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1

Présentation
1.1 Curriculum Vitae

SITUATION ACTUELLE (depuis novembre 2013)
Statut
Chargé de Recherche au CNRS, relevant de la section 29 du Comité National.
Unité
Institut des Sciences de l’Evolution, Montpellier (ISEM, UMR5554 UM-CNRS-IRD-EPHE),
Département Genϕ, Equipe Biodiversité et Evolution en milieu Marin (BEM).
Responsable de l’équipe BEM (anciennement équipe SEA) depuis Septembre 2018.
THEMATIQUES DE RECHERCHE
Mes recherches s’intéressent aux mécanismes évolutifs qui influencent la variabilité génétique et ses
liens avec le phénotype à l’échelle du génome et dans l’espace. Elles traversent les échelles de temps
micro- et macro-évolutives en partant des mécanismes intra-populationnels, et se prolongent à l’étude
de divergence conduisant à la spéciation, et enfin à l’évolution moléculaire. Pour aborder ces différents
niveaux, j’utilise les concepts et les méthodes d’analyse issus de la génétique des populations et les
applique aux données de polymorphisme produites à l’aide des technologies de séquençage hautdébit. Mes modèles d’étude sont principalement des espèces de poissons. Bien qu’essentiellement
fondamentales, mes recherches ont des applications dans des programmes d’amélioration génétique
aquacole et de conservation-gestion des populations naturelles.
FORMATION UNIVERSITAIRE (2000-09)
2006-09
Doctorat filière Evolution, Ecologie, Ressources Génétiques, Paléontologie. Allocataire
de recherche - Moniteur, Université Montpellier 2. Institut des Sciences de l’Evolution
Montpellier (UMR 5554 – ISEM). Thèse soutenue le 25/09/2009.
2005-06
Master 2 de Recherche, mention « Biologie Cellulaire et Moléculaire, Oncologie » (AB)
et Magistère de « Biologie Moléculaire et Cellulaire » (AB). ENS Lyon.
2005
Concours national de l’Agrégation externe SV-STU. Admis 67ème sur 160.
2004-05
Prépa Agrégation externe SV-STU (Sciences de la Vie de la Terre et de l’Univers)
spécialité « Biologie Cellulaire et Moléculaire». ENS Lyon.
2003-04
Maîtrise de « Biologie Cellulaire et Physiologie » mention « Génétique Moléculaire et
Cellulaire » (AB). ENS Lyon.
2002-03
Licence de Biologie mention « Biologie Cellulaire et Physiologie » Spécialisation
« Biologie Moléculaire et Cellulaire » (AB). ENS Lyon.
2002
Concours ENS filière BCPST. Admis aux ENS Lyon et Cachan. Concours Agro A filière
BCPST. Admis à toutes les écoles d’ingénieur recrutant sur le concours Agro A.
2000-02
Prépa BCPST « Biologie, Chimie, Physique et Sciences de la Terre ». Lycée du Parc, Lyon.
RECHERCHE PRE-DOCTORALE (2003-09)
2006-09
Thèse. Structuration génétique et spéciation chez les anguilles. Dir P. Berrebi. ISEM,
UM2.
2005-06
DEA. La panmixie chez les anguilles, nouvelles données dans le Sud-Ouest de l’Océan
Indien. Direction P. Berrebi. ISEM, UM2.
2004
Maîtrise. Analyse anatomique quantitative de la connectivité de l’aire corticale STP.
Codirection S. Clavagnier & H. Kennedy. INSERM 371 – Cerveau et Vision, Lyon.
2003
Licence. Etude de la composition de la faune macroinvertébrée aquatique pour la
conservation de l’écrevisse à pattes blanches (Austropotamobius pallipes). Codirection
M.C. Trouilhe, F. Grandjean & C. Souty. Laboratoire de Génétique et Biologie des
Populations de Crustacés, Université de Poitiers.
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PARCOURS POSTDOCTORAL (2009-13)
2011-13
ANR retour de post-doc. Génomique de l’adaptation locale et de la spéciation chez le
bar européen, Dicentrarchus labrax. ISEM, Université Montpellier 2.
2010-11
Post-doc, financement CRSNG Canada. Bases génomiques de la spéciation écologique
chez le corégone. Labo Bernatchez. Institut de Biologie Intégrative et des Systèmes,
Université Laval, Québec, Canada.
2009-10
Post-doc, financement MAECI Canada. Génomique de l’adaptation locale et de la
spéciation chez les anguilles. Labo Bernatchez. Institut de Biologie Intégrative et des
Systèmes, Université Laval, Québec, Canada.
ACTIVITES D’ENSEIGNEMENT
 Master 1 : Cours de génomique évolutive, M1 BEE parcours Darwin. Depuis 2017 (3h/an)
 Master 2 : Cours de génomique évolutive, M2 SupAgro. 2015-16 (1,5h/an)
 Jury de Master : M1 et M2 parcours Darwin. 2015 & 2017
 Formation doctorale : Cours dans le module de «Génétique des organismes marins», Station
Marine de Sète. 2014-15 (2h/an)
 Ecole d’été doctorale : Cours et formation pratique «Marine Ecological and Evolutionary
Genomics», Station Biologique de Roscoff. 2017 (1j)
 Formation ITAs/Chercheurs : Formation pratique en biologie moléculaire et bio-informatique
«Génotypage par séquençage». LabEx CeMEB. 2016 (10j)
ENCADREMENT
Licence N. Colombier (2013).
Master C. Chauvel (M2, 2013), M. Lechene (M1, 2014), C. Rey (M1, 2014), A. Le Moan (M2, 2015),
A. Payan (Césure tutorée SupAgro, 2016), M. Duranton (M2, 2016), C. Babin (Maitrise
Canada, 2016-17), F. Schlichta (M1, 2018), M. Leroy (M1, 2018), F. Schlichta (M2, 2018), M.
Raynaud (M2, 2020).
Thèse Codirection de 4 thèses soutenues : A. Souissi (2013-16), M. Leitwein (2014-17), C. Rougeux
(2014-2018), M. Duranton (2016-19).
Codirection d’une thèse en cours : P. Barry (2018-).
EXPERTISE, RAYONNEMENT ET RESPONSABILITES SCIENTIFIQUES
 Rapporteur dans les revues scientifiques : Aquatic Living Resources, Axios, BMC Evolutionary
Biology, BMC Genetics, BMC Genomics, Carnets de Biologie Marine, Current Zoology, Ecology
Letters, Evolutionary Applications, Evolution, Fisheries Management and Ecology, Frontiers in
Genetics, Genome Biology and Evolution, Genes, Heredity, ICES Journal of Marine Science,
Journal of Evolutionary Biology, Journal of Heredity, Molecular Biology and Evolution, Marine
Ecology Progress Series, Molecular Ecology, Molecular Ecology Resources, Molecular
Phylogeny and Evolution, New Phytologist, Proceedings of the Royal Society B, Scientific
Reports, Trends in Ecology and Evolution.
 Evaluateur de projets scientifiques : FCT (2012-13), NSF (2016), AIAS-COFUND-Marie Curie
(2017).
 Comités de sélection : poste MCF n°4096, UFR Sciences et CEB de Chizé (2015), poste MCF
n°0477, Université de Perpignan (2016).
 Membre externe de 20 comités de thèse.
 Jury de soutenance de thèse : P. Nouhaud (2014, INRA Rennes, examinateur), S.
Bouchemousse (2015, UPMC SB Roscoff, examinateur), Ahmed Souissi (2016, UM-Faculté des
Sciences de Tunis, membre invité), A. Ribardière (2017, UPMC SB Roscoff, membre invité), M.
Leitwein (2017, UM, membre invité), Q.K. Doan (2017, UM, examinateur), C. Malien (2017,
Université Côte d’Azur, examinateur), C. Rougeux (2019, Université Laval, co-directeur), M.
Duranton (2019, UM, co-directeur).
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Accueil, accompagnement, et conseils à des doctorants dans le cadre de leur thèse : Q.
Rougemont (2015), A. Ribardière (2017), N. Arce-Diaz (2018), I. Guerrero-Cozar (2020).
Communications orales invitées depuis 2013 : Conférence PPD (Marseille, 2013), Séminaire
Labo GEPV (Lille, 2014), IBIS Seminar (Québec, Canada, 2014), Journée RAD-Seq (MNHN,
Paris, 2015), Department of Bioscience Seminar (Aarhus, Danemark, 2016), EVENET
Conference (Ghent, Belgique, 2016), CMPG Seminar (Berne, Suisse, 2018), iMARCO
Conference (Aveiro, Portugal, 2019).
Membre du comité organisateur des séminaires de l’ISEM (depuis 2018).
Membre du conseil scientifique de la plateforme GenSeq (LabEx CeMEB).
Antérieurement responsable de l’équipe SEA depuis Septembre 2018, composée de 3 C et 1
ITA.
Actuellement responsable de l’équipe BEM, issue de la fusion des équipes SEA et MOEV et de
l’arrivée de autres 2 C/EC. Actuellement composée de 5 C/EC, 1 C émérite, 2 ITAs, 2 postdocs et 3 doctorants.

DIFFUSION SCIENTIFIQUE ET VULGARISATION
 Participation à des ouvrages de vulgarisation :
Les trois épines de la génétique écologique (Chapitre 5), In Denis Faure, Dominique Joly,
Sylvie Salamitou, Empreinte du vivant, l'ADN de l'environnement. 2015. Le Cherche Midi,
ISBN : 978−2−7491−4383−5, pp. 192
L’origine des espèces révélée par l’analyse des génomes, In Isabelle Amsallem & Michel
Petit, Sciences marines et littorales en Occitanie. Les dossiers d’Agropolis International,
Numéro 24 février 2019, ISSN : 1628-4240, pp. 132 (en français et en anglais).
Comprendre la formation des espèces, In Denis Faure, Dominique Joly, Sylvie Salamitou, 101
secrets de l’ADN. 2019. CNRS Editions, ISBN : 978-2-271-12743-3, pp. 360.
 Presse écrite et internet :
Diffusion des résultats de travaux publiés dans la rubrique communication du CNRS « En
direct des labos », articles dans la presse régionale (Midi libre), spécialisée (Le marin), et
scientifique (La Recherche).
 Participation à des évènements de vulgarisation :
Comprendre l'évolution à travers l'analyse des génomes (en duo avec Maud Duranton).
Journée Marathon de l’Evolution, 80 ans du CNRS, Montpellier.

1.2 Contrats de Recherche
FINANCEMENTS OBTENUS EN TANT QUE PORTEUR PRINCIPAL
2009-10
Bourse Postdoctorale du MAECI. 32000 Dollars canadiens
2011-14
Financement ANR « retour de postdoc », projet LABRAD-Seq ANR-11-PDOC-009-01.
209900 Euros.
2013-14
Financement CNRS-INEE APEGE DJ/ST/IP/2013/D-112, projet ArchiGen BFC 78167.
12820 Euros.
2018-21
Financement ANR JCJC, projet CoGeDiv ANR-17-CE02-0006-01, 306967 Euros.
FINANCEMENTS OBTENUS EN TANT QUE COLLABORATEUR
2014-17
Financement France Filière Pêche, Projet Gen-stocks PH/2013/11. 322300 Euros.
Porteur principal : Tony Robinet.
2016-19
Chercheur(se)s d’Avenir 2015 Région Languedoc Roussillon, Projet Boucledor. 88875
Euros. Porteuse principale : Audrey Darnaude.
2016-20
Financement FEAMP, projet GèneSea. 1013643,59 Euros, dont 14556,28 Euros pour
l’ISEM. Porteur principal : François Allal.
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2017-20
2018-21
2019-23

Financement FEAMP, projet Barfray PFEA400017DM0720006. 538722,57 Euros, dont
19850 Euros pour l’ISEM. Porteuse principale : Hélène de Pontual.
Financement ANR, projet CERBERUS ANR-17-CE02-0003-01. 718458 Euros, dont
141285,60 Euros pour l’ISEM. Porteur principal : Stéphane Hourdez.
Financement ANR, projet HotRec. 581 007,60 Euros, 169700 Euros pour l’ISEM. Porteur
principal : Laurent Duret.

1.3 Collaborations actuelles
COLLABORATIONS NATIONALES
François Allal, IFREMER, UMR Marbec. Projet FEAMP GeneSea. Amélioration génétique du bar
(Dicentrarchus labrax) et de la daurade (Sparus aurata) par sélection génomique intrafamiliale.
Sylvie Lapègue, IFREMER, La Tremblade. Architecture génomique de l’isolement reproductif chez
l’huitre creuse (Crassostrea gigas et C. angulata).
Frédérique Viard, Station Biologique de Roscoff, UMR7144 CNRS- Sorbonne Université. Projet ANR
HiSea. Architecture génomique et histoire évolutive de l’isolement reproductif chez Ciona.
Thomas Broquet, Station Biologique de Roscoff, UMR7144 CNRS- Sorbonne Université. Architecture
génomique et histoire évolutive de l’isolement reproductif chez le complexe d’espèces du
genre Jaera. Co-encadrement de la thèse de Pierre Barry dans le cadre du projet ANR CoGeDiv.
Stéphane Hourdez et Didier Jollivet, Observatoire de Banyuls, UMR8222 CNRS- Sorbonne Université
et Station Station Biologique de Roscoff, UMR7144 CNRS- Sorbonne Université. Projet ANR
Cerberus. Connectivité génétique des espèces hydrothermales des bassins d’arrière arc.
Audrey Darnaude, UMR Marbec. Projet Chercheur d’Avenir Boucle d’Or. Adaptation aux
environnements lagunaire et marin chez la daurade.
Tony Robinet, MNHN, Station Marine de Concarneau. Projet Gen-stocks. Connectivité génétique chez
des poissons marins exploités en Atlantique.
Hélène de Pontual, IFREMER Brest. Projet Barfray. Etude de la connectivité démographique et
génétique des populations de bar atlantique.
Laurent Duret, UMR CNRS 5558 - LBBE. Projet ANR Hot-Rec. Etude des paysages génomiques de
recombinaison chez les vertébrés.
COLLABORATIONS INTERNATIONALES
Michael Hansen, Aarhus University, Denmark. Génomique de la spéciation chez les anguilles
atlantiques.
Louis Bernatchez, Université Laval, Canada. Génomique de la spéciation chez le corégone. Sélection
spatialement hétérogène chez l’anguille américaine.
Rita Castilho, University of Algarve, CCMAR, Portugal. Génomique comparative de la divergence pour
relier la spéciation aux traits d’histoire de vie.
Naiara Rodriguez-Ezpeleta, AZTI Marine Research Division, Bizkaia, Spain. Etude de la connectivité
des populations de thon rouge.
Manuel Manchado, IFAPA, Spain. Assemblage et architecture du génome de la sole sénégalaise.

Solea senegalensis
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Liste des publications


Informations bibliométriques :

Page Google Scholar: https://scholar.google.com/citations?user=orGqHhAAAAAJ&hl=fr
Web of Science ResearcherID: D-9579-2016
Orcid number: https://orcid.org/0000-0002-1908-3235
53 publications
1979 citations
h-index = 22
15 publications en (co-)premier auteur
10 publications en (co-)dernier auteur.


Liste des publications période 2007 – 2020 :

*Gagnaire P-A apparait souligné dans les publications signées en tant que (co-)premier ou (co-)dernier
auteur.
1. Gagnaire P-A (2020) Comparative genomics approach to evolutionary process connectivity.
Evolutionary Applications Early View.
2. Lapègue S, Heurtebise S, Cornette F, Guichoux E, Gagnaire P-A (2020) Genetic Characterization of
Cupped Oyster Resources in Europe Using Informative Single-Nucleotide Polymorphism (SNP)
Panels. Genes, 11, 1-18
3. Duranton M, Allal F, Valière S,…, Gagnaire P-A (2020) The contribution of ancient admixture to
reproductive isolation between European sea bass lineages. Evolution Letters Early view.
4. Rey C, Darnaude A, Ferraton F, Guinand B, Bonhomme F, Bierne N, Gagnaire P-A (2020) WithinGeneration Polygenic Selection Shapes Fitness-Related Traits across Environments in Juvenile Sea
Bream. Genes. 11(4), 398.
5. Leitwein M, Rougemont Q, Duranton M, Gagnaire P-A, Bernatchez L (2020) Using haplotype
information for conservation genomics. Trends in Ecology & Evolution 35, 245-258.
6. Nikolic N, Liu S, Jacobsen MW,…, Gagnaire P-A & Hansen MM (2020) Speciation history of
European (Anguilla anguilla) and American eel (A. rostrata), analyzed using genomic data.
Molecular Ecology 29, 565-577.
7. Saint-Pé K, Leitwein M, Tissot L,…, Gagnaire P-A & Blanchet S (2019) Development of a large SNPs
resource and a low-density SNP array for brown trout (Salmo trutta) population genetics. BMC
Genomics 20, 582.
8. Leitwein M, Cayuela H, Ferchaud AL, Normandeau E, Gagnaire P-A, Bernatchez L(2019) The role of
recombination on genome‐wide patterns of local ancestry exemplified by supplemented brook
charr populations. Molecular Ecology 28, 4755-4769.
9. Rougeux C, Gagnaire P-A, Praebel K, Seehausen O, Bernatchez L (2019) Polygenic selection drives
the evolution of convergent transcriptomic landscapes across continents within a Nearctic sister
species complex. Molecular Ecology 28, 4388-4403.
10. Duranton M, Bonhomme F, Gagnaire P-A (2019) The spatial scale of dispersal revealed by
admixture tracts. Evolutionary Applications 12, 1743-1756.
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11. Vandeputte M, Gagnaire P-A, Allal F (2019) The European sea bass: a key marine fish model in the
wild and in aquaculture. Animal Genetics 50, 195-206.
12. Faggion S, Vandeputte M, Chatain B, Gagnaire P-A, Allal F (2019) Population-specific variations of
the genetic architecture of sex determination in wild European sea bass Dicentrarchus labrax L.
Heredity 122, 612-621.
13. Rougeux C, Gagnaire P-A, Bernatchez L (2019) Model‐based demographic inference of
introgression history in European whitefish species pairs. Journal of Evolutionary Biology 32, 806817.
14. Riquet F, Liautard‐Haag C, Woodall L,… , Gagnaire P-A, Bierne N (2019) Parallel pattern of
differentiation at a genomic island shared between clinal and mosaic hybrid zones in a complex of
cryptic seahorse lineages. Evolution 73, 817-835.
15. Souissi A, Bonhomme F, Manchado M, Bahri-Sfar L, Gagnaire P-A (2018) Genomic and geographic
footprints of differential introgression between two divergent fish species (Solea spp.). Heredity
121, 579-593.
16. Leitwein M, Gagnaire P-A, Desmarais E, Berrebi P, Guinand B (2018) Genomic consequences of a
recent three‐way admixture in supplemented wild brown trout populations revealed by local
ancestry tracts. Molecular Ecology 27, 3466-3483.
17. Gagnaire P-A, Lamy J-B, Cornette F,… & Lapègue S (2018) Analysis of genome-wide differentiation
between native and introduced populations of the cupped oysters Crassostrea gigas and
Crassostrea angulata. Genome Biology and Evolution 10, 2518-2534.
18. Fraïsse C, Roux C, Gagnaire P-A,… & Bierne N (2018) The divergence history of European blue
mussel species reconstructed from Approximate Bayesian Computation: the effects of sequencing
techniques and sampling strategies. PeerJ 6, e5198.
19. Duranton M, Allal F, Fraïsse C,… & Gagnaire P-A (2018) The origin and remolding of genomic islands
of differentiation in the European sea bass. Nature Communications 9, 2518.
20. Babin C, Gagnaire P-A, Pavey SA, Bernatchez L (2017) RAD-seq reveals patterns of additive
polygenic variation caused by spatially-varying selection in the American eel (Anguilla rostrata).
Genome Biology and Evolution 9, 2974-2986.
21. Rougeux C, Bernatchez L, Gagnaire P-A (2017) Modeling the multiple facets of speciation-withgene-flow towards inferring the divergence history of Lake Whitefish species pairs (Coregonus
clupeaformis). Genome Biology and Evolution 9, 2057–2074.
22. Souissi A, Gagnaire P-A, Bonhomme F, Bahri‐Sfar L (2017) Introgressive hybridization and
morphological transgression in the contact zone between two Mediterranean Solea species.
Ecology and Evolution 7, 1394-1402.
23. Leitwein M, Guinand B, Pouzadoux J,… & Gagnaire P-A (2017) A dense brown trout (Salmo trutta)
linkage map reveals recent chromosomal rearrangements in the Salmo genus and the impact of
selection on linked neutral diversity. G3: Genes, Genomes, Genetics 7, 1365-1376.
24. Rougemont Q, Gagnaire P-A, Perrier C,… & Evanno G (2017) Inferring the demographic history
underlying parallel genomic divergence among pairs of parasitic and nonparasitic lamprey
ecotypes. Molecular Ecology 26, 142–162.
25. Leitwein M, Gagnaire P-A, Desmarais E,… & Guinand B (2016) Genome‐wide nucleotide diversity
of hatchery‐reared Atlantic and Mediterranean strains of brown trout Salmo trutta compared to
wild Mediterranean populations. Journal of Fish Biology 89, 2717-2734.
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26. Gagnaire P-A, Gaggiotti OE (2016) Detecting polygenic selection in marine populations by
combining population genomics and quantitative genetics approaches. Current Zoology 62, 603616.
27. Guinand B, Chauvel C, Lechene M,… & Gagnaire P-A (2016) Candidate gene variation in gilthead
sea bream reveals complex spatiotemporal selection patterns between marine and lagoon
habitats. Marine Ecology Progress Series 558, 115-127.
28. Le Moan A, Gagnaire P-A, Bonhomme F (2016) Parallel genetic divergence among coastal-marine
ecotype pairs of European anchovy explained by differential introgression after secondary contact.
Molecular Ecology 25, 3187-3202.
29. Szulkin M, Gagnaire P-A, Bierne N, Charmantier A (2016) Population genomic footprints of fine‐
scale differentiation between habitats in Mediterranean blue tits. Molecular Ecology 25, 542-558.
30. Gagnaire P-A, Broquet T, Aurelle D, et al. (2015) Using neutral, selected, and hitchhiker loci to
assess connectivity of marine populations in the genomic era. Evolutionary Applications 8, 769786.
31. Miller MJ, Feunteun E, Aoyama J, Watanabe S, Kuroki M, Lecomte-Finiger R, Minegishi Y, Robinet
T, Réveillac E, Gagnaire P-A,... & Otake T (2015). Biodiversity and distribution of leptocephali west
of the Mascarene Plateau in the southwestern Indian Ocean. Progress in oceanography, 137, 84102.
32. Laporte M, Rogers SM, Dion-Côté A-M, Normandeau E, Gagnaire P-A,... & Bernatchez L (2015).
RAD-QTL mapping reveals both genome-level parallelism and different genetic architecture
underlying the evolution of body shape in lake whitefish (Coregonus clupeaformis) species pairs.
G3: Genes, Genomes, Genetics, 5(7), 1481-1491.
33. Tine M, Kuhl H, Gagnaire P-A,… Reinhardt R (2014) The European sea bass genome and its variation
provide insights into adaptation to euryhalinity and speciation. Nature Communications 5(1), 1-10.
34. Ulrik MG, Pujolar JM, Ferchaud AL, Jacobsen MW, Als TD, Gagnaire P-A,... & Hansen MM (2014).
Do North Atlantic eels show parallel patterns of spatially varying selection? BMC evolutionary
biology, 14(1), 138.
35. Gagnaire P.A., Pavey S.A., Normandeau E. and Bernatchez L. (2013) The genetic architecture of
reproductive isolation during speciation-with-gene-flow in lake whitefish species pairs assessed by
RAD sequencing. Evolution, 67: 2483-2497
36. Pavey S.A., Sevellec M., Adam W., Normandeau E., Lamaze F.C., Gagnaire P.A., Filteau M., Hebert
F.O., Maaroufi H. and Bernatchez L. (2013) Nonparallelism in MHCIIβ diversity accompanies
nonparallelism in pathogen infection of lake whitefish (Coregonus clupeaformis) species pairs as
revealed by next-generation sequencing. Molecular Ecology, 22: 3833-3849
37. Gagnaire P.A., Normandeau E., Pavey S.A. and Bernatchez L. (2013) Mapping phenotypic,
expression and transmission ratio distortion QTL using RAD markers in the Lake Whitefish
(Coregonus clupeaformis). Molecular Ecology, 22: 3036-3048
38. Côté C.L., Gagnaire P.A., Bourret V., Verreault G., Castonguay M. and Bernatchez L. (2013)
Population genetics of the American eel (Anguilla rostrata): FST = 0 and NAO effects on
demographic fluctuations of a panmictic species. Molecular Ecology, 22: 1763-1776
39. Bierne N., Gagnaire P.A. and David P. (2013) The geography of introgression in a patchy
environment and the thorn in the side of ecological speciation. Current Zoology, 59: 72-86
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40. Chaoui L., Gagnaire P.A., Guinand B., Quignard J.P., Tsigenopoulos C., Kara M.H. and Bonhomme.
(2012) Microsatellite length variation in candidate genes correlates with habitat in the gilthead sea
bream Sparus aurata. Molecular Ecology, 21: 5497-5511
41. Gagnaire P.A., Normandeau E. and Bernatchez L. (2012) Comparative genomics reveals adaptive
protein evolution and a possible cytonuclear incompatibility between European and American
eels. Molecular Biology and Evolution, 29: 2909-2919
42. Laflamme S., Côté C.L., Gagnaire P.A., Castonguay M. and Bernatchez L. (2012) RNA/DNA ratios in
American glass eels (Anguilla rostrata): evidence for latitudinal variation in physiological status and
constraints to oceanic migration? Ecology and Evolution, 2: 875–884
43. Gagnaire P.A., Normandeau E., Côté C., Hansen M.M. and Bernatchez L. (2012) The genetic
consequences of spatially varying selection in the panmictic American Eel (Anguilla rostrata).
Genetics, 190: 725–736
44. Minegishi Y., Gagnaire P.A., Aoyama J., Bosc P., Feunteun E., Tsukamoto K. and Berrebi P. (2012)
Present and past genetic connectivity of the Indo-Pacific tropical eel Anguilla bicolor. Journal of
Biogeography, 39: 408–420
45. Gagnaire P.A., Minegishi Y., Zenboudji S., Valade P., Aoyama J. and Berrebi P. (2011) Withinpopulation structure highlighted by differential introgression across semi-permeable barriers to
gene flow in Anguilla marmorata. Evolution, 65: 3413–3427
46. Genovesi B., Shin-Grzebyk M.S., Grzebyk D., Laabir M., Gagnaire P.A., Vaquer A., Pastoureaud A.,
Lasserre B., Collos Y., Berrebi P. and Masseret E. (2011) Assessment of cryptic species diversity
within the Alexandrium tamarense species complex (Dynophyceae) based on large-scale strain
isolation. Journal of Plankton Research, 33: 405–414
47. Blanchet E., Blondin L., Gagnaire P.A., Foucart A., Vassal J.M. and Lecoq M. (2010) Multiplex PCR
assay to discriminate four neighbouring species of the Calliptamus genus (Orthoptera: Acrididae)
from France. Bulletin of Entomological Research, 100: 701–706
48. Réveillac E., Gagnaire P.A., Lecomte-Finiger R., Berrebi P., Robinet T., Valade P. and Feunteun E.
(2009) Development of a key using morphological characters to distinguish south-western Indian
Ocean anguillid glass eels. Journal of Fish Biology 44: 2171–2177
49. Gagnaire P.A., Albert V., Jónsson B. and Bernatchez L. (2009) Natural selection influences AFLP
intraspecific genetic variability and introgression patterns in Atlantic eels. Molecular Ecology 18:
1678–1691
50. Gagnaire P.A., Minegishi Y., Aoyama J., Réveillac E., Robinet T., Bosc P., Tsukamoto K., Feunteun
E. and Berrebi P. (2009) Ocean currents drive secondary contact between Anguilla marmorata
populations in the Indian Ocean. Marine Ecology Progress Series 379: 267–278
51. Réveillac E., Feunteun E., Berrebi P., Gagnaire P.A., Lecomte-Finiger R., Bosc P. and Robinet T.
(2008) Anguilla marmorata larval migration plasticity as revealed by otolith microstructural
analysis. Canadian Journal of Fisheries and Aquatic Sciences 65: 2127–2137
52. Robinet T., Réveillac E., Kuroki M., Aoyama J., Tsukamoto K., Rabenevanana M.W., Valade P.,
Gagnaire P.A., Berrebi P. and Feunteun E. (2008) New clues for freshwater eels (Anguilla spp.)
migration routes to eastern Madagascar and surrounding islands. Marine Biology 154: 453–463
53. Gagnaire P.A., Tsukamoto K., Aoyama J., Minegishi Y., Valade P. and Berrebi P. (2007) RFLP and
semi-multiplex PCR-based identification of four eel species from the south-western Indian Ocean
region. Journal of Fish Biology 71(Sup B): 279–287
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Conférences invitées dans des congrès (2014-2020) :

Gagnaire P.A. (2019) Comparative genomics approach to evolutionary process connectivity. iMARCO
2019 Conference, Aveiro, Portugal.
Gagnaire P.A. (2017) Reconstructing the evolutionary history underling the genomic landscape of
species divergence using haplotype-resolved genomes. EVENET, Ghent, Belgique.


Communications orales dans des congrès, symposiums (2014-2020) :

Lapègue S., Heurtebise S., Lamy J.B., Cornette F., Dégremont L., Flahauw E., Chapat M., Boudry P.,
Bierne N., Gagnaire P.A. (2018) The Pacific and the Portuguese cupped oysters, a pair of semiisolated species as genomic resources for shellfish aquaculture. AQUA 2018, Montpellier, France.
Allal F., Morvezen R., Brard-Fudulea S., Poncet C., Belmonte E., Griot R., Bruant J.B., Cariou S., Bajek A.,
Peyrou B., Vandeputte M., Jaimet C., Haffray P., Gagnaire P.A. (2018) Development and
characterization of a 57k single nucleotide polymorphism array for European sea bass. AQUA 2018,
Montpellier, France
Gagnaire P.A. (2017) Revealing fine-scale population structure using introgression signals in the
European sea bass. EuroMarine Genomics, Faro, Portugal
Gagnaire P.A. (2016) Polygenic adaptation to variable costal environments in the gilthead sea bream
(Sparus aurata), linking selected variants with adaptive phenotypes and fitness. FSBI International
Symposium on “Fish, Genes & Genomes”, Bangor, UK
Gagnaire P.A., Bierne N. and Bonhomme F. (2015) Recombination rate variation and differential gene
flow shape the genomic landscape of speciation in sea bass. 15th Congress of the European Society
for Evolutionary Biology, Lausanne, Suisse.
Gagnaire P.A. (2015) Polygenic adaptation to variable costal environments in the gilthead sea bream
(Sparus aurata), linking selected variants with adaptive phenotypes and fitness. 145th Annual
Meeting of the American Fisheries Society, Portland, USA.
Gagnaire P-A (2015) Polygenic adaptation to variable costal environments in the gilthead sea bream
(Sparus aurata), linking selected variants with adaptive phenotypes and fitness. Marco meeting,
Montpellier, France.


Séminaires invités et workshops (2014-2020) :

Gagnaire P.A. (2019) Inferring the history of speciation from phased genome sequences. Séminaire
EEP, Lille, France.
Gagnaire P.A. (2018) Inferring the history of speciation from phased genome sequences. CMPG
Seminar, Berne, Suisse.
Gagnaire P.A. (2016) Histoire évolutive de la divergence éco-phénotypique parallèle entre paires
d‘écotypes d'une même espèce. Journées RAD-Seq MNHN. Paris, France.
Gagnaire P.A. (2016) Parallel genomic divergence and the history of gene flow in replicate ecotype
pairs. Department of Bioscience Seminar. Aarhus, Denmark.
Gagnaire P.A. (2015) Architecture génomique de l’adaptation locale chez une espèce à fort flux
génique : la daurade royale (Sparus aurata). Journées de restitution du programme APEGE, Paris,
France.
Gagnaire P.A. (2015) Génotypage par séquençage chez les espèces non-modèles : développement et
applications des marqueurs RAD. Journées du SYSAAF, Rennes, France.
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Gagnaire P.A. and Rey C. (2015) Adaptation polygénique aux environnements marin et lagunaire chez
la Daurade royale (Sparus aurata). Séminaires de la Station Biologique de Roscoff, France.
Gagnaire P.A., Rey C., Darnaude A., Ferraton F., Augé M.T., Souissi A., Bierne N. and Bonhomme F.
(2015) Polygenic adaptation to variable costal environments in the gilthead sea bream (Sparus
aurata), linking selected variants with adaptive phenotypes and fitness. GDR MarCo, Montpellier,
France.
Gagnaire P.A. (2014) Génomique de la spéciation chez le bar européen, histoire évolutive d’une
divergence Atlantico-Méditerranéenne. Séminaire de l’IBIS, Québec, Canada.


Présentations orales données par des étudiants (2014-2020) :

Duranton M., Bonhomme F., and Gagnaire P.A. (2018) Studying the temporal dynamics of selection
acting on introgressed alleles through experimental crossing. iMARCO meeting, Heraklion, Creete.
Duranton M., Bonhomme F., and Gagnaire P.A. (2018) Linking the genomic landscape of species
divergence to intrinsic postzygotic barriers identified from experimental backcrosses. Evolutionary
Biology 2018, Montpellier, France.
Duranton M., Bonhomme F., and Gagnaire P.A. (2018) Identifying the evolutionary processes
underlying the genomic landscape of species divergence. Marine Evolution 2018. Strömstad, Suède.
Duranton M., Bonhomme F., and Gagnaire P.A. (2017) Are incidental island less likely to introgress?
Insights from haplotype−resolved genomes in European sea bass. ESEB Conference, Groningen,
Pays-Bas.
Duranton M., Bonhomme F., and Gagnaire P.A. (2017) Modeling of genomic islands of differentiation
in the European sea bass. SMBE regional meeting, Lyon, France
Duranton M., Bonhomme F., and Gagnaire P.A. (2017) How introgression signal can shed light on
population genetic connectivity. iMARCO meeting. Louvain-la-neuve, Belgique.
Rougeux C., Bernatchez L. and Gagnaire P.A. (2016) Inferring temporal and chromosomal patterns of
gene-flow during the divergence history of lake whitefish species-pairs. Evolution Conference,
Austin, USA.
Babin C., Pavey S., Bernatchez L. and Gagnaire P.A (2106) Genomic analysis of spatially varying
selection in the american eel (Anguilla rostrata). 11th anual meeting of the Canadian Society or
Ecology and Evolution (SCEE), St John's, Canada
Rougeux C., Gagnaire P.A. and Bernatchez L. (2016) The historical demography of Lake Whitefish
species pairs inferred from Next Generation Sequencing. 11th anual meeting of the Canadian
Society or Ecology and Evolution (SCEE), St John's, Canada
Rougeux C., Gagnaire P.A. and Bernatchez L. (2015) Demographic divergence history of American
whitefish species pairs inferred from genome-wide SNPs. 10th anual meeting of the Canadian
Society or Ecology and Evolution (SCEE), Saskatoon, Canada
 Acte de colloque à comité de lecture (2014-2020) :
Enez F, Lorgeoux B, Mahunon H, Bugeon J, Vandeputte M, Gagnaire P.A.,... & Haffray P (2018). Genetic
parameters for growth and colour traits in Pacific blue shrimp Litopenaeus stylirostris in a mixed
family design with SNP parentage assignement in New-Caledonia. In Proceedings of the World
Congress on Genetics Applied to Livestock Production, Auckland, New Zealand (pp. 16-18).
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3

Encadrement d’étudiants et publications associées

Cette section présente brièvement les travaux réalisés avec les étudiants en master et les doctorants
encadrés depuis mon recrutement au CNRS en octobre 2013. La plupart de ces encadrements ont été
accompagnés de publications, qui constituent l’essentiel des travaux présentés dans ce mémoire
d’HDR. Je remercie chaleureusement l’ensemble de ces étudiantes et étudiants pour leur implication
dans ces travaux de recherche.

3.1 Encadrement d’étudiants de Master

2014

Master 1 :
Marine LECHENE
Master Ecologie Biodiversité, Université de Montpellier. Encadrée à 100%.
Titre du stage : « Etude des profils de différenciation entre habitats par reséquençage
d’amplicons chez la daurade royale Sparus aurata. »
Publication associée : Guinand B, Chauvel C, Lechene M,… & Gagnaire P-A (2016) Candidate
gene variation in gilthead sea bream reveals complex spatiotemporal selection patterns
between marine and lagoon habitats. Marine Ecology Progress Series 558, 115-127.
Situation actuelle : Graduate from the University of Sydney in Marine Science and
Management.

2014

Carine REY
Master BioSciences, ENS Lyon. Encadrée à 100%.
Titre du stage : « Combining population genomics and quantitative genetics towards
understanding polygenic adaptation to varying environments in the panmictic sea bream
(Sparus aurata). »
Publication associée : Rey C, Darnaude A, Ferraton F, Guinand B, Bonhomme F, Bierne N, &
Gagnaire P-A (2020) Within-generation polygenic selection shapes fitness-related traits across
environments in juvenile sea bream. Genes, 11(4), 398.
Situation actuelle : Post-doctorante

2016

Aurélie PAYAN
Césure tutorée, Master SupAgro. 80%. Co-encadrée avec N. Bierne.
Titre du stage : « Estimation directe du taux de mutation chez deux espèces marines, le bar
européen et la cione. »
Publication associée : Gagnaire P-A, Payan A, Bonhomme F, Bierne N, Duranton M. Direct
estimation of the mutation rate in the European sea bass. In prep.
Situation actuelle : Etudiante à l’Université de Bristol.

Sparus aurata
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2018

Flávia SCHLICHTA
Master MEME. 80%. Co-encadrée avec M. Duranton.
Titre du stage : « Linking molecular evolutionary rates to speciation »
Publication associée : Duranton M, Rousselle M, Schlichta F, Bonhomme F, Gagnaire P-A. The
relation between recombination, reproductive isolation and patterns of molecular evolution
in the European sea bass genome. In prep.
Situation actuelle : Doctorante à l’Université de Bern, Laurent Excoffier Lab.

2018

Manon LEROY
Master Biodiversité Ecologie Evolution, Parcours Darwin, Université de Montpellier. 40%. Coencadrée avec M. Duranton.
Titre du stage : « Etude de la dépression d’hybridation entre deux lignées en cours de
spéciation »
Publication associée : Duranton M, Leroy M, Allal F, Bonhomme F, Gagnaire P-A. Phenotypic
and genomic analysis of hybrid depression using experimental backcrosses in the European
sea bass. In prep.
Situation actuelle : Service Civique en Environnement et Développement Durable.


2013

Master 2 :
Christelle CHAUVEL
Master Biodiversité Ecologie Evolution, Parcours Darwin, Université de Montpellier. 30%. Coencadrée avec B. Guinand.
Titre du stage : « Structure génétique mer-lagune d’une métapopulation de daurade royale
(Sparus aurata) »
Publication associée : Guinand B, Chauvel C, Lechene M,… & Gagnaire P-A (2016) Candidate
gene variation in gilthead sea bream reveals complex spatiotemporal selection patterns
between marine and lagoon habitats. Marine Ecology Progress Series 558, 115-127.

