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The extinction of species, each one a pilgrim af fallion years of evolution, is an
irreversible loss. The ending of the lines of snynareatures with whom we have
traveled this far is an occasion of profound sorramd grief. Death can be accepted
and to some degree transformed. But the loss e&gjes and all their future young is
not something to accept. It must be rigorously emelligently resisted.

Gary Snyder (1990)
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PREFACE

This thesis encompasses a general introductiom, ifalependent researches and a
section of general conclusions.

In particular, the thesis is structured as follow:

CHAPTER 1. A general introduction to the global biodiversityisis, the global
amphibian decline and a focus on the Italian sibumatHere | highlight the need of
genetic conservation of endemic amphibian specidssaunciate the aims of my PhD
project.

CHAPTER 2. The chapter is structured around the first suleahittmanuscript
(abstract not included): “Rovelli V, Randi E, Dav®#l, Macale D, Bologna MA,
Vignoli L. She gets many and she chooses the lpedyandry in Salamandrina
perspicillata(Amphibia, Salamandridae). Biological Journalla# Linnean Society”.

CHAPTER 3. The chapter is structured around the second maptisender
submission (abstract not included): “Rovellj Ruiz-Gonzalez A, Vignoli L, Macale
D, Buono V, Davoli F, Vieites RD, Randi E. Genotypiby sequencing (GBS) of
large amphibian genomes: looking for the needle iraystack? Conservation Genetic
Resources”.

CHAPTER 4. The chapter is based on the paper in preparatdistract not
included): “Rovelli V, Randi E, Macale D, Davoli Fjgnoli L. Using Genotyping By
Sequencing (GBS) for delineating conservation urds the Sardinian Brook
SalamanderHuproctus platycephalliisConservation Genetics”.

CHAPTER 5. The chapter is based on some preliminary reseii¢ed to the paper in
preparation: “Rovelli V, Vieites D, Vignoli L, DavioF, Buono V, Randi E. Individual
heterozygosity and demographic estimates by GBSnan-model amphibian species:
Rana italicd.

The conclusion section highlights the main outcoofabe present study, in the light
of the proposed aims, and address future reseaeattidns.






ABSTRACT

Because of a global crisis of biodiversity humerglant and animal species are
rapidly disappearing, and among vertebrates amgushiepresent the most threatened
group. Together with species diversity, also theiem and extremely diversified
amphibian genome is at risk of extinction. Sincesythare the most ancient
landdwelling animals, their genome very likely rolonportant keys to understand
crucial evolutionary events, among which vertebtateestrialisation. For this reason,
amphibian conservation is a global priority. Begpgnetic variability one of the key
requisite for species to adapt to environmentahgha, the conservation of genetic
diversity became one of the objectives of crugi@bartance in conservation biology.
The general aim of this thesis is to provide nesights about the mechanisms that
contribute in shaping the pattern of genetic digrsbserved in three Italian endemic
amphibian species. All of them are species of amasi®n concern, protected by
European and National laws. Due to their differemmservation status and specific
research issues, their study was approached witteretit methodologies and
perspectives.

As for Salamandrina perspicillataan investigation at a very thin resolution scale
(one population) was carried out by using micrditgemarkers. The main aim of this
study was to clarify the mating strategy adopteddmgales and understand how they
can improve their fitness. This study provided fihgt evidence of polygynandry in a
salamandrid species and the first report, in ndtoaditions, of salamander females
that choose males genetically dissimilar from thelses to obtain indirect benefit
(higher offspring heterozygosity).

As for Euproctus platycephalusdue to its condition of endangered species
(IUCN 2014), the analyses focused on the investgabf the actual population
genetic structure. In particular, the aim of thisdy was to identify the possible
Evolutionarily Significant Units (ESUs), along thehole distribution area of the
species, in order to plan adult individuals’ colies for an ex-situ breeding project.
Since there were no other genetic markers availfdnethe species, apart from
mitochondrial DNA (which would have not providedethecessary resolution power),
the novel Genotyping By Sequencing technique hagenbused. Clusterization
analyses revealed the presence of four ESUs, vegly Icomprising also adaptive
groups.

The same genomic approach has been used for ttikt#iget speciesfRana
italica, with the aim of investigating its current genedtcucture at a regional scale
(Latium region). In this case the clusterizatioralgses suggest the presence of two
different genetic groups. Further analyses focugedthe estimation of individual
heterozigosity, in preparation for Heterozygositin€ss-Correlation evaluations.

Thus, before of GBS application on the above meetiospecies, another goal of
this project was to produce the first genomic tdoighese amphibian species.






CHAPTER 1
General introduction

The loss of biodiversity

Biodiversity is the variety of life on Earth, andmprises ecosystems, species,
populations within species, and genetic diversityoag and within these populations
(Frankham 2004). Actually, the biological diversaf the planet is rapidly depleting
as direct and indirect consequence of human aesvifAlthough the exact number of
disappearing species is still unknown, it has bestimated that the current extinction
rate is the highest observed in the last 1,000y@@0s (Eldredge 1998). The scale of
the phenomenon is enormous and has been calledsittth extinction’, as its
magnitude compares with that of the other five mestnctions revealed in the
geological records (Frankham 2004). In nature nektin is part of the evolutionary
processes, but nowadays species are being lostae dhat exceeds the speciation
process and, unlike previous mass extinctions, @&nly due to human activities.
Therefore, many species urgently require humamiatgion to ensure their survival.

Humans derive many direct and indirect benefitsmfréhe living world.
According to Frankham (2004), human being has &es@nd an obligation in
conserving biodiversity for four main reasons: d) the bioresources used by humans
(which include food, many pharmaceutical drugsuratfibres, rubber, timber, etc.);
2) for the ecosystem services it provides (exampiekide oxygen production by
plants, climate control by forests, nutrient cyglinvater purification, natural pest
control, and pollination of crop plants); 3) foetpleasure humans derive from nature
and 4) for ethical reasons, since humans do nat ttevright to drive other species to
extinction.

The only way humans have to preserve biodiversitg iprotect all its forms that,
as recognized by the IUCN, are represented by starmg, species and genetic
diversity (McNeelyet al. 1990). Being genetic diversity the basal levebiotiversity,
the conservation of genetic diversity became oneth&f objectives of crucial
importance in conservation biology (Allendorf & lairt 2007).

Genes are responsible for the traits exhibitedrigamisms and, as populations of
species decrease in size or go extinct, uniquetigeveriants are lost. Even if genes
reside within species, genetic diversity is consideas a separate category from
species because each population holds its own tigepetential”. This genetic
variation allows populations, and consequently Esedo evolve in response to the
various selective pressures such as diseases, titirpe predators, parasites,
environmental changes (i.e. pollution and climdtarge).

When dealing with the management of populationsaf@monservative purpose,
demography represents an aspect of primary impmetaas extinction is mainly a
matter of demographic processes: the failure of @nenore generations to replace
itself with subsequent generations (Lacy 1988; leahfi88). The more a population
becomes smaller the more it is subjected to uncbalble stochastic demographic
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factors, and only when population’s fluctuationsd agnvironmental modifications
have been evaluated it is possible to estimate ekgected time to extinction
(Goodman 1987). According to Caughley (1994), theeetwo main types of threats
to populations’ survival: deterministic and stodi@threats. Among the deterministic
threats, we can find habitat destruction, polluticgsource overexploitation, species
translocation, and global climate change. On theerohand, stochastic threats are
random changes in genetic, demographic, or envieotah factors.

Genetic stochasticity is represented by genetitt drid increased inbreeding.
The main consequences resulting from these pheremes: 1) the increase of
homozygosity and of the frequency of deleteriolsled, that often lead to inbreeding
depression and thus might decrease the short-teanility of a population; 2) the loss
of genetic variants, which will compromise the eMminary adaptive potential of a
population, and can thereby reduce its long-terability, especially in changing
environments; 3) the increase of genetic divergeanwmng small and isolated
populations, as a consequence of the genetic altifhg independently in each of
them. As regards the last point, crossing indivisllieetween populations, for instance
in restoration programs that aim to enhance gems Bletween previously isolated
populations, might then lead to outbreeding dejpvag®©uborget al 2010).

When deterministic and stochastic threats arisethay, their synergic effect can
be lethal for small populations, as they can reqagpuilations’ fecundity and viability.
Thus, under some conditions, extinction is likedybie influenced almost exclusively
by genetic factors. Indeed, a crucial question envand under what conditions
genetic concerns are likely to influence populatansistence (Nunney & Campbell
1993).

Thus, conservation genetics arose as a discipliat uses genetic theory and
techniques to reduce the risk of extinction in dteaed species (Frankham 2004). Its
longer-term goal is to preserve species as dynamities capable of overcome
environmental changes. It benefits from the usenofecular genetics techniques to
elucidate aspects of species’ biology relevanoiwservation management. Among the
major conservation issues manageable through acmolateapproach we can list: 1)
the analysis of the deleterious effects of inbnegdon reproduction and survival
(inbreeding depression); 2) the evaluation of theant of loss of genetic diversity
and investigating the ability of populations to keoin response to environmental
change (loss of evolutionary potential); 3) thedgtof the populations’ fragmentation
and the gene flow reduction; 4) the analysis ofdoem processes (genetic drift)
overriding natural selection as the main evolutignaocess; 5) the accumulation and
loss of deleterious mutations; 6) the genetic mansmt of small captive populations
and the adverse effect of adaptation to the capgivéironment on reintroduction
success; 7) the resolution of taxonomic unceresnt8) the definition of management
units within species (Frankham 2004).

The past decades has seen a large usage of reshiealing genetic markers such
as microsatellites (or single tandem repeats, S@Rd)mitochondrial DNA (mMtDNA)
control region, in order to assess the basic genetriables in animal and plant
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populations, with particular attention to the tamasenting conservation concerns
(Ouborget al 2010). The use of these molecular tools alloweddéntify cases of
reduced effective population size, restricted g, limited heterozygosity, but also
inbreeding, past bottlenecks and hybridization eneggintrogression, all factors that
could seriously affect the population viability atahg term survival, especially in
times of strong human-driven environment modificasi and fast climate changes.
The same genetic markers allowed the researchersctmstruct the phylogenetic
relationship, social structure, kin affiliationsdamdividual fithess estimates in many
social species, particularly among mammals andsifietlegren & Sheldon 2008).

The study of the relationships of individuals wille environment (considered in
its widest sense to include the habitat, the sosialcture, the food networks -
especially the prey-predator relations and coeiamuthe climate and the pathogens),
based on their genetic background, and the retyraffects of the environment in
driving and shaping the genetic features of théviddals through natural and sexual
selection, has seen a never-dropping interest. Mery¢he limited resources usually
available to researchers did not allow for the stigmtion of a large number of genetic
markers, therefore often limited to a few genesnon-coding regions of interest.
Nowadays, on the contrary, revolutionary techna@egsuch as Next Generation
Sequencing (NGS) allow for the screening of thodsanf genome-wide genetic
markers, e.g. single nucleotide polymorphisms (§N&tsvhole genome sequences, in
a very short time and with a relatively limited aomic effort (Schuster 2008). This
huge upgrade can make it easier to deepen exidiswplines (as for Ecological
Genetics -or Molecular Ecology- and Genome-Wideo&&gion Studies -GWAS), or
even to open the way to the development of newdbesy such as Conservation
Genomics (Ouborgt al 2010). This latter emerging discipline can bepindefined
as the application “of new genetic techniques ttvesgroblems in conservation
biology” (Allendorf et al 2010), such as genetic drift, hybridization, mdxting or
outbreeding depression, natural selection, losadafptive variation and fitness. The
whole genomes of some endangered species haverdeammtly completed, starting
from the Great Apes: chimpanzee, gorilla and oraman (Lockeet al. 2011);
however, these data will not automatically provigeful data for their conservation
(Frankham 2010), especially given the limited infation about population variation
deducible from single individual sequencing. Noeéths, this will provide a great aid
in identifying genetic markers that can be appliedhe study of entire populations
(Frankham 2010). Genomic information will turn awot be useful also to try and
recover populations from strong inbreeding depoessi by identifying the genes
exposing deleterious alleles (Allendat al 2010) and augmenting the population
variability through crosses of the most appropriatéividuals (Frankham 2010). On
the other side, the same techniques will allowdentify theloci most responsible for
speciation or cryptic local adaptation, or for esipg populations to severe diseases
(Allendorf et al 2010). Having a minor focus on conservation issoéher disciplines
(whose boundaries are often difficult to definejsed, such as evolutionary and
ecological functional genomics (EEFG; Feder & Mét+Olds 2003).



10
Global Amphibian decline

As a part of the general biodiversity crisis, anydms are facing an imminent
extinction emergency (Wake & Vredenburg 2008). &int970, scientist have
observed fast and widespread population declinean@s & Crump 1994; Younet
al. 2001), but the hypothesis of a global amphibieclide trend was suggested for the
first time in 1989, during the First World CongregsHerpetology (Blaustein & Wake
1990; Collins & Storfer 2003). Since 1993, morentf#00 populations of different
amphibian species were considered to be declinmlisted as requiring particular
conservation actions (Blaustein & Kiesecker 2002he great interest towards
amphibians increased mainly for their sensibility @nvironmental changes, which
makes them very good bioindicators. Even if, aft@89, there was a constant increase
in literature about this topic, researchers did fired a consensus about the causes.
However, during the Third World Congress of Herpmdyg in 1997, the need of
establishing the global conservation status for Aimlan aroused even more
powerfully. According to Collins & Storfer (20033ince 1990 we can observed three
trends: 1) an increase in reports of amphibian [adjoms decline and extinction
worldwide; 2) the causes of decline seemed to lbeiroog simultaneously and over
great distances; and 3) amphibian populations wectining also in protected natural
areas. The latter was the most alarming issue bBedameant that habitat protection,
perhaps the best way to ensure a species’ surweal failing in many cases, and there
were no comprehensive explanation for this phen@men

In 1994 Blausteiret al (1994) highlighted the lack of long term studasout
this topic, and the consequent impossibility in enstanding the real extent of the
phenomenon. Because amphibian populations are lyssabjected to seasonal
demographic fluctuations, further data were neddedarify the global claimed trend.
Despite the fact that it appeared clear that tihemot a single cause for amphibian
populations’ declines and a number of culprits hheen recognized, at the global
scale few studies have provided convincing prootafsal relationships (Carey al
2001). Among the anthropic causes, the better etiuii the habitat modification
(Alford & Richards 1999). The vegetation removalmaodification has a very strong
impact on several populations: it exposes ter@stpecies to altered microclimates,
to soil drying, to habitat complexity reduction, decreasing amphibian abundance
and diversity. The same effects are generated bwnization and infrastructures
creation, which originate fragmentation and isolatof populations, increasing the
risk of local extinctions. A second anthropic caiseepresented by the introduction
of alien species. Invasive alien species, in feah colonize a new habitat altering its
equilibrium; in particular, they can predate on /ancdcompete with the amphibian
autochthonous species, introduce new pathogens, hghddize with the former
species (Alford & Richards 1999). A third cause,saggested by Collins & Storfer
(2003), is represented by overexploitation, thatais excessive collection of
individuals in the wild. At a wider geographic ssalwe find the global climate
change, which implies global warming, increaselthuiolet radiations, exposition to
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contaminants (for example derived from the use BITPDPCB and CFC) and the
increase in sensibility to pathogens.

