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Resumo 

A hibridação que leva à troca de variantes genéticas entre espécies (introgressão) é um 

processo evolutivo ubíquo que pode influenciar fortemente a variação genética das 

espécies. A caracterização de padrões de introgressão em espécies que hibridam 

recorrentemente com espécies evolutivamente próximas pode fornecer informações 

importantes sobre a história das espécies e os processos seletivos e demográficos 

subjacentes às trocas genéticas. Permite, por exemplo, entender como genomas de 

entidades divergentes se isolam (especiação), ou o impacto adaptativo de trocas 

genéticas interespecíficas. 

As lebres (género Lepus) são um sistema particularmente apropriado para estudar o 

processo de divergência com fluxo génico e o impacto de hibridação introgressiva ao 

longo da evolução das espécies. Na Europa, as espécies de lebres passaram por várias 

mudanças de distribuição geográfica desde o Pleistoceno Superior e por vários períodos 

de hibridação interespecífica. Notavelmente, no sul da Europa, essas mudanças de 

distribuição promoveram o contacto entre diferentes linhagens, levando a histórias 

evolutivas complexas. Neste trabalho investigou-se a história de divergência e 

hibridação da L. castroviejoi (lebre-cantábrica), uma espécie endémica restrita à 

Cordilheira Cantábrica no norte da Espanha, e a L. corsicanus (lebre da Córsega), uma 

espécie restrita ao sul de Itália e Sicília, e que foi introduzida na Córsega no século XVl. 

Estudos anteriores sugeriram que estas são espécies irmãs que partilharam um 

ancestral comum muito recente. Adicionalmente, após a sua separação, poderão ter 

sofrido eventos de hibridação e introgressão específicos a cada uma das espécies, a 

escalas temporais que coincidem com hibridação conhecida entre outras espécies de 

lebre do sul da Europa. Este é assim um modelo apelativo para compreender processos 

de divergência e subsequente trocas genéticas entre espécies cujo isolamento 

reprodutivo é ainda incompleto.  

Para estudar o processo de divergência entre as espécies irmãs L. castroviejoi e L. 

corsicanus, inferir e quantificar eventos de introgressões antigas e recentes, usámos 

dados de sequenciação de genomas completos de 5 L. castroviejoi, 5 L. corsicanus e 

ainda 25 genomas de outras espécies de lebre, potencialmente envolvidas em 

processos de hibridação e introgressão ou servindo como grupo externo para as 

análises. Através de análises de estrutura populacional, confirmamos que os genomas 

de L. castroviejoi e L. corsicanus são muito semelhantes e têm pouca diferenciação, 

sugerindo que distribuição alopátrica atual resultou de uma divergência recente. 
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Modelando o seu processo de divergência, inferimos que essas espécies se separaram 

durante o Pleistoceno Superior, há cerca de 50 mil anos, a que se seguiu uma redução 

substancial no tamanho das populações. Apesar da separação recente, scans ao longo 

dos genomas dessas espécies irmãs identificaram picos de divergência, que podem ter 

resultado de adaptação por alelos alternativos divergentes ou de introgressão de outra 

fonte, afetando uma mas não a outra espécie. Dada a proximidade genética entre L. 

castroviejoi e L. corsicanus, cada uma das espécies pode ser usada como uma 

representação da população parental da outra para inferir fenómenos evolutivos que 

ocorreram após sua separação e afetaram apenas uma das espécies. Com foco em L. 

castroviejoi, análises de partilha de variação genética mostram que a espécie possui 

sinais significativos de introgressão das espécies vizinhas L. granatensis (lebre ibérica), 

L. europaeus (lebre europeia) e também de L. timidus (lebre da montanha). A história 

de hibridação foi aprofundada utilizando inferência de ancestralidade local ao longo do 

genoma. Esta análise sugeriu que cerca de 1% do genoma de L. castroviejoi foi afetado 

por eventos de introgressão, sendo L. granatensis o principal contribuinte da sua 

variação introgredida (0.637%). De facto, examinando a divergência entre L. castroviejoi 

e L. granatensis ao longo do genoma, descobrimos que a maioria dos picos de 

divergência entre L. castroviejoi e L. corsicanus resulta muito provavelmente de 

segmentos introgredidos de L. granatensis para L. castroviejoi. Dado que variantes 

genéticas introgredidas em L. castroviejoi são provenientes de várias espécies, que 

também se sabe terem hibridado entre si, a inferência de uma certa ancestralidade 

genética no genoma de L. castroviejoi pode resultar de evento de hibridação com uma 

espécie introgredida (introgressão secundária) e não devido ao contato direto entre as 

espécies. Analisando as junções de ancestralidade mista nos segmentos genómicos de 

L. castroviejoi, mostrámos que, de facto, parte das contribuições vêm de introgressão 

secundária, embora não se possa excluir que tenha havido introgressão resultante do 

contato direto com as três espécies. Para entender se a introgressão de alta frequência 

de L. granatensis poderia afetar genes com um papel funcional relevante, podendo 

indicar um potencial impacto adaptativo da introgressão, inspecionamos o conteúdo 

génico dessas regiões genómicas. Encontrámos 247 genes afetados por introgressão 

de alta frequência (>50%). No entanto, não foi encontrado enriquecimento funcional 

neste conjunto de genes. Apesar disso, vários genes relacionados com o metabolismo 

celular foram identificados, os quais merecem investigações futuras para se entender 

se a introgressão poderá ter sido promovida por adaptação relacionada com as funções 

dos genes afetados.  
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Em resumo, este trabalho forneceu pela primeira vez uma caracterização completa da 

história de divergência entre as espécies irmãs L. castroviejoi e L. corsicanus, e mostrou 

que os eventos de hibridação introgressiva que afetaram outras espécies na Península 

Ibérica após o último máximo glacial impactaram também o património genético de L. 

castroviejoi. Isto permitiu uma melhor compreensão dos processos biogeográficos e 

evolutivos que guiaram a evolução reticulada das lebres do sul da Europa. Finalmente, 

este trabalho serve de base a investigações futura dos processos evolutivos que 

moldaram a mistura genética de L. castroviejoi, em particular o equilíbrio entre os 

processos demográficos e seletivos promotores ou impeditivos de introgressão. 

 

 

Palavras-chave: Genómica evolutiva, Introgressão, Divergência genética, Lagomorfos, 

Lepus castroviejoi, Lepus corsicanus 
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Abstract 

Hybridization leading to the exchange of genetic variants between species 

(introgression) is a ubiquitous evolutionary process that may strongly influence the 

genetic variation of extant species. Characterizing patterns of introgression in species 

that have recurrently hybridized with neighbour close relatives can provide important 

insights into the evolutionary history of species and the selective and demographic 

processes underlying the genetic exchanges. It allows, for example, understanding how 

genomes from diverging entities become isolated (speciation), or the adaptive impact of 

interspecific genetic exchanges. 

Hares (genus Lepus) have emerged as a particularly appropriate system to study the 

process of divergence with gene flow, and the impact of introgressive hybridization in the 

long-term course of species evolution.  In Europe, hares have experienced several range 

revolutions since Late Pleistocene and interspecific hybridization at different times and 

scales. Notably, in Southern Europe these range revolutions promoted the contact 

between different lineages, leading to complex species' evolutionary histories. In this 

work, we investigated the history of divergence and genetic admixture of L. castroviejoi 

(the broom hare), an endemic species restricted to the Cantabrian Mountains in Northern 

Spain, and L. corsicanus (the Corsican hare), a species that currently inhabits Southern 

Italy, Sicily, and that was introduced in Corsica in the 16th century. Previous studies have 

suggested that these are sister species that shared a very recent common ancestor. In 

addition, after their split, these species might have undergone independent hybridization 

events, at timescales that coincide with other hybridization events known to have 

affected the evolution of neighbouring hare species. This is thus an appealing model to 

study the process of genetic divergence and subsequent genetic exchanges between 

species with partial reproductive isolation.  

To understand the process of divergence between the sister L. castroviejoi and L. 

corsicanus, and infer ancient and recent introgression from different sources we used 

whole genome sequencing data from L. castroviejoi (N=5), L. corsicanus (N=5) and from 

other hare species that may have been involved in hybridization events or that were used 

as outgroup in the analyses (N=25). Using population structure analyses, we confirm that 

the genomes of L. castroviejoi and L. corsicanus are very similar and have shallow 

differentiation, suggesting that the current allopatric range resulted from a recent split. 

Modelling their divergence process, we infer that these species split during Late 

Pleistocene ~50k years ago, which was followed by a substantial decrease in population 
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size. Despite the recent split, scans of divergence along the genome of these sister 

species identified peaks of divergence, which could result from local adaptation from 

alternative diverging alleles, or differential introgression from neighbouring species after 

the split.  In any case, given the close relatedness of L. castroviejoi and L. corsicanus, 

each species can be used as a proxy parental population of the other, to infer 

evolutionary phenomena that occurred after their split and affected one but not the other 

species. Focusing on L. castroviejoi, analyses of shared variation showed that the 

species holds significant signs of introgression from the neighbouring L. granatensis (the 

Iberian hare) and L. europaeus (the European hare) and also from L. timidus (the 

mountain hare). The history of admixture was further investigated using local ancestry 

inference along the genome, and we estimated that circa 1% of its genome has been 

affected by introgression events in Iberia, with L. granatensis being the major contributor 

of introgressed variation (0.637%). Indeed, scanning the divergence between L. 

castroviejoi and L. granatensis along the genome, we found that most peaks of 

divergence between L. castroviejoi and L. corsicanus likely result from introgression from 

L. granatensis to the former. Given that introgression in L. castroviejoi comes from 

multiple source species, which are also known to have admixed with each other, 

inference of a certain genomic ancestry in the L. castroviejoi genome could eventually 

result from introgression from an already admixed species (“second-hand” introgression) 

and not from direct contact. Analysing the junctions of mixed ancestry in the genomic 

tracts of L. castroviejoi we show that indeed part of the contributions come from second-

hand introgression, though we cannot at this point exclude that introgression also 

resulted from direct contact with any of the three other hare species. To understand 

whether high frequency introgression from L. granatensis could affect genes collectively 

with a certain functional role, which could indicate a potential adaptive impact of 

introgression, we inspected the genic content of such genomic regions. We found 247 

genes affected by high frequency introgression (>50%), but no enriched functions were 

detected in this set. Nevertheless, several genes related to the cell metabolism were 

identified, which deserve future investigation to understand whether some functional 

relevance has governed these introgressions. 

Altogether, this work provided for the first time a thorough characterization of the history 

of divergence of the sister L. castroviejoi and L. corsicanus, and showed that the 

introgressive hybridization events known to have affected other species in the Iberian 

Peninsula after the last glacial maximum also impacted the gene pool of L. castroviejoi. 

This adds yet another piece of knowledge to the understanding of the biogeographic and 

evolutionary processes governing the reticulated evolution of south European hares. 
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Further, this work sets the ground to investigate the evolutionary processes driving the 

genetic admixture of L. castroviejoi, in particular the balance between demographic and 

selective processes causing or preventing introgression.  

Keywords: Evolutionary Genomics, Introgression, Genetic divergence, Lagomorphs, 

Lepus castroviejoi, Lepus corsicanus 
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Introduction 

1.1. Speciation, genetic divergence, and gene flow 

The ability to analyse complete genomes of natural populations has emphasised the 

complexity of the processes of evolutionary divergence and exchange of genetic 

information among diverging evolutionary entities (Sousa & Hey, 2013). Closely related 

species share large amounts of genetic variation due to common ancestry, in which the 

shared alleles derived from a recent common ancestor. Nonetheless, shared alleles can 

also result from gene flow occurring during or at some point in the divergence process 

(Pinho & Hey, 2010). The genetic exchange between diverging lineages can be current 

and/or ancient, having a layered effect on the diversification of groups of organisms 

(Abbott et al., 2013). This allows expanding traditional views of biodiversity as inventories 

of species with more or less ad hoc defined criteria, to the study of what keeps diverging 

entities apart (and why) – which can be interpreted as speciation, the study of species 

formation – and how entities we call species are still able to exchange genetic variation 

to some degree (and why) – what is called introgression. A complete quantification of 

biodiversity requires understanding both phenomena, and the evolutionary processes 

that underlie divergence and gene flow. 

Which principles should be used to delimit species (the species problem) is one of the 

most controversial topics in Biology (De Queiroz, 2007; Zachos, 2016). And this problem 

is not new: "Nor shall I here discuss the various definitions which have been given of the 

term species. No one definition has as yet satisfied all naturalists; yet every naturalist 

knows vaguely what he means when he speaks of a species." (Darwin, 1859). Although 

several concepts have been proposed, perhaps the most widely accepted definition is 

the biological species concept (BSC) (Dobzhansky, 1937; Mayr, 1942) in which species 

are defined as “groups of actually or potentially interbreeding natural populations, which 

are reproductively isolated from other such groups” (Mayr, 1942). Nevertheless, this 

concept is impractical in allopatric populations and reproductive isolation does not apply 

to organisms that reproduce asexually (Cronquist, 1978). As such, more technical 

definitions have been developed (Aldhebiani, 2018; Noor, 2002). A particularly important 

one was the evolutionary species concept (ESC), proposed with the aim to better delimit 

biodiversity in the scope of the evolutionary process (Simpson, 1951). The ESC defines 

a species as “a single lineage of ancestor-descendant populations of organisms which 

maintains its identity from other such lineages [in space and time] and which has its own 
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evolutionary tendencies and historical fate” (Wiley, 1981). According to these different 

views, speciation can be seen as a process where populations diverge and accumulate 

enough unique characteristics, which can lead to distinct reproductive isolated lineages 

(De Queiroz, 1998; Wiens, 2004). 

Speciation is often classified according to the geographical context, referring to three 

main modes of speciation: allopatric, parapatric, and sympatric (Coyne & Orr, 2004). 

Allopatric is often considered the most common mode of speciation, where an ancestral 

population splits into two geographically isolated ones, due to the formation of an 

extrinsic barrier, causing a cessation of gene flow between the populations, independent 

evolution and eventually leading up to reproductively isolated lineages (Coyne & Orr, 

2004; Mayr, 1942). Allopatric speciation can be subdivided into (i) dichopatric speciation 

(traditional allopatric) (Mayr, 1942), in which the populations split without the occurrence 

of a bottleneck; and (ii) peripatric speciation, in which the ancestral population is divided 

by a founder effect and one of the new populations is substantially smaller, and due to 

genetic drift and bottleneck effect, this population acquires new genetic characteristics 

leading to reproductive isolation (Carson, 1971; Singh, 2012). In the parapatric 

speciation, two isolated populations have some contact zones (partial barrier), however 

gene flow between these populations may lead to low fitness offspring and impede 

assimilation, leading to isolated lineages (Endler, 1977). Although geographical isolation 

has been considered a major force driving population divergence (Mayr, 1963; Wang et 

al., 2013; Worsham et al., 2017), in sympatric speciation, a new species evolves from a 

surviving ancestral species while in the same dispersal area (Bush, 1975). Allopatric and 

sympatric speciation can be seen as the ends of a continuum of initial levels of gene flow 

among diverging populations, with the migration rate (m), the proportion of immigrants in 

a population, being 0 in allopatry and 0.5 in sympatry, while parapatric speciation 

comprises intermediate values (0 < m < 0.5) (Gavrilets, 2004). 

Speciation is usually a long process that involves several generations, and thus during 

this process, the spatial context of these populations can change (Coyne & Orr, 2004). 

During its evolutionary trajectory, a lineage can experience distinct modes of speciation 

(Breusing et al., 2020), and different gene exchange rates, with periods in which there is 

gene flow between populations and others when it is interrupted (Butlin et al., 2008; 

Cristescu et al., 2012). 