2015

Alan LE MOAN
Master Ecologie Biodiversité, Université de Montpellier. 70%. Co-encadré avec F. Bonhomme.
Titre du stage : « Existence d’une barrière au flux génique chez l’anchois européen (Engraulis
encrasicolus) »
Publication associée : Le Moan A, Gagnaire P-A, Bonhomme F (2016) Parallel genetic
divergence among coastal-marine ecotype pairs of European anchovy explained by differential
introgression after secondary contact. Molecular Ecology 25, 3187-3202.
Situation actuelle : Post-doctorant, University of Gothenburg, Department of Marine
Sciences - Tjärnö, Sweeden. Kerstin Johannesson Lab.

Engraulis encrasicolus
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2016

Maud DURANTON
Master Biodiversité Ecologie Evolution, Parcours Darwin, Université de Montpellier. Encadrée
à 100%.
Titre du stage : « Histoire évolutive du paysage génomique de différenciation entre bar
atlantique et loup méditerranéen »
Publication associée : Duranton M, Allal F, Fraïsse C,… & Gagnaire P-A (2018) The origin and
remolding of genomic islands of differentiation in the European sea bass. Nature
Communications 9, 2518.
Situation actuelle : Post-doctorante, University of Wisconsin-Madison, USA. John Pool Lab.

2016

Charles BABIN
Maitrise, Université Lavas, Québec, Canada. 50%. Co-encadré avec S. Pavey et L. Bernatchez.
Titre du stage : « Polygenic variation patterns associated with environmental variation acrosss
the American eel geographical distribution »
Publication associée : Babin C, Gagnaire P-A, Pavey SA, Bernatchez L (2017) RAD-seq reveals
patterns of additive polygenic variation caused by spatially-varying selection in the American
eel (Anguilla rostrata). Genome Biology and Evolution 9, 2974-2986.

2018

Flávia SCHLICHTA
Master MEME. 80%. Co-encadrée avec C. Roux.
Titre du stage : « The resolution of genomic conflicts following admixture in a polygenic hybrid
incompatibility model»
Publication associée : Schlichta F, Roux C, Simon A, Bierne N and Gagnaire P-A. The resolution
of genomic conflicts following admixture in a polygenic hybrid incompatibility model. In prep.
Situation actuelle : Doctorante à l’Université de Bern, Laurent Excoffier Lab.

2020

Marie RAYNAUD
Master Biodiversité Ecologie Evolution, Parcours Darwin, Université de Montpellier. 60%. Coencadrée avec N. Galtier.
Titre du stage : « Etude de l'évolution des paysages génomiques de recombinaison pour
comprendre l'origine et l'évolution du déterminisme de la recombinaison chez les vertébrés »

Dicentrarchus labrax
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3.2 Co-encadrement de doctorants
2013-16
Ahmed SOUISSI
Co-encadrement à 50% d’implication avec F. Bonhomme et L. Bahri-Sfar.
Financement Campus France et Université de Tunis.
Thèse soutenue le 12/12/2016 à la Faculté des Sciences de Tunis.
Titre de la thèse : « Analyse génétique et morphologique de l’isolement reproductif partiel dans
la zone d'hybridation de Solea senegalensis et Solea aegyptiaca en Tunisie. »
Publications associées :
1. Gagnaire P-A, Broquet T, Aurelle D, Viard F, Souissi A, Bonhomme F, Arnaud-Haond S, Bierne
N (2015) Using neutral, selected, and hitchhiker loci to assess connectivity of marine
populations in the genomic era. Evolutionary Applications 8, 769-786.
2. Souissi A, Gagnaire P-A, Bonhomme F, Bahri‐Sfar L (2017) Introgressive hybridization and
morphological transgression in the contact zone between two Mediterranean Solea species.
Ecology and Evolution 7, 1394-1402.
3. Souissi A, Bonhomme F, Manchado M, Bahri-Sfar L, Gagnaire P-A (2018) Genomic and
geographic footprints of differential introgression between two divergent fish species (Solea
spp.). Heredity 121, 579-593.
Situation actuelle : Post-doctorant dans l’équipe de Guillaume Evanno (INRA, Rennes).
2014-17
Maeva LEITWEIN
Coencadrement à 50% d’implication avec Bruno Guinand et Patrick Berrebi.
Financement Labex CeMEB et Fédération de pêche.
Thèse soutenue le 19/10/2017 à l’Université de Montpellier.
Titre de la thèse : « Génomique, repeuplement et conservation chez la truite (Salmo trutta)
méditerranéenne. »
Publications associées :
1. Leitwein M, Gagnaire P-A, Desmarais E,… & Guinand B (2016) Genome‐wide nucleotide
diversity of hatchery‐reared Atlantic and Mediterranean strains of brown trout Salmo trutta
compared to wild Mediterranean populations. Journal of Fish Biology 89, 2717-2734.
2. Leitwein M, Guinand B, Pouzadoux J,… & Gagnaire P-A (2017) A dense brown trout (Salmo
trutta) linkage map reveals recent chromosomal rearrangements in the Salmo ge-nus and the
impact of selection on linked neutral diversity. G3: Genes, Genomes, Genetics 7, 1365-1376.
3. Leitwein M, Gagnaire P-A, Desmarais E, Berrebi P, Guinand B (2018) Genomic consequences of a recent three‐way admixture in supplemented wild brown trout populations
revealed by local ancestry tracts. Molecular Ecology 27, 3466-3483.
Situation actuelle : Post-doctorante dans le laboratoire de Louis Bernatchez (Université Laval,
Canada).

Salmo trutta
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2014-19
Clément ROUGEUX
Coencadrement à 50% d’implication avec Louis Bernatchez.
Financement CRSNG.
Thèse soutenue le 13/03/2019 à l’Université Laval de Québec.
Titre de la thèse : « Génomique de la spéciation chez le Grand Corégone (Coregonus
clupeaformis) : Caractérisation des bases génomiques associées à la différenciation
phénotypique. »
Publications associées :
1. Rougeux C, Bernatchez L, Gagnaire P-A (2017) Modeling the multiple facets of specia-tionwith-gene-flow towards inferring the divergence history of Lake Whitefish species pairs
(Coregonus clupeaformis). Genome Biology and Evolution 9(8):2057–2074
2. Rougeux C, Gagnaire P-A, Bernatchez L (2019a) Model‐based demographic inference of
introgression history in European whitefish species pairs. Journal of Evolutionary Biology 32,
806-817.
3. Rougeux C, Gagnaire P-A, Praebel K, Seehausen O, Bernatchez L (2019b) Polygenic selection
drives the evolution of convergent transcriptomic landscapes across continents within a
Nearctic sister species complex. Molecular Ecology 28, 4388-4403.
4. Rougeux C, Laporte M, Gagnaire P-A, Bernatchez L (2019c). The role of genomic vs.
epigenomic variation in shaping patterns of convergent transcriptomic variation across
continents in a young species complex. bioRxiv, 784231.
Situation actuelle : Post-doctorant dans le laboratoire de Sam Yeaman (Université de Calgary,
Canada).
2016-19
Maud DURANTON
Co-encadrement à >90% d’implication avec François Bonhomme.
Financement bourse du ministère de l’enseignement supérieur et de la recherche.
Thèse soutenue le 15/11/2019 à l’Université de Montpellier.
Titre de la thèse : « Intégrer des approches expérimentales et d’évolution moléculaire en
génomique de la spéciation afin d’identifier les mécanismes impliqués dans la divergence entre
bar atlantique et loup méditerranéen. »
Publications associées :
1. Duranton M, Allal F, Fraïsse C,… & Gagnaire P-A (2018) The origin and remolding of genomic
islands of differentiation in the European sea bass. Nature Communications 9, 2518.
2. Duranton M, Bonhomme F, Gagnaire P-A (2019b) The spatial scale of dispersal revealed by
admixture tracts. Evolutionary Applications 12, 1743-1756.
3. Leitwein M, Rougemont Q, Duranton M, Gagnaire P-A, Bernatchez L (2019b) Using
haplotype information for conservation genomics. Trends in Ecology & Evolution 35(3), 245258

Coregonus clupeaformis

18

4. Duranton M, Allal F, Valière S,…, Gagnaire P-A (2020) The contribution of ancient ad-mixture
to reproductive isolation between European sea bass lineages. Evolution Letters, in press
5. Duranton M, Rousselle M, Schlichta F, Bonhomme F, Gagnaire P-A. The relation between
recombination, reproductive isolation and patterns of molecular evolution in the European sea
bass genome. In prep.
6. Duranton M, Leroy M, Allal F, Bonhomme F, Gagnaire P-A. Phenotypic and genomic analysis
of hybrid depression using experimental backcrosses in the European sea bass. In prep.
7. Gagnaire P-A, Payan A, Bonhomme F, Duranton M. Direct estimation of the mutation rate
in the European sea bass. In prep.
Situation actuelle : Post-doctorante dans le laboratoire de John Pool (Université du Winsonsin,
USA).
Thèse en cours :
2018- Pierre BARRY
Coencadrement à >70% d’implication avec Thomas Broquet.
Financement sur projet ANR CoGeDiv.
Inscription à l’Université de Montpellier.
Titre de la thèse : « Comprendre les rôles des contraintes génomiques et des traits d’histoire
de vie des espèces dans la spéciation par approche de génomique comparative. »

Figure 1 : Génomique Comparative de la Divergence pour relier la spéciation aux traits d’histoire de
vie. Espèces de poissons marins des côtes européennes subdivisées en lignées cryptiques, faisant
l’objet du travail de thèse de Pierre BARRY.
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4

Collaborations et publications associées

Cette section présente brièvement les travaux réalisés en collaboration avec des collègues extérieurs
à l’ISEM, depuis mon recrutement au CNRS en 2013 en octobre 2013. Seules sont mentionnées les
collaborations ayant abouti à la production de publications non référencées dans la section précédente
sur les travaux réalisés avec des étudiants encadrés.

4.1 Collaborations nationales :
François ALLAL et Marc VANDEPUTTE
IFREMER Palavas, UMR Marbec.
Publications associées :
1. Faggion S, Vandeputte M, Chatain B, Gagnaire P-A, Allal F (2019) Population-specific
variations of the genetic architecture of sex determination in wild European sea bass Dicentrarchus labrax L. Heredity 122, 612-621.
2. Vandeputte M, Gagnaire P-A, Allal F (2019) The European sea bass: a key marine fish model
in the wild and in aquaculture. Animal Genetics 50, 195-206.
Sylvie LAPEGUE
IFREMER, La Tremblade, UMR Marbec depuis 2019.
Publications associées :
1. Gagnaire P-A, Lamy J-B, Cornette F,… & Lapègue S (2018) Analysis of genome-wide
differentiation between native and introduced populations of the cupped oysters Crassostrea
gigas and Crassostrea angulata. Genome Biology and Evolution 10, 2518-2534.
2. Lapègue S, Heurtebise S, Cornette F, Guichoux E, Gagnaire P-A (2020) Genetic
Characterization of Cupped Oyster Resources in Europe Using Informative Single-Nucleotide
Polymorphism (SNP) Panels. Genes, 11, 1-18
Guillaume EVANNO et Quentin ROUGEMONT
INRA de Rennes, UMR ESE
Publication associée : Rougemont Q, Gagnaire P-A, Perrier C,… & Evanno G (2017) Inferring
the demographic history underlying parallel genomic divergence among pairs of parasitic and
nonparasitic lamprey ecotypes. Molecular Ecology 26, 142–162
Anne CHARMANTIER et Marta Szulkin
CNRS, Centre d’Ecologie Fonctionnelle et Evolutive (CEFE).
Publication associée : Szulkin M, Gagnaire P-A, Bierne N, Charmantier A (2016) Population
genomic footprints of fine‐scale differentiation between habitats in Mediterranean blue tits.
Molecular Ecology 25, 542-558.
Tony ROBINET
MNHN, Station Marine de Concarneau.
Publication associée : Robinet T, Roussel V, Cheze K, Gagnaire P-A (2020) Spatial gradients of
introgressed ancestry reveal cryptic connectivity patterns in a high gene flow marine fish.
Under review in Molecular Ecology.
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Simon BLANCHET et Kéoni SAINT-PE
CNRS, CETE Moulis
Publication associée : Saint-Pé K, Leitwein M, Tissot L,…, Gagnaire P-A & Blanchet S (2019)
Development of a large SNPs resource and a low-density SNP array for brown trout (Salmo
trutta) population genetics. BMC Genomics 20, 582.

4.2 Collaborations internationales :
Michael HANSEN
Aarhus University, Denmark. Génomique de la spéciation chez les anguilles atlantiques.
Publications associées :
1. Ulrik MG, Pujolar JM, Ferchaud AL, Jacobsen MW, Als TD, Gagnaire P-A,... & Hansen MM
(2014). Do North Atlantic eels show parallel patterns of spatially varying selection? BMC
evolutionary biology, 14(1), 138.
2. Nikolic N, Liu S, Jacobsen MW,…, Gagnaire P-A & Hansen MM (2020) Speciation history of
European (Anguilla anguilla) and American eel (A. rostrata), analyzed using genomic data.
Molecular Ecology 29 (3), 565-577.
Oscar GAGGIOTTI
University of St Andrews, UK.
Publication associée : Gagnaire P-A, Gaggiotti OE (2016) Detecting polygenic selection in
marine populations by combining population genomics and quantitative genetics approaches.
Current Zoology 62, 603-616.
Louis BERNATCHEZ
Université Laval, Québec, Canada.
Publications associées :
1. Laporte M, Rogers SM, Dion-Côté A-M, Normandeau E, Gagnaire P-A,... & Bernatchez L
(2015). RAD-QTL mapping reveals both genome-level parallelism and different genetic
architecture underlying the evolution of body shape in lakewhitefish (Coregonus clupeaformis)
species pairs. G3: Genes, Genomes, Genetics, 5(7), 1481-1491.
2. Leitwein M, Cayuela H, Ferchaud AL, Normandeau E, Gagnaire P-A, Bernatchez L (2019a)
The role of recombination on genome‐wide patterns of local ancestry exemplified by
supplemented brook charr populations. Molecular Ecology 28, 4755-4769.

Anguilla anguilla
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5

Synthèse des travaux réalisés
5.1 Préambule

L’information génétique portée par les organismes biologiques est un livre ouvert sur l’histoire du
vivant. Chaque particule virale, chaque bactérie, chaque organisme eucaryote qu’il soit formé d’une
ou plusieurs cellules porte en lui une partie de son histoire, ainsi qu’une partie de l’histoire du vivant.
C’est ce travail de reconstruction méthodique qu’a entrepris la génétique évolutive depuis près d’un
siècle. Son matériel de base, les variations des molécules support de l’information génétique. Son
objectif, comprendre comment la variabilité génétique conduit aux changements évolutifs à l’origine
de la diversité du vivant.
Cette entreprise se décline selon différentes échelles de temps. Tout d’abord, comprendre l’origine
de la variation génétique. Par quels mécanismes l’information génétique est-elle transmise d’une
génération à l’autre de manière à la fois aussi fidèle pour être conservée, mais suffisamment labile
pour permettre son évolution ? S’interroger ensuite sur le devenir de la variabilité génétique
introduite par la mutation. Comment cette diversité se distribue-t-elle au sein des populations dans
l’espace et dans le temps ? Dans quelle mesure contribue-t-elle aux différences de caractères
observables entre individus, et comment ces différences influencent-elles les chances qu’ont les
individus de contribuer à la génération suivante ? Déterminer dans quelles conditions l’évolution
cloisonne le devenir des mutations au sein de lignées dont elles ne peuvent plus s’échapper. Comment
ce processus de divergence conduit-il à la naissance de nouvelles espèces ? Jusqu’à quel point est-il
réversible ? Décrire enfin l’arborescence du vivant pour reconstituer son histoire lointaine et remonter
à ses origines. Quels changements moléculaires accompagnent les modifications fonctionnelles des
molécules biologiques, l’évolution des formes et la mise en place des grands plans d’organisation ?
Parmi ces vastes champs d’étude, les recherches présentées dans ce mémoire occupent les étages
intermédiaires, là où les mutations variables entre individus hésitent encore à prendre leur chemin
vers des compartiments étanches appelés espèces. On s’intéressera donc essentiellement à l’étude de
mécanismes évolutifs dits populationnels. Autrement dit, des changements qui se produisent au sein
de groupes d’individus d’une même espèce, partageant une unité d’espace et de temps qui permet à
tout membre du groupe de potentiellement se reproduire avec d’autres membres équivalents.

5.2 Présentation des principaux axes de recherche
Les approches que je développe reposent sur l’utilisation de marqueurs moléculaires pour
comprendre l’évolution des populations et des espèces à partir de la variabilité génétique présente
dans leur génome. La démarche de base peut se résumer à deux étapes. Premièrement, obtenir un
certain nombre de séquences d’ADN issues d’individus échantillonnés dans des populations.
Deuxièmement, tenter de les faire parler afin de dévoiler une partie de leur histoire cachée.
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Mes recherches portent sur les mécanismes évolutifs qui influencent la diversité génétique et ses
variations à l’échelle du génome et dans l’espace. Elles visent notamment à comprendre le rôle de la
variabilité génétique dans la construction du phénotype et ses interactions avec l’environnement. Le
point central de ces travaux est l’étude du processus de divergence génétique pouvant conduire à la
formation de nouvelles espèces à partir d’une population ancestrale (Figure 2). Ce processus de
spéciation tient un rôle fondamental dans la biodiversité et constitue le trait d’union entre les échelles
micro- et macro-évolutives. L’étude de la divergence et de la spéciation nécessite donc de traverser
les échelles de temps en reliant les niveaux intra-populationnels et phylogénétiques. Mon activité de
recherche se structure autour de ces différentes échelles. Je tente premièrement de comprendre (i)
comment des mécanismes intra-populationnels tels que la sélection en liaison et l’adaptation locale
sculptent les variations de diversité génétique le long du génome et dans l’espace. (ii) J’essaye ensuite
de prendre en compte la diversité de ces mécanismes intra-populationnels dans des modèles de
divergence pour reconstituer l’histoire démographique et sélective d’événements de spéciation en
cours à partir des données moléculaires. En parallèle, (iii) je m’intéresse aux conséquences des
échanges génétiques entre populations divergentes ou espèces proches sur leurs trajectoires
évolutives. (iv) J’explore également l’existence de contraintes macro-évolutives, telles que
l’architecture des génomes ou le niveau de conservation des gènes, sur le déroulement de la
spéciation. Enfin, (v) j’applique ces différents niveaux d’investigation à des questions de biologie de la
conservation, notamment pour améliorer la compréhension de la connectivité des espèces marines.
Ce mémoire abordera successivement ces cinq principaux axes de recherche sur lesquels je travaille,
en progressant de l’échelle micro-évolutive à macro-évolutive, et en terminant sur l’application de ces
recherches en biologie de la conservation.

Figure 2 : Mes travaux sur la spéciation abordent la question de la formation des espèces aux
échelles génomique, temporelle, écologique et géographique. Leur originalité repose sur la
combinaison d'approches de génomique empirique, de modélisations théoriques, et de croisements
expérimentaux pour étudier ces différentes échelles de manière intégrative.
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Ces différentes thématiques font appel aux concepts et méthodes d’analyse de la génomique des
populations. Je développe essentiellement des approches empiriques qui reposent sur l’utilisation du
séquençage à haut-débit pour accéder à la variabilité génétique présente dans les génomes. Je
m’efforce d’exploiter le potentiel des avancées méthodologiques tant au niveau de la production que
de l’analyse des données génomiques, en suivant les innovations et les développements réalisés chez
les organismes modèles. Mes modèles d’étude sont principalement des poissons, avec comme espèce
principale le bar européen (Dicentrarchus labrax), chez qui j’ai développé l’essentiel de mon
programme de recherche de ces dernières années. Je collabore également à des projets portant sur
des mollusques, des crustacés, des tuniciers et des oiseaux. Cette approche multi-espèces m’a
progressivement permis d’initier le programme de génomique comparative que j’avais proposé dans
mon projet de recrutement au CNRS. Je développe aujourd’hui ce programme dans le cadre de l’ANR
Jeune Chercheur CoGeDiv. Mon objectif est de mieux comprendre l’influence des contraintes
génomiques architecturales et des traits de vie des espèces dans l’évolution de la diversité génétique,
de l’échelle intra-populationnelle à inter-spécifique. Je présenterai plus en détail ce travail démarré
récemment dans la partie projet.
Les principaux résultats de mes recherches effectuées depuis mon recrutement au CNRS portent
sur la compréhension des mécanismes évolutifs influençant la diversité génétique à différents niveaux
taxonomiques. (i) A l’échelle intra-populationnelle, j’ai d’abord mis en évidence chez mes principales
espèces d’étude une érosion de la diversité génétique neutre par la sélection en liaison dans les régions
à faible taux de recombinaison. Chez des espèces occupant des environnements très hétérogènes, j’ai
mis en évidence le maintien d’une diversité génétique adaptative par la sélection polygénique
spatialement variable. (ii) A l’échelle inter-populationnelle, j’ai montré que les variations
chromosomiques du taux local de recombinaison jouent un rôle déterminant dans l’évolution des
paysages génomiques de divergence. Ce constat m’a conduit à intégrer les effets de la sélection en
liaison dans des modèles démo-génétiques pour améliorer l’inférence de l’histoire de la divergence.
(iii) Une avancée majeure a été réalisée grâce à la description de l’ascendance locale le long de
génomes individuels entièrement phasés. La détection directe des blocs haplotypiques introgressés a
permis de mieux comprendre comment la sélection remodèle la mosaïque d’ascendance des génomes
suite aux événements d’hybridation. (iv) L’ensemble de ces résultats a permis d’identifier l’importance
des contraintes architecturales du génome sur le déroulement de la divergence, incluant le nombre et
la longueur des chromosomes, leur paysage de recombinaison et le niveau de contrainte des gènes
qu’ils contiennent. (v) Notre meilleure compréhension des processus évolutifs à l’œuvre dans les
génomes a été enfin mise à profit pour l’étude du fonctionnement des populations naturelles
impactées par l’homme. Ces applications ont permis de revoir le découpage d’unités de gestion,
d’estimer des distances de dispersion intergénérationnelle, ou encore d’évaluer les conséquences de
l’hybridation induite par l’homme.
Dans la suite de cette section, je présenterai plus en détail les résultats obtenus, leur portée et leur
impact, ainsi que les éventuelles difficultés rencontrées pour chacune des thématiques énoncées
précédemment. Bien que ce rapport soit souvent écrit à la première personne du singulier, la majorité
des travaux qui y sont présentés est le fruit d’un travail d’équipe dans lequel les étudiants jouent un
rôle majeur. Les références issues des travaux réalisés avec ces étudiants apparaissent en gras. Par
soucis de clarté, la bibliographie citée a été volontairement restreinte autour des travaux dans lesquels
je suis impliqué (ces références apparaissent soulignées dans le texte).
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(i) Influence de la sélection sur la diversité intra-populationnelle
Le développement des approches de génomique des populations en génétique évolutive a permis
d’accéder à une description de plus en plus fine du polymorphisme à l’échelle du génome (Davey et al.
2011). Un des principaux verrous levés par ces progrès méthodologiques concerne l’étude de la
sélection (Stapley et al. 2010; Savolainen, Lascoux, and Merilä 2013). La détection des empreintes
laissées par la sélection dans les données moléculaires nécessite en effet une couverture génomique
suffisamment élevée pour que les locus influencés par la sélection soient représentés parmi les
marqueurs étudiés. Le séquençage de génomes complets constitue en ce sens le moyen ultime
d’étudier les mutations qui ont un effet sur la valeur sélective des individus (Ellegren 2014). Cependant,
ces mutations ne sont pas toujours accessibles à l’observation directe pour plusieurs raisons. Elles
peuvent avoir fixé suite à un balayage sélectif récent ou au contraire avoir été éliminées par la
sélection. Elles peuvent ségréger à une fréquence faible et ne pas être portées par les individus étudiés.
Enfin, leur effet individuel sur la valeur sélective ou sur le phénotype peut se révéler trop faible pour
être détectable (Rockman 2012). Ces contraintes concernent à la fois les mutations avantageuses et
délétères, et limitent l’étude de l’effet individuel des mutations à seulement une fraction réduite
d’entre elles. Des approches alternatives s’intéressent donc à quantifier l’effet moyen ou l’effet
collectif des mutations. Elles permettent sans avoir nécessairement à identifier les mutations
causatives, d’évaluer l’intensité du fardeau mutationnel, l’effet de la sélection en liaison sur le
polymorphisme, ou le potentiel adaptatif des espèces.
L’effet de la sélection en liaison sur le polymorphisme neutre peut être estimé en prenant en
compte l’environnement recombinationnel des mutations (Sella et al. 2009; Corbett-Detig, Hartl, and
Sackton 2015). Cette approche repose sur le mécanisme d’autostop génétique des mutations neutres
en liaison avec les sites sélectionnés. Lorsqu’un variant délétère diminue en fréquence sous l’action de
la sélection purificatrice (Charlesworth, Morgan, and Charlesworth 1993), ou qu’un variant avantageux
envahit une population sous l’effet de la sélection positive (Maynard Smith and Haigh 1974), son effet
d’entrainement sur les mutations neutres voisines est proportionnel à leur degré de liaison. Si les
mutations sélectionnées sont suffisamment abondantes dans le génome, elles diminuent donc la
diversité génétique neutre d’autant plus efficacement que le taux de recombinaison local est faible
(Kaplan, Hudson, and Langley 1989; Hudson and Kaplan 1995; Nordborg, Charlesworth, and
Charlesworth 1996).
Cette érosion du polymorphisme par la sélection en liaison a été mise en évidence dans mes
recherches chez le bar (Dicentrarchus labrax), en inférant le taux de recombinaison populationnel local
(ρ=4Ner) et en le reliant à des mesures de diversité obtenues à partir de données RAD-Seq (Tine et al.
2014) ou de séquences de génomes entiers (Duranton et al. 2018). Chez l’huître creuse (Crassostrea
gigas), j’ai également montré l’existence d’une corrélation positive entre recombinaison et diversité
par construction et comparaison d’une carte génétique et d’une carte physique pour estimer le taux
local de recombinaison (Gagnaire et al. 2018). Une corrélation similaire a enfin été détectée chez la
truite (Salmo trutta), en construisant une carte de liaison haute-densité pour estimer la recombinaison
(Leitwein et al. 2017). Ces résultats m’ont permis de réaliser l’importance de la sélection en liaison
dans les variations intra-chromosomiques de diversité. Ils placent les variations du taux de
recombinaison au centre des effets modulateurs de la diversité au sein des génomes. Chez les poissons,
ces paysages de recombinaison à grande échelle sont supposés être particulièrement bien conservés
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entre espèces, en lien avec la stabilité des caryotypes dans la phylogénie des téléostéens (Mank and
Avise 2006). Les contraintes architecturales imposées par l’hétérogénéité des crossing-over peuvent
donc être étudiées via une approche de génomique comparative comme celle décrite dans la partie
projet.
Un autre mécanisme sélectif intra-populationnel étudié ces dernières années dans mes travaux
aborde un effet opposé au précédent, celui du maintien du polymorphisme par la sélection
spatialement variable (Hedrick, Ginevan, and Ewing 1976; Hedrick 1986, 2006). Dans une population
occupant un habitat spatialement hétérogène, les contraintes sélectives propres à chaque type
d’habitat peuvent favoriser différents variants alléliques en différents points de l’espace. Cet effet peut
favoriser le maintien du polymorphisme adaptatif sur le long terme, en particulier lorsque la moyenne
harmonique de la valeur sélective des hétérozygotes est supérieure à celle des homozygotes (Levene
1953). La sélection spatialement variable en population panmictique peut donc s’apparenter à une
forme de sélection balancée. Certaines espèces marines aux capacités de dispersion élevées en phase
larvaire dispersent dans des habitats très hétérogènes lors des phases juvéniles précoces, caractérisées
par une forte mortalité. Elles sont donc d’excellents candidats pour rechercher des mutations
répondant à ce type de sélection.
La théorie prédit cependant que les traits sous sélection spatialement hétérogène ont une
architecture polygénique caractérisée par une forte variance des effets alléliques (Lenormand 2002;
Yeaman and Whitlock 2011; Yeaman 2015). Pour cette raison, la sélection peut générer des différences
de fréquence allélique importantes entre habitats pour les locus à effet fort, mais quasiment
indétectables pour les locus à effet faible. L’identification des mutations sous sélection spatialement
variable est donc conditionnée par la distribution de leurs effets individuels et par le nombre
d’individus analysés, dont dépend la puissance statistique des scans génomiques. Dans un article de
review-perspective, nous avons proposé d’évaluer l’effet additif des locus candidats pour des traits
adaptatifs, en mesurant à l’aire de scores polygéniques la fraction d’héritabilité expliquée
collectivement par ces locus (Figure 3, Gagnaire and Gaggiotti 2016).

Figure 3 : Illustration de l'approche proposée pour disséquer l'architecture génétique d'un trait
complexe avec une héritabilité supposée h² = 0.3. A. Dans la méthodologie des scans génomiques et
des GWAS, chaque locus (points colorés sur chacun des 8 chromosomes) est testé individuellement
pour son niveau de différenciation génétique ou son association avec le trait, en contrôlant pour les
tests multiples. En abaissant progressivement le seuil de détection nominal (lignes pointillées
horizontales, P-value = 0.01, 0.02, 0.03, 0.04, 0.05), on peut détecter un nombre croissant de variants
candidats. B. La proportion de variance phénotypique expliquée cumulativement par les variants
nominalement significatifs n’est pas sensible à détection de faux positifs si l’héritabilité expliquée par
les variants candidats est mesurée sur un jeu de données indépendant de celui utilisé pour le scan
génomique. Figure extraite de Gagnaire & Gaggiotti 2016.
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Cette combinaison de méthodes issues de la génomique des populations et de la génétique
quantitative a été appliquée à l’étude d’une population de daurade royale occupant des habitats
marins et saumâtres au stade juvénile. En comparant les fréquences alléliques de larves (avant
sélection) et de juvéniles (après sélection) dans les environnements marins et lagunaires, plusieurs
variants candidats à la sélection habitat-dépendante ont été détectés (Guinand et al. 2016; Rey et al.
2020). En ajustant le seuil nominal de détection des variants candidats (Figure 4), nous avons mis
évidence plusieurs dizaines de variants dont les effets additifs contribuent aux différences de condition
et de croissance observées entre les habitats lagunaires et marins aux stades juvéniles. Nous avons
montré que les allèles favorisés en mer ont un effet additif positif sur la croissance en environnement
marin, et inversement en milieu lagunaire. Des effets similaires ont été détectés sur la condition et la
probabilité de survie individuelle. Ces résultats indiquent que la mortalité sélective au cours des
premiers stades de vie implique des compromis évolutifs entre différentes stratégies de croissance
entre les différents environnements.

Figure 4 : Variance phénotypique expliquée par les locus candidats à la sélection spatialement
hétérogène. En abaissant progressivement le seuil de détection nominal des variants candidats (PV
axe des x), la proportion de variance phénotypique expliquée cumulativement par les allèles favorisés
en milieu marin augmente progressivement jusqu’à atteindre un plateau. La variance phénotypique
maximale expliquée est atteinte (a) avec 495 locus candidats pour la croissance, et (c) 67 locus
candidats pour la condition. (b) Interaction génotype-environnement pour la croissance détectée par
le score polygénique des allèles favorisés en milieu marin. (d) Interaction génotype-environnement
pour la condition détectée par le score polygénique des allèles favorisés en milieu saumâtre. Figure
extraite de Rey et al. 2020.
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Une approche similaire a également été développée chez l’anguille américaine, mais cette fois-ci
sans utiliser des données phénotypiques. Les scores polygéniques individuels calculés à partir des
marqueurs candidats à la sélection ont montré l’existence d’un cline latitudinal qui miroite les
conditions locales de température rencontrées par les civelles lors de leur recrutement en rivière de
la Floride à Terre Neuve (Babin et al. 2017).
Enfin, j’ai collaboré avec Marta Szulkin et Anne Charmantier à une étude de l’adaptation de la
période ponte en fonction de l’habitat forestier chez la mésange bleue. Une structure génétique a été
détectée à très fine échelle entre deux populations distantes de seulement 5 km et occupant des
habitats contrastés (Szulkin et al. 2016). Ces résultats ont permis de rejeter l’hypothèse d’un
déterminisme de la date de ponte basé sur un faible nombre de gènes à effets forts. Ils sont en
revanche compatibles avec un effet dilué de la sélection polygénique sur de nombreux gènes impliqués
dans des traits adaptatifs complexes, et possiblement associés à un comportement de choix d’habitat.
Les études présentées dans cette première section ont montré que l’estimation des effets collectifs
des mutations sous sélection peut nous éclairer sur leur rôle dans la diversité intra-populationnelle. Ce
type d’approche peut également être utile à l’étude de la divergence.

(ii) Impact des processus intra-populationnels sur la divergence
La reconstitution de l’histoire démographique de la divergence entre populations représente un enjeu
majeur pour comprendre la formation des espèces (Sousa and Hey 2013). Les méthodes d’inférence
de l’histoire de la divergence sont essentiellement basées sur des modèles démographiques dans
lesquels seuls les effets de la dérive et de la migration sont pris en compte au cours du temps (Nielsen
and Wakeley 2001; Hey 2004; Hey and Nielsen 2007). Or la dynamique de la divergence lors du
processus de spéciation est influencée non seulement par des forces démographiques mais aussi
sélectives. Les mécanismes sélectifs impliqués dans le tri du polymorphisme entre populations
divergentes sont les mêmes qui, comme on l’a vu dans la section précédente, accélèrent ou au
contraire ralentissent l’érosion du polymorphisme intra-populationnel.
Au cours de ces dernières années, j’ai contribué au développement et à la mise en application de
nouvelles stratégies permettant la prise en compte d’effets sélectifs dans les inférences démogénétiques. Ces approches reposent sur le principe que certains effets sélectifs peuvent être
considérés comme équivalant à des perturbations locales, le long des chromosomes, des processus
démographiques neutres agissant à l’échelle du génome. C’est le cas par exemple de la sélection en
liaison, dont l’effet sur la réduction du nombre de copies géniques effectivement transmises à la
génération suivante peut s’apparenter à celui d’une réduction de l’effectif efficace (Ne) (Charlesworth
2009; Burri 2017). Si cette approximation est incorrecte pour les balayages sélectifs forts, elle permet
toutefois de modéliser l’effet de la sélection purificatrice contre les mutations délétères et celui de la
sélection positive faible à modérée, sans avoir à traiter explicitement les mutations sous sélection.
Ainsi, une région génomique soumise à ce type d’effets sélectifs peut être modélisée simplement
comme un intervalle de génome où l’effet de la dérive est localement plus élevé que dans le génome
moyen (Sousa et al. 2013). Par analogie, l’effet de la sélection locale contre les allèles migrants
maladaptés peut être assimilé à une réduction du taux de migration efficace (me) (Barton and
Bengtsson 1986). L’existence de gènes qui agissent comme des barrières au flux génique entre deux
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populations peut donc être modélisée par la prise en compte d’un taux de migration efficace
hétérogène le long du génome (Roux et al. 2013; Sousa et al. 2013; Tine et al. 2014). Les modèles à
flux génique hétérogène peuvent ainsi capturer une variété d’effets sélectifs comme la sélection en
liaison (Ne hétérogène), l’adaptation locale ou la contre-sélection des hybrides due à des
incompatibilités génétiques (me hétérogène). Afin de permettre aux modèles de divergence de
reproduire des variations d’intensité temporelle du flux génique, nous avons également intégré de
possibles expansions/contractions démographiques (variation temporelle de Ne) et des périodes
d’interruption/reprise de la migration (variation temporelle de m). Cette flexibilité permet d’identifier
les principales composantes démographiques et sélectives d’un événement de divergence, en
comparant le pouvoir explicatif de différentes familles de modèles par rapport aux données observées.
Une démarche de test d’hypothèses basée sur la comparaison des vraisemblances de différents
modèles a été développée de façon particulièrement aboutie dans le cadre de la thèse de Clément
Rougeux (Rougeux, Bernatchez, and Gagnaire 2017). Elle permet, à partir d’un jeu de données de
polymorphisme génomique, de comparer entre eux des scénarios aussi divers et contrastés que la
divergence allopatrique accélérée par la sélection en liaison, la divergence adaptative en présence de
flux génique, ou un contact secondaire consécutif à une expansion, avec introgression variable le long
du génome (Figure 5).

