N
N

N

HAL

open science

Using genomic tools to understand species
differentiation and admixture in hares and mice

Joao Pedro Nogueira Marques

» To cite this version:

Jodo Pedro Nogueira Marques. Using genomic tools to understand species differentiation and admix-
ture in hares and mice. Genomics [q-bio.GN]. Université de Montpellier; Universidade do Porto, 2022.

English. NNT: 2022UMONGO010 . tel-03770221

HAL Id: tel-03770221
https://theses.hal.science/tel-03770221

Submitted on 6 Sep 2022

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

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


https://theses.hal.science/tel-03770221
https://hal.archives-ouvertes.fr

THESE POUR OBTENIR LE GRADE DE DOCTEUR
DE L’'UNIVERSITE DE MONTPELLIER

En génétique et génomique
Ecole doctorale GAIA
Unité de recherche ISEM (Institut des Sciences de I'Evolution Montpellier)

En partenariat international avec Faculdade de Ciéncias da Universidade do Porto, Portugal

Using genomic tools to understand species differentiation and
admixture in hares and mice

Utilisation des outils génomiques pour comprendre la différenciation
et le mélange des especes chez les lievres et les souris

Présentée par Joao Pedro MARQUES
Le 19 avril 2022

Sous la direction de Pierre BOURSOT
et José MELO-FERREIRA

Devant le jury composé de

Stéphane BOISSINOT, Professeur, NYU Abu Dhabi Présidente du jury et
Rapporteur

Lounés CHIKHI, Directeur de recherche, CNRS Rapporteur

Pierre BOURSOT, Directeur de recherche, ISEM - CNRS Directeur de thése

Paulo Célio ALVES, Maitre de conférences (Equivalent), BIOPOLIS et Universidade do Porto Membre du jury

Pierre-André CROCHET, Directeur de recherche, CEFE - CNRS Membre du jury

Catarina PINHO, chargé de recherche, CIBIO-BIOPOLIS et Universidade do Porto Membre du jury

Vitor SOUSA, Maitre de conférences (Equivalent), CE3C et Universidade de Lisboa Membre du jury

UNIVERSITE
DE MONTPELLIER







[BAPORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

OLY0JiN

92IW pue saley Ul aiNjXIWpPe pue uoijeualayip
saloads puejsiapun 0} sjoo} sjwouab Buisn

sanbJepy eslanboN oipad ogor

3

[APORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

e UNIVERSITE

&A% DE MONTPELLIER ;:

Using genomic U

tools to
understand
species
differentiation and
admixture in hares

and mice (

Joao Pedro Nogueira Marques

Tese de Doutoramento apresentada a

Faculdade de Ciéncias da Universidade do Porto e
Université Montpellier

Biodiversidade, Genética e Evolugao

2022







FCUP and U. Montpellier
Using genomic tools to understand species differentiation and admixture
in hares and mice

Foreword

In compliance with the no. 2 of article 4 of the General Regulation of Third Cycles
of the University of Porto and with the article 31 of the Decree-Law no. 74/2006, of March,
with the alteration introduced by the Decree-Law no. 230.2009, of 14 September, the
results of previously published work were totally used and included in some of the
chapters of this dissertation. As this work was performed in collaboration with other
authors, the candidate clarifies that he participated in obtaining, interpreting, analysing,
and discussing the results, as well in the writing the published forms.

The candidate was financially supported by Fundacao para a Ciéncia e a
Tecnologia (FCT) through the attribution of a PhD fellowship (SFRH/BD/115089/2016),
funded by POPH-QREN funds from the European Social Fund. Support was also
obtained from the research project HybridChange (reference PTDC/BIA-
EVL/1307/2020) funded by national funds through FCT. Additional support was obtained
from the Portugal-France bilateral cooperation programs PESSOA (FCT in Portugal;
Ministére de I'Europe et des Affaires etrangéres (MEAE) and Ministére de I'Education
nationale, de I'Enseignement sup erieur et de la Recherche (MESRI) in France), and
Cotutelles/Cotutelas PESSOA (FCT through Conselho de Reitores das Universidades
Portuguesas in Portugal; MEAE and MESRI through Conference des Présidents
d’Université in France). Support was also obtained from French CNRS-InEE 5institut
Ecologie et Environnement) through the LIA (Laboratoire International Associé), then
IRP (International Research Project) “Biodiversity and Evolution”. Candidate training was
supported by the two doctoral schools: GAIA - UM and BioDiv — FCUP, and additionally
by Universitat Leipzig to attend the “6" Programming for evolutionary biologists” in 2017
and Evomics to attend the “2018 Workshop on population and speciation genomics” at
Cesky Krumlov. Whole genome sequencing data was collected in the frame of the
HybridAdapt project jointly funded by FCT (reference FCT-ANR/BIA-EVF/0250/2012)
and by the French Agence Nationale de la Recherche (reference ANR-12-ISV7-0002-
01). Advisor José Melo-Ferreira was supported by FCT via IF (IF/00033/2014) and CEEC
(CEECIND/00372/2018) contracts.

Additional support is listed in each respective chapter.

l 4 ) PORTUGAL UNIAOC EUROPEIA Fundagio
NORTE2 15020 FCT =
'S REPUBLICA
€9 Forrvautsa IF . POGCH 1§
CIENCIA, TECNOLOGIA INVESTIGADOR POR'FO =% UNIVERSITE g Ny
E ENSINO SUPERIOR FET = - % DE MONTPELLIER

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO



ii | FCUP and U. Montpellier
Using genomic tools to understand species differentiation and
admixture in hares and mice



FCUP and U. Montpellier
Using genomic tools to understand species differentiation and admixture
in hares and mice

Acknowledgements

| barely remember my life before being a PhD student! The (long) years during which
| developed the work present in this dissertation were not only a period of great
professional development but also of tremendous change and personal growth. The
journey was tortuous, with immense obstacles and this work would not have been
possible without the support and joint effort of several people (mentioned or not along

this document) and to all of them | offer my sincere “Obrigado! Thank You! Merci!”.

Ao meu orientador e Amigo, José Melo-Ferreira. Obrigado por todo o apoio
profissional, mas também pessoal que me deste. Durante estes Ultimos anos foste a
ancora que me manteve agarrado a ciéncia, mesmo quando as coisas nao corriam como
planeavamos ou quando entrava nos meus exageros. Nas nossas reunides infindaveis,
mas também nas futeboladas ou nos festejos de mais uma conquista. Que continuemos
a colaborar e a produzir boa ciéncia, mas também 6&timos momentos para la do

“trabalho”.

A toi Pierre, pour tout ton soutien. Pour I'enthousiasme avec lequel tu parles de sujets
scientifiques, pour les enseignements incroyables, pour tout I'accompagnement a
Montpellier. Merci pour ta patience a corriger mes fautes d’orthographe et de
prononciation. Merci aussi pour ces moments ou jai quitté nos réunions avec un
sentiment d'incompétence totale, ils étaient et seront indispensables pour étre meilleur

(personne et chercheur)!

To both of you, who were always with me along the way, | genuinely thank you for
being exceptional persons and scientists. | felt lucky to have been guided by two
excellent role models. And | aspire one day to think as sharply and clearly as you, to
have my own team, develop my own projects and guide others as you do. Our (never-
ending) meetings, discussions and your feedback were crucial for the progress of my
work and to the improvement of my scientific knowledge. All your enthusiasm,
recognitions, supportive words but also criticisms were essential to persuade me to
continue and to finish this immense chapter of my (our) life. Thank you and | am sure

that we will keep working together! This is just the beginning!



iv | FCUP and U. Montpellier
Using genomic tools to understand species differentiation and
admixture in hares and mice

Je souhaiterais également remercier les membres de mon comité de thése, Pierre-
Alexandre Gagnaire, Camille Roux et Mathieu Joron. Merci d’avoir accepté de faire
partie de mon jury et pour vos conseils et les discussions qui m’ont permis d’avoir de

nouvelles idées.

Ao Professor Paulo Célio, ao Rui Faria, a Catarina Pinho, ao Bruno Louro e ao Marco
Campinho porque me permitiram chegar onde estou hoje e porque acreditaram em mim
quando ainda nada de relevante tinha feito. Ao Paulo um agradecimento especial por
ter visto para além de um elemento para jogar a bola, por ter acreditado mais do que
ninguém (inclusivé eu proéprio) que podia um dia fazer este doutoramento e claro por me
ter apresentado os meus orientadores. Acrecento ainda um muito obrigado a Graciela
Sotelo, Pedro Esteves, Miguel Carneiro, Filipe Castro, Martim Melo e a Teresa pelos
inimeros bons momentos que tivemos e que foram muito para la das discussoes

cientificas, mas que sao tao ou mais importantes!

To past and current members of the EVOCHANGE group, a very big thank you for
being such great colleagues and for dealing with my criticism and obsession with
technical details. Our discussions and your insights were always important for my work,
and | have learned so much from you. Thank you for the feedback, support, suggestions
and patience along the last years. | sincerely miss seeing you all in person every day
and having beers at Teresa’s bar after a group achievement! Hope this time gets back
soon. Merci aussi a Paul Saunders, Pierre Paulus et Guyléne Soula. Vous avez rendu

mon séjour a Montpellier trés facile et plus agréable!

| also thank the institutions or entities that contributed to the work developed in this
thesis. Those include, CIBIO, Universidade do Porto, BIODIV, ISEM, Université
Montpelllier, GAIA, CNRS, FCT, CampusFrance, CRUP, LIA, BioPolis, Universitat

Leipzig, Evomics and many others that due to exhaustion | forgot to mention.

A professora Natalia Ferreira e ao fantastico grupo de alunos da escola secundaria
de Rio Tinto, ao Luis, ao Joao (Rocha e Saravia), ao Miguel, a Ana, a Cristina, a Catarina
e ao Bernardo um especial obrigado por me obrigarem a ser melhor comunicador de
ciéncia e me relembrarem que de nada vale o que possa descobrir se ndo o disser aos

outros.



FCUP and U. Montpellier
Using genomic tools to understand species differentiation and admixture
in hares and mice

To the wonderful people | met in Leipzig and Czesky Krumlov with whom | learned
so much and | had so much fun. | miss you all, and | keep hoping we can further
collaborate in the near future! To the Bad Bromance team and particularly to Cerca a

special thank you! It was really a pleasure to work and have fun with all of you!

On a (even) more personal remark, | would also like to thank the friends that were

with me along the way.

To the guys of “Barracdes”, d’'O Clube and BIODIV a special thank you! You maid
this journey much funnier and easier! Most of you are way more than colleagues and |

miss you all!

Aos amigos de sempre e para sempre, 0 meu MUITO obrigado por estarem sempre
Ia! Nos bons, mas especialmente nos maus momentos! Por me permitirem descontrair
e divertir, mas especialmente por me relembrarem que existe imenso mundo para além

destas paginas! Por serem a familia que escolhi (ou que me escolheu)!

A ti que demasiado cedo nos deixaste e que desmoronaste o0 meu mundo como
nunca ninguém o tinha feito. Sempre foste um exemplo de perseveranca, de luta por
mais e melhor, e sempre me ensentivaste a ser uma pessoa melhor! Sei que estaras
sempre comigo porque assim o vou garantir! E enquanto depender de mim nao seras

esquecido, mas sim relembrado!

Agradeco também a minha familia, que sdo a razdo da minha existéncia e o meu
alicerce. Em particular, obrigada aos meus pais, irmao, avés, padrinhos, tios e primos
que durante os ultimos anos tiveram de conviver com as minhas auséncias e por vezes

“alheamentos” por estar a divagar nos meus pensamentos.

Finalmente, a ti, e a nossa Inés! Simplesmente OBRIGADO...vocés sao

TUDO e espero vos poder dar agora a atengao devida!

Sem vocés todos nada disto seria possivel!

Vv



vi [ FCUP and U. Montpellier
Using genomic tools to understand species differentiation and
admixture in hares and mice



FCUP and U. Montpellier
Using genomic tools to understand species differentiation and admixture
in hares and mice

Summary

Speciation is undoubtedly an important process in generating biodiversity over
evolutionary timescales. It is therefore important to understand the underlying
evolutionary mechanisms leading to speciation, but also the potential limits of this
somewhat arbitrary classification in describing fully the patrimony of genetic variation

available for evolution to occur.

Although species are described as discrete entities, the process that leads to their
formation is continuous and gradual, and there is increasing evidence that genetic
exchanges can continue to occur along the process, and/or even after it is well advanced,
i.e. after hybrids have reduced fertility or viability. Therefore, understanding the evolution
of the diversification of life needs, on the one hand, to unravel the mechanisms leading
to reproductive isolation, i.e. determining what part of the genetic divergence between
species is contributing to making them reproductively isolated, and what evolutionary
forces have led to such divergence: mutation and drift linked to
demography/biogeography, as well as selection, be it positive or negative, adaptive or
non-adaptive (the latter caused by genetic conflicts resulting from selfish genetic
elements). On the other hand, we also need to understand the possible consequences
of these apparently frequent genetic exchanges on the evolution of species: to what
extent do they participate in adaptation (and potentially to speciation), or on the contrary

constitute an evolutionary burden?

In this context, situations of hybridization/admixture between diverged
populations, that we would tend to call species, offer interesting natural (or artificial)
laboratories to address the two aspects. Modern genomic techniques and statistical
developments hold promise of the possibility to infer the genomic landscape of admixture
(i.e. to infer the ancestry of every position in the genome of an admixed population), and
to infer the evolutionary forces that have determined these genomic patterns (i.e.
inferring the influence and intensity of positive or negative selection on local patterns).
Major advances in this direction have come from human population genetics, because
of the enormous amount of highest quality genomic data available in very large samples.