The lack of a complete understanding about theimeelxtension and gravity led
the IUCN to starting a global assessment on Amphi{iGAA: Global Amphibian
Assessment) and a new data collection about digiitn, abundance, populations’
trends, relationships with the habitat and thrdatsall the 5743 described species
(Stuartet al 2004). The latest assessment of the Status ofMbed’s Vertebrate
reports that 41% of amphibians species are thredtefBaillie et al 2010).
Amphibians have the highest proportion of threatesggecies among vertebrates, but
also the highest proportion of Data Deficient ahé towest proportion of Least
Concern species (Bailliet al 2010).

The Italian scenario

Moving to a European scenario, and in particulauging on the Italian one, we find
that as for amphibians Italy is the country ownithg highest number of overall
species, but also of endemic and threatened spétidsurope (IUCN, Version
2014.3).

The European countries and the Member States of Bhepean Union
subscribed several conservation agreements, amdrghwhe Bern Convention
(1979), the Washington Convention (1975), the Adp@onvention (1991) and the
Convention on Biological Diversity (1992). For whabdncerns only the European
Union, the conservation policy is based on two madjoectives: the Birds Directive
(79/409/CEE) and the Habitat Directive (92/43/CEH)e most powerful conservation
instrument that was born from these two directigethe Nature 2000 Network, which
consists of sites containing habitat and speciegnifue conservation value. These
sites are called Special Area of Conservation (SAG) Special Protection Area
(SPA), and most of them comprise very importantitaatfor amphibian species.
However, as mentioned above, the presence of peotetatural areas often is not
enough to guarantee an adequate conservative sfasdsce the delimitation of those
areas doesn't take into account potential changepoipulations’ distribution in
response to external pressures. In Italy SAC andl &®er about the 17% of the
national territory, and the opportunity of creatingcological corridors and
environmental restoration programs could guararkee survival of a number of
amphibians, otherwise convicted to a sudden decline

The first step for a correct analysis in conseoratiiology is represented by the
study of natural populations and the assessmettiadf conservation status. At the
bottom of this investigation we find the monitoriragtivity, which allows the
collection of data on population structure, ecol@nd genetics, on the presence of
threats, and that can address long-term manageangons. Thus, genetic monitoring
of threatened species represents one of the mfsttieé tools to investigate and
prevent populations’ decline.

As highlighted by Beebee (2005) and then by Calbblal (2011), there is a
strong need for the application of conservationegiea to amphibian populations.
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Indeed, the precipitous amphibians’ decline invehaso their genomic diversity,
whose analysis could instead provide crucial intsidgbr the understanding of several
evolutionary questions, as for example vertebrages|ution.

Aims

The overall goal of this thesis is to contributedeepening the knowledge about three
conservation concern amphibian species endemitalyp Salamandrina perspicillata
Euproctus platycephaluendRana italica All these species are protected by European
Habitat Directive and National laws, but preserffedént conservation status and
priorities.

Salamandrina perspicillatés listed as Least Concern (LC) by IUCN (IUCN 2p1gb
actually there is not an immediate conservation rgemey. For this reason |
approached the population genetic issue on thisiepdéavoring an analysis at a very
thin scale, by using microsatellite markers. | mainvestigated the mating system of
the species, in order to identify the mechanismeutph which individuals can
increase their fitness and passing on their genmim. In particular, | tested one
population ofS. perspicillatafor the presence of multiple paternity, alreadycdisred
in other salamanders. Sinc®. perspicillatais the sister taxon of all others
Salamandridae, an assessment of the status ofphtaufiaternity features along all
salamandrids would be needed, in order to fullyemsthnd the evolution of mating
systems within the family.

As for Euproctus platycephalughis species is listed as Endangered (EN) by IUCN
(IUCN 2014), and due to its condition of highlyehtened species, it is also object of
an ex-situ and in-situ conservation program, foantdg EAZA and carried out by
Fondazione Bioparco di Roma (Rome) in collaboratidth Roma Tre University.
Previous genetic analysis, focused on investigatimg population genetic structure
and phylogeography of the species, were based ¢ochmoindrial DNA analyses.
However further genetic studies were urgently ndeiteassess the current genetic
status of the species and to plan individuals’ extibn for the ex-situ breeding
program.

| carried out a detailed population genomics stutyoughout the whole
distribution range of the species. Since microfitgeloci for this species are still
unavailable, and | would have needed markers wigheat resolution power for the
analyses, | used Next Generation Sequencing tegbsign a conservation genetic
context, for most species of interest (i.e. thdseatened) there are no sequence
resources available; however, this issue can becom® by using NGS techniques,
such as the novel genotyping by sequencing (GBS)nique. Therefore, a parallel
goal of my project was to produce the first genotodals for the species.

For what concern®kana italica it is listed as Least Concern (LC) by IUCN
(IUCN 2014). Very few studies have been carried ontthis species and in the
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Latium region it is facing a slow decline since teginning of the'70s (Bologna et al.
2000). A previous study revealed that the overalbggaphical pattern of genetic
variation found among the species’ populations elfosnatches the one of the so-
called ‘southern-richness, northern-purity’ (Cangtet al 2008). In particular in the
Latium region the authors found a low genetic @ity at allozyme loci. Due to the
fact that there were no other genetic markers @yresvailable for the species, and
since we needed a good resolution power for adaade population genetic research,
the same NGS technique usedHEoplatycephalustudy has been adopted.

| analyzed samples belonging to seven populatioam fLatium region, for
which aging (obtained from a skeletochronologiclgsia) and demographic data have
already been produced. The main aim of this prefami work was to investigate the
current genetic structure of the species in thdystarea, identifying possible genetic
clusters. Once having genetically defined the gspup estimated individual
heterozigosity within the different populations.€Thext step will be to correlate these
estimates with the skeletochronologic/demographét¢adin order to identifying
possible Heterozigosity-Fitness-Correlations (HFC).
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CHAPTER 2

She gets many and she chooses the best: polyandrnsalamandrina perspicillata
(Amphibia, Salamandridae)

Introduction

The evolution of animal mating systems has beeditivaally approached from a

male perspective. However, deepening animal remtodustrategies from the female
perspective has provided new insights into thisés&Gowaty 1992), evidencing how
females of many species significantly enhance tregroductive success by mating
with multiple males, and re-interpreting polyandag an active mating strategy
(Bateman 1998; Zeh, Newcomer & Zeh 1998; Zeh & Z8B6, 1997). Indeed, since

polyandry has been recognized as a pervasive &attimatural populations, the

dogmatic role of females as the choosy, monogarsexiias been challenged (Trivers
1972).

Multiple paternity as consequence of females matuity multiple males has
been described in a broad number of animal taxafoasexample mammals
(Borkowska, Borowski & Krysiuk 2009; King, Banks Brooks 2013), birds (Griffith,
Owens & Thuman 2002), reptiles (Garner & Larsen3)p@mphibians (Adams, Jones
& Arnold 2005; Tennessen & Zamudio 2003) and ins€Arnqvist & Nilsson 2000).
Among amphibians, both Anura and Caudata showeghpdty. In particular, in the
suborder Salamandroidea (Zhagtgal 2008), fertilization occurs internally by means
of the transfer of a spermatophora from the maie ihe female spermatheca (Sever
1991). This enables long-term sperm storage (S&@@92) and facilitates the
occurrence of sperm competition and female crygitigice phenomena (Parker 1998;
Birkhead & Pizzari 2002; Wigby & Chapman 2004). Kifit this suborder, all species
investigated so far have shown polyandrous matiragegjies by females, with various
and species-specific outcomes as for male’s reptodusuccess (number of sired
offspring), depending on several features charaatgr the species reproductive
behaviour (Table 1 and references therein).

Three main outcomes resulting from sperm competitdod or female choice
(phenotypic or cryptic) have been proposed for goflric Caudata: 1) early male
advantage: the first males sired a larger numbeofispring than the second with
topping-off mechanism (Jones, Adams & Arnold 200@nnessen & Zamudio 2003);
2) last male advantage: the sperm is stored insplgmatheca as stratified tangled
masses favouring the ova fertilization by the s@gophorae belonging to the last
male encountered by the female (Seseal 1999);3) mixed fertilization: no clear
advantage for first or last male, with female cko{®arwinian or cryptic) as the
underlying mechanism behind the observed male degtive success (Garner &
Schmidt 2003; Jehleet al 2007; Chandler & Zamudio 2008). As for the latter
category, relatedness between the females and dréneps has been proposed as
strong predictor for male success.
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However, the observed patterns were not consistéhin species, and the few
taxa investigated on this issue were all testegkperimentally manipulated condition
by mating each female to two (rarely three) maMereover, in nature, polyandric
animals could behave differently than in simplifisdo-male mating experiments
when the quality and the number of males are sadduy the experimenter and not by
the female (Zeh & Zeh 1994). Indeed, it should Bndatory that sperm precedence
or male selection patterns discovered experimgntallcorroborated by testing the
same issue in full natural condition.

In the present work, we studied the mating systérthe Northern Spectacled
SalamanderSalamandrina perspicillateéavi 1821), one of the two species belonging
to the genusSalamandrina the sister group of all other living Salamandeidaxa
(Zhanget al 2008).Salamandrinas a genus endemic to the Italian peninsula, aid it
one of the most terrestrial within the family. Tieproductive activity takes place on
land from autumn to early spring with transfer ofspermatophora from male to
female. The species exhibits terrestrial courtél@paviour with complete absence of
physical contact between sexes (Bruni & Romano R0Atlthe beginning of spring,
when the oviposition period starts, only femaleteethe water to lay eggs on wood,
leaves and stones (Della Rocca, Vignoli & Bologi®@%). Eggs are laid one by one
and every female can produce from 20 up to a maxinod 60 eggs (Angelini,
Vanni& Vignoli 2007).

Along with the description by Sever & Brizzi (1998. perspicillataholds the
simple type of spermatheca, but so far, there isvidence for the occurrence of
polyandry or polygyny. Due to sperm degradationvigtafter oviposition (Brizziet
al. 1995), it is more likely that the expected ocenne of multiple paternity would
result from polyandrous behaviour, instead of freperm storage across different
reproductive seasons. Most experimental studiearphibian mating systems used
aquatic explosive breeder species as a model dtleeteasy achievement of mating
also in captive conditions (Tennessen & Zamudio 3208dams et al 2005;
Gopurenkeet al. 2006; Liebgoldet al 2006). Since. perspicillatais very difficult to
mate in captivity, we focused on verifying the mmese of multiple paternity under
natural conditions.

According to the mating strategies shared by ofeamandridae species, we
expected to find evidences of multiple paternityoain Salamandrina Moreover, we
expected to detect a male differential contribufiothe fertilization of eggs. In detall,
by collecting females in full natural condition beé the oviposition phase, we aimed
to answer the following key questions: (1) is polyey, and the possible relative
sperm competition, an important component in théngaystem of the species? If the
answer to this question is affirmative, (2) is thavidence for a male differential
contribution in the fertilization of the eggs? Higa(3) do the females choose the
males (or their sperms) on the basis of their degfegenetic relatedness (Garner &
Schmidt 2003; Jehlet al 2007), and (4) does this choice produce indibestefits
(genetic) to the offspring?
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Table 1. Synopsis of reproductive features related to pudyga of studied Salamandroidea
species with data on the outcome of sperm competiéimale choice on fertilization of eggs.
Abbreviations: H: habitat where courtship occursaguatic; T: terrestrial; Br: breeding
strategy; E: explosive; P: prolonged; Ref: Refeesnsee below).

Family Species H Br Sper Outcome Ref
Ambystomatidae Ambystoma maculatum A E S Early male 1,2
Ambystoma texanum A P? S - 3
Ambystoma tigrinum A P S - 4
Plethodontidae = Desmognathus T P C Mixed 5
ochrophaeus
Desmognathusocoee T P C Mixed/Early male? 56
Plethodon cinereus T P C 7
Salamandridae Salamandra salamandra T P S Mixed 8,9
Notophtalmus T P S Mixed-Femalechoice 10
viridescens
Taricha granulosa T E S Early male 11
Lissotriton vulgaris A P S Last 12,
male/Femalechoice 13
Ichthyosaura alpestris A P S Mixed-Female choice 14

Tennessen & Zamudio 200%handler & Zamudio 2008Gopurenkeet al 2007;*Williams
& Dewoody 2009°Houck 1985°Adamset al. 2005;'Sever & Siegel 2006Steinfartzet al
2006;°Casperet al 2013;%Gaboret al 2000;'Joneset al 2002;’Gabor & Halliday 1997;
133ehleet al 2007;"“Garner & Schmidt 2003.

Materials and methods
Origin of females salamanders and study design

The study site is located within the Vejo Region@ark (atitude 42.105,
longitude12.405) atium region, Central Italy), quite close to ttiey of Rome. Here
the studied population inhabited an o&uércus cerris wood surrounding a small
tributary (about 300 m)of the Crémera river. Acdogdto (Vignoli et al 2010),
individuals of this population follow four differémehavioural and ecological phases:
1) courtship (October—November) when animals arterirestrial activity (feeding and
mating); 2) post courtship (December—January) whalamanders have probably
ended mating activity but can still be found couiiig feeding activity on land; 3)
laying phase (February—early May) when ovipositiegales are found in water and
males on land; 4) pre-aestivation (late May—Junieg¢wa few salamanders are found
on land, but showing reduced activity.
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We collected a total of 43 females and 11 males.oPerspicillatabetween
October 2011 and April 2012. Individuals colleciadtall-winter period, well before
the ovipostion phase and likely before mating dtstiwvere intended to be only used
to estimate population genetic parameters. Theectidin of already fertilized and
pregnant females in spring, during the oviposititiase and before they entered into
the water, was aimed at analysing the polyandroatingn system in the study species
under full natural condition. These females wenenfbvery close to the water, along
the stream banks, just before entering the wate¥iposting (Della Roccat al
2005). Sex determination in the field was accorhglis by the observation of the
external morphology of the cloaca, as accordinthéomethod developed by Vignoli
et al (2010). Each individual was marked by means picture of the ventral pattern
(Della Rocceet al 2005). Males and females were temporarily houseédo separate
terraria (75x50x45h cm) at the Department of S@snaf Roma Tre University. The
terraria were maintained in an environmentally oateéd room, at a photoperiod of
12:12 h, temperature ranging from 12-19 °C and haimidity of about 60%.
Salamanders were fed with live foddrosophila heidj and provided witkad libitum
every two days.

At the beginning of April 2012 we moved the femsddamanders at the facilities
of the Bioparco in Rome into an outdoor enclosi@&150x100h cm) filled with 5
cm of soil from the place of origin, covered witrales, moss, small pieces of wood
and some stones as hiding places for the animadspeoviding animals with natural
conditions as for the climate and photoperiod. Meeg, we set up 14 small terraria
(34x20x22h cm) aimed at housing pregnant femalegHe oviposition activity. In
each box, filled with reverse osmosis processedipdrwater, we put true wood
sticks (previously sterilized with an autoclavepi@vent mould growth) as substrate
where females can oviposit, and a floating piecpatystyrene covered with leafs as a
terrestrial hiding/resting place. By observing féssm vent swelling, we selected 10
individuals assumed to be pregnant and ready fondaeggs (Angeliniet al 2007),
and we kept them individually in single fauna bof@sat least one week. At the end
of the oviposition period eight females out 10 kad eggs, as summarized in Table 3.
Eggs were kept in small plastic tanks, 20x30x15h €mavoid cannibalism among
the larvae, we maintained a maximum density of fothhan 10 larvae. Every day we
fed the larvae withArtemia salinanauplii (Crustacea) and renewed the water inside
the fauna boxes.