Genetic divergence is a mechanism in which two populations can accumulate 

independent mutations and drift processes through time. Ultimately, the establishment 

of barriers to gene flow promotes divergence between populations, as drift and mutation 
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will act independently in each lineage, and, if enough genetic incompatibilities are 

accumulated, can lead to reproductive isolation (Ferguson, 2002; Kozak et al., 2011). 

Genetic drift and mutations have a major role in shaping the genetic divergence of 

populations since mutations generate new variation and genetic drift acts upon it, 

determining whether a new allele disappears or increases in frequency to fixation 

(Klopfstein et al., 2006; Millstein, 2016). Over time, genetic drift and mutations will 

distance the genic pools of diverging lineages by allowing the accumulation of non-

adaptive mutations that can facilitate their isolation (Lynch & Walsh, 2007; Yi, 2006). 

Additionally, evolutionary events such as bottlenecks and founder effects can also 

promote genetic differentiation, since the new population only has a portion of the 

ancestral gene pool (Barton & Charlesworth, 1984; Templeton, 2008). Furthermore, 

genetic divergence can also be induced by natural selection, where genomic segments 

are favoured and accumulated over time leading to a gene pool distinct from the 

ancestral one (Ramírez‐Valiente et al., 2018; Schreiber & Pfenninger, 2021; Via, 2009).  

Moreover, biogeographic dynamics play a major role in shaping the genetic divergence 

and differentiation of populations, since environmental changes may lead to range shifts 

and migrations, causing long-term fragmentation of populations, and leading to their 

isolation (André et al., 2016). These dynamics can also lead to the creation of new 

peripatric and sympatric zones, between previously independent lineages, and if 

reproductive isolation is incomplete, to the occurrence of genetic exchanges (i.e. 

introgression) (Gosden et al., 2011; Quilodrán et al., 2019; Weir & Price, 2011). 

Additionally, environmental changes can also lead to modifications in the ecosystems 

and the possible creation of new ecological niches (Laland et al., 2016), inducing new 

selective pressures which favour the accumulation of adaptive alleles leading to an 

increase in fitness of those populations and to the divergence from the other lineages 

(Aggeli et al., 2021; Olson-Manning et al., 2012). 

Altogether, the continuous accumulation of new genetic variation may lead to 

reproductive isolation. Reproductive isolation is often highly polygenic, depending on 

multiple loci, commonly called “speciation genes”, that underlie different fitness values in 

the diverging lineages (Dion-Côté & Barbash, 2017; Presgraves, 2010; Wu & Ting, 

2004). It is a complex mechanism, and studying patterns of divergence and allele sharing 

along the genomes of close related diverging lineages can provide insights into the 

processes that govern the establishment of new species (Kenney & Sweigart, 2016; 

Muirhead & Presgraves, 2016; Schield et al., 2017). 
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1.2. The impact of introgression on the evolution of species 

The modern analysis of whole-genomes data allowed the frequent detection of genetic 

exchanges between divergent lineages and confirmed a semipermeable view of 

speciation where introgression is more common than traditionally expected (Harrison & 

Larson, 2014). These advances have reinforced that the view of evolution as a strictly 

bifurcating phylogeny was often biased and over simplistic, and shifted the perception of 

evolution into a more network-like model, in which evolutionary lineages are not 

completely independent and undergo reticulated relationships (Hallström & Janke, 2010; 

Mallet et al., 2016). Such scientific progress acknowledged the relevance of introgression 

in the evolutionary trajectories of species (Aguillon et al., 2022; Suvorov et al., 2022; Wu, 

2001). 

Traditionally, natural hybridization was considered evolutionarily unimportant (Coyne & 

Orr, 2004; Darwin, 1859; Fisher, 1930; Mayr, 1963). Indeed, according to the biological 

concept of species, species are reproductively isolated units, thus interspecific 

hybridization would be a rare phenomenon as the hybrid offspring would have lower 

fitness than the parents and backcrossing would lead to less viable genotypes (Coyne & 

Orr, 2004; Mayr, 1963). However, in the 1930 and 40s, experimental studies in plants 

evinced that interspecific hybridizations in the botanical field were a common 

phenomenon (Anderson, 1948; Anderson & Hubricht, 1938; Heiser, 1949). 

Nevertheless, hybridization in the animal kingdom was still considered rare and its role 

in animal evolution continued to be neglected (Mayr, 1963).  

The advent of genetics allowed understanding that introgressive hybridization is actually 

a common phenomenon in animals (Arnold, 1997; Seehausen, 2004). However, the 

evidence was generally based on a limited sampling of the genome, which hampered 

precise quantifications of genetic exchanges, and hence had limited power in linking 

evolutionary processes (such as demographic processes and ecological adaptation) with 

the introgression patterns detected (Allendorf et al., 2010; Twyford & Ennos, 2012). The 

development of next-generation sequencing (NGS) enabled full genome analyses which 

set up the emergence of numerous studies detecting patterns of introgression across the 

genome of a wide taxonomic range (Edelman et al., 2019; Ferreira et al., 2021; Jones et 

al., 2018; Kamenetzky et al., 2010; Miao et al., 2017; Neafsey et al., 2010; Sheppard et 

al., 2011; Williams et al., 2020). Indeed, recent research has shown the prevalence of 

ancient introgression in the genomes of extant species (Moran et al., 2021). For instance, 

in humans, around 2 to 5% of the genome of some non-African populations are derived 

from ancient hybridization with Neanderthals and Denisovans (Sankararaman et al., 
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2016), and in other taxa, such as swordtail fishes, Italian sparrows, Heliconius butterflies, 

cichlid fishes and sunflowers, over 10% of their genome was derived from ancient 

admixture (Cui et al., 2013; Hermansen et al., 2011; Martin et al., 2013; Meier et al., 

2017). Therefore, these new findings have completed the change of perspective about 

hybridizations and their role in species evolution, and nowadays introgression is de facto 

recognized as a common phenomenon and potentially driving force in evolution and 

adaptation for a wide range of taxa (Adavoudi & Pilot, 2021; Goulet et al., 2017; Moran 

et al., 2021; Taylor & Larson, 2019). 

Introgression does not occur evenly along the genome, and inferring the reasons behind 

some genomic regions being more permeable to foreign DNA than others is crucial to 

understand the impacts of introgression in the genomes (de Lafontaine et al., 2015; 

Harrison & Larson, 2014).  Moran et al. (2021) described three emerging principles of 

hybridization to explain the variance of ancestry in admixed genomes in a background 

selection against hybridization. A combination of rapid and slower removal of foreign 

ancestry is expected to stabilize admixed genomes (principle 1). When an admixture 

event takes place, a quick removal of deleterious ancestry DNA is predicted to occur, 

leading to a variance in ancestry across the genome (Matute et al., 2020; Schumer et 

al., 2018), and after this initial fast purging period, populations enter in a slower stage of 

purging, where selection on individual hybridization-derived haplotypes only subtly shifts 

genome-wide ancestry proportions (Moran et al., 2021). Additionally, the permeability to 

foreign alleles also varies across the genome, with some functionally important regions 

displaying very low proportions of introgression (principle 2) (Wu, 2001). Moreover, the 

recombination landscape plays a key role in genome stabilization (principle 3), since in 

regions with low recombination rates, the introgression tracts are longer and more likely 

to harbour deleterious alleles in the hybrids. Thus, studies have inferred that even when 

the admixture proportions stabilized along the genome, minor parent ancestry tends to 

be less prevalent in genomic regions with low recombination rates (Nachman & Payseur, 

2012; Seixas et al., 2018; Wu, 2001). Overall, introgressed genomes are a mosaic of 

ancestry proportions, with regions where minor parent contribution is slight or non-

existent and regions where such contribution is substantially more prevalent (Duranton 

& Pool, 2022; Moran et al., 2021). 

Hybridization-derived haplotypes can either be deleterious, neutral, or adaptive, and the 

prevalence of introgressed segments in a genome can be driven by neutral processes 

or/and natural selection, or due to selfish genetic elements. Neutral introgression is 

dependent on genetic drift and demographic processes, whereas adaptive introgression 
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is shaped by natural selection (Arnold & Martin, 2009; Teixeira & Huber, 2021). Adaptive 

introgression happens when haplotypes derived from hybridization confer a fitness 

increase in the gene pool of the recipient population (Burgarella et al., 2019; Moran et 

al., 2021). While neutral alleles are often lost due to genetic drift, adaptive variants can 

be maintained by selection and may even reach fixation (Burgarella et al., 2019). The 

probability of a beneficial allele being introgressed depends on the genomic proximity to 

a potential deleterious variant and the recombination rate, since it can unlink adaptive 

haplotypes from harmful variants (Veller et al., 2019). Additionally, the fixation of 

introgressed haplotypes can also be non-adaptive if involving selfish gene elements 

(Albrechtova et al., 2012; Crespi & Nosil, 2013),  which are genomic segments that have 

a replication or transmission advantage relative to other genetic elements, but are either 

neutral or prejudicial to the organism’s fitness and reproduction (Werren et al., 1988; 

Werren & Stouthamer, 2003). 

Overall, introgression can be a potential source of allelic novelty, and these introduced 

new variants distributed genome-wide can provide adaptation even for polygenic 

phenotypes (Mallet, 2007; Martin et al., 2013) and thus the exchanged genetic variants 

during hybridization can induce rapid species evolution (Arnold & Kunte, 2017; Baskett 

& Gomulkiewicz, 2011; Parepa et al., 2014). There have been several cases described 

of species that have obtained adaptive traits due to introgression, such as abiotic 

tolerance in sunflowers (Whitney et al., 2010), seasonal coat colour in hares (Giska et 

al., 2019; Jones et al., 2018), mimicry in Heliconius butterflies (Pardo-Diaz et al., 2012), 

and high latitude adaptation in aspens (Rendón-Anaya et al., 2021). Therefore, the 

quantification and characterization of introgression events are important to comprehend 

the mechanisms underlying the persistence of allospecific variants, and consequently 

better understand the historical dynamics of closely related lineages. 

 

1.3. Hares (Lepus spp.) as model systems to study drivers of 

species differentiation and admixture 

Hares and jackrabbits (genus Lepus) have diverged from the rabbits around 12 MYA, 

where likely originated in North America and have spread and radiated across Afro-

Eurasia most likely in the last 4 – 6 million years (Ferreira et al., 2021; Matthee et al., 

2004; Melo-Ferreira et al., 2012; Yamada et al., 2002). Genus Lepus consists of 32 

extant species native to Africa, Eurasia, and North America and were introduced in 
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Australia and South America (Smith et al., 2018). Despite being usually associated with 

grassland habitats, hares can be found in diverse biomes, from savannahs (Abyssinian 

hare, L. habessinicus) to forests (European hare, L. europaeus), from wetlands (Indian 

hare, L. nigricollis) to mountains (broom hare, L. castroviejoi), from deserts (cape hare, 

L. capensis) to artic biomes (Arctic hare, L. articus) (Smith et al., 2018). Hare species 

have undergone several range shifts, usually due to climatic changes, which induced the 

contact between closely related species (Ferreira et al., 2021; Melo-Ferreira et al., 2012). 

As a result, interspecific hybridization is recurrent in hares and various introgression 

events have been described (Ferreira et al., 2021; Liu et al., 2011). Therefore, hares 

have emerged as a particularly appropriate system to study the process of divergence 

with gene flow, and in particular the selective impact of introgressive hybridization in the 

long-term course of the evolution of species (La Morgia & Venturino, 2017; Seixas et al., 

2018). 

Interspecific hybridizations in hares often led to the unidirectional introgression of mtDNA 

of the mountain hare (L. timidus Linnaeus, 1758) into other lineages (Alves et al., 2003; 

Melo-Ferreira et al., 2009; Melo‐Ferreira et al., 2007; Yamada et al., 2002). L. timidus 

mtDNA haplotypes are present in more than 10 species distributed both in the New and 

Old world, including in the geographical distributions (e.g. Iberian and Balkans) where L. 

timidus is currently absent but was present until it went locally extinct at the end of the 

last glacial period (Alves et al., 2003; Alves et al., 2008a; Melo-Ferreira et al., 2012; 

Smith et al., 2017).  

Several lines of evidence have inferred that hare species in Europe experienced various 

range revolutions during the last glacial period, and Southern Europe acted as a glacial 

refugium for some of the species (Acevedo et al., 2015; Lado et al., 2018; Melo-Ferreira 

et al., 2012; Randi, 2007). Currently, three hare species inhabit the Iberian Peninsula: 

the broom hare (L. castroviejoi Palacios, 1976), the Iberian hare (L. granatensis 

Rosenhauer, 1856), and the European hare (L. europaeus Pallas, 1778) (Smith et al., 

2018) (Figure 1). Nonetheless, genetic studies, fossil records and ecological niche 

modelling projections (Acevedo et al., 2015; Lado et al., 2018; Lopez-Martinez, 2008), 

inferred that at the Late Glacial Maximum the mountain hare (L. timidus) was also 

present in the Northern half of the Iberian Peninsula, while L. granatensis was in a 

refugium in Southwest Iberia (Marques et al., 2017), whereas L. europaeus was in a 

refugium in the Balkans (Stamatis et al., 2009). During the Last Glacial Period, L. 

granatensis presumably expanded north, being favoured by climate change, replacing 

L. timidus in the Northern region of Iberia, which may have contributed to the extinction 
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of L. timidus from the Peninsula (Marques et al., 2017; Melo‐Ferreira et al., 2011). 

Throughout this range replacement event, L. granatensis captured L. timidus mtDNA as 

well as some nuclear DNA (nDNA) segments, which witnesses these ancient 

hybridization events between these species (Melo-Ferreira et al., 2009; Melo‐Ferreira et 

al., 2011; Seixas et al., 2018). Further, it is thought that L. europaeus expanded from 

their Balkan refugium, colonized Central Europe, where contacted with L. timidus and 

exchanged genes, and carried those fragments into Iberia, replacing L. timidus, capturing 

their mtDNA, and colonized Eastern Iberia (Melo-Ferreira et al., 2009; Seixas, 2017). 

Consequently, in the Iberian Peninsula, a contact zone between L. europaeus and L. 

granatensis was formed, resulting in bidirectional introgression (Seixas, 2017). The 

current Iberian L. europaeus population have L. timidus mtDNA, but it is yet unclear if it 

resulted from direct contact with L. timidus before invading the Iberian Peninsula, or after 

by hybridization with L. granatensis individuals carrying L. timidus mtDNA haplotypes 

(Melo-Ferreira et al., 2014a; Seixas, 2017; Seixas et al., 2018). Although it has been 

proposed that L. timidus mtDNA haplotypes could have provided environmental adaptive 

advantages (Melo-Ferreira et al., 2014b; Melo‐Ferreira et al., 2007), Seixas et al. (2018) 

have inferred that both nuclear and mtDNA L. timidus introgression patterns in L. 

granatensis can be explained by a range replacement demographic model. The selective 

advantage of mtDNA introgression in hares is thus yet unclear.  

 

1.4. Evolutionary history of the sister broom (L. castroviejoi) 

and Corsican (L. corsicanus) hares 

The broom hare (Lepus castroviejoi) is an endemic species restricted to the Cantabrian 

Mountains in Northern Spain, and studies have shown it is morphologically and 

genetically closely related to the Italian hare (L. corsicanus De Winton, 1898), a species 

native to the Apennines and Sicily that was introduced in Corsica in the sixteenth century 

(Alves et al., 2008a; Mitchell-Jones et al., 1999; Palacios, 1996) (Figure 1). In addition 

to their genetic similarities, these sister species share ecological niches in their allopatric 

ranges, which could eventually be used to suggest a conspecific status (Acevedo et al., 

2014; Alves & Melo-Ferreira, 2007).  
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Figure 1 - Geographical distribution of the European hare species according to.Mitchell-Jones et al. (1999). 