However, studies on other species cannot generally access the full power of the
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developed methods, and must rely on more indirect and less powerful inferences. In all
cases however, going from patterns to processes is a complex task for several reasons:
first, the landscapes of differentiation and admixture are influenced by stochastic and/or
poorly documented processes (respectively mutation and drift, and past
demography/biogeography). Second, the different positions in the genome do not evolve
independently from one another, because of genetic linkage causing interference
between the different evolutionary forces that operate at different sites (positive or
negative selection of various intensities). Furthermore, the degree of linkage varies with
the amount of recombination, which is variable along the genome, as can be mutation
rates as well. Finally, such genomic scans are generally operated independently of any
link between phenotype and genotype. Although they may suggest candidate genomic
regions for selectively driven reduced or enhanced introgression, the origin of selection
can at best sometimes be suggested through the function of the genes concerned.
However, since phenotypic scan is most often out of reach, there is a promise that the
functions of the genomic regions concerned be suggestive of the biological processes
and traits subject to the selective pressures inferred. Additionally, comparative studies
on replicates or on different species can also be suggestive of categories of functions

that appear to be often involved in reproductive isolation or adaptive introgression.

The present thesis has brought contributions of various nature to the issues
mentioned above, on two different biological models with documented hybridization

between closely related taxa: hares (Lepus spp.) and mice (Mus musculus).

First, this work has contributed to the development of the genomic resources
available to study hare population genomics, by providing the first de novo assembly of
a hare genome (for the mountain hare, Lepus timidus), and assessing its utility as
compared to the rabbit assembly, previously available. We have also generated the first
mountain hare transcriptome, and the most complete among the currently available
Lepus transcriptomes. In combination with published data on the European brown hare
(L. europaeus), we pinpointed candidate fixed differences between the two species that

can be used to build genotyping tools to monitor gene exchange in contact zones.

Second, we have contributed to the understanding of the documented massive
introgression of the mitochondrial genome from the mountain hare to the Iberian hare (L.
granatensis), by reconstructing the post-glacial demographic dynamics of the latter
species using Single Nucleotide Polymorphism data. We demonstrated that this

introgression occurred at the favor of the invasive replacement of the donor species by
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the recipient one during the last deglaciation, thus showing the importance of

demographic and biogeographic history in driving introgression.

Third, studying the house mouse (Mus musculus), we analyzed whole genome
sequences from several populations in Iran and demonstrated the existence in Central
Iran of a population resulting from extensive past admixture of two subspecies (M. m.
domesticus and M. m. musculus) that, in contrast, form in Europe a tension zone
attesting reproductive isolation . Studying the variations of levels of admixture along the
genome in this hybrid Iranian population has stzrted to shed light on the genomic
architecture and functional origin of reproductive isolation.. Our analyses also suggest a

selective advantage of non-domesticus Y chromosome in this context of admixture.

Fourth, we discover in NW Iran geographic region where mice are predominantly of
domesticus ancestry, although admixed with musculus. However, a musculus-like Y
chromosome is fixed in this region. We searched for genes of the X chromosome and
the autosomes showing similar massive introgression and found an enrichment on male
fertility associated genes. Furthermore, we tested the potential link of Y introgression
with an arms-race between ampliconic regions on the X and Y chromosomesknown to
antagonistically affect the sex-ratio in a dosage-dependent manner.. We found the
correlation between copy numbers of Y and X ampliconic families (Sly/Six) expected to
result from such a conflict. We show that the musculus Y invasion seems to have
occurred in all regions of subspieces admixture but not outside, suggesting that this

genomic conflict is not the only cause of this massive introgression..

Overall, the biological models presented in this thesis promise to be important
case studies that may constitute key elements for the clarification of the determinants

and consequences of admixture and introgression between species.

Keywords
Genomic resources, Speciation Genomics, Introgression, Genomic incompatibilities,

Sex chromosomes
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Sumario

A especiacdo é um dos mais importantes processos que leva a geragao de
biodiversidade ao longo do tempo evolutivo. E, portanto, um tema importante em
biologia evolutiva compreender quais 0s mecanismos evolutivos por detras da formacao
das espécies, mas também perceber os potenciais limites da classificacdo simplista das
espécies para descrever de uma forma completa o patriménio genético disponivel para

que a evolugao se desenrole.

Apesar da espécie ser geralmente descrita como entidade discreta, os processos
evolutivos que levam a sua formacao sao continuos e graduais, e ha evidéncia cientifica
substancial de que trocas genéticas podem continuar a ocorrer ao longo de todo o
processo de especiagcdo, mesmo quando este se encontra em fases bastante
avancadas, i.e. mesmo quando os hibridos apresentam reduzida fertilidade e
viabilidade. Deste modo, compreender o processo evolutivo que leva a formacgao e
diversificagdo das espécies requer por um lado desvendar os mecanismos que levam
ao isolamento reprodutivo, ou seja, que parte da divergéncia genética entre as espécies
contribuiu para torna-las isoladas reprodutivamente e quais as forgas evolutivas que
originaram essa mesma divergéncia: mutacdo e deriva genética ligadas a
demografia/biogeografia, bem como a selecao, seja ela positiva ou negativa, adaptativa
ou nao adaptativa (neste ultimo caso causada por conflitos genéticos decorrentes de
elementos genéticos egoistas). Por outro lado, requer também perceber as possiveis
consequéncias das aparentemente frequentes trocas genéticas entre as espécies
durante a sua evolugao: de que forma serao estas fundamentais para a sua adaptacao

(e potencialmente especiacao), ou se pelo contrario constituem um fardo evolutivo.

Neste contexto, fendmenos de hibridagdo/mistura genética entre populacdes
divergentes, as quais habitualmente chamamos espécies, oferecem um interessante
laboratério natural (ou nalguns casos artificial) para o estudo destes dois aspetos. O
desenvolvimento de modernas tecnologias de sequenciagao genémica e os recentes
avancos metodoldgicos que permitem maximizar a sua analise, prometem permitir inferir
a paisagem gendmica da mistura genética entre espécies, i.e. inferir a ancestralidade
ao longo do genoma de populagdes resultantes da mistura de duas ou mais entidades

divergentes) e identificar as forcas evolutivas responsaveis pelo padrao inferido (i.e.

Xi
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inferir a influéncia e intensidade da selegdo, positiva ou negativa, nos padroes
genomicos locais de variacao). Os maiores avangos cientificos nesta direcao resultam
do estudo da genética populacional humana devido a quantidade e qualidade de dados
genodmicos em amostras populacionais grandes. Contudo, estudos noutras espécies
nao conseguem ainda na generalidade aceder ao potencial completo dos métodos
desenvolvidos, e dependem de inferéncias indiretas e com menor poder. Em qualquer
caso, passar da descricao de padrdes para a inferéncia de processos € uma tarefa
complexa por diversas razdes: em primeiro lugar porque os padroes de diferenciagao e
mistura ao longo do genoma sao influenciados por processos estocasticos ou raramente
bem documentados (p.e. mutacao, deriva genética, demografia/biogeografia passada).
Em segundo lugar, as posicoes ao longo do genoma nao evoluem de forma
completamente independente, uma vez que o desequilibrio de ligacdo causa
interferéncia entre as diferentes forgas evolutivas que atuam em diferentes regides do
genoma (selegéo positiva ou negativa com diferentes intensidades). A situacéo € ainda
mais complexa porque o grau de desequilibrio de ligacdo varia com a taxa de
recombinagdo, que também é variavel ao longo do genoma, assim como as taxas de
mutacdo. Por ultimo, a maioria dos estudos genomicos é realizado sem que haja o
conhecimento da ligagéo entre o gendtipo e o fendtipo. Ou seja, ainda que os resultados
destes estudos possam sugerir regides gendomicas candidatas a promover ou impedir
introgressao, a origem da selecdo é muitas vezes apenas sugerida pela fungdo dos
genes envolvidos. No entanto, uma vez que analises funcionais estdo muitas vezes fora
do alcance, existe a expectativa de que as fungdes das regides gendmicas em questao
sejam, em alguns casos, claramente sugestivas dos processos biolégicos e dos
fendtipos sujeitos as pressodes seletivas. Neste sentido, estudos comparativos entre
réplicas do mesmo processo ou em diferentes espécies poderdao permitir identificar
categorias de fungbes que poderédo estar frequentemente envolvidas no isolamento

reprodutivo ou introgressao adaptativa.

A presente tese trouxe contribuicdes de diferentes naturezas sobre as questdes
levantadas em cima, em dois modelos biolégicos com evidéncias bem documentadas
de hibridagédo entre taxa evolutivamente proximos: lebres (Lepus spp.) e ratos (Mus
musculus). Em primeiro lugar, este trabalho contribuiu para o desenvolvimento de
recursos genomicos para o estudo populacional em lebres, através da produgao do
primeiro genoma de referéncia reconstruido de novo de uma espécie de lebre (a lebre
variavel, Lepus timidus). Foi realizada uma avaliagdo da sua utilidade para estudos nas

lebres em comparacédo com a utilizagdo do genoma de coelho que era, até entdo, o
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genoma referéncia mais proxima disponivel. Foi também produzido o primeiro
transcriptoma da lebre variavel, sendo a data o transcriptoma mais completo de uma
espécie de lebre. Em combinagdo com dados de lebre europeia (L. europaeus)
previamente publicados, identificdAmos diferencas gendmicas fixadas entre as duas
espécies que poderao ser utilizadas na producao de ferramentas de monitorizacao de

hibridagdo em zonas de contacto.

Em segundo lugar contribuimos para o entendimento de uma introgresséo
comprovada e massiva do genoma mitocondrial da lebre varidvel para a lebre Ibérica
(L. granatensis), reconstruindo as dindmicas demograficas pds-glaciares desta ultima,
através da analise de polimorfismos nucleotidicos simples ao longo do genoma. Este
trabalho demonstrou que esta introgress&o ocorreu a favor do sentido geografico da
invasdo e substituicAo da espécie dadora pela recetora durante a deglaciagao,
mostrando assim a importancia da demografia e historia biogeografica na promogao de

introgresséo entre espécies.

Em terceiro lugar, estudando o rato doméstico, analisamos dados de genomas
completos e demonstramos a existéncia de uma populacédo resultante da mistura
ancestral de duas subespécies que estdo geneticamente isoladas no presente. Estudar
0 mosaico de ancestralidade ao longo do genoma da populagao hibrida do Centro do
Irdo permitira estabelecer potenciais candidatos ligados ao isolamento reprodutivo. As
nossas analises sugerem ainda uma desvantagem seletiva do cromossoma Y de

domesticus em cenarios que envolvem mistura de linhagens.

Em quarto lugar, apesar do envolvimento geralmente pronunciado dos
cromossomas sexuais no isolamento reprodutivo entre espécies, usando dados de
genomas completos demonstramos um caso de extensa introgressdo do cromossoma
Y de uma subespécie de ratinho noutra. Este modelo foi entdo usado para identificar
regides do cromossoma X e dos autossomas que potencialmente coevoluiram com o
cromosoma Y introgredido, tendo encontrado um enriquecimento em genes ligados a
fertilidade dos machos. Testamos ainda a potencial coevolugdo entre regides
ampliconicas dos cromossomas X e Y que se sabe poderem manipular a proporgao dos
sexos na descendéncia, abordando assim o papel de conflitos genéticos na promogao
de introgresséo. E verificamos uma correlagdo entre o numero de cépias de uma familia
de elementos ampliconicos (Sly/Six) cuja interagao se sabe estar associada ao controlo

da transmissdo dos cromossomas sexuais.
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Em suma, os modelos biolégicos apresentados na presente tese providenciam
importantes casos de estudo que poderao constituir elementos-chave para a clarificagao

do papel de selecéo natural e da hibridacdo na especiacao.

Palavras-chave
Recursos genéticos, Gendmica da Especiacao, Introgressao, Incompatibilidades

gendmicas, Cromossomas sexuais
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Résumeé

Une des questions fondamentales et largement débattue en biologie évolutive
est celle des déterminants de la spéciation, c’est a dire de I'acquisition de l'isolement
reproductif entre deux entités issues d’'un ancétre commun. L'avénement de la
génomique des populations promet la possibilité de reconstituer finement et sur
I'ensemble du génome l'histoire et les modalités de la divergence génétique, et donc de
trouver ces déterminants. Elle a toutefois aussi largement démontré que les espéces ne
sont pas des compartiments étanches, et que les échanges secondaires sont trés
fréquents, ce qui pose la question de leurs causes et conséquences évolutives, une
autre question tres importante pour comprendre I'évolution du vivant. Que ce soit sous
I'angle de la spéciation ou de l'introgression, I'information la plus recherchée est celle de
la détection de I'action de la sélection naturelle. Pour ce faire, il faut étre capable de faire
des prédictions d’un attendu de patrons de variation génétique en I'absence de sélection.
Or I'attendu doit étre déterminé en utilisant les mémes données. D’ou le difficile exercice
de pouvoir comprendre la divergence en présence de mélange, et de comprendre
I'histoire neutre en présence de sélection. Nous avons appliqué ici les méthodes de la
génomique des populations pour progresser dans ces voies sur deux modeéles
biologiques : les lievres en raison de l'occurrence spectaculaire d’introgressions
mitochondriales massives et répétées entre espéces, et la souris domestique comme

modéle de spéciation incipiente.

