_R02 AAGCAG
15 |MarmM1 _F07 TTCTCG Marm2_R02 AAGCAG |MarmM1_F07 TTCTCG Marm4_R02 AAGCAG
16 |MarmM1 F08 TCACTC Marm2_R02 AAGCAG |MarmM1 _F08 TCACTC Marm4_R02 AAGCAG
17 [MarmM1_F01 AACCGA Marm2_R03 TTGCAA ([MarmM1_F01 AACCGA Marm4_R03 TTGCAA
18 [MarmM1_F02 AAGTGT Marm2_R03 TTGCAA [MarmM1_F02 AAGTGT Marm4_R03 TTGCAA
19 [(MarmM1 F03 AGTGIT Marm2_R03 TTGCAA ([MarmM1 FO03 AGTGTT Marm4 R03 TTGCAA
20 [(MarmM1 _F04 CCGCTG Marm2_R03 TTGCAA ([MarmM1l F04 CCGCTG Marm4_R03 TTGCAA
21 [(MarmM1_F05 AACGCG Marm2_R03 TTGCAA [MarmM1l FO5 AACGCG Marm4_R03 TTGCAA
22 [(MarmM1 _F06 GGCTAC Marm2_R03 TTGCAA [MarmM1_F06 GGCTAC Marm4_R03 TTGCAA
23 [MarmM1_F07 TTCICG Marm2_R03 TTGCAA [MarmM1_F07 TTCTCG Marm4_R03 TTGCAA
24 |MarmM1_F08 TCACTC Marm2_R03 TTGCAA |MarmM1_F08 TCACTC Marm4_R03 TTGCAA
25 |MarmM1_F01 AACCGA Marm2_R04 CACGTA |MarmM1_FO01 AACCGA Marm4_R04 CACGTA
26 |MarmM1_F02 AAGTGT Marm2 R04 CACGTA |MarmM1 F02 AAGTGT Marm4_R04 CACGTA
27 |(MarmM1_F03 AGTGIT Marm2_R04 CACGTA (MarmM1_F03 AGTGTT Marm4_R04 CACGTA
28 |MarmM1_F04 CCGCTG Marm2_R04 CACGTA |MarmM1 _F04 CCGCTG Marm4_R04 CACGTA
29 [MarmM1_F05 AACGCG Marm2_R04 CACGTA [MarmM1 _F05 AACGCG Marm4_R04 CACGTA
30 [MarmM1_F06 GGCTAC Marm2_R04 CACGTA [MarmM1_F06 GGCTAC Marm4_R04 CACGTA
31 [MarmM1_F07 TTCTCG Marm2_R04 CACGTA [MarmM1_F07 TTCTCG Marm4_R04 CACGTA
32 |MarmM1_F08 TCACTC Marm2_R04 CACGTA |MarmM1_F08 TCACTC Marm4_R04 CACGTA
33 [MarmM1_F01 AACCGA Marm2_R05 TAACAT [MarmM1_F01 AACCGA Marm4_R05 TAACAT
34 [(MarmM1_F02 AAGTGT Marm2_R05 TAACAT MarmM1_F02 AAGTGT Marm4_R05 TAACAT
35 |MarmM1_F03 AGTGTT Marm2_R05 TAACAT MarmM1_F03 AGTGIT Marm4_R05 TAACAT
36 |MarmM1_F04 CCGCTG Marm2_R05 TAACAT MarmM1_F04 CCGCTG Marm4_R05 TAACAT
37 [MarmM1_F05 AACGCG Marm2_R05 TAACAT (MarmM1_F05 AACGCG Marm4_R05 TAACAT
38 [MarmM1_F06 GGCTAC Marm2_R05 TAACAT (MarmM1_F06 GGCTAC Marm4 _R05 TAACAT
39 [MarmM1_F07 TTCICG Marm2_R05 TAACAT (MarmM1_F07 TTCTCG Marm4_R05 TAACAT
40 |MarmM1_F08 TCACTC Marm2 RO5 TAACAT MarmM1_F08 TCACTC Marm4_R05 TAACAT
41 |MarmM1_F01 AACCGA MarmM1_F01 AACCGA
42 (MarmM1_F02 AAGTGT MarmM1_F02 AAGTGT
43 |MarmM1_F03 AGTGIT MarmM1_F03 AGTGTT
44 |MarmM1_F04 CCGCTG MarmM1_F04 CCGCTG
45 |MarmM1_F05 AACGCG MarmM1_F05 AACGCG
46 |MarmM1_F06 GGCTAC MarmM1_F06 GGCTAC
47 |MarmM1_F07 TTCTCG MarmM1_F07 TTCTCG
48 |MarmM1_F08 TCACTC MarmM1_F08 TCACTC
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Mama-UB Mama-UD
D MarmM1_F TAG_F Marm2_R TAG_R MarmM1_F TAG_F Marm4_R TAG_R
49 |MarmM1_F01 AACCGA MarmM1_F01 AACCGA
50 [MarmM1_F02 AAGTGT MarmM1_F02 AAGTGT
51 [MarmM1_F03 AGTGIT MarmM1_F03 AGTGTIT
52 |MarmM1_F04 CCGCTG MarmM1_F04 CCGCTG
53 [MarmM1_F05 AACGCG MarmM1_F05 AACGCG
54 [(MarmM1_F06 GGCTAC MarmM1_F06 GGCTAC
55 [MarmM1_F07 TTCTCG MarmM1_F07 TTCTCG
56 [MarmM1_F08 TCACTC MarmM1_F08 TCACTC
57 |[MarmM1_F01 AACCGA MarmM1_F01 AACCGA
58 [MarmM1_F02 AAGTGT MarmM1_F02 AAGTGT
59 |MarmM1_F03 AGTGTT MarmM1_F03 AGTGTIT
60 |MarmM1 F04 CCGCTG MarmM1_F04 CCGCTG
61 [MarmM1_F05 AACGCG MarmM1_F05 AACGCG
62 [(MarmM1_F06 GGCTAC MarmM1_F06 GGCTAC
63 [MarmM1_F07 TTCTCG MarmM1_F07 TTCTCG
64 |MarmM1_F08 TCACTC MarmM1_F08 TCACTC
65 [MarmM1_F01 AACCGA pEG VARSI G MarmM1_FO1 AACCGA  PYEIWEENUE NG M YCN
66 [MarmM1_F02 AAGTGT pYEGuVARICEENGNIG.- G MarmM1_F02 AAGTGT PYEIGEENU NG ¥ IE7.\
67 [MarmM1_F03 AGTGIT pYEGuERICEENGUIG- G MarmM1_F03 AGTGTT PYEI TN NG ¥ E7.\
68 |MarmM1 F04 CCGCTG pYUEWARIECEENGINI@.-G MarmM1_F04 CCGCTG  pYE a0 -l M ¢V
69 [MarmM1_F05 AACGCG pYENuVARICEEWNGNIG.SN MarmM1_FO5 AACGCG BYEN TN R0l i (O
70 |MarmM1 _F06 GGCTAC pYEnVERNCEEWNGIUG. N MarmM1_F06 GGCTAC  RYEInzEN{I RN e N ¢V
71 |MarmM1_F07 TTCTCG pUESuPERUCEEWVNGINNGLEN MarmM1_F07 TTCTCG  PBYETnCEN0II.Xe) M@\
72 |MarmM1_F08 TCACTC pYESuPERUCEEVNGINUNCL SN MarmM1_F08 TCACTC  pYEInCENi N6l M @\
73 |MarmM1_F01 AACCGA pYENPARNIEENCEErNe MM MarmM1 _FO1 AACCGA pYEwn (e e(ey.(er.N
74 |MarmM1_F02 AAGTGT pUEWuPARNIENCOErNeL MM MarmM1 F02 AAGTGT pYEInzER (e e(e7.\(e7.N
75 |MarmM1_F03 AGTGTT pYENVARNINCoerNe .\l MarmM1_F03 AGTGTT pYUEhintamuliae/eey ey
76 |MarmM1 _F04 CCGCTG pYENnvERNOERNCoer(e. N MarmM1_F04 CCGCTG pUEIRnZERN{UNNE e(er\E7.N
77 |MarmM1_F05 AACGCG pYEnVERNGEENEoer(e.Wl MarmM1_FO05 AACGCG pYEknZimNlvase e(er\ery
78 |MarmM1_F06 GGCTAC pYENPARNIEENCoerNe .Ml MarmM1_F06 GGCTAC RYEIntam Nl e e(ey (€7
79 |MarmM1_F07 TTCTCG pYEInVENGERNEeer (e Wl MarmM1_F07 TTCTCG piknlim:SlUamele(er (e
80 [MarmM1_F08 TCACTC pYENuvARN{Ne o/ Ner. Wl MarmM1_F08 TCACTC RYEInES NIURENEe(EV.(E7.N
81 |MarmM1_F01 AACCGA MarmM1_F01 AACCGA
82 |MarmM1_F02 AAGTGT MarmM1_F02 AAGTGT
83 |MarmM1_F03 AGTGTT MarmM1_F03 AGTGIT
84 |MarmM1_F04 CCGCTG MarmM1_F04 CCGCTG
85 [MarmM1_F05 AACGCG MarmM1_F05 AACGCG
86 [(MarmM1_F06 GGCTAC MarmM1_F06 GGCTAC
87 [MarmM1_F07 TTCTCG MarmM1_F07 TTCTCG
88 [MarmM1_F08 TCACTC MarmM1_F08 TCACTC
89 [MarmM1_F01 AACCGA Marm2 R12 CGAATC (MarmM1_FO01 AACCGA Marm4 _R12 CGAATC
90 |MarmM1_F02 AAGTGT Marm2_R12 CGAATC |MarmM1_F02 AAGTGT Marm4 _R12 CGAATC
91 |MarmM1_F03 AGTGTT Marm2 R12 CGAATC |MarmM1_F03 AGTGIT Marm4 R12 CGAATC
92 [MarmM1_F04 CCGCTG Marm2_R12 CGAATC (MarmM1_F04 CCGCTG Marm4_R12 CGAATC
93 [MarmM1_F05 AACGCG Marm2_R12 CGAATC (MarmM1_F05 AACGCG Marm4 _R12 CGAATC
94 [(MarmM1_F06 GGCTAC Marm2 _R12 CGAATC (MarmM1 _F06 GGCTAC Marm4 _R12 CGAATC
95 [MarmM1_F07 TTCICG Marm2_R12 CGAATC (MarmM1_F07 TTCTCG Marm4_R12 CGAATC
96 [(MarmM1_F08 TCACTC Marm2 R12 CGAATC (MarmM1_F08 TCACTC Marm4 _R12 CGAATC
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Mama-UB Mama-UD

D
97 |
98 farm2_R01 TTGAGT M
99 a RO TT Marm
100 rm2_RO [ ] Marm4_
101 | 2_RO TTGAGT Marn

102 rm2_RO GAG Marm4_R
103 1 2 GAC
104 m2_RO
105 Marm2_R02
106 Marm2_R02 AAGCAG
107 Marm2_R02 AAGCAG
108 Marm2_R02 AAGCAG
109 Marm2_R02 AAGCAG
110 Marm2_R02 AAGCAG
111 Marm2_R02 AAGCAG
112 Marm2_R02 AAGCAG

MarmM1_F

TAG_F Marm2_R MarmM1_F TAG_F Marm4_R

Marm 1
Marm4_R02
Marm4_R02 AAGCAG
Marm4_R02 AAGCAG
Marm4_R02 AAGCAG
Marm4_R02 AAGCAG
Marm4_R02 AAGCAG
Marm4_R02 AAGCAG
Marm4_R02 AAGCAG

113 Marm2_R03 TTGCAA Marm4_R03 TTGCAA
114 Marm2_R03 TTGCAA Marm4_R03 TTGCAA
115 Marm2_R03 TTGCAA Marm4_R03 TTGCAA

116 Marm2_R03 TTGCAA Marm4_R03 TTGCAA

117 Marm2_R03 TTGCAA Marm4_R03 TTGCAA
118 Marm2_R03 TTGCAA Marm4_R03 TTGCAA
119 Marm2_R03 TTGCAA Marm4_R03 TTGCAA

120 Marm2_R03 TTGCAA Marm4_R03 TTGCAA

121 Marm2_R04 CACGTA Marm4_R04 CACGTA
122 Marm2_R04 CACGTA Marm4_R04 CACGTA
123 Marm2_R04 Marm4_R04 CACGTA

124 Marm2_R04 Marm4_R04 CACGTA

125 Marm2_R04 Marm4_R04 CACGTA
126 Marm2_R04 Marm4_R04 CACGTA
127 Marm2_R04 Marm4_R04 CACGTA

128 Marm2_R04 Marm4_R04
129

134
135
136

138
139
140
141
142
143
144
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Mama-DRB1 Mama-DRB2

ID MMDRB1_F TAG_F MMDRB1_R TAG_R MMDRB2_F TAG_F MMDRB2_R TAG_R
1 |MMDRB1_F01 AACCGA MMDRB1_R01 TTGAGT |MMDRB2_F01 AACCGA MMDRB2_R01 AAGCAG
2 |MMDRB1_F02 CCGGAA MMDRB1_R01 TTGAGT |MMDRB2_F02 AGTGTT MMDRB2_R01 AAGCAG
3 |MMDRB1_F03 AGTGTT MMDRB1_R01 TTGAGT |MMDRB2_F03 CCGCTG MMDRB2_R01 AAGCAG
4 |MMDRB1_F04 CCGCIG MMDRB1 _R01 TTGAGT [(MMDRB2_F04 AACGCG MMDRB2 R01 AAGCAG
5 |MMDRB1_F05 AACGCG MMDRB1 _R01 TTGAGT |MMDRB2 _F05 GGCTAC MMDRB2 R01 AAGCAG
6 |MMDRB1_F06 GGCTAC MMDRB1 _R01 TTGAGT |[(MMDRB2 F06 TTCTCG MMDRB2 _R01 AAGCAG
7 |MMDRB1_F07 TTCTCG MMDRB1_R01 TTGAGT |MMDRB2_F07 TCACTC MMDRB2_R01 AAGCAG
8 |MMDRB1_F08 TCACTC MMDRB1_R01 TTGAGT [(MMDRB2_F08 GAACTA MMDRB2_R01 AAGCAG
9 |MMDRB1_F01 AACCGA MMDRB1_R02 AAGCAG [MMDRB2 _F01 AACCGA MMDRB2_R02 TTGCAA
10 |MMDRB1_F02 CCGGAA MMDRB1_R02 AAGCAG |MMDRB2_F02 AGTGTIT MMDRB2_R02 TTGCAA
11 |MMDRB1_F03 AGTGTT MMDRB1_R02 AAGCAG |MMDRB2 F03 CCGCTG MMDRB2_R02 TTGCAA
12 |[MMDRB1_F04 CCGCTG MMDRB1_R02 AAGCAG |MMDRB2 F04 AACGCG MMDRB2_R02 TTGCAA
13 |[MMDRB1_F05 AACGCG MMDRBI1_R02 AAGCAG |MMDRB2 F05 GGCTAC MMDRB2_R02 TTGCAA
14 |MMDRB1_F06 GGCTAC MMDRB1_R02 AAGCAG |MMDRB2_F06 TTCICG MMDRB2_R02 TTGCAA
15 |MMDRB1_F07 TTCTCG MMDRB1_R02 AAGCAG |MMDRB2_F07 TCACTC MMDRB2_R02 TTGCAA
16 |[MMDRB1_F08 TCACTC MMDRB1_R02 AAGCAG |MMDRB2_F08 GAACTA MMDRB2_R02 TTGCAA
17 |MMDRB1_F01 AACCGA MMDRB1_R03 TTGCAA |[MMDRB2_F01 AACCGA MMDRB2_R03 CACGTA
18 [MMDRB1_F02 CCGGAA MMDRB1_R03 TTGCAA |MMDRB2_F02 AGTGTIT MMDRB2_R03 CACGTA
19 [MMDRB1_F03 AGTGIT MMDRB1_R03 TTGCAA |MMDRB2 _F03 CCGCTG MMDRB2_R03 CACGTA
20 |MMDRB1_F04 CCGCTG MMDRB1_R03 TTGCAA |MMDRB2 F04 AACGCG MMDRB2_R03 CACGTA
21 |MMDRB1_F05 AACGCG MMDRB1_R03 TTGCAA |MMDRB2 F05 GGCTAC MMDRB2_R03 CACGTA
22 |MMDRB1 _F06 GGCTAC MMDRB1_R03 TTGCAA |[MMDRB2 F06 TTCTCG MMDRB2_R03 CACGTA
23 |(MMDRB1 _F07 TTCTCG MMDRB1_R03 TTGCAA |[MMDRB2 F07 TCACTC MMDRB2_R03 CACGTA
24 |MMDRB1_F08 TCACTC MMDRB1_R03 TTGCAA |MMDRB2_F08 GAACTA MMDRB2_R03 CACGTA
25 |MMDRB1_F01 AACCGA MMDRB1_R04 CACGTA |MMDRB2_F01 AACCGA MMDRB2_R04 GGTCGA
26 |MMDRB1_F02 CCGGAA MMDRB1_R04 CACGTA |MMDRB2_F02 AGTGTT MMDRB2_R04 GGTCGA
27 |MMDRB1_F03 AGTGTT MMDRB1_R04 CACGTA |MMDRB2 _F03 CCGCTG MMDRB2_R04 GGTCGA
28 |MMDRB1_F04 CCGCTG MMDRB1_R04 CACGTA |MMDRB2_F04 AACGCG MMDRB2_R04 GGTCGA
29 |MMDRB1_F05 AACGCG MMDRB1_R04 CACGTA |MMDRB2 F05 GGCTAC MMDRB2_R04 GGTCGA
30 |MMDRB1_F06 GGCTAC MMDRB1_R04 CACGTA |MMDRB2_F06 TTCTCG MMDRB2_R04 GGTCGA
31 |MMDRB1_F07 TTCICG MMDRB1_R04 CACGTA |MMDRB2_F07 TCACTC MMDRB2_R04 GGTCGA
32 |MMDRB1_F08 TCACTC MMDRB1_R04 CACGTA |MMDRB2_F08 GAACTA MMDRB2_R04 GGTCGA
33 |MMDRB1_F01 AACCGA MMDRB1_R05 TAACAT MMDRB2_F01 AACCGA MMDRB2_R05 TCCAGC
34 |MMDRB1_F02 CCGGAA MMDRB1_R05 TAACAT MMDRB2_F02 AGTGTT MMDRB2_R05 TCCAGC
35 |MMDRB1_F03 AGTGTT MMDRB1_R05 TAACAT MMDRB2_F03 CCGCTG MMDRB2_R05 TCCAGC
36 |MMDRB1_F04 CCGCTG MMDRB1_R05 TAACAT MMDRB2_F04 AACGCG MMDRB2_R05 TCCAGC
37 |MMDRB1_F05 AACGCG MMDRB1_R05 TAACAT MMDRB2_F05 GGCTAC MMDRB2_R05 TCCAGC
38 |MMDRB1_F06 GGCTAC MMDRB1_R05 TAACAT MMDRB2_F06 TTCTCG MMDRB2_R05 TCCAGC
39 |MMDRB1_F07 TTCICG MMDRB1_R05 TAACAT MMDRB2_F07 TCACTC MMDRB2_R05 TCCAGC
40 |MMDRB1_F08 TCACTC MMDRB1_R05 TAACAT MMDRB2_F08 GAACTA MMDRB2_R05 TCCAGC
41 |MMDRB1_F01 AACCGA MMDRB2_F01 AACCGA

42 |MMDRB1_F02 CCGGAA MMDRB2_F02 AGTGTIT

43 |MMDRB1_F03 AGTGTT MMDRB2_F03 CCGCTG

44 |MMDRB1_F04 CCGCTG MMDRB2_F04 AACGCG

45 |MMDRB1_F05 AACGCG MMDRB2_F05 GGCTAC

46 |MMDRB1_F06 GGCTAC MMDRB2_F06 TTCTCG

47 |MMDRB1_F07 TTCTCG MMDRB2_F07 TCACTC

48 |MMDRB1_F08 TCACTC MMDRB2_F08 GAACTA
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Mama-DRB1 Mama-DRB2

ID MMDRBI1_F TAG_F MMDRB1_R TAG_R MMDRB2_F TAG_F MMDRB2_R TAG_R
49 |MMDRB1_F01 AACCGA MMDRB2_F01 AACCGA

50 |MMDRB1_F02 CCGGAA MMDRB2_F02 AGTGTT

51 |MMDRB1_F03 AGTGTT MMDRB2_F03 CCGCTG

52 |MMDRB1_F04 CCGCTG MMDRB2_F04 AACGCG

53 |[MMDRB1_F05 AACGCG MMDRB2_F05 GGCTAC

54 |MMDRB1_F06 GGCTAC MMDRB2_F06 TTCTCG

55 |MMDRB1_F07 TTCTCG MMDRB2_F07 TCACTC

56 |MMDRB1_F08 TCACTC MMDRB2_F08 GAACTA

57 |MMDRB1_F01 AACCGA MMDRB2_F01 AACCGA

58 |MMDRB1_F02 CCGGAA MMDRB2_F02 AGTGTT

59 |MMDRB1_F03 AGTGTT MMDRB2_F03 CCGCTG

60 |MMDRB1_F04 CCGCTG MMDRB2_F04 AACGCG

61 |MMDRB1_F05 AACGCG MMDRB2_F05 GGCTAC

62 |MMDRB1_F06 GGCTAC MMDRB2_F06 TTCTCG

63 |MMDRB1_F07 TTCTCG MMDRB2_F07 TCACTC

64 |MMDRB1_F08 TCACTC MMDRB2_F08 GAACTA

65 |MMDRB1_F01 AACCGA pAYIRGTERCREVGINIG SN MMDRB2_F01 AACCGA pYlYiIBIN:PAR I N E e VAN
66 |MMDRB1_F02 CCGGAA pAYIRGYERICREVNGINIG SN MMDRB2_F02 AGTGTT pYiYiIBIN:PAN I N C e VAN
67 |MMDRB1_F03 AGTGTT pUAYIRRN:GYERCREVNGINIG SN MMDRB2 _F03 CCGCTG  pYiYinIN:val SN C e VA
68 |MMDRB1_F04 CCGCTG pUlYIRRN:GYERCREVNGINNO SN MMDRB2 _F04 AACGCG pYiYiInlNzy i C N C e V.ANe
69 |MMDRB1_F05 AACGCG pAYIBRYERCREV-NGIUO. W MMDRB2 FO5 GGCTAC pYiYiDINz NS e VNG
70 |MMDRB1_F06 GGCTAC pUIVIRGIERNIEEENGUIG. SN MMDRB2_F06 TTCTCG  pUIIBIN:YER NI RN GeT VA @
71 |MMDRB1_F07 TTCTCG pUIVIBRGIERNIEEENGUIG. SN MMDRB2_F07 TCACTC YIRS NI R GeT VA @
72 |MMDRB1_F08 TCACTC pYUWIDGYERICEEVNGINNGZNN MMDRB2_FO08 GAACTA  BUAYIDIN:YAR S HEN O VNG
73 |(MMDRB1_F01 AACCGA pyninlGimmsivamneeer e W MMDRB2_FO01 AACCGA  JYLYID)N:YEN N (R V\€el\®
74 (MMDRB1_F02 CCGGAA pyiinlCimmsivamneeer e W MMDRB2_F02 AGTGTT  QYYin) =Y N (R V\eel \e
75 (MMDRB1_F03 AGTGTIT pYi%isliciamslvamneeerNer .G MMDRB2_F03 CCGCTG  QVl%in)NzYm N (VR V\e(ey (@
76 |(MMDRB1_F04 CCGCTG pyniisl:immsivamneeer\e W MMDRB2_F04 AACGCG QYhYin)XN:Yim N (R v \€el\®
77 |MMDRB1_F05 AACGCG pYniislciamsiiamneeerNer .G MMDRB2 _FO5 GGCTAC JVY%in) Ny N (V. V\e(ey @
78 [(MMDRB1_F06 GGCTAC pyniinlicimmsivamneeer e W MMDRB2_F06 TTCTCG  JYl%in) YN N (R V\e(e \¢
79 (MMDRB1_F07 TTCICG pYi%inliciumsivamneeerNer W MMDRB2_FO07 TCACTC  QYlY%in)N:zYAm N (VR V\e(ey \@
80 |MMDRB1_F08 TCACTC punYInRN:ium:SlmNeee e Wl MMDRB2_F08 GAACTA RIVIBIN:VAR (I VX e eiNe
81 |MMDRB1_F01 AACCGA MMDRB2_F01 AACCGA

82 |MMDRB1_F02 CCGGAA MMDRB2_F02 AGTGTT

83 |MMDRB1_F03 AGTGTT MMDRB2_F03 CCGCTG

84 |MMDRB1_F04 CCGCTG MMDRB2_F04 AACGCG

85 |MMDRB1_F05 AACGCG MMDRB2_F05 GGCTAC

86 |MMDRB1_F06 GGCTAC MMDRB2_F06 TTCTCG

87 |MMDRB1_F07 TTCTCG MMDRB2_F07 TCACTC

88 |MMDRB1_F08 TCACTC MMDRB2_F08 GAACTA

89 |MMDRB1_F01 AACCGA MMDRBI_R12 CGAATC |MMDRB2_F01 AACCGA MMDRB2 R12 AGAGAC
90 |MMDRB1_F02 CCGGAA MMDRB1_R12 CGAATC |MMDRB2_F02 AGTGTT MMDRB2 R12 AGAGAC
91 |MMDRB1_F03 AGTGTT MMDRB1_R12 CGAATC |MMDRB2_F03 CCGCTG MMDRB2 _R12 AGAGAC
92 |MMDRB1_F04 CCGCTG MMDRB1_R12 CGAATC |MMDRB2_F04 AACGCG MMDRB2_R12 AGAGAC
93 |MMDRB1_F05 AACGCG MMDRB1_R12 CGAATC |MMDRB2_F05 GGCTAC MMDRB2_R12 AGAGAC
94 |MMDRB1_F06 GGCTAC MMDRB1_R12 CGAATC |MMDRB2_F06 TTCTCG MMDRB2_R12 AGAGAC
95 |MMDRB1_F07 TTCITCG MMDRB1_R12 CGAATC |MMDRB2_F07 TCACTC MMDRB2_R12 AGAGAC
96 |MMDRB1_F08 TCACTC MMDRB1_R12 CGAATC |MMDRB2_F08 GAACTA MMDRB2 R12 AGAGAC
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Mama-DRB1 Mama-DRB2

ID | MMDRBI_F
97

98

99
100

101

102

103 C

104 MMDRB1_R01 TTGAGT MMDRB2_RO0
105 MMDRB1_R02 MMDRB2_R02 TTGCAA
106 MMDRB1_R02 MMDRB2_R02 TTGCAA
107 MMDRB1_R02 MMDRB2_R02 TTGCAA
108 MMDRB1_R02 MMDRB2_R02 TTGCAA
109 MMDRBI1_R02 MMDRB2_R02 TTGCAA
110 MMDRB1_R02 AAGCAG MMDRB2_R02 TTGCAA
111 MMDRB1_R02 AAGCAG MMDRB2_R02 TTGCAA
112 MMDRB1_R02 AAGCAG MMDRB2_R02 TTGCAA
113 MMDRB1_R03 TTGCAA MMDRB2_R03 CACGTA
114 MMDRB1_R03 TTGCAA MMDRB2_R03 CACGTA
115 MMDRBI1_R03 TTGCAA MMDRB2_R03 CACGTA
116 MMDRB1_R03 TTGCAA MMDRB2_R03 CACGTA
117 MMDRB1_R03 TTGCAA MMDRB2_R03 CACGTA
118 MMDRB1_R03 TTGCAA MMDRB2_R03 CACGTA
119 MMDRB1_R03 TTGCAA MMDRB2_R03 CACGTA

TAG_F MMDRB2_F TAG_F MMDRB2_R

120 MMDRB1_R03 TTGCAA MMDRB2_R03 CACGTA
121 MMDRB1_R04 AC( MMDRB2_R04 GGTCGA
122 MMDRB1_R04 (€lC MMDRB2_R04 GGTCGA
123 MMDRB1_R04 MMDRB2_R04 GGTCGA
124 MMDRB1_R04 : MMDRB2_R04 GGTCGA
125 MMDRB1_R04 i MMDRB2_R04 GGTCGA
126 MMDRB1_R04 MMDRB2_R04 GGTCGA
127 MMDRB1_R04 ) MMDRB2_R04 GGTCGA
128 MMDRB1_R04 MMDRB2_R04 GGTCGA

129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
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Appendix 2. Methods for microsatellite genotyping, microsatellite

characteristics and paternity analysis of Alpine marmots for the

Nature Reserve of the Grande Sassiere

Microsatellites genotyping

Individuals were typed at 16 microsatellite loci: SSBibl1, SS-Bibl18, SS-Bibl20,
SS-Bibl31, SS-Bibl4 (Klinkicht 1993); MS41, MS45, MS47, MS53, MS56,
MS6, ST10 (Hanslik and Kruckenhauser 2000); Ma002, Ma018, Ma066, Ma091
(Da Silva et al. 2003). To enable polymerase chain reaction (PCR) multiplexing
and subsequent assessment of the allele sizes for all loci, we used primers labeled
with FAM, PET, NED and VIC fluorescent dyes (FAM for SS-Bibll, MS45,
Ma066 and Ma091, PET for SS-Bibl18, SS-Bibl20, SS-Bibl4, Ma002 and
Ma018, NED for SS-Bibl31, MS47, MS53 and Ma002, and VIC for MS41,
MS56, MS6 and ST10). PCR was carried out in three 10 pl reactions (Mix1,
Mix2 and Mix3) containing 5 pl of Kit PCR (QIAGEN, Hilden, Germany) and 1
pl of DNA extract with a DNA concentration of 25-100 ng/ml. In addition, Mix1
contained 0.03 pl of each primer for MS45, 0.1 pl of each primer for SS-Bibl31,
MS41and ST10, 0.2 pl of each primer for SS-Bibl18 and SS-Bibl4 and 0.3 pl of
each primer of Ma002. Mix2 contained 0.05 pl of each primer for MS56 and
MS6, 0.1 pl of each primer for MS53 and Ma091, 0.14 pl of each primer for SS-
Bibl1, and 0.2 pl of each primer for MS47, Ma018 and Ma066. Mix3 contained
0.2 pl of each primer for SS-Bibl20.
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Chapter 1: Large-scale genotyping
Amplifications were carried out in a Mastercycler (Eppendorf, Hambourg,
Germany) thermo-cycler with the following cycling conditions: 15 min at 95°C,
then 28 cycles for Mix1 and Mix2 and 35 cycles for Mix3 composed of 30 s
denaturing at 94°C, 90 s annealing at 57°C, 60 s extension at 72°C, and finally 30
min at 60°C to ensure complete extension. We then added 1.5 pl of Mix1 and 1.5
pl of Mix2 plus 1.5 pl of Mix3 to 0.15 pl of size standard ROX 60-415 and 10 pl
of formamide. Electrophoresis was run for 3 h on an automated sequencer ABI
3130 (Applied Biosystems Inc., Foster City, CA, U.S.A.) to determine allele
sizes. Microsatellite patterns were examined with Genemapper 4.0 (Applied

Biosystems).

Paternity analysis
Parental relationships were confirmed thanks to genetic exclusion and parentage
analyses.

Parentage analyses were performed in two ways. First, the genotypes of each
pup and of the dominant pair were compared to check maternity. For 16x663
mother-pup comparisons, only 1 mismatch at one locus (SS-Bibl20) between the
putative mother and one of its pups was found. We then defined pup as fathered
by the dominant male if no mismatch was observed with the dominant male
genotype (624 of 663 pups) and as not fathered by the dominant male if at least
one mismatch was observed with the dominant male genotype (39 pups: one to
seven mismatches). For thirteen pups, exclusions of paternity were based on only
one mismatch with the dominant male. We nevertheless consider unlikely that
these pups were fathered by the dominant male, because (1) genotyping error rate
was low (probability of finding an error for one allele should not exceed 0.0003,
for details see Cohas et al. 2008), (2) all these pups and their parents were
retyped and their genotypes confirmed, (3) the average mutation rate for
microsatellites is low (1.67x10™ per generation in M. marmota, Rassmann et al.
1994) and (4) only one mismatch with the putative mother has been found (see
above). The genotypes of pups not fathered by the dominant male were then
compared to the genotypes of all known sexually mature males in the family
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group. The genotypes of pups not fathered by the dominant male were then
compared to those of all known sexually mature males present in their family. 14
pups had genotypes compatible with that of a subordinate male in their family
while 25 pups had a genotype incompatible with all subordinate males of their
family.

Second, parentage analysis was repeated using the software CERVUS 3.0.3
(Kalinowski et al. 2007), with the following settings: 20 candidate fathers per
offspring, 95% of candidate parents sampled, error rate of 1% to allow for
mistyping and for mutations or null alleles, and assignment at the 95%
confidence level. We then ran the parentage analyses with the mother identity
known and all the sexually mature males present in a given year in the population
as putative fathers. The previous results were confirmed except for 31 pups
where paternity could be assigned to both the dominant and a subordinate male.
MHC markers confirmed the dominant male to be the father of thirteen and a
subordinate male to be the father of another one. In the last case, even when
considering these additional markers, 17 pups could still be assigned to both the
dominant and a subordinate male. However, the sexual organs of the putative
subordinate father showed no sign of development at capture, and all the other
pups of the litter were assigned with no ambiguity to the dominant male. Thus,
we parsimoniously considered this last pup to be fathered by the dominant male.
Among the 25 pups that were neither fathered by the dominant male nor by a
subordinate of their family, 13 were found to be fathered by an individual born in
our study population in dispersal while the other 12 were fathered by unknown

males.
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Appendix 3. Quality diagnostic of the 454 sequencing run

Proportion of reads
o
|

01 =
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T 1 T T 1 T
15 20 25 ] k) 40

Average (calibrated) base quality

Figure 11. Distribution of the average base quality in
each base site along the read length of all reads
obtained from the 454 run with the package ShortReads
(Morgan et al. 2009).
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CHAPTER 2:
MATE CHOICE FOR GENETIC
CHARACTERISTICS

Genome-wide and MHC compatibility based mate choice in Alpine
marmots: different targets in different contexts?

M Ferrandiz-Rovira, D Allainé, M-P Callait-Cardinal and A Cohas
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Abstract

Sexual selection through female mate choice for genetic characteristics has been
suggested to be an important evolutionary force maintaining genetic variation in
animal populations. However, the genetic targets of female mate choice are not
clearly identified and whether female mate choice is based on genome-wide
characteristics or on specific loci remains an open question. Here, we
investigated the genetic targets of female mate choice in Alpine marmots
(Marmota marmota), a socially monogamous mammal where extra-pair paternity
(EPP) occurs. We used 16 neutral microsatellites to describe genome-wide
characteristics and 4 MHC loci belonging to MHC class I and II as specific
genetic characteristics. Our results reveal that (1) genome-wide and specific
characteristics convey different information in this species (2) social pairs show a
higher MHC protein dissimilarity than expected under random choice, and (3) the
occurrence of EPP increases when social pairs present a high genome-wide
similarity or dissimilarity but also when they present low MHC protein
dissimilarity. Thus, female mate choice is based on both genome-wide and MHC
characteristics, and the genetic characteristics targeted seems to be context
dependent. We emphasize the need for empirical studies of mate choice in the
wild using both genome-wide and MHC characteristics because whether
genome-wide and MHC characteristics convey similar information is not

ubiquitous.