Figure 5 : Cadre d’étude de l’histoire démographique et sélective de la divergence, basé sur
l’extension de quatre modèles classiques de divergence : "Isolement strict" (-SI), "Isolement avec
migration" (-IM), "Migration ancienne" (-AM) et "Contact secondaire" (-SC). TS correspond à la durée
de l'isolement complet entre des populations divergentes et TAM et TSC correspondent à la durée du
flux génique dans les modèles AM et SC, respectivement. La première extension de ces quatre modèles
tient compte de la variation temporelle de la taille efficace des populations (modèles -G), permettant
une expansion/contraction indépendante des populations divergentes. Les dernières catégories
correspondent aux modèles de "flux génique hétérogène", qui intègrent des paramètres permettant
des variations génomiques du taux de migration efficace (-2m), de la taille efficace des populations (2N) ou des deux simultanément (-2m2N) pour capturer l’effet des barrières génétiques et de la
sélection en liaison. Figure extraite de Rougeux et al. 2017.
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Concrètement, ces développements méthodologiques consistent essentiellement en des
extensions du code du programme δaδi (Gutenkunst et al. 2009), qui utilise des équations de diffusion
pour ajuster des modèles démographiques au spectre joint des fréquences alléliques. Nos
modifications ont permis d’adapter cette méthode à l’étude de la spéciation, et ont pour cette raison
été réutilisées plusieurs fois dans la littérature par d’autres groupes de recherche pour étudier des
paires de populations divergentes ou d’espèces proches.
Chez les espèces que j’ai pu étudier à l’aide de ces méthodes, les inférences démographiques ont
permis d’améliorer significativement notre compréhension des mécanismes évolutifs impliqués dans
la divergence, et ce dans des contextes biogéographiques et écologique très différents. De manière
non surprenante, des scénarios de contact secondaire ont été inférés chez des espèces présentant des
lignées évolutives divergentes séparées par des zones d’hybridation, comme le bar (Tine et al. 2014),
la sole (Souissi et al. 2018), l’huître creuse (Gagnaire et al. 2018), la moule bleue (Fraïsse et al. 2018)
ou l’anguille (Nikolic et al. 2020). Des différences assez nettes ont toutefois été détectées entre d’un
côté des divergences relativement récentes (de l’ordre de 300000 ans) entre lignées glaciaires chez le
bar et l’huître, et des divergences beaucoup plus anciennes (>1 million d’années) chez la moule, la sole
et l’anguille. Les modèles ont en outre révélé que la fraction du génome imperméable aux échanges
génétiques lors des contacts secondaires est plus importante lorsque la phase de divergence
allopatrique a été plus longue. Ainsi, nous avons pu montrer dans la thèse d’Ahmed Souissi que la
période de divergence allopatrique prolongée (de 1,1 à 1,8 millions d’années) entre la sole Sénégalaise
et la sole Egyptienne a abouti à une introgression limitée à seulement 5% du génome à la suite de leur
contact secondaire postglaciaire (Souissi et al. 2018). Ces inférences semblent compatibles avec
l’observation de phénotypes morphologiques transgressifs reflétant une condition amoindrie des
hybrides, ainsi que de distorsions génotypiques indiquant la contre-sélection de génotypes hybrides
recombinants (Souissi et al. 2017). A l’opposé, les lignées atlantique et méditerranéenne de bar, qui
ont divergé pendant un temps plus court, semblent s’introgresser librement dans la majorité (>70%)
de leur génome (Tine et al. 2014). De plus, les croisements expérimentaux réalisés dans le cadre de la
thèse de Maud Duranton montrent une absence de dépression hybride des F1 et des backcrosses de
première génération chez le bar (Duranton et al. in prep). Ces résultats soutiennent l’idée que la
spéciation est un processus lent et graduel qui peut s’étaler sur plusieurs centaines de milliers de
générations avant d’aboutir à un isolement reproductif complet.
Certains cas d’étude semblent toutefois indiquer une évolution rapide de l’isolement reproductif
dans des contextes écologiques favorables à des radiations adaptatives. C’est ce qui a par exemple été
proposé chez une espèce de corégones vivant dans des lacs nord-américains (Coregonus clupeaformis),
ou chez son homologue européen (C. lavaretus). Toutes deux présentent des écotypes sympatriques
différentiellement adaptés aux niches limnétiques et benthiques des lacs. Les faibles niveaux de
divergence observés entre écotypes benthiques et limnétiques au sein des lacs, contrastant avec des
différences plus marquées entre lacs, ont pendant longtemps laissé supposer une origine
indépendante et récente des paires d’écotypes des différents lacs. Or les travaux de thèse de Clément
Rougeux ont permis de montrer à l’aide de reconstructions de l’histoire démographique, que cette
situation est plus probablement le résultat d’un contact secondaire consécutif à l’expansion spatiale
de lignées divergentes à partir de leurs refuges glaciaires. Ce résultat a été montré à la fois en Amérique
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du Nord (Rougeux, Bernatchez, and Gagnaire 2017) et en Europe (Rougeux, Gagnaire, and Bernatchez
2019), remettant fortement en question la rapidité supposée de la divergence chez ces deux systèmes.
Les inférences suggèrent également que les régions génomiques les plus divergentes entre paires
d’écotypes ont émergé suite à des événements sélectifs intra-populationnels pendant des phases
d’allopatrie. Lors de la recolonisation postglaciaire, ces mêmes régions auraient subi une introgression
réduite par rapport au restant du génome, révélant ainsi leur rôle dans l’isolement reproductif. Ces
résultats soulèvent la question plus générale des échelles de temps évolutif pertinentes à notre
compréhension de la divergence écologique parallèle. D’un côté, la divergence entre écotypes semble
parfois être un processus rapide, mais cette rapidité peut refléter le simple reploiement entre habitats
d’allèles divergents dont l’origine est beaucoup plus ancienne, souvent en lien avec des événements
de divergence bien antérieurs à l’âge supposé des radiations (Van Belleghem et al. 2018). Ainsi, nous
avons montré que les paires d’écotypes de corégones américains et européens partagent en partie les
mêmes bases génétiques impliquées dans la régulation de l’expression différentielle des gènes entre
les formes benthiques et limnétiques (Rougeux et al. 2019). Le maintien sur le long terme de ces allèles
divergents peut être vu comme une autre illustration de la lenteur et de la réversibilité du processus
de spéciation.
D’autres cas de divergence parallèle entre réplicats de paires d’écotypes d’une même espèce ont
été analysés via des approches similaires, soit chez des espèces étudiées par notre équipe comme
l’anchois (Le Moan, Gagnaire, and Bonhomme 2016) et l’hippocampe (Riquet et al. 2019), soit au
travers de collaborations avec d’autres équipes comme pour la lamproie (Rougemont et al. 2017) et
les crustacés isopodes du genre Jaera (Broquet et al., in prep). Dans ces différents modèles d’étude, le
parallélisme génétique entre réplicats de paires d’écotypes d’une même espèce semble résulter
d’événements de divergence anciens, suivis de contacts secondaires postglaciaires avec introgression
variable le long du génome. Ces résultats écartent ainsi l’hypothèse d’une diversification indépendante
et répétée des paires d’écotypes d’une même espèce. Ils nous invitent à porter un regard nouveau sur
la chronologie des processus démographiques et sélectifs impliqués dans la spéciation écologique. Ils
montrent notamment que des événements d’isolement géographique anciens liés aux cycles
climatiques ont eu un rôle déterminant sur l’évolution de la divergence écologique récente. L’histoire
réticulée de l’évolution des espèces révélée par l’analyse de leurs génomes soutient donc plus que
jamais la nature poreuse des barrières entre espèces proches et la position du processus de spéciation
comme trait d’union entre les échelles micro- et macro-évolutives (Roux et al. 2016).
Les inférences de l’histoire démographique et sélective présentées précédemment ont une
connexion directe avec un autre aspect de l’étude de la spéciation, celui concernant l’architecture
génomique de la divergence. La représentation des paysages de divergence le long des séquences
chromosomiques ou des cartes de liaison montre une forte variabilité d’un modèle d’étude à l’autre,
de paramètres comme le nombre, la taille, et la distribution des régions génomiques divergentes. Ces
patrons de divergence génomique restent toutefois difficiles à mettre en relation avec les processus
évolutifs qui leur ont donné naissance (Ravinet et al. 2017). L’analyse combinée des paysages
génomiques de recombinaison, de diversité intra- et inter-populationnelle, et des inférences
démographiques permet de mieux appréhender ces liens (Burri 2017). Chez le bar, les corégones et
l’huitre, nos travaux ont montré (i) une érosion de la diversité intra-populationnelle dans les régions à
faible taux de recombinaison, (ii) l’accélération du tri du polymorphisme ancestral lors de la divergence
sous l’action de la sélection en liaison, et (iii) la présence d’îlots génomiques de divergence
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préférentiellement situés dans les régions à faible taux de recombinaison (Rougeux, Bernatchez, and
Gagnaire 2017; Duranton et al. 2018; Gagnaire et al. 2018; Rougeux, Gagnaire, and Bernatchez 2019).
Ces résultats suggèrent que la divergence s’établit de manière hétérogène le long du génome lors des
phases d’isolement géographique, en raison de processus sélectifs agissant à l’échelle intrapopulationnelle. La littérature de la génomique de la spéciation a beaucoup débattu sur ce sujet ces
dernières années, pour déterminer si les régions divergentes imputables à l’action de la sélection en
liaison jouent ou non un rôle dans la spéciation (Noor and Bennett 2009; Nachman and Payseur 2012;
Cruickshank and Hahn 2014). Un des éléments de réponse à ce débat a été apporté par nos études sur
l’empreinte de l’admixture et de l’introgression dans les génomes.

(iii) Impact de la divergence sur l’admixture et de l’introgression
Les différences génétiques accumulées entre deux populations en cours de divergence sont dans un
premier temps principalement issues du tri du polymorphisme préexistant dans la population
ancestrale. Les nouvelles mutations qui apparaissent progressivement et indépendamment dans les
deux populations contribuent relativement peu à la divergence lors des premières Ne générations
(Edwards and Beerli 2000; Arbogast et al. 2002). Comme exposé précédemment, le tri du
polymorphisme ancestral est affecté non seulement par la démographie, mais aussi par des processus
sélectifs qui agissent au sein des populations (sélection purificatrice, sélection positive). Identifier
l’empreinte de ces changements intra-populationnels lorsque les populations se remettent en contact
et recommencent à échanger des gènes, demeure un enjeu important. L’identification des portions de
génome échangées par migration reste toutefois difficile car le polymorphisme partagé entre les
populations peut être expliqué soit par un flux génique ancien ou récent, soit par un tri de lignée
incomplet.
Les cas d’hybridation entre espèces présentant des niveaux de divergence élevés sont les moins
problématiques, car il est relativement aisé de rejeter l’hypothèse alternative d’un tri de lignée
incomplet lorsque les allèles introgressés diffèrent fortement du fond génétique receveur. Pour
étudier l’hybridation chez les soles dans la thèse d’Ahmed Souissi, nous avons développé une méthode
de détection de l’introgression utilisant l’information de l’histoire démographique de la divergence
(Souissi et al. 2018). Cette approche évalue pour chaque SNP la probabilité relative des fréquences
alléliques observées dans chaque population sous un modèle avec introgression comparativement à
un modèle sans introgression. Elle nous a permis de montrer que les 5% des variants présentant les
probabilités d’introgression les plus élevées correspondent généralement à des locus dont les patrons
spatiaux de fréquence allélique sont discordants du reste du génome. Ces locus présentent en effet
des clines majoritairement décalés du côté S. aegyptiaca par rapport au centre de la zone de contact,
indiquant un probable mouvement de l’espèce S. aegyptiaca dans le territoire de S. senegalensis.
L’approche développée chez la sole ne permet toutefois pas de décrire les variations d’introgression
le long du génome à l’échelle individuelle.
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La description précise de l’ascendance locale le long des chromosomes individuels est permise par
des méthodes qui intègrent l’information contenue dans le déséquilibre de liaison (Price et al. 2009;
Lawson et al. 2012; Guan 2014). En complément des différences de fréquence alléliques qui existent
entre les populations, la prise en compte des combinaisons particulières d’allèles portés par un même
segment génomique dans chaque population permet de mieux décrire la mosaïque des fragments
génomiques recombinés au sein des génomes admixés. Les méthodes d’inférence de l’ascendance
locale reposent généralement sur la connaissance de la phase haplotypique, c’est-à-dire des
combinaisons alléliques portées par la copie maternelle et paternelle de chaque chromosome
(Browning and Browning 2011). Or l’information de la phase haplotypique des génomes est longtemps
restée hors d’atteinte chez la plupart des organismes diploïdes non-modèles. En 2015, j’ai initié le
reséquençage de 24 génomes de bar européen répartis en 8 trios père-mère-enfant, en m’inspirant de
la stratégie utilisée dans le 1000 genome project humain (Durbin et al. 2010). Cette stratégie m’a
permis de reconstituer la phase des séquences chromosomiques complètes d’individus originaires
d’Atlantique et de Méditerranée. Grâce à ces données, nous avons pu inférer la mosaïque
d’ascendance des blocs haplotypiques le long du génome de chaque individu (Duranton et al. 2018).
L’analyse des segments génomiques d’origine atlantique dans les génomes méditerranéens (et vice
versa) nous a fourni des informations précieuses sur l’âge et l’intensité du flux génique. L’information
haplotypique nous a permis de tester une possible périodicité des échanges génétiques en lien avec
les cycles glaciaires. L’hypothèse d’un flux génique cyclique a été rejetée face à celle d’un contact
postglaciaire unique via l’analyse des distributions de longueur des segments identiques par état (IBS
tracts) (Harris and Nielsen 2013). Des simulations par coalescence avec recombinaison explicite ont en
retour montré un ajustement très précis du modèle de contact secondaire postglaciaire aux
distributions de longueur des segments introgressés. Ces analyses basées sur l’utilisation de l’horloge
de recombinaison ont ouvert de nouvelles pistes d’amélioration des méthodes d’inférence de l’histoire
de la divergence. Mais elles ont également permis de faire progresser significativement notre
compréhension des effets sélectifs des segments introgressés.
Le maintien des régions génomiques les plus divergentes entre les génomes du bar atlantique et du
loup méditerranéen, aussi appelées îlots génomiques de différenciation, a pu être directement relié à
la contre-sélection des haplotypes introgressés sur le long terme (Duranton et al. 2018). En effet, alors
que des segments d’origine atlantique ségrégent à une fréquence moyenne de 31% dans les génomes
méditerranéens, et que les génomes atlantiques contiennent environ 5% de fragments d’origine
méditerranéenne, les îlots génomiques de différenciation ne présentent que de faibles traces
d’introgression dans les deux directions (Figure 6). L’étanchéité de ces régions face au flux génique
apporte ainsi la preuve de leur implication dans l’isolement reproductif partiel entre les lignées
atlantique et méditerranéenne de bar. Un résultat particulièrement marquant est que le degré de
résistance à l’introgression mesuré localement dans le génome est d’autant plus fort que le taux local
de recombinaison local est faible. Cette corrélation négative entre l’effet barrière d’une région
génomique et son taux de recombinaison, indique que la densité locale des mutations sélectionnées
est un paramètre important dans l’évolution de l’isolement reproductif chez le bar.
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Figure 6 : Détail des échanges génétiques détectés le long d’un chromosome. La divergence
génétique entre bar atlantique et loup de Méditerranée varie le long du génome (courbe violette),
reflétant des niveaux de perméabilité variables à l’échange des fragments d’origine atlantique (rouges)
et méditerranéenne (orange). Les régions les plus divergentes qui contiennent les gènes d’isolement
reproductif sont caractérisées par l’absence d’échanges. Figure extraite de « Comprendre la formation
des espèces » dans l’ouvrage collectif 101 secrets de l’ADN. CNRS Editions (2019).
Des résultats très similaires ont été obtenus chez l’huitre. L’étude des paysages génomiques de
divergence entre C. gigas et C. angulata a révélé un taux local de recombinaison réduit au niveau des
régions les plus divergentes du génome (Gagnaire et al. 2018). Les régions les moins recombinantes
ont également été associées à des taux d’introgression plus faibles, indiquant là encore un
déterminisme multigénique de l’isolement reproductif. Enfin, la participation de nombreux gènes au
mécanisme de spéciation a été également mise en évidence chez les corégones (Rougeux et al. 2019).
Ces différentes études issues de modèles biologiques contrastés remettent en question la vision
génique de la spéciation (Wu 2001), fondée sur l’existence de barrières induites par un faible nombre
de gènes à effets forts. Elles soutiennent plutôt l’idée que les îlots génomiques de différentiation
correspondent à des régions où plusieurs mutations combinent leurs effets faibles grâce à un taux de
recombinaison réduit, conduisant ainsi à un effet barrière amplifié. Ce modèle polygénique de la
spéciation est également soutenu par des résultats récents sur d’autres systèmes d’étude (poisson
porte-épée, papillons Heliconius (Schumer et al. 2018; Martin et al. 2019)) ainsi que par des travaux
basés sur la théorie des paysages adaptatifs (Simon, Bierne, and Welch 2018). En conclusion, les
régions génomiques impliquées dans l’isolement reproductif chez le bar, l’huitre ou le corégone
semblent être en partie les mêmes que celles qui subissent un tri accéléré du polymorphisme ancestral
sous l’effet de la sélection en liaison lors des épisodes de divergence allopatrique.
Un autre résultat intriguant, pourtant, indique que les régions impliquées dans l’isolement
reproductif ne peuvent pas toujours être expliquées par le seul effet du tri accéléré du polymorphisme
ancestral. Chez le bar et le corégone, les niveaux de divergence nucléotidique des haplotypes contenus
dans ces régions sont trop élevés pour être expliqués par les scénarios de divergence inférés. En
d’autres termes, des allèles plus divergents qu’attendus semblent avoir préexisté dans le
polymorphisme ancestral. Trois hypothèses distinctes peuvent expliquer l’origine de ces vieux
allèles divergents : (i) une structure génétique au sein de la population ancestrale (Racimo et al. 2015),
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(ii) une forme de sélection balancée maintenant le polymorphisme sur le long terme (Guerrero and
Hahn 2017), et (iii) l’introgression d’allèles divergents à partir d’une autre espèce (Jacobs and
Therkildsen 2019). Comme nous l’avons vu précédemment, la deuxième hypothèse semble expliquer
les résultats obtenus chez le corégone, puisque les espèces européenne et américaine partagent des
allèles en commun au niveau des sites les plus divergents entre écotypes de chaque continent. Chez le
bar, en revanche, nous avons récemment montré la contribution d’échanges génétiques
interspécifiques anciens dans l’évolution de l’isolement reproductif (Duranton et al. 2020). Dans cette
étude, nous avons complété le jeu de données initial de 24 génomes par le reséquençage de 60
nouveaux génomes, la plupart issus de nouveaux trios père-mère-enfant pour être phasés par
transmission. Nous avons également séquencé le génome d’une espèce proche, le bar moucheté (D.
punctatus), dont l’aire de distribution chevauche en partie celle de D. labrax. Le génome d’une espèce
voisine, le bar rayé d’Amérique (Morone saxatilis) a également été intégré au jeu de données pour
servir de groupe externe (~5% de divergence nucléotidique avec D. labrax). Plusieurs analyses
spécifiquement dédiées à la détection de l’admixture ancienne nous ont permis de montrer que le
génome du bar européen contient en moyenne 4% de fragments haplotypiques hérités d’un épisode
d’admixture ancien avec le bar moucheté. Malgré le fait que ces deux espèces ne s’hybrident plus
depuis longtemps, deux analyses distinctes indiquent qu’elles ont échangé des gènes il y a environ
80000 ans. Mais le résultat le plus marquant est que la proportion d’allèles originaires de D. punctatus
dans les génomes de D. labrax diffère drastiquement au sein des îlots de différenciation entre les
lignées atlantiques et méditerranéenne de D. labrax. Dans la plupart des régions génomiques
impliquées dans l’isolement reproductif, les populations de loup de Méditerranée ne présentent
presque aucune trace d’introgression ancienne de D. punctatus. En revanche, les génomes de bar
atlantique présentent de très fortes fréquences d’allèles originaires de D. punctatus, allant parfois
même jusqu’à la fixation. La série d’études réalisées chez le bar européen montre donc que les îlots de
divergence résultent d’une série complexe d’événements, initiée par (i) une divergence hétérogène
durant un épisode d’isolement géographique de près de 300000 ans entre les lignées d’Atlantique et
de Méditerranée, puis (ii) alimentée en Atlantique par un événement d’admixture avec le bar
moucheté il y a environ 80000 ans, et enfin (iii) un contact secondaire postglaciaire avec introgression
différentielle depuis 11500 ans.
Comment expliquer la fixation des allèles de D. punctatus dans les génomes de D. labrax en
Atlantique et leur absence des génomes méditerranéens ? Une hypothèse possible est celle d’une
introgression adaptative en Atlantique et une d’une contre-sélection en Méditerranée. Toutefois un
autre processus ne faisant pas intervenir l’adaptation locale peut également expliquer nos résultats. Il
s’agit de la résolution des conflits génomiques générés par des incompatibilités (Schumer et al. 2015).
Un conflit induit par une incompatibilité à deux locus peut être résolu en fixant une des deux
combinaisons alléliques parentales. Dans une population admixée issue d’un mélange en proportions
égales de deux populations, il y a équiprobabilité de fixer l’une ou l’autre des combinaisons parentales.
Il est donc possible, même en cas de mélange initial plus déséquilibré, que la résolution des conflits
génétiques entre D. punctatus et D. labrax ait conduit à la fixation de combinaisons alléliques issues
de D. punctatus dans la population anciennement admixée de bar atlantique. A la suite du contact
secondaire entre les deux lignées atlantique et méditerranéenne, les allèles D. punctatus
précédemment fixés dans la lignée atlantique auraient alors à nouveau exprimé l’incompatibilité. Ce
modèle de spéciation peut donc être vu comme un simple mécanisme de transfert d’incompatibilités
d’une barrière d’espèce à une autre.
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L’effet des incompatibilités génétiques sur l’évolution d’une population admixée a été également
étudié par simulations dans le cadre du Master 2 de Flávia Schlichta, co-encadrée avec Camille Roux
(CNRS, Lille) en 2019. Afin de simuler des génomes en présence de sélection et de recombinaison, nous
avons utilisé le programme de simulation « forward » SLiM3 (Haller and Messer 2019). Nous avons
construit un modèle dans lequel des incompatibilités génétiques multilocus s’accumulent
neutralement dans deux populations parentales au cours de leur divergence. Nous avons ensuite
simulé l’évolution d’une population admixée obtenue par mélange des deux populations parentales
pour étudier la dynamique sélective des allèles incompatibles au cours du temps. Les résultats ont
montré que tant que la divergence entre les populations parentales reste modérée (i.e. <10 Ne
générations), la sélection parvient à éliminer les combinaisons alléliques incompatibles dans la
population admixée en augmentant la fréquence des allèles ancestraux. Cette résolution des conflits
génomiques dus aux incompatibilités peut conduire à des variations d’ascendance locale similaires à
celles observées dans les données réelles chez le bar. Les simulations montrent notamment que
l’amplitude des variations d’ascendance est proportionnelle à la densité locale en mutations
sélectionnées. Ainsi, les régions génomiques à forte densité d’incompatibilité sont généralement
résolues plus efficacement en favorisant le retour simultané à l’état ancestral de plusieurs sites liés. La
dynamique temporelle de ces changements s’est révélée très rapide, de l’ordre de quelques dizaines
de générations tout au plus. Cette échelle de temps correspond à celle où l’admixture génère la plus
forte variance d’ascendance (et donc de valeur sélective) entre individus, permettant à la sélection
d’agir efficacement (Veller et al. 2019).
En parallèle, nous avons effectué des croisements expérimentaux chez le bar pour étudier l’effet
des échanges génétiques au cours des premières générations d’hybridation. En collaboration avec
l’équipe Ifremer de Palavas (François Allal, UMR Marbec), nous avons généré 72 familles à l’aide de 10
femelles méditerranéennes et 14 mâles (7 méditerranéens et 7 hybrides F1 Atlantique/Méditerranée)
selon un schéma factoriel permettant de comparer 36 croisements méditerranéens avec 36
croisements backcross en contrôlant pour les effets maternels et paternels. L’expérience réalisée en
jardin commun (tous les individus élevés dans le même bassin) a duré pendant plus de deux ans, au
cours desquels différentes mesures phénotypiques ont été réalisées pour tester des différences de
performance entre les groupes méditerranéen et backcross. Malgré les effectifs importants analysés,
nous n’avons détecté aucun effet du type de croisement sur le taux de fécondation, la mortalité
embryonnaire, la survie juvénile mesurée à un an par assignation parentale, la croissance et la
condition ou encore la forme du corps à l’âge d’un an. En revanche, le groupe des méditerranéens a
montré des taux de croissance en poids et en longueur significativement supérieurs à ceux des
backcross au cours de leur deuxième année de vie.
La composition génétique des backcross survivants à l’âge d’un an a ensuite été étudiée grâce à
une puce 57K développée au laboratoire, le tout combiné avec la connaissance des génomes des
parents. L’analyse des ségrégations réalisée sur 50000 SNPs chez 380 backcross a montré l’existence
d’une distorsion directionnelle des marqueurs localisés au cœur des îlots génomiques de
différentiation (Figure 7). Ce résultat surprenant indique que les allèles atlantiques qui sont contresélectionnés du fond génétique méditerranéen sur le long terme sont au contraire avantagés au cours
de la première génération de backcrossing. Un effet d’heterosis locale porté par les haplotypes
atlantiques pourrait expliquer ce résultat (Kim, Huber, and Lohmueller 2018). Lors des premières
générations d’hybridation, les longs haplotypes atlantiques permettraient le masquage des mutations
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faiblement délétères récessives portées par les génomes méditerranéens, favorisant ainsi leur
introgression par effet de superdominance associative. Lors des générations ultérieures, le
raccourcissement des haplotypes atlantiques sous l’effet de la recombinaison diminuerait l’effet
d’hétérosis, révélant les effets délétères des allèles introgressés qui seraient alors contre-sélectionnés.
Ces résultats suggèrent donc que l’hybridation et l’introgression peuvent donner lieu à des
dynamiques sélectives complexes, en lien avec la diversité des processus évolutifs à l’œuvre au cours
de la divergence. Ils posent notamment la question des rôles respectifs des processus intra- et interpopulationnels dans la modulation des profils d’ascendance le long des génomes. Plus deux
populations divergent et plus l’introgression de l’une dans l’autre est à même de produire des effets
de superdominance associative (car les mutations délétères récessives ne sont plus partagées)
(Tallmon, Luikart, and Waples 2004). D’un autre côté, l’augmentation de la divergence est associée à
une plus forte accumulation d’incompatibilités génétiques (Maheshwari and Barbash 2011). Il est donc
possible, que ces deux effets puissent être responsables des dynamiques temporelles d’admixture
complexes détectées chez le bar. Un résultat similaire a été obtenu dans une étude sur des truites dans
la thèse de Maëva Leitwein. Cette étude est présentée en section (v), en raison de ses implications en
génomique de la conservation.

Figure 7 : Distorsions de ségrégation en faveur des allèles atlantiques dans les croisements
backcross. A. Chaque point représente pour un SNPs parmi 50000, la fréquence de l’allèle
méditerranéen chez les 380 descendants backcross en fonction de sa fréquence moyenne chez les
parents. Les SNPs non impliqués et impliqués dans l’isolement reproductif apparaissent
respectivement en gris et violet. La droite d’équation y=x représente l’attendu nul en l’absence de
distorsion de ségrégation. B. Les SNPs non impliqués dans l’isolement reproductif (courbe grise) se
distribuent symétriquement autour de l’attendu nul, alors que les SNPs impliqués dans l’isolement
reproductif (courbe violette) sont enrichis en allèles d’origine atlantique. Figure extraite de la thèse de
Maud Duranton.
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(iv) Contraintes macro-évolutives sur le déroulement de la spéciation
Les études empiriques et les simulations présentées dans les parties précédentes montrent que le
déroulement de la spéciation peut également être sous le contrôle de contraintes évolutives agissant
sur le plus long terme. Les différents types d’interaction entre sélection et recombinaison (sélection
en liaison, cumuls des effets individuels des mutations liées) sont tous potentiellement influencés par
l’architecture du génome, incluant la densité locale en gènes, leur niveau de contrainte évolutive, et
les variations du taux local de recombinaison. Or ces différents paramètres de l’architecture du
génome peuvent être relativement stables à l’échelle macro-évolutive. Par exemple une conservation
remarquable des caryotypes a été observée chez les poissons téléostéens (Mank and Avise 2006), à
l’exception de quelques révolutions structurales comme chez le saumon (Leitwein et al. 2017). La
conservation de synténie entre espèces a pour conséquence la stabilité sur le long-terme des paysages
chromosomiques du taux de recombinaison à large échelle (i.e. mégabases), comme c’est le cas chez
les oiseaux (Singhal et al. 2015) ou les poissons (Roesti, Moser, and Berner 2013). En effet, la
distribution des crossing-over tend à être biaisée en faveur des régions subtélomériques chez la
plupart des espèces. Un locus situé au centre d’un chromosome est donc plus probablement associé à
un taux de recombinaison faible, et ce chez la plupart des espèces partageant une architecture
génomique similaire (Haenel et al. 2018). De même, les variations locales du taux de recombinaison à
fine échelle (i.e. kilobases) sont associées à la présence de gènes, puisque les points chauds de
recombinaison (non dépendants de PRDM9) sont préférentiellement localisés dans les régions riches
en GC en 5’ des gènes (Singhal et al. 2015). Enfin, une forte densité locale en gènes fortement
contraints dans une région donnée du génome peut amplifier l’intensité de la sélection en liaison à
cause des pressions de sélection purificatrice. Il est donc nécessaire de contrôler l’effet des paramètres
architecturaux dans les études de diversité génétique, de l’échelle intra-populationnelle à interspécifique.
Dans une récente étude, nous avons déjà vérifié que les îlots de divergence entre les lignées
atlantiques et méditerranéennes de D. labrax n’étaient pas associées à des variations structurales de
type inversions, translocations, ou fusions chromosomiques, ni à l’existence d’un chromosome sexuel
(Faggion et al. 2019). Nous avons alors entrepris de relier les mesures de divergence entre les lignées
atlantique et méditerranéenne à des mesures de divergence moléculaire réalisées à l’échelle
phylogénétique. Ce travail réalisé dans le cadre de la thèse de Maud Duranton fait l’objet d’un
manuscrit qui sera soumis prochainement.
Afin de contrôler l’effet des variations chromosomiques de la recombinaison, nous avons analysé
les génomes phasés de 68 individus sauvages pour réestimer le paramètre de recombinaison
populationnelle (ρ=4Ner) avec une plus grande précision. Les 24 chromosomes de bar étant de
longueur très homogène (comme chez la plupart des poissons), le taux de recombinaison moyen de
chaque chromosome est peu impacté par les différences de longueur entre chromosomes, comme
c’est le cas chez l’huitre (Gagnaire et al. 2018). En revanche, l’inférence des paysages chromosomiques
de recombinaison populationnelle a confirmé d’importantes différences entre les régions centrales (à
recombinaison plus faible) et périphériques (à recombinaison plus élevée) des chromosomes. De plus,
la recherche de points chauds de recombinaison a révélé l’existence de nombreuses régions étroites
(de l’ordre de 2 kb) où le taux de recombinaison est plus de 10 fois supérieur à celui de l’environnement
chromosomique proche.
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En contrôlant pour l’effet des variations intragénomiques du taux de recombinaison, nous avons
montré que les gènes impliqués dans l’isolement reproductif tendent à présenter des ratios du taux
de substitution non-synonyme sur synonyme (dN/dS), et des taux de substitutions adaptatives et nonadaptatives différents de ceux des gènes non impliqués dans la spéciation. De plus, alors que le ratio
dN/dS des gènes contrôles n’est pas sensible à la lignée de bar européen choisie pour le calcul de la
divergence avec le groupe externe Morone saxatilis, les gènes impliqués dans l’isolement reproductif
montrent des tendances opposées entre l’Atlantique et la Méditerranée. Ce résultat s’explique par la
contribution des sites divergents entre les deux lignées de D. labrax. Lorsque le bar atlantique est
utilisé pour le calcul de la divergence, les gènes d’isolement reproductif montrent un dS plus faible que
les gènes « contrôles » et par conséquent un ratio dN/dS plus élevé. La valeur plus faible de dS est
interprétée comme la conséquence des fixations de variants ancestraux à la suite de l’épisode
d’admixture avec D. punctatus, comme prédit par les simulations présentées dans la partie (iii).
Lorsque la lignée méditerranéenne est utilisée pour le calcul de la divergence, l’analyse révèle des
niveaux de contraintes évolutives plus fortes pour le groupe des gènes impliqués dans l’isolement
reproductif.
Ce résultat est renforcé par une autre analyse réalisée à l’échelle du génome entier, c’est-à-dire,
non limitée aux seules séquences codantes. En utilisant l’alignement des génomes de plusieurs
espèces, nous avons inféré un score de contrainte évolutive pour chaque site informatif dans la
phylogénie afin d’identifier les éléments fonctionnels sous forte contrainte évolutive (incluant par
exemple des éléments régulateurs de l’expression des gènes, ou des sites d’épissage d’introns).
L’analyse a été réalisée soit à l’échelle de la famille des Moronidés (D. labrax, D. punctatus, M.
saxatilis), soit à l’échelle de l’ordre des perciformes en rajoutant l’épinoche (G. aculeatus) dans
l’analyse phylogénétique. Aux deux échelles étudiées, nous avons détecté un niveau de contrainte plus
élevé dans les séquences géniques impliquées dans l’isolement reproductif par rapport aux gènes
contrôles (Figure 8). En revanche, les séquences intergéniques ne présentent aucune différence de
niveau de conservation entre les régions génomiques impliquées ou non dans l’isolement reproductif.
Ces résultats établissent donc un lien entre l’évolution long-terme des gènes et leur rôle dans la
spéciation. Ils indiquent que les changements génétiques impliqués dans l’isolement reproductif
tendent à concerner préférentiellement des séquences géniques assez fortement contraintes à
l’échelle macro-évolutive. Parmi les fonctions moléculaires des gènes impliqués dans l’isolement
reproductif, la fonction de transport ionique transmembranaire est très significativement enrichie. Ce
résultat indique que des adaptations différentielles à des variations de salinité entre l’Atlantique et la
Méditerranée jouent probablement un rôle dans l’isolement reproductif chez D. labrax.
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Figure 8 : Distributions des scores de conservation pour 4 catégories de séquences. Les gènes
impliqués dans l’isolement reproductif (IR) chez le bar (rouge), les gènes non impliqués dans l’IR (bleu),
les séquences intergéniques impliquées dans l’IR (vert), et les séquences intergéniques non impliquées
dans l’IR (violet). L’analyse des scores de conservation est réalisée à deux niveaux de stringence
différents visant soit les 5% des séquences les plus contraintes du génome, soit les 25% des séquences
les plus contraintes. Les scores de conservation ont été inférés à partir des phylogénies de la famille
des Moronidés ou de l’ordre des Perciformes. Figure extraite de la thèse de Maud Duranton, et
réalisée à partir du travail de stage de M1 de Flávia Schlichta.

(v) Génomique de la conservation
La mise en application des résultats issus des études fondamentales de génétique évolutive à la
conservation des espèces est un objectif important mais souvent difficile à atteindre. Nos études
fondamentales ne répondent que rarement aux questions concrètes posées par les problèmes de
gestion et de conservation (estimation du nombre d’individus, connectivité démographique, potentiel
adaptatif). Je m’efforce donc de mettre à profit, lorsque cela est possible, les connaissances
fondamentales théoriques et empiriques au profit des questions de biologie de la conservation.
Ce travail s’est d’abord concrétisé par l’écriture d’articles de synthèse et de perspectives, qui ont
motivé plusieurs mises en application. Le premier d’entre eux est né de réflexions initiées dans le cadre
du GDR MarCo porté par Sophie Arnaud-Haond et Nicolas Bierne. Il s’agit d’une review-perspective
(présentée en Annexe) sur l’étude de la connectivité chez les espèces marines via les approches de
génomique évolutive (Gagnaire et al. 2015). Elle traite en particulier de l’utilité des marqueurs
influencés par la sélection pour évaluer la connectivité des populations lorsque les marqueurs neutres
ne sont pas informatifs. Elle présente également plusieurs stratégies permettant de détecter des
barrières cryptiques à la dispersion en utilisant le signal porté par les gradients d’introgression entre
lignées évolutives.
Deux mises en application de ces stratégies ont été réalisées chez les populations sauvages de bar
européen. Chez le loup de Méditerranée, nous avons utilisé l’information contenue dans la distribution
de longueur des segments introgressés d’origine atlantique pour estimer leur vitesse de diffusion dans
l’espace (Duranton, Bonhomme, and Gagnaire 2019). Le principe est le suivant : de longs segments
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d’ascendance atlantique rentrent en Méditerranée ouest via des croisements hybrides depuis
plusieurs milliers d’années. Lors de leur diffusion progressive vers l’est de la Méditerranée sous l’effet
de la dispersion, les fragments atlantiques s’érodent par recombinaison avec les haplotypes
méditerranéens. En utilisant l’horloge de recombinaison, il est donc possible de déduire le temps de
diffusion entre deux localités éloignées en quantifiant l’érosion des segments atlantiques introgressés.
Cette approche pionnière nous a permis d’estimer une distance de dispersion intergénérationnelle de
l’ordre d’une dizaine de kilomètres par génération chez le loup méditerranéen.
Sur la façade Atlantique, une collaboration avec Tony Robinet de la station marine MNHN de
Concarneau a permis l’analyse de la structure à fine échelle des populations de bar du sud du Portugal
au nord de l’Ecosse (Robinet et al. 2020, under review). Ce travail a révélé l’existence de deux zones
de connectivité restreinte, l’une à la pointe de la Galice et l’autre en baie de Saint Malo. Ces barrières
cryptiques, jusqu’ici inconnues, ont été détectées grâce à l’étude de la diffusion spatiale des allèles
méditerranéens introgressés en Atlantique. Elles vont permettre le redécoupage des zones de gestion
européenne des pêcheries de bar, dont les stocks sont en déclin depuis plusieurs années.
L’étude des populations de bar atlantique se poursuit aujourd’hui à travers une collaboration avec
Hélène de Pontual de l’Ifremer Brest. Nous combinons à présent des données de suivi des trajectoires
individuelles de migration saisonnière avec des données de polymorphisme haute-densité obtenues
grâce à la puce bar 57K. Une étude d’association entre les variants génétiques et les données
comportementales individuelles de plus de 600 individus a été initiée pour rechercher d’éventuelles
bases génétiques au mécanisme de fidélité de site de reproduction. D’autres études d’association
génotype/phénotype sont en cours dans le cadre du projet GèneSea en collaboration avec l’Ifremer de
Palavas. Bien que ces recherches concernent principalement des traits d’intérêt pour l’aquaculture
(croissance, résistance à des maladies), elles nous renseignent sur l’architecture génomique de traits
possiblement adaptatifs en populations naturelles, ainsi que sur l’impact des croisements entre
individus sauvages et échappés des cages aquacoles (Vandeputte, Gagnaire, and Allal 2019).
Les conséquences des interactions génétiques entre les populations sauvages et domestiquées ont
été au cœur de la thèse de Maëva Leitwein sur la conservation des populations sauvages de truite
méditerranéenne (Salmo trutta). Ces populations ont été par le passé sujettes à de multiples
introductions de truites de pisciculture provenant de diverses souches domestiquées. Or nos travaux
ont montré des niveaux de diversité nucléotidique plus forts chez les populations méditerranéennes
sauvages que chez les populations piscicoles d’origine atlantique et surtout méditerranéenne
(Leitwein et al. 2016). Les croisements hybrides pendant plusieurs générations entre individus
sauvages et introduits ont abouti à des mosaïques d’ascendance complexes le long des génomes des
individus sauvages actuels (Saint-Pé et al. 2019). Ainsi, chaque individu est porteur de fragments
d’origine sauvage, domestique atlantique, et domestique méditerranéenne en proportion variables,
créant une variance d’ascendance importante au sein des populations (Leitwein et al. 2018). Cette
variance d’ascendance a des conséquences directes sur les différences d’hétérozygotie entre individus.
Les individus présentant une ascendance atlantique domestique forte (comprise entre 20 et 50%) ont
une hétérozygotie nettement plus élevée en raison de la divergence génétique entre les lignées
atlantiques et méditerranéennes de truites. Au contraire, les individus ayant une ascendance
méditerranéenne domestique forte (comprise entre 20 et 50%) ont une hétérozygotie diminuée par
rapport aux individus 100% sauvages en raison de la très faible diversité de la population domestique
méditerranéenne établie à partir des populations sauvages. Un effet d’hétérosis a été détecté en
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comparant l’hétérozygotie génomique moyenne à une mesure de la condition des individus. Cet effet
a également été disséqué plus finement à l’échelle haplotypique dans un article en cours de rédaction.
En identifiant les segments génétiques de chaque origine le long du génome de chaque individu,
nous avons montré que (i) les positions d’ascendance hétérozygote atlantique/méditerranéenne sont
plus fréquentes au niveau des régions génomiques les plus divergentes entre les deux lignées, (ii) la
fréquence d’introgression des segments d’origine atlantique est négativement corrélée au taux de
recombinaison local ainsi qu’à la diversité nucléotidique locale, (iii) les segments domestiques
méditerranéens sont préférentiellement associés au segments atlantiques dans les positions
hétérozygotes. Ces trois résultats reflètent l’effet de la superdominance associative locale, due au
masquage des mutations faiblement délétères récessives dans les positions hétérozygotes. Cet effet
transitoire est supposé s’atténuer avec le raccourcissement des haplotypes introgressés au fil des
générations, et c’est effectivement ce que l’on observe en comparant des groupes d’hybrides de
générations précoces et tardives.
Ces résultats m’ont fait réaliser la complexité des questions en lien avec les problématiques
d’hybridation induite par l’homme, ou de sauvetage évolutif. Les conséquences long-terme de ces
pratiques peuvent en effet être très différentes de celles observées sur le court terme, comme ici des
effets apparemment bénéfiques des introductions de truite de pisciculture. J’ai également contribué
à étude similaire récemment réalisée par Maëva Leitwein lors de son post-doc chez Louis Bernatchez,
et portant sur des populations d’omble de fontaine (Salvelinus fontinalis) impactées par des
repeuplements à partir de lignées domestiques (Leitwein et al. 2019). Les résultats de cette étude sont
très similaires à ceux obtenus chez la truite, et soulignent le rôle du fardeau des mutations délétères
récessives dans la modulation des paysages génomiques d’ascendance post-admixture.
Les études réalisées chez le bar et les salmonidés dans les travaux de thèse de Maud Duranton et
Maëva Leitwein ont motivé l’écriture d’un article de synthèse sur l’utilisation de l’information
haplotypique en génomique de la conservation (Leitwein et al. 2020). Cette review (présentée en
Annexe) aborde plusieurs aspects comme le phasage des données et l’inférence de l’ascendance
locale, les inférences démographiques populationnelles et les interactions entre génomes différenciés
consécutives au flux génique. La Figure 9 illustre un point important traitant des conséquences
sélectives de l’hybridation. Elle montre comment les incompatibilités génétiques et les mutations
délétères récessives influencent les patrons chromosomiques d’ascendance introgressée en fonction
du niveau de recombinaison et du temps écoulé depuis l’admixture initiale.
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Figure 9 : Relations prédites entre proportion d'ascendance introgressée et intensité du taux local
de recombinaison. (Gauche) Attendus en présence d'épistasie négative, illustrés chez le poisson porteépée (Xiphophorus spp.). (Droite) Attendus en présence de superdominance associative causée par le
masquage de mutations partiellement récessives légèrement délétères, illustrés chez l'omble de
fontaine (Salvelinus fontinalis). Figure extraite de Leitwein et al. 2020.