Nous avons contribué a la compréhension des circonstances ayant abouti a un
phénomeéne remarquable, qui est l'introgression massive du génome mitochondrial entre
espéces de lievres dans la péninsule ibérique. On avait décrit dans I'espéce endémique
de la péninsule ibérique Lepus granatensis un gradient de fréquence du génome
mitochondrial provenant d’'une espéce boréale (L. timidus), qui n’est plus présente dans
la péninsule, mais I'était jusqu’au début du dernier réchauffement climatique post-
glaciaire. Cette introgression est absente dans le sud de la péninsule, et augmente a
partir du milieu, jusqu’a atteindre la quasi-fixation dans le nord. Nous avons typé une
batterie de marqueurs génétiques (de type SNP, polymorphismes de nucléotides
uniques) sur un échantillon de populations de L. granatensis réparties sur I'ensemble de

la péninsule. L’analyse statistique des variations spatiales de fréquences alléliques
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montre un accord avec un modéle d’expansion géographique passée, depuis le sud vers
le nord. Nous avons donc émis I'hypothése que cette expansion géographique de L.
granatensis s’est faite lors du réchauffement post-glaciaire, et a conduit a
'envahissement du territoire jusqu’alors occupé par L. timidus, dans la moitié nord de la
péninsule, région dont le climat était a I'époque encore favorable a cette espéce boréale,
mais est devenu progressivement plus favorable a I'espéce tempérée L. granatensis.
Des hybridations répétées durant la progression de ce front d’'invasion auraient permis
l'introgression génétique depuis L. timidus, et son augmentation de fréquence vers le
nord. Le processus se serait arrété aprés linvasion compléte de la péninsule, et
'extinction de L. timidus de ce territoire. Les données génétiques disponibles
suggéraient toutefois qu’une telle introgression massive était limitée au génome
mitochondrial. Nous avons émis I'hypothése que ceci était di a la transmission
maternelle du génome mitochondrial, au rle prépondérant des males dans le processus
de colonisation et d’échanges génétiques, et a la philopatrie des femelles. Ce modéle
neutre, ne faisant pas intervenir la sélection naturelle mais seulement des processus
démographiques, a servi dhypothése nulle dans des études ultérieures de

l'introgression entre ces deux espéces a I'échelle génomique.

Nous avons contribué au développement futur de la génomique sur les liévres en
produisant le premier assemblage de novo de génome pour ce genre (pour I'espéce
Lepus timidus), et nous avons pu évaluer sa qualité et son utilité en comparaison au
genome de référence du lapin qui était disponible. Nous avons d’autre part produit un
transcriptome de bonne qualité pour L. timidus, et défini des marqueurs qui seront utiles
pour I'étude de son hybridation naturelle fréquente avec L. europaeus, qui pose des

questions de conservation et d’adaptation aux changements climatiques.

Nous avons également contribué a la compréhension de lhistoire de la
différentiation entre sous-espéces de la souris domestique (Mus musculus), et des
conséquences de I'hybridation secondaire. La souris domestique était connue pour étre
structurée en trois sous-espéces génétiquement différenciées (M. m. domesticus, M. m.
musculus et M. m. castaneus), a distributions parapatriques (c’est a dire disjointes mais
adjacentes) sur le continent eurasiatique. Les deux sous-espéces domesticus et
musculus sont originaires du Proche ou Moyen-Orient, et ont colonisé I'Europe

récemment, en association avec leur commensalisme avec I'espéce humaine, suivant
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deux corridors géographiques distincts. Il y a quelques milliers d’années, leurs aires de
distribution se sont rencontrées en Europe. L’étude génétique détaillée de cette zone de
contact a montré qu’'une zone de tension s’était formée, c’'est a dire une zone
géographiquement étroite de transition, maintenue par I'équilibre entre la migration et la
contre-sélection des hybrides, opérant a de nombreux locus répartis dans le génome
(avec toutefois un réle prépondérant du chromosome X). Il s’agit donc d’une situation de
spéciation en cours, selon un modéle dit de spéciation allopatrique (C’est a dire suite a
une divergence en isolement génétique). Afin de mieux comprendre les contextes
géographiques et temporels de la mise en place de cet isolement reproductif depuis la
divergence initiale (qui était estimée a quelques centaines de milliers d’année), nous
avons étudié des populations du berceau géographique de ces sous-espéces, en Iran a
partir de séquencage de génomes complets représentant plusieurs populations de cette
région et de sa périphérie (incluant les trois sous-espéces précédemment décrites).

Nous avons découvert plusieurs phénoménes remarquables.

Nous avons tout d’abord découvert au centre de I'lran une population (CEI) qui,
dans une analyse descriptive sans a priori de sa composition génétique (analyse en
composante principale des génotypes a de nombreuses positions nucléotidiques
indépendants dans le génome), apparait clairement distincte des trois sous-espéces
connues. En combinant les résultats de I'analyse de la distribution des alleles dérivés
entre populations (f-statistiques), I'analyse des corrélations de fréquences alléliques
entre populations (« admixture graphs »), et I'inférence de la distribution temporelle des
taux de coalescences croisées entre populations (a partir de paires d’haplotypes de
chromosomes X de populations différentes et la méthode PSMC), nous proposons que
la population CEIl résulte du mélange secondaire d’environ 40% provenant de
domesticus d’Iran, et 60% d’une population rattachée a la branche évolutive qui méne a
musculus. Nous confirmons cette interprétation et ces proportions en appliquant une
méthode de reconstitution des variations d’ancestralité le long du génome basée sur
'analyse du déséquilibre de liaison, plutét que les fréquences alléliques (méthode ELAI).
En intégrant ces résultats avec ceux obtenus sur les marqueurs dont la transmission est
liée au sexe (génome mitochondrial, chromosomes sexuels), et leurs discordances
quant a I'ancestralité, nous proposons un modéle phylogéographique de différenciation
et re-mélange de ces entités depuis leurs divergences initiales, envisageant divers
scénarios de remplacement invasif pour expliquer le mélange conduisant a CEl. Nous

ne pouvons réconcilier toutes ces données dans un tel modéle sans supposer que le
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chromosome Y de la population CEI (proche de celui de musculus) s’est maintenu dans
cette population hybride parce qu'il présentait un avantage sélectif. Nous proposons sur
la base de ces résultats que le couple domesticus-musculus présente des
caractéristiques d’une espéce en anneau (« ring species » en anglais), ou l'isolement
reproductif est moins prononcé entre les populations proches du berceau de
différenciation qu’entre celles issues de colonisations indépendantes d’aires

secondaires disjointes.

Nous avons ensuite étudié la nature génétique des peuplements du nord-ouest
de I'lran, aussi a partir de génomes complets d’échantillons distribués dans cette zone.
L’analyse descriptive basée sur 'ACP (Analyse en Composantes Principales) des
genotypes suggére deux entités geographiquement séparées mais adjacentes dans
cette région, caractéristiques de musculus (au nord, population CAU) et domesticus
(plus au sud, population NWI). L’analyse suggeére toutefois un certain degré d’échange
entre ces deux entités, ainsi qu’'une contribution de la population CEI nouvellement
découverte, ce qui est confirmé par I'analyse de la distribution des alléles dérivés (f3-
satistics). Les données mitochondriales sont concordantes avec cette interprétation, du
point de vue de la phylogéographie et de l'origine des contributions. Cette région
geographique apparait donc comme une région de re-mélange a trois voies entre les
trois entités génétiques geographiquement adjacentes (domesticus, musculus et CEI).
Sur la base des déséquilibres de liaison (méthode ELAI), nous reconstituons
I'ancestralité le long du génome et estimons pour cette population domesticus (NWI) une
contribution de quelques pourcents (<9%) chacun pour musculus et CEIl. Nous avons
noté que les méthodes classiquement utilisées pour modéliser les divergences avec
échange a partir des fréquences alléliques, qu’elles soient basées sur des modéles
simplificateurs (ADMIXTURE) ou sur des heuristiques particuliéres (TreeMix) échouaient
a rendre compte de I'histoire de différenciation et re-mélange dans une situation de cette
complexité, ou les échanges se sont produits entre toutes les entités, et a diverses

périodes.

Nous montrons enfin que la distribution de deux lignées trés divergentes de
chromosome Y, caractéristiques de domesticus et musculus en dehors de la région
étudiée ici, n’est pas concordante avec celle de la moyenne du génome dans cette zone

géographique. En effet, la lignée Y musculus est fixée dans la population a majorité
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domesticus. Nous avons recherché d’autres régions génomiques présentant un patron
d’introgression similairement extréme, et avons trouvé un excés de génes impliqués
dans la fertilité male. Nous avons aussi caractérisé les variations de nombre de copies
de régions ampliconiques (en utilisant une méthode basée sur I'analyse des k-mers)
dans ces populations, et trouvé une famille du chromosome X (contenant le géne Six)
qui suit le patron connu du chromosome Y (pour la famille ampliconique contenant le
gene Sly), c’est a dire un nombre de copies plus faible chez domesticus, et plus élevé
chez musculus (y compris dans la population SWI, domesticus mais possédant un
chromosome Y musculus). Ces deux familles ampliconiques sont connues pour agir de
maniére antagoniste et dosage-dépendante sur le sex-ratio de la descendance. Nous
discutons la possibilité que ce conflit soit a I'origine de la corrélation des nombres de
copies X et Y, et de 'envahissement du chromosome Y musculus dans toutes les régions
de re-mélange, phénomeéne qui semble s’étre produit également dans la population CEl,
comme nous I'avons vu plus haut, mais aussi dans toutes les autres régions de contact
ou re-meélange entre sous-espéces connues en dehors d’lran. Sur la base d’indices
connus sur les effets du chromosome Y musculus et du nombre de copies ampliconiques
sur la fertilité, et de nos propres données d’estimation comparée du nombre de copies
dans les populations étudiées, nous proposons qu’un avantage intrinseque du
chromosome Y musculus en situation d’hybridation est une explication plus
vraisemblable de son succes, et que les propriétés de distorsion de transmission

représentent plutdt un codt, lié a une baisse de fertilité associée.

Nos travaux ouvrent de nombreuses perspectives dans le domaine de la
génomique de la spéciation et de I'hybridation. Nous fournissons de nouveaux outils
pour la génomique d’'un groupe d’espéces non modéles, les liévres. Nous fournissons
un cadre historique pour les conditions d’interaction et d’hybridation entre espéces de
lievres dans la péninsule ibérique, qui contribuera a améliorer I'analyse fine de
lintrogression entre ces deux espéces, et la détermination de son contréle par la
sélection, en s’affranchissant des effets confondants de la démographie. En ce qui
concerne la souris domestique, la population hybride CEI représente une situation
précieuse pour progresser dans la compréhension des déterminants de l'isolement
reproductif entre sous-espéces, en recherchant plus finement dans les régions
génomiques qui ne participent pas au re-mélange en lIran, et celles qui ont
particulierement divergé lors de la colonisation des deux branches de I'espéce en

anneau. De méme, la comparaison des modalités d’échanges génétiques entre les

XiX
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situations de contact en Iran et en Europe sera du plus grand intérét. Nous contribuons
aussi a la construction d’'un modéle de plus en plus complet et plausible de I'histoire (trés
complexe) de la différenciation de ces sous-espéces. La qualité d’'un tel modéle est
essentielle pour pouvoir interpréter les patrons de variation et inférer l'influence de la
sélection sur la divergence et le re-mélange. Enfin, nous émettons une hypothése
intéressante concernant I'évolution du chromosome Y, combinant ses effets potentiels

sur la fertilité male, et ses contraintes liées au conflit avec le chromosome X.

Mots clés
Ressources génétiques, Génomique de spéciation, Introgression, Incompatibilités

génomiques, Chromosomes sexuels
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Chapter |

General Introduction

Understanding how species originate, differentiate, and admix is one of the major
goals in evolutionary biology. In 1942, in his seminal work, Mayr considered that the
formation of many new species is what leads to evolutionary diversity: "Without
speciation, there would be no diversification of the organic world, no adaptive
radiation, and very little evolutionary progress." (Mayr 1942). Since then, the concept
itself has evolved and speciation can be described as the evolutionary process by
which new species can evolve from an ancestral one, through the continuous
accumulation of reproductive barriers which eventually leads to complete isolation
(Nosil, Funk, and Ortiz-Barrientos 2009; Nosil, Harmon, and Seehausen 2009; de
Queiroz 1998). Even though many species concepts exist and great controversy
among specialists arises when discussing criteria for species definition, the
establishment of reproductive isolation (i.e. the biological species concept; (Mayr
1942) remains among the most widely considered when studying speciation (Butlin
and Stankowski 2020). Speciation can be understood as a continuous process that
can proceed even with some levels of gene flow between the diverging taxa, either
as a result of continuous migration during the process (isolation with migration), or
after a period of allopatric divergence (secondary contact). Incomplete reproductive
isolation between the diverging populations allows these genetic exchanges between
the species, in a process called “introgression”. Introgression has been shown not
only to continue during speciation but also to contribute to diversification and
adaptation throughout the tree of life (e.g. mammals (Giska et al. 2019; Liu et al.
2015), fishes (Meier et al., 2017; Svardal et al., 2020), or plants (Whitney, Randell,
and Rieseberg 2010)).
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1.1. Genetic models of speciation

The possibility of hybridization and genetic exchanges between species depends on
numerous factors, such as reproductive barriers, time since divergence, system-specific
differences, among others. Reproductive barriers are expected to be prevalent between
diverging species, leading to low frequency of hybrids, impeding introgression. A similar
influence is expected for the time of divergence, with experimental studies suggesting a
strong negative correlation between hybridization and genetic distance (Coyne and Orr
1997; Price and Bouvier 2002). This seems to be also applicable to natural populations,
as can be seen in the Heliconius system, where races that abundantly hybridize in nature
have mtDNA sequence differences of less than 2%, races that occasionally hybridize are
mostly 2-6% divergent and no hybrids were found between races with more than 10%
divergence (Mallet and Joron 1999), or in the hare system where admixture proportions
decrease with genetic divergence (Ferreira et al. 2021). These findings suggest a
gradual and progressive development of reproductive isolation with time of divergence
(Roux et al. 2016). Such relationship is compatible with a progressive accumulation of
incompatibility factors along the genome, and the establishment of increasingly larger
blocks of genomic isolation, until reproductive isolation is complete. Importantly it
establishes the gene as the central unit of speciation (the genic view of speciation (Wu
2001)), contrary to models where the genome behaves as a single cohesive unit.