Keywords: extra-pair paternity, inbreeding avoidance, major histocompatibility

complex, Marmota marmota, mate choice, sexual selection

93



Chapter 2: Mate choice for genetic characteristics

1. INTRODUCTION

Sexual selection through female mate choice for genetic characteristics has been
suggested to be an important evolutionary force maintaining or regulating genetic
variation in animal populations (Jennions 1997, Tregenza and Wedell 2000, Mays
and Hill 2004). Males are then supposed to be chosen based on genetic
characteristics that contribute to enhance the quality of the offspring produced
(Kokko et al. 2003, Mead and Arnold 2004). Two non-exclusive hypotheses
involving female mate choice for genetic characteristics have been proposed: the
good genes hypothesis and the genetic compatibility hypothesis. According to the
good genes hypothesis, mate choice is based on an absolute criterion common to
all females (Neff and Pitcher 2005), and females are expected to preferentially
mate with males possessing specific alleles (good genes hypothesis sensu stricto)
and/or with heterozygous males (good-genes-as-heterozygosity hypothesis,
Brown 1997). According to the genetic compatibility hypothesis, mate choice is
based on a relative criterion specific to each female (Trivers 1972, Zeh and Zeh
1996, 1997, Neff and Pitcher 2005), and females are expected to avoid mating
with related or genetically similar mates. However, despite more than two
decades of interest, the targets of female mate choice are not clearly identified. In
particular, it is still unclear whether female mate choice is based on genome-wide
characteristics or on specific loci.

Mate choice based on genome-wide characteristics can occur when female
preferences translate into the production of genome-wide heterozygous offspring,
because more heterozygous offspring often present a higher fitness (Crnokrak
and Roff 1999, Keller and Waller 2002, Coltman and Slate 2003, Oh and
Badyaev 2006, but see Kokko and Ots 2006). Females are then expected to avoid

mating with homozygous (assuming this choice results in homozygous offspring)
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(good genes hypothesis) and/or related partners (compatibility hypothesis),
especially in those species where strong inbreeding depression occurs (Tregenza
and Wedell 2000). Although a choice for dissimilar males could be advantageous
for female fitness, this advantage could be, in certain cases, counterbalanced by
outbreeding depression (Bateson 1983, Thornhill 1993) and a choice for
intermediately dissimilar males could be favoured.

If female mate choice is based on characteristics at specific loci, the major
histocompatibility complex (MHC) appears as a likely target. Indeed, the MHC is
a multi-gene family present in all jawed vertebrates (Kelley et al. 2005) playing a
critical role in vertebrate disease resistance by initiating immune response
(Hedrick 1994). Specifically, transcript molecules from MHC class I and II genes
typically recognize intracellular and extracellular pathogens respectively.
Females may choose their mates to produce offspring possessing MHC alleles
conferring resistance to pathogens (Takahata and Nei 1990). Associations
between the presence of a specific MHC-allele and the resistance to a pathogen
have been highlighted (Harf and Sommer 2005, Kloch et al. 2010, Oppelt et al.
2010, Schwensow et al. 2010, Cutrera et al. 2011). Females are then expected to
prefer males possessing these specific MHC alleles (good genes hypothesis sensu
stricto). Alternatively, females may choose their mates to produce heterozygous
offspring at MHC genes. Producing MHC heterozygous offspring is
advantageous since heterozygous individuals are able to recognize a wider range
of pathogens (Doherty and Zinkernagel 1975). Accordingly, a negative
association between heterozygosity at MHC loci and parasite load has been
reported in different species (Penn et al. 2002, Froeschke and Sommer 2005,
Lenz et al. 2009). Females are then expected to prefer heterozygous males at
MHC genes (good-genes-as-heterozygosity) or MHC-dissimilar males (genetic
compatibility hypothesis). If highly heterozygous MHC loci could be
advantageous, such genetic makeup could also promote negative T-cell selection
(i.e. a process removing T-cells that bind too strongly to self peptides) (Starr et al.
2003). If this process may prevent autoimmunity from occurring, negative T-cell

selection could reduce the diversity of T-cell receptors (Lawlor et al. 1990,
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Nowak et al. 1992) and so reduce the resistance to pathogens. To avoid such
deleterious effects, a female choice for intermediately MHC-dissimilar males
could be favoured. However, female preference for MHC-dissimilarity may also
arise to avoid mating with related partners (Potts and Wakeland 1990, Penn and
Potts 1999). A crucial assumption is then that the MHC is a marker of
relatedness, an assumption thought to be true because MHC loci are among the
most polymorphic loci in vertebrates, individuals that share MHC alleles are thus
likely to be related (Bernatchez and Landry 2003).

Assuming that genetic characteristics at neutral markers are an indicator of
genome-wide characteristics (but see Csilléry et al. 2006, Miller et al. 2014), we
investigated, using microsatellite and MHC markers, whether females base their
mate choice on genome-wide and/or on specific genetic characteristics in the
Alpine marmot (Marmota marmota). Mate acquisition in Alpine marmots is a
competitive process because reproduction is mostly monopolized by the
dominant individuals within the family group, although extra-pair paternities
(EPP) occur (Cohas et al. 2008). Whereas social mate choice might be
constrained by the necessity to acquire a dominant position before reproduction,
extra-pair mate choice may be a way for female Alpine marmots to adjust their
mate choice and to copulate with males possessing peculiar genetic
characteristics. We first investigated whether genome-wide and MHC loci
convey similar information by testing if microsatellites and MHC loci
characteristics were correlated. Secondly, we tested whether social and extra-pair
mate choice depended on microsatellites (genome-wide) and/or MHC (specific)
characteristics. For that, we investigated (i) whether microsatellites and/or MHC
heterozygosity of social males and genetic similarity of social pairs differed from
those expected under random mate choice, (ii) whether EPP occurrence depended
on the social male’s heterozygosity and/or on genetic similarity to the female
measured at microsatellites and/or on MHC loci and (iii) whether extra-pair
males were more heterozygous and dissimilar to the female at microsatellites

and/or MHC loci than cuckolded males.
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2. MATERIAL AND METHODS

Studied species

The Alpine marmot is an hibernating ground-dwelling squirrel, living in family
groups from two to 20 individuals, composed of a dominant pair, sexually mature
(2 years and older) and immature (yearlings) subordinates of both sexes, and
pups born that year (Allainé 2000). Within family groups, reproduction is
monopolized by the dominant pair and the dominant female gives birth to a litter
of 1 to 7 pups (median = 4) once a year. Dominants generally inhibit
reproduction of same-sex subordinates through aggressive behaviour (Arnold and
Diatami 1997, Hacklander et al. 2003), resulting in a high level of corticosteroids
that limits testes maturation and spermatogenesis in subordinate males (Arnold
and Diatami 1997) and results in the failure of embryo implantation and
development in subordinate females (Hackldnder et al. 2003). If dominant
females generally successfully monopolize all reproduction, EPP occurs (Cohas
et al. 2008). Lardy et al. (2012) suggested that the control of many subordinates
is energetically costly for dominant males leading them to lose some
reproduction and/or dominance. As a result, EPP indeed increases with the
number of sexually mature subordinate males present in the family group (Cohas
et al. 2006, Lardy et al. 2012). Sexually mature subordinates of both sexes can
reach dominance by replacing their fathers or mothers. Otherwise, mature
subordinates disperse to reach dominance mainly by replacing a dominant from
another territory or rarely by establishing a new territory (only five cases

observed between 1990 and 2014 in the studied population).
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Field methods and sample collection
Data were collected from 1990 to 2010 in a wild population of Alpine marmots
located in the Nature Reserve of La Grande Sassiere (at 2,340 m a.s.l.,, French
Alps, 45°29'N, 65°90'E). Marmots belonging to 25 family groups have been
captured every year from mid-April to mid-July using two-door live traps baited
with dandelions (Taraxacum densleonis) placed near the entrances of the main
burrows in order to assign each captured individual to its family group.

Once captured, individuals were anaesthetised with Zolétil 100 (0.1 mL
Kg™), sexed, aged from their size (up to 3 years), and their social status was
determined according to scrotal development for males and teat development for
females. All individuals were marked using a transponder and a numbered metal
ear-tag placed on the right ear of females and on the left ear of males. An
additional coloured plastic ear tag was placed on the opposite ear of dominant
individuals. In addition, both hair samples and skin biopsies were collected on all
trapped individuals for genetic analysis.

The composition of family groups was assessed from both capture-recapture
data and intensive observations (see Cohas et al. 2008 for details on observations
protocol). The number of subordinates of each sex and age class (pup, yearling,
two-year-old and adult) was assessed for each family group and scent marking
behaviour was used to confirm the identity of the dominant pair (Bel et al. 1999).
Moreover, the date of pup emergence from their natal burrows and the litter size
were assessed through daily observations. Virtually all emerged offspring were
trapped either with smaller two-door live traps or by hand within three days of

emergence.

Microsatellite genotyping

1045 individuals were genotyped at sixteen microsatellites: SS-Bibl1, SS-Bibl18,
SS-Bibl20, SS-Bibl31, SS-Bibl4 (Klinkicht 1993); MS41, MS45, MS47, MS53,
MS56, MS6, ST10 (Hanslik and Kruckenhauser 2000); Ma002, Ma018, Ma066,
Ma091 (Da Silva et al. 2003) (see Appendix 1 in Chapter 2 for details on
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genotyping methods and microsatellite characteristics).

MHC genotyping

1025 individuals were genotyped at four MHC polymorphic loci - two from
MHC class I exon 2 (Mama-UB and Mama-UD) and two from MHC class II
DRB loci (Mama-DRB1 and Mama-DRB2) - using next generation sequencing,
Sanger sequencing or were deduced based on mother-father-offspring triads (see
Chapter 1, Appendix 1 in Chapter 2 for details on genotyping methods and MHC

characteristics).

Parentage analysis

Parentage analyses were performed in two ways. First, the genotypes of each pup
and of the dominant female were compared to check maternity. For 16x859
mother-pup comparisons, only 1 mismatch at one locus (SS-Bibl20) between the
putative mother and one of its pups was found. This mismatch likely results from
a mutation in the pup since retyping of both the mother and the pup consistently
yield the same genotypes and none of the two subordinate females present in the
family group had a genotype compatible with this pup. We then defined a pup as
a within-pair young (WPY) if no mismatch was observed with the dominant male
genotype (798 of 859 pups) and as an extra-pair young (EPY) if at least one
mismatch was observed with the dominant male genotype (61 of 859 pups: one
to nine mismatches). For twenty-seven pups, exclusions of paternity were based
on only one mismatch with the dominant male. We considered it unlikely that
pups with one mismatch were fathered by the dominant male, because (1)
genotyping error rate was low (0.0003, for details see Cohas et al. 2008), (2) all
these offspring and their parents were retyped and their genotypes confirmed, (3)
the average mutation rate for microsatellites is low (1.67x10™ per generation in
M. marmota, Rassmann et al. 1994), and (4) only one mismatch with the putative
mother has been found. The genotypes of the 61 pups not fathered by the

dominant male were then compared to those of all known sexually mature males
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present in their family. Twenty-five pups had genotypes compatible with that of a
subordinate male in their family while 36 pups had a genotype incompatible with
all subordinate males of their family. Among the 36 pups that were neither
fathered by the dominant male nor by a subordinate of their family, 14 were
found to be fathered by a dispersing individual born in our study population
while the other 22 were fathered by unknown males.

Second, parentage analysis was repeated using the software CERVUS 3.0.3
(Kalinowski et al. 2007), with the following settings: 20 candidate fathers per
offspring, 95% of candidate parents sampled, error rate of 1% to allow for
mistyping and for mutations or null alleles, and assignment at the 95%
confidence level. We then ran the parentage analyses with the mother identity
known and all the sexually mature males present in a given year in the population
as putative fathers. The parentage relationships of the 859 pups established by
genetic exclusion were confirmed by parentage analyses with no ambiguity
except for 37 pups, for which paternity could be assigned to both the dominant
and a subordinate male. The comparison between MHC genotypes obtained for
dominant and subordinate males (see Chapter 1, Appendix 1 in Chapter 2 for
details on MHC genotyping) confirmed that 14 pups were fathered by the
dominant male and another one was fathered by a subordinate male. The 22
remaining pups could still be assigned to both the dominant and a subordinate
male when considering MHC markers. Even if the dominant male had a higher
likelihood of being the father than the subordinate male for 11 out of these 22
pups only, the sexual organs of the putative subordinate father showed no sign of
development at capture. We consequently parsimoniously considered these 22

pups to be fathered by the dominant male.

Genetic characteristics estimators

Genome-wide estimators (genome-wide heterozygosity and relatedness) were
calculated over the 16 microsatellite loci while MHC estimators (MHC diversity

and MHC dissimilarity) were calculated over the two MHC loci, Mama-UD and
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Mama-DRBI, that led to polymorphic proteins (three and eight alleles resulting
in two and seven proteins respectively; Mama-UB and Mama-DRB2 were not
considered here since they are genetically polymorphic but do not led to
polymorphic proteins). Moreover, Mama-UD and Mama-DRB1 were also
considered separately because in Alpine marmots MHC class I and II genes are
under different selective pressures (Kuduk et al. 2012). MHC class I and II
estimators were indeed not correlated except for a correlation between MHC
class I and II protein dissimilarity (Appendix 2 in Chapter 2 - Table 18 and 19),
suggesting that both classes could convey different information. Only individuals
successfully genotyped at both MHC loci, solely at the MHC class I locus or
solely at the MHC class II locus were used to calculate the MHC, MHC class I
and MHC class II estimators respectively.

To test for the good genes hypothesis, both the genome-wide heterozygosity
and the MHC diversity (MHC protein diversity and MHC protein distance) were
estimated for each individual. The genome-wide heterozygosity was estimated as
the standardized heterozygosity (SH, Coltman et al. 1999) calculated with the R
function “GENHET v3.1” (Coulon 2010). Additionally, the genome-wide
individual heterozygosity was estimated by the internal relatedness (IR, Amos et
al. 2001) and the homozygosity by locus (HL, Aparicio et al. 2006). Since the
three genome-wide individual heterozygosity estimators were highly correlated
(SH vs. IR: p =-0.95, P =< 0.001; SH vs. HL: p =-0.97, P = < 0.001; IR vs. HL:
p = 094, P = < 0.001, N = 95 dominant males) and the results found were
independent of the estimator used, we only present the results using the
standardized heterozygosity.

Two indexes were used to estimate the MHC diversity: the MHC protein
diversity and the MHC protein distance. The MHC protein diversity was
estimated as the number of different MHC proteins an individual produces once
the protein translated by the allele Mama-DRB1*08 was discarded since it has a
stop codon and therefore the translated protein is non-functional (Kuduk et al.
2012). The MHC protein distance was calculated using the software MEGA

version 6.06 (Tamura et al. 2013) as the sum of the p-distances (i.e. the
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proportion of amino acid sites that differs between two alleles) among the
considered MHC loci except for the p-distance between a given protein and the
one translated from Mama-DRB1*08 that was set to O.

To test for the compatible genes hypothesis, the relatedness and the MHC
dissimilarity (MHC protein dissimilarity and MHC pair protein distance) were
estimated for each pair of individuals. The relatedness was estimated with the
Queller & Goodnight’s relatedness (Rqe, Queller and Goodnight 1989) calculated
over the 16 microsatellites using custom made scripts written in R software
version 3.0.3 (R Development Core Team, 2013). Additionally, the relatedness
between individuals was estimated by Lynch & Ritland’s estimator (R,, Lynch
and Ritland 1999) and Identity (I, Belkhir et al. 2002). Since the three relatedness
estimators were highly correlated (Ry, vs. Ri: p = 0.89, P = < 0.001; Ry vs. I: p =
0.90, P = < 0.001; R, vs. I: p = 0.78, P = < 0.001; N = 146 observed dominant
pairs) and the results found were independent of the estimator used, we only
present the results using the Queller & Goodnight's estimator as a measure of
relatedness.

Finally, two indexes were used to estimate the MHC dissimilarity: the MHC
protein dissimilarity and the MHC pair protein distance. The MHC protein
dissimilarity was calculated as the number of proteins a male produces that
differed from the ones produced by the female once the protein translated by the
allele Mama-DRB1*08 was discarded. The MHC pair protein distance was
calculated as the sum of the p-distances (i.e. the proportion of amino acid sites
that differs between two alleles) averaged over all the pairwise comparisons of
the proteins of a locus for a given pair. Heterozygous individuals possessing
Mama-DRB1*08 were considered as homozygous for the remaining allele.

All MHC diversity and dissimilarity estimators were further calculated
considering alleles instead of proteins (see Appendix 3 in Chapter 2 for details on
the calculation of the MHC allelic diversity and dissimilarity estimators).

The different indexes used to estimate the MHC diversity and dissimilarity
were found to be highly correlated, except for MHC class I allelic and protein

diversity (Appendix 2, Chapter 2 - Table 20 to Table 23 and Appendix 3, Chapter
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2 - Table 26 to Table 27), suggesting that these different estimators partly convey

similar information.

Statistical analyses

Are genetic characteristics correlated?

To test whether genome-wide and MHC estimators convey similar information,
Spearman's rank correlation coefficients were calculated between standardized
heterozygosity and the MHC diversity estimators of the dominant males as well
as between the Queller & Goodnight’s relatedness and the MHC dissimilarity

estimators of the social pairs.

Are social males and social pairs genetically different than expected from
random mate choice?

If there is a choice for genetic characteristics, one should expect genetic
characteristics to differ between observed and candidate mates. Hence, for each
reproductive event of each female (from 337 to 356 reproductive events
depending on the genetic estimators considered), the genetic characteristics of
observed social males (from 97 to 104 males) and of observed social pairs (from
146 to 158 pairs) were compared to the genetic characteristics of candidate males
and pairs using bootstrap tests. A male was included in the pool of candidate
mates for a given reproductive event of a given female if he met three criteria: (1)
he was present in the population (i.e. he was observed and/or captured a given
year); (2) he was at least three-year old (two-years old males rarely reach
dominance: 17 out of 116 males) and (3) he resided in the same territory or in the
immediate vicinity of the female (see Appendix 4 in Chapter 2 for more details
on males' dispersal distances). The distributions of the difference between genetic
estimators of observed versus candidate males and pairs were generated under
the null hypothesis of random mate choice by randomly allocating, for each
reproductive event of each female, a given male as the social male and one of the

other males as the candidate male. This bootstrap procedure was repeated 1000
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times using the R package “boot” (Canty and Ripley 2014). In order to test
whether genetic characteristics estimators of social males and social pairs
differed from those expected under the hypotheses of random mate choice, the
mean difference between genetic estimators of the truly observed social males
and the truly observed social pairs were compared to the ones obtained from the
random distributions. The exact two-tailed P-value was computed as the
proportion of simulations displaying a greater mean than the observed mean
value plus the proportion of cases displaying a lower mean than the symmetrical
(relative to the simulated mean) of the observed mean value.

Following Huchard et al. (2013), the effect of spatial distance on the pool of
candidate mates was investigated. Analyses were also conducted expanding
candidate mates (1) to males residing at a maximal distance of five territories
away, the maximal spatial distance recorded between the natal territory and the
territory where a male established as dominant and (2) to all males residing in the
studied population (see Appendix 4 in Chapter 2 for details on males' dispersal

distances).

Does EPP depend on genetic characteristics of social males and social pairs?

To determine whether the EPP depended on the social males' and social pairs'
genetic characteristics, the presence and the number of EPY within a litter were
established for the 145 litters (produced by 83 different social pairs, 39 being
present between 2 and 5 years), for which the parentage relationships were
established for all pups and the number of mature male subordinates present in
the family group was known.

Generalized estimating equations (GEE) (Liang and Zeger 1986) were used
to account for repeated measures of social pairs. GEE were chosen since they
make broader hypotheses about data structure and are better adapted to departure
from normality of random effects and small sample sizes within clusters than
generalized mixed models (Carlin et al. 2001, Zuur et al. 2009). An exchangeable
correlation matrix was chosen to specify the same correlation between all

observations of a given pair (this is analogous to the correlation structure derived
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from specifying the identity of the pair as a random factor in a mixed model
(Horton and Lipsitz 1999)).

Two series of GEE models were constructed using the R package “geepack”
(Halekoh et al. 2006) with the presence of EPP and the number of EPY within
litters as the dependent variables respectively. In the models with the presence of
EPP, GEE were used with a logit link and a variance given by a binomial
distribution whereas, in the models with the number of EPY, a logarithm link and
a variance given by a Poisson distribution were used. In all models, litter size and
the number of sexually mature male subordinates present in a given family were
included as fixed effects to control for a potential confounding effect of litter size
on the number of EPY in a litter and to control for the fact that EPP increases
with the number of sexually mature males in Alpine marmots (Cohas et al. 2006,
Lardy et al. 2012). Queller & Goodnight’s relatedness between social partners
was further included as a fixed effect in all models since it affects the presence of
EPY in Alpine marmots (Cohas et al. 2008). For each model, genetic estimators
were then added separately. A linear effect was considered for all genetic
diversity estimators while both a linear and a quadratic effects were considered
for all genetic dissimilarity estimators to test for a choice for intermediately
dissimilarity. Since genetic estimators were not available for all males and pairs,

sample sizes vary from 134 to 140 litters in the statistical analyses.

Are social and extra-pair males or pairs genetically different?

If there is a choice for genetic characteristics, one could expect social males and
pairs to be less diverse and/or less dissimilar or intermediately dissimilar than the
respective extra-pair males and pairs. Since there are clear expectations regarding
the sense of the expected differences, social males' and social pairs' genetic
characteristics were compared to the ones of the respective extra-pair males and
pairs using a one-tailed binomial test with the null hypothesis that the probability

of success is equal to 0.5.

All statistical analyses were conducted using the R software version 3.0.3 (R
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Development Core Team, 2013). All tests were two-tailed unless otherwise stated
and the level of significance was set to 0.05. Analyses conducted with the MHC
diversity and dissimilarity estimators calculated considering alleles instead of
proteins gave qualitatively similar results, therefore only the results obtained with
proteins are presented (see Appendix 3 in Chapter 2, Table 29 to Table 31 for

results obtained considering alleles).

3. RESULTS

Correlation between genetic characteristics
Genome-wide heterozygosity and MHC diversity were not correlated regardless
of the MHC loci considered (Table 9a).

Queller & Goodnight’s relatedness and the MHC dissimilarity estimators
were not correlated (Table 9b), suggesting that genome-wide and MHC loci
convey different information, except for a slight negative correlation (i.e.
individuals more similar at microsatellites loci are more similar at MHC proteins)
evidenced between the Queller & Goodnight’s relatedness and the MHC protein
dissimilarity calculated over the two functionally polymorphic MHC loci and

over the MHC class II locus (Table 9b).
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Chapter 2: Mate choice for genetic characteristics

Are social males and social pairs genetically different than expected

from random mate choice?

Social males were no more genetically diverse than expected under random mate
choice, and this is true of whichever the loci considered — microsatellites or MHC
—, the diversity estimators (Table 10) or the pool of candidate males considered
(Appendix 4 in Chapter 2 - Table 32).

Social pairs were not less related nor more intermediately related than
expected under random mate choice among the males residing in the same
territory or in the immediate vicinity of a given female (Table 10). However,
since Queller & Goodnight’s relatedness decreased among individuals residing
farther apart (Appendix 4 in Chapter 2 - Figure 15), social pairs were more
related and less intermediately related than expected under random choice among
the males residing farther away (Appendix 4 in Chapter 2, Figure 15 - Table 32).

Social pairs showed a higher protein dissimilarity and a higher pair protein
distance at the two functionally polymorphic MHC loci and at the MHC class II
locus than expected under random choice among the males residing in the same
territory or in the immediate vicinity of a given female (Table 10). However,
given that dissimilarity increased among individuals residing farther apart
(Appendix 4 in Chapter 2 - Figure 15), social pairs showed a MHC dissimilarity
consistent with random choice among the males residing farther away (Appendix

4 in Chapter 2 - Table 32).
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Observe Observed  Simulated difference

Genetic characteristics dmean  difference [CI 95%] p-value
SH 0.95 -0.02 -0.0002 [-0.02, 0.02] 0.09
MHC protein diversity 291 0.01 0.003 [-0.06, 0.06] 0.62
MHC class I protein diversity 1.15 0.01 0.01[-0.03, 0.04] 0.75
MHC class II protein diversity 1.75 0.01 -0.003 [-0.05, 0.04] 0.86
MHC protein distance 0.05 -0.0004 -0.001 [-0.01, 0.003] 0.99
MHC class I protein distance 0.003 <0.0001 0.0002 [-0.0004 , 0.001] 0.75
MHC class II protein distance 0.05 -0.001 -0.001 [-0.01, 0.003] 0.99
Reg 0.10 0.01 0.01 [-0.02, 0.03] 0.98
Rye-Rqe_intermediate 0.20 -0.001 0.003 [-0.02, 0.03] 0.99
MHC protein dissimilarity 1.50 0.18 -0.03 [-0.05, 0.11] <0.0001
MHC class I protein dissimilarity 0.20 0.01 0.01 [-0.02, 0.05] 0.50
MHC class II protein dissimilarity 1.31 0.17 <0.0001 [-0.06, 0.07] <0.0001
MHC pair protein distance 0.02 0.001  <0.0001[-0.001,0.001] 0.02
MHC class I pair protein distance 0.002 0.0002  0.0002 [-0.0001, 0.0004] 0.49
MHC class II pair protein distance 0.04 0.002 -0.0004 [-0.002, 0.001] 0.04

Table 10. Genetic characteristics of real social males and pairs compared to the potential candidate
males and pairs residing in the same territory or in the immediate vicinity of a given female. MHC
diversity and dissimilarity estimators were calculated over over the two MHC loci, over the MHC
class I locus and over the MHC class II locus. SH: standardized heterozygosity; Rgs: Queller &
Goodnight’s relatedness. Rq-Rqq_intermediate: absolute difference between the observed value of the
relatedness and the intermediate value of the Queller & Goodnight’s relatedness (0.17) obtained from
the generalized estimating equation model of the number of EPY within litters. P-values <0.05 are
indicated in bold.

EPP pattern

A total of 522 pups from 145 different litters were retained from families where
the number of sexually mature male subordinates (mean + SD = 0.83 + 1.23;
range: 0-6) and all pups of the year were known. The mean number of pups
within a litter was 3.60 + 1.23 (+ SD) (range: 1 to 7). From a total of 522 pups,
38 (7.28%) were found to be EPY and from a total of 145 examined litters, 20
(13.79%) contained at least one EPY. From these 20 litters, 9 (45%), 6 (30%), 4
(20%) and 1 (5%) contained one, two, three and five EPY respectively. Four out
of 20 litters were sired only by the extra-pair male whereas 16 were mixed litters

(pups sired by both the social and an extra-pair male). The mean proportion of
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EPY within the mixed litters was 0.42 + 0.16 (£ SD) (range: 0.20 to 0.75). From
the total of 20 litters that contained at least one EPY, 45% (9 litters) were
fathered by a subordinate male of their family, 15% (3 litters) were fathered by a
dispersing individual born in our study population and the remaining 40% (8

litters) were fathered by unknown males.

Does EPP depend on genetic characteristics of social males and
social pairs?

As expected, the presence and the number of EPY within litters increased with
the number of sexually mature male subordinates present in the family group
(presence of EPY: estimate + SE = 0.47 + 0.14, P= 0.001; number of EPY:
estimate + SE = 0.27 £ 0.13, P = 0.05, N = 140) but did not depend on litter size
(presence of EPY: estimate + SE = 0.08 + 0.17, P = 0.65; number of EPY:
estimate + SE = 0.12 £ 0.14, P = 0.37, N = 140).

Neither the presence nor the number of EPY within litters depended on the
social male's diversity, whatever the loci considered — microsatellites or MHC —
or the diversity estimators considered (Table 11).

The presence and the number of EPY within litters depended on a quadratic
relationship with the social pair Queller & Goodnight’s relatedness (Table 11,
Figure 12a), both being lower for an intermediate Queller & Goodnight’s
relatedness of respectively 0.14 and 0.17. In addition, the number of EPY within
litters decreased linearly when the social pair MHC protein dissimilarity,
measured at the two functionally polymorphic MHC loci and at the functionally
polymorphic MHC class II locus only, increased (Table 11, Figure 12b).
Interestingly, when the MHC dissimilarity was further calculated considering
alleles instead of proteins, the same pattern was evidenced with the MHC allelic
dissimilarity, but only when the MHC allelic dissimilarity was estimated on the
two MHC loci leading to polymorphic proteins (Mama-UD and Mama-DRB1) or
on the Mama-DRBI1 locus (Appendix 3 in Chapter 2 — Table 30b). However,

neither the presence nor the number of EPY within litters depended on the social
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pair's MHC pair protein distance, regardless of the MHC loci considered (Table

11).
Presence of EPY Number of EPY
Independent variable
estimate + SE p-value estimate + SE p-value
SH 1.47 £1.49 0.32 1.11 £ 1.09 0.30 140

MHC protein diversity
MHC class I protein diversity
MHC class II protein diversity

MHC protein distance
MHC class I protein distance
MHC class II protein distance

R

(]ng)2

MHC protein dissimilarity

MHC class I protein dissimilarity
MHC class II protein dissimilarity

MHC pair protein genetic distance

MHC class I pair protein genetic distance

0.50 £ 0.63 0.42 0.75+0.48 0.12 134
0.44 £0.92 0.63 0.64 £0.75 0.39 135
0.65+0.79 0.41 1.02 + 0.67 0.13 139

13.32 £9.90 0.18 1443+7.62 0.06 134
26.08 £54.35 0.63 37.93+44.09 0.39 135
8.94+8.71 0.30 4.92 £ 8.57 0.57 139
-1.73 £ 0.95 0.07 -1.29+0.83 0.12 140
8.40 = 2.74 0.002 530+1.64 0.001 140
-0.53 £0.34 0.12 -0.56+0.22 0.01 134
-0.19+£ 0.89 0.83 -069+£085 041 135
-0.86 £ 0.46 0.06 -1.05+0.46 0.02 138

-12.82£20.53 0.53 -994+1754 0.57 134
-9.68 £93.06 0.92 -35.27+8893 0.69 135

MHC class II pair protein genetic distance -10.97 +10.98 0.32 -16.53+14.76 0.26 138

Table 11. Generalized estimating equation models showing the effects of the genetic characteristics of
the real social males and pairs on both the presence and the number of EPY. The MHC diversity and
dissimilarity estimators were calculated over the two MHC loci, over the MHC class I locus and over
the MHC class II locus. All models include the number of sexually mature male subordinates present
in a given family, the litter size, the social pair Queller & Goodnight’s relatedness and its associated
quadratic term. P-values <0.05 are indicated in bold.
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Residuals of the number of EPY in a litter
Residuals of the number of EPY in a litter
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Figure 12. Residual of the number of EPY in a litter as a function of Queller &
Goodnight’s relatedness between social pairs (a) and as a function of MHC class II protein
dissimilarity between social pairs (b). Residuals are corrected for confounding factors (the
number of sexually mature male subordinates present in a given family at the figure 12a
and for the number of sexually mature male subordinates present in a given family, the
social pair Queller & Goodnight’s relatedness and its associated quadratic term at the figure
12b). Open circles represent the observed residual number of EPY in a litter. Thick lines

represent predictions of the model and the grey surface represents standard errors of the
fitted.
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Are social and extra-pair males or pairs genetically different?
Social males were no more diverse than extra-pair males, no more dissimilar or

no more intermediately dissimilar than extra-pair pairs regardless of the loci

considered (Table 12).

Genetic characteristics social <Nzitra—pair p-value N
SH 11 0.17 17
MHC protein diversity 1 1.00 14
MHC class I protein diversity 0 1.00 14
MHC class II protein diversity 1 1.00 15
MHC protein distance 2 0.99 14
MHC class I protein distance 0 1.00 14
MHC class II protein distance 3 0.99 15
Ryg 7% 0.83 17
Rge-Rqe_intermediate 7* 0.83 17
MHC protein dissimilarity 1 1.00 14
MHC class I protein dissimilarity 0 1.00 14
MHC class II protein dissimilarity 2 0.99 14
MHC pair protein distance 1 1.00 14
MHC class I pair protein distance 0 1.00 14
MHC class II pair protein distance 2 0.99 14

Table 12. Genetic characteristics of social males and pairs compared to the
corresponding extra-pair males and pairs. The MHC diversity and dissimilarity
estimators were calculated over the two MHC loci, over the MHC class I locus
and over the MHC class II locus. SH: standardized heterozygosity; Rqs: Queller
& Goodnight’s relatedness; Rqe-Rqs_intermediate: absolute difference between
the observed and the intermediate value of Queller & Goodnight’s relatedness
(0.17) obtained from the generalized estimating equation model of the number of
EPY within litters. Nbr. (number) of social pairs with Queller & Goodnight’s
relatedness superior to the one of the corresponding extra-pair.

4. DISCUSSION

While a choice based on genome-wide characteristics have now been extensively
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studied in wild populations, the existence of a choice based on MHC loci have
still been seldom studied under natural conditions. In Alpine marmots, the
relatedness of social pairs conformed with random mate choice but their MHC
protein dissimilarity was higher than expected under random choice. EPPs were
rare for intermediate relatedness and for high MHC protein dissimilarity between
social pairs' members. However, no difference between the genetic characteristics
of social and extra-pair males was evidenced. Our results thus provide the first
evidence that female mate choice in the Alpine marmot is based on both genome-
wide and MHC characteristics. These results are in agreement with the genetic
compatibility hypothesis rather than with the good genes hypothesis. Moreover,
in this species, genome-wide characteristics and MHC characteristics convey
different information and mate choice for these genetic characteristics seems to
be context dependent.

We found no evidence of a choice for good genes, mate choice being based
neither on male’s genome-wide heterozygosity nor on male's MHC diversity.
Instead, we found a choice for compatible genes. Specifically, mate choice was
based on both genome-wide and MHC compatibility. Previous studies based
either on genome-wide characteristics (reviewed in Mays et al. 2008 for birds) or
on MHC characteristics (e.g. birds: Ekblom et al. 2004, Westerdahl 2004,
Richardson et al. 2005, Bollmer et al. 2012; primates: reviewed in Setchell and
Huchard 2010) have found evidence for a choice for good genes, compatible
genes, both or none. These contrasted empirical results suggest that the species'
ecological and biological characteristics might play a significant role on the
targeted genes (Setchell and Huchard 2010). In particular, a choice for
compatible genes has been proposed to be favoured in inbred populations
(Bernatchez and Landry 2003, Setchell and Huchard 2010, but see Bichet et al.
2014). Alpine marmots are characterized by a low genome-wide variability as
estimated with allozymes (Preleuthner and Pinsker 1993), minisatellites
(Rassmann et al. 1994, Kruckenhauser et al. 1997) and microsatellites (Cohas et
al. 2009, but see Goossens et al. 2001) and by a low MHC variability (Kuduk et

al. 2012, Chapter 2). The social organization and the dispersal patterns of this
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species increase the risk for a female to mate with a related male (see Appendix 4
in Chapter 2 for detailed information regarding dispersal patterns in the studied
population) and the costs of such mating are expected to be high since juvenile
survival decreases with offspring homozygosity (Cohas et al. 2009). Therefore,
choosing a mate with compatible genetic characteristics could be a way for
female Alpine marmots to avoid such costs.

Social mate choice was based on MHC characteristics (protein dissimilarity)
but not on genome-wide characteristics (relatedness). The population genetic
structure is strongly influenced by dispersal patterns, females of species with low
dispersal ranges are more prone to encounter related mates than females of
species showing longer dispersal ranges (Perrin and Mazalov 2000). In Alpine
marmots, more than 48% of individuals from both sexes acquire dominance in
their natal territory or in the immediate vicinity resulting in most of the available
social males being genetically similar to females (see Appendix 4 in Chapter 2
for detailed information regarding dispersal patterns — Figure 14 - and spatial
distribution of genetic characteristics — Figure 15 - in the studied population).
Thus, female Alpine marmots have reduced opportunity to avoid inbreeding
when choosing a social partner. On the contrary, the occurrence of EPP depended
on both genome-wide and MHC protein dissimilarity of the social pair,
suggesting that female Alpine marmots choose to cuckold their social males to
promote optimal outbreeding and offspring MHC-heterozygosity. If true, the
genetic characteristics of the pools of social males and of potential extra-pair
males are expected to differ, with the genetic similarity of the potential extra-pair
males to the female being lower. Females may thus have more opportunities to
choose extra-pair mates according to both genome-wide and MHC
characteristics. The absence of statistical difference found between social and
extra-pair mates found in this study is probably due to a bias regarding the
identified extra-pair males. Indeed, among the seventeen identified extra-pair
males, twelve of them were subordinates of the social-pair family and five were
dispersing individuals born in another family group originating from our study

area. But, half of extra-pair males were not identified and thus probably came
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from outside the study area.