As the larvae metamorphosed, they were moved ieto terraria furnished with
moss and fed with Collembola. When all the indialduhad metamorphosed, we
collected tissue samples by clipping a small tighaf tail (2/3 mm), which was then
immediately stored in ethanol 95% at -20 °C. Obatons of clipped individuals
revealed no effects of invasive sampling on thiearsterm survival. After the sample
collection, we released all the individuals at th@éce of origin in the Vejo Park. This
study, together with Steinfar&t al (2006), is the only study on mating systems where
all the sampled individuals - adults and larvaesremeleased into the wild.
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Adults genotyping and quality control

Adults’ tail tips were digested using a protein&sgolution (56 °C - overnight). Total
genomic DNA was extracted using a ZR-96 Quick-gDNAit (Zymo Research), and
all the individuals were genotyped at 10 microsiégeloci (Hauswaldtet al 2012).
The forward primers were labelled with fluoresceye (Applied Biosystems): SALA-
10H, SALA-H2, SALA-A11l and SALA-B8 with 6-FAM, SALAF and SALA-NG4
with NED, SALA-NC7 and SALA-A3 with PET, and SALA-Dand SALA-D9 with
VIC. Negative controls were always included in tlamalysis to check for
contaminations. PCRs were performed in al 8nix composed of a 0.8l reaction
buffer 10X (5 PRIME), 0.8@ BSA (Bovine Serum Albumine) 0.2%, 0.36 DNTPs
2.5 mM and 0.04u Taq polymerase (5 W — 5 PRIME), brought to volume with
H20. In order to optimize the costs and time spamtthe analyses, we ran two
multiplex PCR (M1 included SALA-D4, SALA-3F, SALA-H SALA-NC7, SALA-
B8; M2 included SALA-D9, SALA-NG4, SALA-10H, SALA-8, SALA-A11). When
further amplifications were needed to verify theéadanly simplex PCR were used.
Amplifications were performed using the followinchetmal profile: a first
denaturating step at 94 °C for 2 min was perforn3&dcycles at 94 °C for 30 s, 50 °C
for 30 s for M1 and 60 °C for 30 s for M2 as animgatemperatures, then 72 °C for 45
s for the synthesis, and a final extension stef2eftC for 10 min. PCR products were
electrophoresed with GeneS&¥n- 500 LIZ (Applied Biosystems) as a marker ladder
in an ABI 3130XL sequencer and allele sizes wererest using the software
GENEMAPPER v.4.0® (Applied Biosystems).

To set up the PCR reactions we used seven ouedigfint mothers, performing a
number of replicates ranging from six to 12. Simeplicates were concordant and
genotypes were always confirmed, for the remain#ig adult individuals we
performed only four replicates. As a first step floe quality control, allelic drop-out
(ADO), false alleles (FA) and a percentage of pasiPCR were calculated with the
software GIMLET v.1.3.3 (Valiere 2002). As the adulepresent a random sample of
the breeding population, their consensus genotypee used to estimate allele
frequencies, expected and observed heterozygosiiiegiation from the Hardy-
Weinberg equilibrium, the number of alleles, theolability of identity and the
probability of identity between sibs using the pwg GenAlEx 6.5® (Peakall &
Smouse 2012). The software MICRO-CHECKER (Van Cbstgt et al. 2004) was
used to test the adult genotypes for the presericaulb alleles, which can be
problematic in parentage analysis as they credse faomozygotes and increase the
genetic differentiation (Dakin & Avise 2004; Causs 2008), as well as for the
presence of large allele dropouts and scoring £doe to stuttering. In order to assess
the reliability of the obtained individual genotyp&ve used the software package
RELIOTYPE (Miller, Joyce & Waits 2002), acceptingcanfidence level higher or
equal to 90%.
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Larvae genotyping and quality control

Larval genotyping was accomplished following thenegprotocol used for the adults,
performing two individual replicates. During thigg, the genotypes of 16 larvae were
found to be incompatible with their mother’s gemtya likely consequence of allelic
dropout. In order to solve this problem, we perfedrfour additional replicates for
each sample: in this way we were able to corrdcthal PCR errors. All the larval
genotypes were verified with the software RELIOTYRECcepting a confidence level
of 90%, as for the adults.

Parentage analysis

Parentage analyses were performed with the soft@®&ONY 2.0.5.0 (Jones &
Wang 2010) and GERUD 2.0 (Jones 2005). We used QL@ reconstruct the
most likely number of paternal genotypes and asbesgrobability to correctly obtain
the maternal genotypes. COLONY uses full-pedigikelihood methods by taking
into account the information of all the individuasthe same time (Wang 2004); this
approach allows us to infer the parentage and igibgbintly (Jones & Wang 2010).
COLONY divides the samples into three groups: tlilspoing sample (OFS), a
candidate father sample (CFS) and a candidate m@@héS). Individuals in the OFS
are further categorized as full-sibs (sharing hmthents), half-sibs (sharing a single
parent) or unrelated (sharing no parents) (Jon&gafag 2010). Samples in CFS and
CMS represent all the individuals that have somebability of being father and
mother. If one of these groups is empty (in ourec@§&S) the software will estimate
the reliability of the given genotypes (in our casaternal) and simultaneously will
reconstruct the genotypes in the other group, withaferring any relationship.
COLONY allows us to define beforehand some knowiatianships between the
individuals; since we knew which offspring each &ebelongs to, we were able to
constrain the relationship configuration. We asditi®t if the origin population is
large, individuals mate randomly, and genetic maxrkare in Hardy-Weinberg and
linkage equilibria. Allelic drop-out and other erspsuch as mutation, are taken into
account, as are estimates. Furthermore, with al sasaiple size, and given some prior
information, the number of possible configuratimas be very large (Jones & Wang
2010). To look for the best configuration, the s@fte uses a simulated annealing
algorithm (Kirkpatrick, Gelatt & Vecchi 1983), wiicworks by calculating the
likelihood of all the possible configurations. Aft@ comparison of two configurations,
COLONY retains the one with the maximum likelihoadhile the other is rejected,
and then goes on until a solution is reached (J&&¥ang 2010). We set up the
software by selecting “Full-Likelihood” as the methof analysis and “Complexity
Prior” as the Sibship Prior. As regards the knovatemal sibship, we selected no
relationship, while for the maternal sibship weded the relative file. The analyses
were performed using only the genotypes that oweecthe threshold confidence of
90%, as assessed with the software Reliotype. Wederaa exception for only one
genotype, which had a reliability of 89%. Sincbélonged to one of the eight mothers
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(Spe006), and those individuals were used to sethapmultiplex PCR and were
verified several times, we are quite confident thé genotype reflected the real one.
To validate the results obtained with COLONY, wetéel our data for multiple
paternity also with the computer software GERUDsi@r 2.0 (Jones 2005) and the
related software GERUDSIM 2.0. Due to the very higimputation time required by
the program to run with more than five loci, we @@ot able to use all the nine loci.
We selected the five loci on the basis of theirildSalues, previously calculated with
GenAIEx. In contrast to COLONY, GERUD returns ariraate of the minimum
number of fathers, together with an assessmetheofiiaternal genotypes.

Pairwise relatedness coefficients between the femahd each of the
reconstructed paternal genotype were estimated dgnsmof SM estimator (ranging
from -1 (least similar) to 1 (identical) using theftware MER (Wang 2004). If the
females chose the males in relation to their gemetatedness (the more diverse or the
more similar) we expected a significant relatiopsbietween female-male genetic
distance and the proportion of sired offspring kyiveen male (%OFF). We tested this
hypothesis versus the case of random fertilizafjoull hypothesis), expecting a
random distribution of %OFF among males with diéfd@r SMs. Although %OFFs
among males siring the same clutch are not independie assumed that %OFF is the
direct outcome of the paternal selection by the dles that acts upon the
characteristics (phenotype or genotype) of the snaldence, we used %OFF as
dependent variables as is, without managing tharapp lack of independence among
males’ mating success. We performed a linear regnedy using %OFF as dependent
variable and the SM coefficients estimated forghen male as independent variable.
In order to take into account the clutch size (@%)the regression analysis, we
performed a Factor Analysis (extraction method: P@ging CS and %OFF by each
male as variables. Then, in a new regression asalye used the scores of the first
factor (eigenvalue: 1.161; explained variance: 5&jghificantly associated to CS
(loading: 0.767) and %OFF (loading: -0.767) aswa dependent variable, and the SM
coefficients as independent variable (we consiady factors with eigenvalue > 1 and
loadings in the excess of 0.71 as significantlyeisded to a given factor; Tabachnick
& Fidell 2001).Finally, the average heterozygositiyhin clutches was estimated with
software GenAlEx (Peakall & Smouse 2012).

Results

Overall, eight females laid eggs, for a total o832ggs (40.4 eggs per female on
average). Seven of these females were collecteghane between 20 March and 17
April; the remaining one was collected on 24 Japud@he egg mortality was quite
low, with 278 eggs hatched and a survival rate 6%8 mortality was due to
unfertilized eggs or mould growth. The survivakraf the larvae was 90%, with 251
individuals reaching the metamorph stage. All 27ichlings were used in the
molecular analysis and we were able to genotypediBem. The other five larvae
were cannibalized by sibs and we could not colgmbd quality DNA from the
individual’s remains.
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As concerns the quality control, we found thatlsiai presented allelic dropout
(ADQ), but the average value of 0.017 is quite lgr@nging from 0.003 to 0.109;
Table 2). Only one locus presented false allelegjrming a general mean value of
0.003, while the percent of positive PCR was 0®dly one locus (Sala-10H) presents
null alleles (Table 2). All the microsatellite loevere polymorphic and met the
expectations of the Hardy-Weinberg equilibrium, eptcone (Sala-NC7), which was
excluded from the analyses. The remaining nine $bcwed an average number of
alleles of 6.1, ranging from three to 11. The numbkalleles per locus that was
observed and the expected heterozygosity are sumedadn Table 2. The probability
of identity (PI) at nine loci was 8.3E-08, whilestprobability of identity between sibs
(PISibs) was 1.2E-3, suggesting the absence ofadosh effect between sibs. We
excluded from the analysis 26 larval individualdjiehh had a reliability value lower
than 90%, while 53 adults out of 54 passed thealdiiy control. According to
COLONY results, no one clutch had been sired bysingle male, but females mated
with at least two males up to a maximum of fourpématicular, our results showed that
two ovipositions had been sired by two males, fikgches by three males, and one
clutch by four males (Table 4). GERUD outcomes tordd these results, as shown
in Table 3. The number of fathers did not correlatéh clutch size (Spearman rank
correlation: r = 0.302; n = 8; p = 0.467). The mestouction of the more likely paternal
genotypes, performed with COLONY, revealed thaalinthe analysed ovipositions a
single male sired 50% or more of the offspring ger50%-78%). The remaining
males sired on average 16.06% of the offspringgeat®o-33%) (Figure 1).

The analysed offspring revealed polygyny: two dugight clutches belonging to
different females shared a same father (#6) (Figlye Intriguingly, the sired
percentage of this male differed significantly be¢éw the two clutches (68% and 3%
respectively). When the males’ fitness (log-transied %OFF) was tested against the
genetic relatedness with the females (SM coeffigiewe found an inverse and
significant relationship (R = -0.626; p = 0.001attlwas even stronger when clutch
size (Factorl) was taken into account (R = 0.705% p.0002): that is the more
genetically dissimilar male has a higher patersitsre (Figure 2). Moreover, the male
presenting polygyny (#6) showed a negative valueSef when sired most of the
clutch (68%), but a positive SM value when siringeay low portion of the offspring
(3%). This result perfectly corroborated the obsdrrelationship between %OFF and
male SM for all the studied clutches.

To investigate indirect benefits of polyandry, wealysed the effects of number
of fathers and of genetic relatedness between temmall males (both the male with
higher mating success and the average of all nsitlieég a given clutch) on offspring
average heterozygosity (HET). In this respect, wenél that the number of fathers
siring the clutch (NF) and the genetic similarity the male with higher mating
success correlated significantly with an inversétegpa with the offspring average
heterozygosity (NF*HET: r = -0.783; p = 0.021; SMEH: r = 0.881; p = 0.004),
whereas the average SM of all males siring a gideich showed no relationship
(average SM*HET: r = -0.262; p = 0.531) (Figure 3).
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Table 2. Description of the nine microsatellite loci usedhis study that were not out of Hardy-
Weinberg equilibrium. The table shows for each fotle values for allelic dropout (ADO),
false alleles (FA), percent of positive PCR (% PQftesence or absence of null alleles (NA,
calculated on adult genotypes only), the allelze siange (Size, in bp), name of fluorescent dye

(Dye), number of alleles (No. All), observedyjldnd expected () heterozygosity.

Locus ADO FA % PCR NA Size Dye No. All. Hg He
SALA-10H 0.000 0.000 0.94 yes 225-261 6FAM 5 0.488.648
SALA-3F 0.004 0.000 0.98 no 120-170 NED 8 0.814 50.6
SALA-H2 0.005 0.000 0.99 no 225-270 6 FAM 7 0.721.740
SALA-NG4 0.109 0.000 0.76 no 125-148 NED 4 0.395476.
SALA-A3 0.000 0.000 0.80 no 240-274 PET 3 0.310 12.3
SALA-A11 0.000 0.032 0.91 no 307-350 6 FAM 8 0.790.779
SALA-B8 0.020 0.000 0.94 no 300-360 6FAM 11 0.806.857
SALA-D4 0.018 0.000 0.96 no 110-140 VIC 5 0.643 20.6
SALA-D9 0.003 0.000 0.96 no 128-148 VIC 4 0.550 575
Mean 0.017 0.003 0.91 - - - 6.11 0.613 0.629

Table3. Results of the oviposition activity and paterratyalysis. The table shows the mother’s
ID, the number of eggs laid by each female, the remof offspring effectively genotyped and
the number of fathers found respectively with safevCOLONY and software GERUD.

Mother’s ID N° of eggs N° of offspring genotyped °N fathers
COLONY/GERUD*

Spe006 35 24 2/3

Spe007 38 36 3/3

Spe008 30 20 3/2

Spe009 42 30 3/3

Spe010 56 52 3/2

Spe011 45 37 3/2

Spe012 37 36 4/3

Spe013 40 38 2/2

TOT 323 273 --

Mean 40.4 34.1 --

*while COLONY returns an estimate of the most likelumber of fathers, GERUD returns the
minimum number.
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Figure 1. Number of fathers per clutch and percentage ofoffepring sired by each fathe
Each clutch is represented by the code of the fenkar each clutch, the fathers are called

M2, M3 and M4 based on the decreased percentage bir each male (i.e. 1 is the most
successful male)Asterisks indicate the two clutches that sharedstmae father (#6): in tt
clutch named Spe007 it resulted as M1 (with a peegge of sired eggs of 68%), while in 1
clutch named Spe012 it resulted as M4 (percenthgeed offspring of 3%
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Discussion

Main findings

Overall, we found that in the studied populatioSafmandrina perspicillataultiple
paternity occurs as a pervasive reproductive gtyateder full natural conditions. The
set of microsatellite markers used in this studys whown to be very informative,
allowing us to document patterns of polyandry adl a®& to document polygyny in
S.perspicillata This is the first direct evidence for polygynandn a wild population
of a salamandrid species. Moreover, we demonstratedle for the female-males
genetic relatedness in female choice (Darwiniarrgptic). This choice provides an
indirect benefit for the offspring in terms of heteygosity, being higher in clutches
mostly sired by a male genetically dissimilar te famale.