Pour conclure cette synthèse des travaux réalisés, j’ai écrit une review-perspective (Gagnaire 2020)
qui fait partie des contributions d’un numéro spécial d’Evolutionary Applications célébrant les 60 ans
de Louis Bernatchez (Editeur-en-chef de la revue). Cet article de synthèse présenté dans la section
suivante fait partie intégrante de ce mémoire d’HDR, mais n’a pas été traduit en français. Brièvement,
il passe en revue les différents processus évolutifs qui influencent la connectivité génétique et ses
conséquences pour l’évolution des espèces. Il propose de superposer une dimension comparative au
programme de recherche présenté dans ce bilan, en étudiant en parallèle et de manière standardisée
plusieurs espèces partageant la même histoire biogéographique et des architectures génomiques
similaires. Cette stratégie a pour objectif de faire émerger l’impact des traits d’histoire de vie des
espèces sur le déroulement de la divergence pouvant conduire à la spéciation, et d’en tirer des
informations pertinentes pour la gestion et la conservation de la biodiversité.
Le programme de recherche associé est développé dans le cadre de l’ANR CoGeDiv, plus amplement
décrit dans la section 7 « Projet de recherche » de ce rapport.
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ABSTRACT
The influence of species life history-traits and historical demography on contemporary connectivity
are still poorly understood. However, these factors partly determine the evolutionary responses of
species to anthropogenic landscape alterations. Genetic connectivity and its evolutionary outcomes
depend on a variety of spatially dependent evolutionary processes, such as population structure,
local adaptation, genetic admixture and speciation. Over the last years, population genomic studies
have been interrogating these processes with increasing resolution, revealing a large diversity of
species responses to spatially structured landscapes. In parallel, multispecies meta-analyses usually
based on low-genome coverage data have provided fundamental insights into the ecological
determinants of genetic connectivity, such as the influence of key life-history traits on population
structure. However, comparative studies still lack a thorough integration of macro- and microevolutionary scales to fully realize their potential. Here, I present how a comparative genomics
framework may provide a deeper understanding of evolutionary process connectivity. This
framework relies on coupling the inference of long-term demographic and selective history with an
assessment of the contemporary consequences of genetic connectivity. Standardizing this approach
across several species occupying the same landscape should help understand how spatial
environmental heterogeneity has shaped the diversity of historical and contemporary connectivity
patterns in different taxa with contrasted life history-traits. I will argue that a reasonable amount of
genome sequence data can be sufficient to resolve and connect complex macro- and microevolutionary histories. Ultimately, implementing this framework in varied taxonomic groups is
expected to improve scientific guidelines for conservation and management policies.

KEYWORDS: comparative population genomics, conservation and management, demographic history,
genetic connectivity, life history traits, whole-genome resequencing
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INTRODUCTION
Anthropogenic landscape alterations affect all strata of marine and terrestrial ecosystems (Halpern et
al. 2008; Boivin et al. 2016). The negative effects of human activities are visible at multiple scales, from
communities to genes, and cause connectivity disruptions in both its structural and functional
dimensions. For instance, habitat fragmentation or the breaking of physical links connecting habitats
patches can affect landscape connectivity, which refers to measurable physical connectivity between
habitat patches in a landscape. But in addition to this, the way in which a given landscape is perceived
from the ‘species-eye’ view can lead to a more complex canvas of habitat connectivity (Lindenmayer
and Fischer 2007). Species-specific constrained ability to disperse through the landscape may indeed
generate additional reductions in connectedness between patches of suitable habitat, due for instance
to behavioral components. Therefore, the physical spatial structure of a landscape can impose
different connectivity constraints, depending on species.
The conservation of connectivity among patches of suitable habitat is a well-established measure
to limit the potentially detrimental impacts of landscape disruption in conservation biology. However,
the extent to which landscape connectivity is essential to combat biodiversity loss remains unclear
(Crooks and Sanjayan 2006). On one hand, corridors have been used with success to facilitate dispersal
among patches of fragmented habitats, providing demographic benefits to connected patches (Beier
and Noss 1998) and mitigating the erosion of genetic diversity (Christie and Knowles 2015). On the
other hand, increased connectivity sometimes comes with genetic and demographic costs, such as
disruption of local adaptation, increased risks of genetic swamping, detrimental hybridization,
introduction of alien species or transmission of contagious diseases (Simberloff and Cox 1987).
Managing connectivity for a given species is therefore a balancing act. Not only because other species
occupying the same landscape may experience connectedness in different ways, but also because the
eco-evolutionary consequences of connectedness can strongly differ from one species to another. The
evaluation of species-specific connectivity needs and consequences thus remains a major challenge to
be addressed.
Characterizing the different aspects of connectivity for a particular species in a given landscape
requires ecological and genetic data. The process-oriented frameworks of metapopulation ecology and
genetics allow quantifying relevant ecological and evolutionary parameters at different spatial scales
(Moilanen and Hanski 2001). The two approaches, however, differ in how they consider and measure
connectivity (Lowe and Allendorf 2010). Metapopulation ecology mainly considers the relative
contribution of dispersal to population growth and vital rates to assess demographic connectivity. By
contrast, the population genetics approach focuses on gene flow. Genetic connectivity studies typically
evaluate the extent to which the contribution of migrants’ genes to a recipient gene pool affects
population genetic diversity, integrity, and evolutionary potential (Sgro, Lowe, and Hoffmann 2011).
Although complementary, ecological and genetic frameworks do not cover the same time scales. While
demographic connectivity is mainly about the contribution of contemporary dispersal to species
persistence, the genetic approach captures the effect of evolutionary processes acting at different time
periods from the distant past to the present. This difference in timescales has hindered the
combination of ecological and genetic approaches in connectivity studies (Cayuela et al. 2018).
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Another source of difficulty stems from the fact that, in practice, individuals of a given species
cannot be considered equivalent to each other, as it is often assumed in demographic and genetic
connectivity models. Just because different populations of the same species usually display different
local adaptations, different levels of genetic load, or even genetic incompatibilities, crosses between
immigrants and residents are often not neutral and the consequences for the fitness of outbred
descendants can be varied. Population genomic approaches now able to capture part of this
information directly from the analysis of genome sequences, a task that is greatly facilitated by taking
into account the demographic history of populations. However, studies of contemporary connectivity
accounting for the long-term evolutionary history of the species remain scarce. The field of
comparative phylogeography has already started to address part of these issues (Bermingham and
Moritz 1998). But further integration is needed to understand what kinds of interactions between
biological parameters and historical contingencies shape the current diversity of species’ evolutionary
responses to a shared landscape.
The objective of this review is to emphasize the need, and propose possible directions towards
combining macro- and micro-evolutionary scales in genetic connectivity research to facilitate this
integration. In order to focus on timescales and processes, the term “evolutionary process
connectivity” (Worboys, Francis, and Lockwood 2010) will be used to refer to spatially dependent
evolutionary processes pertaining to both macro- and micro-evolutionary scales. This concept
embraces a large diversity of spatially-based processes including population structure, local
adaptation, genetic admixture and speciation, which all lie at the core of genetic connectivity research.
The following sections will start with a rapid overview of the diversity of evolutionary processes
attainable with genetic approaches, and the importance of interrogating past demographic history to
understand the contemporary consequences of genetic connectivity. The benefits of a comparative
genomics framework will be finally considered to compare species evolutionary responses to spatially
structured landscapes and attempt to relate this diversity to species biology and ecology.

1. Overview of molecular approaches to evolutionary process connectivity
Spatially dependent evolutionary processes have been intensely studied using molecular markers,
although with different degrees of spatial and temporal resolution (Manel et al. 2003; Waples and
Gaggiotti 2006; Guillot et al. 2009; Fenderson, Kovach, and Llamas 2020). The last decade has been
particularly marked by a significant increase in the density of markers used in studies of wild nonmodel species, from about one marker to several thousand per chromosome (Funk et al. 2012), and
culminating even more recently in the use of complete genomic sequences (Ellegren 2014). Thus, the
range of approaches available in the molecular ecologists' toolbox now allows empirical studies to be
adapted to the level of spatial, temporal and genomic resolution required to study the intended
evolutionary process.

Oligo-marker approaches
Oligo-marker approaches (i.e. based on about 100 makers or less) potentially provide high-spatial
resolution neutral maps of population genetic connectivity (Figure 1). The use of small marker datasets
may be the only strategy compatible with budget limitations when it is necessary to analyze thousands
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of samples to quantify contemporary dispersal in parentage (Moore et al. 2014; Baetscher et al. 2019)
or genetic assignment studies (Johansson et al. 2018). Provided that a sufficient level of genetic
differentiation exists among populations, the description of the fine-scale genetic structure makes it
possible to test for demographic uncoupling. For instance, (Nykänen et al. 2019) showed that
genetically differentiated populations of bottlenose dolphins (Tursiops truncatus) from the
Northwestern Atlantic are connected by very low migration rates (<1%), a value too low to assume
demographic cohesiveness (Hastings 1993).
Oligo-marker approaches are also well-suited for inferring long-term genetic connectivity using
indirect methods. For instance, the standard deviation of parent–offspring dispersal distances (σ) can
be estimated from isolation-by-distance patterns (Rousset 1997), and the absolute number of migrants
per generation (Nem) can be inferred from genetic differentiation measures such as FST under some
assumptions (reviewed in Broquet and Petit 2009). At an even deeper temporal scale, a few gene
sequences can be sufficient to detect molecular divergence. Phylogeographic studies that typically rely
on mitochondrial data have revealed the pervasive effects of quaternary climate oscillations on lineage
diversification in many taxa (Bernatchez and Wilson 1998; Avise 2000; Hewitt 2004) (Box 1). For
instance, a recent meta-analysis of more than 15,500 COI sequences recently showed that European
butterflies have massively undergone glacial isolations followed by post‐glacial expansions (Dapporto
et al. 2019). Therefore, the neutral maps of evolutionary process connectivity that can be obtained
with a handful of loci already cover a wide range of micro- and macro-evolutionary processes (Figure
1).

Figure 1: Molecular approaches to evolutionary process connectivity. The necessary compromise
between the extent of genome coverage and the degree of spatial resolution sampling constrains the
diversity of evolutionary processes attainable with molecular approaches. This review particularly
considers the contribution of whole-genome sequencing approaches to our understanding of
evolutionary process connectivity. Colored dots within connectivity maps may refer to population
samples or to individuals.
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Box 1: Bridging comparative phylogeography, population and conservation genomics: an important
chapter in Louis Bernatchez’s school.
I met Louis in 2007 at the European Ichthyological Society congress in Dubrovnik. I was a PhD student
working on speciation in tropical eels and attending my first congress. Louis had just published an
important study on hybridization between American and European eels using AFLPs (Albert, Jónsson,
and Bernatchez 2006). At the time, AFLPs were markers of choice for identifying selection footprints
in the genomes of non-model species (Wilding, Butlin, and Grahame 2001; Campbell and Bernatchez
2004). I introduced myself to Louis at the congress social evening to ask him if he had looked at how
introgression rates vary among AFLP loci between the two Atlantic eel species. He replied very simply
“No, but you could come to my lab and do it!”. The deal was made just like that, and four months later
I was in Quebec to do those analyses. Later, I returned to his lab as a post-doc, and spent more than
two years of intense scientific life there. It was a humanly enriching experience that remains today a
true source of inspiration in my scientific career. For all this, and for all the good times shared since
then, I thank you and wish you a happy birthday Louis!
One of the many research projects in progress when I was in Louis’ lab was a comparative genetic study
of North American freshwater fishes (April et al. 2011; April, Hanner, Mayden, et al. 2013). It followed
a seminal comparative study of mitochondrial phylogeography which, more than a decade earlier, had
shown the impact of Pleistocene glacial cycles on lineage diversification in Nearctic and Palearctic
fishes (Bernatchez and Wilson 1998). The running project aimed to push a step further by combining
mitochondrial and AFLP data in several species in parallel, in order to better document genetic
exchanges in the contacts zones between Mississippian and Atlantic glacial lineages. The results
showed that most of the divergent glacial lineages have remained partially reproductively isolated
despite hybridization (April, Hanner, Dion‐Côté, et al. 2013). This study reinforced the idea that
alternating episodes of isolation and contact caused by glacial cycles have initiated and fostered
speciation in multiple fish species in North America.
Another important contribution of this research was to reveal the existence of morphologically cryptic
evolutionary lineages, which are relevant for conservation strategies in a context of large-scale species
introductions and extirpations. The development of evolutionary applications in conservation biology
has long been encouraged by Louis' scientific initiatives and research programme. The purpose of this
review is to encourage continued efforts to link comparative phylogeography and population genomics
to address conservation issues related to connectivity.

Multi-marker approaches
The most important contribution of the genomic revolution to the study of these processes is the
several orders of magnitude increase in the quantity and density of genetic polymorphism data (i.e.
several thousands to several millions) (Figure 1). This increase has had two advantageous
consequences. The first was to access many independent markers across the genome, each of which
carries some of the information describing the coalescence process (Rosenberg and Nordborg 2002).
Because there is such a high number of possible random gene genealogies for a given sample with a
given demographic history, only a deep sampling of genomic variation can accurately capture the
stochasticity of the coalescence process. Population genomics approaches have thus benefited to both
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recent and historical demographic inferences, providing improved maps of neutral evolutionary
processes connectivity.
At a small temporal scale, they provide a bridge between parentage methods and analyses of
isolation-by-distance patterns by extending the range of pedigrees for which reliable genetic
relatedness values can be obtained. For instance, (Aguillon et al. 2017) used a pattern of decreased
genetic relatedness with increased geographic distance to infer recent demography in the Florida
scrub-jay (Aphelocoma coerulescens).
At longer time scales, historical demography can be learnt from genome-wide polymorphism data
using diverse inference frameworks such as full-likelihood (Hey and Nielsen 2007), compositelikelihood (Gutenkunst et al. 2009; Excoffier et al. 2013), or approximate Bayesian computation
(Beaumont, Zhang, and Balding 2002). The strength of these approaches is that they make it possible
to dissociate the effect of drift captured by the effective population size parameter (Ne) and the pergeneration migration rate (m) on gene flow (Nem). Thus, the effect of time on allele frequency changes
can be represented on a genetic drift intensity scale, and evolutionary independence can be assessed
from estimated migration rates (Hey and Pinho 2012). To handle the large amount of information in
large population genomic datasets, demographic inference methods generally use summary statistics
of the data. A powerful summary statistics that captures many aspects of a species historical
demography is the site frequency spectrum (SFS), which conveniently summarizes allele frequency
data obtained from reduced representation genome sequencing data (such as RAD-Seq, ddRAD-Seq or
GBS) in one or multiple populations. With this type of approach, the spatial sampling resolution
required for inferring long-term migration rates is much coarser (i.e. population samples taken from a
few representative locations) than for analyzing contemporary dispersal from geographic patterns of
relatedness. Moreover, demographic inferences enable testing for gene flow between demographic
entities that rarely exchange genes in nature, such as populations or evolutionary lineages separated
by a physical barrier to dispersal or a tension zone. In these situations, migrant individuals or their
hybrid offspring cannot be observed directly, but their effective genetic contribution to a recipient
population can still be assessed indirectly. This has important implications for understanding the
evolutionary consequences of connectedness. For instance, relatively small effective migration rates
are sufficient for the spread of slightly advantageous alleles through a physical or a genetic barrier
(Barton and Bengtsson 1986; Piálek and Barton 1997).
The second most important advantage of increasing marker density has been to facilitate the
detection of selective effects through linkage disequilibrium between selected sites and marker loci.
Here again, different processes acting at different time scales can be studied for assessing connectivity
(Gagnaire et al. 2015). Population genomic approaches to contemporary local adaptation have become
increasingly popular thanks to the development of next generation sequencing technologies (Stapley
et al. 2010; Savolainen, Lascoux, and Merilä 2013) and a vast panel of accompanying statistical
methods (e.g. Foll and Gaggiotti 2008; Gautier 2015; Luu, Bazin, and Blum 2017). The power of these
“genome scan” approaches to document species adaptations and evolutionary potential is constrained
by sampling design, population structure, demographic history and the source and effect size of
adaptive mutations (Lotterhos and Whitlock 2014, 2015; Gagnaire and Gaggiotti 2016; Wellenreuther
and Hansson 2016). They nevertheless provide efficient means to understand the environmental
correlates of population structure and to map the genomic bases of adaptation in different ecological
contexts (e.g. Hancock et al. 2011; Benestan et al. 2016; Oziolor et al. 2019; Schweizer et al. 2019).
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A notable difficulty in interpreting the results of genome scans for local adaptation is to identify the
nature of the evolutionary processes underlying the detection of candidate loci (Bierne, Roze, and
Welch 2013). While abnormally strong spatial structure or association with environmental variables
may indicate contemporary local adaptation at outlier markers or closely linked loci, it may also reveal
the signature of more ancient processes. For example, the coupling between local adaptation loci and
reproductive isolation loci involved in intrinsic pre- or post-zygotic barriers can generate pervasive
genotype-environment associations across the genome (Bierne et al. 2011). This type of situation,
frequently found between partially reproductively isolated evolutionary entities (e.g. geographical
lineages, ecotypes, host races or cryptic species), is often characterized by a large fraction of the
genome associated with signatures of local selection in genome scan studies. Even if contemporary
ecological processes (e.g. causing low population density area, or ecotone between ecologically
different habitats) can explain the spatial or ecological structure observed at outlier loci, older
evolutionary processes often explain their pervasiveness across the genome as well as their origin. This
has been shown for instance in some cases of parallel phenotypic divergence among replicate ecotype
pairs, whereby anciently diverged geographic lineages have secondarily re-admixed before a recent
spatial reassortment of the same divergently evolved alleles through repeated selection (Le Moan,
Gagnaire, and Bonhomme 2016; Rougemont et al. 2017; Rougeux, Bernatchez, and Gagnaire 2017;
Van Belleghem et al. 2018). Such complex evolutionary scenarios that mix evolutionary processes
acting at different time scales make a strong case for the need to infer the demographic history of
populations in a more systematic and thorough way.

2. Setting the scene by modelling the evolutionary history
Disentangling demographic from selective effects is an important prerequisite for (i) identifying
selected loci in population genomic data, but also for (ii) the fundamental interest of understanding
the demographic history of populations per se (Excoffier et al. 2013). Teasing apart these effects
remains a challenging issue, since the rationale of historical demographic inference is that genomewide marker information reflects demography while being robust to selective effects. Some
approaches have been proposed to remove the most extremely differentiated loci before building a
null model from which the loci involved in local adaption could be more reliably detected (e.g. Whitlock
and Lotterhos 2015). On the other hand, accumulating evidence from empirical population genomic
studies indicate that even the core of the distribution of observed statistics such as heterozygosity or
differentiation indices can be influenced by selection. For instance, the positive correlation detected
between local recombination rate and genetic diversity across the genome of many species indicates
that few regions of the genome are completely free from the effects of linked selection (Sella et al.
2009; Corbett-Detig, Hartl, and Sackton 2015). Therefore, a significant fraction of the genome can
potentially depart from the average neutral demographic history. This has been seen as a strong
limitation for the ability of molecular polymorphism data to reveal the true demographic history of
populations, because selection and demography can leave similar footprints in patterns of genetic
variation (Hahn 2008; Schrider, Shanku, and Kern 2016). A joint estimation of the demographic and
selective effects is therefore highly desirable (Li et al. 2012; Stephan 2015, 2019).
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Different types of selective effects need to be accounted for to achieve this goal (Cutter and Payseur
2013; Cruickshank and Hahn 2014; Stephan 2019). First, selective sweeps causing genetic diversity
reductions near selected loci that recently fixed beneficial mutations (Maynard Smith and Haigh 1974).
When recurrent selective sweeps occur, genomic regions of reduced recombination rates are expected
to display reduced levels of diversity (Kaplan, Hudson, and Langley 1989). However, this may be
confounded by the effect of background selection against recurrent deleterious mutations, which also
reduces the level of variation at linked neutral sites on a scale that depends on the rate of
recombination and gene density (Charlesworth, Morgan, and Charlesworth 1993; Hudson and Kaplan
1995; Nordborg, Charlesworth, and Charlesworth 1996). Estimating the joint effects of selective
sweeps and background selection on neutral variation has been the focus of several theoretical and
empirical works (Kim and Stephan 2000; Lohmueller et al. 2011; Comeron 2014; Elyashiv et al. 2016).
Among them, studies in Drosophila have highlighted the importance of considering linked selection, in
particular by including the unavoidable effects of background selection, for the purpose of making
demographic inferences and genome scans of selection (Comeron 2017).
Applying the sophisticated approaches developed for the study of model species such as flies can
be out of reach in non-model organisms that still lack functionally annotated genomes and genetic
maps. Moreover, an explicit treatment of linked selection within complex historical demographic
models accounting for phases of divergence and admixture remains highly challenging. A possible
alternative to account for linked selection in demographic inference is to capture its genomically
localized indirect effect on the reduction of genetic diversity. This effect is usually described as being
equivalent to a local reduction in Ne, at least as it concerns the effect of background selection
(Charlesworth 2009; Burri 2017). Different approaches modeling among-locus variation in genetic drift
have been developed and applied to various organisms, sometimes assuming complex historical
demographic models (Sousa et al. 2013; Roux et al. 2016; Rougeux, Bernatchez, and Gagnaire 2017).
They revealed that genome-wide variation in Ne due linked selection shapes genome diversity patterns
over different time frames, from within-population to between-species levels. This is also reflected by
the finding of correlated genomic landscapes of genetic diversity summary statistics in birds, across
different phylogenetic scales ranging from populations of the same species to distantly related species
(Vijay et al. 2017). Existing modeling frameworks thus enable us to infer null models of demographic
history that account for linked selection, even in non-model species.
Relaxing the assumption that all loci share the same demography has also allowed to capture the
effect of genetic barriers to gene flow between populations in demographic divergence models (Roux
et al. 2013; Sousa et al. 2013; Tine et al. 2014). Selection against foreign alleles causing maladaptation
in hybrids or migrant genotypes generates local reduction in effective migration rate (me) at linked
neutral markers, on a chromosomal scale that depends on recombination (Barton and Bengtsson
1986). Accounting for heterogeneous me in addition to Ne across the genome in population genomic
studies has helped dissociating the effects of linked selection and genetic barriers to gene flow on
divergence. For instance, the analysis of 61 pairs of populations/species of animals within this
framework revealed that the probability of gene flow between diverging entities is significantly
reduced above 2% of net molecular divergence (Roux et al. 2016). The range of net divergence values
from 0.5% to 2%, where many cryptic species lie, is often characterized by heterogeneous gene flow
across semi-permeable genomes. This has important implications for the purpose of this review, since
genetic subdivisions located in this intermediate “grey zone” of speciation may have been initiated by
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factors that differ from those affecting contemporary connectivity patterns. Historical demographic
inference is therefore a key approach for the integration of macro- and micro-evolutionary scales in
the study of genetic connectivity.

3. Assessing the evolutionary consequences of contemporary genetic connectivity
Understanding the importance of connectivity for biodiversity conservation requires assessing the
extent to which increased connectivity is favorable, or on the contrary unfavorable, to the objectives
set in conservation biology. I will not reconsider here the question of the demographic impact of
connectivity on population persistence. Instead, I will focus on the evolutionary consequences that
depend directly on gene flow following effective migration among populations within a landscape. As
we saw before, this may involve complex interactions between demographic and selective forces
throughout the history of populations.
Several important aspects pertaining to the evolutionary consequences of contemporary genetic
connectivity have already been considered extensively in the literature of genetic rescue (Tallmon,
Luikart, and Waples 2004; Whiteley et al. 2015; Bell et al. 2019) and assisted gene flow (Aitken and
Whitlock 2013). Here, I consider how different types of interactions between selected mutations and
recombination determine the outcome of gene flow, as genetic fragments of different ancestries mix
and progressively recombine across generations.
Perhaps the most frequently observed initial effect of outcrossing between individuals from
genetically distinct source populations is heterosis, that is, increased fitness of offspring produced
between locals and immigrants compared to their parents. The main mechanism behind heterosis is
the masking of partially recessive deleterious mutations due to increased genome-wide heterozygosity
in hybrid offspring (Tallmon, Luikart, and Waples 2004). Using forward-in-time simulations, (Kim,
Huber, and Lohmueller 2018) showed that heterosis can lead to a rapid increase in the frequency of
introgressed ancestry in the generations directly following admixture. This effect is even stronger in
low-recombining regions of the genome, where the efficacy of purifying selection is lower. Although
the effect of heterosis rapidly dissipates in the early generations, the local effect of associative
overdominance (i.e. the effect of heterosis at the local scale) will remain for some time relatively
stronger within regions of low versus high recombination rates. This leads to a negative correlation
between local recombination rate and introgression in the presence of recessive deleterious mutations
(h=0), irrespective to the relative amounts of genetic load in the donor and recipient populations
(Figure 2).
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Figure 2: Integration of micro- and macro-evolutionary time scales. During the long-term evolutionary
history of populations, ancestral genetic variation is sorted at different rates among descendant
populations, possibly accelerated by linked selection or braked by gene flow. Depending on
demographic conditions, the degree of local adaptation to the local environment, the amount of
genetic load or reproductive isolation barriers with other such populations may differ among
populations. These processes impact the evolutionary outcomes of contemporary connectivity,
resulting in more or less discernable footprints in genome polymorphism data. Here, the outcome of
different imaginary demographic histories on genome-wide correlation between introgressed ancestry
and recombination are illustrated, focusing on contemporary gene flow from the orange into the red
population. Left: Genetic load has increased in one lineage after a period of bottleneck followed by
recent expansion. Middle: A growing metapopulation has purged its genetic load explained by
recessive mutations. Right: Two diverging lineages have accumulated genetic incompatibilities during
geographical isolation.

The outcome of gene flow may differ in the presence of only additive deleterious mutations (h=0.5),
that is, in the absence of associative overdominance. In this case, a positive correlation between
introgression and recombination can be obtained if the donor population has a lower longer-term Ne
(i.e. higher genetic load) than the recipient population (Kim, Huber, and Lohmueller 2018; Schumer et
al. 2018). In this hybridization load model, hybrids formed in the recipient population suffer from
increased genetic load compared to parental genotypes (Schumer et al. 2018), although the relative
fitness of the recipient compared to the donor population can be little affected over the long term
(Kim, Huber, and Lohmueller 2018). This is because most deleterious introgressed DNA fragments are
rapidly purged by selection (i.e. less than 10 generations) following admixture (Harris and Nielsen
2016; Veller et al. 2019). This reasoning considering unconditionally deleterious alleles in the recipient
genome can be extended to mutations conferring a local disadvantage to recipient individuals in their
local environment. Therefore, qualitatively similar conclusions can be obtained with additive
mutations involved in local adaptation (Schumer et al. 2018; Veller et al. 2019).
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Alternatively, immigration can also decrease the fitness of hybrid offspring due to negative epistatic
interactions with other alleles at other genes. If donor and recipient populations have sufficiently
diverged to have evolved genetic incompatibilities, the disruption of co-adapted gene complexes can
result in outbreeding depression (Maheshwari and Barbash 2011). Simulations under a pairwise
genetic incompatibility model showed that selection against recombinant genotypes tend to result in
reduced introgressed ancestry within regions of lower cross-over rates (Schumer et al. 2018). This can
be explained by more efficient selection against blocks containing several tightly linked incompatibility
alleles of similar ancestries (Barton and Bengtsson 1986).
The different modes (recessive, additive, epistatic) and mechanisms of action (genetic load, local
adaption, incompatibilities) of mutations involved in fitness may be undistinguishable based on the
sign of the correlation between recombination and introgressed ancestry alone. However, the recent
findings of such correlations in several systems tend to support the polygenic nature of the underlying
mechanisms (Duranton et al. 2018; Schumer et al. 2018; Edelman et al. 2019; Leitwein et al. 2019;
Martin et al. 2019), and the importance of selected mutations density in shaping the outcome of gene
flow (Aeschbacher et al. 2017). In the future, complementary approaches based on Fisher’s geometric
model may help disentangle the relative contributions of the different modes and mechanisms of
action of mutations in empirical population genomic datasets (Simon, Bierne, and Welch 2018).
The integration of demographic history and contemporary gene flow studies can help to bridge the
gap between macro- and micro-evolutionary scales. This is important to understand the contemporary
consequences of genetic connectivity and, in the long term, to predict what might happen in the
future. Promising approaches that combine the best of both worlds are being developed (Bradburd,
Coop, and Ralph 2018; Bradburd and Ralph 2019; Harris 2019). Among them, methods leveraging treebased information from inferred ancestral recombination graphs (Griffiths and Marjoram 1996) are
revolutionizing the analysis of large-scale genetic variation datasets (Kelleher et al. 2019; Speidel et al.
2019). These methods use the complete genealogical information available for each segment of DNA
(i.e. between 2 historical recombination events) genome-wide to estimate the time to the most recent
common ancestor for each pair of individuals at each locus. In doing this, they are able to capture
evolutionary processes acting at different time frames, from modern to ancient (although the level of
resolution may depend on the amount of individuals). Therefore, temporal dynamics in population
sizes and migration rates during demographic history, as well as archaic introgression, can be
simultaneously inferred with signatures of natural selection. Until recently, estimating ancestral
recombination graphs from a set of DNA sequences was posing prohibitive computational and data
storage problems. These issues are now being fixed, opening the door to powerful approaches to study
the connectivity of spatially-dependent evolutionary processes, even in non-model organisms.

4. Implementing a standardized comparison across multiple species
Given the wide diversity and complexity of evolutionary processes potentially involved when migrants
effectively transmit their genes, understanding genetic connectivity in non-model species may seem a
daunting task. Despite all the progress made possible by evolutionary genomics approaches, difficulties
persist in generalizing and extrapolating the results of single-species studies. In particular, it remains
difficult to understand how different species perceive the environment they share in common. This
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important question directly concerns the impact of connectivity conservation strategies on
biodiversity. Comparisons across multiple species are thus needed to shed light on this issue.
Several comparative studies and meta-analyses have been carried out, but few of them combined
all the key elements required to address the diversity and the determinants of connectivity patterns
among species sharing the same environment. Comparative genomics studies generally aggregate
species from diverse geographical and ecological contexts (Roux et al. 2016; Delmore et al. 2018).
Works performed on species radiation, such as in Heliconius butterfly, Darwin’s finches, lake whitefish,
or monkeyflowers (Kronforst et al. 2013; Lamichhaney et al. 2015; Rougeux, Bernatchez, and Gagnaire
2017; Stankowski et al. 2019), do not cover sufficiently large phylogenetic scales to capture the
diversity of species response to shared landscapes. Comparative phylogeographic studies, on the other
hand, have successfully documented the existence of concordant phylogeographic patterns matching
biogeographic boundaries across a wide range of taxa (e.g. Patarnello, Volckaert, and Castilho 2007;
Bowen et al. 2016). However, despite their fundamental contribution to understanding the impact of
historical abiotic factors to the structuring of genetic diversity, they cannot reach the level of genomic
resolution required to resolve complex demographic histories. Some phylogeographic studies have
taken a step forward by implementing spatially-explicit comparative frameworks that revealed
important ecological determinants of intraspecific lineage diversification, such as differences in
dispersal propensity among species (Burney and Brumfield 2009; Moritz et al. 2009; Dapporto et al.
2019). As such, they paved the way towards a trait-based comparative phylogeography, addressing
the influence of ecological and life history traits on evolutionary process connectivity (Papadopoulou
and Knowles 2016).
Some pioneering studies have recently started to implement this shift using genome‐wide
comparative phylogeographic approaches. They tested for alternative biogeographic hypotheses of
diversification (Rincon‐Sandoval, Betancur‐R, and Maldonado‐Ocampo 2019), multiple cycles of
isolation-contact (He et al. 2018), uncoupling between contemporary connectivity and historical gene
flow (Myers et al. 2019; Peñalba, Joseph, and Moritz 2019), or association between cryptic intraspecific
diversity and environmental gradients (Stanley et al. 2018; Le Moan et al. 2019). Two of these studies
have even accounted for heterogeneous demographic parameters across the genome in order to
capture the effect of semi-permeability and long-term linked selection (Le Moan et al. 2019; Peñalba,
Joseph, and Moritz 2019). This has been considered as a key component for establishing a powerful
comparative population genomics framework (Burri 2017).
The field is now ready for a larger-scale approach that takes advantage of the latest developments
in evolutionary genomics. The proposed strategy is to generate individual whole-genome sequence
data from a limited number of well-chosen representative locations in each species (Figure 1). The
number of sequenced genomes can be significantly scaled down compared to reduced genome
representation based studies, typically to a few individuals per location. The rationale behind this is
that the loss of precision on allele frequencies estimation will be compensated by access to genomewide gene genealogies from phased genomes. The use of haplotype information is expected to
improve inferences of long-term demography and selection, as well as contemporary processes
affecting individual fitness in interaction with local recombination rate (Leitwein et al. 2020). Box 2 and
Figure 3 sketch out some of the key aspects of a comparative genomics project of this type, recently
started in 20 Atlantic-Mediterranean fish species with contrasted ecological traits.
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Comparative genomic studies of connectivity need to control as much as possible for potentially
confounding factors. For instance, focusing on a single biogeographic context is a necessary condition
to reduce the effect of historical contingency, although this cannot be totally eliminated. Other
necessary precautions to standardize study design include (but are not necessary limited to) choosing
similar sampling locations for all species to compare the effect of homogeneous geographic distances
across taxa, and using the same molecular strategy with the same sample size for all sites and species.
The repeatability and traceability of bioinformatics pipelines and statistical approaches is also crucial,
given the need to execute in parallel numerous steps to move from raw sequence reads to evolutionary
parameter inference in each species. The use of workflow management tools (e.g. Snakemake,
Nextflow) and containers (e.g. Docker, Singularity) is a good way to achieve exchangeability of analysis
softwares within a collaborative project. The phylogenetic scale is also a matter of concerns for
standardization, since overly distant taxa may pose technical difficulties due to strong differences in
their genomic architectures (e.g. genome size, repeat content, chromosome number and
recombination landscape).
Finally, different species with contrasted life history traits are likely to display a wide diversity of
genetic connectivity patterns. These need to be classified to communicate the results more efficiently
and more clearly to managers. The use of reference study systems has been proposed to make
progress towards standardized decision-making for a closely-related issue, the delineation of species
using genomic data (Galtier 2019). The idea is that complex evolutionary processes such as speciation,
which unfold gradually over time, are not easily compatible with the classification system into discrete
entities required to inform conservation policies. Similarly, the use of reference species illustrating
important stages within a continuum of well-documented cases could help describe the diversity of
historical and contemporary connectivity patterns across different taxa.