 

It has been hypothesized that the common ancestor of L. castroviejoi and L. corsicanus 

was more widely distributed in Europe during the Pleistocene (Alves et al., 2008a; Melo-

Ferreira et al., 2012). Phylogenetic analyses have suggested that the two species may 

have split around 120 thousand years ago (Ferreira et al., 2021), likely due to the 

subsequent climatic changes during the last glacial period, into two allopatric refugia, 

one in the Iberian Peninsula and another in the Italian Peninsula (Ferreira et al., 2021; 

Melo-Ferreira et al., 2012). Yet, these studies were based on a limited set of markers 

and samples, which may limit precise inferences of divergence times. Nevertheless, is 

still unknown if the divergence of these species was induced by fragmentation, natural 

selection and environmental adaptation (Alves et al., 2008a). Additionally, current L. 

castroviejoi and L. corsicanus populations harbour mtDNA haplotypes that are closely 

related to L. timidus, which discords from phylogenetic inferences based on nuclear DNA 

that show that the species are not closely related (Alves et al., 2008a; Ferreira et al., 

2021; Melo-Ferreira et al., 2012). This mtDNA proximity to L. timidus has been shown to 

be compatible with ancient introgression, and the native haplotypes have likely 

disappeared from the L. castroviejoi and L. corsicanus gene pools (Melo-Ferreira et al., 

2012; Mengoni et al., 2015; Pietri et al., 2011). Interestingly, L. castroviejoi has 

presumably undergone two introgression events, each one representing a different 

mtDNA lineage from the mountain hare type: one shared with L. corsicanus and thus 

most likely resulting from introgression during Mid Pleistocene, affecting their common 

ancestor; and another shared with L. granatensis and Iberian L. europaeus, which thus 
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must represent a more recent hybridization event affecting only L. castroviejoi (Alves et 

al., 2008a; Melo-Ferreira et al., 2012). However, it is yet unclear if the presence of this 

second mtDNA lineage in L. castroviejoi results from direct hybridization with L. timidus 

or one of the neighbouring species that carried those mtDNA haplotypes (Melo-Ferreira 

et al., 2012). Also, it is unknown what is the extent of the nuclear genome affected by 

these past hybridization events, nor the demographic and selective processes underlying 

the genetic exchanges (Seixas et al., 2018).  

Furthermore, in Corsica, L. corsicanus contacts with the also introduced L. granatensis 

and L. europaeus (Buglione et al., 2018). Pietri et al. (2011) inferred the genetic diversity 

of hares in Corsica, and when comparing the mtDNA control region haplotypes with the 

transferrin nuclear genes, detected L. corsicanus x L. europaeus hybrids, as well as one 

L. corsicanus x L. granatensis hybrid. Thus, at least in Corsica, L. corsicanus has 

probably hybridized with L. europaeus, as well with introduced L. granatensis. Moreover, 

L. corsicanus and L. europaeus have a contact zone in the Italian peninsula, and 

although no hybrids were detected until now, the possibility of ancient introgression 

between these species needs to be properly investigated (Mengoni et al., 2015).  

 

1.5. Objectives 

Understanding the evolutionary mechanisms of divergence, and how and why species 

can continue to exchange genetic variation during this process is crucial in evolutionary 

biology. Thus, studying models where closely related species recently diverged and are 

still able to hybridize are valuable to comprehend both the process of divergence and 

introgression. 

In this work, we aimed to dissect the process of divergence between L. castroviejoi and 

L. corsicanus, as well as the impact and evolutionary processes underlying genetic 

exchange in the system.  

Specifically, we aimed at:  

i) Reconstruct the demographic history of divergence between L. castroviejoi 

and L. corsicanus.  

ii) Infer the impact of introgression in the L. castroviejoi and L. corsicanus 

genomes 
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iii) Clarify the history of genetic exchanges affecting L. castroviejoi and L. 

corsicanus after their split. Infer if the genetic contribution was due to direct 

or secondary introgression. 

iv) Incorporate L. castroviejoi evolutionary events into the biogeographic history 

of hares in Iberia. 
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2. Methods 

2.1. Dataset 

2.1.1. Sampling and Sequencing 

The dataset of this work was composed of 35 individuals from six hare species: L. 

castroviejoi (n=5), L. corsicanus (n=5), L granatensis (n=10), L. europaeus (n=10), L. 

timidus (n=4), L. americanus (n=4). Individuals were originally collected at different points 

of the distribution range of their species, and samples were part of the CIBIO-InBIO 

biobank (Table 1). We generated new whole genome sequencing data for the L. 

castroviejoi and L. corsicanus samples, while for the other hare species we relied on 

whole genome sequencing data from previous studies (Carneiro et al., 2014; Giska et 

al., 2019; Seixas, 2017; Seixas et al., 2018). Genomic DNA was extracted using 

JETquick Tissue DNA Spin Kit (GENOMED) from ear or internal organ tissues that had 

been preserved in ethanol or RNAlater. Illumina TruSeq DNA v2 genomic libraries were 

performed on the Illumina HiSeq 1500 platform at the NEWGEN sequencing platform at 

the Research Centre in Biodiversity and Genetic Resources (CIBIO, Vairão, Portugal), 

generating paired-end sequence data (2x100-125 bp) and using inserts of 550 bp for 

Lcas1 and Lcor1 samples, and inserts of 350bp for the remaining L. castroviejoi and L. 

corsicanus samples. 

 

Table 1 - Whole genome Dataset information. (1) Giska et al. (2019); (2) Seixas et al. (2018); (3) Seixas (2017); (4) 
Carneiro et al. (2014). 

ID Species Location 
Mitochondrial 

Lineage 
Tissue Sex Reference 

Lcas1 L. castroviejoi Cantabria, Spain introgressed ear F this work 

Lcas2 L. castroviejoi Alto Sil, León, Spain introgressed ear M (1) 

Lcas3 L. castroviejoi León, Spain introgressed organ F this work 

Lcas4 L. castroviejoi Riano, León, Spain introgressed ear F this work 

Lcas5 L. castroviejoi Cantabria, Spain introgressed ear F this work 

Lcor1 L. corsicanus Corsica, France introgressed organ F this work 

Lcor2 L. corsicanus Corsica, France introgressed organ F this work 

Lcor3 L. corsicanus Corsica, France introgressed organ F this work 
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Lcor4 L. corsicanus Corsica, France introgressed organ M this work 

Lcor5 L. corsicanus Corsica, France introgressed organ F this work 

Lgra1 L. granatensis Alcoutim, Portugal native ear F (2) 

Lgra2 L. granatensis 
Peñaflor, 

Sevilla,Spain 
native ear F (2) 

Lgra3 L. granatensis Pancas, Portugal native 
organ 

(KI) 
F (2) 

Lgra4 L. granatensis 
Idanha, Castelo 

Branco, Portugal 
native organ F (2) 

Lgra5 L. granatensis 
Miguelturra, Ciudad 

Real, Spain 
native 

organ 

(KI) 
F (2) 

Lgra6 L. granatensis Valpaços, Portugal introgressed 
organ 

(KI) 
F (2) 

Lgra7 L. granatensis 
Algete, Madrid, 

Spain 
introgressed ear F (2) 

Lgra8 L. granatensis 
Província de 

Valência, Spain 
introgressed ear F (2) 

Lgra9 L. granatensis 

Monte Allá 

Detrás,Sauguillo, 

Spain 

introgressed ear F (2) 

Lgra10 L. granatensis 
Fontellas, Navarra, 

Spain 
introgressed 

organ 

(KI) 
F (2) 

Leur1 L. europaeus Cantabria, Spain introgressed ear F (3) 

Leur2 L. europaeus Jaca, Spain introgressed ear F (3) 

Leur3 L. europaeus Villarcayo, Spain introgressed ear F (3) 

Leur4 L. europaeus Álava, Spain introgressed organ F (3) 

Leur5 L. europaeus Navarra, Spain introgressed organ F (3) 

Leur6 L. europaeus Pyrenees, France native ear F (3) 

Leur7 L. europaeus Ukraine native ear M (3) 

Leur8 L. europaeus Germany native organ F (3) 

Leur9 L. europaeus Vienna, Austria native organ F (3) 

Leur10 L. europaeus 
Clermont-Ferrand, 

France 
native organ F (3) 

Ltim1 L. timidus 
Borris-in-Ossory, 

Ireland 
native 

organ 

(KI) 
F (2) 
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Ltim2 L. timidus 
Captivity (originally 

from Finland?) 
native 

organ 

(KI) 
F (2) 

Ltim3 L. timidus 
Calfreisen, Egga, 

Switzerland 
native 

organ 

(KI) 
F (2) 

Ltim4 L. timidus 
Commune Nancy, 

sur-Cluses, France 
native ear F (2) 

Lame L. americanus 
Near Lake Inez,    

Montana – USA 
native 

organ 

(HE) 
F (4) 

Abbreviations: HE – Heart; KI – Kidney. 

 

2.1.2. Data treatment 

Cutadapt version 1.8 (Martin, 2011) was used to filter raw sequence reads by removing 

the first 5 bp and adapters at the end of reads. Low quality bases (quality < 20 at the end 

of reads, and 4 consecutive bp with average quality < 30) were removed using 

Trimmomatic v0.33 (Bolger et al., 2014). Filtered reads were mapped to a L. timidus 

pseudo-reference derived from the European rabbit (Oryctolagus cuniculus) generated 

in (Marques et al., unpublished work) using the BWA-MEM algorithm with default 

parameters (Li & Durbin, 2009). Read paring information was corrected and mapped 

reads sorted by coordinates by using Samtools v1.3 (Li et al., 2009), and the further 

removal of soft clipped bases was performed on NGSutils version 0.5.7 (Breese & Liu, 

2013). A read realignment around INDELs was performed to reduce the number of 

INDELs miscalls using the Genome Analysis Toolkit (GATK v3.2-2) (DePristo et al., 

2011; McKenna et al., 2010). The removal of read duplicates was conducted using 

Picard Markduplicates (http://broadinstitute.github.io/picard/). Bcftools 1.10.2 mpileup 

(Li, 2011) was used to perform the Multi-sample SNP/genotype calling for each species 

independently, adopting minimum base and mapping qualities of 20. VCF files file were 

then merged, INDELs were removed and repetitive regions from the Oryctolagus 

cuniculus genome were extracted from https://genome-euro.ucsc.edu/ and those regions 

were excluded from our dataset using Bcftools 1.10.2. 

The relatedness among samples in the dataset was assessed using the relatedness2 

option implemented in vcftools, which is based on the KING method (Danecek et al., 

2011). This statistic was calculated using a bi-allelic subset for each species with SNPs 

subsampled 25kb apart to avoid linked loci. 

http://broadinstitute.github.io/picard/
https://genome-euro.ucsc.edu/
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2.2. Population Structure and Evolutionary History 

In order to assess genetic variation in the sister L. castroviejoi and L. corsicanus in the 

context of the genetic structure of European hares species, the unsupervised principal 

component analysis (PCA) was performed in PLINK 2.00 (Chang et al., 2015). PCAs 

were computed using subsets based on bi-allelic SNPs at least 50 kb apart and present 

in all samples.  

Additionally, structure and possible admixture between hare species was investigated 

by performing an admixture analysis implemented in ADMIXTURE (Alexander et al., 

2009). This method uses a Bayesian Markov Chain Monte Carlo model (MCMC) to 

estimate the ancestry for each specimen based on a SNPs dataset. We used the pruned 

dataset based on 3,899,363 SNPs containing all European hare species. One run was 

performed for each number of clusters (k) set from 2 to 7 with 100 bootstrap replicates 

and 10 cross-validation. Due to lack of computational power, the Admixture runs for K 6 

and 7 were based only on data chromosome 20. The most likely number of clusters (K) 

was determined by considering the cross-validation errors. 

Evolutionary relationships between hare species and migration events were inferred 

using TreeMix v. 1.13 (Pickrell et al., 2012; Pickrell & Pritchard, 2012). TreeMix uses 

allele frequency differences to quantify drift between populations and to fit a population 

tree, and then evaluates whether the fit to the data is improved by adding admixtures 

events. We estimated allele frequencies of the pruned SNPs dataset and subsequently 

ran the TreeMix model using bootstrapping and accounting for linkage disequilibrium by 

grouping sites in blocks of 500 single-nucleotide polymorphisms setting the Lepus 

americanus as the root. The best tree topology was inferred following the maximum 

likelihood approach, and up to 5 migration events were added. The best number of 

migrations was evaluated according to the standard error values. The inferred maximum-

likelihood trees were visualized with the in-built TreeMix R script plotting functions.  

 

2.3. Demographic Profiles and History of Divergence 

The demographic profiles of L. castroviejoi and L. corsicanus were reconstructed using 

a Pairwise Sequentially Markovian Coalescent (PSMC) model (Li & Durbin, 2011). This 

method examines the variations of heterozygous site densities along the genome to infer 

the distribution of the most recent common ancestors among genomic regions, from 
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which it can infer past demography, since the density of coalescence at a given time is 

inversely proportional to effective population size at that time (Hudson, 1990; 

Nadachowska‐Brzyska et al., 2016). For this analysis, we used one specimen of L. 

castroviejoi and one of L. corsicanus, selecting the ones with the highest coverage. 

Samtools v1.3.1 mpileup and call modules were used to build the diploid consensus 

sequences, and only sites with coverage between 6X and twice the average depth and 

a minimum base and mapping qualities of 20 were called (atomic time intervals were set 

to 4 + 50*2 + 2 + 4 as Seixas et al. (2018)). Results were calibrated using a mutation rate 

(μ) of 2.8 × 10−9 substitutions/site/generation (Seixas et al., 2018) and by setting the 

generation time to 2 years (Marboutin & Peroux, 1995). The variance of effective 

population size (Ne) estimates was assessed by 50 bootstraps of randomly sampled 

segments with replacement. 

To better understand the history of divergence between L. castroviejoi and L. corsicanus, 

we used a  Bayesian demographic inference method, G- PhoCS (Gronau et al., 2011), 

to estimate effective population sizes of current and ancestral populations, time of split 

and migration rates. We prepared a dataset with L. castroviejoi (n=5) and L. corsicanus 

(n=5) consisting of 2,147 intergenic fragments of 1 kb with a distance between fragments 

of at least 50kb. Three replicates of a model without gene flow were computed and one 

run of a model allowing post-split bidirectional gene flow was performed. For all runs, 

100,000 generations were discarded as burn-in and 1,000,000 MCMC iterations were 

run, sampling every 10 iterations. The runs of each model were combined and checked 

with Tracer v1.7.1 (Rambaut et al., 2014) by examining the effective sample size of each 

parameter. We converted the scaled demographic parameters obtained from G- PhoCS 

applying theta=4Ne*µ, τ=T*µ/g, M=m/µ, where Ne is the effective population size (in 

numbers of individuals), g is the average generation time in years, T is the absolute 

population divergence time in years, µ is the mutation rate in 

substitutions/site/generation, and m is the probability of migration in a single generation. 

We assumed a mutation rate of 2.8x10-9 substitutions/site/generation (Seixas et al., 

2018) and a generation length of two years (Marboutin & Peroux, 1995). 