Our results indicated that females based both their social mate choice and
their decision to cuckold their mates on MHC characteristics. Parasite pressures
that individuals face could modulate the fitness pay-offs of mate choice. Females
may then choose MHC compatible mates to produce MHC-heterozygous
offspring (Takahata and Nei 1990). Producing MHC-heterozygous offspring is
advantageous since heterozygous individuals are able to recognize a wider range
of pathogens (Doherty and Zinkernagel 1975). In accordance, MHC diversity has
been found to be negatively associated with parasite load (Penn et al. 2002,
Froeschke and Sommer 2005, Lenz et al. 2009). The strong positive selection
detected at the antigen binding sites of the MHC class II but not of the MHC
class I alleles of Alpine marmots suggests that strong selective pressures are
exerted by extracellular parasites (Kuduk et al. 2012). In agreement, we found
evidence of female mate choice based on MHC class II but not for MHC class I
genes. Similarly, the low parasite pressures encountered in insular populations
has been hypothesized to be at the origin of the absence of mate choice for MHC
genes in an insular population of house sparrows (Passer domesticus) (Bichet et
al. 2014).

We found that genome-wide and MHC characteristics were not correlated
indicating that genome-wide and MHC loci convey different information.
Therefore, when Alpine marmots choose for both genome-wide and MHC
characteristics they may target different genetic characteristics in order to achieve
different genetic benefits in terms of fitness of the produced offspring. Alpine
marmots also have the possibility to target distinct characteristics in different
contexts, and they do so when choosing social mates and cuckolding them.
Indeed, female Alpine marmots choose their social males for different genetic
characteristics than they cuckolded them. Similarly, in two primate species where
genome-wide and MHC loci where found not to be correlated, the occurrence of
EPP depended on MHC characteristics but not on genome-wide characteristics in
fat-tailed dwarf lemurs (Cheirogaleus medius) (Schwensow et al. 2008a),

whereas evidence that social males are chosen based on both genome-wide and
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MHC genetic characteristics was found in grey mouse lemurs (Microcebus
murinus) (Schwensow et al. 2008b). Also, in scarlet rosefinches (Carpodacus
erythrinus) genome-wide and MHC loci were not correlated and extra-pair males
are chosen based genome-wide characteristics but not on MHC characteristics
(Winternitz et al. 2015). However, the possibility to choose separately for
genome-wide or MHC characteristics (or for both) may not exist in all species. A
correlation between genome-wide and MHC loci leads to females apparently
targeting both genetic characteristics (such a correlation is not ubiquitous, see
Table 5). However, in such cases one cannot exclude the apparent choice for a
genetic characteristic to be a by-product of a choice for the other one (Piertney
and Oliver 2006, Kempenaers 2007, Huchard and Pechouskova 2014). For
example, in mandrills (Mandrillus sphinx), females mate according to both
genome-wide and MHC characteristics (Setchell et al. 2010). However, because
genome-wide and MHC characteristics are correlated in this species, one cannot
exclude that evidence for MHC-dependent female mate choice is a by-product of
a genome-wide inbreeding avoidance. Indeed, MHC loci being among the most
polymorphic loci in vertebrates, individuals that share MHC alleles are likely to
be related (Bernatchez and Landry 2003) and it has been argued that females may
avoid inbreeding through MHC-based female choice (Potts and Wakeland 1990,
Penn and Potts 1999). To better understand the evolutionary causes and
consequences of female mate choice, these considerations advocate for the need
to not only combine both genome-wide and MHC characteristics (and not to

consider a single target) but also to examine the correlation between them.
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Chapter 2: Mate choice for genetic characteristics
Conclusions
Our results suggest that female Alpine marmots base their mate choice on both
genome-wide and MHC loci. This choice seems to be context-dependent as
indicated by the fact that the genes involved in social mate choice and in the
occurrence of EPP differ. Population genetic structure, dispersal patterns and
parasite pressures may play a key role in female mating decisions. Whether
females actively choose for genetic characteristics or whether this choice is a by-
product of the geographic origins of males remains an open question. In the case
of an assessment of genetic characteristics, olfactory cues are likely to be
involved. For example, characteristics of chemical compounds have been proven
to depend on the genetic characteristics of wild or semi-free-ranging individuals
(e.g. genome-wide loci: in ring-tailed lemurs (Lemur catta) (Charpentier et al.
2008) and in black-legged kittiwakes (Rissa tridactyla) (Leclaire et al. 2012); or
MHC loci: in mandrills (Setchell et al. 2011)). Exploration of the association
between genetic characteristics at either genome-wide or MHC loci, smell
characteristics, and mating preferences in wild populations is a promising avenue

of research that awaits further investigation.

5. APPENDIX

Appendix 1. Molecular analyses and genetic markers characteristics

DNA extraction

For 1045 individuals, genomic DNA was extracted from 15 to 30 hairs or skin
biopsies by incubation at 66 °C for 80 min for hairs and at 56°C for 120 min for
tissue in 50 pL lysis buffer (20 mM Tris-HCI, 1.5 mM MgCl,, 25 mM KClI, 0.5%
Tween 20, and 0.1 mg/ml proteinase K), followed by 20 min of proteinase K

inactivation at 96°C.
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Microsatellites genotyping
Individuals were typed at 16 microsatellite loci: SS-Bibl1, SS-Bibl18, SS-Bibl20,
SS-SS-Bibl31, SS-Bibl4 (Klinkicht 1993); MS41, MS45, MS47, MS53, MS56,
MS6, ST10 (Hanslik and Kruckenhauser 2000); Ma002, Ma018, Ma066, Ma091
(Da Silva et al. 2003) (see Table 14 for primers design).

Locus name Forward primer (sequence 5’ — 3’) Reverse primer (sequence 5’ — 3’)
SS-Bibl1 CTGAAGCAGCCATCCAGTA TGGTGTTGCCATTGTTCT

SS-Bibl18 ATGGTCATGGAAGGGAAG GGCATCTTCACAGTTGATC
SS-Bibl20 ATTCTCTAGTCGTTAACAAGAATC CACCAGTGAAACTACATACAGTG
SS-Bibl31 TTACACCTTCTCTGGCTCC TCTGAGCGGATTGTCTTTAT
SS-Bibl4 CCTAGGTTCAGTCTTCAACACA TGGTGTTGCCATTGTTCT

Ma002 CATTTAGACGCACATTTTG GGGATGGAGAATGAGGAAG

Ma018 ATCCGTCCAATAAAGAAATTC GTTTCTTGTGGCTCAGTGGTCAGATG
Ma066 AATATGTTAAGGCAGTTCTAGC GTTTCTTCCTGATATGGAAAGATGATGT
Ma091 CCTGTGTGAGTCCTGGAGTC AGCCATTTAGGTTACATCTGC

MS41 GGTGTATATGGGAATAGGGGG GCCTTCAAATCAAAGCAGGTTG
MS45 CTGTCTCTTTGTCCCTGCC CTCCTTACCATCATCTTTCCG

MS47 CCTGATGTAGTCAGTCAG TGTGGGAAATGGCACATC

MS53 ATTGAGGAGCAGCATCTAGG TCAGGGAAAGGCAGACCTG

MS56 CAGACTCCCACCAGTGACC CCTGATCTATGTAGGTTCCAT

MS6 CTGATGGGGTTAAGATTGCC CCCCACTGACCCACCTCC

ST10 TTGTGATCCTCCAGGGAGTT GTGATTTCCAAACCCCATTC
Mama-UB AyCTCCGTGTCCCGGCCC GCAGGTTGCTCAGGCCCACTT
Mama-UD AyCTCCGTGTCCCGGCCC GCGCAGGGTGTTCAAGCACAT
Mama-DRB1 GAGTGTCATTTCTCCAACsrGA TyAmCTCTCCkCTCCACAGTGAA
Mama-DRB2 ACGATTCCTGCAGCAGATGA TTCGGCTTAACTCTCCGCTTTGA

Table 14. Primer pairs used for microsatellite and MHC genotyping.

To enable polymerase chain reaction (PCR) multiplexing and subsequent
assessment of the allele sizes for all loci, we used primers labeled with FAM,
PET, NED and VIC fluorescent dyes (FAM for SS-Bibll, MS45, Ma066 and
Ma091, PET for SS-Bibl18, SS-Bibl20, SS-Bibl4, Ma002 and Ma018, NED for
SS-Bibl31, MS47, MS53 and Ma002, and VIC for MS41, MS56, MS6 and
ST10). PCR was carried out in three 10 pl reactions (Mix1, Mix2 and Mix3)
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containing 5 pl of Kit PCR (QIAGEN, Hilden, Germany) and 1 pl of DNA
extract with a DNA concentration of 25-100 ng/ml. In addition, Mix1 contained
0.03 pl of each primer for MS45, 0.1 pl of each primer for SS-Bibl31, MS41and
ST10, 0.2 pl of each primer for SS-Bibl18 and SS-Bibl4 and 0.3 pl of each
primer of Ma002. Mix2 contained 0.05 pl of each primer for MS56 and MS6, 0.1
pl of each primer for MS53 and Ma091, 0.14 pl of each primer for SS-Bibl1, and
0.2 pl of each primer for MS47, Ma018 and Ma066. Mix3 contained 0.2 pl of
each primer for SS-Bibl20. Amplifications were carried out in a Mastercycler
(Eppendorf, Hambourg, Germany) thermo-cycler with the following cycling
conditions: 15 min at 95°C, then 28 cycles for Mix1 and Mix2 and 35 cycles for
Mix3 composed of 30 s denaturing at 94°C, 90 s annealing at 57°C, 60 s
extension at 72°C, and finally 30 min at 60°C to ensure complete extension. We
then added 1.5 pl of Mix1 and 1.5 pl of Mix2 plus 1.5 pl of Mix3 to 0.15 pl of
size standard ROX 60-415 and 10 pl of formamide. Electrophoresis was run for 3
h on an automated sequencer ABI 3130 (Applied Biosystems Inc., Foster City,
CA, U.S.A)) to determine allele sizes. Microsatellite patterns were examined with
Genemapper 4.0 (Applied Biosystems). Depending on the locus, 97-100% of
individuals were genotyped and details on microsatellites characteristics are

summarized in Table 15.
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Chapter 2: Mate choice for genetic characteristics
Hardy-Weinberg equilibrium was tested using “HWE.test” implemented on
the library “genetics” (Warnes 2012) of the R version 3.1.1 (R Development Core
Team 2013). These tests were performed on 200 randomized individuals to avoid
potential bias caused by family structure and on all cohorts pooled to ensure
sufficient sample size. None of the loci showed deviation from Hardy—Weinberg
equilibrium after Bonferroni correction (P < 0.05/16 = 0.003), except for Ma002
(x? = 33.69, P < 0.0001, 10000 replicates).

MHC genotyping

Individuals were genotyped at four MHC loci, two from MHC class I exon 2
(Mama-UB and Mama-UD) and two from MHC class II DRB loci (Mama-DRB1
and Mama-DRB?2). Three different methods were used to genotype individuals:
next generation sequencing, Sanger sequencing or were deduced based on

mother-father-offspring triads.

Next generation sequencing

Two runs of a Roche® 454 FLX sequencing instrument were done. Methods
used to genotype individuals at four MHC loci have been described in details
elsewhere (Chapter 1) and are briefly summarized here.

Amplification of MHC loci used primers specifically designed to separate
each locus and to avoid sequencing several duplicated genes of Alpine marmots
(Table 14). A 6-bp tag was added between the adapters and the locus-specific
reverse and forward primers to barcode individuals. A minimum of 3-bp
differences between tags were used to ensure a very low probability for a read to
be assigned to the wrong individual due to a typing mistake in the individual tag
(Table 16 for details on tag library). PCR was performed in a Mastercycler
(Eppendorf, Hamburg, Germany) in 10 pL of reaction mixture containing 5 pL
HotStarTaq Polymerase Master Mix (QIAGEN, Hilden, Germany), 0.2 pL of
both primers at 100 pM, 3.6 pL. water and 1 pL. DNA at a concentration of 30
ng-pL™". The cycling scheme was 95°C for 15 min, followed by 34 cycles at 95°C

for 30 s, primer-specific annealing temperature (50°C for Mama-UD and Mama-
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DRB?2 and 55°C for Mama-UB and Mama-DRBI) and for 30 s, 72°C for 60 s and
a final extension step at 72°C for 10 min. The concentration of the PCR products
was measured by fluorometry using the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen). Equimolar amounts of amplicons were pooled for a given locus and
purified using MinElute PCR Purification Kit (QIAGEN) and the four loci were
subsequently pooled and sequenced on an eight of a PicoTiterPlate of a Roche®

454 FLX sequencing instrument (576 amplicons/eight).

Group Forward tag Reverse tag
1 AACCGA TTGAGT
AAGTGT AAGCAG
AGTGTT TTGCAA
CCGCTG CACGTA
AACGCG TAACAT
GGCTAC GGTCGA
TTCTCG CTTGGT
TCACTC TCCAGC
ACTTCA
GCGAGA
TGGAAC
CGAATC
2 GAACTA TTGAGT
CACAGT AAGCAG
CAATCG TTGCAA
CCGTCC CACGTA
AAGACA TAACAT
GGTAAG GGTCGA
ATAATT
CGTCAC

Table 16. Tags used to barcode individuals for
next generation sequencing. All combinations
of a forward and a reverse tags within each of
the two groups were used.

Although next generation sequencing is a suitable method for large-scale
genotyping and generates multiple reads for a given amplicon, it is also prone to

errors (Glenn 2011). Discerning true alleles versus sequencing errors is thus
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challenging (Babik 2010). An accurate post-processing of obtained sequences
was conducted in four steps in order to ensure the reliability of assigned MHC
genotypes: (1) assignment of reads to loci and individuals, elimination of
singletons and elimination of reads with inappropriate sizes; (2) elimination of
reads with insufficient coverage; (3) determination of alleles; and (4)
determination of homozygous and heterozygous amplicons (see Chapter 1 for all
details on post-processing). Finally, 3422 genotypes (686 Mama-UB, 898 Mama-
UD, 915 Mama-DRBI1 and 923 Mama-DRB2) were obtained. The reliability of
obtained genotypes was assessed through three independent methods: (1) intra-
individual next generation sequencing repeatability; (2) comparison of obtained
genotypes with Sanger and next generation sequencing; and (3) comparison of
the consistency of mother-father-offspring triad genotypes, with an error rate
estimated to 0.3% (see Chapter 1 for all details on methods to assess genotype

reliability).

Sanger sequencing

For Sanger sequencing, PCR amplifications were carried out following the same
protocol used for next generation sequencing (with the exception that no
individual barcoding or adaptator were added to the primers). 30 pL. of PCR
products were purified using Axygen® Cleanup Kit for PCR following the
manufacturer's instructions. Purified PCR products were single strand sequenced
using Dideoxynucleotide Terminator (Dyeterminator, kit BigDye® v.3.1
provided by LifeTechnologies). Sanger sequences are prone to sequencing errors
in the 5' region. So, for the polymorphic regions to be on the 3' of the Sanger
sequences, we sequenced with the reverse primer, when the polymorphism was at
the end of the sequence of interest, and with the forward primer, when the
polymorphism was at the beginning of the sequence of interest (MarmR2
(forward) for Mama-UB, MarmR4 (forward) for Mama-UD, MM_DRB_R3
(forward) for Mama-DRB1 and MM_DRB_F2 (reverse) for Mama-DRB?2).
Sequenced products were then purified using AxyPrep Mag Dye Clean (Axygen,

following manufacturer’s instructions). The DNA sequencing reactions were then
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analyzed on an ABI3730XL 96 caps DNA Analyzer (LifeTechnologies) (see
Chapter 1 for more details on the protocol). Obtained reads were aligned using
the progressive alignment (Feng and Doolittle 1987) with the default aligning
parameters of the CLC Sequence Viewer software free trial version 6.7.1. to
assign 358 genotypes (186 Mama-UB, 64 Mama-UD, 56 Mama-DRB1 and 52
Mama-DRB2).

Deduction from parentage relationships
Thanks to established parentage relationships, when both parents where
homozygous at a given MHC loci (obtained either by next generation sequencing
or Sanger sequencing) a total of 139 MHC genotypes of their pups could be
deduced (106 deduced genotypes at Mama-UB, 14 at Mama-UD, 1 at Mama-
DRBI1 and 18 at Mama-DRB?2). Genotypes were only deduced when, for a given
individual, no more genetic material was available or after the failure of next
generation sequencing and/or Sanger sequencing. However, we considered as
reliable all genotypes inferred using information on parental genotypes since (1)
parentage relationships were highly reliable (see methods regarding reliability of
parentage analysis) and (2) only 0.3% of MHC genotyping errors were found
after an extended validation procedure of obtained genotypes (see Chapter 1 for
more details). The bias in the number of deduced genotypes among different loci
(106 at Mama-UB, 14 at Mama-UD, 1 at Mama-DRBI1 and 18 at Mama-DRB?2) is
inherent to the high variation in allelic diversity observed among the studied loci
(Table 17). For instance, the higher assignation rate of genotypes at Mama-UB is
a consequence of the existence of only two alleles at this locus, which increases
the likelihood of homozygous pairs.

Finally, a total of 3919 genotypes from 1025 individuals were obtained
among the four MHC loci (3422 using next generation sequencing, 358 using
Sanger sequencing and 139 deduced on mother-father-offspring triads. Details on

MHC loci characteristics are summarized in Table 17.
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Mama-UB Mama-UB Mama-UD Mama-UD Mama-DRB1 Mama-DRB1 Mama-DRB2 Mama-DRBZ2

alleles  allelic freq. alleles  allelic freq. alleles allelic freq. alleles allelic freq.

*01 0.73 *01 0.73 *01 0.39 *01 0.45

*02 0.27 *02 0.08 *02 0.23 *02 0.40

*03 0.19 *03 0.13 *03 0.15
*04 0.02
*05 0.03
*06 0.07
*07 0.09
*08 0.04

Nind 978 976 972 993

Table 17. Characteristics of 4 MHC loci of Alpine marmots. Nind: number of individuals.

Appendix 2. Correlations between the genetic characteristics

estimators

(a) MHC classI MHC class I MHC class I MHC class II
protein protein protein distance protein distance
diversity diversity

MHC protein diversity 0.67*** 0.78%** - -

MHC protein distance - - 0.24** 0.98***

(b) MHC class II protein diversity =~ MHC class II protein distance

MHC class I protein diversity 0.05 (P=0.60) -

MHC class I protein distance - 0.02 (P=0.80)

Table 18 Spearman's correlation coefficients (N = 102 dominant males) between MHC diversity
estimators calculated over the 2 MHC loci and over the MHC class I or the MHC class II loci (a) and
between MHC diversity estimators calculated over the MHC class I locus and over the MHC class 11
locus (b). *: 0.10 < P > 0.05; **: 0.05 < P > 0.0001; ***: P < 0.0001.
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(a) MHC classI MHC classII MHC classI MHC class II
protein protein pair protein pair protein

dissimilarity = dissimilarity distance distance

MHC protein dissimilarity 0.65%** 0.88%** - -

MHC pair protein distance - - 0.35%** 0.96***

(b) MHC class II protein MHC class II pair protein

dissimilarity distance
MHC class I protein dissimilarity 0.24%** -

MHC class I pair protein distance - 0.10 (P=0.24)

Table 19. Spearman's correlation coefficients (N = 146 observed pairs) between MHC dissimilarity
estimators calculated over the 2 MHC loci and over the MHC class I or the MHC class II loci (a)
and between MHC dissimilarity estimators calculated over the MHC class I locus and over the
MHC class II locus (a). *: 0.10 < P > 0.05; **: 0.05 < P > 0.0001; ***: P <0.0001.

MHC protein MHC class I MHC class II protein
distance protein distance distance
(N =102) (N =104) (N =105)
MHC protein diversity 0.68%** - -
MHC class I protein diversity - 1.00%** -
- 0.74%**

MHC class II protein diversity -

Table 20. Spearman's correlation coefficients (N = observed dominant males) between MHC
protein diversity and MHC protein distance calculated over the 2 MHC loci, over the MHC class I
locus and over the MHC class II locus. *: 0.10 < P > 0.05; **: 0.05 < P > 0.0001; ***: P < 0.0001.

MHC pair protein  MHC class [ pair ~ MHC class II pair

distance protein distance protein distance
(N = 146) (N = 148) (N =152)
MHC protein dissimilarity 0.62%** - -
MHC class I protein dissimilarity - 0.85%** -
- 0.58 ek

MHC class II protein dissimilarity -

Table 21. Spearman's correlation coefficients (N = observed dominant pairs) between MHC protein
dissimilarity and MHC pair protein distance calculated over the 2 MHC loci, over the MHC class I
locus and over the MHC class II locus. *: 0.10 < P > 0.05; **: 0.05 < P > 0.0001; ***: P < 0.0001.
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Chapter 2: Mate choice for genetic characteristics

Appendix 3. MHC genetic diversity and dissimilarity estimators and

results obtained with these estimators

MHC genetic diversity and MHC genetic dissimilarity estimators

All MHC estimators were calculated over the four MHC allelic polymorphic loci
as well as over the only two MHC loci leading to a polymorphic proteins
(Mama-UD and Mama-DRB1). Both MHC estimators were calculated over MHC
class I and class II loci separately because MHC class I and II genes are under
different selective pressures leading to MHC class I and II estimators not to be
correlated except for a correlation between MHC class I and II allelic
dissimilarity (Table 24 and 25) and suggesting that both classes could convey
different information. Only individuals successfully genotyped at the four MHC
loci, at the two MHC class I loci or at the two MHC class II loci were used to

calculate the MHC, MHC class I and MHC class II estimators respectively.
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Chapter 2: Mate choice for genetic characteristics

Two indexes were used to estimate the MHC genetic diversity: the MHC
allelic diversity and the MHC individual genetic distance. The MHC allelic
diversity was calculated as the number of different MHC alleles an individual
possesses. The individual genetic distance was calculated using the software
MEGA version 6.06 (Tamura et al. 2013) as the sum of the p-distances (i.e. the
proportion of nucleotide sites that differs between two alleles) among the
considered MHC loci.

Two indexes were used to estimate the MHC genetic dissimilarity: the MHC
allelic dissimilarity and the MHC pair genetic distance. The MHC allelic
dissimilarity was calculated as the number of alleles a male possesses but the
female does not. The MHC pair genetic distance was calculated as the sum of the
p-distances (i.e. the proportion of nucleotide sites that differs between two
alleles) averaged over all the pairwise comparisons of the alleles of a locus for a
given pair (Bollmer et al. 2012).

The different index used to calculate MHC genetic diversity — MHC allelic
diversity and MHC individual genetic distance — and MHC genetic dissimilarity
— MHC allelic dissimilarity and the MHC pair genetic distance — estimators were
found to be highly correlated (see Table 26 and 27), suggesting that different

index convey the same information.
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Chapter 2: Mate choice for genetic characteristics

(a) MHC genetic = MHC class I genetic MHC class II
distance distance genetic distance

(N =102) (N =104) (N =105)

MHC allelic diversity 0.51%%* - -

MHC class I allelic diversity - 1.00%** -

MHC class II allelic diversity - - 0.58***

(b) UD and DRB1  UD genetic distance DRB1 genetic

genetic distance (N =104) distance

(N =102) (N =105)

UD and DRB1 allelic diversity 0.40%** - -

UD allelic diversity - 1.00%** -

DRB1 allelic diversity - - 0.63***

Table 26. Spearman's correlation coefficients (N = real dominant males) between MHC allelic
diversity and MHC individual genetic distance calculated over the four MHC loci, over the
MHC class I loci and over the MHC class II loci (a) and the two MHC loci presenting protein
polymorphism, over the Mama-UD locus and over the Mama-DRB1 locus (b). *: 0.10 < P >
0.05; **: 0.05 < P> 0.0001; ***: P <0.0001.

(a) MHC pair genetic  MHC class I pair ~ MHC class II pair
distance genetic distance genetic distance
(N =146) (N =148) (N =152)
MHC allelic dissimilarity 0.43%** - -
MHC class I allelic - 0.75%** -
dissimilarity
MHC class II allelic - - (0.52%**
dissimilarity
(b) UD and DRB1 UD pair genetic DRBI1 pair genetic
pair genetic distance distance
distance (N =148) (N =152)
(N = 146)
UD and DRB1 allelic 0.47 %% - -
dissimilarity
UD allelic dissimilarity - 0.77%** -
DRB1 allelic dissimilarity - - 0.58%**

Table 27. Spearman's correlation coefficients (N = real dominant pairs) between MHC allelic
dissimilarity and MHC pair genetic distance calculated over the four MHC loci, over the MHC
class I loci and over the MHC class II loci (a) and the two MHC loci presenting protein
polymorphism, over the Mama-UD locus and over the Mama-DRBI1 locus (b). *: 0.10 < P >
0.05; **: 0.05 <P > 0.0001; ***: P <0.0001.
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Chapter 2: Mate choice for genetic characteristics
Results
Correlation between genetic characteristics
Genome-wide heterozygosity and MHC genetic diversity were not correlated
(Table 28a,b). Although a negative correlation (i.e. individuals more similar at
genome-wide loci are more similar at MHC loci and vice versa) was evidenced
between relatedness and the MHC allelic dissimilarity calculated over all the
MHC loci, the MHC class II loci, the two MHC loci presenting protein
polymorphism and the Mama-DRBI1 locus (Table 28c,d), relatedness and all the

other MHC genetic dissimilarity estimators were not correlated (Table 28c,d).

135



9¢t

*(s1red 10 ss[ew JUBUTWOP (B3I JO IaqUinu
= N) (p ‘q) sndo[ TgY-PWDN Y3 pue sndo] (g-bwopy 3y} ‘wsiydiowAjod ursloid gunuasaid O] DHIA 0MI 34} I3A0 10
(D ‘e) O II SSe[> DHIA OM1 343 PUE T SSE]D DHIA 0M1 3} ‘DHIA IN0J 3} J9AO PIIB[NI[ED 3I9M SIOJRWINS AJLIR[IWISSIP pue
ANSIBATp DHIA “(p Q) — 9due3sIp dnauag Ired DHIA PUB AIR[TWISSIP JI[¥[[e DHIA - SI0IWNSI AJLIB[IWUISSIP d11dUa8 DHIA
3 pue (%) ssaupale(al 3y} Usamiaq pue (q ‘B) — 9dURISIP dNBUIZ [eNPIAIPUT DHIA PUB ANSISAIP JI[¥[[e DHIA - SI0IeWNSd
ANSIDAIP dMBUWR8 DHIN pPue (HS) Aso84Az01313y pazipIepuels UaamIa(q SIUSIIIJJI0D UONE[RII0D SueuleadS °gg d[qel

(9¢0=d) L000- (€c0=d)01'0- (¥20=d) 010" #xVC 0" (#S'0 = d) S0°0- #%CC 0" Y
(9vT = N) (9r1=N)
(TsT=N) (8¥T =N) 3DUB)SIP (tsT=N) B8rT1=N) Ayreqruarssip
3DUBISIP d1IdUI3 9dUueISIp onauag ared AJLIeTuIssIp Ayeurssip J1[3[[e
ared T9YA oneuag ared N 199d pue dn d1R[R TgUd 1[R[ AN Tqaapuwean  (p)
(9¢0=d) L000- ((OT0=d)¥10- (810=d)T11°0- +«xGC°0- (c10=d) €T°0- #%,T°0" Y
(ST =N) (8YT=N)
(zZsT=N) (8rT =N) (9T = N) Ayrreqrurssip Ayrreqrurssip (9r1=N)
9DUEBISIP DN3USS  IDUEISIP J119Ua3 9JUue)ISIp RUE]L RUE]L AJIeqruissip

ared 11 ssep DHIN dted [ ssep DHIN onauaf med DHIA - [1SSEP DHIN 1 SSeP2 DHIA JPIEDHN (0

(zso=d)oto (920=d)€00 (290=d)s00 (@£0=d)+00 (990=d)+00 (2£0=d)¥00 HS

(S0T = N) (#0T = N) (ot =N) (S0T=N) (0T = N) (20T = N)
9dULISIP 9dUeISIp 9JURISIp D1I9UL3 AYISIDATP AISIDATP AJISIDATP D13[[®
onauss TgYd oneuad AN 1990 pue dn d19[e T9Id d1e[e AN rgaapuean  (q)

(2s0=d)900 (#60=4d) 100 (850 =d)900 (6£0=d)600 (680=d)100 (280=d)200 HS

(S0T =N) (F0T = N) (20T =N) (S0T =N) F0T =N) (20T =N)
JDUBISIP JN3U3Z  JDUEISIP D1IDUIG JDUEISIP ANISISATP OT[B[[E  AJISISAIP JI[3[[E KITSISATP

1T ssepd DHIN [ ssep DHIN onauss DHIN I1 ssePP DHIN [ ssepP DHIN o1R[re DHIN (e)




Chapter 2: Mate choice for genetic characteristics

Are social males and social pairs genetically different than expected from

random mate choice?

Social males were no more MHC diverse than expected under random mate
choice, and this whatever the pool of candidate males considered (Table 29).
Social pairs showed a higher allelic dissimilarity at the four MHC loci, at the
MHC class II loci, at the two MHC loci presenting protein polymorphism and at
the Mama-DRBI1 locus than expected under random choice among the males
residing in the same territory or in the immediate vicinity of a given female.
However, given that MHC allelic dissimilarity increased among individuals
residing farther apart (Figure 13), social pairs showed an allelic dissimilarity
consistent with random choice among the males residing farther away (Table 29).
Moreover, when estimated by the MHC pair genetic distance, social pairs' MHC
dissimilarity did not differed from the one expected under random mate choice

and this whatever the pool of candidate males considered (Table 29).
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Chapter 2: Mate choice for genetic characteristics

Real Potential 0- 1
MHC diss: 3.54[0,7] MHC diss: 3.26 [0,8]

MHC I diss: 1.30[0,4] MHC I diss: 1.25[0,4]
MHC Il diss: 2.26[0,4]  MHC |1 diss: 2.01[0,4]
UD+DRB1 diss: 1.94[0,4] UD+DRB1 diss: 1.79[0,4]
UD diss: 0.66[0,2] UD diss: 0.65[0,2]

DRB1 diss:1.29[0,2] DRB1 diss:1.15[0,2]

Dissimilarity between different pools of candidate males

>

Figure 13. Spatial distribution of the MHC allelic dissimilarity estimated over all loci (MHC
diss), over MHC class I loci (MHC I diss), over MHC class II loci (MHC II diss) over Mama-
UD and Mama-DRB1 loci (UD+DRBI1 diss), over Mama-UD locus (UD diss) and over Mama-
DRBI locus (DRB1 diss). Real: between females and males of real social pairs; Potential 0-1:
between real social females and candidate males residing in the same territory or in the
immediate vicinity; Potential 0-5: between real social females and candidate males residing at a
maximal distance of five territories away of any real social females; Potential all: between real
social females and candidate males residing in the studied population.

Is EPP pattern dependent of social males' and social pairs' genetic characteristics?

Neither the presence nor the number of EPY within litters depended on the social
male's MHC genetic diversity (Table 30).

Neither the presence nor the number of EPY within litters depended on the
social pair MHC allelic dissimilarity when estimated over the four MHC loci, the
MHC class I or the MHC class II loci (Table 30a) or on the MHC pair genetic
distance (Table 30a, b). However, when the MHC allelic dissimilarity was further
estimated only on the two MHC loci leading to a polymorphic proteins (Mama-
UD and Mama-DRBI) or on Mama-DRBI locus only, the number of EPY within
litters was found to decrease when the social pair MHC allelic dissimilarity

increased (Table 30b).
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(2) Independent variable Presence of EPY Number of EPY
estimate + SE p estimate + SE p
MHC allelic diversity -0.13+0.25 0.59 -0.06 £ 0.19 0.73 134
MHC class I allelic diversity -0.18 £ 0.40 0.66 -0.23+0.35 0.50 135
MHC class II allelic diversity -0.17 £ 0.34 0.61 -0.13+£0.29 0.64 139
MHC genetic distance -0.73 £ 11.27 0.95 1.39£8.23 0.87 134
MHC class I genetic distance -30.07 £ 67.45 0.66 -38.80 £57.67  0.50 135
MHC class II genetic distance -4.18 £ 11.42 0.71 -6.59 + 10.54 0.53 139
MHC allelic dissimilarity -0.03+0.17 0.85 -0.05+0.13 0.71 134
MHC class I allelic dissimilarity 0.23£0.28 0.42 0.13+0.18 0.48 135
MHC class II allelic dissimilarity -0.40 £ 0.28 0.14 -0.55 £ 0.32 0.09 138
MHC pair genetic distance -94.26 + 59.18 0.11 81.03 + 59.54 0.17 134
MHC class I pair genetic distance -125.71+168.49 0.46 -174.28 £105.74 0.10 135
MHC class II pair genetic distance -60.29 £ 31.67 0.06 -71.75 £ 39.65 0.07 138
(b) Independent variable Presence of EPY Number of EPY N
estimate = SE P estimate = SE p

UD and DRB1 allelic diversity -0.07 £ 0.49 0.89 0.09 +0.41 0.83 134
UD allelic diversity -0.05 £ 0.66 0.94 0.003 £ 0.54 0.99 135
DRBI1 allelic diversity -0.07 £ 0.72 0.92 0.32 +0.63 0.61 139
UD and DRB1 genetic distance 0.31 +£12.43 0.98 2.87 £9.40 0.76 134
UD genetic distance -7.87 £109.21 0.95 0.49 + 89.66 0.99 135
DRBI1 genetic distance -66.47 +124.76  0.59 -101.23+126.70 0.42 139
UD and DRB1 allelic dissimilarity -0.21 £ 0.34 0.54 -0.45 £ 0.21 0.03 134
UD allelic dissimilarity 0.06 + 0.54 0.91 -0.37 £ 0.31 0.23 135
DRBI1 allelic dissimilarity -0.78 £ 0.50 0.12 -1.04 £+ 0.49 0.03 138
UD and DRBI1 pair genetic distance -51.94 + 31.53 0.10 48.88 + 30.38 0.11 134
UD pair genetic distance -163.63 £175.34  0.35 -260.76 + 148.13  0.08 135
DRB1 pair genetic distance -31.95 + 16.87 0.06 -38.67£20.30  0.06 138

Table 30. Generalized estimating equation models showing the effects of the MHC allelic

characteristics of the real social males and pairs on both the presence and the number of EPY. The
MHC diversity and dissimilarity estimators were calculated over the four MHC, the two MHC class I
and the two MHC class II loci (a) or over the two MHC loci presenting protein polymorphism, the

Mama-UD and the Mama-DRB1 locus (b). All models include the number of sexually mature male
subordinates present in a given family, the litter size, the social pair relatedness and its associated

quadratic term. P-values <0.05 are indicated in bold.
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Are social and extra-pair males or pairs genetically different?

Neither social males were more MHC diverse than extra-pair males, nor social

pairs were more MHC dissimilar than extra-pair pairs (Table 31).