5. Understanding the influence of life history-traits on evolutionary process connectivity
How different species with contrasted ecological traits experience connectedness within a similar
landscape? To what extent and why do they differ? Linking micro- and macro-evolutionary scales is
probably the crux to understanding the diversity of genetic divergence and connectivity patterns, and
in particular its relationships to species biology and ecology (Harvey, Singhal, and Rabosky 2019). A
comparative framework can provide a robust way to do this (Figure 3, Box 2).
This requires disentangling the influence of species traits on fundamental population genetics
parameters that control the efficiency and the pace of population-scaled demographic and selective
processes. For instance, the intensity of genetic drift determines both the level of genetic diversity and
the efficiency of selection within populations (Charlesworth 2009). Comparative genomic studies in
plant and animal species have showed that neutral genetic diversity and the amount of weakly
deleterious segregating mutations are mostly determined by traits related to parental investment,
such as propagule size, fecundity and longevity (Romiguier et al. 2014; Chen, Glémin, and Lascoux
2017). The influence of body size, a common proxy for abundance in ecology (White et al. 2007), has
also been reported at lower phylogenetic scales in European butterflies and Darwin’s finches
(Brüniche‐Olsen, Kellner, and DeWoody 2019; Mackintosh et al. 2019). Two species may thus differ in
their amount of neutral and weakly deleterious genetic variation due to differences in their life history
traits.
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Box 2: Comparative genomics approach
Atlantic/Mediterranean marine fishes.

to

evolutionary

process

connectivity

in

Northeastern Atlantic and Mediterranean marine biota share a number of species in common due
to multiple events of colonization-extinction-recolonization between basins throughout the complex
biogeographical history of this region. The transition zone between the two seas is known as a major
phylogeographic break in many temperate Atlantic-Mediterranean species (Patarnello, Volckaert, and
Castilho 2007). This heritage of connectivity variations imposed by paleoclimate fluctuations has led
to a wide diversity of contemporary connectivity patterns among marine species, from complete
genetic homogeneity to reproductive isolation between closely related species pairs. Comparative
studies based on limited numbers of markers have found mixed-evidence for the role of life-history
traits in explaining among-species differences in connectivity (Patarnello, Volckaert, and Castilho 2007;
Dalongeville et al. 2016; Pascual et al. 2017). This may be due to a lack of power to disentangle the
confounding effects of multiple evolutionary processes acting at different time scales. Deciphering the
relative contribution of historical versus biological and ecological factors could benefit from a switch
towards a genome-scale approach.
The molecular strategy proposed in this review has already been implemented in the European sea
bass, Dicentrarchus labrax. This species is genetically subdivided into an Atlantic and a Mediterranean
lineage, which initially diverged in allopatry around 300,000 BP before undergoing a post-glacial
secondary contact (Tine et al. 2014). The use of haplotype-resolved whole-genome sequences of four
to six individuals from three populations (Atlantic, western and eastern Mediterranean) allowed us to
reconstruct the demographic divergence history of sea bass lineages, accounting for the effect of
linked selection and genetic barriers (Duranton et al. 2018). Low-recombining regions of the sea bass
genome were found to have differentiated faster during geographical isolation due to linked selection,
but to have more strongly resisted to gene flow since secondary contact. This finding indicates that
partial reproductive isolation has evolved between the two lineages. Analysis of the length distribution
of local ancestry tracts revealed a more pronounced introgression from the Atlantic into the
Mediterranean than in the opposite direction. The progressive erosion on Atlantic tracts as they diffuse
from western to eastern Mediterranean was then used to quantitatively estimate dispersal on an
ecologically relevant timescale, using the recombination clock. The spatial scale of dispersal was
estimated to less than 50 Km per generation (Duranton, Bonhomme, and Gagnaire 2019).
Building on these developments in sea bass, we recently launched a comparative study of microand macro-evolutionary connectivity patterns in 20 fish species with similar Atlantic-Mediterranean
distributions, but contrasted biological and ecological traits (Figure 3). Our objective is to evaluate the
contribution of species life-history traits to different evolutionary processes involved in connectivity,
both at the within-population (i.e. within the Atlantic and Mediterranean) and among-lineages scales.
To this end, we began by generating a reference genome assembly for 17 of the 20 species that are
currently lacking this important resource. Then, we generated whole-genome sequence data for 20
individuals per species, evenly taken from the four same sampling sites for all species. In order to
optimize the informativeness of gene flow at different spatial scales, we selected one remote site and
one site close to the Atlantico-Mediterranean transition zone in each sea. Using this highly
standardized design, we wish to infer the evolutionary history and the contemporary consequences of
connectivity from genome-wide genealogy data for each species. This approach is expected to reveal
cryptic species subdivisions that were not previously described. Ultimately, this research should lead
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to a better understanding of the multiple dimensions of connectivity issues in marine fishes, which
could be relevant to fisheries management and biodiversity conservation.

Figure 3: Overview of an ongoing comparative genomic project in Atlantic-Mediterranean marine
fishes with contrasted life-history traits. Studied species from top left to lower right: Diplodus
puntazzo, Engraulis encrasicolus, Sardina pilchardus, Alosa fallax, Pagellus erythrinus, Coris julis, Sarda
sarda, Hippocampus guttulatus, Lithognathus mormyrus, Gobius niger, Mullus surmuletus, Lophius
budegassa, Symphodus cinereus, Syngnathus typhle, Coryphoblennius galerita, Dicentrarchus labrax,
Atherina boyeri, Spondyliosoma cantharus, Merluccius merluccius, Serranus cabrilla.

Should genetic subdivision occur within such species, the dynamics of divergence would be also
impacted by biological and ecological factors influencing genetic drift. Indeed, the rate at which the
sorting of ancestral variation occurs within daughter populations is inversely proportional to their
effective population sizes. The outcome of short periods of geographic isolation (i.e. less than 10Ne
generations) between two daughter populations in terms of molecular divergence thus depends on
the amount of ancestral polymorphism and the rate of lineage sorting during divergence (Edwards and
Beerli 2000; Arbogast et al. 2002), both being under the influence of life history traits. As we saw
before, genetic diversity is also determined by the rate at which ancestral variation is erased by linked
selection locally in the genome. Since the efficacy of selection against weakly deleterious mutations
increases with Ne, linked selection eliminates comparatively more genetic diversity in large compared
to small populations (Corbett-Detig, Hartl, and Sackton 2015). Therefore, genome-wide differentiation
landscapes could be more strongly impacted by linked selection in abundant compared to rare species.
The biological and ecological determinants of ancestral diversity, lineage sorting and its acceleration
through linked selection, probably impact real genomic data through different pathways, themselves
influencing Ne at different time scales. Therefore, understanding the proximal causes of the
correlations between life history traits influencing drift and inferred connectivity processes remains a
challenging exercise.
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As opposed to genetic drift, the homogenizing force of migration reduces the rate at which allele
frequencies change between populations undergoing divergence. However, the predicted
consequences of dispersal on connectivity patterns are not straightforward either. On the one hand,
species traits favoring increased dispersal capabilities (e.g. prolonged larval phase in marine organisms,
seed-dispersal structures in plants) could be associated to increased chances of colonizing isolated
habitat patches, maintaining diversified metapopulations in fragmented landscapes (Cahill et al. 2017;
Harvey, Singhal, and Rabosky 2019). Alternatively, strong dispersal could simply impede differentiation
and maintain genetically homogenous populations across wide species ranges. Using a comparative
approach in reef fishes, (Riginos et al. 2014) showed that benthic guarders that disperse less than
pelagic spawners tend to display greater degrees of population structure and species richness. This
result establishes a continuity link between dispersal on the one hand, and diversification processes
across both micro- and macro-evolutionary timescales. At a broader scale, the mode of locomotion in
vertebrate species was also shown to influence gene flow, with species that swim or fly tending to
display weaker genetic structure than walking species (Medina, Cooke, and Ord 2018). This finding,
however, also raises the question of whether increased ability for long-range dispersal could partly
explain elevated species richness in flying vertebrates and fishes through increased colonization
capacities of isolated habitats. As for the effective population size parameter, the extent and
mechanisms by which the biological and ecological determinants of dispersal affect genetic
connectivity remain a subject of ongoing research. By quantifying more precisely the evolutionary
parameters related to effective migration and dispersal at different time scales, comparative genomics
approaches have the potential to contribute significantly to these issues.

6. CONCLUSIONS
This review on the connectivity of spatially-based evolutionary processes may be found surprising in
its lack of consideration of the spatial dimension of the studied processes. This is by no means the sign
of a lack of interest in the issue, nor an attempt to devaluate spatially-explicit approaches to identify
environmental features and factors that affect connectedness across landscapes. This frustrating gap
mainly reflects a limitation inherent to comparative studies, imposed by the need for a compromise
between the extents of spatial and genome sampling resolution. This review deliberately took the path
of an approach based on a limited number of genomes sampled in a few populations thought to be
representative of the targeted processes. The main motivation for this choice comes from the wish to
better connect micro- and macro-evolutionary scales in connectivity research. However, recent
developments in the analysis of genome-wide genealogies combined with increasing sequencing
capacities make it possible to foresee in the near future alternative approaches based on a random
sampling of individuals through space (Bradburd and Ralph 2019), towards a better integration of
spatiality.
Connectivity disruptions caused by human activities cover a wide range of effects from habitat
fragmentation to increased genetic exchanges between geographically isolated lineages within
species. Depending on the context, the eco-evolutionary aspects of connectedness that are the most
relevant to conservation may impose different measures of connectivity. This may benefit from a
reference-based classification process, in an attempt to attend the conditions necessary for continuing
evolution (Frankel and Soulé 1981). For instance, the amount of connectivity that is required to limit
59

demographic stochasticity is much higher than the one needed to avoid inbreeding depression, or
insure genetic coupling for the maintenance of evolutionary potential. Ultimately, the comparative
population genomics approach is expected to contribute to a quantitative assessment of the potential
costs and benefits associated with facilitated or constrained dispersion. However, it is also important
to remain clear about the real contributions of these approaches to combating biodiversity loss,
bearing in mind that the most effective way to protect biodiversity is to stop threatening it wherever
possible.
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7

Projet de recherche
7.1 L’étude de la spéciation déclinée à plusieurs échelles

La combinaison d’approches de génomique empirique, de modélisations théoriques, et de croisements
expérimentaux dans l’étude de la spéciation est une des marques de fabrique de l'ISEM. Cette
approche intégrative nous a permis de formaliser les différentes dimensions temporelles, spatiales et
génomiques de ce processus. Nous avons ainsi pu démontrer l’importance de mécanismes généraux
comme l’effet de la sélection en liaison sur le tri du polymorphisme ancestral, ou celui du cumul des
mutations incompatibles sur l’efficacité des barrières au flux génique. Ces travaux réalisés à partir de
modèles biologiques variés, nous ont permis d'adopter une approche comparative qui permet de
mieux appréhender les différentes échelles auxquelles la spéciation se décline. Mais de nombreuses
questions subsistent.
- A l’échelle temporelle, on comprend toujours assez mal les connexions qui existent entre les
mécanismes macro- et micro-évolutifs qui influencent la spéciation. Par exemple, l’architecture des
traits fixés diffère-t-elle de celle des traits variables, l’impact des mutations à effets faibles est-il
identique sur le court et le long terme ?
- A l’échelle architecturale, des paramètres comme nombre et la taille des chromosomes semblent
jouer un rôle au travers d’effets sur les variations des taux de recombinaison. Mais le rôle des
différentes échelles auxquelles la recombinaison varie dans les génomes reste largement inexpliqué.
La localisation des points chauds et leur dynamique influence-t-elle la spéciation, ou est-ce que seules
les variations à grande échelle chromosomique sont importantes ?
- L’influence de la démographie et de l’écologie des espèces reste également très mal comprise. De
quelle manière les traits de vie des espèces, leur environnement et ses variations impactent-ils le
déroulement de la spéciation ? Ces facteurs agissent-ils principalement comme des modulateurs de la
démographie ou de la sélection ?
- A l’échelle des applications évolutives, les études de génomique des populations continuent à révéler
des couches cachées de la biodiversité, comme les espèces cryptiques. Quelles en sont les implications
en termes de conservation, de lutte contre les invasions biologiques, ou d’atténuation des effets des
changements globaux sur la connectivité et le potentiel adaptatif des espèces ?
Mon projet de recherche au cours des prochaines années utilisera des approches de génomique
comparative pour tenter de répondre à certaines de ces questions. Je me focaliserai tout
particulièrement sur l’étude de l’influence des contraintes génomiques et des traits d’histoire de vie
sur la divergence pouvant conduire à la spéciation.
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7.2 Trois projets de génomique comparative initiés
(i) Projet ANR Jeune Chercheur CoGeDiv
La spéciation est un processus progressif influencé par un ensemble de facteurs incluant l’histoire
biogéographique qui remodèle constamment les aires de distributions, les adaptations à
l’environnement, la démographie en lien avec les traits de vie des espèces, mais aussi des contraintes
liées à l’architecture des génomes (Abbott et al. 2013; Ravinet et al. 2017). Or nos connaissances
proviennent d’études indépendantes réalisées chez des paires d’espèces ayant divergé dans des
contextes historiques et écologiques très différents, et qui ne permettent pas d’extrapoler le rôle de
certains paramètres évolutifs fondamentaux sur le déroulement de la spéciation. Parmi eux, les traits
de vie des espèces, qui influencent la dérive génétique, la migration, mais également l’efficacité de la
sélection, ont un rôle encore largement inconnu. Dans ce projet, je mets en œuvre une approche de
génomique comparative incluant plusieurs paires d’espèces, dans le but de tester explicitement le rôle
des traits de vie sur le déroulement de la spéciation, tout en contrôlant autant que possible l’effet des
autres facteurs confondants comme l’architecture des génomes.
Le projet se concentre sur une vingtaine de paires d'espèces cryptiques de poissons marins
séparées par une frontière biogéographique majeure : la zone de transition Atlantique/Méditerranée
(Patarnello, Volckaert, and Castilho 2007). Ces paires d'espèces présentent des degrés variables
d'isolement reproductif et sont caractérisées par un large éventail de trait d’histoire de vie aux impacts
potentiellement variés sur la démographie et la sélection. Les espèces choisies sont également
caractérisées par une relative stabilité de l’architecture de leurs génomes, avec un caryotype très
similaire entre espèces et une bonne conservation de la synténie. Des différences existent cependant
sur la taille des génomes et leurs paysages de recombinaison. Une approche de génomique des
populations standardisée est actuellement mise en œuvre pour évaluer la façon dont l'architecture du
génome et les caractéristiques de l'histoire de vie des espèces influencent la spéciation dans ces
différents taxons.
Dans la première partie du projet, un génome de référence est généré pour 17 des 20 espèces en
utilisant une approche basée sur le séquençage de longs fragments synthétiques (Weisenfeld et al.
2017). Les données sur la phase des variants à l'échelle du génome seront ensuite utilisées pour
documenter le paysage de recombinaison dans le génome de chaque espèce. Une analyse de
génomique comparative permettra alors de décrire comment les paysages de recombinaison sont
conservés ou varient entre les espèces. Cette analyse devrait permettre de décrire les contraintes
architecturales affectant l'intensité de la sélection en liaison au sein des génomes des poissons.
La deuxième partie du projet portera spécifiquement sur le rôle de la démographie au cours de
l'histoire de la spéciation de chaque paire d'espèces, et tentera de relier la démographie des espèces
avec leurs traits d’histoire de vie. Pour cette étape, nous avons séquencé à haute couverture (>20x) les
génomes de 20 individus également échantillonnés au niveau de 4 sites identiques pour toutes les
espèces. Des modèles d’histoire évolutive de la divergence seront ajustés pour chaque paire d'espèces.
On tentera ainsi de capturer séparément les effets historiques, démographiques et sélectifs qui ont
sculpté les paysages de divergence. Les paramètres sélectifs et démographiques déduits seront
finalement comparés entre des paires d'espèces aux traits de vie contrastés afin de comprendre
comment ceux-ci influencent le déroulement de la spéciation.
62

Le projet ANR JCJC CoGeDiv a été lancé fin 2018 avec le recrutement d’un doctorant, Pierre Barry,
que je co-encadre avec Thomas Broquet de la Station Biologique Marine de Roscoff. Actuellement, la
plupart des données de séquençage ont été acquises, et une première phase d’analyses est en cours
de finalisation. Elle concerne l’étude du rôle des traits d’histoire de vie sur le niveau de polymorphisme
moyen du génome des différentes espèces. Nous avons déjà mis en évidence un rôle important de la
durée de vie adulte sur la diversité. Ce paramètre semble impacter la taille efficace à travers son effet
sur la variance du succès reproducteur interindividuel. Ce premier résultat important du projet suggère
que des traits qui modulent la taille efficace pourraient avoir un rôle déterminant sur la quantité de
polymorphisme ancestral disponible en début de divergence, lors de l’initiation de la spéciation.

(ii) Projet ANR HotRec
Je participe en tant que partenaire au projet ANR HotRec, coordonné par Laurent Duret (LBBE, Lyon),
en collaboration avec l’ISEM (partenaire principal Nicolas Galtier) et l’IGH (partenaire principal Bernard
De Massy). Mon rôle dans ce projet est de contribuer à l’étude des paysages génomiques de
recombinaison à l’aide de données de polymorphisme populationnel. Depuis janvier 2020, je coencadre le stage de Master 2 de Marie Raynaud avec Nicolas Galtier. Le stage porte en particulier sur
l’étude des paysages de recombinaison chez les salmonidés. Ce travail pourra être poursuivi en thèse
dans le cadre du projet HotRec.
La recombinaison est une force évolutive majeure qui permet la création de nouvelles
combinaisons d'allèles et favorise ainsi l’efficacité de la sélection naturelle. Le taux de recombinaison
n'est pas homogène le long des génomes : certaines zones recombinent plus que d'autres, et ceci à
différentes échelles chromosomiques. Chez l'homme et la souris notamment, les données de la
génomique ont permis de mettre en évidence l'existence de points chauds de recombinaison à une
échelle spatiale fine, de l'ordre du kilobase (Myers et al. 2005; Booker, Ness, and Keightley 2017). Ces
points chauds sont déterminés par la présence de motifs de séquences reconnus par une protéine,
PRDM9, qui est le déterminant majeur des paysages de recombinaison chez les mammifères (Myers et
al. 2010; Grey, Baudat, and de Massy 2018).
Paradoxalement, PRDM9 est une protéine à évolution très rapide, probablement en réponse à un
phénomène d'érosion des points chauds, lui-même lié au mécanisme moléculaire de la recombinaison
(Latrille, Duret, and Lartillot 2017). En conséquence, les paysages de recombinaison sont extrêmement
labiles à l'échelle évolutive intraspécifique, chez les primates et les rongeurs. Dans les taxons qui ne
possèdent pas la protéine PRDM9 fonctionnelle, comme les oiseaux ou la plupart de poissons, les
paysages de recombinaison sont plus uniformes et stables dans le temps (Roesti, Moser, and Berner
2013; Singhal et al. 2015). La question se pose donc de l'origine et du sens évolutif à donner au système
PRDM9 et sa dynamique rapide. Comment ce déterminisme complexe est-il apparu, et pourquoi se
maintient-il dans de nombreuses espèces de vertébrés malgré son coût apparent?
Pour aborder ces questions, nous proposons de caractériser les paysages de recombinaison et la
dynamique évolutive de PRDM9 dans des groupes d'animaux "basaux" aux mammifères et aux oiseaux,
sur qui la littérature s'est pour le moment focalisée. Des analyses préliminaires ont permis d'identifier
l'existence de copies fonctionnelles du gène PRDM9 dans divers taxons (Baker et al. 2017), parmi
lesquels figurent certains poissons téléostéens (salmonidés) et des urochordés (ciones).
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Les questions que nous allons aborder sont les suivantes : les génomes des salmonidés et des ciones
présentent-ils des points chauds de recombinaison à dynamique rapide ? Le gène PRDM9 est-il sous
une dynamique évolutive de type Reine-Rouge chez ces espèces ? Ces questions seront traitées par
l'analyse de données de séquences génomiques complètes déjà disponibles. Y répondre permettra de
mieux comprendre l'origine et l'évolution du déterminisme de la recombinaison
chez les vertébrés.
Dans ce projet, j’envisage plus spécifiquement de comparer des espèces de poissons présentant
différents systèmes de régulation des points chauds de recombinaison, dépendants (si leur existence
est confirmée) et non-dépendants de PRDM9. Pour effectuer cette comparaison, des données issues
du projet ANR CoGeDiv fourniront des ressources additionnelles. Trois espèces de clupéidés (sardines,
anchois et alose) présentes dans le projet CoGeDiv semblent présenter une copie fonctionnelle de
PRDM9 et pourraient venir se rajouter au groupe des salmonidés dans cette analyse comparative. De
manière ultime, ces études pourraient déboucher sur une approche comparative de la spéciation entre
des groupes de poissons à recombinaison PRDM9-dépendante et indépendante, afin de tester le rôle
de PRDM9 comme gène majeur de spéciation (Smagulova et al. 2016).

(iii) Projet ANR Cerberus
Je participe également de manière plus modeste au projet ANR Cerberus, coordonné par Stéphane
Hourdez (LECOB, Observatoire de Banyuls) et Didier Jollivet (AD2M, Station Biologique de Roscoff), et
dans lequel notre équipe collabore (partenaire ISEM principal François Bonhomme) avec d’autres
équipes de l’IFREMER. Ce projet étudie la connectivité génétique de manière comparative chez
plusieurs espèces marines hydrothermales, et présente donc des connexions naturelles avec mon
projet ANR CoGeDiv. Les projets ANR Cerberus et CoGeDiv génèrent notamment des interactions entre
les doctorants impliqués (Adrien Tran Lu Y, Jade Castel, Pierre Barry). Ces deux projets fédèrent donc
les travaux de plusieurs groupes de recherche de Roscoff, Banyuls, et Montpellier, qui interagissent et
collaborent ensemble sur des thématiques proches.
Le projet Cerberus porte sur l’étude de la connectivité des populations d’invertébrés des sources
hydrothermales du Pacifique Ouest. Cette zone est importante car elle est la cible de compagnies
minières qui ont des droits d’exploitation des dépôts de métaux qui résultent de la sortie de fluide
hydrothermal. La faune associée à ces émissions est très spécifique des sources hydorthermales et
originale. L’impact possible d’une exploitation minière est mal cerné et il devient urgent de caractériser
la diversité des espèces vivant dans ces écosystèmes uniques.
Les principaux objectifs de ce projet sont les suivants : (i) évaluer la connectivité contemporaine
des populations des communautés hydrothermales au sein et entre les bassins d'arrière-arc du
Pacifique occidental, et (ii) déterminer si l'histoire de la colonisation des dorsales par les espèces
hydrothermales reflète l'histoire tectonique passée de la région du Pacifique occidental. Les bassins
étudiés, qui comprennent le bassin nord Fidjien, le bassin de Lau, le volcanisme d'arrière-arc de Futuna,
la dorsale de Woodlark et le bassin de Manus, représentent dans l'ensemble un système de dorsales
discontinues. L'histoire géologique complexe de ce système a façonné l'histoire évolutive des espèces
de multiples façons, notamment par des épisodes d'isolement géographique, des contacts secondaires
et des changements démographiques (par exemple, variation de la taille des populations). Ces
processus sont connus pour donner lieu à des empreintes reconnaissables dans les génomes, qui
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permettent de reconstruire l'histoire évolutive récente et passée des espèces hydrothermales grâce à
la puissance des approches de la génomique des populations. Ces approches seront mises en œuvre
en utilisant les échantillons qui ont été recueillis au cours de la campagne de recherche Chubacarc, à
laquelle j’ai eu la chance de participer au printemps 2019.
Afin d'estimer les niveaux de connectivité génétique passés et présents entre les populations des
sources hydrothermales, une 10aine d’espèces ont été ciblées pour des analyses génétiques. Ces
espèces comprennent des espèces emblématiques d'ingénieurs symbiotiques, un cortège d'espèces
associées abondantes et de petite taille, et quelques espèces périphériques plus vulnérables se
nourrissant par filtrage. Une sélection préliminaire des espèces a été effectuée en fonction de leurs
différences de traits d'histoire de vie, en particulier concernant le développement larvaire. Ainsi, nous
espérons que l'analyse de plusieurs espèces ayant des caractéristiques biologiques contrastées
révélera leur impact sur les patrons de connectivité génétique.

Souvenirs de la campagne Chubacarc, à bord de l’Atalante (04/2019). Gauche : Jade Castel, Nicolas
Bierne et Didier Jollivet, disséquant des Ifremeria. Milieu : Alviniconcha spp. Droite : Une cheminée
active avec son cortège de faune associée.
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Abstract
Highly fecund marine species with dispersive life-history stages often display large population
sizes and wide geographic distribution ranges. Consequently, they are expected to experience
reduced genetic drift, efficient selection fueled by frequent adaptive mutations, and high migration
loads. This has important consequences for understanding how local adaptation proceeds in the
sea. A key issue in this regard, relates to the genetic architecture underlying fitness traits. Theory
predicts that adaptation may involve many genes but with a high variance in effect size. Therefore,
the effect of selection on allele frequencies may be substantial for the largest effect size loci, but insignificant for small effect genes. In such a context, the performance of population genomic methods to unravel the genetic basis of adaptation depends on the fraction of adaptive genetic variance
explained by the cumulative effect of outlier loci. Here, we address some methodological challenges associated with the detection of local adaptation using molecular approaches. We provide
an overview of genome scan methods to detect selection, including those assuming complex
demographic models that better describe spatial population structure. We then focus on quantitative genetics approaches that search for genotype–phenotype associations at different genomic
scales, including genome-wide methods evaluating the cumulative effect of variants. We argue
that the limited power of single locus tests can be alleviated by the use of polygenic scores to estimate the joint contribution of candidate variants to phenotypic variation.
Key words: local adaptation, genome scans, quantitative genetics, genotype-phenotype association, polygenic scores.

Introduction
Environmental changes, including those triggered by human activities, represent adaptive challenges to which natural populations
may respond through changes in their genetic composition. In the
sea as on land, understanding the genetic basis of the phenotypic
changes underlying adaptation to environmental variation remains a
fundamental objective. The application of next-generation sequencing technologies in ecological genomics has opened new perspectives
for understanding how adaptation proceeds in nature (Davey et al.
2011; Savolainen et al. 2013). By providing genome-wide coverage

of molecular variation in a large number of individuals, these technologies make it possible to use genetic methods that have long remained inaccessible to the study of non-model species. These
methods broadly belong to 2 different approaches. One is based on
a quantitative assessment of the total amount of genetic variation
present for a given adaptive trait (Visscher et al. 2008). The second
relies on the direct identification of genomic regions involved in
adaptation, using genotype–phenotype correlations or selection tests
(Stinchcombe and Hoekstra 2008). Both approaches have important
practical implications in conservation biology for implementing molecular marker-based assessment of populations’ adaptive potential
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(Harrisson et al. 2014), especially for those facing climate change
(Sgro et al. 2011; Franks and Hoffmann 2012), habitat modification
(Schoville et al. 2012; Waits and Epps 2015), and overharvesting
(Marty et al. 2015; Uusi-Heikkil€
a et al. 2015). However, despite
these promising research avenues, the shift toward managing natural
populations based on loci underlying adaptation to local conditions
is still hindered by significant challenges (Eizaguirre and BaltazarSoares 2014; McMahon et al. 2014). This is partly due to practical
difficulties in quantifying the amount of genetic variation for adaptive traits in nature (Charmantier and Garant 2005), and identifying
the genes that contribute to these traits (Rockman 2012).
The field of quantitative genetics specifically addresses the first
part of this issue. If genetic variation is present for a given adaptive
trait, a population’s adaptive response (R) to a selection differential
(S) can be predicted using the breeder’s equation (R ¼ h2S). A central
parameter in this equation is the narrow-sense heritability, which
represents the proportion of the total phenotypic variance explained
by the variance of additive genetic effects (h2 ¼ VA/VP) (Falconer
and Mackay 1996; Lynch and Walsh 1998). This makes the estimation of heritability of prime importance for studying and predicting
adaptive evolution (Visscher et al. 2008). However, determining the
amount of genetic variation for fitness-related traits in nature remains very challenging. For instance, local adaptation can be confounded by plastic phenotypic responses to the environment, and
heritability may differ among populations and environments
(Charmantier and Garant 2005; Hansen et al. 2012). Fortunately,
however, quantitative genetics approaches offer experimental designs that are specifically designed to address these issues, such as
common garden or reciprocal transplants setups (Lynch and Walsh
1998; Kawecki and Ebert 2004).
The population genomic approach to local adaptation takes a different route. By focusing directly on the molecular signatures of selection, population genomics methods do not attempt to relate
candidate loci to particular phenotypes. Thus, they can be implemented without a priori knowledge on the nature of adaptive traits
(Luikart et al. 2003; Stinchcombe and Hoekstra 2008). Combined
with the use of large molecular marker datasets, these so-called genome scan methods have accelerated the discovery of putatively adaptive variants in natural populations. However, the lists of candidate
loci identified in genome scans are sometimes difficult to link with a
particular mechanism of adaptation. Valuable insights into the selective agents can be obtained using methods that specifically search for
associations between allele frequencies and environmental variables
(e.g., Coop et al. 2010; de Villemereuil and Gaggiotti 2015).
Ultimately, however, a more thorough understanding of the adaptive
role played by candidate loci requires further assessments of their
functional effects on phenotype (Storz and Wheat 2010; Barrett and
Hoekstra 2011). Pioneering case studies have unraveled the different
links connecting genotype to phenotype and fitness for simple traits
governed by genes of large effect (e.g., Colosimo 2005; Linnen et al.
2009). However, fewer cases have been described for complex quantitative traits controlled by many genes of small effect (Hancock et al.
2011; Arnegard et al. 2014). More generally, our capacity to detect
the genes that matter for adaptation in nature largely depends on the
underlying genetic architecture of fitness-related traits, an important
but usually unknown facet of adaptation.

Why does the genetic architecture of adaptive traits
matter?
The genetic architecture refers to the number, genomic distribution,
and effect sizes of genes that build and control a phenotypic trait
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and its variational constraints, including their mode of action such
as additivity, dominance, epistasis, pleiotropy, and G  E interaction
(Erickson et al. 2004; Hansen 2006).
A population’s evolutionary response to environmental variation
depends on the genetic architecture of adaptive traits. For instance,
if adaptation involves several traits, the more genes that contribute
to each trait, the more likely the response to selection will be affected by pleiotropic effects and linkage disequilibrium (LD) among
genes. The resulting genetic correlations among traits may either increase or decrease the rate of adaptation, depending on the direction
of maximum genetic variance relative to the optimum on the adaptive landscape (Lande 1979; Arnold 1992). Because these relationships among genes may be complex, a first important step is to
understand whether adaptive traits are oligogenic or polygenic, that
is, if they are essentially controlled by few genes of large effect or by
large numbers of small effect genes.
Unfortunately, the evolution of genetic architecture is still poorly
understood (Remington, 2015) due to a paucity of theoretical studies on this subject. Using a population genetic model for a trait
under stabilizing selection, Rajon and Plotkin (2013) showed that
the evolution of the genetic architecture depends on the strength of
selection. Traits under either weak or strong selection are expected
to be relatively oligogenic, whereas moderately selected traits should
be encoded by many loci with a high variance in effect size. Thus,
polygenic architectures are predicted mainly under intermediate selective intensities, which may correspond to the conditions encountered in large populations in which selection is efficient.
The effect of local adaptation in heterogeneous environments,
with stabilizing selection favoring different optima in different
populations connected by migration, tends to result in fewer loci of
larger effects and tighter linkage (Yeaman and Whitlock 2011). This
type of architecture is consistent with the view that large effect alleles better resist gene swamping when spatially varying selection is
opposed by the homogenizing effect of gene flow (Lenormand
2002). However, local adaption can also occur by alleles of small effect that are prone to swamping, especially for traits that are genetically highly redundant (Yeaman 2015). In such cases, the genetic
architecture is expected to be transient (i.e., there is a rapid turnover
in locus contribution) and must be fueled by high mutation rates.
The genetic architecture of adaptive traits directly influences the
response of individual quantitative trait loci (QTLs) to selection (Le
Corre and Kremer 2012). A selected trait controlled by few genes of
large effect should display strong allele frequency shifts at its underlying QTLs, whereas for a polygenic trait, a similar intensity of selection diluted among many small-effect genes should comparatively
produce small allele frequency changes (Figure 1). Intermediate
cases with many QTLs and a high variance in allele effect size (as
predicted under moderate selection) should thus be characterized by
a mixture of large and small allele frequency shifts, globally reflecting how the heterogeneous distribution of allele effect sizes is projected onto the genome. In such a situation, population genomic
methods that detect signatures of selection by searching individual
loci with outlying differentiation signals may be poorly adapted to
study polygenic adaptation (Pritchard and Di Rienzo 2010). These
general concerns, of course, also apply to the study of adaptation in
marine species, but there are also theoretical and practical specificities that need to be considered for these species. Before reviewing
the different methodologies offered by population genomics and
quantitative genetics to detect selection, we present some key aspects
that have important consequences for the study of local adaptation
in marine species.
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Figure 1. The consequence of the genetic architecture of an adaptive trait on our capacity to detect the molecular basis of local adaptation. Three different architectures are considered (oligogenic and polygenic with either large or small variance in allele effect size), together with a schematic representation of the distribution of allele effect sizes and their projection in terms of genetic differentiation at the underlying QTLs. Because population genomic methods detect selected loci
based on their level of differentiation, the cumulated proportion of heritability explained by the joint contribution of outliers depends on the genetic architecture
of adaptive traits.

Local adaptation in marine species: theoretical
considerations
Marine species often challenge our perception of how geography
and environment affect the genetic diversity of natural populations.
In comparison to most terrestrial species, marine organisms usually
display higher fecundity, larger population sizes, and higher dispersal potential, which generally result in weak to non-existent population genetic structure over broad spatial scales (Ward et al. 1994;
Waples 1998; Palumbi 2003; Hedgecock et al. 2007). These peculiar
life-history traits also have important consequences for the potential
of marine populations to adapt to their environment. Because the efficiency of natural selection depends on population effective size,
large populations are expected to have on average smaller proportions of effectively neutral mutations (i.e., those for which s  1/Ne)
(Ohta 1992). In theory, large populations are thus expected to be
better adapted because even slightly advantageous mutations may
contribute to adaptation, whereas at the same time, small effect
deleterious mutations can be purged more efficiently (Eyre-Walker
and Keightley 2007).
Increased efficiency of natural selection also has direct implications for adaption in a temporally or spatially varying environment.
For instance, mutations that have opposite effects in different ecological contexts (antagonistic effects) or those that are selected in one
environment while being neutral in others (conditional neutrality)
can contribute to local adaptation only if they are visible to selection
(i.e., if s  1/Ne). In large populations, the evolutionary outcome of
these genotype-by-environment interactions depends mostly on the
relative strengths of migration and selection, with little influence of
genetic drift (Slatkin 1973; Endler 1977). Thus, polymorphism can
be durably maintained if a migration–selection equilibrium is
reached, or lost by gene swamping if migration overwhelms the effect of selection (Bulmer 1972). Besides these variable outcomes of

genotype-by-environment interactions, new locally beneficial alleles
frequently appear in highly fecund species with large census sizes
(Barton 2010). Therefore, widely dispersive and highly prolific marine species should retain high levels of adaptive genetic variation
through both balancing selection and recurrent mutation (e.g.,
Schmidt and Rand 2001; Gagnaire et al. 2012; Pespeni and Palumbi
2013). A potential consequence of these theoretical predictions for
high gene flow marine populations is that large-effect mutations
that are swamping resistant should be found together with
swamping-prone mutations of smaller effects that transiently contribute to local adaptation. This should result in polygenic architectures characterized by a high variance in allele effect size.
Unfortunately, few empirical studies have examined the genetic
architecture of adaptive traits in marine species.

Local adaptation in marine species: empirical evidence
and limitations
The ideal experimental approach for detecting local adaptation,
which consist in reciprocally transplanting genotypes among habitats (Kawecki and Ebert 2004), is practically impossible for most
marine species. Therefore, tests for local adaptation more frequently
involve the raising of individuals from different populations in a
common experimental condition reproducing the main properties of
a given habitat encountered in nature. Such common garden experiments have been employed in several marine species (reviewed in
Sotka 2005; Conover et al. 2006; Sanford and Kelly 2011), including fishes (e.g., Hutchings et al. 2007; Hice et al. 2012), molluscs
(e.g., Johannesson and Johannesson 1996), corals (e.g., Kenkel et al.
2015), and echinoderms (e.g., Pespeni et al. 2013). However, although they can be implemented more easily than reciprocal transplants, common garden experiments are still impracticable in many
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broadcast spawning marine species, especially because it is often impossible to breed and rear progeny to maturity under laboratory
conditions. These limitations also hinder the use of traditional QTL
mapping approaches, which provide standard designs to statistically
connect phenotypes to genotypes using experimental crosses.
Despite these practical difficulties, the study of local adaptation
in marine organisms has a long history within the field of ecological
population genetics (Williams et al. 1973; Powers and Place 1978;
Koehn et al. 1980). Because of the aforementioned life-history characteristics, genetic variation patterns in many marine species are
most often slightly influenced by spatially limited dispersal, although some physical oceanographic features may act as barriers to
gene flow (Palumbi 1994; Hellberg 2009). Therefore, many marine
species display genetic differentiation at locally adaptive loci, while
being weakly (or almost not) differentiated at neutral markers (reviewed in Nielsen et al. 2009; Allendorf et al. 2010; Sanford and
Kelly 2011; Gagnaire et al. 2015). Although weak neutral differentiation may only exist at small spatial scales (i.e., relative to species’
ranges), the key point here is that environmental variation may
occur at even finer scales. The resulting contrast in the differentiation level among markers is an undisputable advantage for applying genome scan methods that look for loci with exceptional levels
of differentiation compared with the rest of the genome (de
Villemereuil et al. 2014). On the downside, the chromosomal signature of local selection in high gene flow marine species is usually restricted to very small genomic regions (Gagnaire et al. 2015).
Therefore, the detection of local adaptation loci often requires highdensity genome scans. Recent studies that used this type of approach
to detect loci influenced by selection have started to provide indication for both oligogenic and polygenic architectures (e.g., Pespeni
et al. 2013; Bourret et al. 2014; Brieuc et al. 2015; Dixon et al.
2015; Hecht et al. 2015; Laporte et al. 2016). However, the variance
in effect size was apparently large even when polygenic adaptation
was supported.
If as suggested by theoretical and empirical works, quantitative fitness traits in marine species are encoded by many genes but with a high
variance in allele effect size, then population genomic methods and
genome-wide association studies (GWASs) should at least detect large
and intermediate effect loci (Figure 1). On the other hand, the proportion of adaptive genetic variance that remains undetected by these
approaches is generally unknown. This raises a 2-fold issue: (1) How
can we improve the power to detect small effect loci and (2) how can
we evaluate the joint contribution of candidate loci to variation in fitness traits? Below, we provide an overview of the current approaches
that can be used to detect the genetic basis of local adaptation in marine populations and estimate the genetic contribution to variation in
fitness-related traits. In the following sections, we consider the latest
developments in population genomic methods to detect selection,
focusing on the specific problem of detecting polygenic selection while
avoiding false positives. We then focus on the quantitative genetics
approaches based on molecular markers, especially those that can be
implemented in natural populations with unrelated individuals.

Population Genomics Methods to Detect
Polygenic Selection
The advent of next-generation sequencing (Shendure and Ji 2008)
has made possible the generation of large datasets consisting of
dense arrays of markers, typically single nucleotide polymorphisms
(SNPs), covering the whole genome of a species. This in turn has led
to a renewed interest in the development and application of
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statistical methods aimed at making inferences about the genetic
architecture of adaptive traits. Given the inherent difficulties associated with the study of natural populations, and in particular marine
species, the most popular methods adopt a population genomics approach based on collecting samples from natural populations and
generating large number of molecular markers in order to scan the
genome of species in search of so-called “outlier loci” whose behavior departs from the neutral expectations (Luikart et al. 2003; Storz
2005). Here we provide a short summary of the methods available
and of the important difficulties associated with their use for the
study of local adaptation in marine species.