 

2.3.1. Detection of localized divergence outliers 

To identify divergence outliers, we calculated the genetic distance (Dxy) (Nei, 1987) 

between L. castroviejoi and the other hare species in the dataset. These analyses were 

based on a subset without indels and with genotypes with a minimum of 4x coverage 

and a maximum of 60x and a minimum genotype coverage of 10x. Python tools created 
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by Simon Martin (https://github.com/simonhmartin/genomics_general) were used to filter 

sites with valid genotypes in at least 75% of the samples (--minCalls), and with at least 

one valid genotype per population (--minPopCalls). Those python tools were also used 

to calculate the Dxy values along the genome in 25k windows with a minimum of 250 

sites per window. Dxy genome-wide scans and density plots were elaborated using the 

gwscaR R package. As Dxy is dependent on the mutation rates, which may vary along 

the genome, these Dxy values were used to calculate variations of relative node depth 

(RND) (Feder et al., 2005), since this approach mitigates the effect of mutation rate 

oscillations by using the distance to an outgroup. The RND for each window was 

calculated by scaling the genetic distance between the sister taxa with their distance to 

the outgroup to detect outliers of divergence between the sister taxa, using this formula: 

𝑅𝑁𝐷 =  
𝐷𝑥𝑦 𝐿. 𝑐𝑜𝑟𝑠𝑖𝑐𝑎𝑛𝑢𝑠 𝐿. 𝑐𝑎𝑠𝑡𝑟𝑜𝑣𝑖𝑒𝑗𝑜𝑖

((𝐷𝑥𝑦 𝐿. 𝑎𝑚𝑒𝑟𝑖𝑐𝑎𝑛𝑢𝑠 𝐿. 𝑐𝑜𝑟𝑠𝑖𝑐𝑎𝑛𝑢𝑠 + 𝐷𝑥𝑦 𝐿. 𝑎𝑚𝑒𝑟𝑖𝑐𝑎𝑛𝑢𝑠 𝐿. 𝑐𝑎𝑠𝑡𝑟𝑜𝑣𝑖𝑒𝑗𝑜𝑖)/2) 
 

 

2.4. Quantification and characterization of introgression 

2.4.1. Detection of introgression events 

Introgression events that only affected L. castroviejoi but not L. corsicanus were detected 

and characterized by using one as the proxy-parental population of the other. First, we 

identified the genome-wide introgression patterns using D-statistics (ABBA-BABA tests) 

(Durand et al., 2011; Green et al., 2010), which compares the number of shared derived 

alleles between the sister taxa (P1 and P2) and a possible donor species (P3). In a 

scenario without gene flow, P1-P3 and P2-P3 should share a similar number of derived 

alleles. On the other hand, in a scenario with introgression, there will be an excess of 

shared derived alleles in one of the pairs. We set L. corsicanus as P1, L. castroviejoi as 

P2, L. americanus as the outgroup (P4), and tested three different donor species (P3): 

L. granatensis, L. timidus, L. europaeus. For each donor species tested, a SNP subset 

was made with a minimum quality of 10 and minimum coverage of 4x (3x in the model 

with L. europaeus as donor) and a maximum of 60x per SNP. The ABBA-BABA tests 

were performed using the Dsuite toolkit (Malinsky et al., 2021) and a z-score with an 

absolute value of 3 or more was considered to be evidence of significant interspecific 

gene flow. Additionally, f3 and f4 statistics (Pickrell & Pritchard, 2012; Reich et al., 2009) 

were calculated using threepop and fourpop from the Treemix package. F3-statistics 

(target, source 1, source 2) infers if the target population was derived from the Admixture 

https://github.com/simonhmartin/genomics_general
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of sources 1 and 2. F4-statistics assumes the population topology (A,B),(C,D) and 

evaluates correlation in allele frequency differences between pairs of groups, this way 

detects whether there was gene flow between the different populations.  

Furthermore, introgression signs of L. granatensis in L. castroviejoi and L. corsicanus 

were also evaluated by inferring the variation of topologies along the genome. Thus, the 

topology weights of a subset consisting of L. castroviejoi, L corsicanus, L. granatensis 

and L. americanus (outgroup) were performed using TWISST (Martin & Van Belleghem, 

2017), since topology weighting is a useful tool to quantify relationships between taxa 

that are not necessarily monophyletic (Ravinet et al., 2020). 

 

2.4.2. Detection of localized introgression 

After analyzing the general patterns of introgression, we sought to locate the 

introgressed regions/genes along the genome. First, we used the fdM statistics which is 

an f statistic that was particularly developed for the inference of introgression in small 

genomic windows (Malinsky et al., 2015; Malinsky et al., 2018). FdM values vary from -1 

to 1 and have similar principles to the ABBA-BABA tests: values between 0 and 1 indicate 

gene flow between P2 and P3, whereas values between 0 and -1 suggest gene flow 

between P1 and P3. FdM values were computed for 3 subsets (one for each donor 

species model), with each subset consisting of SNP filtered genotypes with at least 4 

and a maximum of 60 coverage and a minimum of 10 genotype quality, and then valid 

genotypes in at least 75% of the samples (--minCalls), and with at least one valid 

genotype per population (--minPopCalls) were called using Python tools created by 

Simon Martin (https://github.com/simonhmartin/genomics_general). These Python tools 

were used to calculate the fdM values along the genome in 25k size windows with a 

minimum of 100 SNPs per window. 

Moreover, simulations of Dxy distributions under different models were conducted to 

estimate the distribution of expected values of Dxy between L.castroviejoi and L. 

granatensis under a model with no gene flow, and hence set a threshold under which 

the Dxy is indicative of introgression. First, demographic parameters (ancient and post-

split population sizes, and times of divergence) between L. castroviejoi and L granatensis 

were inferred using G-Phocs (Gronau et al., 2011), applying the same procedures 

described above for the modelling of the L. castroviejoi and L. corsicanus divergence. 

Then, the parameters inferred from the L. castroviejoi L. granatensis demographic model 

https://github.com/simonhmartin/genomics_general
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were used in msms (Ewing & Hermisson, 2010) to simulate 1,000 fragments of 20 kb 

under two demographic models:  

3) the full demographic model, to assess the reliability of the demographic inference 

to replicate genome-wide empirical data; 

ii) inferred demographic model but without inter-species migration, to assess Dxy 

expectations under a strict lineage sorting model without gene flow, and set a threshold 

of Dxy indicative of introgression between L.castroviejoi  and L. granatensis. 

For the empirical Dxy distribution, we used the python tools created by Simon Martin 

(https://github.com/simonhmartin/genomics_general) to calculate the Dxy L. castroviejoi 

L. granatensis values for the 1kb intergenic fragments used in the modelling divergence 

analysis. 

Furthermore, we also relied on the previously calculated Dxy genetic distances to identify 

localized introgression. As L. corsicanus and L. castroviejoi are sister taxa, is expected 

for them to be genetically equidistant from L. granatensis. Windows where the Dxy L. 

castroviejoi-L. granatensis is substantially lower than that between L. corsicanus-L. 

granatensis, are candidates for introgression between L. granatensis and L. castroviejoi. 

A z-score test was performed on the ratio 
𝐷𝑥𝑦 𝐿.𝑐𝑜𝑟𝑠𝑖𝑐𝑎𝑛𝑢𝑠 𝐿.𝑔𝑟𝑎𝑛𝑎𝑡𝑒𝑛𝑠𝑖𝑠

𝐷𝑥𝑦 𝐿.𝑐𝑎𝑠𝑡𝑟𝑜𝑣𝑖𝑒𝑗𝑜𝑖 𝐿.𝑔𝑟𝑎𝑛𝑎𝑡𝑒𝑛𝑠𝑖𝑠
 to identify windows 

where the genetic distance between the sister taxa and the L. granatensis has an 

outstanding discrepancy, and identify localized introgression segments from L. 

granatensis along the L. castroviejoi (or L. corsicanus) genome.  

 

2.4.3. Frequency of introgression and junctions between ancestry tracts 

To further understand the genetic exchanges that happened after L. castroviejoi and L. 

corsicanus split, the ancestry of each position across the L. castroviejoi genome was 

inferred using the Efficient Local Ancestry Inference (ELAI) method (Guan, 2014). Unlike 

the previously applied methods, ELAI is able to identify introgressed tracts per haplotype 

in unphased data. This method uses a two-layer hidden Markov model (HMM) to analyse 

linkage-disequilibrium within and among defined groups and without prior definition of 

window sizes infers local ancestry of admixed individuals. For each variable position in 

the genome, the most likely proportions of ancestries are estimated, which can vary from 

0 to 1 (0 and 1 indicating homozygous ancestry; 0.5 indicating heterozygous ancestry). 

ELAI was run using a bi-allelic unphased dataset and by setting two models: 1 – L. 

castroviejoi as the target potentially admixed population and L. corsicanus, L. 

https://github.com/simonhmartin/genomics_general
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granatensis, L. timidus and L. europaeus as sources; 2 – L. corsicanus as the target 

potentially admixed population and L. castroviejoi, L. granatensis, L. timidus and L. 

europaeus as sources (Appendix 2). For each model, three independent runs were 

performed using 20 Expectation Maximization (EM) steps and by considering the time of 

split between L. castroviejoi and L. corsicanus that was estimated in the G- PhoCS 

analysis (25,000 generations) as the number of admixture generations. Then the results 

from the 3 independent runs were averaged. The ancestry for each position was 

assigned considering the ancestry probability values for each of the four possible 

ancestries (L. corsicanus, L. granatensis, L. europaeus, L. timidus): values higher than 

0.7 were considered homozygous; between 0.4 and 0.7 as heterozygous ancestries; 

values below 0.4 were considered as positions that do not originate from the tested 

ancestor. For each individual, genomic tracts were formed by merging consecutive 

positions with the same ancestry. 

As previous studies have inferred that L. granatensis was impacted by introgression 

events with L. europaeus and L. timidus (Seixas, 2017; Seixas et al., 2018), we evaluated 

if the detected L. timidus and L. europaeus ancestry tracts across the L. castroviejoi 

genome resulted from a direct contact with these species or were the result of second-

hand introgression (hybridization with introgressed L. granatensis). In a scenario of 

second-hand introgression, the segments with L. timidus or L. europaeus ancestry in the 

L. castroviejoi genomes would be flanked by tracts of L. granatensis ancestry. We 

examined junctions between tracts of different ancestries (junctions between two 

homozygous SNPs were counted twice). Transitions between SNPs more than 1 kb 

apart were not considered. This analysis was performed for the ancestries of each L. 

castroviejoi sample separately. 

Additionally, the estimation of introgression dates was performed using the introgressed 

tract lengths detected with ELAI results. Assuming the size tracts are a function of time 

since the introgression event and depending on the recombination rate, the formula 1/rt, 

where t is the number of generations since the introgression event and r is the 

recombination rate per base pair (Liang & Nielsen, 2014; Pool & Nielsen, 2009), was 

applied to approximately date the admixture events. We used estimates of recombination 

rate in rabbits (r = 1.0 x 10-8; Chantry-Darmon et al. 2006) and  considered a generation 

length of 2 years (Marboutin & Peroux, 1995). 
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2.4.4.  Evaluation of introgression estimates from different methods 

As different approaches applied to estimate introgression were based on distinct 

principles, their results were contrasted to better understand the overlap of inferences 

based on different methods. We calculated Dxy and fdM values for each of the 

introgressed tracts detected with ELAI and grouped them by introgression frequency, to 

assess the summary statistics compare with ancestry tract inference in detecting high 

frequency introgression. We also verified the ELAI introgression frequency distribution 

of the z-score Dxy outliers window to assess the overlap between these two approaches. 

 

2.4.5. Functional enrichment analysis for genes introgressed at high frequencies 

Introgressed genes favoured by selection tend to reach higher haplotype frequencies 

(Bay et al., 2019). Thus, to assess the potential adaptive role of L. granatensis 

introgression in L. castroviejoi, we were interested in analyzing the introgression 

segments at high frequency. High frequency segments were based on the ELAI 

estimates and also on the z-score outliers, since this approach revealed effectiveness in 

detecting high frequency introgression. The coordinates of L. castroviejoi segments with 

at least 0.5 ingression frequency from L. granatensis estimated with ELAI were merged 

with the outlier windows of the z-score Dxy test, to assemble the coordinates of 

introgressed segments at high frequency. Then we inferred which genes were within or 

overlapping those regions and performed functional enrichment analyses using g:Profiler 

(Raudvere et al., 2019) applying the g:SCS multiple test correction. Only genes within or 

overlapping windows with more than 250 used sites were considered for the background 

list of genes. We used the rabbit Gene Ontology (GO) database. 
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3. Results 

3.1. Sequencing data and relatedness analysis 

We sequenced the genomes of 4 L. castroviejoi and 5 L. corsicanus samples (Table 1). 

The genomes of 1 L. castroviejoi, 10 L. europaeus, 10 L. granatensis and 4 L. timidus 

previously sequenced by (Giska et al., 2019; Seixas, 2017; Seixas et al., 2018) (Table 

1), were also included in this study. L. castroviejoi raw coverage ranged between 6-15x 

and the genotype quality between 18-40, whereas L. corsicanus samples had 7-18x raw 

coverage and 20-49 genotype quality values (Appendix 1). 

The relatedness among the hare samples in the dataset was assessed and there was 

no detection of duplicates or 1st degree samples. Samples Lcas3 Lcas4 were classified 

as 2nd degree relatives (Appendix 3). The remaining samples were identified as 

unrelated. 

 

3.2. Population Structure and Admixture 

Genetic variation structure among European hare species was initially assessed using 

PCA plots. First, a PCA containing all European species (L. castroviejoi, L. corsicanus, 

L. granatensis, L. europaeus, L. timidus) and an outgroup (L. americanus) based on 

3,899,363 SNPs placed each species in a separate cluster, except for L. corsicanus and 

L. castroviejoi which were grouped together (Appendix 4A). PC1 (28.99%) separated L. 

castroviejoi and L. corsicanus from the other hare species and PC2 (19.08%) segregated 

the outgroup. Second, a PCA with only European hare species and based on 2,999,121 

SNPs assigned each species to a separate cluster, while grouped together L. corsicanus 

and L. castroviejoi (Figure 2A), confirming that the sister L. castroviejoi and L. corsicanus 

have low genetic differentiation but are genetically different from the other hare species. 

To further understand the genetic differentiation between L. castroviejoi and L. 

corsicanus, a PCA containing only these sister taxa was performed based on 433,825 

SNPs (Figure 2B). Most of the genetic variance in this dataset was found between the 

two species PC1 (50.74%), while PC2 (8.53%) revealed variation within L. castroviejoi 

(Figure 2B) and PC3 (7.03%) within L. corsicanus (Appendix 4D). As PC2 separated 

Lcas3 and Lcas4 from the other L. castroviejoi samples, and as this pair scored high 

levels of relatedness (Appendix 3), a PCA without Lcas4 was conducted to infer whether 



      
      

23 

 
 
the polarized variation detected intra L. Castroviejoi specimens was due to high genetic 

similarity between Lcas3 Lcas4. The PCA without Lcas4 displayed very similar results to 

the PCA with Lcas4 (Appendix 4E, F). 

 

 

Figure 2 – Principal Component Analysis (PCA) based on SNP data for all European hare species (A) and for L. 

castroviejoi and L. corsicanus (B). Only PC1 and PC2 are displayed. Each dot represents a sample. 
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The admixture analysis for the European species subset (Figure 3) for K=2 grouped L. 

castroviejoi and L. corsicanus in one cluster and L. granatensis in another, while L. 

europaeus and L. timidus had proportions from both clusters. For K=3, L. corsicanus and 

L. castroviejoi were assigned to an independent genetic cluster. For the best K according 

to cross validation assessment (K=4) (Appendix 5) each species was assigned to their 

own genetic cluster, except for L. castroviejoi and L. corsicanus which remained grouped 

together. For the K equal to the number of species (K=5), L. corsicanus and L. 

castroviejoi remained in the same genetic cluster, and just split for K=7 (Admixture 

analysis performed on chromosome 20 – Appendix 6). These results corroborated with 

the ones obtained in the PCA plots by strongly supporting the genetic similarity between 

the sister species L. castroviejoi and L. corsicanus, as well as showing the genetic 

distinction between these species and the other European hares (Figure 2). 