(a) Genetic characteristics Nbr. P N

social < extra-pair

MHC allelic diversity 2 0.99 14
MHC class I allelic diversity 5 0.91 14
MHC class 1II allelic diversity 2 0.99 15
MHC allelic individual genetic distance 1 1.00 14
MHC class I allelic individual genetic distance 5 0.91 14
MHC class II allelic individual genetic distance 3 0.99 15
MHC allelic dissimilarity 1 1.00 14
MHC class I allelic dissimilarity 2 0.99 14
MHC class 1II allelic dissimilarity 2 0.99 14
MHC allelic pair genetic distance 1 1.00 14
MHC class I allelic pair genetic distance 1 1.00 14
MHC class 1II allelic pair genetic distance 2 0.99 14
(b) Genetic characteristics Nbr. P N
social < extra-pair
UD and DRBI allelic diversity 1 1.00 14
UD allelic diversity 0 1.00 14
DRBI1 allelic diversity 1 1.00 15
UD and DRBI individual genetic distance 1 1.00 14
UD individual genetic distance 0 1.00 14
DRB1 individual genetic distance 2 0.99 15
UD and DRBI1 allelic dissimilarity 1 1.00 14
UD allelic dissimilarity 2 0.99 14
DRB1 allelic dissimilarity 0 1.00 14
UD and DRB1 pair genetic distance 1 1.00 14
UD pair genetic distance 1 1.00 14
DRB1 pair genetic distance 2 0.99 14

Table 31. Genetic characteristics of social males and pairs compared to the
corresponding extra-pair males and pairs. MHC diversity and dissimilarity estimators
were calculated over the four MHC, the two MHC class I and the two MHC class II
loci (a) or over the two MHC loci presenting protein polymorphism, the Mama-UD
and the Mama-DRBI locus (b).
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Appendix 4. Effect of the spatial distance on males and pairs genetic

characteristics

Male dispersal distance

Since 1990, the dispersal distance of a total of 109 males and 94 females that
reached dominance in the study site was known. A total of 83 (73%) out of these
109 males and 83 (88%) out of these 94 females came from the study site and
have either inherited dominance in their natal territory, moved to an adjacent
territory or to another territory inside the study site to reach dominance (Figure
14), whereas the remaining 26 males (24%) and 11 females (12%) came from
outside the study site (Figure 14). The dispersal distance between the natal and
the dominance territory was short, with a mean distance + SD of 1.40 + 1.01 for
the 83 males and a mean distance of 0.95 + 0.87 for the 83 females that were born

and reached dominance inside our study site.
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Distance between the natal and the dominance territory
Figure 14. Dispersal distance (measured in the number of territories between the natal and the

dominance territory) of the males and the females that reached dominance between 1990 and 2014
in the Nature Reserve of La Grande Sassiére.
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Real Potential 0- 1
Reg: 0.10[-0.47,0.75] Reg: 0.09[-0.46,0.75]
MHC diss: 1.50[0,3] MHC diss: 1.32[0,3]

MHC | diss:0.20[0,1] MHC | diss: 0.22[0,1]
MHC 11 diss 1.31[0,2] MHC I diss: 1.23[0,2]

Dissimilarity between different pools of candidate males

>

Figure 15. Spatial distribution of the relatedness estimated with the relatedness (Rqs) and the
MHC protein dissimilarity estimated over all loci (MHC diss), over MHC class I loci (MHC I
diss) and over MHC class II loci (MHC II diss). Real: between females and males of real social
pairs; Potential 0-1: between real social females and males residing in the same territory or in
the immediate vicinity; Potential 0-5: between real social females and males residing at a
maximal distance of five territories away; Potential all: between real social females and all
males residing in the studied population.
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CHAPTER 3:
MHC CHARACTERISTICS AND
PARASITES

The role of MHC on intestinal parasite variations in Alpine marmots
M Ferrandiz-Rovira, A Cohas, D Allainé and M-P Callait-Cardinal
Draft
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Abstract

The major histocompatibility complex (MHC) transcript genes, coding for
antigen presenting molecules, represent an important functional complex of
genes of vertebrates due to its key role in host-parasite interactions. Individuals
with a high MHC diversity and/or individuals carrying specific MHC alleles are
expected to be more resistant to parasite infection. Here, we investigated the
influence of MHC characteristics on the abundance or the presence of three
intestinal parasites (Eimeria monacis, Eimeria sp. and Ctenotaenia marmotae) in
a wild population of Alpine marmots (Marmota marmota), an hibernating
mammal. Our results reveal that (1) MHC diversity did not affect the abundance
or the presence of the three intestinal parasites, (2) Alpine marmots carrying the
specific allele Mama-DRB1*02 showed lower oocyst excretion of the coccidia E.
monacis and (3) the presence specific alleles did not affect the presence of the
coccidia Eimeria sp. nor the presence of the cestode C. marmotae. This results
suggest that MHC may play a weak role on the associations between the Alpine
marmots and their intestinal parasites and that other immune mechanisms may
play a greatest role. We emphasize the need for empirical studies of host-parasite
interactions in the wild to understand how hosts may resist and/or tolerate its

parasites.

Keywords: host—parasite co-evolution, immunogenetics, Marmota marmota,

MHC, parasite load, parasite prevalence, resistance
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1. INTRODUCTION

Pathogens responsible for infectious diseases are potential agents of natural
selection for living beings (Haldane 1949). Under natural conditions, individuals
are constantly but unequally exposed to a range of parasites. Parasite loads
observed at a given time and a given individual reflect both its own level of
exposition and the performance of its immune system. Finally, the set of
mechanisms linked with parasite’s pathogenesis and host’s immunity is able to
cause injuries or diseases resulting in a decrease of host's health and fitness, or
even lead to host's death. Quantifying and interpreting patterns in host-parasite
interactions is essential for understanding the ecological and evolutionary
implications of parasites on their hosts (Sol et al. 2003).

Although interactions between hosts and parasites are permanent, their
relationships are far from being stable since co-evolution between hosts and
parasites under the form of arms race exists. Specifically, the co-evolution
between hosts and parasites, also referred as Red Queen Hypothesis (Van Valen
1973), is based on the necessity for the host to avoid or combat parasites, which
leads to the evolution of alleles conferring resistance to parasites (resistance is
defined here following Thomas et al. (2007) and Raberg et al. (2009) by the
ability of hosts to prevent parasite infection or limit parasite load). Also, the co-
evolution between hosts and parasites is based on the necessity for the parasites
to encounter and infect its hosts, which leads to the evolution of parasite genes
conferring more virulent capacities. But once infected, resistance is not the
unique way in which hosts may protect themselves: some hosts are good to
reducing parasite load but they are not necessary the healthiest (Raberg et al.
2009). Tolerance, defined as the ability to withstand the infection by limiting the

harm caused by a given parasite burden (Restif and Koella 2004, Réberg et al.
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2009) while paying a low fitness cost (Medzhitov et al. 2012, Sorci 2013), may
be another way for hosts to protect themselves from parasitism (Restif and
Koella 2004, Réberg et al. 2009). Although little is known regarding how
tolerance affects the co-evolution between hosts and parasites, there are reasons
to suspect that it exists (see Raberg et al. 2009 for a review analysing the current
knowledge of resistance and tolerance in animals).

Among the wide range of identified immune genes (e.g. immunoglobulin
receptors, interleukin receptors, Mannose binding lectin or Toll-like receptors),
the major histocompatibility complex (MHC), has been largely studied during the
past decades due to its importance in vertebrate immunity defence and mate
choice (Bernatchez and Landry 2003, Piertney and Oliver 2006, Kamiya et al.
2014, Sin et al. 2014). Moreover, its structure and functions are well known. The
MHC is a multi-gene family present in all jawed vertebrates and divided into
three families named class I, IT and III (Kelley et al. 2005, Acevedo-Whitehouse
and Cunningham 2006). MHC contains the most polymorphic loci known in the
vertebrate genome (reviewed in Kelley et al. 2005) and its primary function is the
immune response. Indeed, MHC transcript molecules are receptors that bind
foreign peptides and present them to T-cells (Doherty and Zinkernagel 1975).
Then, if a T cell identifies the antigen peptide as a non-self, it triggers a cascade
of immune reaction processes (Klein 1982) to control the infection. The majority
of MHC polymorphism is located at the codons supposedly involved in antigen
binding sites (ABS) (Garrigan and Hedrick 2003), which is the basis for a
differential peptide binding (Reche and Reinherz 2003).

Although each functional transcript MHC allele is available to bind a range
of structurally divers parasites (Frank 2002), different ABS are supposed to be
required to bind different antigen peptides from the wide range of parasite strains
and species (Hughes and Yeager 1998). Given that MHC genes are co-
dominantly expressed, genetically diverse individuals at MHC loci are expected
to have a higher probability to recognize a wider array of parasites since
individuals with high MHC diversity are expected to increase the diversity of

antigens presented to T cells than less divers individuals (Doherty and
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Zingernagel 1975, Hughes and Nei 1989, Penn et al. 2002). Evidences of this
hypothesis, also known as heterozygote advantage or overdominance, have been
found in fifteen studies conducted on non-model species (Sin et al. 2014). For
example, in striped mouse (Rhabdomys pumilio) MHC diversity was negatively
correlated with helminth infection and helminth faecal egg count (Froeschke and
Sommer 2005). Also, in European water vole (Arvicola terrestris), MHC diverse
individuals were simultaneously co-infected by fewer parasite species than less
MHC diverse water voles (Oliver et al. 2009). Alternatively, having too many
MHC genes could also be disadvantageous since it could promote negative T-cell
selection (i.e. a process removing T-cells that bind too strongly to self peptides)
(Starr et al. 2003). If this process may prevent autoimmunity from occurring,
negative T-cell selection could reduce the diversity of T-cell receptors (Lawlor et
al. 1990, Nowak et al. 1992) and thus could reduce host's resistance to parasites.
To counteract these selective forces, Nowak et al. (1992) suggested that an
optimal number of MHC genes rather than a maximal number of MHC genes
would allow conferring a higher parasite resistance. According to this hypothesis,
in a study on bank voles (Myodes glareolus), the lower prevalence (i.e. the
number of infected hosts divided by the number of examined hosts) of different
nematode species and the lower prevalence of the most common nematode were
found in individuals of intermediate MHC diversity (Kloch et al. 2010). Also, in
three-spined sticklebacks (Gasterosteus aculeatus), the lower parasite load found
after two experimentally rounds of infection by three core three-spined
sticklebacks parasite species was found in individuals carrying an intermediate
level of MHC diversity displayed (Wegner et al. 2003a).

Also, specific MHC alleles are expected to be associated to resistance or
susceptibility to infectious diseases, as predicted by the negative frequency-
dependent selection hypothesis (Bodmer 1972, Potts and Wakeland 1990, Slade
and McCallum 1992). This hypothesis proposes that specific alleles (often rare
alleles) are likely to offer a greater resistance against parasites than more
common alleles because parasites are more likely to be adapted to the most

common alleles (Bodmer 1972, Potts and Wakeland 1990, Slade and McCallum
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1992), thus rare alleles may confer a selective advantage. Under these
circumstances, co-evolution between hosts and parasites would drive a cyclic
change in allelic frequencies. Compared to the heterozygote advantage
hypothesis, the support for the negative frequency-dependent selection
hypothesis accounts for more than thirty studies carried out on non-model species
from a wide range of taxa (reviewed in Sin et al. 2014).

MHC class I and II translated alleles are trans-membrane proteins situated in
cell surface, but have different functions. Whereas MHC class I molecules are
present on the surface of all nucleated cells and bind small peptides derived from
intra-cellular antigens, MHC class II molecules are present only on macrophages,
B cells or dendritic cells, and bind greater peptides derived from extra-cellular
phagocyted antigens (Bjorkman and Parham 1990, Hughes and Yeager 1998,
Neefjes et al. 2011). However, the dichotomy between MHC class I/intra-cellular
pathogens and class Il/extra-cellular pathogens is not as clear cut as it seems.
Indeed, MHC class I transcript genes may also bind antigens derived from extra-
cellular parasites in a process known as cross-presentation, a process already
been reported (Heath and Carbone 2001, Ackerman and Cresswell 2004).
Moreover, MHC class II may also bind pathogen proteins from intra-cellular
parasites after its phagocytosis (Gregg 2011, Roche and Furuta 2015). In the
specific case of intestinal parasites, both intra- and extra-cellular parasites have a
contact with the gut associated lymphoid tissue. It is in in this tissue where there
is an important presence of cells that are able to transcript MHC class II
molecules (Yun et al. 2000, Mowat 2003), suggesting an important role of MHC
class II genes to combat both intestinal helminths and protozoans. Alternative to
the immune mechanisms associated with MHC genes, other mechanisms also
play a key role to combat intestinal parasites. For example, inflammatory
responses (i.e. a tissue reaction to injury or an antigen that may include pain,
swelling, itching, redness, heat, and loss of function) have been found to be
initiated once pathogens are colonized the intestinal surface (Mowat 2003). Also,
phagocytosis mechanisms may also participate in the parasite elimination

(Williams 2012). Moreover, MHC class I and II genes are supposed to be under
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different selective pressures and thus may be differently selected according to
those pressures (reviewed in Yeager and Hughes 1999, Kumanovics et al. 2003).
Consequently, the study of the associations between MHC characteristics at both
MHC class I and class II loci and parasites offers an excellent opportunity for a
comprehensive study of the mechanisms underlying MHC-parasite associations.

Here, assuming that a part of the great variability of parasite load is explained
by genetic characteristics of the immune system, we examined parasite
abundance and prevalence (proportion of individuals infected by a given parasite
species in the sample) of three common intestinal parasites detected by faecal egg
counts (FEC) (two coccidia: Eimeria monacis and Eimeria sp.; and one cestode:
Ctenotaenia marmotae) (Callait and Gauthier 2000), and their association with
individual MHC functional characteristics at both MHC class I and class II in a
wild population of Alpine marmots (Marmota marmota). The Alpine marmot is a
medium-sized, long-lived, social and hibernating mammal living in family
groups from 2 to 20 individuals (Allainé 2000). We tested whether (1) the
abundance of E. monacis, (2) the prevalence of Eimeria sp. and (3) the
prevalence of C. marmotae were associated with MHC diversity and/or the
presence of specific alleles. We predicted that all intestinal parasites (E. monacis,
Eimeria sp., and C. marmotae) may be associated primarily with MHC class 11
loci, and that intra-cellular coccidian species (E. monacis, Eimeria sp.) may be

also associated with MHC class I loci.

2. MATERIAL AND METHODS

Field methods and sample collection

Data were collected between 2008 and 2014 in 24 family groups from a wild

population of Alpine marmots located in the Nature Reserve of La Grande

Sassiere (at 2,340 m a.s.l., French Alps, 45°29'N, 65°90'E). Since 1990,
154



Chapter 3: MHC characteristics and parasites
individuals from the population have been captured every year from mid-April to
mid-July using two-door live traps baited with dandelions (Taraxacum
densleonis) placed near the entrances of the main burrows in order to assign each
captured individual to its family group. Once captured, faecal samples were
collected into the traps and all baits and faeces were removed after each capture
to reduce faecal contamination in the traps. Then, individuals were tranquillized
with Zolétil 100 (combination of tiletamine and zolazepam, posology = 10 mg
Kg™' by intramuscular route), sexed, aged from their size (up to 3 years), their
social status was determined according to scrotal development for males and teat
development for females. Captured marmots were individually marked with a
transponder chip (model ID100, 0.9 cm long, <0.1 cm in diameter, Trovan Ltd,
www.Trovan.com, Identifikationssysteme, Metternicher Strale 4, 53919
Weilerswist, Germany) injected under the skin of the neck for permanent
individual recognition, and a numbered ear tag (1 cm x 3 mm).

The configuration of family groups, composed of a dominant couple;
sexually mature (2 years and older) and immature (yearlings) subordinates of
both sexes; and pups born that year (Allainé et al. 2000), was assessed from both
capture-recapture data and intensive daily observations (see Cohas et al. 2006 for
details on observations protocol). Moreover, scent marking behaviour was used

to confirm the identity of the dominant pair (Bel et al. 1999).

Parasite identification and quantification

340 faecal samples belonging to 194 individuals (mean faecal sample per
individual + SD = 1.76 + 1.08; range: 1-7; faecal samples from the same
individual were collected in different years) were used for parasite identification
and quantification using faecal egg count (FEC). FEC is a non-destructive
measure usually used for wildlife that allows realising several samples of the
same host during several years. A modified Mac-Master technique (Cringoli et al.
2004, Pereckieneé et al. 2007, Vadlejch et al. 2011) using saturated zinc sulphate

solution (SG = specific gravity 1.36) was performed to count parasite’s eggs,
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oocysts or other parasite stages on a known quantity (3 or 5 g) of faeces from
each sample (see Appendix 1 in Chapter 3 for details on Mac-Master technique).
Parasite identifications were based on morphology and morphometrics of eggs
and oocysts. The previously described species in Alpine marmots (two species of
the genus FEimeria (coccidian protozoa), Ctenotaenia marmotae (cestode
anoplocephalidae), Ascaris laevis (nematode ascaridae), Citellina alpina
(nematode oxyuridae) and Capillaria sp. (nematode spiruridae)) were found in
the present study (Bassano et al. 1992, Preleuthner et al. 1999, Callait and
Gauthier 2000).

Studied host and parasite species

Alpine marmots

Individuals of the same family group hibernate together between early October to
mid-April and during their active season they accumulate enough body reserves
to survive hibernation and initiate reproduction the following year (Kortner and
Heldmaier 1995).

Before hibernation, the fresh tissue mass of the stomach, the small intestine,
the caecum and the colon of Alpine marmots undergoes a strong decrease in mass
leading to gastrointestinal tract probably operating at low level during
hibernation (Carey and Cooke 1991, Hume et al. 2002) along with a great
reduction of intestinal lumen. After emergence, the gastrointestinal tract increases
until mid-summer (Hume et al. 2002). Using two different strategies, intestinal
parasites of Alpine marmots need to be adapted when their environment becomes
stressful (coinciding with hibernation of their host), either by passive avoidance
or by active adaptation (Thomas et al. 1995). In the first case, parasites may be
able to leave the gastro-intestinal tract by a “self curing” effect and to survive
into the environment via extra-intestinal stages such as eggs or oocysts (Simitch
and Petrovitch 1953, Davis 1969, Thomas et al. 1995). Then, a large decrease of

parasite load is observed at the beginning of hibernation. In the second case,
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parasites may be able to cope with low temperature and anatomical changes
harbouring prolonged or arrested stages within host during hibernation (for
example, Coggins et al. (1982) and Chute (1960) showed that helminths are able
to survive in gut of bats and woodchucks (Marmota monax) respectively;
although none of them clarify what are the survival forms). For Alpine marmot
parasites, strategies during hibernation are probably different among parasite
species. The biggest parasites, C. marmotae and A. laevis, leave the intestine at
the beginning of hibernation; the small C. alpina may be able to survive in the
caecum; nothing is proved about the coccidian species (Callait and Gauthier
2000). As a consequence, once Alpine marmots awake from hibernation and as
soon as their digestive tracts increase in size and activity, parasite activity is
expected to increase.

Despite the overdispersed and often high intestinal parasite numbers found in
some Alpine marmots (e.g. in C. marmotae the mean + SD eggs per individual
was 102.8 + 131.9 (N = 60) (MP Callait-Cardinal personal communication)), any
visible pathological impact has been observed (Callait 1999, Bassano et al.
1992). Up to six intestinal parasites were found in the present study, but we only
focus here on three species (two coccidia: E. monacis and Eimeria sp.; and the
cestode C. marmotae), because the lack of data on A. laevis, C. alpina and
Capillaria sp. due to the intrinsic parasite characteristics prevents us to integrate

them in this study.

Coccidia

The only oocysts of intestinal coccidian present in the collected faecal samples
belong to the genus Eimeria (Bassano et al. 1992, Wilber et al. 1998), intra-
cellular protozoans. All Eimeria spp. have a direct life cycle with an internal
(parasitic) and external (environmental) phase (Daugschies and Najdrowski
2005). Individuals became infected by the direct ingestion of Eimeria spp.
oocysts while they feed. They have both sexual and asexual multiplication phases
within cells of the small or large intestines (Daugschies and Najdrowski 2005).

Some Eimeria spp. cause severe intestinal lesions (e.g. severe diarrhoea with
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sometimes lethal outcome) particularly in domestic animals (Daugschies and
Najdrowski 2005 for cattle and De Gussem 2007 for poultry). However, clinical
disease is not consistently associated with coccidial infection in wild mammals
(Duszynski and Upton 2001) because the infection pressure is usually low.

Two species of the genus FEimeria were identified. The first species,
corresponds to E. monacis, has small oocysts (20.3 x 17.8 pm) and is present in
all faecal samples in our study (prevalence of 100%). The oocysts of the second
species of the genus Eimeria are bigger (32.4 x 24.2 pm) and may correspond to
the species E. marmotae (Galli-Valerio 1923). Unfortunately, this morphotype is
not officially recognized as species because the original description does not
meet the minimal criteria for complete species descriptions as set down in the
International Code of Zoological Nomenclature Eimeria spp. from rodents of the
Tribe Marmotini (Wilber et al. 1998). This second eimerian species is less
common (prevalence of 23%) and it will be named here and throughout this
thesis as Eimeria sp..

Only oocyst abundance (i.e. the number of faecal oocysts) of E. monacis was
used to evaluate an eventual association with individual MHC characteristics
since its prevalence was 100%. On the contrary, only the presence or absence of
Eimeria sp. (coded as 1 and O respectively), was used to evaluate an eventual
association with individual MHC characteristics. Indeed, the limited number of
samples with the presence of Eimeria sp. (only 76 out of 332 faecal samples
distributed between the 7 years of the study) makes difficult an accurate study of
the factors that may be associated with the abundance of this parasite. We thus

only use the presence of Eimeria sp. in this analysis.

Cestodes

The only eggs of cestode present in the collected faecal samples belong to
Ctenotaenie marmotae. This anoplocephalid tapeworm is an extra-cellular
parasite with an indirect life cycle (Oribate mites are their intermediate hosts)
(Ebermann 1976). Individuals became indirectly infected through the ingestion of

the cysticercoid stages present in the body cavity of the mites living in soils,
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humus or grasses (Denegri 1993). Its complete development occurs in the small
intestine of marmots, with a delay of almost 40 days between the ingestion of
infested mites and the emission of eggs in the faeces. For this reason, and
because all cestodes are eliminated during hibernation, marmot contamination
restarts at the beginning of each active season and important seasonal variations
of emission of eggs from C. marmotae are observed (Callait and Gauthier 2000).
Indeed, no eggs of C. marmotae could be identified during the first month of the
active season, followed by a gradual increase of prevalence to reach almost 55%
at the beginning of hibernation. Since the entire mature proglottid (i.e. the
segment of a tapeworm containing eggs) of this anoplocephalid cestode is
expelled in the host-faeces (without real egg-laying), no correlation is usually
observed between the number of eggs quantified in FEC and the number of
tapeworm really present in host (Dever et al. 2015). As a consequence, the egg
abundance could not be taken into account in our analyses and only its presence

or absence (coded as 1 and 0 respectively), was used in the analysis.

MHC genotyping

For 175 individuals, four MHC polymorphic loci - two from MHC class I exon 2
(Mama-UB and Mama-UD) and two from MHC class II DRB loci (Mama-DRBI1
and Mama-DRB?2) - were genotyped using next generation sequencing, Sanger
sequencing or were deduced based on mother-father-offspring triads (see
Appendix 1 in Chapter 2 for details on genotyping methods and MHC
characteristics). A total of 695 genotypes from these 175 individuals were
obtained among the four MHC loci (502 using next generation sequencing, 178
using Sanger sequencing and 15 deduced on mother-father-offspring triads).
Finally, a total of 5 expected genotype calls could not be obtained despite our

efforts to do so.

Genetic characteristics estimators

To test for an association between MHC characteristics and the abundance of E.
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monacis, the prevalence of Eimeria sp. and the prevalence of C. marmotae, the
MHC diversity as well as the presence/absence of specific MHC proteins was
estimated for each individual. MHC estimators were calculated over the only two
MHC loci, Mama-UD and Mama-DRBI, that led to polymorphic proteins (three
and eight alleles resulting in two and seven proteins respectively), as well as over
Mama-UD and Mama-DRBI1 considered separately because in Alpine marmots
MHC class I and II genes are under different selective pressures (Kuduk et al.
2012). And, indeed, MHC class I and II estimators are not correlated in this
species, suggesting that both classes could convey different information (Chapter
2). Only individuals successfully genotyped at both MHC loci, solely at the
MHC class I locus or solely at the MHC class II locus were used to calculate the
MHC, MHC class I and MHC class II estimators respectively.

Two indexes were used to estimate the MHC diversity: the MHC protein
diversity and the MHC protein distance. The MHC protein diversity was
estimated as the number of different MHC proteins an individual produces once
the protein translated by the allele Mama-DRB1*08 was discarded since it has a
stop codon and therefore the translated protein is non-functional (Kuduk et al.
2012). The MHC protein distance was calculated using the software MEGA
version 6.06 (Tamura et al. 2013) as the sum of the p-distances (i.e. the
proportion of amino acid sites that differs between two alleles) among the
considered MHC loci except for the p-distance between a given protein and the
one translated from Mama-DRB1*08 that was set to 0. All MHC diversity
estimators were further calculated considering alleles instead of proteins (see
Appendix 3 in Chapter 3 for details on the calculation of the MHC allelic
diversity estimators). The different indexes used to estimate the MHC diversity
were found to be highly correlated, except for MHC class I allelic and protein
diversity, suggesting that in Alpine marmots these different estimators partly

convey similar information (Chapter 2).
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Statistical analysis
Generalized Linear Mixed Models (GLMM) were used to investigate whether the
abundance of E. monacis, the presence of Eimeria sp. or the presence of C.
marmotae was influenced by individual MHC diversity and the presence of
specific MHC functional alleles. Three series of GLMM models were conducted
using the function “glmmPQL” of the R package “MASS” (Venables and Ripley
2002), with the abundance of E. monacis, the presence of Eimeria sp. or the
presence of C. marmotae as dependent variables respectively. In the models with
the abundance of E. monacis, GLMM were used with an identity link and a
variance given by a Gaussian distribution whereas, in the models with the
presence of Eimeria sp. and C. marmotae, GLMM were used with a logit link
and a variance given by a binomial distribution. To control for individuals with
multiple samples and for individuals from the same family group, individual
identity and family group identity were included as random effects, respectively.
To control for the changes in parasite load occurring during the active period of
Alpine marmots (Callait 1999, Callait and Gauthier 2000) the sampling date
(coded as the Julian date) was systematically included as a continuous variable.
Since the abundance and/or the presence of parasites in host faeces may
depend on many factors other than MHC characteristics, the analysis was
conducted in three steps. In the first step, we tested whether potential
confounding variables other than MHC characteristics affected the parasite
variables. Specifically, we tested whether (1) the year of sampling, (2) the local
climatic variables (mean air winter temperatures, mean air spring temperatures,
an index of vegetation drought), (3) the global climatic variables (the global
Normalized Differential Vegetation Index (NDVI) and the North Atlantic
Oscillation (NAQ)), (4) the family group characteristics (orientation of a
marmot's territory, family group size and family group density), and (5) the
individual characteristics (age class, sex, social status and genome-wide
diversity) influence parasite dynamics of each species (see Appendix 2 in

Chapter 3 for details). Then, a baseline model for each parasite species was
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selected by retaining only the confounding variables with statistically significant
(or nearly statistically significant) effects to obtain a baseline model for
subsequent analysis of each parasite species: E. monacis (Table 35 in Appendix
2, Chapter 3), Eimeria sp. (Table 36 in Appendix 2, Chapter 3) and C. Marmotae
(Table 37 in Appendix 2, Chapter 3).

In the step two, we then investigated whether the abundance of E. monacis,
the prevalence of Eimeria sp. or the prevalence of C. marmotae were related to
MHC diversity. Using the baseline model for each parasite species, each genetic
estimator was then added separately. Both a linear and a quadratic effects were
considered for all genetic diversity estimators to test for an optimal number of
MHC diversity.

In the step three, we investigated whether the abundance of E. monacis, the
prevalence of Eimeria sp. or the prevalence of C. marmotae were related to the
presence of a given protein. Using the baseline model for each parasite species,
the presence or the absence of each MHC protein (coded as 1 and O respectively)
was then added separately. To avoid statistical problems derived from both the
low and the high number of individuals carrying a specific protein, we focused
on the 6 proteins with a frequency higher than 5% and lower than 95% (see Table
39 in Appendix 3, Chapter 3 - for details on the frequency of each protein).

The abundance of E. monacis was log-transformed, to correct for
heterogeneity of variance. All statistical analyses were conducted using the R
software version 3.0.3 (R Development Core Team, 2013). To control for
multiple tests, we applied a modified false discovery rate procedure by Benjamini
and Yekutieli (2001), the alternative to the Bonferroni correction advocated for
genetic and ecological studies (Verhoeven et al. 2005, Narum 2006). Therefore,
the results were considered statistically significant if the p-value was lower than
0.01068 (p-value associated to Benjamini and Yekutieli (2001) correction). Given
that the first C. marmotae eggs are observed at the middle of the capture period
(C. marmotae egg emission is delayed because of parasite maturation in host
before emitting eggs), the analysis of C. marmotae only included those faeces

collected from the first day of C. marmotae egg emission. Moreover, samples
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collected in 2013 could not be included in the statistical analysis of C. marmotae
due to the small sample size (<10 faecal samples). Thus, a total of 225 out of 340
faecal samples were used in the statistical analysis of C. marmotae. Finally, since
MHC genetic estimators were not available for all individuals, sample sizes vary
in the statistical analysis (see Table 33 and Table 38 for sample sizes). Analysis
conducted with the MHC diversity calculated considering alleles instead of
proteins gave qualitatively similar results, therefore only the results obtained with
proteins are presented (see Appendix 3 in Chapter 3, Table 38 for results obtained

considering alleles).

3. RESULTS

E. monacis
The mean number of E. monacis per gram of faeces was 24350 (SD + 34185;
range: 200 — 274200; N = 340). The abundance of E. monacis was found to
depend on age class. Specifically, yearlings exhibited a higher abundance of E.
monacis than did two-years old and adults, with no difference between these two
last classes (Table 35 in Appendix 2, Chapter 3). Moreover, the abundance of E.
monacis was found to vary between years (Table 35 in Appendix 2, Chapter 3).
The abundance of E. monacis did not depend on individual MHC genetic
estimators considered (protein diversity or protein distance) whatever the loci
considered (the two MHC loci, the MHC class I locus and the MHC class II
locus) after Benjamini and Yekutieli (2001) correction (Table 33). Surprisingly,
the abundance of E. monacis tended to depend on a quadratic relationship with
the MHC protein diversity at the two MHC loci after Benjamini and Yekutieli
(2001) (Table 33), being higher for intermediate MHC protein diversity levels.
Individuals carrying the protein Mama-DRB1*02 showed significantly lower
abundance of E. monacis than individuals lacking this protein (Table 34, Figure
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16). However, the abundance of E. monacis did not depend on the presence of

any other specific MHC protein (Table 34).
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Figure 16. Residual of the abundance of Eimeria monacis as a
function of the presence of the Mama-DRB1*02 protein (N =
316). Residuals are corrected for confounding factors (the Julian
date of sample collection, the year of sample collection and the
age class). Open circles represent the observed residual
abundance of E. monacis and the black dots represent observed
data averaged over either the presence or the absence of the
Mama-DRB1*02 protein.

Eimeria sp.

From a total of 332 analysed faecal samples, the presence of Eimeria sp. was
found in 76 faecal samples (mean number of Eimeria sp. per gram of faeces:
1772; SD + 4706; range: 50 — 34550; N = 77). Thus, the apparent prevalence of
Eimeria sp. in the studied population is 23%.

The presence of Eimeria sp. was found to depend on age class. Specifically,
yearlings exhibited a higher probability to present Eimeria sp. than did two-years
old and adults, with no difference between these two last classes (Table 36 in
Appendix 2, Chapter 3). Moreover, presence of Eimeria sp. was found to
increase lightly as the capture period progressed and to vary between years

(Table 36 in Appendix 2, Chapter 3).
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The presence of Eimeria sp. did not depend on individual MHC genetic

estimators considered (protein diversity or protein distance) whatever the loci

considered (the two MHC loci, the MHC class I locus and the MHC class Il
locus) (Table 33).

The presence of Eimeria sp. neither depended on the presence of any specific

MHC protein (Table 34).

C. marmotae

From a total of 225 analysed faecal samples, the presence of C. marmotae was
found in 90 faecal samples. Thus, the prevalence of C. marmotae in the studied
population is 40%. As expected, the number of individuals infected by C.
marmotae was found to increase as the capture period progressed (Table 37 in
Appendix 2, Chapter 3).

The presence of C. marmotae did not depend on individual MHC genetic
estimators considered (protein diversity or protein distance) whatever the loci
considered (the two MHC loci, the MHC class I locus and the MHC class II
locus) (Table 33).

The presence of C. marmotae neither depended on the presence of any
specific MHC protein (Table 34), although individuals carrying the protein
Mama-DRB1*02 tended to show a higher presence of C. marmotae than
individuals lacking this protein (Table 34).
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Dependent variable Independent variable estimate + SE P N
Abundance of MHC protein diversity 2.17£0.97 0.03 316
E. monacis o )
(MHC protein diversity) -0.38 + 0.16 0.02
MHC class I protein diversity -0.22 £ 0.21 0.29 321
MHC class II protein diversity -0.01+£0.18 0.94 316
MHC protein distance -1.59 £ 2.07 0.44 316
MHC class I protein distance -12.92 £+ 12.10 0.29 321
MHC class II protein distance -1.30+ 2.12 0.54 316
Presence of MHC protein diversity -0.23 £ 0.22 0.30 307
Eimeria sp. . .
MHC class I protein diversity -0.13+£0.35 0.71 312
MHC class II protein diversity -0.37 £ 0.32 0.25 307
MHC protein distance -0.93 + 3.68 0.80 307
MHC class I protein distance -7.86 + 20.76 0.71 312
MHC class II protein distance -0.67+ 3.80 0.86 307
Presence of MHC protein diversity 0.08 £ 0.25 0.74 214
C. marmotae L .
MHC class I protein diversity -0.48 £ 0.41 0.24 219
MHC class II protein diversity 0.60 + 0.39 0.12 214
MHC protein distance 6.87 £ 4.30 0.11 214
MHC class I protein distance -28.14 + 24.03 0.24 219
MHC class II protein distance 8.31£4.47 0.07 214

Table 33. Generalized linear mixed models showing the effects of the MHC protein
characteristics of individuals on the abundance of E. monacis, the presence of Eimeria sp. and
the presence of C. marmotae. The MHC diversity estimators were calculated over the two MHC
loci, over the MHC class I locus and over the MHC class II locus. All the models with the
abundance of E. monacis and the presence of Eimeria sp. include the year, the Julian date and
age class; and all the models with the presence of C. marmotae include the year and the Julian
date. The critical p-value after Benjamini and Yekutieli (2001) correction correspond to
0.01068. N refers to the samples examined.
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estimate = SE

P

N

Dependent variable Independent variable

Abundance of Presence of Mama-UD*02 -0.23 +£0.20 0.26 321
E. monacis Presence of Mama-DRB1*01 0.06 + 0.17 0.73 316
Presence of Mama-DRB1%*02 -0.46 + 0.16 0.005 316

Presence of Mama-DRB1*03 0.30 £ 0.18 0.10 316

Presence of Mama-DRB1*06 0.31+0.21 0.14 316

Presence of Mama-DRB1*07 0.08 +0.23 0.72 316

Presence of Mama-DRB1*08 0.16 + 0.28 0.58 316

Presence of Presence of Mama-UD*02 -0.03 £ 0.33 0.93 312
Eimeria sp. Presence of Mama-DRB1*01 0.06£0.29 084 307
Presence of Mama-DRB1*02 -0.03 £ 0.29 0.92 307

Presence of Mama-DRB1*03 0.15£0.31 0.62 307

Presence of Mama-DRB1*06 -0.20 £ 0.36 0.57 307

Presence of Mama-DRB1*07 -0.45+£0.42 0.29 307

Presence of Mama-DRB1*08 0.32 £ 0.46 0.48 307

Presence of Presence of Mama-UD*02 -0.26 + 0.41 0.53 219
C. marmotae Presence of Mama-DRB1*01 -0.13£0.35 0.71 216
Presence of Mama-DRB1*02 0.57 + 0.34 0.09 216

Presence of Mama-DRB1*03 0.56 + 0.38 0.15 216

Presence of Mama-DRB1*06 0.07 £ 0.41 0.87 216

Presence of Mama-DRB1*(07 -0.73 £ 0.49 0.14 216

Presence of Mama-DRB1*08 -0.53 + 0.60 0.38 216

Table 34. Generalized linear mixed models showing the effects of the presence or absence of
each allele leading to polymorphic proteins of individuals on the abundance of E. monacis, the
presence of Eimeria sp. and the presence of C. marmotae. All the models with the abundance of
E. monacis and the presence of Eimeria sp. include the year, the Julian date and age class; and
all the models with the presence of C. marmotae include the year and the Julian date. P-values
after Benjamini and Yekutieli (2001) correction (p-value = 0.01068) are indicated in bold. N
refers to the samples examined.
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4. DISCUSSION

In this study, we analysed the influence of individual MHC functional
characteristics — MHC diversity and the presence of specific MHC alleles — on
the abundance or the presence of three intestinal parasites (E. monacis, Eimeria
sp. and C. marmotae) in a wild population of Alpine marmots. Once potential
confounding factors were corrected (sampling date, year and age class, the later
factor only for E. monacis and Eimeria sp. analysis), MHC characteristics were
not associated with the examined parasites, except for an association between the
abundance of E. monacis and the presence of the functional allele Mama-
DRB1*02. Specifically, individuals with Mama-DRB1*02 had a lower abundance
of E. monacis. Neither the local climatic variables, the global climatic variables,
the family group characteristics nor the individual characteristics (except age
class for E. monacis and Eimeria sp. analysis) were found to influence parasite
dynamics.