Sex chromosomes are especially important to the establishment of reproductive
barriers. The differential inheritance in males and females, the reduced recombination
and the faster evolution of gene repertoire and gene expression create a fertile
environment for the establishment of incompatibilities across lineages. The role of sex
chromosomes in speciation is well exemplified in the “two rules of speciation”: first when
hybrid sterility is limited to one sex, it is almost always the heterogametic sex — Haldane’s
Rule(Haldane 1922). Second, hybrid dysfunction differentially maps to the X or Z
chromosome — large X-effect (Coyne and Orr 1989). Another important factor associated
with sex dimorphism is the importance of behavioural decisions to mate, which greatly
prevent hybridization between sympatric animals (e.g. revised in birds (Price and Bouvier
2002) and Drosophila (Coyne and Orr 1997) ).

Bateson-Dobzhansky-Muller hybrid incompatibilities (BDMIs) is one of the best
studied models of speciation (originally descripted in (Dobzhansky and Gould 1982;
Bateson 1909; Muller 1942) and revised later by Maheshwari and Barbash 2011 and
Unckless and Orr 2009). Decades of empirical and theoretical work have demonstrated

that negative interaction of divergent genomic regions in hybrid genomes, or
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incompatible interactions between mutations that are derived in each of the parental
species, are a central mechanism underlying reproductive isolation once species are
formed, and a common cause of inviability and infertility in hybrids (Moran et al. 2021).
This model predicts that incompatibilities can arise if there is a deleterious interaction
between variants at two loci in a hybrid context, for combinations that have never
occurred within species (explaining why these derived variants have not been purged by
selection upon emergence within species). Assuming two loci, locus A and locus B,
where one mutation in locus A gets fixed in one species because it is not deleterious,
and another mutation in locus B also gets fixed in another species, when these new
variants at two loci are combined in a hybrid then they can be selected against.
Interspecific crosses in the laboratory may allow identifying QTLs for reduced hybrid
fitness, but the precise identification of interacting genes determining a given
incompatibilty is rarely possible. Consequently, very few examples of BDMIs have been
clearly described (Case et al. 2016; P. Christie and Macnair 1987; Nosil and Schluter
2011; D. C. Presgraves 2010; Sweigart and Flagel 2015; Vyskocilova et al. 2005; Wright
et al. 2013).

Ecological or environmental selection is another potentially important promoter of
speciation. Although the general understanding is that environmental selection inevitably
leads to a change in the composition of genes within a population, little is often known
about the genetic architecture of these ecological adaptations and consequently how
these environmentally selected alleles can be decoupled. Admixed individuals may
express intermediate phenotypes and selection will disfavour them (Delmore and Irwin
2014; Gow, Peichel, and Taylor 2007; Melo et al. 2014; Rundle and Nosil 2005; Scordato
et al. 2020; Soria-Carrasco et al. 2014), yet sometimes these admixed lineages can be
favoured if they occur in intermediate ecological niches (Hessenauer et al. 2020; Loren
H. Rieseberg, Archer, and Wayne 1999; Schluter and McPeek 2000; Selz and
Seehausen 2019; Stelkens and Seehausen 2009). Due to its functional connection and
complex architecture, ecological selection is predicted to bias ancestry around ecological
functionally genes, at least in the case of traits underlain by single or few loci.

Finally, the case of polygenic traits is much more complex and the outcomes are
harder to predict, as recombination tends to decouple these association of parental
alleles. Hybrid phenotypes fall sometimes outside of the phenotypic optima of either
parental species, reducing their fitness (Fraisse et al. 2016; Simon, Bierne, and Welch
2018). This phenomenon is known as segregation load: when parental alleles are mixed

into distinct backgrounds, hybrids can evidence a larger variance in a trait in comparison
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with what is observed in its parentals (N. H. Barton and Hewitt 1989; Slatkin and Lande
1994).

In summary, hybrid lineages can only be established if the genetic combinations from
distinct parental species (with implications e.g. in protein-protein interactions, or gene
regulatory mechanisms) allow survival and reproduction across generations. The
challenge is then disentangling the factors impacting genome evolution in each case and
understanding how genome stabilization can be achieved after hybridization between
two diverged genomes. Historically, hybrid incompatibilities have been seen as the major
cause of hybrid fitness reduction and therefore conditioning its establishment, but recent
work has suggested that modelling hybrid fitness as a function of admixture and
heterozygosity provides more general fit to observed data on hybrid fithess (Simon,
Bierne, and Welch 2018).

1.2. Speciation and hybridization

Ronald Fischer stated that “the grossest blunder in sexual preference which we can
conceive of an animal making, would be to mate with a species different from its own
and with which the hybrids are either infertile or, through the mixture of instincts and
other attributes appropriate to different courses of life, at so serious a disadvantage as
to leave no descendants” (Fisher 1930). Indeed, the debate on the contribution of
hybridization during speciation has been almost restricted to plants and its importance
for animal speciation was neglected (Arnold 1992; Coyne and Orr 2004; Mayr 1963).
However, we now understand that hybridization is a pervasive phenomenon across all
living world, and the sequencing technology advances have greatly contributed to this
clarification (reviewed in Moran et al. 2021). This technological revolution has allowed
moving from the analysis of a small number of loci to full genomic landscapes, with the
correspondent impact on the way we perceive the complexity of the evolutionary
process.

Over the last two decades, genomic data have increasingly provided evidence that
introgressive hybridization, or merely introgression, is a critically important source of
genetic variation. We now know that introgression can be pervasive, leave signatures
along profound timescales of evolution, affect genomes at distinct scales, and that
genetic variation resulting from hybridization, when present, can vary from a modest
genomic contribution (<10%) (e.g. humans (Harris and Nielsen 2016), hares (Giska et
al. 2019; M. R. Jones et al. 2018; Seixas, Boursot, and Melo-Ferreira 2018), mice (Song
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et al. 2011)), to very large genome proportions, such as hybrid species where balanced
parental contributions are found (e.g. house sparrow (Elgvin et al. 2017), Anopheles
mosquitoes (Fontaine et al. 2015), tiger swallowtail butterflies (Kunte et al. 2011) or wild
sunflowers (Rieseberg 2003)).

It has been estimated that on average around 10% of animal and 25% of plant
species hybridize with at least one other species (Mallet, Besansky, and Hahn 2016).
However, in radiations, where species are more closely related and diversification occurs
over short time spans, hybridization can be exceptionally prevalent, with introgression
events occurring among many of the diverging lineages and layered throughout time, as
for example in the well document case of ducks (Wang et al. 2019), cichlids (Svardal et
al. 2020) and hares (Ferreira et al. 2021). Recent studies have also demonstrated the
occurrence of both ancient and recent introgression on the genomes of extant species
(e.g. sunflowers (Rieseberg 2003), sparrows (Hermansen et al. 2011) or Heliconius
butterflies (Mallet et al. 2007)) but also on extinct emblematic species such as the
mammoths (e.g. Enk et al., 2016, 2011; van der Valk et al., 2021). Although recent
introgression among species is more easily detected (due to its larger genomic segments
not yet broken by recombination), the signatures of ancient introgression can persist for
thousands or even millions of years after the initial divergence (Payseur and Rieseberg
2016).

Over the last decade, genetic exchanges were not only established as frequent but
seen as important adaptive forces in several studies (reviewed in Taylor and Larson,
2019). Although most genetic exchanges that prevail between closely related species
are expected to be neutral, introgression can occasionally introduce adaptive variants.
Indeed, “adaptive introgression” has now been documented across a wide range of taxa,
linked, for example, to pesticide resistance in mice (Song et al. 2011) and mosquitoes
(Norris et al. 2015), mimicry in Heliconius butterflies (Consortium 2012), abiotic tolerance
in wild sunflowers (Whitney, Randell, and Rieseberg 2010), coat colour in hares (Ferreira
et al. 2017; Jones et al. 2018; Giska et al. 2019; Ferreira et al. 2020; Jones et al. 2020)
and has also been proposed in modern humans, with for example modern Tibetan
populations showing local adaptation to high-altitude caused by Denisovan introgression
(Huerta-Sanchez et al. 2014).

The introgression of beneficial (adaptive) or neutral alleles overcomes background
genome-wide selection against hybrids (Arnegard et al. 2014; K. Christie and Strauss
2018; Orr 1995; Svedin et al. 2008). Such forces that impede introgression can result
from single or combined selective mechanisms, as ecological selection, hybridization

load or Bateson-Dobzhansky-Muller hybrid incompatibilities. The selection against

5



6 | FCUP and U. Montpellier
Using genomic tools to understand species differentiation and
admixture in hares and mice

foreign genetic ancestry can thus be particularly informative about the mechanisms

leading to genomic isolation and ultimately to speciation.

1.3. Past demography and introgression

While patterns of abundant introgression at particular loci may be indicative of
adaptive processes underlying the genetic exchange, certain demographic processes
may also promote introgression, which may be confounded with natural selection. The
relative roles of population history and neutral demography in promoting introgression
are an important topic of debate.

The evolutionary history of several organisms may have resulted from range
expansions and population replacements, particularly during the glacial cycles
oscillations on the result of drastic climate changes (e.g. Duvernell et al., 2019; Langdon
et al., 2020; Nielsen et al., 2017; Seixas et al., 2018). Theoretical modelling, supported
with an increasingly number of empirical models, shows that drift in the front of range
expansions can lead to increases in frequency of rare alleles, a phenomenon coined
« allele surfing » (Klopfstein et al., 2006). In situation of range invasions and
replacements between hybridizing species, introgressed alleles at the leading edge of
population expansion (wave front) may reach very high frequencies in the newly
occupied areas through the combination of founder effects, genetic drift, and
demographic expansion (Excoffier and Ray 2008). In an invasive range expansion
scenario, a local introgressed allele at the wave front, where population density is
especially low, has less chance to be lost by drift when the invader population is rapidly
growing (Excoffier et al. 2009; Excoffier and Ray 2008). The allele surfing may result in
a clinal distribution of allele frequencies along the axis of expansion (Excoffier et al 2009).
The asymmetrical pattern of introgression that occurs almost exclusively from the local
to the invading species in a range expansion scenario, was firstly noticed by Currat et al.
(2008). The pattern described above was found in several published studies

documenting introgression during range expansions (reviewed in Quilodran et al., 2020).

1.4. The differentiation landscape and its potential determinants

The advent of next generation sequencing technologies has allowed us moving from
studies based on few markers to genome-wide patterns. The innovative genomic

perspective has been helping to turn towards a more integrative understanding of the
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genomic architecture of speciation and how it may mediate or impede further divergence.
With the implicit or explicit promise of solving “the mystery of mysteries” (Darwin and
Kebler 1859) evolutionary biologists went through a journey to find the “genomic islands
of speciation”. The ‘island’ metaphorical concept (Turner and Hahn 2010) represents any
genomic element (from a single nucleotide to an entire chromosome) which exhibits
significantly greater differentiation than expected by neutral evolution alone (sea level in
the metaphor). The pervasive occurrence of interspecific gene flow led researchers to
interpret these genomic regions of high differentiation as those impeding gene flow and
thus involved in reproductive barriers and speciation (genomic islands of divergence) (T.
L. Turner and Hahn 2010). However, an alternative interpretation is that such islands are
regions where selection (mostly purifying or background selection, possibly positive
selection) is most intense because recombination is locally reduced, increasing linkage
between sites under selection and neutral sites (genomic islands of differentiation)
(Cruickshank and Hahn 2014; Nachman and Payseur 2012). It could be that either or
both hypotheses and models apply, depending on whether divergence occurred in
sympatry or allopatry, and on the intensity of gene flow between species, thus depending
on the biology and history of the species considered (Nosil and Feder 2012). This is one
vivid area of debate in evolutionary biology and the study of speciation and hybridization
should be extended to a broader variety of organisms with different life-histories,
recombination landscapes, divergence histories and level of interspecific genetic
exchanges to draw more general conclusions.

Predicting how the genome will evolve after hybridization implies understanding the
sources of selection that act on admixed genomes. This allows not only to study the
mechanisms underlying species admixture but also those preventing it, shedding light
on both the process of introgression and species formation (Nosil and Feder 2012). The
landscape of admixture along the genome is expected to depend on the complex
interplay between migration,selection (be it positive or negative), and recombination
(Gavrilets 2003; Kirkpatrick and Ravigné 2002).

Genomics landscapes/scans of divergence or differentiation can hold information
about the complex process of speciation. But going from patterns to processes requires
understanding the relative forces determining such landcapes. The antagonism between
the different forces can create very heterogenous genomic landscapes, which makes the
inference of populations’ history fundamental to correctly interpret those genomics
islands and the forces responsible for their formation, size (small or large blocks),
number (few or multiple loci), dispersion (concentrated or widely spread along the

genome) and genomic content (genic or non-genic) (Nosil and Feder 2012).

7



8 | FCUP and U. Montpellier
Using genomic tools to understand species differentiation and
admixture in hares and mice

1.5. Ancestry landscape and its interpretation

Many speciation genomic studies have widely shown that hybridization is a common
phenomenon in nature. These assumptions are mainly supported by the findings of
hybrid ancestries along many species genomes (reviewed in Payseur and Rieseberg,
2016; Schumer et al.,, 2018, 2015). An emerging and salient pattern is the strong
relationship between variations of recombination and ancestry along the genome
(Duranton and Pool 2021; Martin et al. 2019; Schumer et al. 2018). Theory predicts a
positive correlation between recombination rate and introgression when the latter is
deleterious (for instance driven by incompatibilities), such as shown in humans with
Neanderthal introgression (Juric, Aeschbacher, and Coop 2016; Sankararaman et al.
2014; Schumer et al. 2018), between subspecies of house mice (Janousek et al. 2015b),
in hybrid lineages of swordtail fishes (Schumer et al. 2018), and within populations of
Heliconius butterfly (Martin et al. 2019). The justification is that neutral introgressed
alleles can more easily recombine away from deleterious ones and persist in the genome
in highly recombining regions (N. Barton and Bengtsson 1986). Whereas in regions of
low recombination, where linkage disequilibrium is higher, neutral alleles tend to be
removed with the deleterious ones, reducing the introgression levels (Charlesworth,
Morgan, and Charlesworth 1993). However, negative correlations between
recombination and foreign ancestry have been recently found in natural populations of
Drosophila melanogaster (Corbett-Detig and Nielsen 2017; Pool 2015). This could be
attributed to the effect of positive selection (Duranton and Pool 2021): introgressed
alleles favoured by selection will tend to bring along them larger linkage blocks,
predominantly in the low recombining regions (Corbett-Detig and Nielsen 2017).