 

 

Figure 3 – Admixture analysis for European hare species from K= 2 to K=5, inferred with ADMIXTURE based on ~3 million 
SNPs filtered by linkage disequilibrium. Each colour represents a distinct genetic cluster. 

 

To further understand the evolutionary relationships among European hare species and 

whether the inclusion of genetic migration events (introgression) explains better the data, 
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we performed a species tree using the graph-based model implemented in Treemix, 

allowing a maximum of five migration evens. The addition of one migration event 

(Appendix 7B) improves substantially the fit of the model,  with the model indicating gene 

flow between L. granatensis and L. timidus, which is an introgression event well 

described in previous studies (Seixas et al., 2018). The addiction of further migration 

events slightly increased the likelihood of the data, and for m=3 a migration between L. 

timidus and the ancestral of L. castroviejoi and L. corsicanus was detected, as well as 

between L. granatensis and L. europaeus, and between L. corsicanus and L. americanus 

(outgroup) (Appendix 7D). The addition of more migration events did not lead to a better 

model, however it is important to note that for m=4 and m=5 a migration between L. 

castroviejoi and L. granatensis was detected (Appendix 7E, F), which can be a sign of 

an introgression event between these species. 

 

3.3. Divergence and Demography 

The past population size oscillations of L. castroviejoi were inferred using a PSMC 

model, and there were detected two periods of population growth, 0-40 KYA and 1-2 

MYA, and two phases of population decrease, 50-200 KYA and 400-900 KYA (Figure 4). 

Additionally, a demographic profile of L. corsicanus was also inferred, though with a 

lower resolution. The L. corsicanus and L. castroviejoi profiles had some discrepancies, 

with L. corsicanus displaying a lower population size, but both species showed similar 

patterns of population growth and decrease from 700 K to 50 KYA (Appendix 8). 
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Figure 4 - PSMC inference of L. castroviejoi demographic profiles (A) and a zoom-in on the effective population size 

oscillations under 30x104  (B). 

 

The results from the demographic inference model allowing post-split gene flow did not 

reveal signs of admixture, and estimated similar divergence times effective population 

sizes (Ne) when compared to the model without gene flow (Appendix 9). Given these 

results, our analyses were based on the inferences from the model with less parameters, 

i.e. without post-split gene flow. The time of split between L. castroviejoi and L. 

corsicanus was estimated to be circa 47 thousand years ago (kya) (95% Highest 

Posterior Density (HPD) 30.65kya to 66.49kya) (Figure 5, Appendix 9). The effective 

population size (Ne) of the ancestral population (before the split) was inferred to be 

around 158.1k (95% HPD 122.2k to 218.1k) individuals, and the Ne of current populations 

of L. castroviejoi and L. corsicanus were estimated around 15.6k (95% HPD 12.5k to 

18,7k) and 18.2k (95% HPD 14.7k to 21.9k), respectively. 
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Figure 5 - The history of divergence inferred with G- PhoCS between L. castroviejoi and L. corsicanus based on a model 

without post-split gene flow.  

 

3.3.1. Peaks of Divergence 

The genetic divergence between L. castroviejoi and the other European hare species 

was assessed using pairwise genetic distances (Dxy). First, their overall divergence was 

investigated by performing density plots using 25kb window-based Dxy values, where 

the genetic distance between L. castroviejoi and L. granatensis (median Dxy cas,gra = 

0.0085), L. europaeus (median Dxy cas,eur = 0.0085), and L. timidus (median Dxy cas,tim = 

0.0083) were very similar, while the Dxy values between L. castroviejoi and L. corsicanus 

were substantially lower (median Dxy cas,cor = 0.0008) (Figure 6A). Subsequently, a 

genome-wide plot with the Dxy values between L. castroviejoi and L. corsicanus was 

conducted and peaks of divergence across the genome were detected (Appendix 10). 

Additionally, the RND values (a measure of divergence that aims at correcting Dxy for 

mutation rate variation along the genome) for those windows were also estimated, and 

several peaks along the genome remained (Figure 6C).  
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Figure 6 - Dxy distances for 82,478 25kb windows. Density plots for pairwised window based Dxy values (A) and a 
zoom in on the densities under 180 (B). (C) Genome scan RND distances between L. castroviejoi and L. corsicanus, 
using L. americanus as the outgroup. 
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3.4. Characterization of Introgression 

3.4.1. Global Detection of Introgression 

To detect and characterize introgression events that affected L. castroviejoi but not L. 

corsicanus, we took advantage of their genetic similarity: L. corsicanus was used as a 

proxy of a parental population of L. castroviejoi. Having access to a parental population 

unaffected by the processes increases the power to detect signatures of introgression 

from other sources (L. granatensis, L. europaeus, L. timidus) in the L. castroviejoi 

genome. Since L. castroviejoi and L. corsicanus are sister taxa, they are expected to 

share the same amount of genetic variation with the other hare species, unless an 

admixture event has occurred after their split, and only affected one of the species. In 

ABBA-BABA tests (D-statistics), significant signs of introgression (z score > 3) between 

L. castroviejoi and the three donor species (P3) (L. granatensis, L. timidus, L. europaeus) 

were detected, with particular stronger signs of gene flow between L. castroviejoi and L. 

granatensis (Figure 7). Furthermore, f4 statistics were also used and similar results were 

obtained, with the inference of significant gene flow between L. castroviejoi and L. 

granatensis and L. castroviejoi-L. timidus, but there were no significant signs of 

admixture between L. castroviejoi and L. europaeus (Appendix 12). Moreover, f3 

statistics were used to assess if one target species (A) could be the result of an admixture 

event between two source species (B, C). The more negative the f3 value, the more likely 

the admixture event. In this analysis, all f3 values were positive (Appendix 11). 

Additionally, the TWISST method was also applied to infer the topology weights of a 

subset consisting of L. castroviejoi, L corsicanus, L. granatensis, and L. americanus, 

particularly to quantify the weight of the topologies different from the species tree, since 

these topologies could be linked to an introgression event. Overall, 95.7% of the windows 

displayed the species tree topology, placing L. corsicanus and L. castroviejoi as sister 

taxa; while 2.24% were assigned to a topology where L. castroviejoi and L. granatensis 

were grouped together, whereas 2.06% displayed a topology where L. corsicanus was 

closer to L. granatensis (Appendix 13). 
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Figure 7 - D statistics (ABBA-BABA tests)  for three introgression models, where  P1 – L. corsicanus, P2 – L. 
castroviejoi, O (outgroup) – L. americanus were fixed,  and 3 different P3 were tested: A) P3 – L. granatensis; B) P3 – L. 

europaeus; C) P3 – L. timidus; Values calculated with Dsuite. 

 

3.4.2. Introgression Along the genome 

To be able to detect introgression segments along the genome, fdM values were 

calculated by setting L. corsicanus as P1, L castroviejoi as P2, L. americanus as the 

outgroup, and testing 3 different donor species (P3): L. granatensis, L. europaeus, L. 

timidus. fdM values for the model with L. granatensis as the donor species displayed many 

positive peaks, which are candidate segments of L. granatensis introgression in the L. 

castroviejoi genome (Figure 8). The fdM values for the models with L. timidus and L . 

europaeus as the donor species also revealed some positive peaks, which are 

candidates of L. timidus and L. europaeus introgression in the L. castroviejoi genome 

(Appendix 14). In contrast, few negative peaks were detected which could represent 

genetic contribution of these donor species in the L. corsicanus genome. 
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Figure 8 - Genome wide fdM values for the model P1 – L. corsicanus, P2 – L. castroviejoi, P3 – L. granatensis. Positive 

values suggest gene flow between P2 and P3, while negative values indicate gene flow P1 and P3. 

 

Moreover, we simulated expected Dxy between L. castroviejoi and L granatensis 

distributions under i) a full demographic model to assess whether the model is able to 

recover the empirical distribution, and ii) a model without migration to assess Dxy 

expectations under a strict lineage sorting model without gene flow, and to define a 

threshold of introgression for the Dxy estimates (Figure 9A). The empirical Dxy 

distribution displayed a higher density of close to zero values and peaked in higher Dxy 

values than the simulated models. The presence or absence of migration did not display 

a visible effect in the Dxy simulated distributions. The bottom 5% quantile of the model 

without migration was set as the threshold for introgression candidates for the empirical 

Dxy between L castroviejoi and L. granatensis (Dxy < 0.00323). The empirical Dxy 

estimates between L. castroviejoi and L. granatensis values along the genome were 

plotted and 139 25kb windows under the threshold of introgression were detected (Figure 

9B).  
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Figure 9 – Dxy L. castroviejoi L. granatensis distributions. (A) Dxy distributions for the empirical data and for the data 
derived from the demographic models simulated in msms. (B) Genome scan for the empirical Dxy L. castroviejoi L. 

corsicanus values based on 82,478 25kb window-based values. The dashed line marks the introgression threshold. 

 

Furthermore, candidates for L. granatensis introgression in L. castroviejoi were also 

detected by identifying windows where L. castroviejoi was genetically closer to L. 

granatensis than to L. corsicanus. This was done by conducting a scatter plot with these 

two genetic distances as well as a z-score based on the ratio 
𝐷𝑥𝑦 𝐿.𝑐𝑜𝑟𝑠𝑖𝑐𝑎𝑛𝑢𝑠 𝐿.𝑔𝑟𝑎𝑛𝑎𝑡𝑒𝑛𝑠𝑖𝑠

𝐷𝑥𝑦 𝐿.𝑐𝑎𝑠𝑡𝑟𝑜𝑣𝑖𝑒𝑗𝑜𝑖 𝐿.𝑔𝑟𝑎𝑛𝑎𝑡𝑒𝑛𝑠𝑖𝑠
 

(Figure 10). The regression model explained 96.96% of the variability observed and in 

total 418 outlier windows were detected (z-score > 3 or < -3). 396 of the outliers had z 

scores > 3, which means in those windows L. castroviejoi was genetically substantially 

closer to L. granatensis (DxyL.castroviejoi L.granatensis < DxyL. corsicanus L. granatensis), while 22 outliers 

had z scores < -3, where in those windows  L. corsicanus was genetically considerable 

closer to L. granatensis (DxyL.castroviejoi L.granatensis > DxyL. corsicanus L. granatensis). 
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Figure 10 - Scatter plot of Dxy L. castroviejoi L. granatensis vs Dxy L. corsicanus L. granatensis. The colour of the dots 

represents the values obtained on a z-score test based on the ratio 
𝐷𝑥𝑦 𝐿.𝑐𝑜𝑟𝑠𝑖𝑐𝑎𝑛𝑢𝑠 𝐿.𝑔𝑟𝑎𝑛𝑎𝑡𝑒𝑛𝑠𝑖𝑠

𝐷𝑥𝑦 𝐿.𝑐𝑎𝑠𝑡𝑟𝑜𝑣𝑖𝑒𝑗𝑜𝑖 𝐿.𝑔𝑟𝑎𝑛𝑎𝑡𝑒𝑛𝑠𝑖𝑠
. 

 

3.4.3. Ancestry inference along the L. castroviejoi genome 

To better understand the genetic contribution of L. granatensis, L. timidus and L. 

europaeus into the genome of L. castroviejoi, the ancestry across L. castroviejoi genome 

was inferred by ELAI. Three independent runs were conducted, and their results were 

merged. Overall, 99.16% of the L. castroviejoi genome was attributed to L. corsicanus 

ancestry, while 0.74% was assigned to other ancestries: 0.64% to L. granatensis, 0.07% 

to L. timidus and 0.03% to L. europaeus (Table 2, Figure 11). These results agree with 

previous analyses that also detected strong signs of L. granatensis introgression as well 

as smaller genetic contribution of L. timidus and L. europaeus in L. castroviejoi (ABBA-

BABA, f4, fdM, TWISST).  
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Table 2 - Elai ancestry proportions with L. castroviejoi as target. 

Ind L. corsicanus L. granatensis L. europaeus L. timidus 

Lcas1 98.823% 0.895% 0.041% 0.097% 

Lcas2 99.097% 0.743% 0.026% 0.064% 

Lcas3 99.343% 0.475% 0.032% 0.063% 

Lcas4 99.349% 0.465% 0.035% 0.063% 

Lcas5 99.185% 0.607% 0.029% 0.061% 

Overall 99.160% 0.637% 0.033% 0.070% 

 

 

Figure 11 - Overall introgression proportion in the L. castroviejoi genome inferred using ELAI. 

 

As L. granatensis was identified as the source for most of the introgression tracts in the 

L. castroviejoi genome, we investigated their tract distribution and introgression 

frequency. L. granatensis ancestry varied substantially per sample across the L. 

castroviejoi genome, which was indicative that the L. granatensis haplotypes were 

generally not fixed in L. castroviejoi (Figure 12B). Indeed, most L. granatensis ancestry 

tracks were at a lower frequency and only a few were found at high frequencies (Figure 

12A). 
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Figure 12 - Info regarding L. granatensis ancestry in L. castroviejoi genome inferred by ELAI. (A) Distribution of L. 
granatensis sites per introgression frequency; (B) L. granatensis ancestral proportion per sample per chromosome. 

 

3.4.4. Junctions between ancestry tracts 

As previous studies have detected introgression between L. granatensis, L. timidus and 

L. europaeus (Seixas et al., 2018), we proceeded to assess if the detected genetic 

contribution of L. timidus and L. europaeus in L. castroviejoi was caused by direct contact 

between these species, or if it was the result of second-hand introgression (hybridization 

with introgressed L. granatensis). In a scenario of second-hand introgression, the 

segments with L. timidus or L. europaeus ancestry would be next to tracts of L. 

granatensis ancestry. The junctions between different ancestries per sample were 

investigated and 5.9% to 17.3% transitions between L. timidus ancestry tracts were 

found with L. granatensis (tim/cor junctions), while 3.6% to 9.1% of the L. europaeus 

junctions were transitions with L. granatensis ancestry (eur/cor junctions), which 

suggests that at least part of the genetic contribution of L. timidus and L. europaeus in 

L. castroviejoi was due to indirect contact (Figure 13, Appendix 16).  
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Figure 13 - Percentage of junctions between different ancestries tracts for each sample. (A) L. timidus ancestry 

transitions. (B) L. europaeus ancestry transitions. tim/cor: L. timidus – L. corsicanus junction; tim/gra: L. timidus – L. 
granatensis junction; tim/eur: L. timidus – L. europaeus junction; eur/cor: L. europaeus – L. corsicanus; eur/gra: L. 
europaeus L. granatensis. 

 

3.4.5. Dating introgression events 

The genetic contribution of L. granatensis, L. timidus and L.europaeus in L. castroviejoi 

reveals a complex evolutionary model with several direct contacts and second-hand 

introgression events. To try to clarify further the timings of these introgression events, 

we analyzed the tract sizes of the different ancestries to estimate the time of the 

introgression events. Overall, the tracts median values were relatively small (10.5 – 15.2 

kb), with the L. granatensis introgression events estimated to have happened circa 10 

kya (Table 3).  