Our results indicate that MHC diversity was not associated with the
abundance nor with the presence of any intestinal parasites. In the commonly
used hypothesis that parasite load reflects the immune performance of their hosts,
these results suggest a weak or an absent heterozygote advantage in Alpine
marmots. The low diversity usually observed for the core parasite species of
Alpine marmots (Bassano 1996) along with an apparently absence of
pathogenicity of their intestinal parasites (Callait and Gauthier 2000), may
explain the absence of heterozygote advantage, since this mechanism has been
proposed as able to maintain high allelic diversity in populations exposed to
multiple pathogens (Penn et al. 2002). This observation found in Alpine marmots
contrasts with both higher parasite diversity (Cohn et al. 1986, Bassano 1996)
and higher MHC diversity (Zhou et al 2003, Moreno-Cugnon et al. 2015) found
in woodchucks (Marmota monax), another marmot species widely distributed in

North America (Figure 1). Woodchuck parasites include intestinal parasites,
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viruses and bacteria (Cohn et al. 1986, Bassano 1996), whereas in Alpine
marmots viruses and bacteria have not been identified to date (Bassano 1996). In
addition, woodchucks have 20 MHC class I and 15 MHC class II described
alleles (Zhou et al 2003, Moreno-Cugnon et al. 2015), compared to the 5 MHC
class I and 11 MHC class II described alleles in Alpine marmots (Kuduk et al.
2012, Chapter 1). Unfortunately, to date, whether or not MHC diversity
participates in the defence against woodchuck parasites remains to be studied.

In agreement with the fact that resistance enable the host to limit parasite
burden and to reduce parasite reproductive rates (Raberg et al. 2007), Alpine
marmots carrying the allele MamaDRB1*02 have a low abundance of E.
monacis, which suggests an increase of resistance conferred by this specific
allele. Similarly, the presence of specific MHC class II alleles has also been
associated with a decrease in the abundance of other coccidian species: E. stiedai
in European rabbits (Oryctolagus cuniculus) (Oppelt et al. 2010) or E. melis in
European badgers (Meles meles) (Sin et al. 2014). However, it is surprising to
observe an association between the abundance of E. monacis and the specific
allele MamaDRB1*02, whereas no association is evidenced between the presence
of the closer species Eimeria sp. and any specific MHC allele. This results
accords with the absence of cross-protection usually observed between different
FEimeria spp. in the same host (Smith et al. 2002, Chapman et al. 2013). As a
consequence, immunity towards a given eimerian species would not confer
protection against other eimerian species. Similarly, a study on the European
rabbit (Oppelt et al. 2010) found an association between a specific allele and the
abundance of E. stiedai, whereas no association was found with Eimeria sp.. In
Alpine marmots, the very contrasted infestation patterns between the two
eimerian species may be explained by alternative mechanisms. First, whereas all
Alpine marmots are infested by E. monacis, a lower number of individuals are
infested by Eimeria sp. (prevalence of 23%). However, given that Eimeria sp. is
equally distributed among family groups (Eimeria sp. was present across years in
22 out of 24 examined family groups), differences among territories should not

be responsible for differences among prevalence of these two parasites. Second,
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E. monacis excretion is more abundant than Eimeria sp. (mean oocyst excretion
of E. monacis is thirteen times more abundant than the mean oocyst excretion of
Eimeria sp.). The low prevalence associated with the low abundance of Eimeria
sp. suggests that Alpine marmots may have a better resistance towards Eimeria
sp. than towards E. monacis. If true, we would expect an association between a
specific MHC allele and Eimeria sp. rather than with E. monacis. This
unexpected result may be also due to the difference in immune response
generated by host if Eimeria spp. are not equally located in the gut (Yun et al.
2000). A difference in immune response depending on Eimeria spp. localization
may be generated because of (1) the difference of lymphoid tissue distribution
according to the intestine areas (Mowat 2003) and (2) the difference of MHC
class II molecules expression, which seem to be strongly expressed in the small
intestinal epithelium than in the large intestine (Bland 1988, Steiniger et al. 1989,
Pitman and Blumberg 2000 in rats; German et al. 1998 in dogs). Exploration of
the precisely location of the multiplication phases of the two Eimeria spp. of
Alpine marmots by the use of histological methods seems thus essential to
understand the existing differences between these two closer species. Finally,
resistance towards Eimeria spp. should depend on immune responses other than
MHC characteristics. For example, oocyst output has been found to be rapidly
reduced with more rapid inflammatory response, without involvement of MHC
antigen presentation in experimental studies in mice during a primary infection
with Eimeria sp. (Ovington et al. 1995, Schito et al. 1998, Chapman et al. 2013).
Also, in an experimentally infection in chickens, Toll-like receptors (a family of
proteins involved in innate immune response Owen et al. 2013) and playing
important roles in the reduction and clearance of pathogens) were found to be
associated with E. tenella (Zhang et al. 2012). We would like to highlight the
idiosyncratic nature of the response to parasites and to emphasize that, even for
related species, it may be hazardous to extrapolate host-parasite interactions from
one species to another.
The presence of C. marmotae was found not to be associated with any MHC

allele, indicating that resistance towards this intestinal parasite seem not to be
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due to MHC characteristics. Compared to Eimeria spp., the cestode C. marmotae
is a strict extra-cellular intestinal parasite. As a consequence, the immune
pathways to combat adult cestodes should largely differ from those used to
combat intra-cellular or intra-tissular parasites. First, strict intestinal parasites are
separated from the mucosa by the enteric epithelial barrier, which difficult the
host capacity to detect their presence (McKay and Webb 2006). Second, local
immunity has been hypothesized to be a main immune pathway to combat
cestodes closer to C. marmotae such as Anoplocephala perfoliata, a cestode that
parasites horses (Pittaway et al. 2014). Third, in order to combat large adult
cestodes, hosts may use alternative defensive mechanisms such as
neurotransmitters (McKay 2010), immune modulation (Wang and McKay 2005,
McKay 2010), modifications of the stomachal pH or production of mucus
(McKay and Webb 2006). Four, for cestodes such as A. perfoliata in horses or
Hymenolepis diminuta in rats, the role of acquired immunity (which includes the
role of MHC) in controlling cestode infestation is still unproven (Pittaway et al.
2014). Overall, the complexity of immune mechanisms used to combat adult
cestodes suggests that it might be difficult to show an association between any of
the involved mechanisms, including MHC characteristics, in studies carried out
in the wild. Given that immune pathways to combat adult cestodes have largely
been understudied (McKay and Webb 2006, Terrazas et al. 2012, Pittaway et al.
2014), further studies are thus required.

According to a common observed pattern in host—parasite assemblages
(reviewed in Hudson and Dobson 1997), age class was associated with E.
monacis and Eimeria sp.. Specifically, yearlings exhibited a higher abundance of
E. monacis and a higher presence of Eimeria sp. than did two-years old and
adults, although no excretion differences were observed between two-years old
and adults. Similarly, Eimeria spp. FEC was found to decrease with age in
European badgers (Sin et al. 2014), European rabbits (Oppelt et al. 2010) and
cattles (Bangoura et al. 2012). A high parasite load in young individuals has been
hypothesized to be due the development of an acquired immunity in young

individuals (‘immunity’ hypothesis, Hudson and Dobson 1997). As a
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consequence, they are supposed to be more prone to parasite infections than are
adults. Two experimental studies investigating Eimeria spp. oocyst emission in
mice (Schito et al. 1998) and rats (Shi et al. 2000) found that, during the primary
infection there is a quickly peak of oocyst excretion followed by a decline of
oocyst excretion (individuals nearly reach zero excreted oocysts), whereas during
the secondary infection there is an oocyst peak excretion significantly lower and
shorter. If we extrapolate from known information in model species (Schito et al.
1998, Shi et al. 2000) and given that Alpine marmots are systematically re-
infected, one may parsimoniously think that the observed decrease of the
abundance of E. monacis and Eimeria sp. with age is related to the establishment
of acquired immunity. However, caution is required since the demonstration of a
real effect of the acquired immunity is extremely complex in the wildlife
(Bradley and Jackson 2008) because co-infections, which are common in the
wild (Petney and Andrews 1998), may alter or modify the immune responses of
their hosts. The absence of a decrease in oocyst emission between two years-old
and adults may be due to a possible impact of hibernation, which may drastically
reduce all types of circulating leukocytes during torpor and thus reduce host's
innate and adaptive immune system capacities (Bouma et al. 2010). The same
processes may explain the absence of decrease in C. marmotae prevalence with
age class. Indeed, infection with C. marmotae may occurs from weaning (5 out
of 6 examined juveniles were infected with C. marmotae before hibernation —
MP Callait-Cardinal personal communication) and may systematically re-start
throughout their life (Callait and Gauthier 2000). Disentangling a possible impact
of hibernation on the maintenance of immunity remains an important issue that
requires further investigation.

We have focused here to search for an association between MHC
characteristics and parasite infection level, a measure of host’s resistance
capacity as a function of the acquired immune system aiming to detect and
eliminate invading pathogens. Our results suggest that MHC characteristics play
a weak role on the associations between the Alpine marmots and their intestinal

parasites. However, host's defensive capacity against parasites may not only
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depend on resistance, but also on parasite tolerance (Restif and Koella 2004,
Raberg et al. 2009). This defensive strategy acts reducing the detrimental effects
of parasites without altering its development and without reducing its
reproductive rates (Restif and Koella 2004). In this view, tolerance should have a
neutral or positive effect on parasite prevalence (Raberg et al. 2009) and, once
established, would be able to be not so costly than resistance (Miller et al. 2006).
As a consequence, tolerance may be useful when hosts need to cope with hard
environmental pressures and favour the less costly strategy (Read et al. 2008).
Finally, tolerance has been hypothesized to be evolutionary advantageous (Boots
et al. 2009, Schulenburg et al. 2009). Usually, the contribution of tolerance in a
host-parasite system can be demonstrated by plotting parasite burden against
health outcome (or fitness): the flatter the slope, the better the tolerance (Raberg,
2007, Read et al. 2008). So, unlike resistance, tolerance cannot be measured on a
single animal, but across individuals of a given host group. It may be very
interesting to study tolerance in host-parasite systems with high prevalence
associated with apparent low negative impact from parasites (seemingly
commensalism) (Miller et al. 2006) as the Alpine marmot and its intestinal
parasites. In our wild host-parasite system, the difficulty for further investigations
on tolerance is to find a relevant and easily measure of health or fitness.

If to date Alpine marmots seem not to suffer from parasites, climate change
may alter this apparent equilibrium. Climate change has been associated to an
increased risk of infectious disease outbreaks due to the extension of the seasonal
parasite activity and to the increase of transmission rate (Hernandez et al. 2013).
Moreover, hibernating species have been hypothesized to be directly threatened
by climate change and the introduction of foreign parasites (Geiser 2013).
Indeed, hibernating species greatly decrease, although do not complete suppress,
their immunological functions during hibernation (Bouma et al. 2010). As a
consequence, they may be more vulnerable during hibernation periods. For
example, populations of hibernating bats in North America are being devastated
due to a fungal infection, known as white nose syndrome, that may easily invade

body tissues due to the low immunological functions during hibernation (Cryan
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et al. 2010). Quantifying and interpreting how climate change may alter host-
parasite interactions in hibernating species is essential for understanding the
ecological and evolutionary implications of parasites on their hosts (Hueffer et al.

2011) that awaits further investigation.

5. APPENDIX

Appendix 1. Mac-Master technique used to identify and quantify the
presence/absence and the abundance of Alpine marmot parasite
species

Each aliquot was placed in a labelled shell vial and thoroughly homogenized with
15 mL/g faeces of zinc sulphate solution; the faecal suspension was then sieved
into a new vial to remove large debris; during agitation of the filtrate, an aliquot
was taken from the centre of the vial and rapidly pipetted into a single chamber
of a Mac-Master slide (2 chambers McMaster Slides (acrylic microscope slides) ;
size: 7.5 cm /3 cm; Thomas E Krecek, 908 Ladove Drive, College Station, texas
77845, USA ) to avoid formation of bubbles; the suspension was agitated a
second time to fill the second chamber. Each filled Mac-Master slide was left to
stand for 3-5 min. before microscopic examination, in order to allow the eggs to
rise to the surface of the Mac-Master slide. The slide was examined with the 10x
lens, focusing on the top layer and each type of eggs, oocysts or other parasite
stages were counted separately. The number of eggs or oocysts was always
counted in the two grids of the Mac-Master slide (0.3 mL = 2 x 0.15 mL). The
counts, expressed as eggs/g faeces (EPG) or oocysts/g faeces (OPG), were
averaged using the Mac-Master multiplication factor depending on the faecal
sample dilution and the Mac-Master slide area (volume) examined as follows:

EPG or OPG = n (d/v) where n is the number of eggs or oocysts counted under
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the volume examined, d the dilution factor (here, 15) and v the volume examined

(here, 0.3 mL).

In order to detect eggs or oocysts when they are in small quantity (near the
detection limit of 50 EPG or OPG), a flotation coverslip was performed using the
rest of the suspension poured into a 15 mL centrifuge tube until a slight positive
meniscus was formed; the coverslip was placed, delicately, on the tube before
centrifuge at 2000 rpm for 2 minutes; after let it stand for 3-5 minutes, the
coverslip was then removed to a microscope slide and was entirely examined
using the 10x or 40x objective lens to confirm the diagnosis. If one or several
eggs or oocysts from one parasite species were detected in the flotation coverslip

but were absent in the Mac-Master slide, the count was <50 EPG or OPG.

Appendix 2. Detailed statistical analyses to select a baseline model

for each parasite species

Description of confounding variables

Temporal and climatic variables

Parasite dynamics depend on environmental factors varying in time (Schmid-
Hempel 2011). In mountains, environmental conditions vary sharply from one
year to the next. Thus, parasite prevalence and/or abundance are likely also to
vary from one year to the next. Consequently, the year of sampling was included
to account for the inter-annual variability. Moreover, a total of three local (mean
winter air temperatures, mean spring air temperatures and the Bagnouls Gaussen
Index (BGI, Gaillard et al. 1997); all measures were daily recorded from the
weather stations of Tignes and Val d'Isere, located 5 km away from the study site)
and two global indices (the global Normalized Differential Vegetation Index
(NDVI) and the North Atlantic Oscillation (NAO, Hurrell 1995)) were used to
assess whether climate characteristics affect either the abundance of E. monacis,
the presence of Eimeria sp. or the presence of C. marmotae. Winter variables

included mean air temperatures and the NAO from December to March as a
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measure of winter severity, which determine the onset of vegetation and in turn
may impact parasite dynamics. Spring variables included mean air temperatures
from April to mid-June and the NDVI, a proxy of vegetation productivity
(Pettorelli et al. 2005). NDVI was measured in the second half of April, to detect
any change in the timing of spring vegetation onset and thus in the forage
availability and parasite transmission for Alpine marmots. Finally, the summer
variable included the BGI, an index of vegetation drought. Indeed, oocysts and
eggs survival is likely to be affected by drought. For example, a study on E.
zurnii of cattle, oocysts were found to be susceptible to desiccation (Marquardt
1960). All climatic characteristics of the year preceding the collection of each
faecal sample were used to analyse the influence of past climate variations on

parasite dynamics.

Family group characteristics

On one hand, the orientation of a marmot's territory (i.e., in the valley or oriented
South) may contribute in parasite infection because in the valley snow lasts
longer, so that parasite dynamics from these territories are expected to differ than
parasites in the South. Thus, the orientation of family groups was included in the
analysis. On the other hand, for many parasites, transmission depends on host
population density. Accordingly, in two phylogenetically controlled frameworks,
population density has been shown to correlate with parasite abundance across
mammals (Arneberg et al. 1998, Nunn et al. 2003). In a study on yellow-bellied
marmots (Marmota flaviventris), the relationships between parasite prevalence
and host population size were diverse and complex (Lopez et al. 2013). Whereas
the prevalence of Ascaris sp. and parasite diversity was associated to yellow-
bellied marmot colony size, the prevalence of other parasites (Entamoeba sp.,
Trypanosoma Lewisi, Eimeria sp. and Thrassis stanfordi) was not (Lopez et al.
2013). In the specific case of Alpine marmots we expect a positive relationship
between family group size and the presence and/or abundance of intestinal
parasites. Thus, family group size of the year preceding the collection of each
faecal sample the year was included in the analysis.
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Individual characteristics

Three age classes (yearlings, two-years old and adults; parasite identification and
quantification could not be evaluated for juveniles because their faecal collection
is often null or too small to be reliable with the same FEC method used for all
samples) were included in the models because higher parasite load in young
individuals is a common pattern observed in host—parasite interactions (reviewed
in Hudson and Dobson 1997). The sex was also included in the analysis since
hormonally mediated sex differences in parasite susceptibility are expected to in
mammals (Schalk and Forbes 1997). The social status (subordinate or dominant)
was included since subordinates and dominants are likely to be under different
stress pressures, a factor that may make hosts more susceptible to parasitism.
Finally, the genetic diversity at neutral loci (measured using 16 microsatellites)
was included since genetically more diverse individuals are expected to (1) have
a higher probability of carrying adaptive alleles implicated in immune response
(Coltman et al. 1999, Keller and Waller 2002, Puurtinen et al. 2004) and (2) have
a lower probability of diseases susceptibility driven by overdominance at genes
not directly involved in immune response, but involved in the capacity to clear
and survive an infection (Coltman et al. 1999). To this purpose, all 194
individuals were genotyped at 16 microsatellites: SS-Bibll, SS-Bibl18, SS-
Bibl20, SS-Bibl31, SS-Bibl4 (Klinkicht 1993); MS41, MS45, MS47, MS53,
MS56, MS6, ST10 (Hanslik and Kruckenhauser 2000); Ma002, Ma018, Ma066,
Ma091 (Da Silva et al. 2003) (see see Appendix 2 in Chapter 1 for details on
genotyping methods and microsatellite characteristics). Genetic diversity at
neutral loci was estimated for each individual as the standardized heterozygosity
(SH, Coltman et al. 1999) calculated with the R function “GENHET v3.1”
(Coulon 2010).

Results

We took into account all these potentially confounding effects and retained the
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statistically or nearly statistically significant ones to obtain a baseline model for
subsequent analysis of each parasite species: E. monacis (Table 35), Eimeria sp.

(Table 36) and C. marmotae (Table 37).

(a) Baseline model Log Eimeria monacis = Julian date + F(year) + F(age class) +
(1|family group)+ (1]id)

(b) Parameters of the baseline model
Wald test
Depgndent Distribution Independent estimate + SE p-value
variable variable X2 df  p-value

Log Eimeria  Binomial Intercept 9.03+0.99 <0.01 85.30 1 <0.01
monacis Juliandate  0.01+0.01 049 049 1 0.48
Year 2009 0.34+030 025 1710 6  0.01

2010 0.28+030 0.36

2011  0.02+036  0.95

2012 0.01+0.30  0.99

2013 -1.01+0.44  0.02

2014  0.23+034 051
Age 2years -0.68+0.19 <001 1490 2  <0.01

class  Adults  -043+0.16  0.01

Table 35. Baseline model (a) obtained after selection of the confounding variables for the
analysis of the abundance of Eimeria monacis and its associated parameters. F(variable)
indicates that the variable is entered as a factor in the model. (1|variable) indicates that the
variable is entered as a random effect on the intercept (b) (N = 340). F(variable) indicates that
the variable is entered as a factor in the model. (1|variable) indicates that the variable is entered
as a random effect on the intercept. We used Wald's test to measure the contribution of each
categorical factor to the overall model, and include the statistic (x?) and the degrees of freedom
(df).
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(a) Baseline model Presence of Eimeria sp. = Julian date + F(year) + F(age class) +
(1|family group)+ (1]id)

(b) Parameters of the baseline model
Wald test
Depgndent Distribution Indepgndent estimate + SE p-value
variable variable X2 df  p-value
Presence of  Binomial Intercept -549+2.05 <0.01 7.4 1 0.01
Eimeria sp.

Julian date  0.02+0.01 004 46 1 003
Year 2009 136+0.68 005 1120 6 0.8
2010  1.06+0.70  0.13
2011 2.15+078  0.01
2012 1.03+069 0.14
2013 228+094  0.02
2014  1.38+076  0.07
Age 2years -0.89+041 003 120 2  <0.01
class  aAdqults  -1.04+032  <0.01

Table 36. Baseline model (a) obtained after selection of the confounding variables for the analysis of
the presence of Eimeria sp. and and its associated parameters. F(variable) indicates that the variable
is entered as a factor in the model. (1|variable) indicates that the variable is entered as a random
effect on the intercept. (b) (N = 331). F(variable) indicates that the variable is entered as a factor in
the model. (1|variable) indicates that the variable is entered as a random effect on the intercept. We
used Wald's test to measure the contribution of each categorical factor to the overall model, and
include the statistic (x?) and the degrees of freedom (df).

(a) Baseline model Presence of C. marmotae = Julian date + F(year) + (1|family group)+ (1]id)

(b) Parameters of the baseline model
Wald test
Depgndent Distribution Indep.endent estimate + SE  p-value
variable variable X2 df p-value
Presence of  Binomial Intercept  -13.52+3.20 <0.01 18.5 1 <0.01

C. marmotae
Julian date  0.08 £ 0.02 <0.01 22.0 1 <0.01
Year 2009 -0.75+0.61 022 270 5 0.74
2010 -0.26£0.61 0.68
2011  -0.06 £0.71 0.93
2012 -0.28+£0.63 0.66
2014 -0.38£0.81 0.64

Table 37. Baseline model (a) obtained after selection of the confounding variables for the analysis of
the presence of C. marmotae and and its associated parameters. F(variable) indicates that the
variable is entered as a factor in the model. (1|variable) indicates that the variable is entered as a
random effect on the intercept. (b) (N = 225). F(variable) indicates that the variable is entered as a
factor in the model. (1|variable) indicates that the variable is entered as a random effect on the
intercept. We used Wald's test to measure the contribution of each categorical factor to the overall
model, and include the statistic (x?) and the degrees of freedom (df).
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Appendix 3. MHC genetic diversity estimators and results obtained
with these estimators

MHC genetic diversity estimators

All MHC estimators were calculated over the four MHC allelic polymorphic loci.
MHC estimators were calculated over MHC class I and class II loci separately
because MHC class I and II genes are under different selective pressures leading
to MHC class I and II estimators not to be correlated and suggesting that in
Alpine marmots both classes could convey different information (Chapter 2).
Only individuals successfully genotyped at the four MHC loci, at the two MHC
class I loci or at the two MHC class II loci were used to calculate the MHC,
MHC class I and MHC class II estimators respectively.

Two indexes were used to estimate the MHC genetic diversity: the MHC
allelic diversity and the MHC genetic distance. The MHC allelic diversity was
calculated as the number of different MHC alleles an individual possesses. The
genetic distance was calculated using the software MEGA version 6.06 (Tamura
et al. 2013) as the sum of the p-distances (i.e. the proportion of nucleotide sites
that differs between two alleles) among the considered MHC loci.

The different index used to calculate MHC genetic diversity — MHC allelic
diversity and MHC genetic distance — estimators are highly correlated,
suggesting that in Alpine marmots different index convey the same information

(Chapter 2).

Results

Neither the abundance of E. monacis, the presence of Eimeria sp. nor the
presence of C. marmotae depend on individual MHC allelic characteristics
whatever the loci considered (the four MHC loci, the two MHC class I loci and
the two MHC class II loci) or the genetic estimators considered (allelic diversity

or genetic distance) (Table 38).
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Dependent variable Independent variable estimate + SE ~ p-value N
Abundance of MHC allelic diversity 0.05 + 0.07 0.41 312
E. monacis
MHC class I allelic diversity 0.06 £ 0.10 0.54 321
MHC class II allelic diversity 0.10 £ 0.11 0.33 312
MHC genetic distance 1.76 + 2.82 0.53 312
MHC class I genetic distance 6.92 + 14.83 0.64 321
MHC class II genetic distance 1.75+ 2.89 0.55 312
Presence of MHC allelic diversity -0.11 £ 0.12 0.34 303
Eimeria sp. Lo .
MHC class I allelic diversity 0.01 £ 0.17 0.95 312
MHC class II allelic diversity -0.25+0.19 0.19 303
MHC genetic distance -0.78 £ 5.00 0.88 303
MHC class I genetic distance -2.55 + 25.97 0.92 312
MHC class II genetic distance -0.45+5.19 0.93 303
Presence of C. MHC allelic diversity 0.13+0.14 0.32 214
marmotae e
MHC class I allelic diversity 0.02 £ 0.20 0.94 219
MHC class II allelic diversity 0.35+0.22 0.12 214
MHC genetic distance 8.89 + 5.82 0.13 214
MHC class I genetic distance 3.52 +29.82 0.90 219
MHC class II genetic distance 9.50 £+ 6.02 0.12 214

Table 38. Generalized linear mixed models showing the effects of the MHC allelic
characteristics of individuals on the abundance of E. monacis, the presence of Eimeria sp. and
the presence of C. marmotae. The MHC diversity estimators were calculated over the two MHC
loci, over the MHC class I locus and over the MHC class II locus. All the models with the
abundance of E. monacis and the presence of Eimeria sp. include the year, the Julian date and
age class; and all the models with the presence of C. marmotae include the year and the Julian
date. The critical p-value after Benjamini and Yekutieli (2001) correction correspond to
0.01068. N refers to the samples examined.
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Loci Allele N Percentage
Mama-UD Mama-UD*01 and/or 170 97%
Mama-UD*03!

Mama-UD*02 45 26%
Mama-DRBI1 Mama-DRB1%*01 94 55%
Mama-DRB1*02 83 48%
Mama-DRB1*03 48 28%
Mama-DRB1*04 3 2%
Mama-DRB1*05 3 2%
Mama-DRB1*06 37 22%
Mama-DRB1*07 29 17%
Mama-DRB1*08* 18 10%

Table 39. Number (N) and percentage of individuals carrying the 10
polymorphic proteins. Retained proteins for the statistical analysis
(percentage of individuals carrying a given protein > 5% and < 95%)
are indicated in bold' 1: Given that Mama-UD*01 and Mama-UD*03
produce the same protein are counted together 2: non-functional
protein.

182



Chapter 4: Genetic characteristics and survival

CHAPTER 4:
GENETIC CHARACTERISTICS AND
SURVIVAL

Evidences for a switch of the effect of genetic characteristics on juvenile

Alpine marmot survival

M Ferrandiz-Rovira, D Allainé, M-P Callait-Cardinal, P Dupont and A Cohas
Draft
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Abstract

There is compelling evidence about the effects of genetic diversity on individual
fitness. Individuals with high genetic diversity at neutral and adaptive loci are
supposed to have higher survival probabilities. However, climate change is
expected to change selective pressures and, accordingly, it might change the
effects of genetic characteristics on individual fitness. In this study, we used a 23-
year monitoring study of a wild population of Alpine marmots (Marmota
marmota) challenged by climate change to test whether juvenile survival depends
on individual multilocus heterozygosity at neutral loci (based on 16
microsatellites) and/or the genetic diversity of specific adaptive loci (based on
two functional polymorphic major histocompatibility complex (MHC) loci
involved in immunity response and pathogen resistance) and, if these potential
influences vary between two periods (from 1990 to 2001 and from 2002 to
2012). Our results indicated that both neutral and MHC diversity were associated
to juvenile survival, but genetic diversity effects varied between the two periods.
Whereas during the first period juvenile survival was positively but not
significantly associated with increasing multilocus microsatellite heterozygosity
and negatively associated with MHC diversity, the reverse patterns were found
during the second period for both neutral and MHC genetic diversity. Our study
illustrates the importance of investigating both neutral and adaptive genetic
characteristics in populations challenged by climate change when studying

heterozygosity-fitness correlations.

Keywords: adaptation, climate change, fitness, genetic diversity, heterozygosity,

major histocompatibility complex, Marmota marmota, microsatellites, survival
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1. INTRODUCTION

The study of the impact of individual genetic variability on fitness has long been
a major interest for conservation and evolutionary biologists. Indeed, compelling
evidence has demonstrated that genetic diversity is positively associated with
fitness (Keller and Waller 2002). Individuals with high levels of genetic diversity
at neutral loci often present higher fitness (Hansson and Westerberg 2002,
Chapman et al. 2009, Szulkin et al. 2010). Accordingly, heterozygosity at neutral
loci has been found to affect survival (e.g. in great reed warblers (Acrocephalus
arundinaceus) (Hansson et al. 2001), in American crows (Corvus
brachyrhynchos) (Townsend et al. 2009)). Although often debated, multiple non-
exclusive hypotheses have been proposed to explain the relationship between
fitness-related traits and individual multilocus heterozygosity at microsatellite
markers - the so-called heterozygosity-fitness correlation (David 1998, Hansson
and Westerberg 2002, Szulkin et al. 2010): (1) the direct effect hypothesis, which
results from functional overdominance at the genotyped loci per se and thus have
a direct effect on fitness; (2) the general effect hypothesis, which results from
effects of homozygosity at genome-wide fitness loci (a potential consequence of
inbreeding depression); and (3) the local effect hypothesis, which is expected to
occur when the genotyped markers are in linkage disequilibrium with closely
linked fitness loci. Also, heterozygous individuals have a higher adaptive
potential, which may increase their chances to face changes in either biotic or
abiotic conditions (Frankham 2005).

In addition to neutral genetic diversity, compelling evidence has
demonstrated that immune genetic diversity is positively associated with fitness
because of its role in variation in immune function and pathogen prevalence.

There is now an increasing body of evidence for associations between immune
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gene diversity at genes such as the major histocompatibility complex (MHC, a
gene family that encodes for genes able to bind to peptide fragments derived
from pathogens and display them on the cell surface for recognition by the
appropriate T-cells) and pathogen resistance/susceptibility in wild mammalian
populations. For instance, a negative association between MHC diversity and
parasite load has been reported in different species (Penn et al. 2002, Froeschke
and Sommer 2005, Lenz et al. 2009; see Sin et al. 2014 for a recent review).
While investigations under natural conditions remain rare, there is now an
increasing body of evidence for positive associations between MHC diversity
and survival in wild mammalian populations (e.g. birds: Seychelles warblers
(Acrocephalus seychellensis) (Brouwer et al. 2010); common yellowtrhoats
(Geothlypis trichas) (Dunn et al. 2013); and artyodactyls: Soay sheeps (Ovis
aries) (Paterson et al. 1998). Given that MHC genes are co-dominantly
expressed, individuals with high levels of genetic diversity at MHC are expected
to present higher fitness because they should increase their probability to bind
any pathogen-derived antigen (Doherty and Zinkernagel 1975, Penn et al. 2002).
However, too much MHC diversity may be costly since it may promote negative
selection on self-reacting lymphocytes, which is likely to appear with elevated
MHC diversity levels (Nowak et al. 1992, Woelfing et al. 2009). Accordingly,
individuals with intermediate MHC diversity rather than those with maximal
MHC  diversity are supposed to display a higher pathogen
resistance/susceptibility, a prediction that has been confirmed in bank wvoles,
Myodes glareolus, (Kloch et al. 2010) or in three-spined sticklebacks
(Gasterosteus aculeatus) (Wegner et al. 2003a,b). However, to our knowledge, no
quadratic relationship between MHC diversity and survival has yet been
evidenced. Thus, research in this field awaits further investigation.

It is now clear that the current climate change weakens numerous populations
due to changes in both biotic (e.g. new diseases, changes in parasites, changes in
predators or changes in competitors) and abiotic (e.g. environmental changes
derived from human activity) conditions. These abrupt changes are a potential
source of new and/or altered selection pressures on traits important for fitness of
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the major part of wildlife populations (Jump et al. 2008, Gienapp et al. 2008,
Pauls et al. 2013). As a consequence of these changes, population genetic
diversity has been hypothesised to either increase or decrease (Pauls et al. 2013).
One of the few studies that have evaluated the changes in genetic diversity due to
climate change found that genetic diversity in prairie grass species declined
significantly following 10 years of experimentally increased intra-annual
variability in growing season precipitation regimes to simulate the new
conditions driven by climate change (Avolio et al. 2013). Despite the reduction of
overall population genetic diversity, Avolio et al. (2013) found greater genome
dissimilarity among individuals, characteristic that was positively correlated with
aboveground productivity. However, whether climate change alter the
associations between genetic characteristics (either at neutral and/or on MHC
genetic diversity) and survival remains, to date, unexplored.

Alpine marmots (Marmota marmota) are socially monogamous mammals
living in family groups from two to 20 individuals (Allainé 2000) composed of a
dominant couple, sexually mature (two years of age and older) and immature
(yearlings) subordinates of both sexes, and pups born the given year (Allainé et
al. 2000). They are cooperative social breeders hibernating in family groups from
mid-October until early April. Subordinate males are called helpers because they
increase pup survival during hibernation through social thermoregulation
(Allainé and Theuriau 2004). In Alpine marmots, as in other hibernating species,
body fat accumulated during the active period is the unique source of energy
during hibernation and they lose up to 30% of their body mass during this period
(Arnold 1990). Because juveniles have less time to accumulate fat reserved
before hibernation (Arnold 1990), this age class may be considered as the most
critical for Alpine marmot survival. Accordingly, Alpine marmot survival has
been found to increase with age from around 60% for juveniles to over 80% for
adult dominant marmots (Cohas et al. 2009, Rézouki et al. in prep).

A large body of evidence indicates that climate change has induced changes
in Alpine marmots followed since 1990 at the Grande Sassiére Natural Reserve

(at 2,340 m a.s.l,, 45°29'N, 65°90'E) situated in the French Alps. Indeed, a
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continuous decrease in litter size has been observed between 1990 and 2011
(Tafani et al. 2013b, Figure 17). This decrease is associated to the continuously
thinning of winter snow cover (average snow depth from December to March
decreased by 1.87 + 0.68 (mean + SE) cm per year from 1991 to 2011) (Tafani et
al. 2013b, Figure 17). On the other hand, a continuous decrease in the proportion
of families with helpers during hibernation was found, from a proportion of 80%
of groups with helpers in 1990 to 46% in 2013 (Rézouki et al. in prep, Figure
18). This finding evidences a modification of the social composition of the
families during hibernation (Rézouki et al. in prep). Because the number of
helpers affects juvenile survival, we observe consequently a continuous decrease
in juvenile survival between 1990 and 2013 (from a juvenile survival probability
of 0.85 £ 0.16 in 1990 to 0.42 + 0.07 in 2013), a decrease that is directly related
with an increase in winter harshness over the studied period (Rézouki et al. in

prep, Figure 19).
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Figure 17. Yearly variation (£ 95% CI) in standardized litter
size of Alpine marmots (Marmota marmota) and
standardized snow cover in winter (from December to
March) at the Grande Sassiére Natural Reserve (French
Alps). Litter size is represented in red (with confidence
interval around the average in gray), and snow depth in blue
(from Tafani et al. 2013b).
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Figure 18. Yearly changes in the proportion of groups
having helpers during winter between 1990 and 2013 at
the Grande Sassiere Natural Reserve (French Alps).
Dotted lines represent the best-fitted linear prediction over
time (from Rézouki et al. in prep).
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Figure 19. Annual estimates ( £ 95% CI, vertical segments)
of juvenile (from 0 to 1 year of age) survival rate of Alpine
marmots at the Grande Sassiére Natural Reserve from 1990
to 2012, derived from a full-time dependent capture-mark-
recapture model, and the corresponding temporal trends (+
95% ClI, dashed lines) (from Rézouki et al. in prep).
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Taking advantage of this long-term monitoring study of Alpine marmots at
the Grande Sassiere Natural Reserve, we investigated whether juvenile survival
depended on neutral and/or on MHC genetic diversity, using 16 microsatellites
and two functional polymorphic MHC loci, respectively. Earlier work on the
studied population revealed that the higher neutral genetic diversity (measured by
these 16 microsatellites), the higher the survival for juveniles (Cohas et al. 2009).
In contrast, survival of all other age classes (yearlings, two-years old individuals
and adults) did not depend on neutral genetic diversity (Cohas et al. 2009). Here,
we investigated whether the potential impact of genetic polymorphism at neutral
and/or on MHC loci on juvenile survival changed along the studied period (from
1990 to 2012). We hypothesized that the altered environmental conditions may
affect the contribution of genetic diversity at neutral and/or at MHC loci to

juvenile survival.