Polygynandry mating strategy

According to our results, every clutch has a minmef two fathers, suggesting that
the reproductive system of this species include#tiplel mating by females. Even
though we analysed only eight clutches, we foundtiple mates as a pervasive and
consistent strategy adopted by all females. Integly, other studies revealing
multiple paternity in other Caudata species withalde sample size (N ranges 13-41)
reported from a small to a significant portion loé tanalysed clutches sired by a single
male (Garner & Schmidt 2003; Tennessen & Zamudi@32@Gopurenkaet al 2006,
2007; Casperet al 2014). Our comparison of multiply sired clutchresealed no
differences in fecundity, indicating that polyandmgr se affords no fitness benefits to
the studied salamanders. Moreover, although oumpkais rather small we found
evidence of polygyny with a male siring two diffatdemales. However, as the lower
the number of sired eggs the more the reliabilityth® genotypes’ reconstruction
decreases, the evidence of polygyny has to be tak#ncaution. Indeed, since the
male who sired the two different females in oneectestilized only one egg, it is
possible that the reconstructed genotype belongsdifferent but genetically similar
male (possibly a close relative). Although polygydiey has been demonstrated in
other tailed amphibian taxa (see Gopureekal 2006) and likely occurs in most
Caudata taxa, this would be the first evidencesalamandrid species.

Since in our study mortality at egg and larval sgagvas very low, we
identified the number of fathers which was verelikclose to the real one, making
our conclusions very sound. On the contrary, ireotivorks on amphibian multiple
paternity (i.e. Tennessen & Zamudio 2003) the peege of analysed eggs was on
average 7% of the total female fecundity due to rgmimortality at very early stages.
When a very low proportion of eggs belonging taeg clutchis considered with the
purpose of discovering and interpreting multipatgrnthere is a high risk of
misinterpreting the real number of males sired #mel actual percentage of the
oviposition fertilized by each single male. Thehigprtion of the clutch not available
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for analysis due to embryo mortality can hide onenore males involved in the clutch
fecundation.

In the light of the observed pervasive pattern alfyandry, our analyses on the
degree of genetic similarity between mates yielttede interesting results: (i) males
mated to a given female and siring most of the poiifig tend to be genetically
dissimilar from their sexual partner; (ii) a samalen when mated with two females,
sired a proportion of the offspring inversely ctated with his genetic similarity to
the female; (iii) genetic dissimilarity between magtpartners is positively correlated
with offspring degree of heterozygosity.

Female choice and male-female genetic similarity

The first result, that is, high genetic dissimifarbetween males and the female with
which they mated is positively related to the pmijpo of siring offspring, is in agree
with the common idea of inbreeding avoidance whismales increase genetic
variability among their offspring by being polyagdrand by choosing mates that are
genetically different from themselves (Stapleten al 2007; Sluteret al 2007;
Hoffman et al 2007). As far as we know for tailed amphibiansilyothree
experimental manipulative studies revealed suchteem with a female choice based
on male relatedness (Garner & Schmidt 2003; Jethtd 2007; Chandler & Zamudio
2008). Our study is the first evidence of such @mgasystem in natural condition in a
salamander species. Two studies on newtbtyosauria alpestrisand Lissotriton
vulgaris) revealed that in two-male mating experiments -fetsted males are
preferred, or, at least, more successful fatheith, meither phenotypic traits selected
by the females nor male mating order having ancefé®@ male reproductive success
(Garner & Schmidt 2003; Jehlet al 2007). Interestingly, Chandler & Zamudio
(2008) found in controlled mating experiments ia fireld onAmbystoma maculatum
the opposite pattern (outbreeding avoidance oreidiing preference), with the more
successful males not too distantly related to thrgites. However, the interpretation of
this finding by Chandler & Zamudio (2008) is coneplied by the presence of stored
sperm from the previous breeding season, the edfelsbdy size on the proportion of
sired offspring, and the interaction between boidg @nd relatedness. In any case,
deviations from inbreeding avoidance have alreasiynbdescribed in other taxa (e.g.
Cohen & Dearborn 2004; Jennioaessal 2004), and the pattern observed by Chandler
& Zamudio (2008)could be a further exception.

DespiteS. perspicillatalacks of evident secondary sexual dimorphic traiessent
in other salamander species, such as a largesrést, nuptial pads, and greater body
size (Angeliniet al 2007), the females of this species have shovireteery selective
as for mating (Darwin 1871; Bateson 1983; Anders$884). This might suggest a
strong effect of sexual selection within the femétributes of males perceived
during the copulatory courtship and/or attributes sperms selected within the
spermatheca) that potentially could override tHeot$ of selection acting at earlier
stages (i.e. mating order, timing of mating). Intlethe females of this species should
be able to recognize the less genetically relatemle nby selecting it at the
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precopulatory (mate choice) and/or the postcopojgicefertilization phase (when the
sperms are within the spermatheca).

Female incongruence in mate preference

The second result referred to the single case wadimf a male that had sired two
different females with contrasting mating succésdeed, when this male fertilized a
female genetically dissimilar, the proportion oé thired offspring was high (in this
case the male was the most successful out of thedes with 68% of sired eggs); on
the contrary, when the genetic dissimilarity betweeale and female was low, the
male sired a very low portion of the offspring (inis latter case the male was the least
successful male out of four). Even if the resuttdsed only on a single male mating to
two females, this evidence perfectly corroborates findings showed for the first
result (see above), and suggests that the siringess likely could be a matter of
male-female individual relative affinities rathdsah based on intrinsic features of the
male. Although this result needs to be confirmethwiurther observation, the general
pattern evidenced for the study species would atdithatS. perspicillatafemales are
incongruent in their mate preference for a pardcuhale (Neff & Pitcher 2005), with
each preferring a different male, i.e. the one geaky more dissimilar.

Offspring genomic divergence: indirect benefitstfo choosy females

The third result showed that the higher heterozigg@snong offspring appeared to be
the consequence of the uneven sired offspring ptigmoamong mating males biased
towards the less genetically similar male. Intriggly, the number of fathers seemed
to have a detrimental effect on clutch heterozygodegree, likely because the more
are the mates the less are the chances that gmrioff are fertilized by the best male
only. On the contrary, higher levels of heterozytyowere correlated to the genetic
dissimilarity of the most successful male. Thuslyaodry per se did not provide a
genetic indirect benefit to the offspring. This bundicate that multiple mating
enables female to distribute fertilizations amomyesal males, thus reducing the
impact of low efficiency in the evaluation of majgality (Gabor, Krenz & Jaeger
2000). For example, if the females are unable $orithinate among males based on
phenotypic traits, then they may gather indireatefitss from a polyandric mating
strategy as a sort of genetic bet-hedging. Thumesin Salamandrinathere are no
evident phenotypic traits on which females can rety for mate choice at the
precopulatory phase, mating multiple times may anbahe chances for a female to
fertilize her offspring with sperm from geneticallijssimilar males through cryptic
choice. Indeed, we can speculate that the obsepaétgrn might be a matter of
cost/benefit mechanism in which the gained benafit multiple mating
counterbalances the negative effect of the numbfemmates on the offspring
heterozygosity.

In the species in which females are highly selectithen it comes to mating, the
guestion why they are so choosy assumes a crugélt®nary significance (Neff &
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Pitcher 2005). In mating systems in which malesvigl® resources (i.e. food or
shelter) as direct benefits to the females or th#fspring, females should recognize
and select those males that are able to provide mesources (Moller & Jennions
2001). However, in the nonresource-based matingesys in which females still
show a preference among males despite they prawideesources but genes (i.e.
sperm), as the study system is, the answer isdeaghtforward (Neff & Pitcher
2005). Models have shown that nonresource-baseidgratstems require that choosy
females gather an indirect benefit (genetic) thlougcreased offspring fitness
(survival and/or reproductive advantage at thetestabe). Since i. perspicillatawe
observed females each preferring a different miakepbserved pattern would suggest
that the genetic quality should reflect interactiometween paternal and maternal
genomes rather than the inheritance of the catedd genes” (Neff & Pitcher 2005).
Thus, although we cannot exclude a complementdegtedf sperm competition to the
observed pattern, we hypothesize that behind theeldi mating success among males
likely there was a females’ cryptic choice by meahws/hich they directly manipulate
sperm usage and bias fertilization to the male tilitproduce offspring of higher
genetic quality (higher offspring heterozygositieff & Pitcher 2005). According to
the genetic compatibility hypothesis, a male withmpatible genes will produce
offspring with higher fithess only when matchedhwit specific maternal haplotype
thanks to favourable gene—gene interactions throdgh example, heterozygote
advantage (Trivers 1972; Zeh & Zeh 1996, 1997; N&ffPitcher 2005). As in
amphibians larval survival can be related to gengiversity/heterozygosity (Beebee
2005), we hypothesize that the study species matystem is compatible with the
genetic compatibility model: the females obtainiiact benefit (higher offspring
heterozygosity) by choosing males genetically didar from themselves.

Ecological and behavioural implications

All the females that oviposited during our studyreveollected already pregnant in
nature. Only one female collected in January, Wwefbre the oviposition phase, laid
eggs. This confirmed th&. Perspicillatacan potentially store sperm for a long period
(> 60 days) (Sever 2002; Adanet al. 2005). This evidence makes an in-depth
analysis on the possible occurrence of sperm catiggeeven more necessary. The
fact that all the other females collected in Jayputa not lay eggs could be likely due
to an early sampling (i.e. most females had probabt mated at that point).

As for the male contribution to the clutch fertiltion, our results revealed that
one single male sired more than the half of thelavlowiposition, while other males
on average fecundate less than 20% of the eggs3@®%)- The studied population
showed a male-biased sex-ratio of 6.67 (Vigedlal 2012). If we oversimplify the
studied reproductive system by assuming that eaale rfertilized only a single
female, and taking into account that on average fen@le is fecundated by three
males, we can roughly estimate that the percentdgeales in the population that
reproduce would be at most 45% with an operati@e ratio less biased (1:3).
Moreover, our calculations are likely overestimatéghe real ratio, since we found
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multiple mates by males and it has been obsenaddtrer the prolonged reproductive
period one male can court several females by mdimipg them thus limiting other
males the access to the female (Bruni & Romano R00Hose salamander species
showing an aquatic reproductive activity (i.echthyosaura alpestrifRafinski &
Osikowski 2002) Lissotriton vulgaris(Severet al. 1999), Notophtalmus viridiscens
(Gaboret al 2000),Taricha granulosgJonest al 2002)), show a mechanism of first
male or last male advantage (but see Jeh& 2007 forL. vulgarig. In these species
sexually dimorphic morphological traits are ofteamspicuous and individuals arrive
at the same breeding site simultaneously, so femadee at their disposal several
males, gaining the opportunity to make a caref@cppulatory selection on males
signalling fertility benefits. The species charaized by terrestrial mating, as for
exampleS. salamandrdCasperst al 2014), usually do not show evident secondary
sexual dimorphic traits and present mainly a pattf sperm mixing, suggesting
sperm storage associated to female cryptic chaidesperm competition have a more
relevant role in paternity outcomes. Sirfgeperspicillatais amongst the salamander
species with the most terrestrial habits, we cgothesize that the observed pattern of
unbalanced fitness among fecundating males reftbetpresence of a postcopulatory
mechanism.

Conclusions

In summary, we answered our starting key questiemealing that females d$.
perspicillata show multiple paternity. Moreover, we found thé&tere is strong
evidence for an uneven male contribution in egdgliftion, with one male siring
most of the eggs in a clutch. Our findings suggef@male cryptic choice at the base
of the observed pattern with a genetic indirect dfien (higher offspring
heterozygosity) provided by the selection of thdenmore genetically dissimilar from
the female. Although these data should be integpretith caution due to the small
sample size and the lack of experimental manipudatiesting, the observed pattern
was apparently confirmed by different and independandings (results 1-3), thus
providing robustness to our conclusions. Indeederyiour limited sample size and
accounting for the fact that under field conditisaveral factors are potentially
confounding any genetic effect, we found a stromgigported pattern. However, since
the studied females were collected already matedhave no data with which to infer
which kind of mechanism is actually at work in ttgpecies. In the light of the
obtained results, a more in-depth analysis withegperimental approach would be
required in order to achieve a full understandifigSo perspicillatés reproductive
strategy.
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CHAPTER 3

Genotyping by sequencing (GBS) of large amphibianemomes: looking for a
needle in a haystack?

Introduction

About 360 million years ago, amphibians becamefitise vertebrates to live on land
(Calboliet al 2011). Their ancient and extremely diversifiedame very likely holds
important keys to understanding crucial evolutignevents, among which vertebrate
terrestrialisation (Calbolet al 2011). Currently, amphibians are facing a global
extinction crisis of unprecedented magnitude thdteavily threatening the survival of
many species and their genomic diversity (Stearal 2004; Calboliet al 2011).
Although 41% amphibian species are listed as tareat in the IUCN Red List, they
have benefited least from conservation efforts {fahnet al 2010). Without prompt
and focused conservation actions in consequendaitat loss and fragmentation,
diseases, invasive species, global climate chamgpemical contaminants and
overexploitation, a large number of amphibian speeiill be lost in the near future
(Alford & Richards 1999; Pimm & Raven 2000; Colli&sStorfer 2003; Stuargt al
2004).

Until now, conservation genetic studies, basedmallsnumbers of variable loci,
have revealed important insights about the straectaf endangered amphibian
populations (Beebee 2005). However, novel next-ggimmn sequencing (NGS)
approaches, based on large-scale sequence informatiave the potential to
enormously improve our research ability. The opputy of using thousand of
genome-wide genetic markers would greatly increase understanding of
populations’ genetic structure, and, especiallyuldohelp in detecting loci under
selection. This is of particular importance becauae give us a measure of the
adaptive potential of populations, and provideiaalt estimates of their ability in
responding to rapid environmental changes, sutchas® caused by climate change or
emergin infection deseases (Calbetial 2011). As suggested by (Allendaef al
2010), the chance to examine thousand of genetikerem at the same time made
possible to solve many conservation issues thad baen unattainable until now. For
example, it will be possible to estimate neutrapylation parameters, such as
effective population size, or to study the genbésis of local adaptation or inbreeding
depression (Allendorét al 2010).

The study of amphibian genome, however, presentsténsic difficulty, due to
its unusual size for vertebrates. It ranges fronaeerage size of 9.36 Gb for anurans
up to 35.90 Gb for salamanders (Gregory, 2011}, tdiiter representing the second
largest accepted animal genome (Dufresne & Jeff@iy).