 

Table 3 - Number of introgressed tracts, median introgression tract length and the estimated time of introgression in the 
5 L. castroviejoi individuals, as inferred by ELAI. cor: L. corsicanus; gra: L. granatensis; tim: L. timidus; eur: L. europaeus. 
* proxy of the L. castroviejoi parental 

Parameter 
ancestry 

cor* gra tim eur 

nº of tracts 3 634 1 841 292 74 

Median length 

(bp) 
33 883 18 991 17 751 13 119 

t (years) - 10 531 11 267 15 246 
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3.4.6. Analysis of Introgression signs from different methods 

To be able to better interpret the results from the different methods, we analysed the 

relationship of the inference from the distinct approaches. First, we divided the ELAI 

ancestry tracts by their introgression frequency and then calculated the fdM and Dxy 

values for those segments. For the L. granatensis introgression tracts, there was a clear 

correlation between the introgression frequency and the fdM values, and a negative 

correlation with the genetic distance between L. castroviejoi and L. granatensis (Figure 

14 A, D). For the L. timidus tracts, there was also a correlation between the introgression 

frequency and the fdM values, but there was not a clear correlation with the Dxy values 

(Figure 14 B, E). For the L. europaeus tracts, there was no clear correlation between the 

introgression frequency and the fdM nor Dxy values, which could be due to the low number 

of L. europaeus introgression segments (Figure 14 C, F). 

Furthermore, to further increase the detection power of localized introgression regions, 

we intersected the L. castroviejoi L. granatensis introgression candidate windows from 

the z-score test with the tracts with L. granatensis ancestry inference from ELAI. From 

the 396 z-score outliers, 267 had L. granatensis inferred ancestry, with most windows 

having an introgression frequency of 0.4 or higher (Figure 15). Overall, the z-score test 

demonstrated to have strong power to detect medium and high introgression frequency 

tracts, assuming ELAI as the correct inference. 
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Figure 14 - Boxplots with Dxy distances per ELAI introgression frequencies in L. castroviejoi. (A) L. castroviejoi L. 

granatensis; (B) Dxy L. castroviejoi L. timidus; (C) Dxy L. europaeus L. castroviejoi. Boxplots with fdM values (P1 – L. 
corsicanus; P2 – L. castroviejoi per ELAI introgression frequencies in L. castroviejoi. (D) P3 – L. granatensis; (E) P3 – L. 
timidus; (F) P3 – L. europaeus. 
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Figure 15 - Elai introgression frequency distribution of Zscore Dxy outliers windows. 

 

3.4.7. Functional Impact of Candidate Genes in regions of high frequency 

introgression 

To assess the impact of L. granatensis introgressed genes in L. castroviejoi, we 

performed a gene enrichment analysis for all genes within the z-score (>3) Dxy outlier 

windows or with an ELAI introgression frequency of 0.5. The analysis did not reveal 

enrichment of a particular function, however several genes linked with cell metabolism 

(biological regulation, regulation of biological process, regulation of cellular process, cell 

communication, signalling, signal transduction, voltage-gated sodium channel complex) 

were detected (Figure 16, Appendix 18). 

 

Figure 16 - g:Profiler Gene Ontology analysis of genes within the z-score outlier windows or showing L.granatensis 

introgression frequencies of at least 50%. 
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4. Discussion 

 

In this work, we used whole genome data to shed light on the evolutionary history of L. 

castroviejoi and L. corsicanus. We reconstructed the history of divergence between 

these sister species, which set up a timeframe for the introgression events affecting L. 

castroviejoi after the split. Genetic exchanges between L. castroviejoi and hares currently 

(L. granatensis and L. europaeus) or formerly (L. timidus) distributed in the Iberian 

Peninsula were quantified and characterized. Then, the evolutionary events that affected 

L. castroviejoi after the split from L. corsicanus were incorporated into the biogeographic 

history of hares distributed in Iberia. Finally, these results were also interpreted in the 

scope of the taxonomic classification of L. castroviejoi and L. corsicanus. 

 

4.1. Population history of L. castroviejoi and L. corsicanus 

The analysis of whole-genome data from the sister hare species, L. castroviejoi and L. 

corsicanus, and from the neighbouring hares in Europe, allowed providing important 

novel insights into their history of divergence. Previous insights on this process were 

limited by the scarce available genomic sampling of L. castroviejoi and L. corsicanus, 

and this work increased the power for a more precise understanding of the history of 

diversification of these species in the frame of the evolution of the genus in Europe.  

Previous studies relying on mtDNA, a few nuclear markers (Alves et al., 2008a; Alves et 

al., 2008b; Melo-Ferreira et al., 2012) and on whole exome sequences with a limited 

species sampling (Ferreira et al., 2021), have suggested that the sister L. castroviejoi 

and L. corsicanus are genetically similar, always being grouped together in phylogenetic 

trees. Our unsupervised population structure analyses (PCA, Figure 2A, Appendix 4C; 

Admixture analysis, Figure 3) containing all European hare species (L. castroviejoi, L. 

corsicanus, L. granatensis, L. europaeus and L. timidus) also consistently clustered 

these sister taxa together, confirming this close genetic relationship and a recent 

common evolutionary history. In keeping, genome-wide genetic distance (Dxy) between 

L. castroviejoi and L corsicanus was found to be very low (median Dxy cas,cor = 0.0008), 

when compared to the distances between any of these species and other hare species 

from Europe (median= ~ 0.0085). Interestingly, Admixture analyses were not able to 

distinguish L. castroviejoi and L corsicanus up to a level of population clustering that split 
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other species into distinct populations (K = 5), suggesting that the sister species may be 

less differentiated than intraspecific genetic variation in other species. Yet, a zoom in to 

the differentiation between L. castroviejoi and L. corsicanus (PCA using only samples 

from these species, Figure 2B) showed consistent differentiation between the species, 

which was also detected when increasing the number of K populations in the Admixture 

analysis to 7 (which for computational limitations was only possible to perform for 

chromosome 20; see Appendix 6). Globally, these results confirm the genetic similarity 

of L. castroviejoi and L. corsicanus, but demonstrate some degree of genetic 

differentiation between them, compatible with a recent split.  

The split between L. castroviejoi and L. corsicanus had been poorly estimated in previous 

works due to a lack of intraspecific data for both species, which is needed to improve 

analyses based on the coalescent (Ferreira et al., 2021; Melo-Ferreira et al., 2012). Here, 

we relied on whole genome data to provide better insight into the divergence of these 

sister taxa. Using a Bayesian demographic inference method (G-PhoCS), we estimated 

the divergence between L. castroviejoi and L. corsicanus to have very recently occurred 

during the Late Pleistocene (~47KYA), with the occurrence of a post-split bottleneck in 

both populations, and no post divergence gene flow (Figure 5). Additionally, past 

demographic oscillations in L. castroviejoi and L. corsicanus were also estimated with a 

PSMC analysis (Appendix 8). Yet, it is important to consider that there were some 

inconsistencies between L. castroviejoi and L. corsicanus demographic profiles, which 

would be expected to coincide for time slices corresponding to their common history pre-

split. Particularly, L. corsicanus profile had lower resolution, and during 0.8 – 1 MYA time 

span displayed a different demography from L. castroviejoi. From 40 – 800 KYA L. 

castroviejoi and L. corsicanus displayed similar demography patterns, with L. castroviejoi 

displaying higher Ne values. After 40/50 KYA they displayed distinct population oscillation 

patterns which could be interpreted as their time of split. The L. corsicanus demographic 

profile was inferred using a sample from Corsica, as this species was introduced to the 

island in the sixteenth century, the genome of L. corsicanus from Corsica likely reflects 

a founder effect that may have induced the lower resolution in their demography profile, 

and the noted discrepancies with L. castroviejoi (0.8 – 1 MYA). Moreover, the PSMC 

analysis uses the genome sequence of a single individual to estimate past demographics 

across a long period of time (Li & Durbin, 2011), and the inferred population size 

oscillations can also reflect the divergence between lineages and population structure 

changes (Bai et al., 2018; Chikhi et al., 2010), whereas G-PhoCS relies on multiple 

genomes for direct estimation of divergence times and for particular (ancestral and post-

split) population size estimates (Gronau et al., 2011). Therefore, these methods 
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complement each other methodologically and the simultaneous interpretation of their 

results confers an increase of robustness in reconstructing the history of divergence (Bai 

et al., 2018; Poelstra et al., 2021). Indeed, despite the low resolution and some 

discrepancies in the PSMC analyses, their results are consistent with the L. castroviejoi 

L. corsicanus time of split estimated with G-PhoCS. A previous phylogenomics study 

based on whole exome data and using one L. castroviejoi and one L. corsicanus 

individual had estimated a putative time of divergence at 120 KYA (Ferreira et al., 2021). 

This estimate is likely overestimated given the limited variation present in single 

individuals of each species, and our estimate of ~50 KYA based on an increased 

sampling of both species is likely more accurate. Further, by analysing whole genomes, 

we were able to restrict this analysis to intergenic and thus presumably neutral regions 

of the genome, which is more appropriate to infer neutral demographic and divergence 

events, not biased by potential natural selection events that affect coding regions 

(Johnson et al., 2008; Zhu et al., 2014). Altogether, these analyses confirmed the close 

genetic similarity of L. castroviejoi and L. corsicanus, placed their time of split during Late 

Pleistocene, ~50 KYA, provided a timeframe for evolutionary events and biogeographic 

scenarios affecting each of the species separately, and allowed using one species as a 

proxy of the parental population of the other in inferences of these post-split events. 

 

4.2. Introgression in the Iberia Peninsula 

Understanding the divergence history between L. castroviejoi and L. corsicanus provided 

means to infer more precisely evolutionary processes affecting each of the species after 

the split, in particular those affecting L. castroviejoi in the Iberian Peninsula. For this, and 

given the genetic relatedness of the species, we used L. corsicanus as a proxy of the 

parental population of L. castroviejoi, overcoming the difficulty of not having a suitable 

population of L. castroviejoi unaffected by the evolutionary processes we aimed to infer. 

Using this proxy of the parental we were able to infer the contribution of the other hare 

species distributed in the Iberian Peninsula (L. granatensis, L. europaeus) or that used 

to inhabit the region but are now extinct (L. timidus) to the genome of L. castroviejoi. It is 

however important to note that the L. corsicanus samples used in this study were from 

Corsica, where admixture with potentially introduced L. europaeus and L. granatensis 

has been detected (Pietri et al., 2011), which may have lead to an underestimation of 

introgression in our analyses.  
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Signs of excess of allele sharing between L. castroviejoi and the potential three sources 

were detected in the ABBA-BABA tests (Figure 7), which suggests that after the split 

from L. corsicanus, L. castroviejoi has undergone introgression events with L. 

granatensis, L. europaeus and L. timidus. The f4 statistics also detected significant signs 

of admixture between L. castroviejoi and L. granatensis, and between L. castroviejoi and 

L. timidus, but not between L. castroviejoi and L. europaeus (Appendix 12). Indeed, from 

the 3 models analysed in the ABBA-BABA tests, the one inferring gene flow between L. 

castroviejoi and L. europaeus scored the lowest D value (although significant). One 

possible explanation for the weak introgression signals in the  ABBA-BABA tests and f4 

statistics is the occurrence of admixture between L. corsicanus and L europaeus, which 

has been detected previously in Corsica (Pietri et al., 2011). Given that these methods 

evaluate the excess of allele sharing, if both P1 (L. corsicanus) and P2 (L. castroviejoi) 

have undergone an introgression event with P3 (L. europaeus), the admixture signs in 

this analysis would be masked. The ancestry inference (ELAI) across the L. castroviejoi 

and L. corsicanus genomes allowed us to further untangle these admixture events, since 

this approach infers the ancestry per SNP, quantifying the genetic contribution of foreign 

sources, assessing the introgression frequency and identifying introgression tracts along 

the genome. The foreign genetic contribution based on ELAI in L. castroviejoi (Figure 

11, Table 2) was found to be ten-fold higher than in L. corsicanus (Appendix 17), 0.74% 

and 0.075% respectively, with the ancestry proportion of each source (L. granatensis, L 

timidus, L. europaeus) being higher in L. castroviejoi. Nevertheless, L. europaeus was 

the major source of foreign genetic contribution in L. corsicanus, 0.024%, while having a 

contribution of 0.033% in L. castroviejoi. The finding of similar contributions of L. 

europaeus in L. corsicanus and L. castroviejoi genomes may then confirm the masking 

of L. europaeus-L. castroviejoi introgression in the f4 statistics, and the weak signal in 

the ABBA-BABA test. 

Previous studies based on a few markers have detected some signals of introgression 

between L. castroviejoi and L. granatensis. Namely, an analysis using a limited sampling 

detected that the L. castroviejoi gene SRY haplotype was also present in the L. 

granatensis populations (Melo-Ferreira et al., 2009), and a coalescent simulation based 

on 14 nuclear loci detected some degree of nDNA gene flow from L. granatensis into L. 

castroviejoi (Melo-Ferreira et al., 2012). Our analyses of whole genomes allowed us to 

confirm the introgression events between L. castroviejoi and L. granatensis. In fact, L. 

granatensis was the major source of foreign genetic contribution in the L. castroviejoi 

genome (0.637%) (Figure 11), displayed the strongest signs of introgression in the 

ABBA-BABA tests (Figure 7A) and f4 statistics (Appendix 12), were detected 139 
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windows under the estimated Dxy introgression threshold (Figure 9B), and gene flow 

between L. granatensis and L. castroviejoi was also observed in the Treemix analysis 

(m=4 and 5) (Appendix 7).   

The simulated Dxy between L. castroviejoi L. granatensis values under the full 

demographic model displayed slightly bigger values than the model without migration 

(Figure 9A). Since the full demographic model allows post-split gene flow, it would be 

expected that this gene exchange would lead to lower genetic distances between the 

two diverging entities than a model without post-split migration. These unexpected 

distributions were likely caused by the very low post-split migration inferred in the full 

demographic model (m= 6.2E-16) (Appendix 9B), which likely had almost no impact on 

the calculation of the demographic parameters. This low post-split from L. granatensis to 

L. castroviejoi  gene flow is also discordant with the other analyses which detected 

significant signals of L. granatensis to L. castroviejoi introgression. As these simulations 

were based on a reduced number of genomic fragments, they had a lower power to 

detect introgression than genome-wide methods (such as ELAI, ABBA-BABA tests and 

f4). Additionally, the model without post-split gene flow included Dxy L. castroviejoi L. 

granatensis values of 0, which indicates that very low Dxy values could be produced in 

a strict lineage sorting model without post-split migration scenario, thus this simulated 

Dxy distributions may not have captured well the evolutionary processes and had a 

limited power in setting a threshold for introgression candidates for the empirical Dxy 

between L castroviejoi and L. granatensis. 

The L. Granatensis introgression into L. castroviejoi was found mainly at low frequency, 

but we did find some instances of higher frequency and even fixed introgression in some 

genomic tracts (Figure 12B). Although speculative at present, high frequency 

introgression may result from natural selection. We attempted to understand whether 

particular functions were enriched in genes contained in these high frequency 

introgression tracts. The enrichment analyses performed on the L granatensis 

introgressed segments at higher frequency (outliers from the z-score test and tracts with 

ELAI haplotype frequency ≥ 0.5) (Figure 16, Appendix 18) did not detect a significant 

enrichment of a particular function, but several genes with roles related to the cell 

metabolism were identified. Previous studies have inferred that metabolism genes can 

be linked with high elevation adaptation in other animals (Qiu et al., 2012; Yang et al., 

2016), including in American pikas (Ochotona prínceps) (Ge et al., 2013). Given that L. 

castroviejoi is distributed in the Cantabrian mountains, and was only found in elevations 
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above 1,000 meters (Ballesteros & Alves, 2022), thus environmental adaptation to high 

elevation can be hypothesized, but testing this hypothesis awaits further investigation. 