2. MATERIAL AND METHODS

Field methods and sample collection
Here we considered 837 individuals captured as pups between 1990 to 2012 in 25
family groups from a wild population of Alpine marmots located in the Nature
Reserve of La Grande Sassiere in the French Alps (at 2,340 m a.s.l., 45°29'N,
65°90'E). Every year, individuals from the population were monitored, from mid-
April to mid-July, using both capture-mark-recapture and daily observations.
Juveniles were counted and trapped either by smaller two-door live traps or by
hand within the three days following their first emergence from the burrows (i.e.
approximately 40 days after their birth). Around 80% of older individuals were
captured at least once every year, between mid-April to mid-July, using two-door
live traps baited with dandelions (Taraxacum densleonis). Once captured,
individuals were tranquillized with Zolétil 100 (0.1 mL Kg™), sexed, aged from
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their size (up to 3 years), and their social status was determined according to
scrotal development for males and teat development for females. Captured
marmots were individually marked with a transponder chip (model ID100, 0.9
cm  long, <0.1 com in diameter, Trovan Ltd, www.Trovan.com,
Identifikationssysteme, Metternicher Stralle 4, 53919 Weilerswist, Germany)
injected under the skin of the neck for permanent individual recognition, and a
numbered ear tag (1 cm x 3 mm). For genetic analysis, hair samples and skin
biopsies from the flank of individuals were collected.

The composition of family groups (juveniles, yearlings and adults from both
sexes) was assessed from both capture—recapture data and intensive daily
observations (see Cohas et al. 2006 for details on observation protocol).
Moreover, scent marking behaviour was used to confirm the identity of the
dominant pair (Bel et al. 1999).

Given that recapture probability is really high in the first stages of Alpine
marmot life (Cohas et al. 2009) and that yearlings and two-years old are easily
identified during intensive daily observations, we considered individuals to be

dead when they were never recaptured or observed.

Microsatellite genotyping

The 837 individuals were genotyped at 16 microsatellites: SS-Bibl1, SS-Bibl18,
SS-Bibl20, SS-Bibl31, SS-Bibl4 (Klinkicht 1993); MS41, MS45, MS47, MS53,
MS56, MS6, ST10 (Hanslik and Kruckenhauser 2000); Ma002, Ma018, Ma066,
Ma091 (Da Silva et al. 2003) (see Appendix 1 in Chapter 2 for details on

genotyping methods and microsatellite characteristics).

MHC genotyping

823 out of 837 individuals were genotyped at four MHC polymorphic loci - two
from MHC class I exon 2 (Mama-UB and Mama-UD) and two from MHC class
IT DRB loci (Mama-DRB1 and Mama-DRB?2) - using next generation sequencing

(error rate = 0.21%), Sanger sequencing or were deduced based on mother-father-
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offspring triads (see Appendix 1 in Chapter 2 for details on genotyping methods
and MHC characteristics). A total of 3147 genotypes from these 823 individuals
were obtained among the four MHC loci (2521 using next generation
sequencing: 476 Mama-UB, 649 Mama-UD, 696 Mama-DRB1 and 700 Mama-
DRB2Z; 530 using Sanger sequencing: 239 Mama-UB, 124 Mama-UD, 76 Mama-
DRB1 and 91 Mama-DRBZ2; and 96 were deduced based on mother-father-
offspring triads: 76 at Mama-UB, 11 at Mama-UD, 1 at Mama-DRBI1 and 8 at
Mama-DRB2).

Genetic diversity estimators

Neutral genetic diversity estimators were calculated over the 16 microsatellite
loci, while MHC diversity estimators were calculated separately over the two
MHC loci that led to polymorphic proteins, Mama-UD and Mama-DRBI, (three
and eight alleles resulting in two and seven proteins respectively) because in
Alpine marmots MHC class I and II genes are under different selective pressures
(Kuduk et al. 2012). Indeed, MHC class I and II diversity estimators are not
correlated in this species, suggesting that both classes could convey different
information (Chapter 2).

The neutral genetic heterozygosity was estimated by three commonly used
measures of individual multilocus heterozygosity using the 16 genotyped
microsatellites (but see Miller et al. 2014 for the number of microsatellites that
should be used to assess better estimates of individual multilocus heterozygosity)
calculated with the R function “GENHET v3.1” (Coulon 2010): the standardized
heterozygosity (SH, Coltman et al. 1999), the internal relatedness (IR, Amos et
al. 2001) and the homozygosity by locus (HL, Aparicio et al. 2006). However,
because of the high intercorrelation among these estimates (Spearman correlation
between all pairs of heterozygosity measures: p > 0.94, P < 0.001), we only
report results here for the standardized heterozygosity.

Two indexes were used to estimate the MHC diversity: the MHC protein

diversity and the MHC protein distance. The MHC protein diversity was
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estimated as the number of different MHC proteins an individual produces once
the protein translated by the allele Mama-DRB1*08 was discarded since it has a
stop codon and therefore the translated protein is non-functional (Kuduk et al.
2012). The MHC protein distance was calculated using the software MEGA
version 6.06 (Tamura et al. 2013) as the sum of the p-distances (i.e. the
proportion of amino acid sites that differs between two alleles) among the
considered MHC loci. Given that Mama-DRB1*08 translated protein is non-
functional, the p-distance between a given protein and the one translated from
Mama-DRB1*08 was set to 0 (i.e. equivalent to consider an heterozygous
individual carrying Mama-DRB1*08 as homozygous). Moreover, all MHC
diversity estimators were also calculated considering alleles instead of proteins
and were calculated over the four MHC loci and over MHC class I and class II
loci separately (see Appendix 1 for details on the calculation of the MHC allelic

diversity estimators).

Statistical analysis

To investigate if the influence of genetic diversity changed between 1990 to
2012, we divided the population-specific time series into two periods of nearly
the same duration (twelve and eleven years respectively): the first period lasts
from 1990 to 2001 and the second period, from 2001 to 2012 (see Table 40 for
details on individuals included in both periods). Both periods differ in the
juvenile survival, who decreased between the two periods (estimate + SE = 0.34
+ 0.14; p-value = 0.02; N = 837, Table 40). Given that the number of sampled
families increased between 1990 and 2012, the number of juveniles included in

the analysis was higher during the second period (Table 40).
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First period Second period

(1990 - 2001) (2002 - 2012)
Number of juveniles 337 500
Survival 55% 47%
Mean + SD standardised heterozygosity 0.94+£0.24 0.91 £ 0.25
Median [1* - 3th quartile] MHC class I protein diversity 1[1, 2] 1[1, 2]
Median [1* - 3th quartile] MHC class II protein diversity 2[1,2] 2[1,2]
Mean + SD MHC class I protein distance 0.001 + 0.004 0.003 + 0.01
Mean = SD MHC class II protein distance 0.04 £ 0.04 0.04 £ 0.04
Mean + SD snow depth (cm) 107.60 £ 19.59  97.56 + 16.18
Mean + SD winter temperatures (°C) -3.21 £ 0.67 -4.19 + 1.06
Mean * SD North Atlantic Oscillation 0.65+0.73 -0.12 £ 0.95

Table 40. Characteristics of juvenile individuals and whether characteristics between the two
studied periods. Snow depth and winter temperatures were recorded daily, from from December
to March, from the weather stations of Tignes (73296400) and Val d'Tsere (73304404), located 5
km away from the study site. The North Atlantic Oscillation index (Hurrel 1995) was
calculated each year from December to March, which is a large scale seasonal index which
appears as a good predictor of ecological variation (negative values colder temperatures that
favored frost rather than snow).

Generalized Linear Mixed Models (GLMM) were used to investigate
whether the juvenile survival was influenced by genetic diversity in each time
period. Two series of GLMM models were constructed using the package
“MASS” (Venables and Ripley 2002) of R version 3.1.1 (R Development Core
Team 2014) with the juvenile survival (coded as O for dead and 1 for alive
individuals) during the first period and the juvenile survival (coded as 0 for dead
and 1 for alive individuals) during the second period as the dependent variables,
respectively. A logit link and a binomial error were used for GLMM. To control
for the non-independence of the data resulting from all pups of a same litter
sharing a common environment and juvenile survival varying sharply from one
year to the next (Rézouki et al. in prep), the litter and the year were entered as
random terms in each model. Moreover, male helpers (coded as 0, 1 and 2 for
absent, present and unknown, respectively) were added as a categorical variable
since they can increase the juvenile survival (Arnold 1990, Allainé and Theuriau
2004). Then, genetic diversity estimators were added separately. A linear effect

was considered for standardized heterozygosity while both a linear and a
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quadratic effects were considered for all genetic diversity estimators to test for an
increase on survival according to intermediate MHC diversity levels. Finally, to
test if the influence of genetic diversity changed between 1990 to 2012, the
genetic diversity values of each studied period (1990-2001 vs. 2002-2012) were
compared a posteriori using Wald tests (Agresti 2007). Since genetic diversity
estimators were not available for all individuals, sample sizes varied in the
statistical analyses from 316 to 337 individuals in the first period and from 456 to
500 individuals in the second period.

Unless otherwise stated, analyses conducted with the MHC diversity
estimators calculated considering alleles instead of proteins gave qualitatively
similar results, therefore only the results obtained with proteins are presented

below (see Appendix 1, Chapter 4 for results obtained considering alleles).

3. RESULTS

A difference in the effect of the presence of male helpers on juvenile survival was
evidenced between the two periods (2 = 7.50, df = 2, p-value = 0.02). As
expected, during the first period, the juvenile survival was found to depend on
male helpers during hibernation (x? = 11.4, df = 2, p-value = 0.003; N = 337). In
this first period, the presence of helpers increased juvenile survival (estimate +
SE = 1.14 £ 0.40; N = 337). However, during the second period, the juvenile
survival did not depend on male helpers during hibernation (x?> = 0.93, df = 2, p-
value = 0.63; N = 500).

The effect of standardized heterozygosity on juvenile survival differed
between the two periods (x? = 4.10, df = 1, p-value = 0.04, Figure 20). Whereas
during the fisrt period, juvenile survival tended to be positively correlated with
standardized heterozygosity, during the second period, juvenile survival tended to

be negatively correlated (Table 41, Figure 20).
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Figure 20. Residual of the juvenile survival as a function of standardized heterozygosity during
the first period (1990-2001) (a) and during the second period (2002-2012) (b). Residuals are
corrected for the presence of male helpers. Thick lines represent predictions of the model and
solid circles represent mean residual juvenile survival per standardized heterozygosity (class
with 0.20) with their associated standard error bars.

No difference in the effect of MHC class I locus on juvenile survival was
evidenced between the two periods whatever the MHC diversity estimators
considered (MHC class I protein diversity: x? = 0.14, df = 1, p-value = 0.70;
MHC class I protein distance: x2 = 0.14, df = 1, p-value = 0.70). During both the
first and the second period, juvenile survival did not depend on MHC class I
locus (Table 41).

A clear difference in the effect of the diversity of MHC class II locus on
juvenile survival was evidenced between the two periods whatever the MHC
diversity estimators considered (MHC class II protein diversity: x? = 6.00, df = 1,
p-value = 0.01, Figure 21; MHC class II protein distance: x? = 16.40, df = 1, p-
value = <0.01). Whereas, juvenile survival was negatively and linearly correlated
with MHC class 1II locus during the first period, it tended to be positively and
linearly correlated with MHC class II locus during the second period, and this

whatever the MHC diversity estimators considered (Table 41, Figure 21).

197



Chapter 4: Genetic characteristics and survival

(a) (b)
_ 104 _ 10
2 B 2 B o
€ 0.8 € 0.8 -
0 0
Q Q
E 06 ° 'S 0.6
v ()
i i [ ) ®
S 0.4 6 0.4
0 i)
@© - ©
3 0.2 | 3 0.2 1
) n -
a 2
0.0 0.0 | |
T T
1 2 1 2
MHC class Il protein diversity MHC class Il protein diversity

Figure 21. Residual of the juvenile survival as a function of MHC class II protein diversity
during the first period (1990-2001) (a) and during the second period (2002-2012) (b). Residuals
are corrected for the presence of male helpers. Solid circles represent mean residual juvenile
survival per MHC class II protein diversity with their associated standard error bars.

First period Second period
Independent variable (1990 - 2001) (2002 - 2012)

estimate + SE p-value N estimate + SE p-value N

Standardized heterozygosity 0.69 + 0.61 0.26 337 -0.53+0.45 0.24 500

MHC class I protein diversity ~ 0.10 + 0.57 0.86 316 0.32+0.30 0.30 468
MHC class II protein diversity -0.60 + 0.29 0.04 317 0.11+0.23 0.64 456

MHC class I protein distance ~ 6.03 + 33.57 0.86 316 18.69+17.87 0.30 468
MHC class II protein distance -10.75 + 3.84 0.01 317 4.70 £ 3.06 0.13 456

Table 41. Generalized Linear Mixed Models showing the effects of the genetic characteristics
on the juvenile survival on both the first and the second period. The MHC diversity estimators
were calculated over the MHC class I locus and over the MHC class II locus. All models
include helpers as a categorical variable (absence, presence and unknown, coded as 0, 1 and 2
respectively). P-values < 0.05 are indicated in bold. N: number of individuals.

4. DISCUSSION

While the study of how genetic diversity affects survival has now been studied in

wild populations, how the influence of these genetic characteristics may change
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over time and along with climate change remains unknown. We investigated
whether individual genetic diversity at neutral and at MHC loci impacted
juvenile survival in a wild population of Alpine marmots challenged by climate
change. Taking advantage of a long-term monitoring study, we found that
juvenile Alpine marmots benefited from the presence of male helpers during the
first studied period (1990-2001), whereas they did not benefited from their
presence during the second period (2002-2012). The influence of genetic
diversity at both neutral and MHC loci also changed between the two periods.
During the first period, genetic diversity at neutral loci was positively but not
significantly associated with juvenile survival, while genetic diversity at MHC
class II locus was negatively associated. On the contrary, during the second
period, genetic diversity at neutral loci was negatively but not significantly
associated with juvenile survival, while genetic diversity at MHC class II locus
was positively but not significantly associated. Our results thus provide the first
evidence that the impact of both neutral and MHC diversity on juvenile Alpine
marmot survival has changed between 1990 and 2012.

The presence of male helpers during the first hibernation of Alpine marmots
was found to increase juvenile survival during the first examined period but their
presence no longer impacted juvenile survival during the second examined
period. Until now, cooperative breeding, which has evolved in the Alpine marmot
(Barash 1976, Armitage 1999), allowed Alpine marmot juveniles to decrease its
winter mortality through the energetic benefit of social thermoregulation mainly
carried out by subordinate males (Allainé et al. 2000, Allainé and Theuriau
2004). A likely explanation for the lack of effect of the presence of male helpers
during the second period is that the hibernation conditions may have become too
harsh. As a consequence of the increase of harsher hibernation conditions (Tafani
et al. 2013b, Rézouki et al. in prep), the effect of the presence of male helpers,
whose presence has dramatically decreased (Rézouki et al. in prep), might be
cancelled.

Previous work on this population suggested that juvenile Alpine marmots

with higher genetic diversity at neutral loci (measured using the same 16
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microsatellites) had a higher survival than juveniles with lower genetic diversity
in a period encompassing cohorts born from 1990 to 2006 (Cohas et al. 2009).
Accordingly, our results indicate that juveniles with higher genetic diversity at
neutral loci (microsatellites) were positively associated with higher survival
during the first period. However, this positive association of genetic diversity at
neutral loci appeared weaker in our study (the effect was only significant in the
study of Cohas et al. (2009)). This difference may be due to stochastic
differences in sample composition or to the fact that we used GLMM rather than
multistate CMR models (Lebreton and Pradel 2002). In contrast, genetic
diversity at neutral loci was negatively but not significantly associated with
juvenile survival during the second period. At least two reasons may explain the
change on the effect of genetic diversity at neutral loci on juvenile survival. First,
given that winter conditions are so harsh, juveniles with higher genetic diversity
at neutral loci may have no selective advantage with respect to less genetic
diverse juveniles and this assuming that genetic diversity at neutral loci does not
affect juvenile probability of overcoming extreme winter conditions. However,
this explanation seems more reasonable to explain a lack of association between
genetic diversity at neutral loci and survival than to explain the negative
(although not significantly) association found between these terms. Additionally
(or alternatively), the change regarding the effect of neutral genetic diversity on
juvenile survival may be due to micro-evolutionary processes that took place
during the second period. Indeed, a way to deal successfully with the increasingly
winter harshness that Alpine marmots should face (Tafani et al. 2013b, Rézouki
et al. in prep) may involve micro-evolution via the selection of local genotypes
better adapted to changing environmental conditions (e.g. in Alpine marmots
those individuals that may reduce their energy consumption during hibernation).
As a consequence, the selection of local genotypes may tend to reduce genetic
variation at the selected loci (Pauls et al. 2013). However, in this case, genetic
diversity at neutral loci should be associated with these specific loci that confer a
selective advantage to changing environmental conditions. According to Pauls et

al. (2013), which hypothesised that populations genetic diversity may either
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increase or decrease as a consequence of climate change, the opposite pattern
was found in the only study, to our knowledge, that has evaluated the changes in
genetic diversity due to climate change. Specifically, in a 30-years monitoring
study in a decreasing population of fur seals (Arctocephalus gazella) in which
climate change has reduced prey availability and caused a significant decline in
seal birth weight, Forcada and Hoffman (2014) found that mortality rate of
homozygous individuals (measured by nine microsatellites) has increased along
the studied period leading to the more heterozygous individuals to better survive
to breeding age.

In agreement with the fluctuating selection hypothesis, which proposes that
temporal parasite diversity and virulence could lead to an heterogeneous
selection of different MHC alleles through time (i.e. individuals that are
advantaged by a given MHC characteristic at time t may not be equally
advantaged by these MHC characteristics at time t+1) (Hill 1991, Hedrick 2002),
the effect of MHC diversity on Alpine marmot juvenile survival was found to
differ between the first and the second period. MHC diversity was found to be
negatively associated with juvenile survival during the first period, whereas it
tended to be positively associated with juvenile survival during the second
period. Juvenile Alpine marmots with high MHC diversity had lower survival
probabilities during the first period, suggesting that an excess of MHC alleles
might have been maladaptive in the Nature Reserve of La Grande Sassiére.
Indeed, the cost of maintaining high MHC diversity levels (e.g. the promotion of
negative T-cell selection), may have been higher than benefits associated with the
MHC heterozygote advantage during the first period. Surprisingly, selection may
have favoured less MHC diverse individuals rather than individuals with
intermediate levels of MHC diversity as it is predicted by the MHC optimality
hypothesis (Nowak et al. 1992). The low diversity usually observed for the core
parasite species of Alpine marmots (Bassano 1996) along with an apparent
absence of pathogenic activity of their intestinal parasites (Callait and Gauthier
2000) and a low role of MHC genes in intestinal parasite resistance (Chapter 3),

may explain the negative effect of MHC diversity in juvenile Alpine marmots.
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This negative association between MHC diversity and juvenile survival in Alpine
marmots is similar to the negative association found between encoding Toll-like
receptors diversity and survival in pale-headed brushfinch (Atlapetes pallidiceps)
(Hartmann et al. 2014). If selective pressures may have favoured juvenile Alpine
marmots with low MHC diversity during the first period, these selective
pressures may have changed in recent years because of the potential effects of
climate change, which has been associated to an increased exposure to new
and/or more virulent parasites (Hernandez et al. 2013). Accordingly, these
changes may have favoured individuals with higher MHC diversity during the
second period given that these individuals are expected to have higher chances to
bind a higher number of pathogen-derived antigens (Doherty and Zinkernagel
1975, Penn et al. 2002). This change resulting in the effect of MHC diversity on
Alpine marmot juvenile survival should be associated with changes in selective
pressures (i.e. the detection of new and/or more virulent parasites of Alpine
marmots), a fact that apparently does not have occurred in the studied population
(Chapter 3).

While the evidence that climate change is driving changes in wild
populations is indisputable, it is less evident how genetic diversity may influence
individual fitness in a changing environment. The aim of this study was to
investigate the role of genetic diversity at neutral and MHC loci in the juvenile
survival of Alpine marmots exposed to a changing climate. We found that
juvenile survival depended or tended to depend on both neutral and MHC genetic
diversity. However, the effect of genetic characteristics seem to be context-
dependent as indicated by the fact that the genes involved in juvenile survival
between the first and the second periods differ. Exploration of the association
between genetic diversity at either neutral or MHC loci in long-term monitored
wild populations is a promising avenue of research that awaits further

investigation.
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5. APPENDIX

Appendix 1. MHC genetic diversity estimators and results obtained

with these estimators

MHC genetic diversity estimators

All MHC diversity estimators were calculated over the four MHC allelic
polymorphic loci (Mama-UB, Mama-UD, Mama-DRB1 and Mama-DRB2).
MHC diversity estimators were calculated over MHC class I and class II loci
separately because MHC class I and II genes are under different selective
pressures leading to MHC class I and II estimators not to be correlated (Table 24)
and suggesting that both classes could convey different information. Only
individuals successfully genotyped at the two MHC class I loci or at the two
MHC class II loci were used to calculate the MHC class I and MHC class 1I
estimators respectively.

Two indexes were used to estimate the MHC genetic diversity: the MHC
allelic diversity and the MHC genetic distance. The MHC allelic diversity was
calculated as the number of different MHC alleles an individual possesses. The
genetic distance was calculated using the software MEGA version 6.06 (Tamura
et al. 2013) as the sum of the p-distances (i.e. the proportion of nucleotide sites
that differs between two alleles) among the considered MHC loci. Both indexes
used to calculate MHC genetic diversity — MHC allelic diversity and MHC
genetic distance — estimators were found to be highly correlated (Table 26),

suggesting that different index convey the same information.

Results

No difference in the effect of MHC class I locus on juvenile survival was

evidenced between the two periods whatever the MHC diversity estimators

considered (MHC class I allelic diversity: x> = 0.01, degrees of freedom = 1, p-
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value = 0.91; MHC class I genetic distance: y2 = 0.01, degrees of freedom = 1, p-
value = 0.91). In both the first and the second period, juvenile survival did not
depend on MHC class I locus whatever the MHC diversity estimators considered,
except for a positive effect of MHC class I genetic distance on juvenile survival
during the second period (Table 42).

A clear difference in the effect of MHC class II locus on juvenile survival
was evidenced between the two periods whatever the MHC diversity estimators
considered (MHC class II allelic diversity: x2 = 6.00, degrees of freedom = 1, p-
value = 0.02; MHC class II genetic distance: x?> = 12.40, degrees of freedom = 1,
p-value = 0.001). Whereas during the first period, juvenile survival was
negatively correlated with MHC class II locus, during the second period juvenile
survival was positively correlated with MHC class II genetic distance (Table 42).
However, no effect was evidenced between juvenile survival and MHC allelic

diversity during the second period (Table 42).

First period Second period
Independent variable (1990 - 2001) (2002 - 2012)
estimate + SE p-value N estimate + SE p-value N

MHC class I allelic diversity 0.26 £0.18 0.14 306 0.24+0.13 0.06 460
MHC class II allelic diversity — -0.32 + 0.16 0.05 313 0.06+0.13 0.65 444

MHC class I genetic distance  44.27 £29.74  0.14 306 40.83+20.28 0.04 460
MHC class II genetic distance  -9.59 + 4.81 0.05 313 7.22+£4.08 0.08 444

Table 42. Generalized Linear Mixed Models showing the effects of the MHC allelic
characteristics on the juvenile survival on both the first and the second period. The MHC
diversity estimators were calculated over the two MHC class I loci and over the two MHC class
IT loci. All models include helpers as a categorical variable (absence, presence and unknown,
coded as 0, 1 and 2 respectively). P-values < 0.05 are indicated in bold. N: number of
individuals.
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The aim of this thesis was to investigate the role of the MHC characteristics in a
natural population of Alpine marmots. By taking advantage of a long-term
individually based monitoring of a wild population situated at the Nature Reserve
of the Grande Sassiére, in the first chapter I reliably genotyped (error rate =
0.21%) more than a thousand of individuals at four MHC loci belonging to two
MHC class I (Mama-UB and Mama-UD) and two MHC class II (Mama-DRBI1
and Mama-DRB?2) loci (Chapter 1). To process amplicon-based NGS data, an

easy to use methodology (freely available at https://github.com/tbigot/alFinder)
was developed, a procedure that can be applied to any genetic system and any
organism, except when extensive copy-number variation occurs (Chapter 1). In
the second chapter, I investigated whether female mate choice is based on genetic
characteristics at either neutral and MHC loci. Using sixteen microsatellites as a
proxy of neutral genetic characteristics and four MHC loci, the results of this
study revealed that whereas social pairs are chosen based on MHC characteristics
solely, the occurrence of EPP depended on both neutral and MHC characteristics.
Overall, these results suggest that the observed pattern of female mate choice
may be driven by population genetic structure, dispersal patterns and parasite
pressures (Chapter 2). In the third chapter, I explored whether the presence
and/or the abundance of three intestinal parasites (E. monacis, Eimeria sp. and C.
marmotae) depended on individual MHC characteristics. The results of this study
revealed that neither the MHC diversity nor the presence of MHC specific alleles
were associated with intestinal parasites, except for E. monacis. Specifically,
Alpine marmots carrying the allele Mama-DRB1*02 showed lower abundance of
E. monacis. Overall, these results suggest a weak role of MHC on intestinal
parasites. Rather, Alpine marmots may combat the analyzed intestinal parasites
by immune pathways other than MHC genes. In the last chapter, I investigated
whether juvenile survival depended on genetic characteristics at either neutral
and MHC loci and, when it did, whether their influence varied between 1990 and
2012. This study revealed that juvenile survival tended to depend on both neutral
and MHC diversity but both effects differed between two periods (from 1990 to

2001 and from 2002 to 2012). Whereas neutral genetic diversity tended to
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increase juvenile survival and MHC diversity decreased juvenile survival during
the 1* period, neutral genetic diversity tended to decrease juvenile survival and
MHC diversity tended to increase juvenile survival during the 2™ period. Overall,
these results suggest that selective pressures have probably changed in a 23-years
period of time, as indicated by the fact that genes involved in juvenile survival
between the 1% and the 2™ period differed.

In this thesis I explored and presented a complex picture of MHC
associations with mate choice, intestinal parasites and juvenile survival in the
wild population of Alpine marmots followed since 1990 at the Nature Reserve of
the Grande Sassiere. Given the complexity of the role of MHC found in this
thesis and the new opportunities offered by NGS techniques allowing to obtain
large sample sizes often lacking in ecological studies, this work is also a call for
further studies exploring the role of MHC characteristics in long-term monitored
wild populations. Finally, I would like to discuss below some additional points on
the issues addressed in this thesis and propose new challenges that would allow
us to better understand the roles exerted by the MHC genes and other functional

genes in the wild.

1. ADDITIONAL THOUGHTS ABOUT MATE CHOICE

In Alpine marmots, dominant males only reproduce with the dominant female of
its family group given that no pup was fathered by a dominant male outside its
family group. As a consequence, male reproductive success depends on its
capacity to acqure dominance (subordinates rarely reproduce). However, the
access to a dominant female does not ensure fertilization of all offspring since
EPP exist (Goossens et al. 1998, Cohas et al. 2006, 2008, Chapter 2). When EPP
occurs, males suffer from a decrease of their reproductive success. At least three

different processes are involved in the decrease of male reproductive success and
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are described below.

First, an increase in the number of sexually mature subordinate males present
in the family group has been found to increase the male's probability to be
cuckolded (Cohas et al. 2006, 2008, Lardy et al. 2012, Chapter 2). As suggested
by Lardy et al. (2012), the increase of the occurrence of EPP with an increase of
the number of sexually mature subordinate males present in Alpine marmot
family groups could fit with the “limited control” hypothesis (Clutton-Brock
1998, Reeve et al. 1998). This hypothesis postulates that because the size and the
composition of social groups may determine the intensity of male-male
competition, dominant males cannot control all the reproduction of the group
despite their efforts to do so when the number of sexually mature individuals
increases (Clutton-Brock 1998, Reeve et al. 1998). Accordingly, this hypothesis
has also been found in other species (e.g. in banded mongooses, Mungos mungo
(Cant 2000) or in meerkats, Suricata suricatta (Clutton-Brock et al. 2001)). In
Alpine marmots, the presence of subordinate males in the family group is a
double-edged sword. Indeed, although it enhances the male's probability to be
cuckolded and a decrease of dominant male reproductive success, it contributes
to the juvenile survival during the first winter (Arnold 1990, Allainé and
Theuriau 2004). Thus, the presence of subordinate males indirectly contributes to
increase the lifetime reproductive success (LRS, defined as the number of young
produced by a given individual during its reproductive life that survive to sexual
maturity (Arnold and Wade 1984a,b)) of dominant males by increasing the
juvenile survival of its offspring, the most critical period for Alpine marmots
survival.

Second, dominant male reproductive success may decrease as a result of
sperm competition (i.e. competition between spermatozoa of two or more
different males to fertilize the same ova (Parker 1970)) when females engage in
extra-pair copulations. Under the sperm competition hypothesis, male's
probability to fertilize ova is supposed to be proportional to the relative quantity
of sperm delivered by the male (Parker 1998, Pizzari and Parker 2009). A given

male is thus supposed to gain in sperm competition if it copulates more times
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with the female than its rival. However, females may have different copulation
behaviours towards the social and the extra-pair male. For example, females may
copulate more times with the extra-pair male rather than with the social male,
which may result in a decrease of dominant male reproductive success via sperm
competition. Unfortunately, little is known regarding an hypothetical difference
of copulation behaviour in Alpine marmots because, as many ground-dwelling
sciurids, they normally mate underground (King and Allainé 1998). Indeed,
despite the 24 years of fieldwork in the Nature Reserve of the Grande Sassiére, a
single copulatory behaviour has been reported (King and Allainé 1998). Besides
that male's probability to fertilize ova is supposed to be proportional to the
relative quantity of sperm delivered by the male, sperm quality may also play a
role in the outcome of sperm competition (Snook 2005, Pizzari and Parker 2009,
see Appendix E for detailed information regarding sperm competition). Thus, the
sperm quality, may also impact the male's reproductive success. One way to
study sperm competition in Alpine marmots would be the study of sperm
ejaculates (both sperm quantity and quality, see Appendix E for more details)
thanks to electro-ejaculation techniques. Electro-ejaculation has become a
standard collection technique for breeding programs and a large number of
protocols exists for different species. Although, to my knowledge, no protocol for
electro-ejaculation of Alpine marmots is available, it might be developed and
applied to several individuals in experimental conditions to control for all
candidate males a female may mate with and to monitor the offspring outcome
during pregnancy and just after birth.

Third, females may display a post-copulatory cryptic mate choice, which
may also affect male's reproductive success. In a post-copulatory cryptic mate
choice, females may be able to bias fertilization towards the chosen males during
or after copulation when they mate with more than one male in the same
reproductive event (Jennions and Petrie 2000, Birkhead and Pizzari 2002). For
example, evidences for a post-copulatory cryptic mate choice for MHC
characteristics has been found in red junglefowl (Gallus gallus). In this study, the

number of sperm counted on eggs was found to be biased in favour to MHC-
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dissimilar males (Lgvlie et al. 2013). The post-copulatory cryptic mate choice
may also explain why, in Alpine marmots, the number of EPY but not the
presence of EPY increased when social pairs share a high number of MHC alleles
(Chapter 2). To determine if the evidence found for a biased mate choice in
Alpine marmots is the result of a cryptic female choice, controlled mating
experiments are required. This project might be conducted with the same
individuals used to study the sperm competition in Alpine marmots (see the
previous paragraph) since both sperm competition and cryptic female choice are

two processes operating at the same time.

2. THE DIFFICULTIES OF THE STUDY OF PARASITES

Host-parasites interactions are a central part of ecological communities and a key
to understand ecosystems. For this reason, the study of host-parasites interactions
is a major interest for a large number of researchers from numerous fields (e.g.
veterinary, ecology, evolutionary biology or molecular ecology). Despite the
large interest that host-parasites interactions could generate, multiple difficulties
are associated to the study of host-parasites interactions in the wildlife. I would
like to highlight here some of these difficulties as well as to propose some clues
for further investigation that could be applicable to our study.

Hosts may be infected by multiple parasite species throughout their lives.
Moreover, hosts simultaneously infected with several parasite species, are
common in the wild (Petney and Andrews 1998). Thus, the study of the overall
parasite community throughout the host's life seem to offer an excellent
opportunity to understand the exact nature of host-parasites interactions.
However, most of the studies examining associations between MHC
characteristics and parasites have used few number of parasite species (Sin et al.

(2014)). The low number of studies using multiple parasite species is probably
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due to the difficulty in determining and quantifying all the parasite species (see
below for possible methods to overcome this challenge depending on parasite
species). An additional difficulty is that it is often a challenge to obtain large
number of samples from multiple individuals throughout their entire life,
particularly in non-model species.

In the present thesis, three intestinal parasites (E. monacis, Eimeria sp. and
C. marmotae) of Alpine marmots were evaluated (Chapter 3), but this study
failed to include blood parasites (if any) or other intestinal parasites such as
nematodes. Blood parasites were not integrated in this work despite that blood
samples are collected when Alpine marmots are captured. The main problem for
the study of blood parasites in Alpine marmots is that, tot date, little is known
about its blood parasites (Bassano 1996). Thus, the first step before the study of
MHC characteristics and blood parasites is to screen for blood parasite
determination. One way to determine blood parasites could be the use of NGS
techniques for taxonomic identification via the design of a DNA barcoding
project (see Pompanon and Samadi 2013 for more detailed information on the
use of NGS for taxonomic identification). The advancements of NGS techniques
(Chapter 1) and the development of DNA barcoding projects (Pompanon and
Samadi 2013) should enable the application of this technique in Alpine marmots.

Also, the nematode Ascaris laevis (the most common nematode egg found in
the analysed faeces) was not integrated in this work because the egg emission
period does not match with the main capture period (most of the captures are
realized between mid-May to mid-June whereas egg emission start mid-July).
Indeed, all adult A. laevis are probably eliminated from the small intestine during
hibernation and then there is a delay between contamination (starts at the
beginning of the active period) and egg-laying because there is a visceral
migratory phase of larvae in lung and liver before the arrival of the adults in the
small intestine (Callait and Gauthier 2000).