The analysis of such a huge genome would have inggossible with standard
Sanger sequencing methods. The rapid progress N&®rms, has bypassed the
steps for marker assay development and library toget®n, allowing a direct
comparison of large numbers of sequences for iyamji DNA polymorphisms in a
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wide range of species (Narushal 2013). Genotyping-by-sequencing (GBS) is one of
the new NGS-based methods that increase the pofwSNB genotyping, by both
simultaneously collecting millions of short-readqgences for every individual and
improving sequence coverage per locus through geremmplexity reduction (Elshire
et al 2011). However, the performances of GBS in sgewiigh very large genomes
and high genetic diversity are largely unknown (bee Cheret al 2013). GBS in
amphibians posses important challenges due to lgggeme sizes but also due to a
lack of detailed genomic information [i.e., wittetkexception of the recently published
western clawed frogXenopus tropicalls genome sequence (Hellsteh al. 2010),
there are no reference genome sequences availatiefefore, amphibians are
challenging and interesting species for asseshmgffectiveness of GBS.

In this work we reported the comparison of GBS MItestor two amphibian
species of conservation concern endemic to Itdlg, $ardinian Brook Salamander
(Euproctus platycephalyisind the Italian stream frogRéna italicg. Both species are
protected by the Habitat Directive (Annex 1V) ahé Bern Convention (Appendix Il),
and are targets of local conservation efforts. Mueeg, E. platycephaluss listed as
Endangered (EN) by IUCN. WhilR. italica has a genome size of 5.66 pg (Gregory
2011), the exact dimension dEuproctus platycephalusgenome is unknown.
However, since its two most phylogenetically clyselated specie§. montanusand
E. asper have respectively a genome size of 23.10 and227g6 we can hypothesize
thatE. platycephalushould have a genome size > 20 pg.

Overall our results demonstrated the suitabilityGi8S for SNP discovery and
genotyping in two conservation concern amphibiabg, providing informative
reference on restriction enzyme selection as wellpkexing level issue in NGS
analyses when dealing with large genome sizes.

Methods
DNA samples and GBS protocol optimization

Tissues samples, collected by clipping a smalbfiphe tail (2/3 mm), were digested
using a proteinase K solution (56 °C - overnighithe total genomic DNA was
extracted using the DNeasy Blood & Tissue Kit (@iag- Cat. no. 69506), according
to the manufacturer’s protocol, from 9Rana italica (Rl) and 95 Euproctus
platycephalus(EP) samples. DNA quality was assessed by runhl® ng of each
DNA sample on 1,5% agarose gel. DNA concentratias wetermined using the
QuantiT ™ PicoGreen® dsDNA Assay Kit (Invitrogefpr optimization of the GBS
protocol, a single DNA sample (500 ng) from eacbc#gs was digested for 2 h with
the restriction enzymeApeK, Ecol22l andPsi, using a tenfold excess of enzyme
and reaction conditions as specified by the enzynaufacturer (New England
Biolabs). After ligation of appropriate adapterddater amounts were determined by
titration as described in (Elshire et al. 2011) #@R (see below), fragment size
distributions of each test library were visualizeing an Agilent BioAnalyzer 2100.
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Preparation of lllumina libraries for next-generati sequencing

Two 96-plexEcor22| GBS libraries, comprising 95 DNA samples otleapecies,
henceforward abbreviated B® (Euproctus platycephalysndRI (Rana italicg, and

a negative (no DNA) control, were prepared accagrdin(Elshireet al 2011). Briefly,
individual DNA samples were digested with the rieitn enzyme and adapters were
legated as described previously. The adapters ¢satpa set of 96 different barcodes
containing adapters and a “common” adapter. Thgoolicleotide sequences of the
barcode adapters were as follows:

(a) 5-ACACTCTTTCCCTACACGACGCTCTTCCGATCTxxxx and
(b) 5" -CWGyYyyyAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT

where “xxxx” and “yyyy” denote the barcode (AACGCACTT, AACGTGCCT,
AACTGG, AAGACGCT, AATAACCAA, AATGAACGA, AATTAG,
ACAACCAACT, ACAACT, ACAGT, ACCAGGA, ACGCGCG, ACGGTAET,
ACTGCGAT, ACTGCT, ATAGAT, ATATAA, ATATCGCCA, ATCCG,ATCTGT,
ATGAGCAA, ATGGCAA, ATTAT, CAACCACACA, CAAGT, CACCA,
CAGAGGT, CAGATA, CAGTGCCATT, CATAT, CATCTGCCG, CCATCA,
CCGAACA, CCTCG, CCTTGCCATT, CGCAACCAGT, CGCACCAATT,
CGTCGCCACT, CGTGGACAGT, CGTGTCA, CGTTCA, CTAAGCA, TCAT,
CTCGCGG, CTCGTCG, CTCTA, CTCTCGCAT, CTTAG, CTTGA ABGCA,
GAAGTG, GAATGCAATA, GAGCGACAT, GCAAGCCAT, GCACGAT,
GCCAACAAGA, GCCTACCT, GCGCCG, GCGCTCA, GCGTACAAT,
GCGTCCT, GCTCCGA, GGAACGA, GGAAGACAT, GGACAG, GGAGH
GGAGTCAAG, GGATA, GGCTTA, GGTATA, GGTGCACATT, GGTGT
GTCGCCT, GTGACACAT, TAGATGA, TAGCAG, TAGCCAA, TAGCGAT,
TATCA, TATGT, TATTCGCAT, TCACGGAAG, TCACTG, TCAGAGA,
TCCGAG, TCTTGG, TGAAT, TGACGCCA, TGCAGA, TGCCGCATTGCTT,
TGGCAACAGA, TGGCACAGA, TGGCCAG, TTATTACAT, TTCGTTITGCTG),
and barcode complement, respectively. The EcoT@2incon adapter was as follows:

(a) B-CWGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG and
(b) 5-CTCGGCATTCCTGCTGAACCGCTCTTCCGATCT.

Individual ligations were pooled, and purified usi@lAquick PCR purification kit
(Qiagen). Genomic fragments were then amplified B0uL volume containing 2tL
pooled DNA fragments, 1x Tag Master Mix (New EnglaBiolabs), and 25 pmol,
each, of the following primers:



34

€) 5-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCT and

(b) 5'-
CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGC
TCTTCCGATCT. Temperature cycling consisted of 72f6€5 min, 98 °C for 30 s,
followed by 18 cycles of 98 °C for 30 s, 65 °C &fr s, and 72 °C for 30 s, with a final
extension step at 72 °C for 5 min. The EcoT22] GB&ry was purified again, as
above, and an aliquot was run on the Agilent Bidpaer 2100 for evaluation of
fragment sizes and the presence of adapter din#dter quantification on the
Nanodrop 2000 (Thermo Scientific), each library wilated and sequenced (single-
end reads only) in a single flow cell channel o tlumina HiSeq 2000 at the Cornell
University Genomics Core Laboratory.

In order to overcome the large genome siz&Rfand explore the multiplexing
level issue in GBS analysis, we re-runned the s@@nglexEP library on an additional
sequencing lllumina lane. The combined resultsath 96-plex sequencing data gave
rise to the same output that would be obtained 4§-plex level.

DNA sequence analysis: SNP discovery and genotyping

Raw DNA sequences were analyzed with the Univédsalvork Enabled Analysis Kit
(UNEAK) pipeline, tailored for species that lackederence genome sequence (Lu et
al. 2013). This pipeline is implemented in TASSEL 3./
(http://www.maizegenetics.net/images/stories/bminfatics/ TASSEL/uneak_pipeline
_documentation.pdf). Briefly, the raw lllumina DNs&quence data (100-bp gseq files)
were first trimmed to remove barcodes. The sequerognants were then either
trimmed further or padded with 3’ A's to 64-bp lémgy Sequences were then aligned
to each other, both to identify unique sequences$sequence tags”, and to generate
clusters of related sequences. For each clustagtwork was generated, in which
sequence tags were organized according to mutastaps (i.e., mutational
relationship). A single base-pair mismatch was vedld among cluster members.
Networks were then filtered such that only SNPgingting from reciprocal tag pairs
were retained (see Let al 2013). SNPs from more complicated networks tiigno
result from alignment of paralogs and repeatsequencing errors were discarded. To
further reduce the impact of sequencing errors,alse set the error tolerance rate
(ETR) parameter to 0.03, slightly above the expbdiemina sequencing error rate
(0.04 %). Pipeline default parameters were usedfifi@ring the resulting table of
genotypes. First of all, individual with high faiurates (i.e. individual call rates <0.15
or 0.30 = missigness >70% or 85 %) were filterexhfithe database. The genotypes’
table was then filtered using default parametersept that the minimum value of the
minimum minor allele frequency (mnMAF) was set t@® Further filtering of the
data set was done to eliminate SNPs present in% 80sample DNAs.
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Results

Library fragment size distribution

The fragment size distributions of GBS librariesnfr EP and RI genomic DNA
digested with different restriction enzymes arevemin Figure 1. Discrete peaks (i.e.,
repetitive DNA fragments) were present in mostdiigs. The size distribution curve
for both species was smoothest for ApeKl, but is weetty large, and fragments over
~ 500bp are too long to sequence on the lllumia#fgrim. Also, theEP genome is so
large that this frequent cutter (ApeKl has a 5-basmgnition sequence but it cuts
more like a 4-base cutter because of a degenenaitye irecognition site) would have
probably produced too many fragments to get deemugn sequence coverage per
SNP locus to be able to call heterozygotes with@mfidence. On the other hand, the
fragment size distribution is tighter with EcoT22k this enzyme should probably
produce deeper sequence coverage than Pstl. Basédese results, we chose to
sequence GBS libraries derived from EcoT22l genodigests containing little
repetitive DNA.

Number of sequences and SNPs

Sequencing results showed that all 95 samplesdon epecies were represented. As
concernsEP a total of 279,893,656 and of 501,580,539 reads feand for the 96-
plex and for the 48-plex levels, respectively, whibr the 96-plex plate dRl the
number of total reads was 269,695,656. From thasesequences, 247,872,958 and
451,654,647 good barcoded reads were obtainedatésglg for the 96-plex and 48-
plex EP plates; as for th&I plate 181,237,253 good barcoded reads were folimel.
distribution of reads number in individual samplesn the EcoT22I libraries for the
two species and for the different plex levels isvsh in Figure 2.Resulting number of
unique sequence tags were 24,892,397 for the 96ptdee and 45,790,964 for the 48-
plex plate ofEP, while we get 23,863,809 for the 96-plex platdRdfAfter analyzing
the raw sequences with the UNEAK pipeline usingadifparameters, we obtained
134,803 (96-Plex) and 156,753 (48-plex) SNP lociEB, resulting SNPs for the 96-
plex plate of theRl were 20,399. The average call rate per locus Herunfiltered
SNPs was 0.337 and 0.390 for 96-plex and 48-plekRfrespectively; forRI this
value was 0.495 (see Table 1).

As summarized in Table 1, after the removal of vidlials presenting high
failure rates (i.e call rate lower than 85% and 7EP andRI, respectively) the
average call rate per locus for the 96-plex anglé®-of EP was 0.353 and 0.409
respectively, and 0.559 for the 96-plexRif The seven individuals fd&&P and the 14
individuals forRI that had a call rate lower than the selected hiolds were excluded
from further analyses. When loci were filtered ¢ail rate < 0.8, the resulting numbers
of SNPs orEP were 909 and 1480 for the 96-plex and 48-plexpaetvely; while for
RI a total number of 2531 SNPs were obtained. As @rpe an increase in the call
rates was observed, with a value of 0.887 (96-exl) 0.885 (48-plex) fdEP.
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Figure 1. Fragment size distribution of GBS libraries mad¢hva single DNA samplédd(ft:
newt; right: frog) using three restriction enzymesg( ApeKl; middle EcoT22l;bottom Pstl).
The x-axis represent elution time and the y-ax@aghfluorescence units. Numbers below hatch
marks on the x-axis indicate fragment size (bp)l. @eaks at 15 and 1500 bp are size standards.

The resulting value foRl was 0.850. After further filter for MAF < 0.05, 59
and 961 SNPs were obtained fol, for the 96-plex and 48-plex, respectively; as for
RI, the number of resulting SNPs was 854. Graphicaiparisons among the number
of SNPs obtained after applying different filteringteria, depicted according to the
study species and plex level, are shown in Figuréhg overall call rate for the two
plex levels ofEP after MAF filtering didn’t change, while fdRl it slightly increased

to 0.860.
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Figure 2. Distribution of the number of sequence reads. épyasents the number of good
barcoded reads in 95 DNA samples of a 96-plex dpfate of Euproctus platycephalygb)
shows the number of good barcoded reads in 95 D&tAptes of a 48-plex depth plate of
Euproctus platycephalugand (c) shows the number of good barcoded rea@ls DNA samples
of a 96-plex depth plate &ana italica
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Figure 3. Number of SNPs obtained for the two species for dhferent plex levels. For
Euproctusplatycephalusresults for the 96-plex (EP one lane) and 48-fi#X two lanes) depth
plates are shown. FdRana italicawe have only 96-plex depth (Rl one lane). Bluesbar
represent the number of SNPs obtained from theigtipn of the UNEAK pipeline, without
filters application. Red bars represent the nunad@NPs retained after having filtered for Call
Rate < 0.80, while Green bars represent the finaiber of SNPs obtained after having filtered
for MAF < 0.05, that are 595, 961 and 854, respebti



40
Sequence coverage depth

Overall, the unfiltered SNPs identified by the UNEAipeline had a low average
coverage depth (Table 1). The average coverages y@adu locus, for the unfiltered
dataset, was 2.370 and 2.150 for the 96-plex anpled8experiments, respectively;
while the average coverage value per individual 2440 and 2.250. IRI we found
that the average coverage per locus was 7.12 hendverage coverage per individual
6.880. After excluding individuals with low calltess, we got similar average coverage
values per locus of 2.393 (96-Plex) and 3.389 (@8&)dfor EP. Similarly, the average
coverage results per individual were 2.452 (96-Pésd 3.548 (48-plex). With regard
RI, the average coverage per locus was 7.240, whie average coverage per
individual was 7.490. After filtering markers withore than 20% of missing data, we
obtained a significant increase in the average reme The average coverage per
locus forEP changed to 8.989 and 9.638, for the 96-plex angld8, respectively;
while for Rl we get a value of 12.920. The average coveragmgiidual, increase to
8.586 and 12.120, according to the lower and higiex level ofEP; for Rl we get a
value of 12. The average missing data ratio i4 &6 for both species (Table 1).

Discussion

To the best of our knowledge, this study is thstfattempt of GBS application on
amphibian species and the first set of novel SNiFkena developed foEP andRI.
Overall, we demonstrated the suitability of GBS $MP discovery and genotyping in
two conservation concern amphibians, by providaftgr stringent filtering, 961 (595
for the 96-plex library) and 854 novel and relial@BlPs for the Sardinian Brook
Salamander and the ltalian Stream Frog, respegtivel addition, we provided
informative reference on restriction enzyme setgcts well as plexing level issue in
GBS analysis when dealing with large genome si@gs. results demonstrated that
GBS is a robust and suitable method for genotypange amphibian genomes and for
further development of SNP-based conservation gesostudies.