To better understand the timeframe of the genetic exchanges between L. castroviejoi 

and the other hare species, we dated the introgression events from each source by 

examining the tract sizes of different ancestries and using the median values to date the 

introgression events (Table 3). The introgression event between L. castroviejoi and L. 

granatensis and between L. castroviejoi and L. timidus was estimated to have occurred 

10/11 KYA, while the introgression between L. castroviejoi and L. europaeus around 15 

KYA. However, it is important to note that these size tract analyses relied on a reduced 

number of tracts, with a dispersed distribution, and therefore the median values may not 

be properly representing the theoretical tract size distribution. Nonetheless, the results 

point out that these genetic exchanges most likely occurred at similar times after the last 

glacial maximum, which also coincides with the inferences of introgression events from 

L. timidus affecting L. granatensis (Seixas et al. 2018). The introgression events affecting 

L. castroviejoi are therefore likely ancient, though we cannot exclude continuing 

introgression with the neighbouring L. granatensis and L. europaeus as we detected 

some long introgression tracts from these species. In any, if occurring, ongoing 

hybridizations seem rare and the analysed L. castroviejoi individuals are late generation 

hybrids. 

As previous studies have detected introgression from L. timidus into L. granatensis and 

L. europaeus and between the latter species (Marques et al., 2017; Seixas et al., 2018), 

the genetic contribution of L. europaeus and L. timidus in the L. castroviejoi genome 

could have either resulted from direct contact between these species or from second-

hand introgression (hybridization with introgressed L. granatensis). The analysis of 

ancestry tract junctions (Figure 13, Appendix 16) allowed us to infer the origin of those 

contributions, with the existence of gra/tim and gra/eur junctions in all L. castroviejoi 

samples suggesting that at least part of the genetic contribution of L. timidus and L. 

europaeus in L. castroviejoi was due to second-hand introgression from L. granatensis. 

Moreover, it is important to note however that segments with eur/cor and tim/cor 

junctions may have been originally a result of second-hand introgression tracts which 

were eroded by recombination with native variants. Yet, given these results, we cannot 

exclude that part of the introgression results from direct contact between L castroviejoi 

and the source species. 

Previous works have detected two L. timidus mtDNA lineages in the L. castroviejoi 

current populations: (1) the most frequent lineage is shared with L. corsicanus and has 
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most likely resulted from an introgression event between their common ancestor and L. 

timidus; (2) the second lineage is shared with L. granatensis and the Iberian L. 

europaeus, which must represent another introgression event (Alves et al., 2008a; Melo-

Ferreira et al., 2012). Given the above results, it remains possible that the second mtDNA 

lineage indicated above introgressed into L. castroviejoi from L. granatensis, as the 

timidus-like lineage is the most predominant in the northern population do L. granatensis. 

Altogether, our results provided insights into the admixture events that occurred after the 

L. castroviejoi L. corsicanus split, with a higher focus on the genetic exchanges between 

L. castroviejoi and the other species. Nonetheless, the Treemix analyses also allowed 

us to have a more general view of both pre and post-split introgression events (Appendix 

7). The model with three migration events (m=3) detected a migration between L. timidus 

and the L. castroviejoi L. corsicanus ancestor, which may be a validation of the 

hypothesis of pre-split hybridization and introgression events from L. timidus, leading to 

the capture of the mtDNA lineage. Addictionally, this model also detected signals of 

migration between L. corsicanus and L. americanus that might be caused by differences 

in the sample sizes or related with ancestral events involving species not included in this 

analysis. 

 

4.3. Biogeographic dynamics and introgression 

The Pleistocene climatic oscillations between glacial and interglacial periods played a 

major role in shaping the evolutionary trajectories of hare species. This work provided 

some insights into the biogeographic history of these sister species and enabled us to 

reconstruct the time frame of their admixture history. Our results estimated that L. 

castroviejoi and L. corsicanus diverged recently, during Late Pleistocene, ~50kya (Figure 

5, Appendix 8). Prior to their divergence, the common ancestor of L. castroviejoi and L 

corsicanus most likely hybridized with L. timidus, which resulted in the shared L. timidus 

mtDNA haplotypes present in the current populations of these sister taxa, which 

contrasts with the relatively distant relationship between these species and L. timidus 

inferred from nuclear DNA (Alves et al., 2008a; Melo-Ferreira et al., 2012). Previous 

studies have hypothesized that the common ancestor of L. castroviejoi and L. corsicanus 

was more widely distributed in Europe during the Pleistocene, and after their split, these 

species diverged into two allopatric refugia, one in the Iberian Peninsula and another in 

the Italian Peninsula (Alves et al., 2008a; Melo-Ferreira et al., 2012). Our demographic 

inference results detected that the L. castroviejoi-L. corsicanus common ancestor had a 
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substantially higher population size than the post-split populations (Figure 5, Appendix 

8). The higher ancestral population size could indicate a larger population, eventually 

corresponding to a wider distribution, and suggests that the divergence between L. 

castroviejoi L. corsicanus occurred following a peripatric speciation model, where the 

post-split populations were affected by a bottleneck event. Additionally, a niche modelling 

analysis (Acevedo et al., 2014) inferred that these sister taxa have similar ecological 

niches, which suggests that their divergence was not driven by disruptive adaptation to 

different ecological pressures, but must have resulted from the fragmentation of 

favourable habitat.  

After the split, L. castroviejoi and L. corsicanus underwent distinct evolutionary events. 

In this work, we focused more on the L. castroviejoi evolutionary trajectory, which was 

impacted by biogeographic dynamics that occurred in the Iberian Peninsula. In fact, the 

climate oscillations after the Last Glacial Period favoured the expansion of species well 

adapted to temperate environments, which promoted range revolutions in hares 

distributed in Iberia (Lado et al., 2018; Marques et al., 2017; Melo-Ferreira et al., 2009; 

Seixas et al., 2018). L. granatensis expanded from its refugium in Southwest Iberia and 

replaced L. timidus following a south-north invasion, possibly contributing to the 

extinction of L. timidus in the Iberian Peninsula (Lado et al., 2018; Marques et al., 2017; 

Seixas et al., 2018). L. europaeus has been suggested to be a later arrival to western 

Europe, reaching the Iberian Peninsula after expanding from its previous refugium in the 

Balkans, and replacing L. granatensis in Northeastern Iberia (Seixas et al., 2018; 

Stamatis et al., 2009). These range replacements were accompanied by introgression 

(Marques et al., 2017; Seixas et al., 2018). Nevertheless, the effect that these dynamics 

had on L. castroviejoi was mostly ignored in previous studies. Our results detected 

genetic contribution in L. castroviejoi from the three hare species currently or formerly 

distributed in Iberia: L. granatensis, L. europaeus, L. timidus. Moreover, we detected 

junctions eur/gra tim/gra (Figure 13, Appendix 16), which suggests that at least part of 

the L. europaeus and L. timidus genetic contribution was due to second-hand 

introgression by L. granatensis. Although we cannot discard the possibility of direct 

contact, our results inferred that L. granatensis was the major source of foreign genetic 

variation in L. castroviejoi, and the other potential contacts had a smaller impact on the 

L. castroviejoi genome. Despite the L. castroviejoi historical range being poorly 

understood, it could be a crucial piece to better understanding the drivers of the 

introgression event between L. castroviejoi and L. granatensis. A previous niche 

modelling study (Acevedo et al., 2014) inferred the L. corsicanus ecological niche model 

was able to predict the current full distribution of L. castroviejoi, but not the other way 
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around, which suggested that L. corsicanus populations retained the ecological traits of 

their ancestor. In fact, the L. corsicanus niche projections in Iberia estimated a high 

environmental potential for L. castroviejoi in Southern areas of its distribution, which are 

currently occupied by L. granatensis. In cases of introgression, particularly of mtDNA, 

and considering the range revolutions that occurred in the Iberian Peninsula, range 

replacement with hybridization has been invoked as a demographic process that 

promotes asymmetrical introgression (Seixas, 2017; Seixas et al., 2018). With the 

current data, it is not possible to fully understand these demographic dynamics with 

regard to L. castroviejoi. If L. granatensis invaded the L. castroviejoi range, the expected 

asymmetry would be in the opposite direction (introgression from the invaded, L. 

castroviejoi, into the invader, L. granatensis). Additionally, a biased assortative mating 

of females L. granatensis with males L. castroviejoi could explain the direction of mtDNA 

introgression and a future study about the Y chromosome could provide more insights 

into the possible sex-biased effect in this introgression event.  

 

4.4. Taxonomic relevance  

Our genomic analyses showed that L. castroviejoi and L. corsicanus are very genetically 

similar and diverged around 50 KYA. The species are currently classified as distinct 

(Smith et al., 2018), but there is some controversy around their taxonomic status. The 

close genetic and ecological niche similarity has fed some suggestions that these 

species could be classified as varieties of the same species, depending on the species 

concept used (Acevedo et al., 2014; Alves et al., 2008a). 

Whether L. castroviejoi and L. corsicanus are conspecific or heterospecific can be 

something dubious and ambiguous. Our history of divergence inference suggest that no 

gene flow occurred between the species after the split (Appendix 9). These sister taxa 

are indeed genetically similar, with low genetic divergence, but then there is also enough 

genetic structure to segregate them (Figure 2B, Appendix 6). Moreover, L. castroviejoi 

and L. corsicanus diverged recently during Late Pleistocene (~50 kya) (Figure 5, 

Appendix 8), but since their split, they have undergone different introgression events 

impacting them in distinct ways. From their genetic similarity, is plausible to speculate 

that L. castroviejoi and L. corsicanus have not diverged enough to develop reproductive 

incompatibilities. Yet, given their allopatric distribution, we cannot assess whether some 

degree of reproductive isolation exists.  Interpreting L. castroviejoi and L. corsicanus as 

different species or as conspecific status would be both valid, depending on the concept 



      
      

49 

 
 
used. Importantly, these sister taxa represent two endemisms, both having a vulnerable 

conservation status in the IUCN Red List, with L. castroviejoi having a small population 

size and being highly fragmented (Ballesteros & Alves, 2022), with low genetic diversity 

(Costa, unpublished results), while L. corsicanus is in sympatry and competing with L. 

europaeus in mainland Italy, which has likely led to a reduction in their population size 

(Buglione et al., 2018; Buglione et al., 2020). Thus, these endemisms undergo different 

threats and their taxonomic classification should also take this into consideration. 

Overall, our results provide taxonomists with new genetic insights that could be useful 

for an eventual revaluation of the classification status of L. castroviejoi and L. corsicanus. 
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5. Conclusions and Future Prospects 

 

In this study, we shed light on the evolutionary history of the sister L. castroviejoi and L. 

corsicanus. Our results demonstrate the power of whole genome analyses to dissect the 

divergence and genetic exchange between closely related lineages. We inferred that L. 

castroviejoi and L. corsicanus diverged during Late Pleistocene, and had contact with 

different genetic entities after the split. Introgression events in Iberia affected up to 1% 

of the L. castroviejoi genome, evidencing genetic contributions from L. granatensis, L. 

europaeus and L. timidus. Furthermore, we were able to discard the possibility of one 

wave of introgression, detecting instances of L. timidus and L. europaeus genetic 

contribution in L. castroviejoi due to second-hand introgression from L. granatensis. This 

work also integrated L. castroviejoi introgression events into the biogeographic history of 

hares in the Iberian Peninsula, and demonstrated how analysing patterns of 

introgression can be useful to reconstruct the historical dynamics of closely related 

lineages. It has also reinforced the relevance of interspecific gene flow in the evolutionary 

trajectory of species and displayed their semipermeable boundaries.  

In this work, we inferred the admixture history of L. castroviejoi and L. corsicanus by 

using one as the proxy-parental of the other. We detected stronger signals of 

introgression in L. castroviejoi, and thus this study focused more on the characterization 

of these events. Nevertheless, the allele sharing excess between L. castroviejoi and the 

other species has likely masked introgression signs in L. corsicanus. We did detect some 

foreign genetic contribution in L. corsicanus, but the impact of interspecific hybridization 

in this species' genome should be more deeply assessed. Here, we used L. corsicanus 

samples from Corsica, an island where this species was introduced in the sixteenth 

century (Scalera & Angelici, 2003). Future work should incorporate L. corsicanus 

samples from its native range (the Apennines and Sicily), as those specimens could have 

undergone distinct admixture events. Indeed, in mainland Italy, L corsicanus distribution 

is being invaded by L. europaeus, with these two species occurring in sympatry in some 

regions (Buglione et al., 2018; Buglione et al., 2020; Fulgione et al., 2009). Although an 

exploratory analysis based on the mtDNA control-region, 13 autosomal microsatellites 

and 9 autosomal SNPs has not detected signs of hybridization between those species in 

mainland Italy (Mengoni et al., 2015), a deep genomic study still needs to be done in 

order to discard this hypothesis. As L. europaeus is not described in Sicily (Lo Valvo et 

al., 1997; Mengoni et al., 2015), L. corsicanus samples from that island could be used 
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as a proxy parental of the mainland Italy L. corsicanus in analyses to detect introgression 

of L. europaeus. Additionally, the sampling from L. corsicanus native range could also 

clarify ancient introgression events involving this species, since these samples would not 

be “contaminated” by the contacts that L. corsicanus from Corsica had with the other 

introduced species on the island. 

The historical dynamics of Southern European hares are not yet completely resolved. As 

an example, it is uncertain whether the genetic contribution of L. timidus and L. 

europaeus in L. castroviejoi was all due to second-hand introgression by L. granatensis, 

or if there were also instances of direct genetic exchanges. Future analysis could tackle 

this issue by comparing the size of second-hand introgression tracts (tracts with eur/gra 

and tim/gra junctions) with the size of tracts without L. granatensis junctions (eur/cor and 

tim/cor). To consider the whole second-hand introgression tract size, the L. europaeus 

and L. timidus ancestry tracts could be merged with the adjacent L. granatensis tracts. If 

the introgression is only due to second-hand, the distribution of the size tracts with 

eur/cor tim/cor junctions should be the same as the eur/gra tim/gra and L. granatensis 

adjacent tract distribution. A contribution of first-hand introgression (which is expected to 

have occurred before the second-hand), should shift the distribution of tracts with eur/cor 

tim/cor sizes to lower values.  

The driving forces underlying the introgression events between L. castroviejoi and L. 

granatensis remain unclear. To better assess the ancient dynamics between L. 

castroviejoi and L. granatensis introgression, it is important to know the yet poorly 

understood historical distribution of L. castroviejoi. This could be tackled by analysing 

ancient DNA. Indeed, a previous study analysed 5 hare ancient samples from Southern 

France and inferred they were L. granatensis, demonstrating that this species was 

anciently found outside of the Iberian Peninsula and shedding light on their historical 

distribution (Lado et al., 2018). Therefore, a future aDNA study using samples from the 

surrounding areas of L. castroviejoi current distribution could infer whether L. castroviejoi 

was formerly distributed in areas nowadays occupied by L. granatensis, thus shedding 

light on the biogeographic scenario of the introgression between L. castroviejoi and L. 

granatensis. Moreover, to further assess the possible biased assortative mating on the 

L. granatensis L. castroviejoi introgression, a more complete analysis of the L. 

castroviejoi Y chromosome could confirm whether this chromosome was also affected 

by introgression or not, and provide insight on a biased assortative mating scenario. A 

high-quality male L. granatensis reference genome will be assembled in the near future 

(Melo-Ferreira, personal communication), which will enable future work to assess the Y 
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chromosomal introgression in L. castroviejoi. Furthermore, the possible adaptive role of 

the introgressed segments in the L. castroviejoi genome remains poorly resolved. 