A way to solve the lack of data regarding the presence and the abundance of
A. laervis in faecal samples but also to solve the lack of data regarding the

presence and the abundance of the overall parasite community throughout the
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year would be to repeatedly capture individuals during the overall active period.
Although around 80% of Alpine marmots followed in the Nature Reserve of the
Grande Sassiéere are captured at least once per year, individuals are more difficult
to capture as the active period progresses. Moreover, multiple captures of the
same individuals during the same year are rare (mean number of captures per
year and individual (£SD): 1.31 + 0.85). Interestingly, the yellow-bellied
marmots (M. flaviventris) followed in the Rocky Mountain Biological Laboratory
are regularly trapped throughout the active period (around twice per month from
mid-April to early September), which has allowed to collect faecal and blood
samples during their overall active period (Lopez et al. 2013). Given that such
procedure is not viable in Alpine marmots, alternative sampling methods may be
explored. For example, molecular genotyping of faecal samples could resolve
this lack of data if faecal samples can be reliably identified. To do so, fresh faecal
samples could be collected in the external latrines of different family groups for
DNA fingerprinting. DNA fingerprinting is a powerful tool in conservation
genetics because it enables to monitor the dynamics of endangered populations,
obtain estimates of temporal trends of demographic processes and obtain genetic
parameters difficult to obtain by traditional capture-recapture programs (Caniglia
et al. 2014). Because numerous research groups have already been working on
DNA fingerprint, the progress of this technique allows nowadays to reliably
associate a faecal samples to a unique individual at an affordable cost (Kraus et
al. 2015). Although DNA fingerprint could be realized using microsatellites, the
use of microsatellites may suffer from several drawbacks such as the lack of
standardisation between laboratories and high error rates (see Kraus et al. 2015
for developed arguments). For this reason, Kraus et al. (2015) recently developed
a genotyping protocol that uses single-nucleotide polymorphism (SNP)-based
marker and they successfully applied it to reliably assign faecal samples to grey
wolves (Canis lupus) using a 96-SNP panel. Although the use of such protocol in
Alpine marmots necessitates the development of a large panel of SNP's, the
discovery of around one hundred of SNP's should not represent a challenge due
to the advancements of NGS techniques (Chapter 1).
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3. MHC-CHARACTERISTICS AND FITNESS

MHC is considered as a set of functional genes that have a key role on individual
fitness (Bernatchez and Landry 2003). Fitness could be defined as either the
lifetime reproductive success (LRS), which includes both survival and
reproductive success (Clutton-Brock 1988) or the individual contribution to
population growth (Coulson et al. 2006)). The same way that survival may
depend on MHC characteristics (see Chapter 4), other components of individual
fitness may also depend on MHC-characteristics.

First, MHC diverse individuals are expected to have a higher resistance to
parasitic infections because they are supposed to recognize a wide range of
antigens (Doherty and Zinkernagel 1975, Hughes and Nei 1989, Penn et al.
2002). Also, the possession of specific MHC alleles is expected to confer a highe
resistance to specific parasites (Bodmer 1972, Slade and McCallum 1992). As a
consequence, individual MHC characteristics are expected to play a role on the
LRS (1) by enabling MHC diverse individuals and/or individuals carrying
specific MHC alleles to increase their life expectancy, which in turn is expected
to increase their number of reproductive events, and/or (2) by enabling
individuals possessing advantageous MHC genes to increase their offspring
survival via the transmission of these advantageous MHC characteristics from
the parents to their offspring.

Second, in species where female mate choice is based on MHC
characteristics (Yamazaki et al. 1976, Wedekind et al. 1995, Olsson et al. 2003,
Radwan et al. 2008, Schwensow et al. 2008a,b, Eizaguirre et al. 2009, Juola and
Dearborn 2012, see Chapter 2 for more detailed examples), the reproductive
success is expected to depend on the MHC characteristics. On one hand, if

individuals are chosen according to the good genes hypotheses (Brown 1997,
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Neff and Pitcher 2005), only MHC diverse males and/or males carrying specific
MHC genotypes are expected to be chosen as sexual mates. As a consequence,
MHC diverse males and/or males with specific MHC genotypes are expected to
have a higher reproductive success. On the contrary, if individuals are chosen
according to the genetic compatibility hypothesis, all individuals are expected to
reproduce if they find their corresponding sexual partner because mate choice is
based on a relative criterion specific to each female (Trivers 1972, Zeh and Zeh
1996, 1997, Neff and Pitcher 2005). In this particular case, as suggested in the
Chapter 2 for Alpine marmots, all individuals should be able to reproduce.

Third, there is some evidence that MHC characteristics of a given couple
may affect its reproductive success via the maternal-foetal interactions. Indeed,
the gametic union of too similar MHC genotypes has been suggested to produce
maternal-foetal interactions that trigger spontaneous abortions. For example,
female abortion in humans (Ober et al. 1998) or in pigtailed macaque (Macaca
nemestrina, Knapp et al. 1996) has been associated with a high number of shared
MHC alleles between the couple. In these cases, sexual partners with high MHC
similarity are expected to have a low reproductive success.

While the associations between MHC characteristics and survival are still
being studied in wild populations (e.g. Paterson et al. 1998, Brouwer et al. 2010,
Dunn et al. 2013, Sepil et al. 2013), the existence of associations between MHC
characteristics and other components of fitness such as reproductive success or
LRS have still been poorly studied under natural conditions. For example, a
study on rhesus macaques (Macaca mulatta) found that males with higher MHC
diversity had higher reproductive success (measured as the number of sired
offspring) than males with less MHC diversity (Sauermann et al. 2001). Also, a
study on Egyptian vultures (Neophron percnopterus) found that birds with higher
MHC diversity had a higher breeding success (measured as the number of
successful reproduction attempts divided by the number of reproductive
attempts) (Agudo et al. 2012). Additionally, a study on great tits (Parus major)
found that the presence of three different MHC supertypes (i.e. alleles with
similar functional effects) was associated to survival, annual recruitment and
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LRS (Sepil et al. 2013). On the contrary, a study on collared flycatchers
(Ficedula albicollis) found no evidence for an association between LRS and
MHC (Radwan et al. 2012). With this weak number of studies (the above cited
examples represent nearly all published studies) it is difficult to draw general
conclusions about the significance of eventual associations between MHC
characteristics and individual fitness. Further exploration in an enlarged number
of species is thus required.

There are probably few studies that have analyzed the associations between
MHC characteristics and fitness, not because this topic lack of interest, but
because obtaining reliable measures of fitness in the wild is still a challenge for
ecology and evolutionary biologists (Clutton-Brock and Sheldon 2010). Indeed,
research projects in the wild that attempt to measure fitness necessitates long-
term and individual-based study systems where individuals are marked, breeding
attempts are recorded and the offspring outcome is known (Clutton-Brock and
Sheldon 2010). If collecting reliable data is in itself a challenge (see Clutton-
Brock and Sheldon 2010 for detailed description of challenges), the major
problem that researchers should face is the difficulty associated to the
maintenance of funding without interruptions. Although scarce, some long-term
studies with such kind of data exist (see Clutton-Brock and Sheldon 2010,
Kappeler and Watts 2012 for a list of nearly all individually-based long-term
field studies). Fortunately, the high quality, long-term, individual-based study
carried out on Alpine marmots living in the Nature Reserve of the Grande
Sassiere is one of these. Moreover, this project offers an excellent opportunity to
test whether MHC characteristics affect LRS and should be the subject of future
research now that all MHC characteristics of the followed individuals are already

available (Chapter 1).
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4. THE STUDY OF INTRA-SPECIFIC GENETIC DIVERSITY

The study of a high quality and detailed long-term individually based monitoring
of Alpine marmots of the Nature Reserve of the Grande Sassiére has allowed a
comprehension of the role of MHC characteristics in the population (Chapters 2
to 4). However, environmental heterogeneity, parasite pressure heterogeneity or
demographic heterogeneity that exist between populations suggest that the role of
MHC diversity may also differ (Bernatchez and Landry 2003). For example, in a
study carried out on eight natural populations of three-spined sticklebacks
(Gasterosteus aculeatus), populations being exposed to a higher parasite
diversity had higher MHC diversity than populations with a lower parasite
diversity (Wegner et al. 2003b).

Interestingly, the Alpine marmots of the Pyrenees became extinct probably
during the Pleistocene / Holocene transition (Preleuthner and Pinsker 1993,
Rassmann et al. 1994) and the Alpine marmots currently occupying the Pyrenees
were introduced into the northern Pyrenees during the second half of the
twentieth century from individuals captured in the French Alps (Herrero et al.
2000, Lopez et al. 2010, see material and methods for more details). Since their
introduction in the Pyrenees, this new meta-population has probably faced
parasite species or parasite strains different from the meta-population of the Alps.
Thus, a fast co-evolution under the form of arms-races (Van Valen 1973) between
the marmots living in the Pyrenees and their parasites may have arisen. As a
consequence, we expect MHC characteristics to be different between the two
mountain ranges (Alps and Pyrenees) and between the different populations
within a given mountain range.

To test this hypothesis, we started a project aiming to compare the individual
and population MHC characteristics in marmots living in the Alps and in the
Pyrenees (Appendix C). In a collaboration with a research group of the

Universitat Autonoma de Barcelona (Catalonia), we are using the collected
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information from the studied population of the present thesis (located in the
Nature Reserve of the Grande Sassiére, Alps) and another high quality and highly
detailed dataset form a population located at the Pyrenees. Indeed, a population
of Alpine marmots situated in the Llosa valley (at 1,900 m a.s.l., Catalan
Pyrenees, 42° 26'N, 1°42'E) is followed since 2008 by the research group of the
Universitat Autonoma de Barcelona with the same methodologies used in the
Nature Reserve of the Grande Sassiéere. Also, we have collected genetic, faeces
and blood samples from 7 Alpine and 3 Pyrenean contemporaneous populations
in order to compare genetic characteristics and data on parasite variability and
distribution among different marmot populations (Appendix C). A post-doc is
currently genotyping the overall collected samples to perform statistical analysis
which will allow us to better understand how different selective pressures impact

the MHC characteristics of the different populations in the two mountain ranges.

A look at the past

The low intra-specific genetic diversity found at several genetic markers such as
allozymes (Preleuthner and Pinsker 1993), minisatellites ( Kruckenhauser et al.
1997, Rassmann et al. 1994), microsatellites (Cohas et al. 2009, but see Goossens
et al. 2001) and MHC loci (Kuduk et al. 2012, Chapter 1) in Alpine marmots
living in the whole Alpine arc is an important concern of the wildlife managers of
the La Vanoise National Park (France). Indeed, populations with low intra-
specific genetic diversity may be at risk of having a reduced capacity to adapt to
changing environments (Keller et al. 1994). The low genetic diversity found in
Alpine marmots has been hypothesized to be the result of bottlenecks that may
have occurred during the Holocene period (Preleuthner and Pinsker 1993,
Rassmann et al. 1994). Moreover, the drastic reduction of effectives during the
Holocene period has even been advanced to have caused the extinction of this
species in the Pyrenees. Low levels of intra-specific genetic diversity have been
also observed in species that have undergone recent or historical bottlenecks such

as cheetahs (Acinonyx jubatus, O'Brien et al. 1983), brown bears (Ursus arctos,
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Valdiosera et al. 2008), or Iberian lynxs (Lynx pardinus, Rodriguez et al. 2011).
During my thesis, we started a collaboration with the Institute of
Evolutionary Biology (CSIC - Universitat Pompeu Fabra, Catalonia) to
investigate when the decline of intra-specific genetic diversity in Alpine marmots
occurred (i.e. if the genetic diversity decreased during a bottleneck coinciding
with the Pleistocene /Holocene transition, if the genetic diversity decreased much
later or if the genetic diversity has been low throughout the last 100 000 years)
and to evaluate if Alpine and Pyrenean populations experienced different
demographic histories (Appendix C). To do this, the genotyping of a series of
sub-fossil samples from different geographic locations within the Alpine and the
Pyrenean arc is needed (Appendix C). The study of the mtDNA control region
appears as a likely genetic system to carry out such study. Indeed, mtDNA
control region is the most variable region of the mitochondrial genome (Brown et
al. 1993), which enables a good assessment of the intra-specific genetic diversity.
Additionally, mtDNA has more chances to be successfully genotyped than
nuclear DNA (mtDNA is generally better conserved than nuclear DNA in sub-
fossil samples). Given that this is a current project, some of the steps are already
done while others still remain to be done. First, we found around 100 sub-fossil
samples (bones and teeth) spanning more than 100 000 years from Alpine and
Pyrenean populations that are located in different museums (Table 43). The
collection of geology located at the Université Claude Bernard Lyon I, which
contains some of the available sub-fossil samples, ceded to this project three
bones belonging to different individuals from the Chatillon-Saint-Jean population
(Table 43) (Appendix C). Their DNA was extracted from the three bones in the
Institute of Evolutionary Biology to avoid DNA contamination with the
contemporaneous samples, processed at the Laboratoire de Biometrie et Biologie
Evolutive (Université Claude Bernard Lyon 1, France). Then, we attempted to
sequence these sub-fossil samples at the four MHC polymorphic loci described
for contemporaneous populations (Kuduk et al. 2012, Chapter 1). Unfortunately,
we failed to genotype these samples, probably because of the advanced state of

degradation of the genetic material. The next steps of this project are to attempt
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to genotype these sub-fossil samples at mtDNA (work in progress) as well as to

genotype all sub-fossil samples available (Table 43).

Geographic ~ Number of Age Site Country
region samples
Alps 1 Middle pleistocene Val d'Arno Italy
Alps 13 Late pleistocene Chétillon-Saint-Jean France
Alps 1 Mesolithic Culoz France
Alps 2 NA Poncin France
Alps 2 Pleistocene Villereversure France
Alps 2 Holocene Les Déserts France
Alps 3 Pleistocene Solutre-Pouilly France
Alps 1 Quaternary Aillon-le-Jeune France
Alps 1 Quaternary Evosges France
Alps 1 Quaternary Flaine France
Alps 1 NA Etrigny France
Alps 1 NA Valais Switzerland
Alps 2 NA Massif de la Vanoise France
Alps 2 12-9 Ky Rencurel France
Alps 14 12-9 Ky Presles France
Pyrenees 2 Pleistocene Isobol Catalonia
Pyrenees 10 130-74 Ky Huermeces Spain
Pyrenees 23 125-10 Ky Mondragén Spain
Pyrenees 10 Quaternary Cantébrilo Spain

Table 43. Number of subfossil samples from universities or museum collections and their
corresponding location. NA: non-available; Ky: Kilo Years.

5. FROM MHC TO THE STUDY OF OVERALL IMMUNE
GENES

Although the almost universal acceptance of MHC as a significant factor in

vertebrate parasite resistance (see Sin et al. 2014 for a recent review) and sexual
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selection (see reviews in Bernatchez and Landry 2003, Brennan and Kendrick
2006, Milinski 2006), other immune-related proteins (e.g. immunoglobulin
receptors, interleukin receptors, Mannose binding lectin or Toll-like receptors)
also participate in immune response against parasites (Acevedo-Whitehouse and
Cunningham 2006, Schmid-Hempel 2011) and may also be sexually selected (but
see Penn and Potts 1999).

All living organisms (from prokaryotes, plants and invertebrates to early and
jawed vertebrates) have innate immune systems (jawed vertebrates have also
acqured immunity systems) which can be used for self-defence. These immune
systems depend on a great number of genes that encode for different protein
families: immunoglobulin-superfamily, leucine-rich repeats, lectins, tumour
necrosis factor family, cytokine receptor families, chemokine receptor families,
peptidoglycan-recognition proteins, gram-negative-binding proteins, scavenger
receptors, down syndrome cell adhesion, fibrinogen-related protein, variable
domain chitin-binding proteins or anti-microbial peptides (see Schmid-Hempel
2011 for detailed information on characteristics and functions of these main
immune defence protein families). Across the immense diversity of living
organisms, all species possess at least some of the above cited protein families.
Interestingly, most of these immune defence proteins have been maintained in
phylogenetically distant species (Schmid-Hempel 2011). As in MHC, high levels
of allelic polymorphism are expected in genes encoding for these immune-related
proteins; and mutation, balancing selection or gene conversion are likely to
favour their genetic polymorphism (Schmid-Hempel 2011, Pespeni et al. 2012).

To date, few studies of immunogenetics in non-model vertebrate species have
examined immune genes other than MHC. For example, in a study on field voles
(Microtus agrestis) Turner et al. (2012) found that, in multiple loci encoding
cytokines and three non-cytokines immune-genes, the diversity at these loci is
consistent with balancing selection maintaining genetic polymorphism.
Interestingly, in a study on the threatened Pale-headed brushfinch (Atlapetes
pallidiceps) and two non-threatened brushfinch species (Atlapetes latinuchus,

Buarremon torquatus) Hartmann et al. (2014) found that Toll-like receptor (TLR)
221



Discussion
diversity in A. pallidiceps is significantly lower than TLR diversity in both A.
latinuchus and B. torquatus. However, the low levels of TLR found in A.
pallidiceps do not seem to compromise the long-term fitness of the population
given that in this species a high TLR diversity was found to be linked to a
decreased survival probability (Hartmann et al. 2014). However, the limited
number of studies investigating the role of non-MHC genes does not allow for
generalizations about the importance of these genes in the wild. The
incorporation of genes other than MHC to the study of the different roles of
immunogenetic diversity in wild vertebrates is thus required (Acevedo-
Whitehouse and Cunningham 2006, Vinkler and Albrecht 2009, Turner et al.
2012, Pespeni et al. 2012).

The extension of knowledge to a wider range of immune defence proteins in
vertebrates, but also to the wide diversity of organisms should allow us to better
understand the role of the overall immune system in the wild, and this in a great
variety of host-parasite contexts. Thus, I would like to highlight the importance
of considering additional genetic regions other than MHC and move from the
study of a single genetic family (here MHC) towards the study of a fuller picture
of the immune defence related genes. Moreover, the study of other genes such as
those encoding for TLR have recently become a promising genetic system.
Contrary to the high number of pseudogenes and the recent duplications that
complicate MHC loci sequencing (especially in birds), TLR can be easily
amplified in diverse bird species (Alcaide and Edwards 2011, Grueber et al.
2012). If such kind of studies seemed unimaginable few years ago due to the
technical difficulties associated with polymorphic genes genotyping (see Chapter
1 for more details), the advances of NGS techniques coupled with bioinformatic
progress that allow to reliably genotype a high number of individuals (Galan et
al. 2010, Babik et al. 2009, Radwan et al. 2012, Huchard et al. 2012, Lighten et
al. 2014b, Stutz and Bolnick 2014, Chapter 1) should enable the use of a broad

number of genes in future immunogenetic studies.
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6. CONCLUSIONS

This thesis presents a body of work that answers many questions related to the
genotyping process of highly polymorphic loci and the role of intra-specific
genetic diversity at MHC loci in a wild population of Alpine marmots. Yet, this
thesis also results in a series of questions that identify opportunities for further
investigation, both in this species and in a wide range of organisms. Throughout
both personal and team work projects I hope I made an original and valuable
contribution to increase knowledge in the fields of molecular ecology and
evolutionary ecology. To conclude, I would like to highlight that this thesis is just
a start - I hope I will continue working in this field - and as the catalan poet
Miquel Marti i Pol (Pol 1981) said, tot esta per fer i tot és possible (everything is

yet to be done and everything is possible).
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APPENDIX A:
THE DEAR ENEMY PHENOMENON

The dear enemy phenomenon in Alpine marmots: responses from orbital
gland secretions from dominant males
M Ferrandiz-Rovira, V Berger, and A Cohas

Draft of the introduction and material and methods sections
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Appendix A
This appendix contains the theoretical framework and the material section of a
project investigating the existence of the dear enemy phenomenon in Alpine
marmots. MFR and AC conceived and designed this project as an adjacent work

of this thesis.

INTRODUCTION

A territory is an area occupied by individuals or a group of individuals and it is
defended from incursions by other members of its species (Maher and Lott
1995). Assuming that intra-specific competition occurs for limited resources,
owning a territory provides an advantage regarding the exploitation of resources.
Indeed, owning a territory may confer benefits such as the access to nest sites, to
food resources or to mate opportunities. In multiple-purpose foraging territories
(e.g. feeding and breeding sites), the possession of a territory is a key factor for
the owner fitness (Temeles 1994). Individuals use acoustic, olfactory or visual
signalization as territorial advertisement to mark territorial boundaries to their
conspecifics. These advertisements are supposed discourage the entry of
intruders in the territory and therefore entail benefits such as the avoidance of
fights. However, the defence of a territory implies costs of time and can
potentially increases the risk of predation (Bradbury and Vehrenkamp 1998). If
such advertisements do not discourage intruders, chases and fighting follow, with
an associated risk of injury or death (Bradbury and Vehrenkamp 1998).
Territorial behaviour can therefore only be developed when obtained benefits are
higher than the cost of defence (Brown 1964).

To minimize the risk of injury or death in a fight for a territory, individuals
may evaluate the opponents' characteristics and modulate their reactivity
according to the threat that opponents represent. For example, assuming that
owners receive information about advertisements from their neighbours, the
owner of a territory would not assess their neighbours as intruders because they

already own a territory. Then, individuals can consider neighbours as less
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threatening than stranger individuals. On the contrary, strangers may be
considered as a greater threat with respect to neighbours because they may be
potential territory usurpers and try to evict the owner of a territory by fighting
(Temeles 1994). Indeed, the cost of landless stranger's fight for gaining a territory
is reduced compared to the cost of the actual owner for losing a territory.
Therefore, behavioural differences towards strangers and neighbours, termed as
the dear enemy phenomenon (Fisher 1954, Temeles 1994), are expected, with
more aggressively behaviour towards strangers than towards neighbours.

The dear enemy phenomenon has been found in a great variety of taxa. For
example, in invertebrates (Heinze et al. 1996, Booksmythe et al. 2010), in birds
(Stoddard et al. 1990) or in mammals (Palphramand and White 2007, Monclus et
al. 2014; see Temeles 1994 for a review of other studies and other taxa). Species
validating the dear phenomenon are mostly organised in multiple-purpose
foraging territories (Temeles 1994), with relatively stable territories where the
discrimination between neighbours and strangers may be facilitated (Stoddard et
al. 1990, Rosell and Bjerkeyli 2002). However, some experiments failed to
observe the dear enemy phenomenon (e.g. in strawberry dart-poison frog
(Oophaga pumilio) (Bee 2003), in buff-banded rail (Gallirallus philippensis)
(Lachish and Goldizen 2004), see Temeles 1994 for a review of studied species
that did not exhibit the dear enemy phenomenon).

In mammals, advertisements regarding the ownership of a territory are
supposed to be mainly realized by the use of chemical signals. Indeed, chemical
compounds may contain honest information about the sender, they can inform
about the age (Buesching et al. 2002, MacDonald et al. 2008, Kean et al. 2011),
the sex (Zhang et al. 2005, Setchell et al. 2010), the social status (Hayes et al.
2001, Burgener et al. 2009) or the body condition (Buesching et al. 2002).
Moreover, scent marking may alert about the occupation of a territory, even in
the absence of the owner (Ralls 1971). Evidences of dear enemy phenomenon
have been found for different types of gland secretions. For example, in Eurasian

beavers (Castor fiber) (Rosell and Bjerkgyli 2002) and in Columbian ground

228



Appendix A
squirrels (Urocitellus columbianus) (Raynaud and Dobson 2011), the dear enemy
phenomenon was validated with anal and orbital gland secretions respectively.
However, in yellow-bellied marmots (Marmota flaviventris) no evidence of the
existence of the dear enemy phenomenon was found with anal gland secretions
(Cross et al. 2013).

Alpine marmots (Marmota marmota) is a socially monogamous and a
cooperative breeding species who live in family groups from 2 to 20 individuals
(Allainé 2000). Family groups are composed of a dominant couple, subordinates
of both sexes, and pups of the year (Allainé et al. 2000). The dear enemy
phenomenon is likely to exist in this species for at least three reasons. First, they
live in a multi-purpose territories (territories are their feeding and breeding sites).
Territories have adjacent boundaries between families that facilitate the contact
and the recognition of neighbours. The low turnover of dominant individuals
could lead to the stable relations between owners and neighbours (Temeles
1994). Second, strangers represent a important threat. Indeed, mature
subordinates (2 years and older) of both sexes start dispersing to reach
dominance by replacing a dominant and the aggressive encounters between
dispersal and dominant individuals from the same sex are common and can cause
severe infections as well as the eventual loss of a territory for the dominants.
Moreover, landless individuals are highly subject to fitness costs. Indeed
dispersing individuals failing to reach dominance (Stephens et al. 2002) or
dominant individuals loosing their territory have high mortality rates (Lardy et al.
2011). Consequently, stranger individuals may represent a higher threat for
dominant marmots than their neighbours already owning a territory. Third,
territory advertisement through scent-marking behaviour could be a key factor to
prevent aggressive encounters between individuals. In Alpine marmots, cheek
rubbing by orbital glands is the main territory marking mode (Bel et al. 1995,
1999).

Here, we investigated the existence of the dear enemy phenomenon in

dominant individuals of both sexes living in a wild population of Alpine marmots
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using orbital gland secretions collected on dominant males. Although dominants
are only replaced by individuals of the same sex, dominant females may also
display the dear enemy phenomenon through males to avoid the higher costs in
term of fitness associated to mate change. Indeed, in Alpine marmots a change of
dominant male lead to the decrease of annual reproductive success (no young at
emergence and infanticide of male yearlings) (Lardy et al. 2011). We thus
conducted a series of two-way choice experiments to determine if Alpine
marmots respond differently towards neighbour and stranger scents and, respond
differently depending on the sex of the individual interacting with the scent. We
predicted that Alpine marmots would spend more time smelling (as a measure of
identification of the smell as well as an measure of interest) and/or marking (as a
measure of aggressiveness) the scents form strangers than those from neighbours.
We also predict distinct responses towards scents of dominants males depending

on their sex.

MATERIAL

Studied species

Alpine marmots territory size varies between 0.9 ha and 2.8 ha (Perrin et al.
1993b). They have a main burrow used to hibernate from mid-October to mid-
April, to sleep during the night and to give birth (Perrin et al. 1993b) and have
secondary burrows mainly used to escape from eventual predators. Moreover, all
their food source is drawn from their territories.

Sexually mature subordinates of both sexes can reach dominance by
replacing its father or mother. Otherwise, mature subordinates start dispersing to
reach dominance mainly by replacing a dominant from another territory or rarely
by establishing a new territory, (only five cases observed between 1990 and 2014
in the studied population). The main dispersal period is just after hibernation and
early summer, where aggressive encounters between dispersal and dominant

individuals from the same sex are common (MFR, VB and AC personal
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observations).

Orbital gland is an exocrine gland located in the dermis and its secretive
activity is age-dependent, with no secretion observed in juvenile Alpine marmots
(Bel et al. 1999). Previous studies on Alpine marmots showed that (1) scent-
marking mainly occurs between the breeding period and emergence of offspring
(Bel et al. 1995, Lenti Boero 1995); (2) scent-marking is spatially distributed and
mainly involves boundaries of the territory and main burrows (Bel et al. 1995,
Lenti Boero 1995); (3) although all mature individuals of a family group scent-
mark, its mainly done by dominant individuals (Bel et al. 1995); and (4) foreign
scent marks are removed or replaced (Bel et al. 1995). Consequently, in Alpine
marmots orbital glands may be used to assess information about intruders and a
signalling mode that would enable the presence of the dear enemy phenomenon

this species.

Field methods

Data were collected from 2012 to 2014 in a wild population of Alpine marmots
located in the Nature Reserve of La Grande Sassiere (at 2,340 m a.s.l.,, French
Alps, 45°29'N, 65°90'E). Over 80% of the marmots from this population have
been captured since 1990 at least once every year, between mid-April to mid-
July, using two-door live traps baited with dandelions (Taraxacum densleonis).
Once captured, individuals were tranquillized with Zolétil 100 (0.1 mL Kg™),
sexed, aged from their size (up to 3 years) and their social status was determined
according to scrotal development for males and teat development for females.
Individuals were tagged with one metal tags at their ear for visual identification
of sex (right side for females and left side for males). Moreover, only dominants
were also tagged with a coloured plastic tag (right side for males and left side for
females, see Figure 22 for an illustration). The composition of family groups was
assessed from both capture-recapture data and intensive observations (see Cohas
et al. 2006 for details on observations protocol) and scent marking behaviour was

used to confirm the identity of the dominant pair (Bel et al. 1999). Moreover,
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borders of each family group as well as main burrows were determined from

intensive observations.

Figure 22. Dominant male (with a plastic tag on the right ear indicating its social
status and sex) smelling one of two glass tubes placed during an experiment.

Sample collection

Scent samples were collected from 34 dominant males (13 at 2012, 22 at 2013
and 12 at 2014). First, we shaved orbital gland area with sterile cotton swab
saturated with ethanol and we waited full evaporation to avoid polluting samples.
Second, we pressed orbital gland area and sampled outgoing secretions by
rubbing the distal half of a clean glass tube (20 mm long x 25 mm outside @,
vwr® reference number 212-1126, Figure 22). We manipulated glass tubes with
aluminium foil to avoid human scent contamination, we wrapped the tubes in
aluminium foil and we maintained them at ambient temperature (approximately
5°C) until the experiment. We kept manipulated tubes no more than three days
after the sample collection. Because of fieldwork constraints, we collected

between one and six glass tubes per dominant.

Experimental design

The test device consisted of two wooden sticks covered by glass tubes (20 mm
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long x 25 mm outside @, vwr® reference number 212-1126, Figure 22). We
placed glass tubes 50 cm apart to allow individuals to differentiate between
scents of each tube and at approximately 50 cm from the main burrow entrance to
maximize the chances that a given marmot will be involved in the experiment
(Figure 22). We placed permanently two clean glass tubes in each marmot
territory to avoid exploration behaviours due to the introduction of a new object
in their territory. We replaced these tubes by experimental glass tubes when the
experiment started. We cleaned glass tubes with water and alcohol and, once
naturally dried, we wrapped them in aluminium foil. We always manipulated
glass tubes with aluminium foil to avoid human scent contamination.

We distinguished three types of tubes for the experiments:
1) Stranger tube: a glass tube with orbital gland secretion from a dominant
stranger male. We considered individuals as strangers when any boundary
between the two territories was adjacent. Intensive observations of Alpine
marmots allowed us to determine that marmots do not have a discovering
behaviour outside their own territory once they become dominants and we thus
considered stranger individuals as unfamiliar individuals.
2) Neighbour tube: a glass tube with orbital gland secretion from a neighbour
dominant male. We considered individuals as neighbours when at least one
boundary between the two territories was adjacent to the boundary of the family.
3) Empty tube: a cleaned glass tube to control for a purely interest on this object.

We carried out three types of experiments: (1) stranger vs. neighbour; (2)
stranger vs. empty; and (3) neighbour vs. empty. We randomly assigned glass
tubes to each wooden stick to control for a potential bias of individual behaviour
through one side. We carried out all experiments between 18th Mai and 27th June
from 2012 to 2014. This period corresponds to the end of gestation and lactation,
and until the emergence of the pups of the year. We performed experiments
during the main activity period of the active season (between 8:00 a.m. and 6:00
p.m). Given that since 1990 researchers penetrate into the marmot territories at

least once per day to bait the traps during the annually capture season (around 45
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days per year per family group), we assumed that human presence during the
experiment installation did not disturb marmots. Although individuals entered
into their burrows when humans approach their territory, they typically emerged
from their burrows within minutes once researchers moved away from their
territory. From the moment of experiment installation until the end of the
experiment, between one and three people were continuously observing around
the experiment with 10 x 42 binoculars and/or 20 x 60 telescopes. We identified
individuals thanks to the ear tags. Moreover, we recorded experiments with a
digital video camera (Sony® Handycam model DCR-DVD650 or JVC® digital
video model GZ-E 209).

Each experiment was considered as a success when a member of the
dominant couple interacted with at least one glass tube (smelled or marked). An
experiment was finished when the given individual was either out from the
surrounding area where the experiment was placed or once it was inside the main
burrow. After a successful experiment, we replaced the glass tubes by fresh ones
in order to try a successful experiment with the other member of the dominant
couple. We did not take into account those experiments in which subordinates
interacted with glass tubes and when it occurred, we replaced these tubes by fresh
glass tubes to avoid contamination. In the case of dominants were too far from
the tubes within three hours after experiment installation, we stopped the

experiment and we repeated it another day with new scent samples.

Response measurements

We displayed video recordings with Microsoft Windows Media Player
(Microsoft®). First, we viewed all videos in real time and noted all behaviours.
The ethogram of behaviours exhibited by dominant marmots during the
experiments was established (see Table 44 for the behaviours included in the
ethogram). Second, we reviewed all videos in slow motion (x 0.5) to ensure an
accurate identification of behaviours as well as their duration (with an accuracy

of 0.5 s). Finally, we recorded the total duration in seconds of the behaviours
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implicated on the dear enemy phenomenon: smelling (considered as a measure of
identification of the smell as well as an measure of interest) and marking
(considered as a measure of aggressiveness). Moreover, we also recorded the

number of marks and considered as a complementary measure of aggressiveness.

Behaviours and actions

Smell right tube* Scratches or make a hole
Smell left tube* Walk or run
Mark right tube Sitting or lying
Mark left tube Standing
Smell near right tube§ Grooming
Smell near right tube§ Eat
Smell another place Run away
Smell while walking Return to the burrow
Mark another place Go out from the burrow
Move the tail Watch over

Interaction with another marmot

Table 44. Ethogram of behaviours and actions exhibited by Alpine
marmots during the dear enemy experiments. *: The maximal distance
between Alpine marmot nose and the tube is around 5 cm. §: Distance
between Alpine marmot nose and the tube from 5 cm.

We analysed a total of 108 videos (23 for a neighbour tube vs. a stranger tube
experiment; 36 for a neighbour tube vs. an empty tube experiment; and 49 for a
stranger tube vs. an empty tube experiment. A total of 23 dominant males and 29

dominant females interacted with the glass tubes.
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LES CARACTERISTIQUES GENETIQUES AFFECTENT-ELLES LES CRIS D’ALARME
CHEZ LA MARMOTTE ALPINE?

T. Lengagne!,D. Allainé?, D. Lepetit?, M. Ferrandiz-Rovira?, A. Cohas?
IUniversité de Lyon, F-69000, Lyon; Université Lyon 1; CNRS, UMR5023, Laboratoire d’Ecologie des Hydrosystémes Naturels et Anthropisés, F-69622, Villeurbanne, France
2Jniversité de Lyon, F-69000, Lyon; Université Lyon 1; CNRS, UMRS558, Laboratoire de Biométrie et Biologie Evolutive, F-69622, Villeurbanne, France.
E-mail: mariona.ferrandiz-rovira@univ-lyon1.fr

INTRODUCTION
L'émission des cris d’alarme fait prendre un risque a I'émetteur, le gain en valeur sélective de ce comportement est a rechercher dans le
cadre de la coopération. Les variations individuelles liées a la propension a alarmer sont non negligeables suggérant |'existence

de personnalités plus ou moins coopératives. Ces différences peuvent trouver leur origine dans les caractéristiques génétiques des
individus.

Notre projet vise a déterminer comment les cris d'alarme sont affectés par les caractéristiques génétiques des individus. Nous
cherchons donc:

1) a déterminer si les individus différent génétiquement au niveau du géne Avprl impliqué dans les comportements sociaux;
2) a déterminer les caractéristiques des signaux acoustiques émis par ces individus.

MODELE BIOLOGIQUE
La marmotte alpine (Marmota marmota):

—> Espéce sociale et territoriale vivant en familles élargies (2-20 individus).
-> Cris d’alarme en situations de danger (aigle royal, renard, etc.).

-> 26 familles capturées et suivies dans la Reserve Naturelle de la Grande Sassiére (Savoie).

ENREGISTREMENT ET ANALYSE DU SIGNAL ACOUSTIQUE CARACTERISATION DU PROMOTEUR DU GENE AVPR1a
- Utilisation d’un microphone omnidirectionnel Sennheiser Le géne AVPR-la est responsable de I'expression de
ME62 connecté a un enregistreur numérique Tascam FR2LE récepteurs du systéme nerveux central qui influencent les
(Fe 44.1kHz, dynamique 16 bits). fonctions cérébrales chez les mammiféres.
- 13 individus (78 cris) enregistrés (Fig. 1). — Caractérisation de I'exon 1 du géne Avpr-1a:
- Analyse des cris avec SASLAB. A partir d’un sonagramme, 27 génomes/transcriptomes de rongeurs disponibles
chaque cri est décrit par une série de variables fréquentielles Alignement des CDS, proteines, promoteur, mRNA
et temporelles (étoiles rouges sur la Fig. 2). - Obtention de la structure intron/exon du géne.
| e e e Promoteur AELF—TLS W:ziui ____j__
3 e iy LAY Y WOR—
- A~ L
E ¥ e - TS5 -378bp
R e g -> Séquencage de |'exon 1 supposé.
. s et - Alignement et verification qu’il s’agit de 'exon 1 du géne

gEmps ;) Avpr-la chez la marmotte alpine.