It is remarkable that we obtained a very low numbfeBENPs in comparison to
those obtained in other species on which GBS teclenihas been applied. For
example, (Whiteet al 2013) found about 6000 SNPs in the bank vblgpodes
glareolus(Order Rodentia, Family Arvicolinae), while (Chenal 2013) found about
18,000 SNPs in two conifer speci€nus contortaandPicea glauca(Order Pinales,
Family Pinaceae). The bank vole has a genome eipparable tdr. italica[the exact
dimension is not reported, but taking as referersoase related species according to
Gregory (2011), we can suppose it is about 3 phjlevthe two conifer species have a
genome size comparableEoplatycephalug20 pg on average).

Being the differences in resulting SNPs really aderable, it is unlikely that
they are due only to a greater genome complexigniphibians. On the contrary, it is
plausible that they reflect the genetic diversitithim the species. The vole and
conifers have a wide distribution arda: contortais a common tree in western North
America, P. glaucais native to the northern temperate and boreadstoin North
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America, andMyodes glareolusanges from the British Isles through continental
Europe and Russia to Lake Baikal, reaching in thelsnorthern Turkey and northern
Kazakhstan. On the other hand, b&hplatycephalusand R. italica have a small
distribution area, being the first one endemic aod8hia Island and the second one to
peninsular Italy (Sindaccet al 2006). Moreover, their dispersal abilities and
population sizes are reduced, and, as suggestedldrydorf & Luikart (2007) and
Frankham (2004), all these factors can decreasstigativersity.

According to our results, future GBS analyses orplabhian genomes should
address the restriction enzyme selection towardd 221, which proved to be able in
minimizing the amount of repetitive DNA during GBi®rary preparation process.
When dealing with complex and large genomes likemphibians, it is recommended
to increase sequence coverage depth per locuspranavay to achieve this result is
the selection of a restriction enzyme that doescnbfrequently in the genome (Chen
et al 2013). However, there is the need to find a ldretween coverage depth and
the total number of called SNPs, since less frefjoetters produce higher coverage
but also less SNPs. There are lot of cases, fompbea genome-wide association
studies (GWAS) and genomic selection (GS), whedarge number of SNPs are
needed. In such a case, the better strategy wautd bse a frequent cutter and try to
increase coverage depth by running additional lamekor using a lower multiplexing
level.

One of the advantage of the GBS methodology isahatlow cost it is possible
to increase the number of SNPs and/or sequenceagm/@er SNPs locus by running
the same library in further sequencing lanes omunning the libraries at a lower
multiplexing levels (Elshiret al 2011; De Donatet al 2013). In order to overcome
the large genome size BP and explore the effect of plexing level on SNP bers
and depth of coverage, we re-ran the same 96-Rleéxibrary on an additional
sequencing lllumina lane (i.e. giving rise to tlaeng output that would be obtained by
a 48-plex level). In this study, by running a 96pIGBS library 2 times (i.e. 48-plex)
for EP we overall increased the number of SNPs identifiech 596 to 961 (i.e. ca.
61% increase) but also, and importantly, increatedaverage sequence depth per
locus from 8.81 to 11.83, increasing statisticgypgrt both for identifying variants
and calling heterozygotes.

Our SNPs calling results follow the observationomed by (De Donatet al
2013), regarding the increase in the number of ShiElseach sequencing lane. The
authors found that this effect is especially provamd during the first few replicated
runs, gaining more than 1.5 fold increase in thmlmer of SNPS with the second run.
For EP we run two independent lanes at 96-plex that wer lan combined to produce
a 48-plex, and looking at Figure 3 we can seeith#tte second lane we obtained an
increase of about half of the first one, reflectthg same cited trend. However, this
result is true only for the filtered loci, while asgards the unfiltered loci we get
almost the same number for the two different lanes.

Comparing the number of unfiltered SNPs obtainadEB and RI, this value
turns out to be higher fdEP, for both plex levels use(EP: 96-plex=134.803; 48-
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plex=156.753 vs RI: 96-ple= 20.33%Hlowever, taking into consideration the number
of SNPs obtained after having filtered for bothl cate (<0.8) and MAF (<0.05), we
got a similar number of SNPs for the 48-plex&dfand the 96-plex depth plate &f.
These outcomes reflect the differences in size éetwthe two analyzed genomes.
SinceEP’ genome is approximately more than five times bigthan theRl one, we
could expect a higher total number of SNPs forfitls¢ species, that is what we found
for the unfiltered loci (Fig. 3). In the caseE®, in fact, the restriction enzyme can cut
in many more sites on respect RI, producing a higher number of tags and
correspondently of SNPs. However, right due to High number of produced
fragments folEP, during the amplification step it is possible that every fragment is
amplified, resulting in a very low average read bemper tag. Thus, due to the low
quality and consequent low reliability of many SNB& number of SNPs obtained
from the two genomes after filtering resulted corapte. Even if the initial number of
SNPs forRI was lower on respect P, among them there were many more reliable
markers.

The previous outcomes are confirmed also by thelteesbtained for coverage.
Indeed, looking at Table 1, it is evident the difeces between the average coverage
values forEP and for Rl, asregards the Unfiltered and Filterl columns. For twha
concern the newt, this value doesn’t overcome the, 2vhile for the frog it reaches at
least 6.8x. In contrast with what we could expedter the second run the average
coverage value foEP remained similar, becoming on the contrary evewelo Only
after having filtered for call rate < 0.80, the ege coverage for both locus and
individual level, at both plex levels, increasearyinterestingly, the 48-plex level for
EP returned a value comparable to that obtainedh®©6-plex depth plate &.

Here we reported that for a species with a hugemen(i.e.EP. ca. > 20 pg)it
is possible, by running one additional sequencarge lor using a lower multiplexing
level (i.e. 48-plex) obtaining comparable result§ivthose returned from species with
approximately five times smaller genome (R¢5.66 pg).

In this pilot study, the average missing data ritioa. 11% for both species, and
thus similar to those reported for large conifen@mes using a 48-plex level (i.e ca. 7-
9%; (Cheret al 2013).

In conclusion, GBS confirmed to be a cost-effectiemotyping method, able to
identify a high number of good quality SNPs alsonon-model amphibian species
with a very large genome that will be of great iast for further developing
conservation genomics studies. The ability to exantiundreds of loci will increase
the power and accuracy in estimating a variety wfpdrtant parameters in
conservation. For example, genomic techniques wbeldspecially useful to study
the genetic basis of local adaptation or inbreediaegression. Moreover, in the long
term, they could be related to fitness and othenatgaphic parameters in order to
predict population viability or the capacity to atlto climate change.
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CHAPTER 4

Using Genotyping By Sequencing (GBS) for delineatgnconservation units for the
Sardinian Brook Salamander Euproctus platycepahlus)

Introduction

Genetic diversity is one of the three fundamengéakels of biodiversity, and it is
directly linked to its conservation (McNeebt al. 1990; Reed & Frankham 2003).
Conservation of genetic variability is important tiee evolvability of populations
because decreased genetic variability leads tacestlfitness and adaptation (Freeland
et al, 2011). Small and isolated populations are paldity affected by loss of genetic
variability, since the dynamics of genetic variatis strongly dominated by random
genetic drift and inbreeding (Oubory al. 2010), leading them to a possible local
extinction in a short time, as compared to larggsyations. Loss of genetic diversity
is enhanced in species with low dispersal capadslitvhich reduces the rates of gene
flow. The consequences of isolation can be eversevahen the species is an insular
endemism. Insular taxa indeed are prone to extindtiecause they are vulnerable to
demographic stochasticity, strong climatic everged anthropogenic disturbance
(Cook & MacDonald 2001).

Resources for conservation have always been réthiged and, as highlighted
by Allendorf et al. (2010), describing conservation units (CUs) is ofieche most
important contributions of genetics to conservatiBonservation units are population
units identified within the species level, that ¢cenuseful to address management and
conservation efforts (Funét al. 2012). The two more widely used conservation units
are evolutionarily significant units (ESUs) and mgement units (MUS).
Summarizing the several definitions that have bpeposed in the course of time
(Dizon et al. 1992; Fraser & Bernatchez 2001; Moritz 1994; Rytie86; Vogler &
Desalle 1994; Waples 1991), Fuekal. (2012) referred to ESUs as populations that
have substantial reproductive isolation, which leasto adaptive differences so that
the population represents a significant evolutigramponent of the species. On the
other hand, MUs represent demographically isolatedulations whose population
dynamics depend mainly on local birth and deatksraather than on immigration
(Funk et al. 2012; Moritz 1994; Palsbo#t al. 2007). According to these differences,
Funk et al. (2012) suggest to use both neutral and adaptizietdodelineate ESUSs,
while MUs should be determined using only neutoai.l Nowadays, next generation
sequencing allows for the screening of thousandgeobme-wide genetic markers,
e.g. single nucleotide polymorphisms (SNPs) or whggnome sequences, in a very
short time and with a relatively limited economioet, which provide markers that
allow performing population genomic analyses (Ftemk 2010). Therefore, these
novel methods facilitate to deepen existing disegd (e.g. Molecular Ecology and
Genome-Wide Association Studies - GWAS), or evenopen the way to the
development of new branches, such as Conservatmoi@ics (Ouborgt al. 2010).
This emerging discipline can be simply defined laes application “of new genetic
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techniques to solve problems in conservation biglggllendorf et al.2010), such as
genetic drift, hybridization, inbreeding or outhdé®y depression, natural selection,
loss of adaptive variation and fitness.

Amphibian species are particularly vulnerable tsslmf genetic diversity and
local extinction, due to their low vagility and higsensibility to environmental
changes (Kieseckeet al. 2001). According to the IUCN Red List of Threatdne
Species (Version 2014.3 - www.iucnredlist.orglthey are the most threatened
vertebrate group on earth. The target specieseoptésent work, the Sardinian Brook
Salamander Euproctus platycephalugCaudata, Salamandridae), is an amphibian
species endemic to Sardinia Island (ltaly). Itaaually found only on the eastern part
of the island, from the North to the South, whi¢eards from the western part go back
to 1995-2003 (see Lecis & Genética de la Consedva2@04; Vignoli L. pers. comm.).
It is a mountain species that prefers cooler watgrd is usually found in streams,
small lakes, pools and even artificial canals. thgestrial habitats are generally
restricted to riverine scrubs or woodlands, andsihecies may also be found in cave
systems. Population declines have been reporteg sive early 1980s (Pudd al,
1988; Vanrooy & Stumpel 1995), probably causeddnjuction and fragmentation of
habitats (usually due to water redirection for agtural purposes) (Vanrooy &
Stumpel 1995), agricultural water pollution, illégéishing methods and the
introduction of allochthonous fishefEuproctus platycephaluds classified as
Endangered (EN) by the IUCN (2009), and it is tistn Appendix Il of the Bern
Convention and on Annex IV of the EU Habitats Direg; it is also protected by
regional legislation (Regional Law n. 23/1998 (&t.c. 3)). Actually, the species is
object of an ex-situ and in-situ conservation pehjounded by EAZA and carried out
by Fondazione Bioparco (Rome, Italy) and Roma Tnévélsity (Rome, Italy). Since
one of the aims of the project is creating and ta@iimg an ex-situ breeding stock, an
in-depth knowledge of the population’s genetic aite is of crucial importance.
Moreover, because of its intrinsic value as deeirendemic species, an update of the
actual conservation status is required, in ordeggebessential information for in-situ
management actions.

Given these assumptions, with this work we aimectlatifying the genetic
structure ofEuproctus’populations, and identifying the main evolutionargnificant
units (ESUSs). In parallel, we aimed at developing first genomic resources for the
species. Until now, indeed;. platycephalushas belonged to the category of non-
model species, which are those without genomicuress available. Together with
the intrinsic difficulty of studying a non-model espies, the analysis oE.
platycephalus'genome represented an additional challenge. Aaugridi the Animal
Genome Size Database (www.genomesize.com), intfaetC-values of the two most
closely related speciek, montanusndE. asper are respectively 23.10 and 27.62. So
we can assume, with a certain degree of confidethes, also the Sardinian Brook
Salamander has a huge genome, with a C-value ety breater than 20. However,
this issue can be overcome by using NGS technigues$, as the novel genotyping by
sequencing (GBS) technique (Elshatal.2011), which is a method for the reduction
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of genome complexity and SNPs discovery (see Methssttion for an in depth
description).
Moreover, we performed a series of tests aimedeaattifying the best method to
reduce the number of SNPs up to 96, with the petsfeof create a SNP array for the
species.

Methods
Sampling and DNA extraction

During three expeditions in June, July and Novembd@it2, 95 Sardinian Brook
Salamander individuals were sampled from 9 samipés &0 Sardinia, spread along
the whole distribution area of the species. We eotdld samples as follow: 20
individuals from Monte Limbara, 8 individuals frolonte Albo, 11 individual from
Supramonte di Oliena, 2 individuals from Roa Paglinl2 individuals from
Villagrande, 9 individuals from Foresta Ortuabig, idividuals from Monte Ferru, 3
individuals from Perdasdefogu and 18 individualsnir Settefratelli (Figure 1).
Differences in number of individuals collected fragiistinct localities have to be
attributed to the relative density of the populasi@nd to the difficulty of sampling in
certain sites.

Samples were collected by clipping a small tiphe tail (2/3 mm), which was
immediately stored in ethanol 95% at -20 °C. Tissuere then digested using a
proteinase K solution (56 °C - overnight). The tg@nomic DNA was extracted using
the DNeasy Blood & Tissue Kit(Qiagen — Cat. no.5@8), according to the
manufacturer’s protocol. DNA quality was assessgdumning 100 ng of each DNA
sample on 1,5% agarose gels. DNA concentrationdetermined using the QuantiT
™ PicoGreen® dsDNA Assay Kit (Invitrogen). Extragtt®NA was sent to the
Cornell Institute for Genomic Diversity to cond@BS.

Genotyping by sequencing protocol and SNPs calling

GBS (Elshireet al.2011) is a simple technique for constructing reduepresentation
libraries for the lllumina sequencing platform aisdconceptually similar to RAD
sequencing (Hohenlohet al. 2010). Briefly, DNA from each individual was
separately digested using the restriction enzymeTE2l (New England Biolabs,
Ipswitch, MA), a 6bp cutting enzyme previously smote work well for populations
of unknown structure and highly heterozygous maker{Chenet al. 2013). The
fragmented DNA was then ligated to a barcoded adaptd a common adaptor, with
appropriate sticky ends, by adding T4 ligase (Newgland Biolabs). The digestion
and ligation were carried out in a 96-well platbeTwells each contained DNA from a
different individual and a barcoded adaptor unitpu¢hat well. One control well did
not contain any DNA. After ligation, samples weosrbined (5 pL each) and purified
using a commercial kit (QlAquick PCR PurificatioritKQiagen, Valencia, CA) to
form a library. The library was then subjected td®@R, using long primers that
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matched the barcoded and common adaptors. The RERMo functions. One is to
perform a size-selection step, as the PCR prefatigramplifies fragments of an ideal
length for Illlumina sequencing. The second is thatlong primers add a length of
sequence to the fragments in the library. Theseieswgs bind to the Illumina flow
cell and are also used to prime subsequent DNAesegijng reactions. After PCR, the
library was cleaned again using a Qiagen QIAqui€kRPPurification kit. Libraries
were purified as above and fragment sizes evaluatedn ExperionH automated
electrophoresis station (BioRad, Hercules, CA)glirend sequencing of one 96-plex
library per lane was performed on an Illlumina HiSestrument with 100 bp read
chemistry.

lllumina data files were filtered to individual gegpes using the Universal
Network Enabled Analysis Kit (UNEAK) pipeline (Let al.2013), which is available
as part of TASSEL 3.0 (Bradbuet al.2007), by using standard parameters.