Although the functional enrichment analysis did not detect enrichment of a particular 

function, the potential adaptive impact of those introgressed genes cannot yet be 

discarded. Thus, future work should test if those introgression events were driven by 

natural selection. The inference of natural selection signatures along the genomes is 

based on detecting sudden shifts of allele frequencies (Bamshad & Wooding, 2003; 

Stephan, 2016). Therefore, a sample size of at least 15 individuals per species is 

recommended to have more precise allele frequencies and consequently accurate 

inference of selective pressures (Ma et al., 2015). In this work, we only had 5 whole 

genomes of L. castroviejoi and L. corsicanus, which made the detection of selective 

sweeps unreliable. Currently, 12 additional genomes of L. castroviejoi and 15 of L. 

corsicanus were sequenced and will be analysed in future works. With this increase in 

sample size, we will be able to perform genome scans for signatures of selection based 

on de-correlated composite of multiple signals (DCMS) (Ma et al., 2015) and thus infer if 

there were cases of adaptive introgression in L. castroviejoi.  
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7. APPENDIX 

 

Appendix 1 – Mean depth and genotype quality (GQ) per sample for the final vcf dataset. 

Sample Mean 
Depth 

Mean 
GQ 

Lame 27.384 75.270 

Lcas1 14.198 39.555 

Lcas2 8.232 23.535 

Lcas3 6.889 21.080 

Lcas4 6.035 18.391 

Lcas5 7.115 20.556 

Lcor1 17.897 48.700 

Lcor2 8.910 25.496 

Lcor3 9.594 27.180 

Lcor4 7.472 20.214 

Lcor5 9.248 25.815 

Leur1 7.032 22.863 

Leur10 5.542 15.713 

Leur2 8.201 27.097 

Leur3 9.065 28.803 

Leur4 7.835 26.189 

Leur5 11.083 34.632 

Leur6 7.514 20.063 

Leur7 10.867 26.576 

Leur8 10.715 25.678 

Leur9 9.269 20.155 

Lgra1 18.490 53.804 

Lgra10 20.123 58.251 

Lgra2 17.596 52.610 

Lgra3 14.980 43.422 

Lgra4 18.692 53.866 

Lgra5 18.884 55.586 

Lgra6 19.720 57.000 

Lgra7 19.817 60.223 

Lgra8 15.312 45.963 

Lgra9 14.660 43.491 

Ltim1 22.591 67.264 

Ltim2 16.746 51.877 

Ltim3 18.550 57.349 

Ltim4 21.091 63.552 
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Appendix 2 - List of samples and their role in the ELAI models performed. 

Model 1 Model 2 

Target/Source Species Sample Target/Source Species Sample 

Target L. castroviejoi Lcas1 Target L.corsicanus Lcor1 

Target L. castroviejoi Lcas2 Target L.corsicanus Lcor2 

Target L. castroviejoi Lcas3 Target L.corsicanus Lcor3 

Target L. castroviejoi Lcas4 Target L.corsicanus Lcor4 

Target L. castroviejoi Lcas5 Target L.corsicanus Lcor5 

Source L.corsicanus Lcor1 Source L. castroviejoi Lcas1 

Source L.corsicanus Lcor3 Source L. castroviejoi Lcas3 

Source L.corsicanus Lcor5 Source L. castroviejoi Lcas5 

Source L. granatensis Lgra1 Source L. granatensis Lgra1 

Source L. granatensis Lgra4 Source L. granatensis Lgra4 

Source L. granatensis Lgra5 Source L. granatensis Lgra5 

Source L. europaeus Leur6 Source L. europaeus Leur6 

Source L. europaeus Leur9 Source L. europaeus Leur9 

Source L. europaeus Leur10 Source L. europaeus Leur10 

Source L. timidus Ltim1 Source L. timidus Ltim1 

Source L. timidus Ltim3 Source L. timidus Ltim3 

Source L. timidus Ltim4 Source L. timidus Ltim4 
 

Appendix 3 - Relatedness analysis and info regarding the values. 

Values Info 

>0.354 duplicate samples/monozygotic twins 

0.177–0.354 1
st

  degree relatives 

0.0884–0.177 2
nd

  degree relatives 

0.0442–0.0884 3
rd

  degree relatives 

< 0.0442 unrelated 

IND 1 IND 2 
RELATEDNESS 

PHI 

Lcas1 Lcas2 -0.0454 

Lcas1 Lcas3 -0.1038 

Lcas1 Lcas4 -0.1089 

Lcas1 Lcas5 -0.0233 

Lcas2 Lcas3 -0.1490 

Lcas2 Lcas4 -0.1653 

Lcas2 Lcas5 -0.0771 

Lcas3 Lcas4 0.1628 

Lcas3 Lcas5 -0.1658 

Lcas4 Lcas5 -0.1733 

Lcor1 Lcor2 -0.1170 

Lcor1 Lcor3 -0.2649 

Lcor1 Lcor4 -0.2013 

Lcor1 Lcor5 -0.2132 

Lcor2 Lcor3 -0.1353 

Lcor2 Lcor4 -0.1265 

Lcor2 Lcor5 -0.1542 

Lcor3 Lcor4 -0.2025 



      
      

67 

 
 

 

 

 

Appendix 4 - Principal Component Analysis (PCA): (A) – European species + outgroup (L. americanus), PC1 PC2; (B) – 
European Species + outgroup (L. americanus), PC1 PC3; (C) – European species, PC1 PC3; (D) – L. castroviejoi and L. 
corsicanus, PC1 PC3; (E) – L. castroviejoi and L. corsicanus without Lcas4, PC1 PC2; (F) – L. castroviejoi and L. 

corsicanus without Lcas4, PC1 PC3. 

 

Lcor3 Lcor5 -0.175566 

Lcor4 Lcor5 -0.179298 
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Appendix 5 - Cross-validation errors for the K values calculated in the European hare species Admixture analysis for all 
chromosomes. 
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Appendix 6 - Chromosome 20 Admixture analysis for European hare species for K= 2, 3, 4, 5, 6, 7, and their cross-
validation errors, inferred with ADMIXTURE. 
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Appendix 7 - Maximum likelihood phylogeny inferred using Treemix using L. americanus as the outgroup. (A) – model 

without migrations; (B) – model with 1 migration event; (C) – model with 2 migration events; (D) – model with 3 migration 
events; © – model with 4 migration events; (F) model with 5 migration events. 
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Appendix 8 - PSMC inference of L. castroviejoi and L. corsicanus demographic profiles (A) and a zoom-in on the 

effective population size oscillations under 30x104  (B). 

 

Appendix 9 - Demographic parameters inferred with G-PhoCS for the history of divergence between L. castroviejoi (lcas) 
and L. corsicanus (lcor) for a model with and without post-split gene flow (A) and for the divergence between L. castroviejoi 
and L. granatensis using a model with post-split gene flow (B). Conversions of raw estimates were done by using a 

generation time of two years and and a mutation rate µ = 2.8 x 10-9 substitutions/site/generation. Mean values of estimated 
parameters are presented with 95% HPD intervals in parentheses. 

(A) 

G-PhoCS 

parameter 

Demographic parameter (95% HPD interval) 

Model without gene flow Model with gene flow 

theta lcor 
18 232 (14 688 -  21 876) diploid 

individuals 

17 304 (13 607 – 21 234) diploid 

individuals 

theta lcas 
15 571 (12 473 – 18 748) diploid 

individuals 

14 705 (11 558 – 17 989) diploid 

individuals 

theta root 
158 143 (122 179 – 218 063) diploid 

individuals 

158 759 (139 022 – 178 671) diploid 

individuals 

tau root 47 000 (30 650 – 66 493) generations 43 214 (35 543 – 50 986) generations 

m lcas > lcor - 0 migrants/generation 

m lcor > lcas - 0 migrants/generation 
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(B) 

G-PhoCS 

parameter 

Demographic parameter (95% HPD interval) 

model with gene flow 

theta lgra 326 527 (306 674 – 347 258) diploid individuals 

theta lcas 52 857 (47 037 – 58 830) diploid individuals 

theta root 730 982 (664 230 – 801 091) diploid individuals 

tau root 455 286 (420 071 – 489 936) generations 

m lcor > lgra 6.2 E-16 (0 – 5.6 E-13) migrants/generation 

 

Appendix 10 - Genome scan Dxy distances based on 82,478 25kb window-based values. Dashed line marks the top 
0.1% values. 

 

Appendix 11 - Admixture f3-statistics where pop A is the result of admixture between pop B and pop C. The more negative 

the f3 value result, more likely admixture event. 

f3 

Pop A Pop B Pop C f3 statistics S.E. Z-score 

Lcas Lgra Lcor 0.00669 9.25E-05 72.306 

Lcas Ltim Lcor 0.00745 8.38E-05 88.841 

Lcor Lame Lcas 0.00749 9.95E-05 75.322 

Lcor Lcas Leur 0.00761 9.42E-05 80.805 

Lcas Lcor Leur 0.00770 8.93E-05 86.132 

Lcas Lame Lcor 0.00781 9.04E-05 86.415 

Lcor Ltim Lcas 0.00786 1.10E-04 71.202 

Lcor Lcas Lgra 0.00861 1.42E-04 60.515 

Lcas Ltim Leur 0.13248 0.000317 417.738 
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Lcor Ltim Leur 0.13264 3.09E-04 429.140 

Lcor Lame Leur 0.13282 2.80E-04 474.798 

Lcas Lame Leur 0.13303 2.89E-04 459.690 

Lcas Lgra Leur 0.14056 3.01E-04 466.644 

Lcor Lgra Leur 0.14148 2.70E-04 523.640 

Lcas Lame Lgra 0.14763 3.33E-04 442.876 

Lcor Lame Lgra 0.14843 3.06E-04 485.283 

Lcas Ltim Lame 0.14891 3.56E-04 418.341 

Lcor Ltim Lame 0.14895 3.43E-04 433.891 

Lcas Ltim Lgra 0.16699 4.01E-04 416.796 

Lcor Ltim Lgra 0.16816 3.80E-04 442.172 

 

 

Appendix 12 - f4 statistics based on the topology (A,B)(C,D). Negative values indicates gene flow between C,B or D,A. 

Positive values imply gene flow between A,C or B,D. Lame – L. americanus; Lgra – L. granatensis; Lcas – L. castroviejoi; 
Lcor – L. corsicanus; Ltim – L. timidus; Leur – L. europaeus. 

f4 

Pop A Pop B Pop C Pop D 
f4 

statistics 
S.E. Z-score 

Lame Lgra Lcas Lcor -0.00112 7.86E-05 -14.29 

Ltim Lgra Lcas Lcor -0.00076 6.07E-05 -12.51 

Lame Leur Lcas Lcor -0.00012 4.25E-05 -2.75 

Ltim Leur Lcas Lcor 0.00025 5.06E-05 4.89 

Ltim Lame Lcas Lcor 0.00037 5.14E-05 7.10 
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Appendix 13 - TWISST analysis on dataset consisting on L. castroviejoi, L. corsicanus, L. granatensis, L. americanus. 

 

 

Appendix 14 - Genome wide fdM values for the model P1 – L. corsicanus, P2 – L. castroviejoi, O – L. americanus, and 
two P3 tested: (A)  P3 – L. timidus and (B) L. europaeus. Positive values suggest geneflow between P2 and P3, while 

negative values indicate gene flow P1 and P3. 
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Appendix 15 - Elai ancestry proportions per chromosome, and the number of used SNPs per chromosome. 

Chr 

Ancestry 

Nº of SNPs 

L. corsicanus L. granatensis L. europaeus L. timidus 

chr1 0.99053 0.00720 0.00027 0.00180 1 869 296 

chr2 0.99240 0.00647 0.00000 0.00113 1 678 349 

chr3 0.99553 0.00447 0.00000 0.00007 1 536 998 

chr4 0.99293 0.00600 0.00000 0.00100 856 761 

chr5 0.99407 0.00580 0.00000 0.00020 382 098 

chr6 0.96120 0.01620 0.00293 0.01967 297 938 

chr7 0.98387 0.01573 0.00000 0.00060 1 632 258 

chr8 0.98900 0.01033 0.00000 0.00080 1 151 088 

chr9 0.98920 0.01027 0.00000 0.00040 1 213 303 

chr10 0.97580 0.02313 0.00000 0.00113 505 446 

chr11 0.99480 0.00487 0.00000 0.00040 848 637 

chr12 0.98607 0.00867 0.00387 0.00113 1 478 759 

chr13 0.99000 0.00820 0.00007 0.00160 1 365 843 

chr14 0.99647 0.00353 0.00000 0.00000 1 528 081 

chr15 0.99027 0.00947 0.00000 0.00033 1 028 676 

chr16 0.99567 0.00360 0.00000 0.00087 845 652 

chr17 0.99400 0.00480 0.00000 0.00107 784 310 

chr18 0.99133 0.00853 0.00000 0.00000 715 408 

chr19 0.99360 0.00500 0.00127 0.00013 566 045 

chr20 0.98340 0.01587 0.00060 0.00000 323 900 

chr21 0.99373 0.00620 0.00007 0.00000 144 657 

 

Appendix 16 - Number of L. europaeus and L. timidus Elai inferred junctions per sample. tim: L. timidus; eur: L. europaeus; 
gra: L. granatensis; cor: L. corsicanus; cas: L. castroviejoi. 

sample 
L.timidus junctions 

tim/cor % tim/cor tim/gra % tim/gra tim/eur % tim/eur total 

Lcas1 164 85.0 29 15.0 0 0 193 

Lcas2 117 90.7 12 9.3 0 0 129 

Lcas3 98 83.8 19 16.2 0 0 117 

Lcas4 91 82.7 19 17.3 0 0 110 

Lcas5 96 94.1 6 5.9 0 0 102 
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Appendix 17 – Elai ancestry proportions with L. corsicanus as target. 

ind L. castroviejoi L. granatensis L. europaeus L. timidus 

Lcor1 99.888% 0.013% 0.016% 0.039% 

Lcor2 99.903% 0.015% 0.015% 0.033% 

Lcor3 99.894% 0.019% 0.017% 0.034% 

Lcor4 99.859% 0.016% 0.056% 0.033% 

Lcor5 99.896% 0.020% 0.017% 0.030% 

Overall 99.888% 0.017% 0.024% 0.034% 

 

Appendix 18 - List of genes inspected in the Enrichment analysis and their inferred function. 

Chr Start End Gene name Function 

1 15441317 15579207 TSTD2  

1 15546196 15702310 TDRD7 
biological regulation, regulation of 

biological process 

1 15634894 15687161 ENSOCUG00000029006  

1 72045287 72127497 NAA35 
biological regulation, regulation of 

biological process, regulation of cellular 
process 

1 72131198 72165745 GOLM1 
biological regulation, regulation of 

biological process 

1 78359996 78439013 SEMA4D 

biological regulation, regulation of 
biological process, regulation of cellular 
process, cell communication, signaling, 

signal transduction 

1 79041952 79049783 ENSOCUG00000022990 biological regulation 

1 79074761 79146826 SPIN1 

biological regulation, regulation of 
biological process, regulation of cellular 
process, cell communication, signaling, 

signal transduction 

1 98635213 98636307 ENSOCUG00000038181  

1 100570515 100602524 ENSOCUG00000038611  

1 147119401 147120476 ENSOCUG00000028163  

1 187613766 187614669 ENSOCUG00000035290  

1 187693360 187694262 ENSOCUG00000030075 

biological regulation, regulation of 
biological process, regulation of cellular 
process, cell communication, signaling, 

signal transduction 

1 187725519 187726448 ENSOCUG00000024711 
biological regulation, regulation of 

biological process, regulation of cellular 

sample 
L.europaeus junctions 

eur/cor % eur/cor eur/gra % eur/gra eur/tim % eur/tim total 

Lcas1 50 90.9 5 9.1 0 0 55 

Lcas2 29 96.7 1 3.3 0 0 30 

Lcas3 23 92.0 2 8.0 0 0 25 

Lcas4 28 96.6 1 3.4 0 0 29 

Lcas5 27 96.4 1 3.6 0 0 28 
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process, cell communication, signaling, 
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