Genome scan methods are meant to detect strong and
moderate selection
New genome scan methods are constantly being developed but in
general we can distinguish 2 main types of approaches: (1) based on
allele frequencies, which implicitly or explicitly assume that loci are
physically unlinked (for reviews see Narum and Hess 2011; Mita
et al. 2013; de Villemereuil et al. 2014; Lotterhos and Whitlock
2014) and (2) based on the distribution of genetic variation along
chromosomes, which take into account the physical linkage between
markers (recently reviewed by Vatsiou et al. 2016). Here we will
focus on the first type of methods, which is the best adapted to the
study of most marine species, which are in general non-model organisms and lack extensive genetic resources such as a well-annotated
genome and physical and genetic maps.
The simplest and most intuitive approach is based on analyzing
the distribution of the allele frequency differential between 2 population samples (delta p). The rationale behind this approach is that the
loci showing the largest allele frequency differential among populations are the most likely to be under selection. This seems particularly
adapted to micro-geographic studies and selection experiments
focused on single-generation selection footprints, where the initial allele frequencies are homogeneously distributed among sampling locations or experimental populations before selection starts. However,
because the allele frequency change imposed by selection depends on
the initial allele frequency before selection, large differences in allele
frequency do not occur for low- or high-frequency variants even
when selection is strong (Figure 2). Therefore, the tail of the distribution of delta p is enriched for common variants, whereas rare variants
experiencing similar selection pressures cannot be detected. This justifies the use of more complex approaches that condition the level of
genetic differentiation on allele frequencies or heterozygosity to detect outliers across the whole allele frequency spectrum.
The most popular approaches for the detection of selection are
based on measures of genetic differentiation among populations,
and can be traced back to Lewontin and Krakauer (1973). The
underlying rationale is that divergent selection favoring different optimal phenotypes in different populations leads to strong genetic differentiation between them but only at the selected loci. Neutral loci,
on the other hand are expected to exhibit much lower genetic differentiation because the homogenizing effect of migration is not counteracted by selection. Thus, it is possible to identify potentially
selected genomic regions using locus-specific FST estimates, which
are compared with either an empirical distribution (e.g., Akey 2002)
or a distribution expected under neutrality (e.g., Beaumont and
Nichols 1996; Beaumont and Balding 2004; Foll and Gaggiotti
2008; de Villemereuil and Gaggiotti 2015).
Another type of approach focused on allele frequency patterns
looks for associations between environmental variables and allele
frequencies at individual loci (e.g., Joost et al. 2007; Hancock et al.
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Figure 2. The effect of spatially varying selection in a symmetric additive viability model. A randomly mating population produces offspring that disperse randomly in 2 different habitats. After settlement in each habitat, the fitness of individual genotypes are xAA ¼ 1 þ s, xAa ¼ 1, xaa ¼ 1s in habitat 1, and xAA ¼ 1s,
xAa ¼ 1, xaa ¼ 1 þ s in habitat 2, so that selection changes allele frequencies in opposite directions. The allele frequency differential measured between habitats
after selection (delta p, colored scale) is shown as a function of the initial allele frequency before selection (p) and the strength of selection (s).

2008; Coop et al. 2010; Frichot et al. 2013; Guillot et al. 2014). The
underlying rationale of these so-called “ecological association”
methods (Frichot et al. 2015) is that in a heterogeneous habitat, environmental factors may exert a selective pressure for local adaptation. Thus, allele frequencies at loci underlying adaptive phenotypic
traits should be associated with environmental factors that act as
proxies for the unobserved selective pressures.
It should be noted that genome scan methods were not specifically developed to detect polygenic selection. Instead, they are
grounded on the population genetic tradition of focusing on singlelocus selection. Nevertheless, as mentioned before, theoretical and
empirical works suggest that quantitative traits of marine species are
encoded by many genes with a high variance in allele effect size.
Thus, genome scans should be able to detect large and intermediate
effect loci as suggested by a recent study that evaluated the performance of several methods under a scenario of polygenic selection (de
Villemereuil et al. 2014). Moreover, in the case of species that have
a well-annotated reference genome, it is possible to combine the output of genome scan methods with Gene Set Enrichment Analyses
(Subramanian et al. 2005), to identify groups of genes that share a
common biological function and underlie the metabolic pathway
involved in local adaptation (e.g., Daub et al. 2013; Foll et al.
2014).

Accounting for more complex spatial structures and
demographic effects
The application of genome scans to the study of local adaptation in
natural populations involves important difficulties. Indeed, several
evolutionary processes other than local adaptation can lead to genetic signatures similar to those left by selection. Probably the most

discussed but still not completely resolved issue relates to demographic processes that create complex spatial patterns in allele and
genotype frequencies. Riginos et al. (2016) discuss this problem in
the general context of seascape genetics; here we focus on their effects on genome scan methods.
It is now well known that spatial population expansions can
allow neutral alleles to reach very high frequency in newly colonized
habitats by chance alone. The effects of this phenomenon, known as
“allele-surfing” (Edmonds et al. 2004), can mimic a selective sweep
(Excoffier et al. 2009a) and can lead to spurious associations between allele frequencies and environmental gradients and an inflation in the variance of FST. Hierarchical population structure, where
local populations are grouped into regions or continents, can also increase the variance of FST at neutral loci over what is expected under
a simple island model (Excoffier et al. 2009b). All this neutral demographic processes can lead to large false positive rates (FPRs). Two
strategies have been proposed to try to account for these demographic effects. The first one adopted by genome scans based on allele frequency differentiation consists in explicitly assuming
complex demographic models that better describe spatial population
structure. For example, the approaches proposed by Excoffier et al.
(2009b), Fariello et al. (2013), and Foll et al. (2014) explicitly assume a hierarchical island model. On the other hand, ecological association methods such as those proposed by Coop et al. (2010),
Frichot et al. (2013), and Guillot et al. (2014) use phenomenological
models that only seek to better describe the data using a statistical
model that tries to capture the effects of unobserved demographic
processes when estimating the effect of environmental factors on allele frequencies. Finally, a recent method, BayeScEnv (de
Villemereuil and Gaggiotti 2015), extends the FST-based approach
of Foll and Gaggiotti (2008) to include the locus-specific effect of an
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environmental variable and a locus-specific effect that takes into account the biases due to violations to the island model assumed by
the method.
The demographic processes mentioned above are applicable to
any species. However, in the case of marine species we also need to
consider the combined effects of ocean circulation processes and the
high fecundity of species with larval dispersal; which could lead to
large differences in reproductive success among individuals. This
process, known as “sweepstakes reproductive success” (see
Hedgecock and Pudovkin 2011 for a review), can generate chaotic
genetic patchiness (Johnson and Black 1982; Broquet et al. 2013;
Eldon et al. this issue); more importantly, it can cause FST to increase
with migration rate (Yearsley et al. 2013). It is unclear whether or
not these effects can lead to false signatures of selection such as allele
surfing and inflation in the FST variance across loci. Recently Hoban
et al. (2013) have shown that large variance in reproductive success
can lead to negative Tajima’s D (Tajima 1989) estimates, which
could be erroneously interpreted as a signature of positive selection
(or a bottleneck). However, spatial patterns generated by “sweepstakes reproductive success” are likely to be highly unstable and
temporally variable, something that could limit the generation of
false positives. Nevertheless, this issue needs to be investigated in
more detail.
Finally, it is important to keep in mind that purely demographic
processes are not the only source of false positives. More complex
processes such as hybrid incompatibilities following secondary contact of diverged populations can generate strong LD (Kruuk et al.
1999) and spurious correlations between allele frequencies and environmental gradients (Barton and Hewitt 1985; Bierne et al. 2011).
Also, purely genetic processes such as large differences in mutation
rate across loci (Edelaar et al. 2011), and background selection
(Charlesworth 1998) can increase FPR too. The only existing
method that could in principle account for these additional biases is
BayeScEnv (de Villemereuil and Gaggiotti 2015) but a more detailed
sensitivity analyses of this method is needed to evaluate how it performs under these scenarios.

Combining Population Genomics and
Quantitative Genetics Approaches
From FST genome scans to adaptive phenotypic
variation
As mentioned earlier, genome scan methods search for genetic signatures of selection without explicitly considering the phenotypic traits
involved in local adaptation. Therefore, population genomic
approaches have the potential to simultaneously uncover the genetic
basis of multiple traits that are jointly affected by selection. For example, this can happen along latitudinal gradients, where a suite of
morphological, physiological, behavioral, and life-history traits of
adaptive significance can be selected by various factors associated
with latitude (Sanford and Kelly 2011; Hice et al. 2012). Without
phenotypic information, genome scans cannot disentangle these
multiple signals of selection and, therefore, are poorly adapted for
uncovering the genetic architecture of local adaptation. A complementary approach that focuses on the phenotype itself is thus necessary to understand which traits are under selection (Meril€
a and
Crnokrak 2001) and how variation in fitness-related traits can be
linked with the candidate variants detected in FST genome scans
(Stinchcombe and Hoekstra 2008; Barrett and Hoekstra 2011).
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The quantitative genetics framework provides powerful designs
which are especially well suited for studying quantitative traits in
broadcast spawning marine species (Munday et al. 2013; Sunday
et al. 2014; Davies et al. 2015). For instance, crossing experiments
such as diallel and factorial breeding designs allow estimating the
proportion of total phenotypic variance that is due to additive genetic variation, as well as the relative contributions of maternal and
micro-environmental effects (Lynch and Walsh 1998). The approach
advocated in a recent perspective on this subject relies on using common garden experiments to specifically deal with plasticity in genomic studies of local adaptation (de Villemereuil et al. 2016). This
controlled experimental design can uncover the genetic component
of phenotypic variation by standardizing the environment. Using appropriate replication for the different environmental conditions
found in nature, common gardens also have the potential to reveal
genotype-by-environment interactions. Quantitative genetics
approaches have been widely used in aquaculture research to measure heritability, sometimes under different environmental conditions. These studies have provided evidence for the existence of
genotype-by-environment interactions in several aquaculture species
(Sae-Lim et al. 2015). Unfortunately, these designs have been rarely
combined with molecular markers to identify QTLs that influence
the variation of fitness-related traits in marine organisms.
Moderate-resolution linkage mapping can be conducted using
experimental crosses (e.g., Colosimo et al. 2004; Gagnaire et al.
2013) or wild populations with known pedigrees (Slate et al. 2010).
This approach relies on the co-segregation of known genetic
markers with (unknown) neighboring QTL in genomic segments
that are delimited by recent recombination events. It requires a relatively low density of markers and it involves low FPRs, although
QTL studies with small sample sizes are sensitive to inflation of effect sizes due to the Beavis effect (Slate 2013). Linkage mapping
needs information about individual pedigree, either under the form
of a social pedigree established from field observations or family
links identified using molecular markers. This type of information is
unfortunately not available in large populations of unrelated individuals, which is a quite common situation in marine populations. A
powerful alternative to detect QTL in populations that do not contain closely related individuals is to use a GWAS approach
(Goddard and Hayes 2009). GWAS methods test for association between genetic markers and phenotypic variation on a SNP by SNP
basis. Although they can be used to map QTLs with a much higher
resolution than linkage mapping, they usually require a higher density of markers because recombination breaks down the statistical associations between QTL and neighboring markers over time. Large
population genomic datasets now allow to conduct GWAS in nonmodel natural systems, providing invaluable information on the genetic architecture of important fitness traits, including the number,
genomic distribution, effect size, and dominance patterns of QTL alleles (Barson et al. 2015). Other insightful studies have combined
linkage mapping and GWAS approaches to evaluate their concordance (Santure et al. 2013, 2015), or have combined GWAS and FST
genome scan approaches to identify genomic regions associated with
variation in particular fitness traits (Johnston et al. 2014). This type
of hybrid approach has been proposed to ascertain whether the candidate outlier loci detected in genome scans map to the same genomic regions as the QTL detected with phenotype-based methods
(Stinchcombe and Hoekstra 2008; Barrett and Hoekstra 2011).
Such a combination between population genomic and quantitative
genetics methods is a promising avenue for understanding the complex links between phenotype, genotype, and fitness in the wild
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(Munday et al. 2013; Jensen et al. 2014). However, in marine populations where LD is expected to be low, the success of these methods
may require high marker densities and large sample sizes (at least
several hundreds of individuals).
Another difficulty which is not limited to marine populations is
that both genome scans and GWAS may be impaired by polygenic
inheritance. High polygenicity requires the power to identify alleles
whose effect is too weak to reach genome-wide or even nominal significance thresholds. Potentially, many small effect loci could collectively contribute to a non-negligible proportion of phenotypic
variation. Thus, genome scans and GWAS may overlook an important fraction of the alleles that matter for evolution (Rockman 2012).
In order to take this problem into account, some studies have proposed to use decreasing significance thresholds to estimate the cumulative effects of individual variants that are associated with
phenotypic variation in GWAS (Purcell et al. 2009; Speliotes et al.
2010) (Figure 3A). For a given set of candidate loci, a polygenic
score for cumulative effects can be obtained for each individual by
either (1) summing the number of alleles that increase (or decrease)
a trait value, or if available, (2) using allele effect sizes to weight the
sum of alleles. To illustrate how polygenic scores are obtained, we
take the example of a trait encoded by 5 loci and consider only alleles that increase the trait value. Furthermore, we use 0, 1, and 2 to
denote the number of copies of the focal allele at each locus in a
given individual. Then, a first individual with a combination of [1;
2; 0; 2; 1] allele counts at these loci would get an unweighted score
of 6, whereas a second individual with genotype [0; 1; 1; 1; 2] would
get a score of 5. Taking into account estimated allele effect sizes of
[2, 1.5, 1.75, 1.25, 1.5] for these loci would give weighted scores of
9 and 7.5 for the first and second individual, respectively. Such individual polygenic scores can then be used to search for correlations
with individual trait value or individual performance score
(Arnegard et al. 2014). The same approach can be applied using candidate loci identified in genome scans. For instance, the sum of locally favorable alleles detected in a climate genome scan in
Arabidopsis thaliana was shown to be a good predictor of individual
local fitness, consistent with additive allelic effects across multiple
loci (Hancock et al. 2011). These studies have paved the way for a
more inclusive approach to local adaptation based on additive measures of individual polygenic scores. Lowering nominal significance
thresholds to include additional small effect variants in the calculation of polygenic scores may be useful to estimate the minimal
amount of phenotypic variance explained by the cumulative effect
of candidate loci detected with genome scans. However, this approach also leads to an increase in FPRs. For the purpose of estimating the heritability explained by all the genetic markers together,
alternative methods exist that do not search for individual QTL.

Alternatives to GWAS using pedigree-free approaches
The cumulative proportion of phenotypic variance explained by the
significant QTLs detected by GWAS is usually less than the narrowsense heritability estimated using pedigree information. This missing
heritability has been attributed to the limited power to detect small
effect QTL, but also to imperfect LD between the genotyped
markers and the causative variants, especially if causal mutations
segregate at lower frequencies than the marker loci (Yang et al.
2010). In order to avoid these effects, Yang et al. (2010) proposed a
method for genome-wide complex trait analysis (GCTA) that fits all
the markers simultaneously instead of searching for individual locus
associations. This is done by using the genome-wide relatedness
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matrix (GRM) to estimate the additive genetic variance component
within a linear mixed model (i.e., an animal model) fitted with a restricted maximum likelihood method. This approach is particularly
well suited for large populations of unrelated individuals, and basically requires a large number of genetic markers genotyped in many
samples to calculate the GRM containing all pairwise relatedness
coefficients. Stanton-Geddes et al. (2013) determined that GCTA
does not need to use the causative variants themselves if a sufficient
number of markers is used to tag the causal variants. The method
provided comparable h2 estimates with either 25 000 SNPs (about 1
SNP per 10 kb) or 5 million SNPs, indicating that classical population genomics studies using GBS or RAD markers may reach fairly
robust estimates of heritability. The minimal density of markers
may, however, be higher in the presence of low LD. The sample size
requirements may be of even greater concern, since basically the
power of the method relies on the ability to use a large number of
pairwise relatedness coefficients to fit the model. To illustrate this
limitation, we used the distribution of pairwise relatedness coefficients obtained from 250 individuals sampled from a wild population of sea bream genotyped with c.a. 34 000 RAD SNPs (Figure 4).
The sampled cohort mostly consists of unrelated specimens but also
contains a few pairs of closely related individuals, and the resulting
variance of pairwise SNP-derived genetic relationships is 0.00023.
Using this empirical estimate of the variance in pairwise relatedness
coefficients, we determined that more than 1300 individuals would
be necessary to detect a non-null heritability (h2 > 0) with a probability of at least 0.99 for a polygenic trait with a true heritability of
0.3. Moreover, the standard error of the estimate would be 0.07.
Thus, genome-wide methods that estimate heritability in wild populations of unrelated individuals will usually require very large sample sizes to be reasonably powerful. Smaller sample sizes may,
however, be sufficient for marine species with a sweepstake reproductive success (Hedgecock and Pudovkin 2011), because individuals from the same cohort may be strongly related to each other, but
unrelated to other individuals sampled from a different cohort.
Therefore, combining several cohorts should increase the variance
of pairwise genetic relationships, thus providing increased power to
detect heritability.
Another major interest of the quantitative genomics approach is
that genome-wide relatedness coefficients can be estimated separately for each chromosome to partition the genetic variation for fitness traits across the genome (Yang et al. 2011; Robinson et al.
2013). Under the polygenic inheritance model, the proportion of
phenotypic variance explained by each chromosome is proportional
to its length or gene content (Figure 3B). This expectation provides a
direct way to assess the hypothesis of polygenicity by evaluating the
strength of the correlation between chromosome size and its contribution to overall additive genetic variance (Santure et al. 2013;
Jensen et al. 2014). In practice, genome-wide and chromosome partitioning approaches will most often provide underestimates of the
true heritability due to imperfect linkage between markers and
causative variants. However, this effect should not affect the correlation expected between chromosome size and heritability for polygenic architectures.
High-density SNP datasets should enable even further partitioning of heritability by narrowing down the estimation of additive genetic variance to genomic segments within chromosomes (Figure 3C).
This approach, called regional heritability mapping (Nagamine
et al. 2012), has been recently implemented in a free-living population of Soay sheep to understand the genetic architecture of body
size traits (Bérénos et al. 2015). Although no single SNP was found

610

Current Zoology, 2016, Vol. 62, No. 6

Figure 3. Conceptual plots illustrating 3 complementary approaches to dissect the genetic architecture of a complex fitness trait with a heritability of h2 ¼ 0.3. (A)
In the genome scan/GWAS methodology, each locus (colored points on each of 8 chromosomes) is individually tested for genetic differentiation or association
with the trait, which needs to control for multiple testing. The number of independent variants that are detected depends on the nominal detection threshold
(horizontal dashed lines, P ¼ 0.05, 0.04, 0.03, 0.02, 0.01). The proportion of phenotypic variance cumulatively explained by nominally significant variants increases
with decreasing nominal significance thresholds (top right). (B) The quantitative genetics approach partitions the additive genetic variance across chromosomes
by estimating relatedness using the SNPs present on each chromosome separately. Under the polygenic model of inheritance, the estimated heritability of each
chromosome (colored diamonds with standard error bars) is positively correlated with its size or number of genes (middle right). In this ad hoc example, chromosome 5 explains more heritability than expected under the size/h2 relationship, due to the presence of a large effect locus. (C) The same approach can be implemented by estimating heritability from multiple equal-sized genomic regions (connected dots in gray-shaded regions). Under the polygenic model, most regions
contribute to a similar amount of heritability (light-gray-shaded areas). The largest effect loci likely reside within the regions that contribute disproportionately to
phenotypic variance (dark-gray-shaded areas), lying above the 95th percentile of the distribution of regional heritability (bottom right, vertical dashed line) or explaining a significant amount of regional heritability in likelihood ratio tests.

Figure 4. (A) Distribution of pairwise relatedness coefficients in a Mediterranean population of gilthead sea bream Sparus aurata from Southern France estimated
using 34,000 SNPs (Gagnaire P-A, unpublished data). All samples are juveniles from the same cohort, red arrows indicate 2 half-sib pairs with relatedness coefficients close to 0.25, and orange arrows 6 pairs of individuals which are likely first cousins (relatedness coefficients close to 0.125). (B) The predicted standard
error and power of SNP heritability estimate for a true heritability of h2 ¼ 0.3, given the observed variance of pairwise relatedness coefficients in the sea bream
population sample (0.00023). Power is the probability of detecting h2 > 0 given a type I error rate of 0.05. Standard error and power were estimated using GCTAGREML Power Calculator (Visscher et al. 2014).
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associated with these traits in GWAS, several regions of the Soay
sheep genome contained SNPs that collectively explained significant
amounts of phenotypic variance. This increased precision was obtained by fitting the GRM obtained with the SNPs present in each
region together with the GRM calculated using all the remaining
SNPs. In their study, Bérénos et al. (2015) used regions of 150 adjacent SNPs, although the same approach could be performed using
equal-sized genomic fragments (Figure 3C). Genomic regions contributing significantly to heritability can be statistically detected using
a likelihood ratio test that compare the likelihood of the genomewide model with the likelihood of the genome-wide plus the regional
model (Robinson et al. 2013; Bérénos et al. 2015). Because it represents a kind of intermediate between single marker and genomewide heritability approaches, regional heritability mapping may
help in identifying regions containing genes of too small effects to be
individually detected. An additional strength of regional heritability
mapping is that it should capture variation explained by rare variants in those regions.
The field of evolutionary genomics is now embracing methods
and concepts that come from quantitative genetics, which combined
with newly available genome-wide polymorphism data, will undoubtedly provide deeper insights into the genetic architecture of
complex fitness traits. Therefore, the failure of the quantitative trait
nucleotide program to discover adaptive mutations (Rockman
2012) may be partly overcome by combining population and quantitative genetics methods. For instance, it should be possible to estimate what proportion of the additive genetic variance in a given
fitness-related trait can be explained by the outlier SNPs detected in
genome scans for selection. This would not only provide a validation
of the phenotypic effects of candidate mutations, but also a useful
assessment of the missing heritability explained by the remaining
(undetected) small effect mutations. Understanding and predicting
local adaption in marine species could thus greatly benefit from this
type of approach that attack the problem from both ends by focusing both on individual QTL and genome-wide effects on phenotypic
variation. Importantly, the strategy sketched in Figure 3 can still be
implemented even without a reference genome. In this case, chromosomal partitioning and regional heritability mapping would be of
course impracticable, but the candidate loci identified in GWAS or
genome scans can still be used to calculate polygenic scores, and
pairwise relatedness coefficients can be calculated using genomewide SNPs to estimate heritability.

Toward making genomic predictions
Genome-wide methods that estimate heritability from dense genotyping data use linear models to relate genetic to phenotypic variation. Similar approaches have been developed in animal breeding
to estimate genomic breeding values (GEBV; Goddard and Hayes
2009). These genomic selection methods use a reference population
which has been scored for phenotypes to derive an equation that
predicts the breeding value of a given individual from its multilocus
genotype. This prediction equation can then be applied to a new set
of individuals which have been scored for genetic markers (but not
necessarily for phenotypes) to predict their GEBV. High correlations
between predicted GEBV and actual phenotypes have been obtained
for highly heritable complex traits in a mouse population derived by
crossbreeding inbred lines (Lee et al. 2008). These high prediction
accuracies were probably facilitated by the high level of LD in the
reference population. In marine species with large population sizes
(where LD is supposed to be low), genomic prediction methods
would probably need thousands of individuals and a high density of
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markers to be realistically applicable. However, the prediction accuracy which is required to address evolutionary questions is probably lower than the one needed in animal breeding or human
medicine. Therefore, genomic prediction methods could in principle
be implemented in wild populations to get estimates of unobserved
phenotypes from genotype data (Jensen et al. 2014).
Applying genomic prediction methods in marine species would
provide an invaluable way to address questions that cannot be answered due to practical difficulties to realize reciprocal transplants.
For instance, what would be the phenotypic distribution of 2 populations adapted to 2 different environments if they were translocated
to each other’s environment? One way to answer this question
would be to estimate allelic effects in each environment separately
by generating a prediction equation relating individuals’ genotypes
to their phenotypes for each reference population in its native environment (Figure 5A). Then, the genetic value that each individual
would have if it was translocated to the alternate environment can
be derived using the prediction equation relating genotypes to
phenotypes in the alternate environment. This kind of virtual reciprocal transplant would enable to predict what would be the phenotypic distribution of the genotypes sampled in environment 1 if they
were living in environment 2, and vice versa. The same approach
would also be useful to predict the potential phenotypic composition
of a pool of pre-settled individuals if they were to settle in environment 1 or 2 (Figure 5B). Ultimately, it would help to understand
how local selection shapes phenotypic diversity across environments
by allowing the comparison of phenotypic diversity before (predicted) and after (observed) an episode of selection. Admittedly,
such approach would be difficult to implement with more than 2 environments, but even so, it would still be useful to understand local
adaption in some systems. Another potential limitation is that LD
patterns should be roughly similar between the different populations
to get reliable predictions, which mean that highly divergent populations are not ideal candidates to implement genomic prediction.
Finally, trait heritability has to be sufficiently high for genetic values
to be reasonably good predictors of the phenotype.
Another alternative to genomic prediction methods is to focus
only on the candidate loci that are detected using genome scans or
GWAS (Figure 3A). If a large enough proportion of phenotypic variance can be accounted for by variants that reach nominal significance,
polygenic scores can be used to predict phenotypes. A methodological
approach based on this idea has been developed by Berg and Coop
(2014) to detect polygenic selection on quantitative traits from population genetic data. Their method estimates the mean additive genetic
value for a phenotype in a given population using the significant SNPs
detected in GWAS to compute the sum of allele frequencies weighted
by the estimated allele effect sizes (i.e., a population equivalent of the
individual polygenic score in Section 3.1). Then, they model the effect
of genetic drift in a multipopulation model accounting for an arbitrary
population structure to test for unusually strong correlations between
genetic values and environmental variables. By looking for positive covariance of allelic effects, this approach has a greater power than
single-locus approaches that focus on allele frequency changes.
However, the applicability of this method for studies of marine populations remains to be evaluated especially with regards to the necessity
to estimate allelic effects, because most population genomic studies
still do not have enough power to estimate effect sizes correctly.
Moreover, for genetic values to be treated as reliable phenotypic predictions across different environments, genotype-by-environment
interactions should be taken into account as proposed for the genomewide genomic prediction strategy (Figure 5).
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Figure 5. Using genomic prediction for making virtual transplants among different environments. (A) Two populations (P1 and P2) living in 2 different environments (E1 and E2) are genotyped and scored for a phenotypic trait (e.g., body size). In each population, a model predicting individual genetic value (Z1 for P1E1,
Z2 for P2E2) is derived by combining the genotypes at all loci (for each locus, x is encoded additively as 0, 1, or 2 for aa, aA and AA genotypes, respectively) with
their effects in the corresponding environment (a1l in E1 or a2l in E2). The prediction equation can then be applied to each reference population to predict the unobserved phenotype that each individual would have expressed in the alternate environment (P1 in E2 and P2 in E1). (B) The prediction equations can also be
used to predict the eventual (unobserved) environment-dependent phenotypic composition of a group of young individuals sampled before settlement (e.g., larval or juvenile pool).

Conclusions
General guidelines
Practical considerations before diving into a genome-wide search for
local adaptation in marine species include questions about marker
density and sampling size. Ideally, the average distance of LD decay
should be used to determine the minimal marker density required,
such that virtually every SNP in the genome can be tagged by a genotyped marker. Less clear is the number of individuals needed to detect small signals of association and selection, especially under
polygenic architectures. For instance, human studies which commonly use thousands of individuals are still underpowered to detect
small-effect loci (Rockman 2012), raising important challenges for
implementing comparable studies in non-model species. Genotyping
costs can rapidly become prohibitive; therefore, depending on the
available budget, a compromise has to be found between the density
of markers and the number of individuals. However, with the progressive decrease in genotyping costs, we expect that studies in marine species using several hundreds to a few thousands samples will
become common. Apart from these experimental design issues, 3
concluding guidelines can be considered:
i. First, local adaptation studies in marine species need a more systematic evaluation of the total amount of genetic variation in
adaptive traits. Quantitative genetics provides a powerful
framework to estimate heritability using specific experimental

designs. However, when experimental crosses cannot be performed or when closely related individuals with known pedigree
cannot be sampled, pedigree-free methods can be used to estimate heritability in the wild using measures of genome-wide relatedness among individuals.
ii. The second guideline concerns the issue of identifying genomic
regions involved in fitness-related traits. We recommend to
combine GWAS with genome scans for selection as much as
possible in order to address genotype–phenotype and genotypefitness links in parallel. Such an integrative approach has the potential to greatly improve our comprehension of the phenotypic
effects of the many, but still often anonymous outliers detected
in genome scan studies. Eventually, evaluating the relationship
between individual locus effect size and genetic differentiation
level will help to understand how the genetic architecture of
phenotypic traits is projected onto the genome.
iii. We finally emphasize the need to estimate the joint contribution
of the candidate loci detected by single locus methods.
Polygenic scores can be used to adjust the detection thresholds
in GWAS and genome scans in order to maximize the proportion of phenotypic variance explained by QTLs or outliers.
Comparing this cumulative effect with the estimated value of
heritability should make it possible to assess how much of genetic variance has been detected and, therefore, what is the remaining amount of missing heritability.
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Looking forward
There is an increasing realization across the whole field of
evolutionary biology, that a clear understanding of the local adaptation process and eventually speciation requires an integrative approach that explicitly considers the link between phenotype and
genotype. For a very long time, the subfields of population and quantitative genetics progressed in parallel without much cross over but
this situation is changing rapidly. In parallel with terrestrial studies,
the field of marine ecological genomics is entering a new exciting
phase that will benefit from a more systematic combination of population and quantitative genomic approaches. A successful integration of
these 2 fields faces several empirical and methodological challenges
that will need to be overcome. From an empirical point of view, this
transition requires the ability to measure many phenotypic traits that
could be involved in local adaptation in many individuals. In other
words, we need to develop high-throughput phenotyping methods to
complement NGS approaches. There are also statistical challenges
requiring the development of new methods that can account for the
complex spatial effects observed in marine species at both the genotype and phenotype level. Much work is being done in this regard in
the field of statistical genetics but similar progress is needed in quantitative genetics and ultimately we need methods that integrate both
types of data. These are important challenges but the potential rewards obtained from such an integrative approach are enormous.
A general solution that can overcome the above-mentioned challenges will take some time but in the meantime research projects
that cannot implement this type of hybrid strategy will nevertheless
benefit from the important recent methodological developments in
both fields, which we outline in this review. Population genomic
methods increasingly take into account the demographic complexity
characterizing marine populations, and their power to detect polygenic selection is also increasing. On the other hand, pedigree-free
approaches for estimating heritability open new possibilities for
investigating the genetic basis of complex polygenic traits in natural
populations. Despite these promising avenues of research, it should
be kept in mind that any statistical method used to analyze samples
from natural populations can only provide indirect evidence for the
action of selection. This evidence always needs to be evaluated using
experimental approaches that can confirm the findings of observational approaches. In other words, we should view the inferences
drawn by observational approaches as hypotheses that need to be
tested using sophisticated experimental approaches. An exciting prospect is the possibility of applying the methods we review here in the
context of experimental settings as suggested by a recent review (de
Villemereuil et al. 2016).
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Abstract
Parallel divergence across replicated species pairs occurring in similar environmental contrasts may arise through distinct evolutionary
scenarios. Deciphering whether such parallelism actually reflects repeated parallel divergence driven by divergent selection or a
single divergence event with subsequent gene flow needs to be ascertained. Reconstructing historical gene flow is therefore of
fundamental interest to understand how demography and selection jointly shaped genomic divergence during speciation. Here, we
use an extended modeling framework to explore the multiple facets of speciation-with-gene-flow with demo-genetic divergence
models that capture both temporal and genomic variation in effective population size and migration rate. We investigate the
divergence history of replicate sympatric species pairs of Lake Whitefish (normal benthic and dwarf limnetic) characterized by
variable degrees of ecological divergence and reproductive isolation. Genome-wide SNPs were used to document the extent
of genetic differentiation in each species pair, and 26 divergence models were fitted and compared with the unfolded joint
allele frequency spectrum of each pair. We found evidence that a recent (circa 3,000–4,000 generations) asymmetrical secondary contact between expanding postglacial populations has accompanied Whitefish diversification. Our results suggest
that heterogeneous genomic differentiation has emerged through the combined effects of linked selection generating variable
rates of lineage sorting across the genome during geographical isolation, and heterogeneous introgression eroding divergence
at different rates across the genome upon secondary contact. This study thus provides a new retrospective insight into the
historical demographic and selective processes that shaped a continuum of divergence associated with ecological speciation.
Key words: demographic inference, ecological speciation, JAFS, population genomics, Coregonus, speciation-withgene-flow.

Introduction
Historical changes in the geographical distribution of species
have been an important driver of diversification across many
taxa (Coyne and Orr 2004). In particular, the pronounced climatic variations that occurred during the late Pleistocene
caused major shifts in the distribution ranges of many species.
These shifts are responsible for the divergence of ancestral
lineages that survived in different glacial refugia, and then
possibly came into secondary contact during interglacial periods (Bernatchez and Wilson 1998; Avise 2000; Hewitt 2001).
The signature of postglacial recolonization is still apparent in
well-known terrestrial and aquatic suture zones, where

multiple contacts between expanding postglacial lineages
tend to overlap and form hybrid zones hotspots (Hewitt
1996, 2000, 2004; Swenson and Howard 2005; Bierne
et al. 2011; April et al. 2013).
In some cases, secondary contacts have resulted in the
sympatric enclosure of previously allopatric, partially reproductively isolated lineages, for instance within postglacial
lakes (reviewed by Taylor 1999). This sympatric coexistence
should have facilitated gene flow compared with parapatric
populations, eventually leading to complete genetic homogenization of the original glacial lineages. This is not the case,
however, for several north temperate freshwater fishes in
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Based on this, it is possible to capture the barrier effect of
speciation genes by allowing for varying rates of introgression
among loci (Roux et al. 2013, 2016; Sousa et al. 2013; Tine
et al. 2014), and to capture the effect of linked selection by
allowing loci to experience varying rates of genetic drift (Sousa
et al. 2013; Roux et al. 2016). This provides a framework in
which the effects of heterogeneous selection and gene flow
can be considered separately or simultaneously to identify the
simplest divergence scenario that best explain the data, thus
avoiding overparametrization issues.
North American Lake Whitefish (Coregonus clupeaformis)
represents a valuable model to study the role of past allopatric
isolation on recent, sympatric ecological divergence. The
Saint-John River drainage (southeastern Québec, northeastern Maine), where benthic (normal) and limnetic (dwarf)
Whitefish sympatric species pairs occur in different lakes, corresponds to a suture zone where two glacial lineages
(Atlantic/Mississippian and Acadian) have been hypothesized
to have come into secondary contact during the last glacial
retreat on the basis of mitochondrial DNA phylogeography
(Bernatchez and Dodson 1990). Given the historical hydrology
of the region whereby there was a limited temporal window
during which different lakes could be colonized by fish before
becoming isolated (Curry 2007), and the absence of limnetic
(dwarf) Whitefish in allopatry, the most likely scenario is that
of an independent phenotypic divergence that occurred in
each lake (Bernatchez 2004). In some lakes, phenotypic divergence between sympatric dwarf (limnetic) and normal (benthic) populations is still partly associated with the
mitochondrial DNA lineages characterizing the different glacial origins of the sympatric populations (Pigeon et al. 1997).
Dwarf whitefish are most often associated with the Acadian
mitochondrial lineage and are only found in sympatry with the
normal species. Moreover, fish from the Acadian lineage have
a normal phenotype outside the contact zone, which supports
the hypothesis that the dwarf phenotype has been derived
postglacially from an Acadian genetic background within the
contact zone and independently in each lake (Bernatchez and
Dodson 1990, 1991; Bernatchez et al. 2010). The evolution of
further phenotypic divergence in sympatry suggests that character displacement may have been facilitated by the contact
between genetically differentiated lineages (Bernatchez
2004). Moreover, the different dwarf–normal species pairs
found in the contact zone are arrayed along a continuum
of phenotypic differentiation, where smaller lakes exhibit
higher morphological differentiation, which closely mirrors
the potential for niche segregation and exclusive interactions
within lakes (Lu and Bernatchez 1999; Rogers et al. 2002;
Landry et al. 2007; Rogers and Bernatchez 2007; Landry
and Bernatchez 2010). This continuum is also evident at the
genomic level, with increased baseline genetic differentiation
and larger genomic islands of differentiation being found
from the least to the most phenotypically and ecologically
differentiated species pair (Renaut et al. 2012; Gagnaire,
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which sympatric glacial lineages have further diverged into
phenotypically differentiated and reproductively isolated species pairs following secondary contact (Bernatchez and
Dodson 1990; McPhail 1992; Taylor and Bentzen 1993;
Schluter 1996; Wood and Foote 1996; Taylor 1999). These
cases of ecological speciation have been hypothesized to reflect adaptive responses to minimize competitive interactions
and outbreeding depression through ecological niche segregation and hybridization avoidance among previously allopatric lineages (Bernatchez et al. 2010).
The evolutionary processes responsible for the phenotypic
diversification of these incipient sympatric species remain contentious, especially with regards to the relative contributions
of genetic differences that evolved in allopatry compared with
more recent genetic changes occurring in sympatry (Bierne
et al. 2013; Welch and Jiggins 2014). To gain a more thorough understanding of how divergence unfolds at the molecular level, it is crucial to simultaneously take into account
the historical demographic events that accompanied divergence and the subsequent genetic exchanges that occurred
in sympatry. Genome-wide polymorphism data now provide
the opportunity to infer complex demographic histories
(Gutenkunst et al. 2009; Excoffier et al. 2013; Butlin et al.
2014) and investigate the evolutionary processes leading to
the formation of nascent sympatric species.
Many aspects of populations’ evolutionary history are influenced by demography, such as the rate of lineage sorting and
gene exchange (Sousa and Hey 2013). Several approaches
have been developed to infer the history of population divergence from genetic data obtained from contemporary populations. These methods usually rely on demographic models
capturing the effects of population size, splitting time, and
migration between two populations exchanging genes (Hey
and Nielsen 2004, 2007; Becquet and Przeworski 2007). An
important facet of the speciation process which is usually not
taken into account by demographic models is that a significant proportion of the genome may be affected by selection
(Barton and Bengtsson 1986; Feder et al. 2012; Nosil 2012;
Harrison and Larson 2016; Wolf and Ellegren 2017). Two
different selective processes that generate heterogeneous genome divergence can be distinguished. One occurs during
contact episodes and corresponds to selection acting on genomic regions involved in reproductive isolation and local adaptation (Harrison 1990; Wu 2001; Payseur 2010). The
second occurs through the action of background selection
and selective sweeps (Hill and Robertson 1966; Smith and
Haigh 1974; Charlesworth et al. 1997), which remove linked
neutral diversity within populations during periods of reduced
gene flow (Cruickshank and Hahn 2014). Although the barrier effect of speciation genes is equivalent to a local reduction
in effective migration rate (me) (Barton and Bengtsson 1986;
Feder and Nosil 2010), linked selection rather corresponds to
a reduction in effective population size (Ne) that locally accelerates lineage sorting in the genome (Charlesworth 2009).
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Materials and Methods
Sampling and Genotyping
We used RAD-sequencing data from Gagnaire, Pavey et al.
(2013) to generate a new genome-wide polymorphism data
set. Previous studies based on these data (Gagnaire, Pavey
et al. 2013; Laporte et al. 2015) only focused on a subset of
3,438 SNPs that were included in the Lake Whitefish linkage
map (Gagnaire, Normandeau et al. 2013). Here, we used the
total amount of sequence data (1.7  109 reads of 101 bp) to
document genome-wide variation in all five sympatric species
pairs that are still occurring in five isolated lakes from the
Saint-John River basin (fig. 1). For each pair, 20 normal and
20 dwarf individuals were used for RAD-sequencing, but five
individuals that received poor sequencing coverage were removed from the data set. Consequently, the following analyses were performed with 195 individuals, each having an
average number of 8.7106 of reads.
We also sequenced six European Whitefish (Coregonus
lavaretus), a sister species closely related to the North

American Lake Whitefish, to provide an outgroup for identifying ancestral and derived alleles at each polymorphic site
within the Lake Whitefish. European Whitefish were sampled
in
Skrukkebukta
Lake
(Norway,
69 340 11.600 N–

0
00
30 02 31.9 E), which also harbors postglacial sympatric
whitefish species pairs (Amundsen et al. 2004; Østbye et al.
2006). RAD libraries were prepared for three individuals from
each ecotype population, using the same procedure as for
American Lake Whitefish (Amundsen et al. 2004; Østbye
et al. 2006).
The C. lavaretus raw sequence data set was filtered using
the same criteria as for C. clupeaformis (Gagnaire, Pavey et al.
2013). After sequence demultiplexing, the reads were
trimmed to a length of 80 bp to avoid sequencing errors
due to decreasing data quality near the end of reads. We
then used the Stacks pipeline (v1.24) for de novo RAD-tags
assembly and individual genotyping (Catchen et al. 2013). We
empirically determined an optimal set of assembly parameters
to Ustacks, in order to 1) adjust haplotype divergence between alleles at the same locus to the within-population diversity, 2) take into account the possibility of introgression
between differentiated populations, whereas 3) controlling
for false allelic variation due to hidden paralogy. A minimal
coverage depth of 5 per allele (m ¼ 5) and a maximal number of six mismatches between two haplotypes at a same
locus within individuals (M ¼ 6) were set. We then allowed
a maximal number of six mismatches between individuals in
Cstacks (n ¼ 6) to merge homologous RAD-tags from different samples. Finally, we used the program Populations to export a VCF file containing the genotypes of all individuals.
Several filtering steps were then performed with VCFtools
v0.1.13 (Danecek et al. 2011) to remove miscalled and lowquality SNPs, as well as false variation induced by the merging
of paralogous loci. We first removed SNPs with >10% missing genotypes in each C. clupeaformis population. A lower
exclusion threshold of 50% was used for C. lavaretus to retain
a maximum of orthologous loci in the outgroup. We then
filtered for Hardy–Weinberg disequilibrium within each population using a P value exclusion threshold of 0.01. Finally, we
merged the filtered data sets of dwarf and normal populations within each lake together with the European whitefish
outgroup and kept only loci that passed the previous filters in
all three samples. This resulted in five lake-outgroup data sets
containing 14,812, 22,788, 5,482, 26,149, and 14,452 SNPs
for Témiscouata, East, Webster, Indian, and Cliff lakes, respectively. Finally, we determined the most parsimonious ancestral
allelic state for loci that were monomorphic in the outgroup
but polymorphic in C. clupeaformis, defining the allelic state in
the outgroup as the ancestral allele (Tine et al. 2014). The
resulting oriented SNP data sets contained 11,985, 11,315,
5,080, 13,905, and 9,686 SNPs for Témiscouata, East,
Webster, Indian, and Cliff lakes, respectively, that were used
to build the unfolded JAFS of each lake, using custom perl and
R scripts. Because the amount of SNPs was limited for
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Pavey et al. 2013). Finally, quantitative trait loci (QTL) underlying adaptive phenotypic divergence on complex and polygenic quantitative traits (e.g., behavioral, morphological,
physiological, and life history traits) map preferentially to genomic islands of differentiation (Renaut et al. 2012; Gagnaire,
Normandeau et al. 2013; Gagnaire, Pavey et al. 2013), suggesting that selection acting on these traits contribute to the
barrier to gene flow. Despite such detailed knowledge on this
system, previous studies did not allow clarifying how the genomic landscape of dwarf–normal divergence in each lake
has been influenced by the relative effects of directional selection on these QTLs and postglacial differential introgression. Consequently, it is fundamental to elucidate the
demographic history of the dwarf–normal whitefish species
pairs to disentangle the evolutionary mechanisms involved in
their diversification.
The main goal of this study was to use a genome-wide single
nucleotide polymorphism (SNP) data set to infer the demographic history associated with the recent phenotypic diversification of replicate sympatric dwarf and normal Lake
Whitefish species pairs. Using RAD-seq SNP data to document
the Joint Allele Frequency Spectrum (JAFS) in each species pair,
we specifically test for the role of temporal and genomic variations in the rate of gene flow for each species pair separately,
controlling for both effective population size and migration.
We then performed historical gene flow analyses among lakes
to determine how the different scenarios independently inferred within each lake collectively depict a parsimonious evolutionary scenario of diversification. Finally, we document how
the complex interplay between historical contingency, demography, and selection jointly shaped the continuum of divergence among sympatric whitefish species pairs.
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Webster Lake possibly due to lower quality samples, this species pair was not considered for the subsequent demographic
inferences to avoid potential biases due to a lack of resolution
of its JAFS. In the four retained lakes, the JAFS was projected
down to 13 individuals (i.e., 26 chromosomes) per population
to avoid remaining missing genotypes and optimize the resolution of the JAFS.