Fig.1 Fig.2

RESULTATS DES ANALYSES DU SIGNAL ACOUSTIQUE

Il existe des différences individuelles
importantes dans la structure
acoustique des cris:

- B84.2% de la variance totale
expliquée par les trois premiéres
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fonctions discriminantes (Fig. 3). st 1 = . .
-> Un chant tiré au hasard dans le ‘ ‘ 5 RESULTATS SEQUENCAGE DU PROMOTEUR
jeu de données est attribué a la ™ " scofen T " - 3.2 kB du promoteur caracterisés.
marmotte qui I'a effectivement émis  riga - 2 régions polymorphiques dans le promoteur et 1 région
dans 82% des cas. polymorphique dans la region 5" UTR.
CONCLUSIONS

Notre projet a permis de mettre au point les analyses génétiques ainsi que les méthodes d’enregistrement et d'analyse des signaux
d’alarme. Il est maintenant nécessaire de génotyper tous les individus qui ont été enregistrés afin de préciser si les différences
individuelles dans les caractéristiques acoustiques correspondent a des niveaux d’expression différents du géne Avprl.
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PISTER LA MARMOTTE ALPINE DANS LE TEMPS ET L’ESPACE
- COMPRENDRE L’EVOLUTION DE SA DIVERSITE INTRA-SPECIFIQUE -
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INTRODUCTION OBIJECTIFS

Variation, polymorphisme

TR Tl i R > : : Eprate —> Quantifier I'impact d’événements
Diversité génétique intra-spécifique - Potentiel adaptatif | Distribution

démographiques sur |a diversité génétique

A PRESERVER Maintien, transmission :
A COMPRENDRE - Identifier et dater les goulots
d’étranglement dans les Alpes et les Pyrénées
MODELE BIOLOGIQUE > Comprendre I'extinction de I'espéce dans

les Pyrénées vs. son maintien dans les Alpes
La marmotte alpine (Marmota marmota)

METHODES & RESULTATS

Fossiles Contemporaines

Os Poils

Populations natives fossiles

-10 000 ans 1948

&

> Alpes - E'A\
Ny
*  Pyrénées R

- T

Extinction ? Réintroduction £
\ Extractron d'ADN fossile

Populations natives fossiles

1. Génes du CMH (4 locus) = résistance
parasitaire - sélection
Séquencés pour 866 individus issus de 3 populations

2. ADNmt, géne du cytochrome b = horloge
moléculaire - événements démographiques

Fossiles (os) de marmottes alpines
0.122

Rattus

Contemporaines A SUIVRE... Fossiles Prapic (4 individus)
> i Aussois (3 individus)
- Poursuite du séquencage CMH - Poursuite de I'extraction d'ADN
et cytochrome b - Amplification du cytochrome b et j TR ——
séquencage
100
- Design des primers et amplification -
du CMH Sassiére (3 individus)
ANALYSES

- Lhistoire démographique (logiciel BEAST) Arbre (NJ, méthode J-C) aprés séquencage et alignements
- Diversité génétique (logiciel DNAsp) de 12 individus issus de 3 populations alpines
contemporaines. Longueur des branches et poids des nceuds

- Temps de divergence, patrons de migration (logiciel IMa2) (Bootstrap 1000 réplications)
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Complexe majeur d’histocompatibilité (CMH) et choix de partenaire chez un amphibien
Hugo CAYUELA', Mariona FERRANDIZ-ROVIRA?, Jérédme BRIOLAY?3, Pierre JOLY', Jean-Paul LENA',
Thierry LENGAGNE', Aurélie COHAS?
Laboratoire d’Ecologie des Hydrosystémes Naturels et Anthropisés

Les génes du complexe majeur d’histocompatibilité jouent un role
crucial dans l'initiation et la régulation des réponses immunitaires et
sont supposés contribuer a la sélection de partenaires sexuels sur la
base de la compatibilité génétique. Si un choix de partenaire CMH-basé
a été mis en évidence chez de nombreux vertébrés, son utilisation par
certains groupes tels que les amphibiens reste énigmatique. Nous
abordons cette question chez un Anoures, le Sonneur a ventre jaune
(Bombina variegata).

H1: Le choix des femelle est-il CMH-basé ?

H2 : Le choix de la femelle est-il répétable ?

H3: Les femelles sélectionnent-elles les

males les plus génétiquement dissimilaires

sur la base du CMH ?

H4 : Les femelles sélectionnent-elles les males porteurs d’alleles rares
duCMH ?

Taille de I’échantillon N = 24 femelles testées.

Chaque femelle est confrontée a deux épreuves de reproduction pour tester la répétabilité du choix.

Au cours de chaque épreuve, la femelle effectue un choix entre deux males de taille et de condition corporelle
comparable. Ce méme choix est répliqué 24 h plus tard.

Soit 48 épreuves de reproduction réalisées dans 10 enclos expérimentaux (4 m x 2m) composé de deux
compartiments a une mare.

CARACTERISATION MOLECULAIRE DU CM

Amplification d’un fragment de 157 bp CMH Class Il DRB exon 2 a l'aide des primers BobomMHCIIEXON2F2 et BobomMHCIIEXON2R1.
Séquencage haut-débit (454 GS-Junior, Roche Diagnostic). 87 échantillons.

Etape du processus de minimisation des erreurs de séquengage

Processing description Read number (amplicon number)
Number of read (all mixed loci) 64.821(87)
Elimination of reads without both forward and reverse individual tags and loci markers 60.101 (86)
Elimination of singletons and reads with <95 % and > 105 % of known fragment size 49.133(86)
Elimination of amplicons < 12 reads for a given locus 49.131(85)
Elimination of <3 reads/variant 44.089 (85)

BovarTAL8

Bopach3F
Bopach2F

BovarTAL4
l{ iE ovarTAL1
BovarTAL3

Bobom-B
Bobom-D
BovarTAL11
BovarTAL10
wor—= Bovar6C
{Bova3A

BovarTAL6

Bobom-Ad
) Bobom-A3
2, Bobom-A2
e, Bobom-A

-
I
e e [ Casomas
0 » w M

Number of sequences

BovarTAL12

o0,
S
L s ————BovarTALs

BovarTAL?

0,050

Variant frequency (%) per sample (Fij)
Distribution des fréquences de chaque variant jdans  Arbre phylogénétique incluant les alléles identifiés (BovarTAL) et les séquences de références
chaque amplicon i aprés élimination des amplicons chez Bombina variegata et deux espéeces-sceur, B. bombina et B. pachypus.
avec moins de 12 reads.

RESULTATS ACTUELS

* 12 nouveaux alléles identifiés appartenant a au moins 3 loci dont un monomorphe
* Chaque individu posséde 2 a 4 alléles, avec une moyenne de 3 alléles/individu dans la population

FINALISATION DES ANALYSES

Assignement des 12 nouveaux alléles a chaque loci et test des hypothéses relatives au choix de partenaire a venir...
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APPENDIX E:
PRE- AND POST-COPULATORY TRAITS

Do pre- and post-copulatory traits covary in large herbivores?
M Ferrandiz-Rovira, J-F. Lemaitre, S. Lardy, B. Claramunt-Lopez and A.
Cohas BMC Evolutionaly Biology (2014), 14: 79.
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Ferrandiz-Rovira et al. BMC Evolutionary Biology 2014, 14:79
http://www.biomedcentral.com/1471-2148/14/79

BMC
Evolutionary Biology

RESEARCH ARTICLE Open Access

Do pre- and post-copulatory sexually selected
traits covary in large herbivores?

Mariona Ferrandiz-Rovira', Jean-Francois Lemaitre', Sophie Lardy'?, Bernat C Lopez>* and Aurélie Cohas'

Abstract

to be affected by male mating tactics.

competition, Weapon length

Background: In most species, males compete to gain both matings (via pre-copulatory competition) and fertilizations
(via post-copulatory competition) to maximize their reproductive success. However, the quantity of resources devoted
to sexual traits is finite, and so males are predicted to balance their investment between pre- and post-copulatory
expenditure depending on the expected pay-offs that should vary according to mating tactics. In Artiodactyla species,
males can invest in weapons such as horns or antlers to increase their mating gains or in testes mass/sperm
dimensions to increase their fertilization efficiency. Moreover, it has been suggested that in these species, males with
territory defence mating tactic might preferentially increase their investment in post-copulatory traits to increase

their fertilization efficiency whereas males with female defence mating tactic might increase their investment in
pre-copulatory sexually selected traits to prevent other males from copulating with females. In this study, we thus test
the prediction that male’s weapon length (pre-copulatory trait) covaries negatively with relative testes size and/or
sperm dimensions (post-copulatory traits) across Artiodactyla using a phylogenetically controlled framework.

Results: Surprisingly no association between weapon length and testes mass is found but a negative association
between weapon length and sperm length is evidenced. In addition, neither pre- nor post-copulatory traits were found

Conclusions: We propose several hypotheses that could explain why male ungulates may not balance their
reproductive investment between pre- and post-copulatory traits.

Keywords: Pre-copulatory competition, Post-copulatory competition, Secondary sexual traits, Sexual selection, Sperm

Background

Understanding the diversity and evolution of male sexual
traits is a major interest in evolutionary ecology [1,2],
and there is now substantial evidence that sexual competi-
tion has shaped these traits [1,3]. Firstly, males compete
for mating opportunities (i.e. pre-copulatory competition)
and individuals who invest in secondary sexual traits such
as ornaments or weapons are often better competitors
and gain more mating events (e.g. [4,5]). Secondly, in spe-
cies where females mate with more than one male in the
same reproductive bout, males compete to fertilize a set of
ova through sperm competition (i.e. post-copulatory com-
petition) [3]. In many cases, sperm competition can be
compared to a raffle where the male probability to fertilize
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eggs is proportional to the relative number of sperm deliv-
ered by the male [6,7]. Sperm traits such as sperm dimen-
sions and characteristics can also increase the probability
of fertilization through their impact on sperm mobility
and viability [8]. Such sperm characteristics can be consid-
ered as sperm quality characteristics and can also play an
important role in the outcome of sperm competition [7,8].
Consequently, sperm competition has selected for adapta-
tions that increase both sperm quantity and/or quality.
For example, in mammalian taxa, testes mass (relative to
body mass), a proxy of sperm quantity [9], is strongly as-
sociated with different proxies of sperm competition such
as social group size in bats [10] or the percentage of
within-litter multiple paternity in rodents [11]. Moreover,
although sperm quantity has been traditionally empha-
sized, recent studies testing simultaneously the contribu-
tion of both sperm quantity and quality on fertility have
shown that, under some circumstances, sperm quality
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could be more important than quantity. For example, one
study found that in the white-footed mouse (Peromyscus
leucopus noveboracensis), the probability of siring litters
was more affected by sperm quality (measured as sperm
viability and percentage of sperm presenting abnormal-
ities) than sperm quantity [12].

The expression and maintenance of sexual traits in-
volved in both pre- and post-copulatory competition are
energy and time consuming (e.g. [13,14]) and are gener-
ally associated with various costs. For example, conspicu-
ous secondary sexual traits often cause high predation
risks [15] and male investment in both pre- and post-
copulatory traits decreases immune efficiency [16,17].
Since males can allocate only a limited amount of re-
sources to sexual competition [6], theoretical models of
sperm competition predict that, when the relative inten-
sity of pre- or post-copulatory pressures change, males
should modulate their reproductive investment between
traits involved in competition for mating and traits in-
volved in the production of high quality ejaculates de-
pending on the expected pay-offs [6,18]. Basically, when
females are likely to mate with different males (ie. high
level of sperm competition), males should preferentially
increase their investment in ejaculate expenditure by
decreasing the investment to pre-copulatory male sexually
selected traits; whereas when female propensity to mate
multiply is weak (i.e. low level of sperm competition),
males should predominantly increase their investment to
pre-copulatory male sexually selected traits by decreasing
the investment in ejaculate expenditure [6,18]. So far, evi-
dence for such relationships at the inter-specific level
comes mainly from two studies: (1) Simmons and Emlen
[19], who found in beetles from the genus Onthophagus,
that species with the steepest allometric slopes of horn
size on body size also display the shallowest allometric
slopes of testes mass on body size (and vice versa), and
(2) Fitzpatrick et al. [20], who recently revealed a negative
relationship between sexual size dimorphism and both
baculum length and testes mass across pinniped species.
Although male development and maintenance of pre-
copulatory male sexually selected traits other than body
size or mass are costly (i.e. [21]), and can potentially
covary with the expression of ejaculate characteristics
(i.e. [22]), inter-specific studies involving male arma-
ments or ornamental traits remain scarce. Moreover, in
this context, investment in sperm quality has never been
considered, maybe because models of allocation to sperm
competition according to the level of pre-copulatory com-
petition are principally focused on sperm quantity [6,18].

Ungulates are well-suited to examine covariation be-
tween investment in sexual traits since males in this
group face intense competition both to secure matings
and fertilize ova and developed traits to increase their suc-
cess under both pre- and post-copulatory competition
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[23,24]. The predominant mating system of ungulate spe-
cies is polygynous [25] and conspicuous weapons such as
horns for Bovidae and antlers for Cervidae have been
sexually selected in this group because they provide an ad-
vantage for males in gaining matings and ultimately in-
crease fitness [23]. For example, in Soay sheep (Ovis aries)
larger horns enhance the probability of being observed in
consort, which in turn is related to mating success [4]. In
addition, ungulate species where males face a high level of
sperm competition have developed larger testes [26,27],
and sperm velocity is also likely to be under strong select-
ive pressure since this parameter is directly related to vari-
ation in male fertility (e.g. red deer in Malo et al. [28]).
Moreover, it has been hypothesized that the level of intra-
male competition and ultimately the relative invest-
ment in both pre- and post-copulatory traits could
potentially differ between mating tactics exhibited by
males in polygynous ungulates [23]. In the female defence
mating tactic, males follow females and attempt to guard
them during oestrus. Therefore, male mating opportun-
ities might depend predominantly on their dominance
hierarchy and abilities to prevent other males from copu-
lating with females mainly from the use of their weapons
[24]. On the contrary, in the territory (or resource) de-
fence tactic, males defend areas to attract females but do
not monopolize females that can freely range over several
male territories. As a consequence, the risk of sperm com-
petition might be higher in species with territory defence
tactic and males should increase their investment in ejacu-
late expenditure as predicted by a recent model of sperm
competition [18]. Thus, the variation found in ungulate
sexual traits (weapon length in Bro-Jergensen [23] and
Plard et al. [29] and both testes mass and sperm length in
Gomendio et al. [30]) could ultimately be the result of dif-
ferent levels of sperm competition between mating tactics
exhibited by males.

In this study, we first use a comparative analysis on un-
gulates to test for covariation between male investment in
weapon (horns or antlers) length and male investment in
sperm quantity and/or quality (relative testes mass and/or
sperm dimensions). We expect that the relative size of
these pre- and post-copulatory traits should be negatively
correlated [18]. Then we tested the hypothesis that male
mating tactic (female or territory defence) can mediate the
relative investment in these pre- and post-copulatory traits.
Following Bro-Jergensen [23], we expect species with a fe-
male defence mating tactic to invest in pre-copulatory
male sexually selected traits at the expense of their invest-
ment in post-copulatory traits, while we expect the reverse
pattern for species with a territory defence mating tactic.

Results
Regarding post-copulatory traits, no significant relation-
ships between relative testes mass and sperm dimensions
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were observed (Additional file 1: Table Sla). However,
positive relationships between sperm dimensions were
evidenced (see Additional file 1: Table S1b and Slc).

No significant relationship between relative weapon
length and relative testes mass was found (Table 1). How-
ever, there was evidence for a strong significant negative
relationship (r = -0.27) between weapon and total sperm
length (Figure 1a, Table 1). Although lengths of all sperm
components (head, midpiece and tail) are significantly
longer as total sperm length increases (see Additional
file 1: Table S1b and Slc), only tail length was found
to be strongly negatively associated with weapon length
(r =-0.30) although this relation was found to be sig-
nificant only with the phylogenetic tree derived from
Bininda-Emonds et al. [31] (p =0.03 with Bininda-
Emonds et al. [31]; r =-0.26, p = 0.07 with Agnarsson
and May-Collado [32] tree) (Figure 1b, Table 1, Additional
file 2: Table S2a). No significant associations were found
between weapon length and head or midpiece length, nor
between weapon length and midpiece volume (Table 1).
The taxonomic family had no effect on the evidenced rela-
tionships (see Additional file 3: Table S3).

No relationships between mating tactics and any of the
pre- and post-copulatory traits were evidenced (Table 2).
Furthermore, the mating tactics did not modulate the rela-
tionships between weapons length and the different post-
copulatory traits (Table 3).

Discussion

Surprisingly, no evidence of covariation between relative
weapon length and relative testes mass was found across
ungulate species. However our results show evidence of
a negative association between relative weapon length
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and sperm length. Moreover, we found that allocation to
pre- and post-reproductive traits is independent of the
mating tactic.

The absence of a negative covariation between relative
weapon length and relative testes mass contrasts with
both theoretical predictions [18] and recent empirical
findings from Fitzpatrick et al. [20], who found a nega-
tive relationship between sexual size dimorphism and rela-
tive testes mass across thirteen species of pinnipeds. One
possible explanation for the apparent discrepancy be-
tween these two studies could come from a much lower
intensity of post-copulatory competition in ungulates
compared to pinnipeds as suggested by their small rela-
tive testes mass [30]. However, scrutiny on Fitzpatrick
et al. [20] data reveals that the gonadosomatic index
(testes mass/body mass x 100) of pinnipeds is very close
to the gonadosomatic index of ungulates from our dataset
(mean + SD gonadosomatic index [range]: 0.06 %+ 0.03
[0.02-0.13] in pinnipeds (N =14) and 0.10 £ 0.19 [0.02-
1.23] in ungulates (N =45); Mann—Whitney-Wilcoxon
test: W =330; p = 0.80). Therefore, the absence of a nega-
tive association between weapon length and relative testes
mass in ungulates is unlikely to come from a lower post-
copulatory sexual selection in this group, which is not
surprising since evidence of female multiple mating in
ungulates are now compelling (e.g. [4,33]).

Our results further show evidence of a negative associ-
ation between relative weapon length and sperm length
across species of ungulates. When sperm components
were analysed separately, this negative association was
found only with the length of the sperm tail. In mam-
mals, sperm tail length is correlated with sperm velocity
[34], which can potentially increase male fertilization

Table 1 Phylogenetically corrected models testing the relationships between male pre- and post-copulatory sexually

selected traits

Dependent variable Independent variables Beta + SE t P N df r A

Weapon length Body mass 048 + 0.09 558 <0001 45 42 0.65 0.69°-36/0-21
Testes mass 0.04 + 0.08 0.50 0.62 0.08

Weapon length Body mass 0.56 + 0.06 1001 <0001 54 51 081 1.00%0:001/1
Sperm length —0.95 + 047 -2.04 0.05 -0.27

Weapon length Body mass 0.58 + 0.06 1043 < 0.001 54 51 083 0.980-01/<0.001
Sperm head length —0.04 £0.29 -0.12 0.90 —-0.02

Weapon length Body mass 0.56 + 0.06 9.10 <0001 53 50 0.79 0.98<0:001/0-26
Sperm midpiece length -0.11 £ 031 —-0.35 0.73 —-0.05

Weapon length Body mass 051 + 006 837 < 0.001 47 44 0.78 0.98< 0:001/0:21
Sperm midpiece volume 0.02 + 0.07 035 0.73 0.05

Weapon length Body mass 0.57 + 0.05 1058 <0001 54 51 083 1,00% 00011
Sperm tail length —0.80 + 036 ~2.24 0.03 -0.30

Models are tested with Bininda-Emonds et al. [31] phylogeny across ungulates species (both Bovidae and Cervidae pooled). r represents effect size values. \ represents
the index of phylogenetic covariance (see Methods section). The superscripts following the A value indicate p-value of likelihood ratio tests against models with A = 0

(first position) and A = 1 (second position). All variables were log transformed.
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Figure 1 Weapon length (after correction for body mass allometry) in relation to total sperm length (a) and tail length (b) without
considering phylogeny for 54 species (both Bovidae and Cervidae pooled).
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success under competitive conditions [7,8]. Therefore, al-
though an increase in sperm length when the intensity
of post-copulatory sexual selection increases is poten-
tially adaptive, such negative covariation between sex-
ual traits such as weapons and microscopic structures
like sperm across species is striking and deserves to be
studied in other groups before drawing any definitive con-
clusion. Indeed, this is the first time that a relationship
between pre-copulatory male sexually selected traits
and sperm characteristics is documented at the inter-
specific level although such covariations have been re-
peatedly investigated at the species level (see [35] for a
recent compilation of these studies). For example, in coho
salmon (Onchorhynchus kisutch) males with more intense
spawning colouration, in other words that allocate heavily
in secondary sexual characters, had lower sperm velocities
than males with less pronounced spawning coloration
[36]. Conversely, intra-specific studies have also docu-
mented positive relationships between secondary sexual

traits and measures of ejaculate quality (e.g. [37]). How-
ever, a meta-analysis has recently failed to find a general
pattern of covariation between pre- and post-copulatory
traits [35], suggesting that species ecological and biological
characteristics might play a significant role on the direc-
tion and the strength of the covariation.

It is particularly surprising to observe a negative rela-
tionship between weapon length and sperm length while
no association was found between weapon length and
testes mass since testes mass is typically considered by
far as the most robust indicator of investment in post-
copulatory competition [38]. However, as emphasized by
Simmons and Fitzpatrick [20] in their recent review on
the evolution of male fertility, caution is required before
considering relative testes mass as an absolute proxy of
sperm competition level. Indeed, testes can perform func-
tions other than sperm production and allocation in testes
mass could be favoured even in the absence of variation in
the level of sperm competition [39]. In ungulates, testes

Table 2 Phylogenetically corrected models testing for differences in male pre- and post-copulatory sexually selected

traits with different mating tactics

Dependent variables Independent variables Beta + SE t P N df r A

Weapon length* Body mass* 0.53+0.07 767 < 0001 58 55 072 0.9g0-001/0:30
Tactic -022+0.17 -1.29 020 -0.17

Testes mass* Body mass* 067 +0.12 551 < 0,001 45 42 0.65 0.00"/<0-001
Tactic 0.16+0.27 060 055 0.09

Sperm length Tactic ~1.02+194 053 0.60 54 52 -0.07 0.670-06/<0.001

Sperm head length Tactic —-0.16+041 -038 0.70 54 52 005 0.580-01/<0.001

Sperm midpiece length Tactic 004+078 0.05 0.96 53 51 0.01 0.92< 0-001/0.01

Sperm midpiece volume Tactic —-0.13+039 —-0.34 0.74 47 45 005 000'°

Sperm tail length Tactic —123+150 082 042 54 52 -0.11 0.520-24/<0.001

Female defence species is coded as 0 and territory defence is coded as 1. Models are tested with Bininda-Emonds et al. [31] phylogeny across ungulates
species (both Bovidae and Cervidae pooled). r represents effect size values and A represents the index of phylogenetic covariance (see Methods section).
The superscripts following the A value indicate p-value of likelihood ratio tests against models with A =0 (first position) and A =1 (second position).

*log transformed variables.
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Table 3 Phylogenetically corrected models testing the relationship between weapon length and testes mass, sperm

dimensions and mating tactics

Dependent variable Independent variables beta + SE t P N df r A
Weapon length Body mass 044 + 009 470 < 0.001 45 41 0.59 0.27064/0-11
Testes mass -0.04 £0.12 -031 0.76 -0.05
Tactic -0.74 + 0.60 -1.22 0.23 -0.19
Testes mass X Tactic 011 +£0.14 0.74 046 0.12
Weapon length Body mass 0.56 + 0.06 840 <0001 54 50 0.77 1,00 0:001/081
Sperm length -1.92 +£1.05 -1.83 0.07 0.25
Tactic -5.12 £ 474 -1.08 0.28 0.15
Sperm length X Tactic 120 £ 1.16 1.04 0.30 0.15
Weapon length Body mass 0.53 + 0.06 853 <0001 54 50 0.77 0.99<0-:001/038
Sperm head length 090 + 0.76 1.18 0.24 0.16
Tactic 2.14 +1.69 1.26 0.21 0.18
Sperm head length x Tactic -1.11£081 -1.37 0.18 -0.19
Weapon length Body mass 0.52 + 007 750 < 0001 53 49 0.73 0.98<0:001/036
Sperm midpiece length —0.26 + 046 -0.56 0.58 0.08
Tactic —059 + 146 —041 0.69 -0.06
Sperm midpiece length x Tactic 0.16 £ 0.58 0.28 0.78 0.04
Weapon length Body mass 049 + 007 7.26 < 0.001 47 43 0.74 0.98<0:001/0:20
Sperm midpiece volume 0.08 +0.17 045 0.65 0.07
Tactic -0.07 £0.23 -0.28 0.78 -0.04
Sperm midpiece volume X Tactic -0.06 +0.19 -0.34 0.74 -0.05
Weapon length Body mass 0.55 + 0.06 891 < 0.001 54 50 0.78 1,00% 000171
Sperm tail length -144 £ 0.75 -1.92 0.06 -0.26
Tactic -3.06 £ 3.14 -0.98 0.33 -0.14
Sperm tail length X tactic 0.78 + 0.85 091 0.37 0.13

Female defence species is coded as 0 and territory defence is coded as 1. Models are tested with Bininda-Emonds et al. [31] phylogeny across ungulates species
(both Bovidae and Cervidae pooled). r represents effect size values and A represents the index of phylogenetic covariance (see Methods section). The
superscripts following the A value indicate p-value of likelihood ratio tests against models with A =0 (first position) and A =1 (second position). All

variables were log transformed.

mass varies between monogamous and polygynous spe-
cies [26]. However, following the male mating rate hy-
potheses [39], polygynous species could have heavier
testes than monogamous species as a result of a higher
number of females to fertilize even in the absence of vari-
ation in the level of sperm competition. On the contrary,
whether sperm characteristics respond to post-copulatory
competition is still a debated topic, especially when,
like in our study, no relationship between sperm dimen-
sions and relative testes mass was found. Even if studies
reporting either negative relationships or no influence
of sperm competition on sperm/tail length have pre-
vented the emergence of a clear picture [40,41], it ap-
pears that the majority of comparative studies performed
over the past 20 years have reported positive relation-
ships between the level of sperm competition and
total sperm length (see Simmons and Fitzpatrick [20] for
a review). We thus cannot rule out that other post-

copulatory traits such as sperm dimensions could respond
to post-copulatory sexual selection [8].

Finally, preferential investment in pre- or post-copulatory
traits could be obscured by variation in the pre- and post-
copulatory selective pressures resulting from their mating
tactics. Indeed in the moth (Plodia interpunctella) mating
tactic is associated with differences in ejaculate expend-
iture. Moth males with female defence mating tactic have
larger heads and thoraxes, have smaller testes and produce
fewer sperm than males without female defence mating
tactic [42]. However, our results do not show distinct pat-
tern of allocation to pre- and post-reproductive traits
according to the mating tactics. Indeed, none of the pre-
and post-copulatory traits investigated differ between
mating tactics nor is the covariation between sperm di-
mensions (total sperm and tail length) and weapon length
affected by mating tactics. Discrepancies between our
predictions and our results might have at least two
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explanations. First, the classification of mating tactics used
(female defence versus territory defence) might not reflect
adequately the level of pre- and post-copulatory competi-
tion in ungulate species. For instance, in the great kudu
(Tragelaphus strepsiceros), a non-territorial species, the
level of pre-copulatory competition might be, contrary to
our hypothesis, not so elevated since in this species males
fight only occasionally [43]. Conversely, the level of post-
copulatory competition can also be high in species com-
monly classified as female defence mating tactic such as
the white-tailed deer (Odocoileus virginianus). Indeed, in
this species, DNA microsatellite markers reveal that mul-
tiple paternities are widespread within litters [33]. Second,
in ungulates, males can show strong plasticity in their re-
productive behaviour shifting from one mating tactic to
another (see [44] for a review on this topic). In this study,
we have used the main mating tactic generally associated
with the species, but we cannot exclude that the degree
of the occurrence of alternative mating tactics might
exert selective pressures. For example, within a given spe-
cies, individuals adopting a territory defence tactic are pre-
dicted to have large weapons and low testes mass while
individuals adopting a female defence mating strategy are
predicted to have small weapons and high testes mass.
These individual variations in mating tactic might obscure
the relationships between pre- and post-copulatory traits
at the species level. Unfortunately high quality data on re-
productive tactics in ungulates are currently not sufficient
to obtain a classification of mating tactics that would bet-
ter reflect the selective pressures exerted on pre- and
post-copulatory traits, limiting the conclusions that can be
drawn from the absence of distinct pattern of allocation to
pre- and post-reproductive traits reported.

Conclusions

Our results reveal the absence of a negative association
between pre-copulatory male sexually selected traits and
relative testes mass. Nevertheless, a negative association
between pre-copulatory male sexually selected traits and
sperm tail length was found. Covariations at the inter-
specific level between sexual traits or others are some-
times interpreted as an evolutionary trade-off (e.g. [20])
although such interpretations require extreme caution
[18]. Indeed, these conclusions are often based on the
assumption that the quantity of resources devoted to the
production and maintenance of sexual traits should be
the same across species [6,45]. In ungulates, the variance
in mass-specific metabolic rate appears to be small com-
pared to other mammalian taxa [30]. Therefore, the
amount of resources that males can allocate to sexual
traits is likely to be roughly similar between these spe-
cies although fine scale measurements would be needed
before drawing any definitive conclusion on the absence
or presence of an evolutionary trade-off. Further studies
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on the relative costs and benefits associated with invest-
ment in different sexual traits in ungulates (see also [20]),
through for instance the use of experimental manipula-
tions (e.g. [19]) and mating trials, are now required before
drawing any conclusion on the presence of an evolution-
ary trade-off.

Methods

Dataset

Data were collected on adult males of Bovidae and Cervidae
species, the two main families of weaponed Artiodactyla.
We first conducted two separate literature surveys: one on
weapon length (horn length for Bovidae and antler length
for Cervidae). Once the maximum number of data on
weapon length was collected, we focused our literature
survey on testes mass and sperm length, as well as sperm
head length, sperm midpiece length and volume, and
sperm tail length, since sperm is a complex cell divided
in three main structures. Additionally, following the
classification proposed by Bro-Jorgensen [23] and later
used by Plard et al. [29], each species was characterized as
having either a female defence mating tactic when they
guard a female during their receptive period (level O in
statistical analysis) or a territory defence mating tactic
(level 1 in statistical analysis) depending on the males
main mating tactic. For territory defence category, both
studies [23,29] merge territorial species (where individ-
uals defend large territories with food resources) and
lekking species (where individuals defend small terri-
tories with no food resources but females) since lek-
king could be an alternative mating tactic of territorial
species. Moreover, no intra-specific differences in weapon
size have been found between territorial and lekking pop-
ulations and thus combining both groups is justified
[23,29]. The dataset was then supplemented using infor-
mation from more specific sources. All data used were
checked from the original source and are provided in the
Additional file 4: Table S4.

The final dataset contains information on weapon
length, body mass, paired testes mass, sperm dimensions
and mating tactics for 58 Artiodactyla species including
40 species of Bovidae and 18 species of Cervidae. Since
testes mass and all sperm dimensions were not available
for all species, sample sizes vary from 31 to 58 species in
the statistical analysis.

Comparative method

Species may share characteristics as a result of a com-
mon ancestry. This could create dependency among
the data, which potentially compromises statistical tests
[46]. On Artiodactyla, no consensus phylogeny has been
reached yet and we thus used two different phyloge-
nies with topology and branch length (Additional file 5:
Figure S1).
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The first phylogenetic tree was derived from the
phylogenetic supertree of mammals of Bininda-Emonds
et al. [31] and is commonly used in inter-specific studies
focused on Artiodactyla. However, this tree displays an
important number of polytomies and we thus repeated
our analyses with another phylogenetic tree derived from
Agnarsson and May-Collado [32]. This second phylogenetic
tree presents no polytomies. Unfortunately, five species from
our dataset were absent from this tree: sunda sambar
(Cervus timorensis), blue wildebeest (Connochaetes taurinus),
lechwe (Kobus leche), red brocket (Mazama americana), and
common duiker (Sylvicapra grimmia). Consequently, both
trees were used to compare consistency between models
using a tree containing the whole set of species but
containing polytomies [31] and using a tree contain-
ing no polytomies but without five species from our data-
set [32].

We then used phylogenetic generalized linear models
(PGLS). This statistical method estimates an index called
A that indicates whether the phylogeny correctly predicts
the patterns of covariance among species on a given
trait. \ varies between 0 (complete absence of phylogenetic
structure, i.e. the phylogenetic structure can be repre-
sented by a star phylogeny) and 1 (phylogenetic structure
in agreement with a Brownian model of the evolution of
the considered traits, i.e. the phylogenetic structure can be
represented by the previously constructed tree with un-
modified topology and branch length) [47]. A is then intro-
duced in the model to control for the phylogenetic effect
by multiplying all the off-diagonal values of the variance-
covariance matrix extracted, with the R-package ‘ape’ [48],
from the constructed phylogenetic tree. Then, the general-
ized linear model is fitted with this modified variance-
covariance matrix [47].

Statistical analysis

All statistical analyses were conducted with the two
phylogenetic trees described above. However, unless
otherwise stated, the results were qualitatively identi-
cal with these two phylogenetic trees. Therefore, only
results from Bininda-Emonds et al. [31] are presented
in the manuscript, although those from Agnarsson and
May-Collado [32] can be found in Additional file 2:
Table S2.

Since weapons differ in structure and growth rate be-
tween Bovidae and Cervidae, we first tested for an effect of
the taxonomic family on each studied trait. We thus built
PGLS models with each male sexual trait (pre- and post-
copulatory) considered as the dependent variable and
family (coded as 0 for Bovidae and 1 for Cervidae) as
the independent variable. Since no difference in any of
the traits studied could be found between Bovidae and
Cervidae families, both families were considered together
in all subsequent analyses (Additional file 3: Table S3).
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Due to the role of sperm quantity and quality in
fertilization success [7], both traits may have co-evolved
leading to dependencies between the associated traits. In
order to test the relationship between these traits, we
first analysed, using the PGLS regressions, the relation-
ship between relative testes mass and sperm dimensions
as well as between sperm dimensions.

Once these analyses were conducted, we proceeded to
the test of our two hypotheses. First, to test for a negative
association between traits involved in pre- and post-
copulatory sexual competition, we constructed a series of
PGLS models including weapon length as a dependent
variable and either testes mass, total sperm length or any
sperm component dimensions as independent variables.
To further control for a potential confounding effect of
the taxonomic family on the association between pre- and
post-copulatory traits, we included an additive or an inter-
active effect of species family with each post-copulatory
traits in the model described above. The absence of an
additive or an interactive effects of the family on the rela-
tionship between traits (see Additional file 3: Table S3),
further confirm that both families can be considered to-
gether in the presented analyses. Furthermore, analyses
conducted on the species belonging to the Bovidae species
only (the number of species of Cervidae being too small
(N =18) for separate analyses) gave qualitatively similar
results and are thus not presented.

Second, to test for an effect of the mating tactic on in-
vestment in pre- and post-copulatory traits, we also con-
structed PGLS models with each trait (weapon length,
testes mass, total sperm length or each sperm compo-
nents length) considered as the dependent variables and
mating tactics (coded as O for female defence mating
tactic and coded as 1 for territory defence mating tactic)
as the independent variable. We further investigated
whether the association between traits involved in pre-
and post-copulatory sexual competition could be modu-
lated by the mating tactics. For this purpose, we tested
for an interactive effect of the mating tactics with either
relative testes mass, total sperm length or any sperm com-
ponent dimensions on weapon length. Here, again, ana-
lyses conducted on the species belonging to the Bovidae
species only gave qualitatively similar results and are not
presented.

Whenever relationships between two traits or more
were investigated, all variables were log transformed to
linearize the relationship. Log transformed male body
mass was included as an independent variable to control
for allometric relationship in any of the above models in-
volving weapon length or testes mass, but not in models
involving sperm dimensions since preliminary analyses
failed to evidence any allometric relationship between
sperm dimensions and body mass. Finally, for each
model, normality of the residuals was checked using
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