As previously stated, recombination is responsible for the shortening of introgressed
tracts over time as it tends to break long ancestry tracts. This role of recombination on
shaping hybrid genomes is particularly prominent in the early generations after
hybridization, although it can still be effective after the stabilization of admixture
proportions (Harris and Nielsen 2016; Nachman and Payseur 2012; Veller et al. 2019).
Another consistent outcome from recent studies suggests that genomic regions enriched
in coding or conserved elements tend to be particularly resistant to gene flow between
species (Brandvain et al. 2014; Calfee et al. 2021; Martin et al. 2013; Masly and
Presgraves 2007; Maxwell et al. 2018; Sankararaman et al. 2014; Teeter et al. 2008).
This observation suggests that selection is particularly effective at generating barriers

against introgression on functional elements (Sankararaman et al. 2014).
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1.6. Genomic conflicts and speciation/introgression.

Genomic conflicts can be seen as a negative epistasis between two genomic
elements (DNA sequences or their products), where an increase in the fitness of one
decreases the fitness of the co-evolver. This notion can be illustrated by the relation
predator-pray, where a fithess gain in the prey (e.g. ability to evade a predator) results
in a lower fitness of the predator. The fitness incentive to the species that is ‘losing’ the
evolutionary race can per se spur a tit-for-tat adaptation that may ‘change the game’ and
increase the predator fithess and consequently reduce the fithess of the prey (reviewed
in McLaughlin and Malik, 2017). This concept of perpetual antagonistic coevolution was
described as “the Red Queen’s Hypothesis” (Valen 1973). This intrinsic susceptibility to
conflict creates a selfishness pervasive effect that shapes fundamental aspects at all
levels of biology, from individuals to inter or intragenomic elements. At the intragenomic
scale (‘genome’ meaning all inherited genetic material), selfish elements can affect pairs
of antagonistically interacting loci and readily generate BDMIs, which are a major cause
of reproductive isolation. These elements under conflict can directly distort their own
transmission acting directly on gametes, interfering with transmission, or replicating
disproportionally across the genome. Such directly distorting elements are thus expected
to reach fixation, unless counter selected (Crespi and Nosil 2013; McLaughlin and Malik
2017). Alternatively, selfish elements can interfere with the patterns of inheritance, either
on biparentally inherited elements (nuclear genes) or mono-parentally inherited
(cytoplasmatic or organelle genes).

Although genomic conflicts could generally promote speciation, they could also
prevent or constrain the process, especially in cases of population divergence with gene
flow. One example is a hypothetical case where two driver alleles arise in two different
populations connected through gene flow. The alleles will tend to move between
populations, and because one is often more advantageous than the other, will tend to fix
in both populations (Crespi and Nosil 2013). The role of intragenomic conflicts in
speciation has been a matter of debate across times and the conceptual framework of
“conflictual speciation” (Crespi and Nosil 2013) that unifies a significant collection of
intragenomic conflicts that have been implicated in speciation. The range of mechanisms
that could cause reproductive isolation via intragenomic conflict is vast and include:
meiotic drive (or simply drive), where an allele - usually a selfish genetic element - biases
its transmission into gametes, away from Mendelian expected ratios and often in
detriment of the rest of the genome (Presgraves 2009); imprinting, where genes in diploid

organisms express preferentially or exclusively the copy inherited from one of the parents
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(this is the case in Peromyscus and Mus, where dosage imbalances of imprinted genes
and epigenetic dysregulation have been associated with abnormal placenta
development in interspecific hybrids (Shi et al. 2005; Vrana 2007)); cytonuclear
incompatibilities (also known as ‘mother’s curse’) produced by the conflict between
maternally inherited organelles and biparentally-inherited nuclear ‘restorer’ genes;
chromosomal conflicts induced by chromosomes with differing sex-linked transmissions
(autosomes, X, and Y chromosomes) can be involved in evolutionary conflicts around
the determination of sexually differentiated characters (Frank and Crespi 2011).
Contrarily to other causes of large X effects, the chromosomal conflict theory predicts
epistatic interactions between sex and autosomal chromosomes (Chase et al. 2005;
Crespi 2008). For example, interactions of X-linked from one parental species with
autosomal or Y-linked genes of the other parent are known to impact the genus Mus (see
Good et al. 2010; White et al. 2011); transposable elements which are very abundant,
rapidly evolving genomic elements that can copy and move to new locations within the
genome. These elements were proposed as major drivers of speciation due to
remarkable differences among lineages, ability to cause deleterious mutations and
mediate genome reorganization as well as recurrent ‘domestication’ with adaptation
purposes (Bohne et al. 2008; Brown and O’Neill 2010; Burt and Trivers 2006; Jurka, Bao,
and Kojima 2011; Rebollo et al. 2010; Zeh, Zeh, and Ishida 2009).

Overall, conflicts involving the antagonistic co-evolution of different parts of the
genome could either lead to homogenisation or isolation. It could be said that grossly,
the outcome should depend on whether the arms race has followed similar paths in the
two species or not, and on the relative pace of the races in the two species. When
different paths were followed, incompatibility appears a more likely outcome, the result
resembling the classical BDMI model. If similar paths were followed, invasion would
appear more likely if the arms race had proceeded at different paces in the two species

(in which case the faster evolving system should win).

1.7. Study systems

1.7.1.The impact of hybridization on the evolution of hares: current

knowledge and future challenges

Hares (Lepus spp.) belong to the Leporidae family, which also includes several rabbit
genera (Smith 2018), that together with Pikas constitute the Lagomorph order. These

small to medium size mammals have likely originated in North America at ~12 MYA and
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have dispersed and diversified across the world over the last 4-6 million years (Ferreira
et al. 2021; Matthee et al. 2004; Melo-Ferreira et al. 2012b; Yamada et al. 2002). Hare
species are currently naturally present all over the Northern Hemisphere and Africa
(Ferreira et al. 2021; Matthee et al. 2004). Although generally associated with
grasslands, they are very widespread and adapted to very distinct ecosystems, from
deserts (Cape hare, L. capensis) to Artic biomes (artic hare, L. articus), from temperate
(European hare, L. europaeus) to cold climates (mountain hare, L. timidus), from sea
level to high elevation (Ethiopian highland hare, L. starcki) (Smith 2018). Species
generally have parapatric distributions, and the range shifts due to climate oscillations
have promoted opportunities for natural hybridization between lineages (Ferreira et al.
2021; Matthee et al. 2004; Melo-Ferreira et al. 2012b). Hybridization has been described
across several hare species pairs (e.g. Alves et al. 2008; Giska et al. 2019; Jones et al.
2018; Levanen et al. 2018; Melo-Ferreira et al. 2012b; 2005; Seixas et al. 2018; Thulin,
Jaarola, and Tegelstrom 1997), in current but also in ancient contacts, and in some cases
resulted in adaptive introgression (Giska et al. 2019; Jones et al. 2018), suggesting that
introgressed variation can be pervasive in the gene pool of species, and questioning its
role in adaptive evolution.

Over the last decades, hares have been established as an exciting model to study
hybridization between closely related species. Introgressive hybridization is an important
and widespread evolutionary process, but the relative roles of neutral demography and
natural selection in promoting introgression are difficult to assess and an important
matter of debate. Hares from Southern Europe provide an appropriate system to study
this question. Numerous and sequential range invasions with hybridization between
species occurred since the Pleistocene, and the genetic variation detected in modern
populations witness these events (e.g. Melo-Ferreira et al., 2014, 2014; Seixas et al.,
2018).

The Iberian Peninsula is currently occupied by three hare species: the endemic
Iberian hare (L. granatensis) that occurs in most of the territory, the broom hare (L.
castroviejoi) currently restricted to the Cantabrian Mountains and a result of a recent
fragmentation (Acevedo et al. 2014; Alves et al. 2008; Estonba et al. 2006), and the
widely distributed European hare (L. europaeus) that likely invaded north-eastern Spain
after the last glacial maximum (Alves et al. 2008; Melo-Ferreira et al. 2014b; 2005; Sanz-
Martin et al. 2014). All these species show high frequencies of mitochondrial DNA
(mtDNA) haplotypes introgressed from L. timidus, as a result of hybridization at the end
of the last glacial period before the species retreated north (Melo-Ferreira et al. 2005;

Seixas, Boursot, and Melo-Ferreira 2018). The mountain hare, Lepus timidus, is a boreal
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species currently distributed in the northern Palearctic and in some isolated populations
such as Ireland, Scotland, Poland and the Alps, but fossils from southern France or
northern Iberian Peninsula show that it inhabited southern Europe during the Pleistocene
(Altuna 1970). In the broom hare, introgression has led to the complete replacement of
its native mitogenome and that of its sister-taxa Italian hare (L. corsicanus). Iberian
populations of European hares harbour very high frequencies of mtDNA of timidus origin,
which appears almost fixed, and the result from the lIberian colonization and its
replacement of a resident species (still uncertain if the mountain hare or the Iberian hare)
(Paulo C. Alves et al. 2008; Melo-Ferreira et al. 2005). In the Iberian hare, mtDNA
introgression is strongly structured, being absent in the south and increasing in frequency
towards the north. This pattern appears compatible with a northwards expansion after
the last glacial maximum, replacing and hybridizing with the mountain hare, and
spreading the traces of introgression to the north (Melo-Ferreira et al. 2014b; Melo-
Ferreira et al. 2007; Seixas, Boursot, and Melo-Ferreira 2018). Although the northwards
invasion hypothesis requires population genetics validation, this scenario makes it a
potentially outstanding model to understand the impact of purely demographic processes
on genome landscape (Seixas, Boursot, and Melo-Ferreira 2018).

The Iberian system promises to undisclose many open questions provided the
right questions are asked and the right tools used to address them. Despite the great
amount of genomic data produced in the last decade, it is still mandatory complement

them with system-specific genomic resources.

1.7.2.The house mouse (Mus musculus) as a model to study

hybridization and speciation

The house mouse (Mus musculus) has long been a scientific “swiss army knife”. The
use of house mice in science can be at least tracked back to the 17" century in the early
days of modern science, when William Harvey used them in his comparative anatomy
experiences (Macholan et al. 2012). At the beginning of 20" century, Abbie E. C. Lathrop,
a methodical breeder but also self-made scientist, recognized the animals' potential for
genetic research and help establish the standard mouse model (Steensma, Kyle, and
Shampo 2010). In 1965 Sturtevant suggested that Mendel had recognized the same
potential several decades before. Sturtevant implied that Mendel has originally worked
his ‘laws’ in mice, but had to suppress his findings fearing antagonizing his ecclesiastical

superiors (mice were considered voluptuous and libidinous creatures) (Macholan et al.
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2012). Since then, “lab mice” have been used to make great scientific and medical
advances, from cancer drugs and HIV antiretrovirals to the yearly flu vaccine. There are
over 450 laboratory strains and their variants have already been characterized and

represent most of all laboratory animals (Beck et al. 2000).

House mice also provide a valuable model for evolutionary genetics and speciation,
particularly to shed light on the genetic basis of reproductive isolation and on the impacts
of hybridization to speciation (Dod et al. 1993; Forejt and Ivanyi 1974; Janous$ek et al.
2012; Larson et al. 2018; Mihola et al. 2009; Phifer-Rixey, Harr, and Hey 2020; Phifer-
Rixey, Bomhoff, and Nachman 2014; L. M. Turner and Harr 2014; Vanlerberghe et al.
1986; White et al. 2011). Mus musculus forms a species complex genetically structured
in three well accepted and several not yet fully described evolutionary units (Guénet and
Bonhomme 2003; Hardouin et al. 2015; Phifer-Rixey and Nachman 2015). The well-
established subspecies, thought to have originated in the northern part of the Indian
Subcontinent (Boursot et al. 1993; Din et al. 1996), are currently distributed
parapatrically. Mus musculus domesticus is distributed from southwest Iran to the Middle
east, around the Mediterranean, in Western Europe (including Norway (E. P. Jones et
al. 2010)) and recently expanded its range to the Americas and Oceania transported by
humans. Mus musculus musculus is present from Eastern Europe to Northern Asia. And
Mus musculus castaneus is distributed from Central to Southeast Asia. Japanese house
mice have been given a specific name, Mus musculus molossinus, but shown to be a
hybrid between musculus and castaneus (Hiromichi Yonekawa et al. 1981). All the
entities above have been well characterised from their distributions at the periphery of
the Eurasian Continent. The situation in more central regions (Iran and its surroundings)
is less well understood and additional taxonomic denominations are used in the recent
literature. For instance Mus musculus gentilulus is described in the south-eastern coast
of Arabia to Oman (Duplantier et al. 2002; Harrison 1970; Prager, Orrego, and Sage
1998) based on its specific mitochondrial lineage, and two other names used to
represent variation found in Iran: M. m. isatissus (Hamid et al. 2017; Hardouin et al. 2015)

and M. m. bactrianus (Hardouin et al. 2015; Schwarz and Schwarz 1943).

The history of house mouse differentiation is mainly documented either for old or
very recent periods (reviewed in Boursot et al., 1993). The major subspecies are believed
to have diverged at roughly the same time ~130,000-420,000 years ago, (similar to the
split of chimpanzees and humans in numbers of generations and relative molecular
divergence) (Geraldes et al. 2008, 2011; Phifer-Rixey, Harr, and Hey 2020), spread

across the world through diverse habitats and come into secondary contact much more
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recently (e.g. Cucchi et al., 2005; Duvaux et al., 2011). Interestingly, they have all
become commensal with humans between the Mesolithic and Neolithic (Cucchi, Auffray,
and Vigne 2012; Weissbrod et al. 2017) and consequently have spread in the context of
developing human activities in Europe and Asia within the past few thousand years,
followed by a colonization of the rest of the world in the wake of transcontinental transport
within the past few hundred years (Macholan et al. 2012). The evolutionary history is
thus complicated by their relatively recent divergence, ongoing gene flow, and complex

demographic histories.