Inferring the History of Divergence with Gene Flow and
Selection
Because the different lakes have been isolated from each
other for 12,000 years (Curry 2007), we analyzed their
JAFS separately. The demographic and selective histories of
the four species pairs were inferred using a custom version of
the software @a@i v1.7 (Gutenkunst et al. 2009). We considered 26 models (fig. 2) that were built to extend four basic
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models representing alternative modes of divergence: Strict
Isolation (SI), Isolation-with-Migration (IM), Ancient Migration
(AM), and Secondary Contact (SC). Each model consists of an
ancestral population of size Nref that splits into two populations of effective size N1 and N2 during TS (SI, IM), TAMþTS
(AM), or TSþTSC (SC) generations, possibly exchanging
migrants during TS (IM), TAM (AM), or TSC (SC) generations
at rate me12 from population 2 (normal) into population 1
(dwarf), and me21 in the opposite direction. These models
were extended to integrate temporal variation in effective
population size (-G) by enabling exponential growth using
current-to-ancient population size ratio parameters b1 (for
dwarf) and b2 (for normal) to account for expansions or bottlenecks. Variation in effective population size across the genome due to Hill–Robertson effects (Hill and Robertson
1966)—that is, local reduction in Ne at linked neutral sites
due to the effect of background (Charlesworth et al. 1993)
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FIG. 1.—Geographic locations of the lakes where sympatric whitefish species pairs were sampled, and overview of the extent of shared versus private
polymorphism. Pie charts illustrate the amount of shared and private SNPs among lakes as well as between species among or within lakes.
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and positive selection (Smith and Haigh 1974)—was modeled
by considering two categories of loci (-2 N) occurring in proportions Q and 1-Q in the genome. In order to quantify a
mean effect of selection at linked sites, we defined a Hill–
Robertson scaling factor (hrf), relating the effective population
size of loci influenced by selection (N0 1¼hrf  N1 and
N0 2¼hrf  N2) to that of neutral loci (N1 and N2). Then, models
of divergence with gene flow were extended to account for
heterogeneous migration across the genome by considering
two categories of loci (-2 m). In addition to a first category of
loci evolving under effective migration rates me12 and me21
and occurring in proportion P in the genome, we considered a
second category of loci that occur in proportion 1-P,
experiencing different effective migration rates me’12 and
me’21 (Tine et al. 2014). The proportion P was identical in
the two diverging populations (same for Q). Because migration and drift influence gene flow during the whole divergence period in the IM model, the effects of heterogeneous
migration and population effective size are difficult to dissociate. Therefore, these effects were estimated jointly only
within the AM and SC models, in which a strict isolation
period helps uncoupling the effects of migration and drift
(i.e., -2N2m extensions were considered in addition to -2 N
and -2 m models, fig. 2). In these cases, the proportions 1-P
and 1-Q corresponded to different sets of loci in the genome.
All models with heterogeneous gene flow were also implemented to allow for population growth (i.e., -2NG, -2mG,

and -2N2mG). Finally, in order to take into account potential
errors in the identification of ancestral allelic states, predicted
JAFS were constructed using a mixture of correctly oriented
and mis-orientated SNPs occurring in proportions O and 1-O,
respectively. The JAFS of mis-oriented variants was obtained
by reversing the model spectrum along its two axes (Tine et al.
2014).
The 26 models were fitted independently for each lake
using successively a hot and a cold simulated annealing procedure followed by “BFGS” optimization (Tine et al. 2014).
We ran 25 independent optimizations for each model in order
to check for convergence and retained the best one (supplementary table S3, Supplementary Material online) to perform
comparisons among models based on Akaike information criterion (AIC). Our comparative framework thus addresses overparametrization issues by penalizing models which contain
more parameters. By allowing comparisons among nested
models of increasing complexity, it also provides a means to
independently evaluate the effect of accounting for temporal
or genomic variation in migration rate or effective population
size. A conservative threshold was applied to retain models
with DAICi ¼ AICi  AICmin  10; since the level of empirical support for a given model with a DAICi >10 is essentially
none (Burnham and Anderson 2002). For each lake, the difference in AIC between the worst and the best model Dmax
¼ AICmax  AICmin was used to obtain a scaled score for each
model using:
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FIG. 2.—The 26 models implemented in this study. The models implemented here represent extensions of the four classical models of divergence: “Strict
Isolation” (-SI), “Isolation with Migration” (-IM), “Ancient Migration” (-AM) and “Secondary Contact” (-SC). Briefly, TS corresponds to the duration of
complete isolation between diverging populations and TAM and TSC correspond to the duration of gene-flow in AM and SC models, respectively. The first
extension of these four models accounts for temporal variation in effective populations size (-G models), allowing independent expansion/contraction of the
diverging populations. The last categories correspond to “Heterogeneous gene flow” models, which integrate parameters allowing genomic variations in
effective migration rate (-2 m), effective population size (-2 N) or both (-2m2N) to account for genetic barriers and selection at linked sites.

GBE

Rougeux et al.

model score ¼

ðDmax  DAICi Þ
Dmax

(1)

wAIC

e
¼ R
P

ðDAICi Þ
2

:

(2)

ðDAICi Þ
2

e

i¼1

To estimate parameter uncertainty, we used the Godambe
information matrix method from @a@i v1.7. Nonparametric
bootstrapping was used to generate 1,000 bootstrapped
data sets to estimate confidence intervals (CIs) using the
standard-error of maximum likelihood estimates (se).
Finally, we converted estimated demographic parameters
into biologically meaningful units in order to compare informative parameter values among lakes (e.g., timing and
strength of gene flow). These estimates were only used for
indication and comparative purpose, since we were missing
crucial information about the per generation mutation rate in
Lake Whitefish. We used the optimal multiplicative scaling
factor theta between model and data to estimate the ancestral effective population size (Nref) before split for each lake:
Nref ¼

h
4Ll

(3)

with l being the mutation rate (fixed at 108 mutations per
site per generation) and L the effective length of the genome
explored by our RAD-Seq experiment and estimated as:
L¼

zy80
x

(4)

where x is the number of SNPs that were originally detected
from y RAD-tags of 80 bp present in the initial data set, and z
is the number of SNP retained for @a@i analyses in the lake
considered. Estimated times in units of 2Nref generations were
converted into years assuming a generation time of 3.5 years
(i.e., the average between 3 and 4 years for sexual maturity in
dwarf and normal whitefish, respectively) (Chebib et al.
2016). Estimated migration rates were divided by 2Nref to
obtain the proportion of migrants received by each population every generation.

Patterns of Shared Ancestry and Admixture among Lakes
We also searched for signatures of shared ancestry and gene
flow among replicate species pairs to provide a broader
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Results
Comparisons among Divergence Models
For each of the four sympatric whitefish species pairs retained
for historical divergence analyses (fig. 1), 26 alternative divergence models of increasing complexity were fitted to polymorphism data and compared with each other. This
comparative framework enabled us to account for four different aspects of gene flow, that were considered separately
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such that for each lake the worst model takes a score of 0 and
the best model takes a score of 1. Therefore, the model score
could be used to more easily compare the retained models
among lakes. In order to evaluate the relative probabilities of
the different models within each lake, we also computed
Akaike weights (wAIC ) following equation (2), where R corresponds to the total number of models considered (R ¼ 26).

understanding of the divergence history in whitefish. The four
lake-specific data sets used for demographic inferences were
merged together with the Webster Lake data set, added here
to get a more thorough understanding of the system as a
whole. Only polymorphic loci that were retained after filtering
in all five lakes were considered (42,558 SNPs in total, without
the outgroup). For each lake, we determined the fraction of
private polymorphisms, the fraction of SNPs shared with at least
one other lake or shared across all five lakes. We then measured
the proportion of SNPs that were shared between species and
private to each species within each lake, as well as among lakes.
To visualize the overall genetic structure and relationships
among lakes and species, we performed a discriminant analysis of principal components (dAPC) in Adegenet v2.0.0
(Jombart et al. 2010). We first imputed missing genotypes
within each population using a Random Forest regression approach (Poland et al. 2012). Imputation was performed using
ten iterations with 150 trees using the randomForestSRC
v1.6.1 package in Stackr v.0.1.5 (Gosselin and Bernatchez
2016) and imputed subdata sets were subsequently merged
to perform the dAPC.
Finally, we used TreeMix v1.12 (Pickrell and Pritchard 2012)
to infer historical relationships among populations. This
method uses the covariance structure of allele frequencies between populations and a Gaussian approximation for genetic
drift to build a maximum likelihood graph relating sampled
populations to their common ancestor, taking migration events
into account to improve the fit to the inferred tree. Migration
events between populations are modeled in TreeMix by discrete mixture events. Such events may either reflect gene exchange between populations within lakes and/or genetic
correlations between geographically isolated populations of
the same species, due to the retention of shared ancestral polymorphism among populations from different lakes following
their geographic isolation. In order to avoid interpreting spurious migration signals, we focused on the main events of gene
flow that received the highest weights (Pickrell and Pritchard
2012), which likely correspond to the largest admixture proportions. We thus allowed a maximum of six migration events
to be inferred among branches of the whitefish population
tree. For this analysis, we used a 20% missing genotype rate
per population without imputing missing genotypes to avoid
potential biases in the covariance matrix.
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or in combination. This includes temporal variation in effective
population size (Ne) and migration rate (m), but also genomic
heterogeneity in these parameters to capture selective effects
(fig. 2). The four JAFS obtained highlighted the continuum of
divergence existing among lakes (fig. 3A and supplementary
fig. S1, Supplementary Material online). Namely, the density
of shared polymorphisms located along the diagonal decreased from the least divergent (Témiscouata and East) to
the most divergent (Indian and Cliff) species pairs, whereas
the variance of SNP density around the diagonal increased
accordingly. In addition, nonshared polymorphisms (i.e., private SNPs) located on the outer frame of the spectrum were
mostly found in Indian and Cliff lakes, which were also the
only lakes where differentially fixed SNPs between dwarf and
normal whitefish were observed.

The comparison of model scores within and among lakes
showed the importance of considering temporal changes in
effective population size. Models including population growth
(-G models) generally provided better fits to the data for
Témiscouata, Indian and Cliff lakes (Mann–Whitney U test,
P ¼ 0.002; P ¼ 0.011, and P ¼ 0.0001, fig. 4A). Similarly, accounting for heterogeneous migration rates across the genome
(-2 m models) improved the average model scores for each lake,
although not significantly in East Lake (U test, P ¼ 0.016;
P ¼ 0.063, and P ¼ 0.029 for Témiscouata, Indian, and Cliff
lakes, respectively) (fig. 4B). Moreover, models integrating heterogeneous effective population size at the genomic level (-2 N
models) provided significant improvements for the two most
divergent species pairs from Indian and Cliff lakes (U test,
P ¼ 0.010, and P ¼ 0.005, respectively) (fig. 4C).
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FIG. 3.—Historical demography of the Lake Whitefish species pairs. (A) Observed joint allele frequency spectrum (JAFS) for normal (-N; x axis)
and dwarf (-D; y axis) populations for each of four lakes (T ¼ Témiscouata, E ¼ East, I ¼ Indian, and C ¼ Cliff), obtained by projection of empirical
data to 13 diploid individuals per population. For each JAFS, the color scale indicates the number of SNPs falling in each bin defined by a unique
combination of the number of derived allele observed in normal and dwarf populations. (B) Predicted JAFS of the fittest model for each lake.
(C) Representation of the fittest model for each lake.
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FIG. 4.—Model comparisons. Barplots showing the effect of taking into account a particular demographic or selective aspect in the models, assessed using
model scores, with (A) the effect of including temporal variation in population effective size (-G), (B) heterogeneous migration rates among loci (-2 m) and (C)
heterogeneous effective population sizes among loci (-2 N). The vertical bars indicate the variance of model scores within a given category of models and asterisks
represent significant differences in average model scores between the compared categories of models. (D) Heat-map of the weighted AIC (wAIC ) showing the
relative weights of the 26 models for each lake. The color scale corresponds to wAIC values ranging from 0 to 1. Warmer colors indicate the best models.

For each lake, we performed model selection based on the
AIC to penalize model likelihood by the number of parameters
to avoid overfitting. Applying a criterion of DAICi  10 for
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model selection, we retained two best models for
Témiscouata (SC2mG and SIG), Indian (SC2N2mG and
SC2NG), and Cliff (SC2N2mG and SC2mG) lakes and four
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Inference of Model Parameters
The inferred proportion of correctly oriented markers in the
unfolded JAFS (parameter O) ranged from 95.4% to 99%,
suggesting that the vast majority of ancestral allelic states
were correctly inferred using the European Whitefish as an
outgroup (supplementary tables S1 and S2, Supplementary
Material online).
Considering only the highest ranked model for each lake,
some general patterns emerged from the comparisons of inferred model parameters among lakes. First, differences in
effective population sizes between dwarf and normal whitefish were inferred after splitting from the ancestral population, especially in Indian and Cliff lakes where inferred Ne
showed no overlap in CIs between dwarf and normal (supplementary tables S1 and S2, Supplementary Material online).
When such differences were observed, Ne was larger for
dwarf compared with normal whitefish. Taking into account
population growth in the four lakes revealed quite similar
patterns of temporal population size changes with recent demographic expansions being found in all populations except
for normal whitefish in Lake Témiscouata. A more pronounced demographic expansion was generally inferred for
dwarf compared with normal whitefish, and the contemporary effective population size was also larger in dwarf than in
normal populations in the four lakes (nonoverlapping CIs,
supplementary table S4, Supplementary Material online).
The contemporary number of migrants exchanged per
generation from one population to the other, estimated
using the weighted mean effective migration rate in each
direction [i.e., average effective gene flow ¼ N
b  (Pmeþ1Pme0 )], revealed more pronounced
gene flow from dwarf to normal populations in all lakes
except Cliff (fig. 5).

The highest ranked model for East, Indian, and Cliff lakes
included heterogeneous effective population size at the genomic level (figs. 3C and 4; supplementary table S1,
Supplementary Material online). The fraction of the genome
with a reduced Ne (Q) was estimated to 16% in East Lake,
40% in Indian and Cliff lakes, and the proportion of reduction
in Ne in those fractions of the genome (i.e., the Hill–Robertson
factor, hrf) was 11%, 20%, and 17% for East, Indian, and
Cliff lakes, respectively.
Time parameters, namely the duration of allopatric isolation (TS) and secondary gene flow (TSC), were converted into
years. Estimated durations of allopatric isolation periods
revealed a recent and similar divergence history in all five lakes
(Ts was 30,000; 36,000; 29,000; 32,000 years for
Témiscouata, East, Indian, and Cliff lakes, respectively, supplementary table S2, Supplementary Material online). The inferred time of secondary contact coincided roughly with the
last glacial retreat following the Wisconsinian glaciation,
which happened between 18,000 and 11,000 years before
present (7,200; 19,600; 8,500; and 9,200 ybp for
Témiscouata, East, Indian, and Cliff lakes, respectively, supplementary table S2, Supplementary Material online).

Comparisons of Genetic Variation among Lakes
Only a small proportion (2.5%) of the 42,582 SNPs that were
genotyped in all lakes (including a fifth species pair from
Webster Lake) corresponded to polymorphic loci that are
shared across all five lakes (i.e., “shared across all five lakes”
category; fig. 1). Reciprocally, 25% of the SNPs were private
to Témiscouata or East lakes, whereas Webster, Indian, and
Cliff lakes each had 10% of private SNPs. The majority of
the loci were segregating in at least two (but less than five)
lakes (fig. 1). When combined over the five lakes, a higher
proportion of the loci were private to normal compared with
dwarf populations. Within lakes, the highest proportions of
SNPs private to normal whitefish were found in Témiscouata
(51%) and Webster (69%). The three other lakes displayed
the opposite pattern with higher proportions of SNPs private
to the dwarf populations. Shared variation within lakes represented only 6–16% of the SNPs.
Partitioning genetic variation within and among lakes using
a dAPC revealed distinct signals along the four first axes
(fig. 6A). On the first axis (LD1, explaining 39.5% of the variance), populations clustered by lakes according to their geographical distribution, roughly separating the three
southernmost lakes (Webster, Indian, and Cliff, negative coordinates) from the two northernmost lakes (Témiscouata and
East, positive coordinates). The second axis (LD2, explaining
22.5% of the variance, not shown here but see supplementary fig. S2, Supplementary Material online) mostly separated
dwarf and normal whitefish from Cliff. The third axis (LD3,
explaining 16% of the variance) tended to separate species
pairs by shifting normal whitefish of Mississippian/Atlantic
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best models for East Lake (SC2N2mG, IM2mG, AM2N2m,
AMGÞ (supplementary tables S1 and S2, Supplementary
Material online). Akaike weights (wAIC ) were >0.5 for the
highest ranked model of each lake (fig. 4D; supplementary
tables S1 and S2, Supplementary Material online). For
Témiscouata, the best model was a secondary contact with
heterogeneous migration contemporary to population size
change (SC2mG; wAIC ¼ 0:68). The other three species pairs
received the highest support for a secondary contact model
with heterogeneous migration rate and effective population
size
contemporary
to
population
size
change
(SC2N2mG; wAIC ¼ 0:77 in East, wAIC ¼ 0:94 in Indian,
and wAIC ¼ 0:53 in Cliff). Comparisons between the JASF
predicted under the best models and the data showed variable patterns in the distribution of residuals depending on
lakes (supplementary fig. S1, Supplementary Material online),
which were most likely due to model departure from the real
(and probably more complex) evolutionary history of species
pairs.
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origin toward positive coordinates and dwarf whitefish of
Acadian origin toward negative coordinates, except for East
Lake. The two most extreme populations values on that axis
corresponded to normal species from Cliff Lake, the least
introgressed relict of the Mississippian/Atlantic lineage (Lu
et al. 2001; Gagnaire, Pavey et al. 2013), and the dwarf species from Cliff Lake associated with the Acadian lineage.
Finally, the fourth axis (LD4, explaining 11% of the variance)
separated the dwarf and normal species from each lake, thus
illustrating the shared ancestry between species among lakes
(fig. 6B).
The genetic relationships among populations analyzed
with TreeMix revealed two levels of signal (fig. 7 and supplementary fig. S3, Supplementary Material online). The first level
was directly linked with genetic distance between the different populations of dwarf and normal whitefish. The population tree rooted with the normal population from Cliff (the
most divergent population that best reflects the ancestral
state of the Mississippian/Atlantic lineage (Lu et al. 2001;
Gagnaire, Pavey et al. 2013), clearly separated normal whitefish from Cliff (CN) and Indian (IN) and dwarf whitefish from
Cliff (CD) and Indian (ID), which were grouped together separately from all other populations. The clustering of CN with
IN as that of CD and ID most likely reflect their shared
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ancestral polymorphism associated with their glacial lineage
origin (Mississippian/Atlantic lineage for CN and IN; Acadian
for CD and ID) (Lu et al. 2001). The second level of signal
(geographic signal) grouped population pairs by lake in the
remaining part of the tree, most likely reflecting the effect of
gene flow following secondary contact between glacial lineages in each lake (Gagnaire, Pavey et al. 2013).
Inferred migration links were represented by arrows, the
color of which indicates their relative weights (fig. 7).
Migrations links between sympatric species pairs for Cliff
and Indian lakes suggested contemporary gene flow (i.e.,
consecutive to the colonization of the postglacial lakes) between dwarf and normal populations within each of these
two lakes. Other migration links between allopatric populations of the same species (i.e., populations from different
lakes which have been isolated since the lakes formation)
illustrated the genetic proximities (i.e., shared ancestry) of
species from distinct lakes. For instance, dwarf whitefish
from Webster (WD) was related to dwarf whitefish from
Indian lake (ID), and the same link was found between the
normal populations of these lakes (WN and IN). Finally, the
ancestral population of East Lake was related with dwarf
whitefish from Indian Pond, whereas normal whitefish from
East Lake (EN) was linked to normal whitefish from Indian
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FIG. 5.—Asymmetrical effective gene flow between normal and dwarf whitefish within lakes. Bar plot of the effective number of migrants per
generation in both directions from dwarf to normal (black) and reciprocally (gray), obtained from estimated parameters of the fittest model for each
lake, using the average gene flow formula (average gene flow¼Nb  (Pme þ (1P)me’) in each direction.
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Lake, thus supporting a common genetic background between the normal populations of East and Indian lakes.

Discussion
The observed patterns of genomic differentiation among replicated dwarf/normal Lake Whitefish species pairs provide
new insights into the divergence history of a well-studied
model of ecological speciation (Bernatchez et al. 2010). The
first approach implemented here relied on inferring the divergence history of each species pair separately, using the JAFS
as a summary statistics of genome-wide differentiation. In
order to maximize the amount of available information,
each JAFS was oriented using the closely related European
whitefish as an outgroup species, thus providing increased
power to detect demographic processes that generate asymmetric distributions of derived variants around the diagonal of
the JAFS.
The secondary contact (SC) scenario provided the best fit
to the observed data for all of the four species pairs used for
historical divergence analyses. Therefore, our ability to detect
the secondary contact was apparently not affected by the
small degree of genetic divergence between the least

differentiated species pairs. Using simulations, Roux et al.
(2016) recently showed that the power to detect the SC scenario can be high when the period of isolation is long relative
to the duration of secondary contact, which was the case
here. Moreover, secondary contacts are expected to leave
detectable signatures on the JAFS (Alcala et al. 2016), since
the erosion of past allopatric divergence by secondary gene
flow typically generates an excess of shared intermediate frequency alleles.
A scenario of secondary contact is concordant with past
phylogeograhic studies performed in the early days of mtDNA
studies (Bernatchez and Dodson 1990, 1991; Pigeon et al.
1997), but provided much deeper insights into the evolutionary history of whitefish radiation. The geographic area where
sympatric whitefish species pairs occur corresponds to a wellknown suture zone where glacial lineages have come into
contact in several freshwater species, as they were recolonizing from different refugia after the Wisconsinian glaciation
(Curry 2007; April et al. 2013). In Lake Whitefish, this zone
corresponds to a phylogeograhic transition between Acadian
and Atlantic/Mississippian mitochondrial lineages (Bernatchez
and Dodson 1990; Pigeon et al. 1997). Interestingly, the
Allegash River basin (including the studied lakes), which
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FIG. 6.—Genetic structure and relationships among lakes and species. (A) Discriminant analysis of principal components (dAPC) of the different lakes
(Cliff, Indian, Webster, East, Témiscouata) for either Dwarf or Normal whitefish (D or N), representing 3D relationships among populations. The first axis (LD1,
39.5%) captures the geographical signal of differentiation among lakes. The third dAPC axis (LD3, 16%) separates species pairs according to their residual
genetic promixity to ancient glacial lineages represented by the least introgressed populations from Cliff Lake. Positive coordinates represent populations with
high proportions of Atlantic ancestry whereas negative coordinates reflect increased proportions of Acadian ancestry. The fourth axis (LD4, 11%) tends to
separate species pairs within each lake. The second dAPC axis LD2 is not shown here to avoid partial redundancy with LD1, but is provided as a supplementary Material online. (B) Boxplot of individual coordinates along the fourth dAPC axis (LD4), highlighting the divergence parallelism between species
among lakes.
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represents the core of this contact zone, is the only area
where sympatric populations of Lake Whitefish are observed.
Moreover, no dwarf population, either in allopatry or sympatry, has been reported outside this region (Bernatchez and
Dodson 1990). Therefore, phenotypic and ecological divergence, and in particular the occurrence of dwarf whitefish,
is tightly linked to this secondary contact zone.
The frequency of Acadian and Atlantic/Mississippian mitochondrial lineages within lakes was partly associated with the
level of phenotypic divergence between dwarf and normal
whitefish, with variable amounts of mitochondrial introgression being found among lakes (Bernatchez and Dodson 1990;
Pigeon et al. 1997). At one extreme, the least phenotypically
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divergent pair from East Lake is fixed for the Acadian mitochondrial haplogroup in both dwarf and normal whitefish,
which has previously been interpreted as a support for sympatric divergence in this particular lake (Pigeon et al. 1997).
Although our inferences based on the JAFS could not definitely rule out the IM model (IM2mG, wAIC ¼ 0:19), we
obtained much stronger evidence in favor of the secondarycontact scenario in this lake (SC2N2mG, wAIC ¼ 0:77). A possible explanation for the loss of the Atlantic/Mississippian
haplogroup in East Lake involves a stronger recent demographic expansion in the dwarf population following secondary contact, which may have contributed to the fixation of the
Acadian lineage. Indeed, the preferential direction of
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FIG. 7.—Shared ancestral genetic variation between allopatric populations and admixture events between sympatric species pairs. The least introgressed
normal whitefish population from Cliff Lake was used to root the tree. Horizontal branch lengths are proportional to the amount of genetic drift in each
branch, and the scale bar indicates 10 times the average standard error (SE) of the entries in the covariance matrix between pairs of populations. Color scale
indicates the weight of inferred migration events.
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A Shared History of Divergence before Independent
Evolution within Lakes
The global analysis including all five pairs simultaneously
helped clarifying the extent to which replicate whitefish species pairs share a common history of divergence. The secondary contact scenario implies that the different species pairs are
derived from the same two glacial lineages, as partly supported by mitochondrial data (Bernatchez and Dodson
1990; Pigeon et al. 1997). However, whether whitefish species pairs share a common history before secondary contact
has never been assessed using nuclear markers.
Grouping populations based on their overall genetic similarities with Treemix produced two different types of grouping
in the population tree. Populations from the three least divergent species pairs were grouped by lake (i.e., TN grouped with
TD, EN with ED, and WN with WD), whereas populations
from the two most divergent species pairs were grouped by
ecotypes (i.e., IN with CN, and ID with CD). This complex
picture likely reflects the relative importance of gene flow
between species within lakes and genetic drift among lakes,
and is in itself insufficient to distinguish contemporary admixture from shared ancestry during lakes colonization. Inferring
migration events among populations enabled us to detect

contemporary gene flow between sympatric dwarf and normal whitefish within Indian and Cliff lakes. However, the
other inferred links connecting populations of the same species but from different lakes (i.e., isolated populations) rather
indicated shared genetic variation due to common ancestry.
Namely, inferred links between Webster and Indian indicated
the sharing of ancestral variation between WN and IN (and
therefore with CN), as well as between WD and ID (and therefore with CD). This supports the view that the different populations of each species in these three lakes, which are not
physically connected today thus hampering any gene flow,
were genetically similar before being isolated in their respective lakes. An additional link inferred between EN and IN (IN
being connected with WN and CN) confirmed that normal
whitefish from East Lake share ancestral variation with other
normal populations from the southern part of the contact
zone. This provides further evidence that the secondary contact inferred in East Lake has occurred between the same two
glacial lineages as for the other lakes, despite the lack of
Atlantic/Mississippian mitochondrial lineage in this lake.
Finally, the ancestral population from East Lake was linked
to the dwarf population from Indian (and therefore to WD
and CD), indicating that both populations from East Lake
share much of the ancestral variation originating from the
Acadian lineage. This is also consistent with the genetic
swamping hypothesis proposed for explaining the lack of mitochondrial polymorphism in this lake.
The analysis of overall diversity patterns performed with
the dAPC (fig. 6) was a complementary way to disentangle
remaining signals of genetic differentiation between glacial
lineages (axis 3) from genetic differentiation among lakes
(axis 1). On the third axis, the projection of dwarf and normal
populations from Cliff Lake indicated the positions of the two
least introgressed populations (and closest to their ancestral
genetic background) of our data set. Therefore, they could be
used to define an Acadian (negative coordinates) and an
Atlantic/Mississippian (positive coordinates) reference for
comparisons with other lakes. Interestingly, both populations
from East and Indian lakes occupied intermediate positions,
which is concordant with a higher proportion of Acadian ancestry in these lakes, as suggested by mitochondrial data
(Pigeon et al. 1997).
In summary, the most parsimonious overall scenario supported by our analyses corresponds to a secondary contact for
all lakes, with variable contributions of Acadian and Atlantic/
Mississippian lineages due to demographic contingencies. The
secondary contact was concomitant to population expansions
in both glacial lineages, which were detected for most lakes.
This is broadly consistent with the idea that the two glacial
lineages were undergoing spatial expansions after the last
glacial retreat, which provoked a secondary contact at the
origin of parallel genetic divergence patterns across whitefish
species pairs. Our results also support that population expansions were generally more pronounced for dwarf relative to

Genome Biol. Evol. 9(8):2057–2074 doi:10.1093/gbe/evx150 Advance Access publication August 2, 2017

2069

Downloaded from https://academic.oup.com/gbe/article-abstract/9/8/2057/4060520 by guest on 20 April 2020

introgression between hybridizing populations with asymmetrical Ne is expected to occur from the larger to the smaller
population (Beysard et al. 2012). This is consistent with the
inferred asymmetrical direction of the effective gene flow
from dwarf to normal populations (fig. 5). This is also supported by a similar scenario in the neighboring Témiscouata
Lake, which harbors the second least divergent species pair.
Témiscouata Lake is also dominated by the Acadian haplogroup, but a small proportion of normal whitefish in this
lake is still associated with the Atlantic/Mississippian lineage.
Since we also inferred an expansion of the dwarf population
(but not in normal whitefish) following secondary contact in
this lake, it is likely again that this demographic imbalance
explains the predominance of Acadian mitochondrial haplotypes in the northern part of the contact zone. At the other
extreme, Cliff Lake where species divergence is the most pronounced shows differential fixation of Acadian and Atlantic/
Mississippian haplotypes in dwarf and normal populations,
respectively (Bernatchez and Dodson 1990). Thus, there is a
perfect association in this lake between glacial lineage origin
and phenotypic divergence, which was also attributed to a
secondary contact in our demographic inferences. Similarly to
East Lake, Indian Lake harbored both dwarf and normal populations fixed for the Acadian haplogroup (Lu et al. 2001).
However, our analysis of the JAFS also confirmed that two
distinct glacial lineages have come into contact in this lake.
Such a partial concordance is typically expected when secondary contact occurs between incompletely reproductively isolated species (Taylor and Donald McPhail 2000).
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An Extended Framework for Inferring Speciation-withGene-Flow
The concept of speciation-with-gene-flow embraces a large
diversity of divergence scenarios with regards to the timing of
gene flow, which in turn pertains to different modes of speciation that have long been recognized in the speciation literature (Coyne and Orr 2004). Diverging populations can
experience temporal variations in effective size and migration
rate, which both influence the temporal dynamics of gene
flow. Consequently, demographic inference methods that account for these temporal variations have the potential to provide an improved understanding of the historical
demographic events that shaped the unfolding of speciation.
For the Lake Whitefish as for other species with a panArctic distribution, the history of divergence has been strongly
impacted by quaternary climatic oscillations (Bernatchez and
Wilson 1998). Glaciations have drastically restricted the area
of species distribution provoking geographic isolation among
bottlenecked populations (Bernatchez et al. 1989; Ambrose
1998; Aoki et al. 2008), whereas interglacial periods have
allowed secondary contacts between populations expanding
from their glacial refugia (Hewitt 2001). Here, accounting for
temporal variation in migration rate and Ne allowed us to
determine that the secondary contact between whitefish glacial lineages has occurred contemporarily with population
expansions. This later point is of prime importance for understanding the evolution of reproductive isolation, since bottlenecked populations undergoing demographic expansions are
more likely to carry and even fix deleterious alleles (Luikart
et al. 1998; Peischl et al. 2013; Lohmueller 2014), which could
later translate into substrate for genetic incompatibilities upon
secondary contact. Indeed pronounced postzygotic incompatibilities between dwarf and normal whitefish representing
different glacial lineages have been documented despite relatively small overall genomic divergence between them (Lu
and Bernatchez 1998; Rogers and Bernatchez 2006; DionCôté et al. 2014). Moreover, such genetic incompatibilities
may associate by coupling to form stronger barriers to gene
flow (Barton and de Cara 2009; Bierne et al. 2011), as proposed in Gagnaire, Pavey et al. (2013).
Another important aspect of divergence-with-gene-flow
relates to the extent to which the previously described
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demographic effects interact with selection. The speciation
genomics literature has been increasingly integrating the influence of selective processes in historical divergence models
(Roux et al. 2013; Sousa et al. 2013; Tine et al. 2014), and
more generally, in the analytical approaches to relate genomic
divergence patterns to the underling evolutionary processes
(Cruickshank and Hahn 2014). These selective effects can be
separated in two broad categories. First, genetic barriers
caused by local adaptation and reproductive isolation loci
can resist introgression, hence reducing the effective migration rate at linked loci (Barton and Bengtsson 1986; Feder and
Nosil 2010). The second category embraces the effect of positive (e.g., selective sweeps) (Smith and Haigh 1974) and background selection (Charlesworth et al. 1993), which cause local
reductions in genetic diversity at both selected sites and linked
neutral sites. These later selective effects rather correspond to
a reduction in the Ne of the genomic regions influenced by
selection, irrespective to the role that they play in the speciation process. Since gene flow depends both on Ne and migration rate, both types of selective effects are likely to impact
genomic divergence patterns during speciation. Here, we captured these effects separately using divergence-with-geneflow models that take into account in a simple way the effects
of genetic barriers and linked selection.
Accounting for variation in effective migration rate across
the genome generally improved the fits to empirical data
whatever the model considered (fig. 4B), and the best models
for all lakes also included heterogeneous migration rates. This
suggests that the rate of introgression between whitefish glacial lineages has been highly variable across their genome
since the beginning of secondary contact, as reported previously in other species (Tine et al. 2014; Le Moan et al. 2016;
Rougemont et al. 2017). Moreover, integrating heterogeneous Ne in the models also improved model scores for the
two most divergent species pairs (Cliff and Indian, fig. 4C).
Therefore, our results also support the view that linked selection has influenced the patterns of genomic divergence in
whitefish sympatric species pairs. As proposed in earlier studies, this mechanism may be particularly efficient in lowrecombining chromosomal regions (Cruickshank and Hahn
2014). Some of our models (e.g., SC2m2N and AM2m2N)
combined both genome-wide variation in Ne and me, as already developed within an ABC framework (Roux et al. 2016).
The rationale behind this is that only models that both contain
a period of isolation and gene flow enable to dissociate the
influence of both sources of chromosomal variation, since
only linked selection is at play during periods of geographic
isolation. However, it is currently unclear how much the signal
contained in empirical polymorphism data can retain distinct
signatures for these two selective effects. This will need to be
addressed using simulations.
In summary, as for most models, our models remain simplifications of a probably more complex reality. Yet our approach illustrates the need to take into account both temporal
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normal populations, still reflected today by the higher contemporary abundance of dwarf whitefish in all lakes
(Bernatchez L, unpublished data). This demographic imbalance also impacted the main direction of gene flow, which
was more pronounced from dwarf to normal populations
than the reverse. As a consequence, an important amount
of shared ancestral polymorphism between dwarf and normal
populations (fig. 1) most likely corresponds to genetic variation coming from gene exchanges due to introgression between lineages, in addition to incomplete lineage sorting.
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and genomic variations in effective population size and migration rates when inferring the history of speciation. The 26
divergence models considered here enabled us to evaluate a
large diversity of scenarios, taking each effect separately an in
combination with other to improve the inference of the divergence history while controlling for model complexity.