96 SNPs panel selection

Filtering of the VCF file resulting from the UNEAKipeline was performed with the
SNP & Variation Suite Resources (SVS 8.0.1, 201341 Golden Helix, Inc.,
Bozeman, MT) software. To remove those markers withe than 20% of missing
data, SNPs were filtered out by call rate < 0.8@cdlise some populations were
represented by only one or few individuals, theeFiSamples by Call Rate function
was not applied. Minimum minor allele frequency (MAwas set to 0.05. To filter out
potential paralogs, following Whitet al. (2013) we discarded loci with a mean
observed heterozygosity > 0.75, calculated withA3Er (Peakall & Smouse 2012).

Loci were tested for linkage disequilibrium by ugisoftware Genepop version
4.3 (Rousset 2008). After removal of linked markénsorder to get a first estimation
of the number of populations (K), we performed @&épal Component Analysis
(PCA) and a Discriminant Analysis of Principal Cangnts (DAPC) with R package
Adegenet (Jombart 2008; Jombart & Ahmed 2011),apdrallel run with Admixture
(Alexanderet al. 2009). ADMIXTURE program uses a cross-validatigpmach to
help estimating which value of K has the best mtadd value (Liuet al. 2013).
ADMIXTURE focuses on maximum likelihood estimatidMLE) and calculates the
estimates via a block relaxation approach whichltg$n improvements in speed. As
preliminary analysis, a number of K correspondingthe number of geographic
sampling localities was tested (see Figure 1). itmaber of genetic populations was
selected among those resulting from Admixture, shpthe K with the lower cross
validation error.

In order to select the best panel of 96 SNPs, &bleeturn the same results
obtained with the whole SNPs panel, we scored 8#l6ci separately according to
three different indexes: pairwise Fst, locus Infativeness for ancestry (In)
(Rosenberget al. 2003), and PCA loadings. Pairwise Fst values antbagesulting
number of populations (obtained from PCA analyB8PC and Admixture) and by
locus were assessed by using the software SVS sUodormativeness was estimated
by the R package diveRsity version 1.7.6 (Keegiaal.2013).
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Figure 1. Location of sampling sites in Sardinia. LI = LimbatMA = Monte Albo, SO =

Supramonte di Oliena, RP = RoaPaolinu, VI = ViliEagte, FO = Foresta Ortuabis, MF = Monte
Ferru, PE = Perdasdefogu, SE = Settefratelli. Sitethe putative North are marked with
squares, those in the putative Centre are mark#d aiicles and the one in the South with a

triangle.
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Estimates of the PCA loadings were performed byagkage Adegenet (Jombart
2008; Jombart & Ahmed 2011).

The first 96 SNPs for each index were then selettedreate three different
panels, named respectively 96Loci_Fst (based ofirgte96 SNPs with maximum Fst
value), 96Loci_Info (based on the first 96 SNPshwihaximum Informativeness
value) and 96Loci_Load (based on the first 96 SWRs maximum Loadings values
from PCA analysis). A fourth dataset, named 96L8bared, was produced selecting
the first 96 (within 637) shared loci among theethindexes. Association among Fst,
Informativeness and Loadings values was assesshdav8pearman Correlation Test,
performed in R. According to the results of theretation test, a fifth panel named
96Loci_Mixed was created. Since Fst significantiyrelated with Informativeness?(r
= 0,4), we chose the first 32 markers from eactexnth the following order: Fst,
Loadings and Informativeness. All the five paneksravthen used to perform further
analysis with software Admixture. In order to tds resulting populations for Hardy-
Weinberg equilibrium, we used software GenAlEx, lgimg the Bonferroni
correction.

Results
Data quality and coverage

lllumina sequencing of 95 individuals on two lamesulted in 501 580 539 reads. Of
these, 451 654 647 were good barcoded reads (&aikil. 2014), that were used in
the UNEAK pipeline. The UNEAK pipeline identified5& 753 biallelic SNP loci,
with an average coverage per locus of 2.15%, andvarage coverage per individual
of 2.25x. When loci with more than 20% of missingtal minor allele frequency
(MAF) < 0.05 and observed heterozygosity > 0.75ewexcluded, 749 loci were
retained, with an average coverage per locus @&3kland an average coverage per
individual of 11.85x.

96 SNPs panel selection

The analysis of linkage disequilibrium found thdt21pairs were highly significant,
returning 637 unlinked SNPs.

Results of PCA analysis show that samples are elivid three main clusters, as
represented in Figure 2. Looking at the graph flefhto right, the first cluster is
represented by all the populations of the centreeéond cluster, in the right corner at
the top, comprises the two populations in the ndvtbnte Limbara and Monte Albo.
At the bottom of the figure there is the southeopydation of Settefratelli. However,
looking at the first cluster, we can see that theee2 central points, and that samples
were separated by two gradations of colors, rengathe existence of two sub-
population in the central cluster. Summarizing, fmncipal component analysis
reveals the presence of four clusters: clusteofprising the two populations in the
north (Monte Limbara and Monte Albo); cluster 2pgwising six populations in the
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Figure 2. Principal Component Analysis results Biproctus platycephalugopulations with
637 SNPs loci. Blue and green dots in the uppérdefner of the graph represent all the
populations comprised in the putative centre (S®, RI, FO, MF,PE), yellow-grey dots in
upper right corner represent the two populationghian putative north (LI, MA), while violet
dots in the bottom right part of the graph représka single population in the putative south
(SE).
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DAPC of Euprioctus populations
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Figure 3. Discriminant Analysis of the Principal Component feuproctus platycephalus
populations with 637 loci. Cluster number 1 (blwdoc) represents the two populations in the
north (LI, MA), cluster number 2 (tan color) repeass two out six populations in the centre
(MF, PE), cluster number 3 (orange color) represdotir out six of the populations in the
centre (SO, RP, VI, FO) and cluster number 4 (@dr¥ represents thgingle population in the
south (SE).
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Table 1. Synopsis of Admixture results. For each panel thst K, and the clusterization
obtained for K3 and K4 are reported.

Panel Best K| K 3clusterization| K 4clusterization
637 loci K4 North-South North
Centrel Centrel
Centre2 Centre2
South
96 loci — Fstmax K 4 North North
Centre Centrel
South Centre2
South
96 loci — Informativeness| K 3 North North
Centre Centrel
South Centre2
South
96 loci — Loadings K3 North North
Centre Centrel
South Centre2
South
96 loci — Shared K3 North North
Centre Centrel
South Centre2
South
96 loci - Mixed K 4 North North
Centre Centrel
South Centre2
South
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Figure 4. Admixture results of the best K for each panel.Rapults for the whole panel with

637 loci, best K = 4; (b) Results for the 96Locit panel, best K = 4; (c) Results for the
96Loci_Info panel, best K = 3; (d) Results for 8&loci_Load panel, best K = 3; (e) Results
for the 96Loci_Shared panel, best K = 3; (f) Resfdt the 96Loci_Mixed panel, best K = 4.
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centre (Pischina Urtaddala, Su Cunnu ‘e s’ebba, u@odrbisi, Roa Paolinu,
Villagrande, Foresta Ortuabis); cluster 3, represrby the two south-easternmost
populations in the centre (Monte Ferru and Perdagdg cluster 4, represented by
the single population in the south (SettefratelhpAPC grouping, reported in Figure 3,
shows the same outcomes of the PCA analysis, diyisamples in 4 groups. Group 1
represents the population in the south, group 23atie two populations in the centre,
and group 4 the population in the north. Accordimghe values of the cross validation
error, Admixture (run with 637 loci) returns 4 assb K value, reflecting the same
subdivisions obtained by PCA and DAPC (Figure 4a).

The correlation test among Fst, Informativeness lamading loci returned the
following results: for Fst Vs Informativeness R =40 for Informativeness Vs
Loadings R = 0.03 and for Fst Vs Loadings R = -0.05

Table 1 summarizes the results of Admixture analymaformed with the whole
SNPs dataset and with the five 96 SNPs sub-palRetsthree of them - 96Loci_Info,
96Loci_Loadings and 96Loci_Shared - the best K evatesulted 3, while for
96Loci_Fst and 96Loci_Mixed the best number of pafions was 4. Looking at the
clusters, we can observe that the first separgon 3) identified by the panel of 637
loci is among the two populations in the centre #mel group north-south. All the
other panels identified the groups of K 3 as Ne#tiCentre — South. Taking into
consideration the column regarding K 4 resultsclalsters show the same subdivision
for each panel (see also Figure 4). All the fouygasted populations finally resulted
in Hardy-Weinberg equilibrium. Using the 637 loanel as reference, and comparing
the K 4 related results, we chose 96Loci_Fst addése sub-panel.

Discussion

Our study represents the first application of th8SGtechnique onEuproctus
platycephalusAs mentioned, the analysis Bfiproctusgenome presented an intrinsic
difficulty not only for its huge dimension, but albecause of its state of non-model
species. However, we benefited from the GBS'’s wgbilin reducing genome
complexity, obtaining sufficient overlap in sequenmoverage. Our results not only
show that GBS is a useful method for SNPs discoatsy in large genome amphibian
species, but especially proved their informativenasd ability in identifying genetic
patterns based on our data. Since all the statistitalyses performed with the whole
SNPs dataset (637 loci) returned the same numbeemwétic clusters (n = 4), this
outcome suggest a fair reliability of SNPs markers.

We suggest that among the three tested indexesdact 96 loci, for our purpose,
the Fst would be the most informative. In fact ttlesterization obtained with the
96Loci_Fst panel (K = 4) reflects that obtainedhwihe whole SNPs panel (Figure
4a,b), thus being a valuable subset of SNPs caongaimost of information on broad
genetic distinction among groups.

On the other hand, the remaining two other indexefyrmativeness and
Loadings, suggested the presence of only thre¢ectuéK = 3, Figure 4c,d) in which,
differently from the Fst clustering, all centralqudations are grouped together.
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Comparing the Admixture results of K 4 for Fst (g 4b), Informativeness and
Loadings (Figure 5), it appears that also the dattte® indexes returned the same
clusterization, but admixture among individualsrisre evident. We observed similar
results for the fourth panel (96Loci_Shared; Figdeeand FigureX). As for the fifth
panel, 96Loci_Mixed, Admixture result (Figure 4Bflects almost exactly the one
obtained for the panel 96Loci_Fst, as the firsi®2 selected for this panel are those
with the highest Fst value (Material and methoddisr). For this reason we propose
that the more efficient and practical way to selafdrmative loci inE. platycephalus
would be to score them directly according to Féties

More in detail, average Fst value for all the 68¢€i lwas 0.072, while it was
0.264 for the 96 selected loci, ranging from a mmaxin of 0.756 to a minimum of
0.175. Although no genome scan was applied so daidéntify Fst outliers, as
suggested by Funét al. (2012), we very likely already included them irr selected
SNPs. In order to deepen the present outcomesidantify not only the ESUs but
also MUs and adaptive groups, future statisticalys®s have to be performed.

Loci with the highest Fst values possibly have &slapvalue, or may reflect
structuring due to genetic drift. Interestinglytins study the two groups of central
populations, detected only on the base of SNPs théhhighest Fst value (or with the
whole SNPs panel), very likely are subjected tded#nt ecological settings. In fact
the populations of the first group (Centrel) amated in the Gennargentu Mountains
characterized by continental climate condition, le/leine of the two populations of the
other group (Centre2) is located in a Mediterranbahitat very close to the sea.
Assessing if groupings based on highest Fst valués platycephalusorrelate with
those subjected to different ecological conditisrmuild be of outmost importance in
the case of individuals’ reintroduction. This besadilling out a declining population
with individuals belonging to a population adapteda very different environment,
would produce a worst situation, leading to outbheg depression (Allendorf &
Luikart 2007).

Due to official schedules imposed by tBaproctusconservation program, this
prelimimary identification of ESUs was already ugedollect individuals from field
belonging to these main genetic groups and stativeabreeding activities aimed to
future reintroduction programs. Then, further steg be needed to distinguish
neutral loci from the adaptive ones, in order ttddraunderstand the adaptive potential
of the Sardinian Brook Salamander populations,ndalie ESUs and Management
Units (MUs), and improve planning of conservatitrategies.
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CHAPTER 5

Individual heterozygosity and demographic estimateby GBS in a non-model
amphibian species:preliminary results

Background

The conservation of genetic variability is of cralcimportance for the survival of
natural populations. In particular, this featurefusdamental for small and isolated
populations, as a decrease in genetic diversity lmaran indicator of increasing
inbreeding. One of the most used measure to egtithatamount of genetic variation
within different populations is heterozygosity (@&tidorf & Luikart, 2007).
Heterozygosity is usually computed as the sum opgrtion heterozygous at all loci /
total number of loci sampled. It can be a usefuiapeeter for understanding how
natural selection is acting on contemporary popiat (Szulkinet al. 2010). One of
the most used approaches has been to seek to irdatelual heterozygosity with
variation in characters that are potentially redate fithess (Chapmaast al. 2009).
These kinds of approaches take the name of Hetgosity-Fitness-Correlations
studies (HFC; Ballouxet al. 2004). Since quantifying the relationship between
molecular and phenotypic variation is often compkxother less-demanding method
is to study the statistical association betweenemdar genotypes and traits under
selection (Szulkiret al.2010).

Recent advantages in genetic techniques, such eaglélielopment of Next
Generation Sequencing (NGS), together with the em®ed focus on long-term
population studies, have lead to a great improveinedFC related works. The major
advance offered by NGS is the ability to produceeaormous volume of data cheaply
(Metzker 2010): as the number of markers increaass, the accuracy of parameters’
estimation can increase. Evolutionary theory wauldgest that we should only expect
correlations of genetic diversity with fitness-tteld traits because dominance variance
is expected to be high for traits with a direcieeffon fitness, and such traits have a
more complex genetic architecture (Chapnwnal. 2009). From an evolutionary
perspective, one of the characters that limitsépeoductive potential of an individual
and should as such be opposed by natural seldstageing (Zwaan 1999).

The target species of the present work, the Itadis@am frog Rana italica, is
an anuran species endemic to peninsular Italys dlistributed in the western side of
the Italian peninsula, ranging from 100 m to ovB®d m a.s.l. The species is strictly
bounded to rivers, creeks and streams with perkernger, usually located in
woodlands. In the Latium region this species isinfgaca slow decline since the
beginning of the'70s, mostly due to water pollutiamd habitat fragmentation
(Bolognaet al, 2000). It is protected by the Bern Conventiomiiéx 1) and by the
Habitat Directive (92/43/CEE, Annex IV-D). A preus study, carried out with
allozymes and mitochondrial markers, revealed lier Italian stream frog a genetic
pattern matching the “southern richness — northpnmity” pattern, along the whole
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distribution area (Canestrelét al. 2008). In particular, in the Latium region, the
authors found a very low genetic variability athbatarkers.