Each subspecies meets and hybridizes with the other two sub-species where their
ranges come into contact (e.g. Boursot et al., 1993; Duvaux et al., 2011; Fujiwara et al.,
2021; Phifer-Rixey and Nachman, 2015; Teeter et al., 2008), creating hybrid zones. The
European hybrid zone (EHZ) between musculus and domesticus is a narrow 2500 km
long contact zone, that extends from the Jutland Peninsula in Denmark (Raufaste et al.
2005) to the Black Sea in Bulgaria (Macholan, Krystufek, and Vohralik 2003) and is the
best studied (Janou$ek et al. 2015a; Macholan et al. 2008a; Martincova et al. 2019;
Teeter et al. 2008). The East Asian contact between musculus and castaneus is a
broader hybrid zone (Boursot et al. 1993), where the prevalence of hybridization was
recognized to be more frequent than in the EHZ (suggested by Boursot et al (Boursot et
al. 1993) as recently confirmed (H Suzuki et al. 2013; Hitoshi Suzuki et al. 2015; Fujiwara
et al. 2021). Finally, the Iranian plateau, often considered the species cradle of
differentiation, is the place in the world with the highest apparent diversity of mouse
lineages within the same geographical area (Hardouin et al. 2015). This region however
remains poorly studied. In 2015, Hardouin and collaborators (Hardouin et al. 2015)
analysed a battery of microsatellite loci, using extensive sampling (963 individuals from
47 populations), and produced the most comprehensive genetic study done in the region.
The results confirmed the presence of the three well described subspecies (musculus in
the North, domesticus in the west and castaneus in the east). Furthermore, were also
describe two putative new distinct genetic groups in Central and Southeast Iran (roughly
corresponding to the proposed M. m. isatissus (Hamid et al., 2017) and M. m. bactrianus
(Schwarz and Schwarz, 1943). Populations in and around the region likely represent a
long history of divergence with gene flow, which presumably provides multiple replicates
of the process, allowing to capture the sorting of genomic incompatibilities across

different pairs of subspecies.
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The combination of laboratory crosses with the study of hybrid zones (particularly
the EHZ), has revealed that the degree of reproductive isolation differs in pairwise
comparisons among subspecies. Lab crosses between domesticus and musculus result
in significant reductions of male fertility (e.g. Good et al., 2008; White et al., 2012),
although studies in the EHZ reveal introgression across the contact zone, inclusively and
particularly striking a massive unidirectional musculus Y chromosome invasion into the
domesticus range, a situation that contradicts the Haldane's rule (Macholan et al. 2008a;
Martincova et al. 2019). In contrast, crosses between castaneus and domesticus have
not led to a significant infertility until the F2 generation (even here the degree of infertility
is not as severe) (White et al. 2012). Regarding castaneus and musculus, there are no
published studies documenting reduced fertility in lab crosses, which is in line with the
use of a cross between castaneus and musculus for a recombination mapping study in
which infertility was not observed (Dumont and Payseur 2011) and the description of
molossinus, as a hybrid between musculus and castaneus (Takada et al. 2013; H
Yonekawa et al. 1988).

The unparalleled amount of genomic resources (reference-genomes, recombination
maps, hybridization crosses, SNP databases, etc), in combination with its recent
divergence with ongoing gene flow and complex demographic histories, makes the
house mouse a powerful system to understand the genetic mechanisms generating
barriers among the diverging subspecies during the early stages of speciation. In
particular, the Iranian plateau and its numerous natural contact zones appears to be an

important territory to understand the origin of the radiation.

1.8. Objectives

The major goal of this thesis was to contribute to the understanding of major
processes driving relevant evolutionary mechanisms in hares and mice, most notably
related with those underlying admixture between species and the establishment of
genomic barriers to gene flow (and that may be involved in speciation). Further, since
genomic resources for hares were yet scarce, we aimed at generating new resources
that can be used in the future to deepen evolutionary studies in the genus. To investigate
the consequences of hybridization in the species formation, we took advantage of
published datasets (Harr et al. 2016; Thybert et al. 2018) and extensive population
genomics data (whole genome sequences of population samples) newly collected for
this work. It concerns several recently diverged species of hares (genus Lepus) and mice

(genus Mus). Inside each genus they represent various degrees of divergence, of gene
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flow and ecological differentiation, and thus constitute a potential appropriate framework

to explore comparative evolutionary mechanisms in two distinct systems.

On the one hand, this thesis contributes to generate resources that can be used in
the future to study the genomics of speciation and hybridization. On the other hand, it
also contributes to understand processes governing the isolation and admixture of
diverging genomes. We explore the landscape of genomic divergence and differentiation
between several pairs of recently diverged taxa with varying degrees of divergence,
hybridization, and ecological differentiation. We address the role of natural selection in
genome divergence and reproductive isolation leading to speciation, but also in

admixture particularly by introgression.

More specifically, this thesis had the following objectives:

i. Increase the genomic resources available for hares and mice. This comprises the
production of the first annotated genome assembly of a hare species, as well as the first
L. timidus transcriptome assembly and a set of diagnostic SNPs between L. timidus and
L. europaeus that can be easily used as an important hybridization monitoring tool.
Additionally, it includes the generation of large amounts of whole genome sequences of
house mouse population samples that can play an important role to help increasing the
knowledge about the system and its evolutionary history.

ii. Understand the relative roles of neutral demography and natural selection as
introgression promoting processes.

iii. Clarify the evolutionary history of the house mouse populations from the Iranian
plateau — the cradle of diversification of the species — and particularly clarify the genomic
makeup and evolutionary origin of the central Iranian population.

iv. Contribute to understand the role of sex chromosomes in introgression and
isolation processes, and its impacts on whole genome admixture landscape among

species.

1.9. Thesis organization

This thesis is organized in four chapters. In chapter |, | provide a general introduction
to the main themes of this work, such as the current understanding of the genomic
process of speciation, the relevance of hybridization and genetic exchanges between
diverging populations, and the power to study these processes with the advent of next

generation sequencing. In chapter Il, | present two articles where genomic resources for
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hares were developed, which can be used for future evolutionary studies in the system.
The first paper describes the assembly of the first mountain hare (Lepus timidus)
transcriptome and the discovery of a set of diagnostic SNPs that can be used as a tool
for studying species admixture, particularly in the numerous contact zones where the
mountain hare tends to be replaced by the invading European hare (Lepus europaeus).
This study has been published at the SCI indexed journal Scientific Data (Jodo P.
Marques, Ferreira, et al. 2017). The second paper in Chapter IlI, describes a major
genomic resource for hares: the first annotated draft genome of a hare species. This
represents a paradigmatic change, as current genomic studies on the system are
constrained by the use of the high-quality European rabbit (Oryctolagus cuniculus)
reference genome. The new hare reference genome is therefore a new resource to
uncover and explore hare-specific variation. This work was published in the SCI indexed
journal Genome Biology and Evolution (Jodo P. Marques et al. 2020).

In Chapter lll, | present three evolutionary studies on hares and mice. In the first
publication of this chapter, we investigate the role of range expansion and species
replacement as the major force promoting hybridization and mitochondrial DNA
introgression from the arctic/boreal mountain hare (L. timidus) into the Iberian hare (L.
granatensis). This publication also resulted in the production of the Iberian hare most
complete and annotated transcriptome. This work was published in the SCI indexed
journal Scientific Reports (Joao P. Marques, Farelo, et al. 2017). In the second
manuscript of Chapter Ill, we use whole genome sequences of various populations to
demonstrate that mice from Central Iran that result from the ancient admixture of two
presently reproductively isolated subspecies. The manuscript is currently under
preparation for submission to a peer reviewed journal. Finally, in the last manuscript of
this thesis, also based on whole genome sequences, we characterise admixture patterns
in NW Iran, in particular those of the sex-chromosomes that appear discordant. The
manuscript is currently under preparation for submission to a peer reviewed journal.

Chapter IV recapitulates the main conclusions of this thesis as well as a personal
view about the future directions to the field in the transforming times that we live with the
power given by the new sequencing technologies. A final brief note is given about the
responsibility of each scientist as a science communicator in an Era marked by climatic
changes causing species extinction, which needs to be addressed not only by the

scientists but also by the general society.
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Chapter I

Generating genomic resources to tackle
fundamental evolutionary questions

This chapter is composed by two main articles, a first one where we assemble and
characterize the first mountain hare transcriptome and produced a panel of ~5k putative
diagnostic SNPs between the mountain and the European hare. This species-diagnostic
panel can be used to design population assessing tools to monitor hybridization between
the two species in several contact zones across its distribution.

In the second paper, we present the first annotated genome of a hare species, the
mountain hare, and we briefly evaluate the use of pseudo-references to analyse genomic

data of species without a species-specific reference genome.

In this chapter, genomic resources were produced that can in the future be used for
precise population and evolutionary inferences in hares. In addition, these works were
important to shape my critical thinking, train to writing and submiting articles, build my
bioinformatic skills and strengthen the teamwork between me and my supervisors but

also, between me and the team in which | am incorporated.

Both works were published in the SCI indexed journals, the first on Scientific Data
(Jodo P. Marques, Ferreira, et al. 2017) and the second on Genome Biology and

Evolution (Joao P. Marques et al. 2020).
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Abstract

We report the first mountain hare (Lepus timidus) transcriptome, produced by de
novo assembly of RNA-sequencing reads. Data were obtained from eight specimens
sampled in two localities, Alps and Ireland. The mountain hare tends to be replaced by
the invading European hare (Lepus europaeus) in their numerous contact zones where
the species hybridize, which affects their gene pool to a yet unquantified degree. We
characterize and annotate the mountain hare transcriptome, detect polymorphism in the
two analysed populations and use previously published data on the European hare (three
specimens, representing the European lineage of the species) to identify 4 672 putative
diagnostic sites between the species. These valuable genomic resources can be used

to design tools to assess population status and monitor hybridization between species.

Design Type(s) :’jndi}ridual genetic FharacterisFICS compf'arisop dgsign » strain comparison
esign « population dynamics analysis objective

Measurement Type(s) transcription profiling assay

Technology Type(s) RNA sequencing

Factor Type(s) geographic location

Sample Characteristic(s) Lepus timidus « liver « Republic of Ireland « Switzerland

Background & Summary

The mountain hare (Lepus timidus) is an Arcto-alpine species that was the most
common and widely distributed hare species across Europe during the last glacial
periods(Carl Gustaf Thulin 2003). Nowadays, the mountain hare is distributed from
Fennoscandia to Eastern Siberia, but also occurs in isolated/refuge populations (e.g.
Ireland, Scotland, the Alps, Poland, the Baltics and Japan), and in places where it has
been introduced (Iceland, England, Faroe Islands and New Zealand) (see Fig. 1). Even
though they are a popular game species and abundant within its range, mountain hares
have sharply declined in some regions, particularly in areas of contact with the European
hare (Lepus europaeus), where the latter tends to invade and replace the range of the
former (Carl Gustaf Thulin 2003; Reid and Montgomery 2007; Reid 2011; Caravaggi,
Montgomery, and Reid 2015). Mountain and European hares share extensive natural

and human-induced contact zones in Western Europe, from the British Isles to
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Scandinavia and Central Europe (Fig.1). Climate change is predicted to affect
lagomorphs extensively(Leach et al. 2015; Leach, Montgomery, and Reid 2015) and, in
particular, to accelerate the replacement of mountain hares by European hares in the
contact zones, such as the Alps, Sweden or Ireland (Acevedo et al. 2012a; Caravaggi et
al. 2016). The two species may hybridize when in contact, resulting in some genetic
introgression(C G Thulin, Jaarola, and Tegelstrom 1997; Carl Gustaf Thulin, Fang, and
Averianov 2006; Suchentrunk et al. 2005; Melo-Ferreira et al. 2009; Zachos et al. 2010),

with potential effects on local adaptation(Hughes et al. 2011).

Even though the mountain hare and other hare species have been the subject of
several population genetics studies, these have been mostly based on a few
markers(Hamill, Doyle, and Duke 2006; Carl Gustaf Thulin, Fang, and Averianov 2006;
Melo-Ferreira et al. 2012a; 2014a). Therefore, permanent genomic resources provide
fundamental information to develop monitoring tools to evaluate population status and
implement protective policies. In this work, we use high-throughput RNA sequencing to:
i) generate genomic resources for the mountain hare; and, ii) use published data on the
European hare(Amoutzias et al. 2016) to pinpoint candidate fixed differences between
the species that can be used to build genotyping tools to monitor gene exchange in the
contact zones. We here present the first mountain hare transcriptome, and the most

complete among the currently available Lepus transcriptomes.

W Lepus timidus
[ Species distribution overlap
& [ Lepus evrnpacus
°

Figure 1: Mountain and European hare distribution - Distribution of the mountain
hare, Lepus timidus, and the European hare, L. europaeus, in Eurasia with indication of
the areas of contact and of broad geographic overlap between the species (approximate
distribution ranges were adapted from IUCN Spatial Data Resources; IUCN 2016(IUCN
2016)). Circles indicate the sampling locations for this work (open circle — Ireland; closed

circle — Alps).
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Methods
A summary of the methodological workflow is shown in the flowchart of Fig. 2.
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Figure 2: Methodological workflow — Flowchart of the RNA-seq setup and data

analysis steps.