Rana italicais object of a long-term ecological study, for @himark and
recapture and skeletochronology data have already bollected. In order to combine
ecological and genetic data, with the purpose efpda the actual knowledge about
the species, we aimed at investigating its acteaktic structure at a regional scale.
To validate the results obtained by previous amalysvhich found no genetic
variability, we needed markers with a greater ngsmh power. Since no microsatellite
markers were available, we used the novel technafu8enotyping By Sequencing
(GBS). The GBS protocol is a multiplexed, high-thgbput, and low-cost method to
explore the genetic diversity in populations (Eleht al. 2011). It employs a reduced
representation library (RRL) strategy (Altshukgral. 2000) to target a fraction of the
genome for sequencing, thereby decreasing costimergéasing the SNP-calling
accuracy. GBS is the simplest of the RRL approadeesloped thus far (Davest al.
2011), and has already seen extensive applicatienseveral taxa, i.e., in barley and
wheat (Polandet al. 2012), maize (Elshireet al. 2011; Hanseyet al. 2012). The
available genomic resources for amphibians aretdii with a single genome
available (Hellstenet al. 2010) few transcriptomes, and virtually no popolat
genomic datasets for this group.

Summarizing, the preliminary aims of this work wéseprovide the results of the
first application of GBS technique on the targetapes, and then discover how many
SNPs are needed to obtain a reliable estimatedofidual heterozygosity.

Materials and methods
Sampling and DNA extraction

Samples were collected from 7 different sites itidma region (Italy), between spring
2010 and spring 2012. We collected samples aswoll@ individuals from Veio, 13
individuals from Insugherata, 13 individuals fronar@uccete, 14 individuals from
Tolfa, 14 individuals d from Licenza, 13 individsalfrom Monterano andl14
individuals from Cineto (Figure 1). Tissues samplese collected by toe clipping of
adult individuals, and were immediately stored thamol 95% at -20 °C, for further
genetic analyses. Tissues were digested using timpase K solution (56 °C -
overnight), and the total genomic DNA was extractsihg a DNeasy® Blood &
Tissue Kit (Qiagen — Cat. No. 69506). A plate of €8nples (with one blank) was
send to the Cornell Institute for Genomic Diversity conduct GBS (Elshiret al.
2011).
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© Daniel Dalet / -maps.com

Figure 1. Location of sampling sites in Latium region. MOMonterano, TO = Tolfa, VE :
Vejo, IN = Insugherata, LI = Licenza, Cl = Cine@A = Cannuccete.

Genotyping by sequencing protocol and SNPs calling

GBS (Elshireet al.2011)is a simple technique for constructing reducedasgtation
libraries for the Illumina sequencing platform aisdconceptually similar to RAI
sequencing (Hohenlohet al. 2010) Briefly, DNA from each individual wa
separately digested using the restriction enzymeTE2l (New England Biolab:
Ipswitch, MA), a 6bp cutting enzyme previously shown to worklviel populations
of unknown structure and highly heterozygous makeriCher et al. 2013). The
fragmented DNA was then ligated to a barcoded adaptd a common adaptor, w
appropriate sticky ends, by adding T4 ligase (Nevwgl&nd Biolabs). The digestic
and ligation were carried out in a 9&ll plate. The wells each contained DNA fror
different individual and a barcoded adaptor uniquéhiat well. One control well di
not contain any DNA. After ligation, samples weoambined (5 pL each) and purifit
using a commercial kit (QlAquick PCR PurificatioritKQiagen, Valencia, CA) t
form alibrary. The library was then subjected to a PCBing long primers the
matched the barcoded and common adaptors. The RERMo functions. One is

perform a sizeselection step, as the PCR preferentially amplii@gments of an idei
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length for Illlumina sequencing. The second is thatlong primers add a length of
sequence to the fragments in the library. Theseieswgs bind to the Illumina flow
cell and are also used to prime subsequent DNAesggjg reactions. After PCR, the
library was cleaned again using a Qiagen QIAqui€kRPPurification kit. Libraries
were purified as above and fragment sizes evaluatedn ExperionH automated
electrophoresis station (BioRad, Hercules, CA)glgirend sequencing of one 96-plex
library per lane was performed on an lllumina HiSestrument with 100 bp read
chemistry.

lllumina data files were filtered to individual gegpes using the Universal
Network Enabled Analysis Kit (UNEAK) pipeline (Let al.2013), which is available
as part of TASSEL 3.0 (Bradbuet al.2007), by using standard parameters.

SPNs filtering and heterozigosity analisys

Filtering of the VCF file resulting from the UNEAKipeline was performed with the
SNP & Variation Suite Resources (SVS 8.0.1, 2013471 Golden Helix, Inc.,
Bozeman, MT) software. First of all, individual wihigh failure rates (i.e. call rates <
0.30 = missigness >70%) were filtered from the ldasa. The genotypes’ table was
then filtered for SNPs with call rate < 0.80 (itleose markers with more than 20% of
missing data) and minimum minor allele frequencyA@®l was set to 0.05.

In order to investigate for the presence of a derstucture among groups, we
used software TASSEL (Bradbust al. 2007) to perform a neighbour joining (NJ)
analysis, and the R package ADEGENET (Jombart 2@08perform a Principal
Component Analysis (PCA). The number of genetic wB® tested with software
ADMIXTURE (Alexanderet al. 2009). In order to further test the previous resul
clusterizations, deviation from Hardy-Weinberg diguum was tested firstly
considering all samples as belonging to a singfufation, and then dividing samples
according to the results of NJ, PCA and ADMIXTURE.

Estimates of individual heterozygosity were perfedmusing the R package Rhh
(Alho et al. 2010). Rhh provides three estimates of individualltilocus
heterozygosity: standardized heterozygosity (SHCelttman et al. 1999), internal
relatedness (IR - (Amost al. 2001) and homozygosity by loci (HL - (Aparicé al.
2006). The standardized heterozygosity index wasdody developed to measure the
heterozygosity of individuals on an identical scgdeesuming that not always all the
analyzed individuals are genotyped together antl thie same panel of markers. In
particular, SH is given by the proportion of hetsmgous typed loci divided the mean
heterozygosity of typed loci (Coltmaet al. 1999). Internal relatedness, instead,
returns an estimate of the connection among thé/zet individuals. This index is
very similar to ther-values, as it shows negative values when the ichaivs are not
inbreed, and positive values when the individuais \eery likely born from related
parents (Amo®t al.2001). The IR value can vary between -1 and 1fiteeevent can
occur only when all loci have two alleles and indials are heterozygous for all of
them, while the second one happens when all lazilemmozygous, independently
from allelic frequencies. Homozygosity by loci impes the estimate made by the
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internal relatedness, taking into account the doution of each locus to the final
homozygosity index, instead of the contributioneath allele (Apariciet al. 2006).

In addition, Rhh package calculates the heterotygbsterozygosity correlation,
which can be considered as an index of the reiipluf the set of markers (Alhet al.
2010; Ballouxet al. 2004). Briefly, the correlation is calculated byeating random
pairs of half sets of markers, and then estimatthg individual multilocus
heterozygosity for each set. The mean values betweeh pair of sets returns the
heterozygosity-heterozygosity correlation (Alebal. 2010). When the value of this
correlation is positive and significant the estiezateflect a signature of inbreeding.

In order to identify the minimum number of loci dee to obtain a reliable
estimate, we used different SNPs subsets to cédcutaividual heterozygosity. In
particular, we estimated the overall individualgretzygosity with 12 subsets of loci.
The smallest subset was of 5 loci, while the bigges was represented by the whole
SNPs panel (Figure 2). Briefly, we created a cuskostript for the random selection
of loci. Taking as example the subset of 5 loci,used the script to select 5 different
loci for each sample, and then we estimated thiwithehl heterozygosity for each one.
These steps were repeated for each SNPs subseheadidtribution of our results was
plotted in box-and-whisker diagrams (Figure 2).

Preliminary results and discussion

Illumina sequencing of 95 individuals on one larsulted in 269 695 656 reads. Of
these, 181 237 253 were good barcoded reads (&aikal. 2014), that were used in
the UNEAK pipeline. The UNEAK pipeline identifiedd2399 biallelic SNP loci, with
an average coverage per locus of 7.12x, and arageeroverage per individual of
6.88x. When loci with more than 20% of missing datad minor allele frequency
(MAF) < 0.05, 854 loci were retained, with an aggacoverage per locus of 15.14x
and an average coverage per individual of 14.72terAhe application of individual
filtering, 14 samples were excluded from furthealgses.

Results of the neighbor joining analysis show tetples are divided in two
main clusters, with a further subdivision of onetledm, as represented in figure 3. In
particular, the populations of Tolfa, Monteranoj&/and Insugherata represent a first
cluster, with a further split between the groupfad¥ionterano versus the group Vejo-
Insugherata. The second cluster is constitutedhbypbpulations of Cineto, Licenza
and Cannuccete. PCA grouping shows similar resoltrespect to the previous
analysis, as reported in figure 4. The first clugtethe top-left corner of the graph
(gree-blue dots) represents the group of Cinetetida-Cannuccete. The second
cluster on the right of the graph (orange-lilacsjilabmprises all the other populations,
that are Tolfa, Monterano, Vejo and Insugherata MARTURE results suggest that
the most reliable number of populations is two,shewn in figure 5. After having
tested the whole SNPs panel for the Hardy-Weinleenglibrium, we found that 622
loci were in equilibrium (72%), while 232 were (@8%). Applying the same test on
samples divided them in two populations we fourat th the first population 42 loci
were monomorphic, so they have been excluded fhenahalysis, and that 730 loci
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Figura 2. Box-plots graphs summarize the results of the idd& heterozygosity analyses for
the two populations oRana italica.On the left column results for the first populati@rolfa-
Monterano-Vejo-Insugherata) are reported. On tghtrcolumn are shown the results for the
second population (Cineto-Licenza-Cannuccete).
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Figura 3. Neighbour joining tree oRana italicapopulations. Samples are divided in three
clusters: blue color highlights the samples belbggb the group Tolfa-Monterano, red color
highlights the samples belonging to the group Magugherata and the green color highlights

samples belonging to the group Cineto-Licenza-Cecesie.
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Figure 4. Principal Component Analysis resultsRéna italicapopulations with 854 SNPs loci.
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Figura 5. Admixture results for K 2 with 854 SNPs loci. Cleisi. represents the populations of
Tolfa, Monterano, Vejo and Insugherata, while Glu& represents those of Cineto, Licenza and
Cannuccete.

were in equilibrium (90%) while 82 were not (10%).the second population 30 loci
were monomorphic (and they have been excluded fuother analyses), and the loci
in equilibrium and not in equilibrium resulted 7288%) and 99 (12%), respectively.
Performing a chi-quadro test the differences betvibe number of loci in equilibrium
considering one or two populations resulted stasily significant (p<0.01).
Outcomes of the individual heterozigosity estimates reported in figure 2. In both
populations the three multilocus heterozygositynestes (SH, HL, IR) followed the
same trend, reaching the asymptote around the @h2@0 loci.

The main outcomes of this preliminary work haverbde discovery of a genetic
structure among the studied populations and thatifiEation of the minimum number
of loci needed to perform a reliable estimate oftibmeus individual heterozygosity.
Further analyses will be addressed at investigatieggenetic clusterization in detail,
in order to both confirm the resulting groups. Muwrer, future research directions will
comprise Heterozygosity-Fitness-Correlations arayf order to investigate for the
presence of some kind of relationships betweenviddal age and individual
heterozygosity. Finally, demographic estimates ! performed by using the novel
resulting SNPs, and we’ll tested our populationstfie presence of gene flow, trying
also to apply a landscape genomic approach.
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CONCLUSIONS

Stealing the words of Brito & Edwards (2009), ardrranging them for the occasion:
“these are exciting times to be working in the d&lof” conservation genetics and
genomics. The human being has always been curiomst ahe world around it, but
often the tools to understand natural phenomena wet appropriate to satisfy this
need. On the contrary, we are now living in an eopdented historic period where
technological improvements made us able to invatiglmost every aspect of natural
life. In particular, the field of genetics has beeavolutionized by recent
advancements. Indeed, the advent of Next Gener&gguencing techniques has lead
to the ability of sequencing whole genomes in artstime and with a low cost,
providing the chance to obtain thousand of novelogee-wide markers for virtually
every species. Actually, the main issue for a netea in this field is no longer the
possibility or not of obtaining data, but, on thentrary, questioning on which is the
best approach/technique to use.

Having the availability of such a huge number ofieec techniques, | tried to
approach an extensive topic, such as that of ceatien genetics, from different
points of view, and with different genetic/genorigols.

Along this PhD project the analyses of the DNSé&nsu latp proved to be a
unique tool to get insights at different researchles. In a conservative perspective,
genetic and genomic markers revealed to be usefanswer vey wide questions,
concerning for example evolutionary biology, withopesses developing even at a
very short temporal and spatial scale.

Starting from a small scale such as single-pomnatievel, microsatellite
markers proved to be very informative and relidbleinvestigating the reproductive
strategy ofSalamandrina perspicillataand to perform parentage analyses. By means
of this tool, | was able to clarify the mechanismybnd the observed pattern of
polyandry, and to find evidences of a female choicased on female genetic
dissimilarity from males, this providing indirecetefit to the offspring (increased
heterozygosity). From a conservative point of vidhwese findings are essential to
understand how individuals can increase their chafidransmitting genetic benefits
to the future generations.

On the other hand single nucleotide polymorphisBi¥Rs) showed to be very
powerful markers for studying natural populationgnetic structure on a wider
geographic scale. They allowed me to clarify thiégoa of genetic diversity among
several populations of boffuproctus platycephaluendRana italica.

Switching fromS.perspicillatato R.italica, and moving my investigation to a
larger scale, | was able to estimate a very imporfgarameter in conservation
genetics, such as individual heterozygosity, ategional scale (Latium region).
Individual heterozygosity not only is a measpeg seof genetic variability within and
among populations, and indirectly of inbreedingt blso it can be used to perform
Heterozygosity-Fitness-Correlations. I'm plannirgy apply this kind of analysis in
order to investigate for a possible correlationaeetin the heterozygosity level within
different populations and individual age.
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The following step was an analysis at an even wigegraphic scale, the whole
distribution range (Sardinia Island) of an endaederspecies, Euproctus
platycephalus In this case, due to an urgent conservation néefhicused on
identifying Evolutionary Significant Units. Sinchi$ analysis is based on the use of
both neutral and adaptive loci, this first stegrigcial for maximize the potential of
such units for adapting to future environmentalnges. In the future | will be able to
use those loci separately to detect also Managebhatg and adaptive groups.

An additional significant result of this work waket production of the first
genome-wide markers (SNPs) fBuproctus platycephaluand Rana italicgand the
simultaneous validation of Genotyping By Sequencamgplicability also on large
amphibian genomes.

In conclusion this study gave a contribution, #fedént scales and with different
approaches, to the conservation of the three tammties. Moreover, it globally can
give the idea that the choice of the appropriatethouplogy is essential for
approaching specific issues, achieving the idemttifiargets and answering the key
guestions.
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