Sampling procedure and locations

Specimens from the Alps were sampled during regular permit hunting in Grisons,
Switzerland. Specimens from Ireland were captured from the wild in Borris-in-Ossory, by
the Irish Coursing Club (ICC) for scientific research purposes under National Parks &
Wildlife (NPWS) licence No. C 337/2012 issued by the Department of Arts, Heritage and
the Gaeltacht (dated 31/10/2012). Irish hares were dispatched humanely and in
accordance with the licence conditions by means of lethal injection administered by Mr
William Fitzgerald, Veterinary Laboratory Service Follow (MVB MVM CertCSM), from the
Department of Agriculture, Food and the Marine, Regional Veterinary Laboratory,
Hebron Road, Kilkenny, R95 TX39. Total RNA was isolated from 8 individuals.

RNA extraction

Liver tissue was freshly collected, immediately preserved in RNAlater and then
stored at —80°C until RNA extraction. Prior to extraction, frozen samples were ground in
liquid nitrogen with a ceramic mortar and pestle. Mortar and pestle were washed prior to
extraction using a 6-step wash that includes the following washing reagents in order:

70% ethanol, tap water, 10% bleach, milli-Q water, RNase away (Thermo Fisher
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Scientific) and finishing with molecular grade H>O. RNA extraction was performed using

RNeasy® Mini Kit according to manufacturer instructions.

RNA sequencing library preparation

The SureSelect Strand-Specific RNA Library Prep for Illumina Multiplexed
Sequencing (Agilent Technologies) kit was used to prepare cDNA libraries for all
samples. Library sizes were estimated using a Bioanalyzer 2100 and quantified using
KAPA Library quantification kit (KAPA BIOSYSTEMS). Equal molar concentrations of

each library were pooled together for sequencing.

Sequence data processing and de novo transcriptome assembly

A first quality evaluation of obtained sequence reads (Data citation 1) was
performed with FastQC v0.11.5(Andrews 2010b). After read quality inspection, adapters
were removed and quality trimming performed using TRIMMOMATIC v0.36( a. M.
Bolger, Lohse, and Usadel 2014), with instructions to remove the first ten bases, lllumina
adapters, reads below 25 bp long and bases in the ends of reads with quality below 10,
and to perform a 4-base sliding window trimming and cutting fragments with an average
quality below 10. Trimmed-read quality was rechecked with FastQC (Data citation 2). A
de novo transcriptome assembly was then performed using all properly paired reads
from the eight individuals in the dataset using TRINITY v2.2.0(Grabherr et al. 2011a),
establishing RF as read orientation for a strand-specific assembly. In addition, as a
complementary resource, de novo transcriptome assemblies for each of the two
sampling localities were also performed. Transrate v1.0.3(Smith-Unna et al. 2016b) was
used to evaluate assembly quality and completeness and to remove possible chimeras
and poorly supported contigs. Cleaned reads were mapped back to the produced
assembly and only the well-supported contigs were retained (Transrate optimal cut-off >
0.024). In order to remove redundancy produced by using multi-sample data to perform
the assembly, all contigs were clustered using CD-HIT-EST v4.6.4(Fu et al. 2012a) with
a 95% similarity threshold. Open reading frames were predicted with TransDecoder
v3.0.0(Haas et al. 2013) to remove possible contaminants such as non-coding RNA and
DNA contamination. The final filtered transcriptome comprised contigs with predicted
open reading frame and/or rabbit (Oryctolagus cuniculus) or pfam annotation. Filtered

transcriptome as well as raw assemblies are available in Figshare (Data citation 2).
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Transcriptome annotation

Transcriptome annotation was performed adapting the protocol of Trinotate
v3.0.1(Haas et al. 2013), using i) Conditional Reciprocal Best BLAST (crb-blast)
v0.6.6(Aubry et al. 2014) against the rabbit transcriptome reference (release 86) and
Swiss-Prot database(Boutet et al. 2016); ii) protein domain identification by HMMER
v3.1b2(Finn, Clements, and Eddy 2011) onto the PFAM database(Finn et al. 2014); iii)
protein signal peptide through signal v 4.1(Petersen et al. 2011); iv) transmembrane
domain prediction using tmHMM v2.0(Krogh et al. 2001); and v) eggNOG(Powell et al.
2012), GO(Gene Ontology Consortium 2000)and Kegg(Kanehisa et al. 2012) databases
annotation. Annotation information was incorporated into a xIs database (Data citation
2).

SNP inference

SNP calling was performed separately for mountain hares (Data citation 1) and
European hares (Data citation 3, from Amoutzias et al.’®). The three European hare
specimens represent the European lineage of the species'. First, reads from all the
individuals were mapped to the filtered mountain hare de novo transcriptome with bwa-
mem v0.7.15(Li and Durbin 2010) with default parameters and read group information
added to each sequencing lane-sample pair. The resulting alignments were converted
to a binary file (bam format), sorted and submitted to fixmate step using SAMtools
v1.3.1(Li et al. 2009). Duplicate reads were removed using Picard v1.140
(http://broadinstitute.github.io/picard) with the option MarkDuplicates. Realignment and
recalibration was performed with Genome Analysis Toolkit v3.6-0(McKenna et al. 2010).
Finally, SNP call was carried out using Reads2snp v2.0.64(Gayral et al. 2013) using a
threshold of 20 for site and mapping qualities, the paralog filter, a minimum coverage of
10X and a genotype probability >0.95. The resulting VCF file was deposited in Figshare
(Data citation 2).

Differentiation, admixture and Gene Ontology enrichment analysis

A set of random 5 502 SNPs, selected from independent contigs in order to
reduce the linkage probability, was identified with VCFtools v0.1.1438, PGDSpyder
v2.1.1.0% was used to convert this file to the required file formats. Partitions of genetic
diversity in the dataset were investigated with a Principal Components Analysis, using
PLINK v1.90b3.45% and ggplot2 R package*' to plot the results. Additionally, the data
were analysed using the admixture model implemented in STRUCTURE 2.3.4%?, with
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three replicate runs with 1 million steps after a burn-in period of 200 000, and K=2.
Results were plotted using CLUMPACKA43. A Gene Ontology enrichment analysis was
performed for the collection of contigs/genes with fixed differences between mountain
and European hare samples and between mountain hare sampling localities. The
analysis was based on the rabbit proteome annotations and performed with gProfiler3*,
applying the g:SCS multiple test correction and the “best per parent group” hierarchical

filter. The background set of genes was reduced to contigs with SNP information.
Independent SNP genotyping

A random set of 110 SNPs, inferred as potentially diagnostic between L. timidus
and L. europaeus (Data citation 2, Supplementary Table 1, deposited in Figshare), was
selected for independent validation using Sanger sequencing. DNA was extracted from
two of the previously analysed mountain hare samples (one Alpine, Sample_3112, and
one Irish, Sample_3103) and two other European hare specimens (sampled in Clermont-
Ferrand — Sample 1569 — Font-Romeu, Pyrenees — Sample 1550 — in France during the
regular hunting season). DNA extraction was performed using JETQUICK Tissue DNA
Purification kit (Genomed). PCR primers were designed to be anchored in a single exon
(taking into account intron-exon boundaries from the European rabbit reference genome)
and to amplify a portion of 110 independent contigs containing at least one putative
diagnostic SNP. The Primer sets were designed using the Scrimer pipeline44 which
depends on Primer345 to design and set the primer conditions. A third internal
sequencing primer was designed. PCRs were performed using QIAGEN Multiplex PCR
Master Mix (Qiagen) and the following thermal cycling profile: initial denaturation at 95°C
for 15', 35 cycles of denaturation at 95°C for 30", annealing at 60-67°C for 20" and
elongation at 72°C for 30", and a final extension step at 72°C for 5'. PCR products were
visually inspected under UV-light after electrophoresis in agarose gels stained with
GelRed (Biotium), purified with Exonuclease | (New England Biolabs) and FastAP
Thermosensitive Alkaline Phosphatase (Thermo Scientific), and sequenced using

internal or, in a few cases, PCR primers in a ABI 3130xI genetic analyzer.
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Code availability

Analyses in this work were performed with freely available, open access tools mainly using command line versions (detailed list in Table

1). Parameters are described in the methods section and software versions and commands used are detailed in Table 1.

Table 1: Open access tools and commands used to perform data analyses (analytical steps and colours correspond to those in Fig. 2).

Analytical Step

Description

Software/Version

Command

Read quality control

FastQC v0.11.5

fastqc /path_to/raw.fq.gz (Data citation 1,2)

java -jar /path_to/trimmomatic-0.36.jar PE -phred33 -threads 8 raw_R1.fq.gz raw_R2.fq.gz

ﬁgﬁ%ﬁr i e gy IORg\gMOMATIC clean_FP.fq.gz clean_FU.fq.gz clean_RP.fq.gz clean_RU.fq.gz HEADCROP:10
9 ) ILLUMINACLIP:/path_to/adapters_list.fa:2:30:10 TRAILING:10 SLIDINGWINDOW:4:10 MINLEN:25
Transcriptome assembly | Trinity v2.2.0 Trinity --seqType fq --left clean_FP.fq.gz --right clean_RP.fq.gz --CPU 20 --max_memory 150G --

SS_lib_type RF --output trinity_assembly

Filtering out contigs with
low read support

Transrate v1.0.3

transrate --assembly Ltimidus_Trinity.fasta --left clean_FP.fq.gz --right clean_RP.fq.gz --threads 10 --
reference Oryctolagus_cuniculus.OryCun2.0.81.pep.all.fa --output transrate _Ltimidus_Trinity

Clustering of highly
homologous sequences

CD-HIT-EST v4.6.4

cd-hit-est -i good.Ltimidus_Trinity.fasta -c 0.95 -o Alpslrel.fasta

Filtering based on

candidate coding regions

and pfam annotation

TransDecoder v3.0.0

TransDecoder.LongOrfs -t Alpsirel.fasta

HMMER v3.1b2

hmmscan --cpu 8 --domtblout pfam.domtblout /path_to/Pfam-A.hmm
transdecoder_dir/longest_orfs.pep

TransDecoder v3.0.0

TransDecoder.Predict -t Alpslrel.fasta --cpu 2 --retain_pfam_hits pfam.domtblout

Annotation assessment

Trinotate v3.0.1

wget "https://data.broadinstitute.org/Trinity/Trinotate_v3_RESOURCES/Trinotate_v3.sqlite.gz" -O
Trinotate.sqlite.gz

Gunzip

gunzip Trinotate.sqlite.gz

Conditional reciprocal
best blast annotation

crb-blast v0.6.6

crb-blast --query Alpslrel.cds --target database(SP and Ocun) --threads 4 --split 4 --output
blastx.outfmt6

crb-blast v0.6.6

crb-blast --query Alpsirel.pep --target database(SP and Ocun) --threads 4 --split 4 --output
blastp.outfmt6

Signalp annotation signalp v4.1 signalp -f short -n signalp.out Alpsirel.pep
Pfam annotation HMMER v3.1b2 hmmscan --cpu 2 --domtblout TrinotatePFAM.out Pfam-A.hmm Alpsirel.pep
tmhmm annotation tmHMM v2.0 tmhmm --short < Alpslrel.pep > tmhmm.out

Combine annotations

Trinity utilities v2.2.0

/path_to/trinityrnaseq-2.2.0/util/support_scripts/get_Trinity_gene_to_trans_map.pl Alpslrel.fasta
>Alpslrel.gene trans_map

Trinotate v3.0.1

Trinotate Trinotate.sqlite init --gene_trans_map Alpsirel.gene_trans_map --transcript_fasta
Alpslrel.fasta --transdecoder_pep Alpslirel.pep
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Trinotate Trinotate.sqlite LOAD_swissprot_blastp SP.blastp.outfmt6 #and# Trinotate Trinotate.sqlite
LOAD_swissprot_blastx SP.blastx.outfmt6

O.cuniculus annotation
load

Trinotate v3.0.1

1. Trinotate Trinotate.sqlite LOAD_custom_blast --outfmt6 Ocun.blastp.outfmt6 --prog blastp --dbtype
Ocun; 2. Trinotate Trinotate.sqlite LOAD_custom_blast --outfmt6 Ocun.blastx.outfmt6 --prog blastx --
dbtype Ocun

Pfam annotation load

Trinotate v3.0.1

Trinotate Trinotate.sqlite LOAD_pfam TrinotatePFAM.out

tmhmm annotation load

Trinotate v3.0.1

Trinotate Trinotate.sqlite LOAD_tmhmm tmhmm.out

Signalp annotation load

Trinotate v3.0.1

Trinotate Trinotate.sqlite LOAD_signalp signalp.out

Joint annotation file

Trinotate v3.0.1

Trinotate Trinotate.sqlite report > LtimidusTranscriptome.xls

Read mapping into the
curated reference

bwa-mem v0.7.15

bwa index Alpslrel.cds

bwa-mem v0.7.15

bwa mem -t 10 -R '@RG\tID:pop_sample_lane\tSM:popsample\tLB:LIBsample' Alpsirel.cds
Sample_L* FP.fq.gz Sample_L*_RP.fqg.gz > Sample_lane.sam

Fixmate and BAM
conversion

SAMtools v1.3.1

samtools fixmate --output-fmt BAM sample_lane.sam sample_lane_fixmate.bam

BAM sort

SAMtools v1.3.1

samtools sort -O bam -0 sample_lane_sorted.bam -T /path_to/temp/ sample_lane_fixmate.bam

Mark and remove
duplicates

Picard v1.140

java -jar /path_to/picard.jar MarkDuplicates REMOVE_DUPLICATES=True
MAX_FILE_HANDLES_FOR_READ_ENDS_MAP=950 ASSUME_SORTED=true
VALIDATION_STRINGENCY=SILENT I=sample_lane_sorted.bam |=sample_lane_sorted.bam
I=sample_lane_sorted.bam O=sample rmdup.bam M=duplic_stats_sample TMP_DIR=/path_to/temp

Realignment

GATK v3.6-0

java -jar /path_to/GenomeAnalysisTK jar -T RealignerTargetCreator -R Alpslrel.cds -I
sample_rmdup.bam -0 sample_int.list

Recalibration

GATK v3.6-0

java -jar /path_to/GenomeAnalysisTK.jar -T IndelRealigner -R Alpslirel.cds -I sample_rmdup.bam -
targetintervals sample int.list -0 sample_realign.bam

SNP call

Reads2snp v2.0.64

reads2snp_2.0.64.bin -bamlist LtimLeur_list.txt -bamref Alpsirel.cds -out LtimVsLeur -min 10 -nbth 12 -
th1 0.95 -par 1 -th2 0.01 -opt bfgs -fis 0.0 -pre 0.001 -rgt 20

Remove indels and
missing data

VCFtools v0.1.14

vcftools --vcf LtimVsLeur.vcf --recode --recode-INFO-all --remove-indels --max-missing-count 0 --out
LtimVsLeur_noindels

Extract 1SNP per contig

VCFtools v0.1.14

vcftools --vcf LtimVsLeur_noindels.recode.vcf --recode --recode-INFO-all --thin 10000 --min-alleles 2 --
out LtimVsLeur_1SNPperContig

VCF to STRUCTURE
convertion

PGDSpyder v2.1.1.0

java -Xmx1024m -Xms512m -jar /path_to/PGDSpider2-cli.jar -inputfile
LtimVsLeur_1SNPperContig.recode.vcf -inputformat VCF -outputfile LtimVsLeur_SNPs -outputformat
STRUCTURE -spid VCF_to_ STRUCTURE.spid

Structure analysis

STRUCTURE v2.3.4

structure -m mainparams (standard parameters except 1 million steps after a burn-in period of 200
000, K=2 and admixture model)

CLUMPACK v42089

The Web version was used - http://clumpak.tau.ac.il/

PCA analysis

PLINK v1.90b3.45

plink --file LtimVsLeur 1SNPperContig --pca 3

ggplot2 R package
v2.2.1

1. R; 2. library(ggfortify); 3. pca <- read.table('plink.eigenvec', header=TRUE); 4. df <- pca[c(3, 4)]; 5.
autoplot(prcomp(df), data = pca, colour = 'Species.Pop', size = 5)
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Data Records

Forty-eight raw FASTQ files were submitted to NCBI Sequence Read Archive,
with BioProject accession PRINA358867 (Data Citation 1 and Tables 2-3). FASTQ files
were divided in two sets, corresponding to the sampling localities (Ltim_lreland and
Ltim_Alps), and by biosample-specimen (SAMN06186748-3101, SAMNO06186761-3102,
SAMNO06186762-3103 and SAMNO06186763-3105; SAMNO06186727-3112,
SAMNO06186728-3113, SAMN06186729-3114 and SAMNO06186738-3116). In each
biosample, six files were submitted, corresponding to three different Illumina HiSeq
sequencing lanes and two read directions. Pre/post-cleaning FASTQC base quality pdf
report (FASTQC.pdf) can be accessed in Figshare (Data Citation 2). This dataset is the
core of this work and has not been released or analysed previously.

Trinity raw assemblies (Ltimidus_Trinity.fasta, Ltimiduslreland_Trinity.fasta and
LtimidusAlps_Trinity.fasta) were deposited on Figshare (Data citation 2). The curated
transcriptome  assembly fasta files (LtimidusTranscriptome.cds.fasta and
LtimidusTranscriptome.pep.fasta) and the annotated xIs database file
(LtimidusTranscriptome.xls) can also be found in Figshare (Data citation 2).

The European hare data used here (Data Citation 3) was previously published by
Amoutzias et al.(Amoutzias et al. 2016) (GenBank Project SRP055741, samples
SRR1823098, SRR1863103 and SRR1863605).

Mapping statistics (Table 5), SNP call VCF file (LtimVsLeur.vcf) and
population/species diagnostic SNPs tables (Supplementary Tables 1-4) were deposited

in Figshare (Data citation 2).

Table 2: Summary of sample data information deposited in the NCBI database.

Sample ID Species (population) Tissue Method NCBI BioSample ID
Sample 3101 Lepus timidus (Ireland) liver RNA-seq SAMNO06186748
Sample 3102 Lepus timidus (Ireland) liver RNA-seq SAMNO06186761
Sample 3103 Lepus timidus (Ireland) liver RNA-seq SAMNO06186762
Sample 3105 Lepus timidus (Ireland) liver RNA-seq SAMNO06186763
Sample_3112 Lepus timidus (Alps) liver RNA-seq SAMNO06186727
Sample 3113  Lepus timidus (Alps) liver RNA-seq SAMNO06186728
Sample 3114  Lepus timidus (Alps) liver RNA-seq SAMNO06186729
Sample 3116  Lepus timidus (Alps) liver RNA-seq SAMNO06186738
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Table 3: lllumina RNA-seq data deposited in the NCBI database.

in hares and mice

Sample ID NCBI SRA runs accession Raw reads Mbytes
Sample_3101 SRR5133282 26,598,712 2,525
Sample_3102 SRR5133280 26,128,525 2,532
Sample_3103 SRR5133285 24,469,456 2,414
Sample_3105 SRR5133283 26,662,182 2,582
Sample_3112 SRR5133287 22,444,667 2,263
Sample_3113 SRR5133281 20,825,930 2,100
Sample_3114 SRR5133286 32,749,011 3,294
Sample_3116 SRR5133284 21,690,965 2,189

Technical Validation

RNA integrity

The quality and quantity of each RNA sample was assessed using the 260/280
and 260/230 absorbance ratios estimated by an IMPLEN P330 NanoPhotometer and
RNA Integrity Number (RIN) and concentration (ug/uL) with a Bioanalyzer 2100 (Agilent

Technologies). All samples had RIN values above 8.

RNA-Seq data quality

The lllumina HiSeq run produced a total raw output of 103 941 215 100 bp paired-
end reads (207 882 430 total reads). Adapter removal and quality trimming decreased
this number to 201 569 448 reads (97%) (Table 4). Final analysed reads passed the

minimum quality parameters as established by FastQC.

Transcriptome assembly curation, annotation and quality

Cleaned reads were assembled into 272 183 contigs with a mean length of 594
bp and a N50 length of 839 bp (Table 4). After assembly curation with Transrate optimal
cut-off > 0.024, clustering with a 95% similarity threshold and open reading frame
prediction, were retained 25 868 transcripts with a mean length of 842 bp and a N50
length of 1 182 (Table 4).

Annotation using a conditional reciprocal best blast hit approach results in 16 772
(65 %) annotated transcripts, of which 13 641 were annotated to the rabbit transcriptome

and 15 955 to the Swiss-Prot database (Fig. 3). In order to reduce the number of non-
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annotated transcripts, the less stringent unidirectional blast hit was added to the
database. Hits were recovered for 25 549 transcripts (99%) (Fig. 3).

The mountain hare transcriptome produced in this study represents an important
improvement compared to the currently available transcriptomic resources for Lepus —
L. granatensis(Joao P Marques, Farelo, et al. 2017) and L. europaeus(Amoutzias et al.
2016) transcriptomes — as it performs better on several assembly statistics, such as

reference coverage (42% vs. 32% in L. granatensis and 40% in L. europaeus; using the

rabbit transcriptome as reference).

Table 4: Mountain hare transcriptome assembly and curation characterisation.

Lepus timidus transcriptome Value

Raw Reads 207,882,430
Clean Reads 201,569,448
Mapped Reads 136,511,846
Raw de novo assembly (Trinity)

Number of contigs 272,183
Largest (bp) 14,048
Smallest (bp) 201

N50 (bp) 839

Mean (bp) 594

Post assembly curation (TransRate)

Number of contigs 113,694
Largest (bp) 14,048
Smallest (bp) 201

N50 (bp) 801

Mean (bp) 567

Post redundancy removal (CD-HIT-EST)

Number of contigs 109,239
Largest (bp) 14,048
Smallest (bp) 201

N50 (bp) 765

Mean (bp) 554

Post open reading frame prediction (TransDecoder)

Number of contigs 25,868
Largest (bp) 13,728
Smallest (bp) 297

N50 (bp) 1,182

Mean (bp) 842
Reference Coverage (%) 42
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Figure 3: Annotation summary - Number of transcripts annotated with different
combinations of methods and databases: all transcripts; transcripts annotated with crb-
blast against rabbit transcriptome; transcripts annotated with a unidirectional BLASTx
against rabbit transcriptome; transcripts annotated with crb-blast against the Swiss-Prot
database; and transcripts annotated with a unidirectional BLASTx against the Swiss-Prot

database.

Genetic variation, differentiation and gene ontology enrichment

In total, 218 057 526 reads (63%) were mapped to the filtered transcriptome —
136 511 846 mountain hare reads (68%) and 81 545 680 European hare reads (57%)
(see statistics in Table 5). After filtering, 159 629 high-quality SNPs were inferred, of
which 41 182 (26%) were sequenced in all eleven specimens. A summary of
polymorphic, shared and fixed SNPs is shown in Fig. 3. 4 672 putative species-diagnostic
SNPs (considered when species presented alternative fixed alleles) were inferred (Data
citation 2, Supplementary Tables 1-3, also deposited in Figshare). The diagnostic power
of our SNP set could be strongly reduced if any of the sequenced specimens was
admixed (namely from the Alps, where the species overlap). We therefore conducted a
Principal Component Analysis and a Bayesian Assignment analysis to assess our ability
to separate the species. The results suggest that the analysed mountain and European
hares are well differentiated with our SNP set, and only possible limited levels of
admixture were found for individual 3116 (Fig. 4). An extra table of species-diagnostic

SNPs excluding that individual was therefore produced (Data citation 2, Supplementary
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Table 4, also deposited in Figshare). 25 269 SNPs were inferred in the mountain hare,
of which 12 548 and 18 591 were polymorphic in the Irish and Alpine samples
respectively, and 126 were fixed between sampling localities (Data citation 2,
Supplementary Tables 5-7, deposited in Figshare). The “membrane part” gene ontology
term was found enriched in the collection of genes with fixed differences between the

LI

Irish and Alpine mountain hare samples, while terms “lipid metabolic process”, “small

”

molecule catabolic process”, “extracellular space and acyl-CoA dehydrogenase activity”
were found enriched in genes with fixed differences between samples of the two species.
Note however that even though the background gene set was controlled for, RNA-

sequencing data does not provide an unbiased sample of information across different

genes and these results may represent tissue-related functions.

Table 5: Mapping statistics.

Sample ID Species (population) Raw reads # Mapped reads # m:‘z‘;iz
Sample_3101 Lepus timidus (Ireland) 26,598,712 19,648,435 74
Sample_3102 Lepus timidus (Ireland) 26,128,525 18,781,893 72
Sample_3103 Lepus timidus (Ireland) 24,469,456 16,102,091 66
Sample_3105 Lepus timidus (Ireland) 26,662,182 18,429,333 69
Sample_3112 Lepus timidus (Alps) 22,444,667 13,913,982 62
Sample 3113 Lepus timidus (Alps) 20,825,930 13,935,177 67
Sample_3114 Lepus timidus (Alps) 32,749,011 21,360,771 65
Sample_3116 Lepus timidus (Alps) 21,690,965 14,340,164 66
Sample_H1 Lepus europaeus 20,825,930 14,100,961 62
Sample H2 Lepus europaeus 32,749,011 28,922,352 57
Sample_H3 Lepus europaeus 21,690,965 38,522,367 55
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a) SNPs characterization
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b) STRUCTURE analysis
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L. timidus (Ireland) L. timidus (Alps) L. europaeus

c) Principal Component Analysis
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Figure 4: Characterization of inferred SNPs in the sampled populations and
species — a) Relative proportion of the 41 182 SNPs mapped to the mountain hare
transcriptome, summarized as polymorphic within each species and fixed or shared
between L. timidus (mountain hare) and L. europaeus (European hare). The proportion
is shown considering the complete L. timidus dataset (i) and only the Irish (ii) and Alpine
(iii) populations. b) STRUCTURE analysis to evaluate cluster membership and
admixture proportions. Individuals are sorted by population and species. Mountain hare
populations are shown in blue and European hare individuals in orange. ¢) Principal
Component Analysis (PCA) plot using one SNP per contig. The first principal component

(PC1) splits species and the second (PC2) the sampled populations.
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SNP Validation

Independent SNP genotyping was performed for a random subset of 110
putative species-diagnostic SNPs, which laid on different contigs. Technical
validation was considered successful for SNPs showing the expected
alternative alleles, being one fixed in L. timidus (note that the sequenced L.
europaeus specimens differed from the RNA-sequencing). PCR amplification
was successful for 96 of the 110 target contigs (87%), 88 amplicons were
successfully sequenced in both species (92%), and concordance between
sequences and expected SNPs was obtained for 85 of the sequenced
fragments (97%). This represents an overall validation success of 77%, which
compares to studies using similar approaches47—49 (Data citation 2; see
Supplementary Table 8 for full genotyping results and Supplementary Table 9
with the list of all primers, both deposited in Figshare). This technical validation
proportion is conservative, as it is reduced by technical issues in PCR
amplification and sequencing, and potential intraspecific polymorphism in the
European hare (given the use of two different samples for validation), in addition
to real false positives. From the validated SNPs, 71 confirmed alternate alleles
in the species, but their diagnostic utility should be tested with larger population

sampling.

Usage Notes

These genomic resources will be useful for a variety of studies, particularly in the
characterization of genetic diversity in mountain hare populations and on the
development of hybridization monitoring tools. Note that SNPs were here inferred from
an uneven and small species sample, and therefore any diagnostic genotyping assay
built from this data should be first tested with adequate sample sizes from pure parental

populations of the species, before being applied to hybrid zones.
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Supplementary Tables (Annexes)

Supplementary Table 1 - Species-diagnostic SNPs table considering the two L. timidus
populations.

Supplementary Table 2 - Species-diagnostic SNPs table considering only Irish L.
timidus individuals.

Supplementary Table 3 - Species-diagnostic SNPs table considering only Alpine L.
timidus individuals.

Supplementary Table 4 - Species-diagnostic SNPs table considering the two L. timidus

populations, but excluding individual 3116.
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