Understanding the Divergence Continuum in Whitefish
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Lake Whitefish nascent species pairs offer a rare opportunity
to understand the influence of selection and historical demography on a continuum of phenotypic and genomic divergence
associated with speciation. Previous works have provided
mounting evidence for the role of selection in shaping genetic
and phenotypic divergence across this continuum (Rogers
et al. 2002; Landry et al. 2007; Bernatchez et al. 2010;
Renaut et al. 2012; Gagnaire, Pavey et al. 2013; Laporte
et al. 2015). However, the role played by historical demography has never been fully resolved since previous studies largely
depended on mitochondrial DNA alone.
Our study brings new evidence supporting previous findings based on mitochondrial DNA that the onset of this young
radiation matched the last glacial period (Bernatchez and
Dodson 1990, 1991). Using a mutation rate of 108 mutations per site per generation and a generation time of
3.5 years, the average divergence date between glacial lineages was 41,600 ybp (SD 8,100). This is consistent with a
previous study based on mitogenome sequencing (Jacobsen
et al. 2012) that estimated the divergence time between
20,000 and 60,000 ybp. This corresponds to the late
Wisconsin glacial episode, starting 85,000 years ago, during
which the Laurentide ice sheet covered the studied region in
eastern North America, with a maximum ice extent occurring
25,000 ybp (Curry 2007). The average time of secondary
contact obtained here, was dated to 11,200 years (SD 5,700),
which also corresponds to the glacial retreat period, at which
the lakes were colonized by the two glacial lineages from
eastern (Acadian) and western (Atlantic/Mississipian) glacial
refuges (Curry 2007). Therefore, the inferred timing of divergence and secondary contact between glacial lineages
matches relatively well the chronology of the climatic events
in eastern North America.
Our results suggest that demographic differences among
lakes have contributed to shaping the divergence continuum
observed among the five lakes. Introgression rates tended to
be higher in the least divergent species pairs, resulting into a
weaker genetic differentiation. Yeaman et al. (2016) recently
showed that the formation of genomic islands by erosion of
divergence following secondary contact depends on the
amount of linkage disequilibrium (LD) among selected loci
and the intensity of effective migration. Here, we showed
that effective migration rate was generally higher in the least
differentiated lakes (Témiscouata and East), whereas at the
same time, increased LD among genomic islands has been

documented in the most divergent lakes (Gagnaire, Pavey
et al. 2013). Therefore, the divergence continuum likely
implies both the antagonistic effects of divergent selection
maintaining LD and introgression eroding past divergence.
Our study also provides new insights on the role of linked
selection in shaping patterns of genomic divergence observed
among the whitefish species pairs. Namely, we inferred that
some genomic regions have experienced a reduction in Ne, as
predicted under the effect of selection at linked sites
(Cruickshank and Hahn 2014). The increasing proportion of
genomic regions affected by Hill–Robertson effects, from the
least to the most divergent lakes, indicated that the divergence continuum among lakes was also influenced by linked
selection.
In the light of those observations, along with previous studies on this system, we propose that the continuum of genetic
divergence in whitefish species pairs is the evolutionary result
of a complex interplay between 1) genetic divergence between glacial lineages through lineage sorting and mutation
accumulation, 2) reduced introgression in genomic regions
involved in reproductive isolation due to the accumulation
of incompatibilities, 3) divergent selection on phenotypes
maintaining LD, and 4) the independent contingency of demographic events among lakes. The heterogeneous landscape of species divergence in the whitefish system was
thus likely built by a combination of selective and demographic factors. Our inferences allowed us to disentangle
part of this complex interplay, although many aspects remain
to be clarified. In particular, whether selection at linked sites
also plays a role in facilitating the accumulation of incompatibilities during allopatry isolation will need to be scrutinized
into more details, as well as the role of such incompatibilities
in facilitating the divergence of quantitative polygenic traits
following secondary contact. This could be achieved by testing the effect of divergence on quantitative traits with and
without the joint action of selection against hybrids. Indeed, a
model mixing components of allopatric speciation, with the
accumulation of genetic incompatibilities (e.g., underdominant mutations) and sympatric speciation (i.e., local adaptation involving divergent selection on quantitative traits),
would differ from the coupling hypothesis model which
mostly considers local adaptation loci of relatively strong effect (Bierne et al. 2011). We argue that this kind of models
could be relevant for some systems in which sympatric speciation after admixture, or parallel hybrid speciation, has been
inferred without explicitly testing a single divergence event
with recent secondary gene flow (Kautt et al. 2016; Meier
et al. 2017). We also believe that demographic inferences
approaches should systematically include basic scenarios of
divergence, extended by models with increasing levels of
complexity to address demographic and selective effects separately and then combined, and not only focus on the a priori
history of the system. To conclude, this study illustrates the
potential benefits of applying a modeling framework to
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disentangle the relative role of demography and selection,
toward elucidating the complexity of species divergence in
any other taxonomic group.

Availability
The source code for demographic inferences and documentation are available on Github (https://github.com/crougeux/
Dadi).

Supplementary data are available at Genome Biology and
Evolution online.
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Speciation is a complex process that leads to the progressive establishment of reproductive
isolation barriers between diverging populations. Genome-wide comparisons between closely
related species have revealed the existence of heterogeneous divergence patterns, dominated
by genomic islands of increased divergence supposed to contain reproductive isolation loci.
However, this divergence landscape only provides a static picture of the dynamic process of
speciation, during which confounding mechanisms unrelated to speciation can interfere. Here
we use haplotype-resolved whole-genome sequences to identify the mechanisms responsible
for the formation of genomic islands between Atlantic and Mediterranean sea bass lineages.
Local ancestry patterns show that genomic islands ﬁrst emerged in allopatry through linked
selection acting on a heterogeneous recombination landscape. Then, upon secondary contact,
preexisting islands were strongly remolded by differential introgression, revealing variable
ﬁtness effects among regions involved in reproductive isolation. Interestingly, we ﬁnd that
divergent regions containing ancient polymorphisms conferred the strongest resistance to
introgression.
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nderstanding how genetic differences accumulate between
populations over time to eventually form new species is
one of the main objectives in evolutionary biology1,2.
Speciation is generally thought as a gradual mechanism that
proceeds through intermediate stages whereby gene ﬂow is not
completely interrupted and genomes remain permeable to genetic
exchanges3–6. As long as species can still hybridize, studying gene
exchange provides access to variety of evolutionary mechanisms
involved at different stages of the speciation process7,8. Advanced
sequencing technologies now provide a genome-wide view of
divergence between closely related species, improving our
understanding of how speciation unfolds at the molecular level9.
A growing number of speciation genomics studies have demonstrated the existence of heterogeneous genomic divergence patterns between entities at different stages of speciation10–20.
However, difﬁculties to relate empirical divergence patterns to the
underlying mechanisms involved in their formation limit the
potential of speciation genomics approaches21,22.
Heterogeneous genome divergence between taxa can have
several possible causes that need to be individually assessed for
understanding the underlying mechanisms generating regions of
increased divergence23,24, the so-called genomic islands10,11,20.
Among them, accelerated rates of lineage sorting within populations due to recurrent events of either selective sweeps25 or
background selection (BGS)26 can generate incidental islands of
relative divergence that are not necessarily related to reproductive
isolation (RI)27. An important objective of speciation research is
therefore to identify and understand the origin of genomic islands
associated with barrier loci responsible for gene ﬂow reduction
between diverging populations22. Such islands may be themselves
explained by different mechanisms depending on the intensity
and timing of gene ﬂow and the genomic architecture of RI24.
Elucidating the typical conditions under which each mechanism
is at play is central to understanding the roles of selection and
gene ﬂow in the speciation process.
The identiﬁcation of genomic regions that are truly resistant to
introgression remains a challenging task, especially because the
aforementioned mechanisms are inﬂuenced by the recombination
landscape and therefore tend to affect similar regions of the
genome27–29. To disentangle the role of these confounding factors, substantial levels of gene ﬂow may be needed to properly
reveal the genomic regions involved in RI. Moreover, the analysis
of gene ﬂow and selection may be facilitated by the direct
detection of introgressed chromosomal segments, combined with
an explicit consideration of the demographic history30. Here we
developed this type of approach in a high gene ﬂow marine
species.
The European sea bass (Dicentrarchus labrax) provides an
interesting model to understand the evolution of genomic
islands31. The species is subdivided into an Atlantic and a
Mediterranean lineage that hybridize in the Alboran sea32. Historical demographic inferences revealed that the two lineages
have started to diverge in allopatry around 300,000 years before
present (BP) and then experienced a post-glacial secondary
contact generating varying rates of introgression across the genome31. This evolutionary history mirrors the distributional range
shifts that occurred across many taxa during glacial periods
especially in the Atlantic–Mediterranean region33, which are
recognized as an important source of species diversiﬁcation34,35.
Admittedly, however, the divergence history of sea bass lineages
may involve a more complex succession of divergence and contact periods potentially paced by the quasi-100,000-year glacial
cycles during the Pleistocene36. Here we characterize local
ancestry patterns using haplotype-resolved whole-genome
sequences within a geographic context to (i) infer the divergence
history of sea bass lineages from the length spectrum of
2

introgressed tracts and shared haplotypes and (ii) identify the
different mechanisms involved in the formation and remolding of
genomic islands of differentiation. Our results show that genomic
regions experiencing stronger linked selection due to low
recombination not only diverge faster during allopatric episodes
but also better resist introgression in the presence of gene ﬂow.
These ﬁndings support that multiple loci affect RI in sea bass,
with the most divergent having the strongest effects.
Results
Spatial population structure and admixture. The genetic relationships of the newly sequenced genomes with respect to the
range-wide population structure of the European sea bass were
evaluated with a Principal Component (PC) Analysis including
112 additional individuals genotyped at 13,094 common single
nucleotide polymorphisms (SNPs; Fig. 1a, b and Supplementary
Note 2). The main component of genetic variation (axis 1, 43.54%
of explained variance) clearly distinguished Atlantic from Mediterranean populations, while the second axis (2.59%) revealed a
subtle genetic differentiation between eastern and western Mediterranean basins (E-MED and W-MED, respectively). Genetic
admixture was found to occur along the Algerian coast, which is
the principal zone where Atlantic alleles enter the Mediterranean
sea. The resulting inﬂow of Atlantic alleles within the Mediterranean generates a longitudinal gradient of introgression illustrated by a shift between W-MED and E-MED samples along the
ﬁrst PC axis (Fig. 1b).
Migrant tracts' identiﬁcation. Spatial introgression patterns were
also detected at the chromosome level using local ancestry
inference based on 2,628,725 phased SNPs. The proportion of the
genome occupied by migrant tracts was twice higher in the WMED (31%) compared to the E-MED population (13%), which
also displayed shorter migrant tracts (Fig. 1c, d). The longest
introgressed haplotype detected in the W-MED (2.03 Mb) was
twice as long as the longest one found in the E-MED population
(0.98 Mb). More generally, the genome-wide distribution of
migrant tract length showed a reduced abundance of tracts over
all length classes in the E-MED compared to the W-MED
population. This shift is consistent with the action of recombination that progressively erodes recently introgressed tracts as
they diffuse by migration from the entrance to the bottom of the
Mediterranean sea. Consistently, this effect was not apparent for
the shortest migrant tracts (i.e., <50 kb) that probably reside in
the Mediterranean sea for a much longer time than the time
needed to diffuse from west to east. The Atlantic population was
the least introgressed, with <5% of its genome occupied by tracts
of Mediterranean ancestry. Migrant tracts were also shorter
(maximum length 0.62 Mb) and less abundant over the wholelength spectrum (Fig. 1c, d). This is consistent with a reduced
amount of gene ﬂow from the Mediterranean to the Atlantic
population31. Finally, our method for reconstructing ancestral
Mediterranean genomes effectively removed migrant tracts
(Supplementary Note 4), leaving very small residual amounts of
Atlantic haplotypes in the reconstructed Mediterranean genomes
(Fig. 1c), except for genomic regions that were strongly introgressed by Atlantic alleles (Supplementary Figs. 5 and 6).
Analysis of migrant tract length distribution. An 85% fraction
of the 100 kb windows located in low-recombining regions of the
Mediterranean genomes present introgressed Atlantic tracts that
are on average >50 kb (Supplementary Fig. 7). Using a recombination clock, we found that this observation is consistent with
introgression occurring during the past 17,000 years. Since the
most part of the introgressed tracts length distribution is
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Fig. 1 Spatial population structure and local ancestry patterns. a Geographical location of samples, including the newly sequenced genomes (colored
circles) and additional reference samples from the Atlantic (dark gray), W-MED (gray), E-MED (light gray), and the Algerian admixture zone (gray
crosses). b Principal Component Analysis of newly sequenced genomes combined with 112 individuals genotyped at 13,094 common SNPs (MAF > 0.1).
The ﬁrst PCA axis distinguishes Atlantic and Mediterranean populations while the second axis reveals a subtle population structure between W-MED and
E-MED. Some individuals from the Algerian coast represent admixed genotypes between Atlantic and Mediterranean populations. c Schematic
representation of a 2 Mb region within chromosome 7, showing the mosaic of ancestry blocks derived from Atlantic (red) and Mediterranean (yellow)
populations. For simpliﬁcation, we only display two individual haplotypes from Atlantic samples, four from W-MED, four from E-MED, and two
reconstructed ancestral Mediterranean haplotypes from E-MED samples. d Migrant tract length distribution obtained for the Atlantic (red, showing tracts
of Mediterranean origin), W-MED (orange), and E-MED (yellow) populations (showing tracts of Atlantic origin) using four individuals per population and a
total of 2,628,725 phased SNPs
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consistent with a recent secondary contact, we evaluated the
goodness-of-ﬁt of the previously inferred post-glacial secondary
contact model31, which places the onset of gene ﬂow 11,500 years
ago. We performed coalescent simulations with variable recombination rates under this model to generate whole-genome data
using the recombination structure of sea bass chromosomes. The
length distribution of migrant tracts obtained from these simulations reproduced well the observed distribution for both the
Atlantic and Mediterranean populations (Fig. 2). Therefore, the
secondary contact model inferred from the joint site frequency
spectrum without using linkage information31 has a high predictive power regarding the length distribution of introgressed
tracts when accounting for recombination rate variation.
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Testing waves of historical gene ﬂow. Initial divergence between
sea bass lineages has been dated around 270,000 years BP31,
corresponding to three glacial cycles36 during which possible
genetic interactions may have occurred when interglacial conditions were similar to present. In order to address whether short
migrant tracts found within low-recombining regions of the
genome could result from waves of historical gene ﬂow, we
developed a ﬂexible model of divergence in which the history of
admixture can take different forms (Fig. 3a). The modeling scenarios were subdivided into three categories according to the
distribution of admixture pulses over time: (i) continuous
migration, (ii) secondary contact, and (iii) periodic pulses
(Fig. 3b). Our demographic inferences showed an increase in

0

0

Introgresssed tract length (bp)

Fig. 2 Observed and simulated migrant tract length distributions in the
Atlantic and Mediterranean populations. Observed distributions (gray) of
migrant tract length are compared with simulated distributions (colored)
under the post-glacial secondary contact scenario illustrated in the topright corner31. The abundance of introgressed tracts as a function of their
length is represented for observed vs. simulated data in the Atlantic (dark
gray vs. red circles, showing tracts of Mediterranean origin) and
Mediterranean populations (light gray vs. yellow circles, showing tracts of
Atlantic origin)
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of divergence and gene ﬂow between Atlantic and Mediterranean sea bass populations. An ancestral population of size N splits into two populations of size
N1 and N2, experiencing one to several (m) cycles of interrupted gene ﬂow during Tdiff generations followed by migration during Tc generations. Each
contact episode contains one to several (n) pulses of admixture (black arrows), replacing Mediterranean and Atlantic populations by a proportion f1 and f2
of migrants, respectively. The most recent admixture pulse occurs at time Tc/100 before the end of each contact episode, and preceding pulses are
homogeneously distributed every (Tc−Tc/100)/n time interval. b Modeling scenarios fall into three different categories according to the distribution of
admixture pulses over time: continuous migration, secondary contact, and periodic pulses. The illustrated example shows these three categories with nine
pulses represented by vertical bars along the timeline. c The log-likelihood values obtained for each of the three modeling scenarios from two to ten
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Upper-left: the three distributions observed within ATL and W-MED and between ATL and W-MED populations. Upper-right: model ﬁt within ATL. Lowerleft: model ﬁt within W-MED. Lower-right: model ﬁt between ATL and W-MED

likelihood with increasing numbers of pulses in each scenario
(Fig. 3c). This is because the total number of admixture pulses
contained in each model (i.e., the product m × n) acts as a hidden
nuisance parameter, even though the three different scenarios
were built using the same number of model parameters. Therefore, we only compared likelihood values among scenarios with
identical number of admixture pulses, considering up to 10 pulses
in total (the likelihood tended to ﬂatten out beyond this value).
We found the secondary contact scenario to be the bestsupported model across the entire range of admixture pulse
4

number (Fig. 3c and Supplementary Table 2) and therefore found
no support for a periodic pulse model with separate waves of gene
ﬂow. The best-ﬁt secondary contact model (n = 10 pulses,
Fig. 3d) provided clear support for asymmetric introgression,
with a more than six-fold higher introgression rate from the
Atlantic into the Mediterranean than in the opposite direction,
which is consistent with previous ﬁndings31. The duration of
allopatric divergence relative to the secondary contact period was
found shorter than previously reported (Supplementary Table 3).
Nevertheless, the splitting times estimated between Atlantic and
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Mediterranean sea bass lineages were highly consistent across
methods (ca. 300,000 years BP for the best identity-by-state (IBS)
tract model vs. 270,000 years BP from the best JAFS model31).
Linking genomic islands to modes of selection. We investigated
chromosomal patterns of genetic differentiation (FST) and absolute sequence divergence (dXY) between Atlantic and

Mediterranean populations. We found highly varying levels of
relative and absolute divergence across the genome, with Mbscale regions of elevated divergence preferentially mapping to
low-recombining regions (Fig. 4a–c and Supplementary Fig. 9).
Consistent with predictions from the linked selection
hypothesis27,37, FST and dXY were, respectively, negatively and
positively related to the population-scaled recombination rate (ρ
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= 4Ner) (Fig. 5a–d, Supplementary Figs. 10 and 11). However, the
highest FST values tended to be associated with high values of dXY
mapping preferentially to low-recombining regions (Fig. 5),
which is not expected under the single action of linked selection38. Speciﬁcally, we found that the most divergent windows in
terms of both FST and dXY were also associated with high RNDmin
values (Fig. 5e, f and Supplementary Fig. 12) or low frequencies of
introgressed tracts (Fig. 5g, h and Supplementary Fig. 13), indicating increased resistance to gene ﬂow. This is consistent with
the similar levels of contemporary and ancestral FST values
reconstructed in these regions (Fig. 4a, b, mauve vs. purple FST
plots in the red dotted box).
In order to evaluate the extent to which these observations
support the existence of genomic islands resistant to gene ﬂow,
we simulated the secondary contact scenario under different
modes of selection. Our simulations show that only the BGS+RI
model can reproduce the combinations of statistics observed
within genomic islands characterized by high values of both FST,
dXY, and RNDmin (Fig. 6a). By contrast, the Neutral model cannot
generate high FST values due to migration, whereas, although the
BGS model could reach such values provided sufﬁcient strength
of background selection (BGS), it would on the other hand
generate low dXY values. The comparison between observed and
simulated data revealed that the BGS+RI model outperformed
the Neutral and the BGS model for 16.7% of observed genomic
windows, which are also characterized by high values of dXY, FST,
and RNDmin (Fig. 6b). Therefore, barriers to gene ﬂow between
Atlantic and Mediterranean sea bass tend to involve regions of
low recombination where both relative and absolute divergence
are higher than expected under the sole effect of linked selection.
Variable degrees of resistance to gene ﬂow among genomic
regions were also detected using spatial comparisons of
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c

ATL/W-MED

divergence patterns. Despite the strong correlation observed
between ATL/W-MED and ATL/E-MED FST patterns (Supplementary Fig. 5), some peaks of ancestral differentiation almost
completely vanished in ATL/W-MED contemporary patterns but
remained remarkably unchanged in the ATL/E-MED comparison
(Fig. 4, black dotted box). By contrast, some peaks seem to have
resisted to introgression in both ATL/W-MED and ATL/E-MED
comparisons (Fig. 4, red dotted box). These differences are
consistent with variable strength of the barrier effect among
genomic regions involved in RI and possibly to local introgression
swamping (i.e., adaptive introgression in the W-MED or genetic
incompatibilities that escaped from coupling).
Despite selection against introgression in some genomic
regions, the length of introgressed tracts at the genome scale
was largely determined by the local recombination rate (Fig. 4f±g).
However, we found that the mean length of introgressed tracts
was reduced (up to four-fold) in the close vicinity (<200 kb) of the
strongest barriers to gene ﬂow identiﬁed by outlier RNDmin values
(Supplementary Fig. 14), consistent with theoretical predictions39.
When combined across all chromosomes, such regions only
represented 4% of the genome.
Finally, we found a negative correlation between the local
fraction of introgressed tracts and both ancestral FST and RNDmax
(Supplementary Fig. 15). This indicates that the regions with the
highest level of precontact differentiation and maximal divergence were the less likely to introgress during the recent
secondary contact episode. Moreover, observed values of dXY
and RNDmin within genomic islands resistant to gene ﬂow were
higher than those obtained using simulations under the BGS+RI
model. These results thus support that the haplotypes located in
the genomic regions containing RI loci are older than the average
age of alleles across the genome.
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Discussion
We used two different approaches based on haplotype information to resolve the history of divergence and gene ﬂow between
Atlantic and Mediterranean sea bass lineages. First, our coalescent
simulations with recombination showed that the observed length
distribution of introgressed tracts can be well reproduced by the
post-glacial secondary contact model inferred in a previous
study31. We then evaluated whether the presence of short introgressed tracts in low-recombining regions could indicate the
existence of older admixture events. Although there is a possibility that, during the whole divergence history, the quasi100,000-year glacial cycles36 have promoted discrete waves of
gene ﬂow, we did not ﬁnd evidence for a cyclic connectivity
model representing glacial oscillations. Instead, our demographic
inferences based on the IBS tract spectrum also supported a
scenario of secondary contact and conﬁrmed that Atlantic and
Mediterranean sea bass lineages have started to diverge around
300,000 years BP. We nonetheless detected an older time of
contact that might explain the shortest introgressed tracts found
in low-recombining regions.
Admittedly, the power of our inferences may be limited by the
confounding effects of time and recombination on the length of
introgressed tracts40–42. Therefore, haplotype-based methods may
be sensitive to local inaccuracies in the estimation of recombination rate along the genome. Furthermore, although the magnitude of divergence was captured by the between-lineages
spectrum of shared IBS tracts, the two within-lineages spectrums
were highly similar, possibly leading to a lack of signal to precisely

estimate the duration of secondary contact with the IBS tract
method.
The two approaches implemented here neglect the effects of
temporal changes in effective population size and selection
against introgressed tracts. Populations surviving in glacial refugia possibly experienced bottlenecks34, which could have
impacted the IBS tract spectrum43. Furthermore, the removal of
long blocks of foreign ancestry by selection can reduce the
average length of introgressed tracts, although we showed that
this only happens in a minor fraction (4%) of the sea bass genome. Therefore, selection against migrant tracts is unlikely to
cause signiﬁcant violations to our neutral modeling approach,
which should not interfere with its capacity to discriminate
among alternative divergence scenarios. Nevertheless, unaccounted selection may explain the over-predicted abundance of
introgressed tracts <500 kb in the Mediterranean (Fig. 2) and of
IBS tracts >100 kb (Fig. 3). Future works will have to integrate the
effect of selection against introgression within demographic
models, as previously done for demographic inference from
unphased data6,44,45.
The role of gene ﬂow in generating genomic islands is a long
standing debate3,22,27,37,46,47. In particular, whether gene ﬂow
simply remodels evolving or pre-existing divergence patterns or
constrains divergence to evolve principally in low-recombining
regions remains an open question24. Our results demonstrate that
linked selection48 has increased the rate of lineage sorting in lowrecombining regions, generating heterogeneous genome divergence between sea bass lineages during their geographic isolation.
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This was supported both by the genome-wide correlations
between divergence and recombination and the reconstructed
ancestral landscape of divergence. The reduction of recombination in the center of chromosomes relative to their peripheries is a
common feature of ﬁsh genomes49,50, which is possibly due to
crossover interference51 and male heterochiasmy52. Therefore,
linked selection generating heterogeneous differentiation across
the genome can be seen as a null expectation for allopatric
divergence in sea bass, as in other teleost ﬁsh.
Gene ﬂow after secondary contact has the potential to remodel
heterogeneous divergence landscapes by eroding neutral differentiation28, sometimes rapidly24. However, how RI loci affect the
dynamics of erosion of pre-existing islands of differentiation
during secondary contact remains poorly understood. Our direct
detection of introgressed tracts revealed broad variation in the
rate of introgression among regions displaying similar levels of
divergence. In some regions where ancestral peaks of FST have
been found, the amount of introgression was high and the peaks
almost vanished after secondary contact. This suggests that these
incidental islands do not contain RI loci27, or if they contained
any, have managed to escape coupling with other such genes. On
the other hand, reduced introgression in many other regions
conﬁrms the view that introgressed alleles generally have negative
ﬁtness effects in the foreign genetic background30,53 (although we
did not speciﬁcally address the extent of adaptive introgression in
that study). The spatial comparison of introgression patterns
between recipient populations (W-MED and E-MED) at variable
distances from the source population (ATL) provides indirect
cues about the distribution of ﬁtness effects of introgressed tracts.
Some genomic islands were resistant to introgression in both
Mediterranean populations, indicating strong selection against
introgressed tracts. In most genomic islands, however, introgression was more reduced in the E-MED compared to the WMED. This either suggests that stronger migration overwhelms
the effect of selection in the W-MED or that selection takes more
time to remove weakly selected migrant tracts as they diffuse
from the western to the eastern part of the Mediterranean sea.
An important result stemming from the analysis of introgression is that the degree of resistance to gene ﬂow for a given region
was positively related to the past level of differentiation and to the
absolute divergence between haplotypes, independently of the
local mutation rate. Therefore, the strength of selection against
introgressed tracts at a given genomic location seems to be at least
partly explained by the coalescence time between haplotypes. The
expected amount of absolute divergence in low-recombining
regions of the sea bass genome can be determined by summing
values of ancestral diversity (θanc ≈ 0.001, estimated from the
mean diversity of contemporary populations) and sequence
divergence due to the accumulation of mutations in both lineages
after split (2μT ≈ 0.001, determined using the divergence time
estimated from demographic models). This amounts to E(dXY) =
θanc + 2μT = 0.002, a value twice higher than the observed
genome-wide average, which is decreased by introgression. By
contrast, the strongest barriers to gene ﬂow between Atlantic and
Mediterranean sea bass involve regions with higher dXY values
ranging between 0.002 and 0.005. Our simulations under the BGS
+RI model conﬁrmed that this excess of coalescence time is not
expected under a scenario whereby differential introgression
reshapes a heterogeneous divergence landscape previously
established by linked selection alone38. To explain these results,
we thus need to consider the sorting of ancient polymorphisms
during the divergence period, subsequently acting as barrier loci
upon secondary contact.
The origin of such alleles that started to diverge before the
average coalescent time expected from historical reconstructions
remains uncertain. Recent studies have emphasized the role of
8

introgression from a distantly related lineage as a source of new
adaptations54–56, which can possibly play a role in RI57. Although
we previously found no evidence for contemporary gene ﬂow
between D. labrax and its closest relative D. punctatus31, we
cannot rule out a possible past admixture with D. punctatus or an
extinct lineage or the existence of an ancestral population structure42. Another possible explanation involves the existence of
balanced polymorphisms of various types (e.g., frequencydependent selection or local adaptation) maintained for a long
time in the ancestral population, followed by the ﬁxation of
alternative alleles in the derived populations58.
Whatever the origin of the alleles that contribute to RI, our
results clearly show that barrier loci tend to map preferentially to
low-recombining regions. Such pattern may arise through different but non-mutually exclusive mechanisms. First, during
isolation, weakly deleterious mutations are more likely to become
ﬁxed by drift or due to hitchhiking with a positively selected allele
if recombination is reduced59. This may subsequently trigger the
ﬁxation of compensatory mutations independently in each
population, which could become genetic incompatibilities upon
contact60. Another effect of linked selection is to accelerate
lineage sorting27, increasing the chance to ﬁx alternative alleles in
low-recombining regions during short isolation periods (i.e., <10
Ne generations). Finally, during secondary contacts, the retention
of divergence is facilitated when multiple incompatibility loci
combine their effects through linkage, especially if some of these
loci are involved in local adaptation61. Therefore, the density of
selected sites determines, in interaction with recombination, the
strength of selection against introgressed tracts and the tendency
for increased neutral introgression near chromosome
extremities24,28,30,53,62. These different effects are likely to be
ampliﬁed if ancestral variation has been fueled by foreign alleles
coming from a distant lineage during the divergence history.
To conclude, our results shed new light on the origin and
remolding of genomic islands during the divergence history of
European sea bass lineages. Thanks to the use of haplotypic
information, we provide a more mechanistic understanding of the
complex interplay between linked selection, allele age, and resistance to introgression. The recombination landscape appears to
be an essential driver of the observed genomic patterns, inﬂuencing both lineage sorting and introgression. Our ﬁndings also
support that the genomic islands generated by linked selection
tend to be disproportionately involved in RI during allopatric
speciation, although some of them are purely incidental and are
currently being eroded by gene ﬂow. Finally, the probability of
introgression in a particular genomic region is negatively related
to the level of divergence between alleles, a result possibly indicating that either past admixture or long-term balancing selection
has participated to the evolution of reproductive barriers in sea
bass.
Methods
Whole-genome resequencing and haplotyping. Haplotype-resolved whole genomes were obtained using a phasing-by-transmission approach63. Eight
parent–offspring trios were generated using 16 wild European sea bass, including 4
males from the Atlantic Ocean (English Channel, ♂ATL), 4 males from the eastern
Mediterranean sea (2 from Turkey and 2 from Egypt, ♂E-MED), and 8 females from
the western Mediterranean sea (Gulf of Lion, ♀W-MED). This trio design is well
adapted to recover haplotype information and use local ancestry for inferring the
history of divergence, which does not require large sample sizes. Wild parents were
crossed in the laboratory to produce 4 families of ♂ATL × ♀W-MED and 4 families of
♂E-MED × ♀W-MED (Supplementary Fig. 1, Supplementary Table 1). Artiﬁcial mating
and ﬁsh rearing were performed in normal conditions at the Ifremer aquaculture
facility under experimental agreement C 34-192-6 and in agreement with the
French decree no. 2013 -118 1 February 2013 NOR:AGRG1231951D. For each
family, the two parents and one randomly selected descendant were submitted to
whole-genome resequencing.
Individual genomes were sequenced to an average depth of 15.5×
(Supplementary Table 1, Supplementary Fig. 2) using Illumina paired-end reads of
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100 bp. Reference alignment to the sea bass genome31 was performed using BWAmem v0.7.5a64. After ﬁltering duplicate reads, the mean coverage depth per family
ranged between 11.3× and 17.6×. We followed the Genome Analysis Toolkit
(GATK v3.3-0) best practice pipeline65,66, applying both base-quality score
recalibration and variant-quality score recalibration before calling variants
(Supplementary Note 1). Phasing-by-transmission was performed using default
parameters. For all downstream analyses, we only used SNPs from parental
genomes that were successfully phased using the information contained in the
genome of their offspring. SNPs located on the mitochondrial chromosome and the
ungrouped fraction of the genome were excluded. Finally, we applied a stringent
ﬁlter on individual genotype quality (>30) and only retained variants without any
missing or excluded genotype. Our ﬁnal dataset consisted of 2,628,725 SNPs
phased into chromosome-wide haplotypes from 14 individuals.
Detection of introgressed haplotypes. We used Chromopainter v0.0467 to perform local ancestry inference and identify migrant tracts resulting from introgression between Atlantic and Mediterranean lineages. The program uses a hidden
Markov Model to estimate the probability of Atlantic and Mediterranean ancestry
at each variable position along the genome using patterns of haplotype similarity.
Each individual was separately considered as a “recipient” and compared to
“donor” individuals present in reference Atlantic and Mediterranean populations.
A recipient chromosome was reconstructed as a combination of DNA chunks from
donor individuals, the donor of each chunk being identiﬁed as the most similar
haplotype from the reference populations. Therefore, the local ancestry proﬁle of a
given recipient chromosome was made of a mosaic of DNA chunks for which the
probability to be inherited from either lineages was inferred by Chromopainter.
We developed a method to determine the starting and ending positions of each
migrant tract (Supplementary Fig. 3). Atlantic migrant tracts within Mediterranean
genomes were delimited by analyzing the probability of Atlantic ancestry inferred
by Chromopainter. A given haplotype was considered as truly Atlantic when this
probability was >0.95 and as Mediterranean when it was <0.05. Positions with
intermediate probabilities lying between 0.05 and 0.95 corresponded to ambiguous
regions that were assigned the same ancestry as non-ambiguous neighboring sites.
Therefore, an Atlantic tract was deﬁned by a starting position where the inferred
probability of Atlantic ancestry reached 0.95 and an ending position where it
dropped below 0.05. To avoid bias in the estimated length of introgressed tracts
depending on the reading direction of ancestry proﬁles, we shifted the beginning
and ending point of each tract to the closest position with an ancestry probability of
0.5. The presence of Mediterranean migrant tracts within Atlantic genomes were
identiﬁed in the same way, by analyzing the probability proﬁle of Mediterranean
ancestry.
Chromopainter requires non-introgressed reference individuals from every
potential source population in order to detect introgressed haplotypes in focal
samples. Although the Atlantic lineage is only slightly introgressed by
Mediterranean alleles, the Mediterranean lineage is by contrast heavily impacted by
gene ﬂow. Therefore, the presence of Atlantic haplotypes in both Atlantic and
Mediterranean references populations can confound the accurate prediction of
local ancestry by Chromopainter. We thus developed a procedure to reconstruct
non-introgressed Mediterranean genomes by removing migrant tracts in a stepwise manner (Supplementary Note 3, Supplementary Fig. 4). Introgressed segments
of Atlantic origin were identiﬁed by exploiting the different levels of introgression
existing between W-MED and E-MED populations (31% in the W-MED compared
to 13% in the E-MED population, see Results). This strategy enabled us to
reconstruct the ancestral genetic diversity of the Mediterranean populations before
secondary gene ﬂow from the Atlantic, which signiﬁcantly improved the detection
of introgressed tracts (Supplementary Note 4, Supplementary Figs 5 and 6).
Analysis of migrant tract length distribution. The most abundant class of tracts
found in low-recombining regions of the sea bass genome have an average length of
50 kb (Supplementary Fig. 7). Using an analytical expectation for the average
length of migrant tracts following an admixture pulse42, we estimated that these
tracts have introgressed the W-MED population approximately 17,000 years BP
(Supplementary Note 5). Given that 85% of the Atlantic introgressed tracts found
in low-recombining regions are on average >50 kb, the length distribution of
migrant tracts is consistent with a post-glacial secondary contact. To assess the
goodness-of-ﬁt of the secondary contact model previously inferred from the joint
allele frequency spectrum31, we compared the length distributions of migrant tracts
observed in Atlantic and Mediterranean populations to simulated distributions. We
used the coalescent simulator msprime v0.4.068 to generate genome-scale haplotype data with variable recombination rates under the previously inferred secondary contact model31 (Supplementary Fig. 8), using the same parameter values.
We then analyzed simulated data with Chromopainter to get the genome-wide
distribution of migrant tract length in each population and compared it with the
observed distributions.
Testing waves of historical gene ﬂow. The demographic history of Atlantic and
Mediterranean sea bass populations was inferred from the length distribution of
tracts of IBS using a composite likelihood method43. We extended this approach to
test for successive waves of gene ﬂow during divergence (Supplementary Note 6).
We developed a simple and ﬂexible model that can account for multiple equal-

length episodes of divergence and gene ﬂow between two populations (Fig. 3a).
Using only nine parameters, the model can represent a large range of demographic
scenarios falling into three categories. (i) Continuous migration (an approximation
of the Isolation-with-Migration model) is modeled using several contacts (m > 1)
each containing a single pulse (n = 1), with no isolation period separating contact
episodes (Tdiff  0). In this scenario, the m pulses are therefore continuously
distributed along the whole divergence history, with Tc generations separating two
consecutive pulses. (ii) Secondary contact with a single period of isolation and gene
ﬂow (m = 1), including
 a longenough interruption of gene ﬂow to allow diver-

gence before contact Tdiff > TnC . (iii) Periodic pulses with m > 1 and a long enough

interruption of gene ﬂow to initiate divergence between two successive contacts
(Tdiff >0:1 ´ Ne and Tdiff > TnC ). In secondary contact and periodic pulses scenarios,
continuous gene ﬂow within contact episodes can be approximated with several
admixture pulses sufﬁciently close in time (TnC « Ne). Even though every scenario
can be modeled using the same number of parameters, the total number of
admixture pulses in a given scenario (i.e., the product m × n) acts as a nuisance
parameter. Therefore, we only compared estimated composite likelihoods among
scenarios having the same total number of admixture pulses (Fig. 3c and Supplementary Table 2).
The information about the timing of introgression events is expected to be better
preserved within low-recombining regions40,42. Therefore, we only used sequence
information from the low-recombining fraction of the sea bass genome (using
ρ ≤ 10, the population-scaled recombination rate estimated by ref. 31) to infer the
demographic divergence history from the length distribution of IBS tracts.
Inferences were performed using a grid search on the total number of pulses,
making the product m × n vary from 1 to 10. For every combination of m and
n values, we used 20 independent runs in which we let the 7 other parameters being
freely estimated during composite likelihood optimization (Supplementary Table 3).
Whole-genome alignment with an outgroup species. We used the 35,012 scaffolds from the Morone saxatilis genome assembly (www.ncbi.nlm.nih.gov/
assembly/GCA_001663605.1/; sequence length = 585.2 Mb; N50 = 30 kb) to perform alignments against the reference genome of D. labrax. The Mauve Contig
Mover tool69 from the Mauve software v2.4.070 was used to match every scaffold
from M. saxatilis to the D. labrax genome and generate a list of scaffolds matching
to each D. labrax chromosome. Matching scaffolds were properly ordered and
assembled along each chromosome to generate 24 pseudo-chromosomes using the
software Abacas version 1.3.171. We then aligned M. saxatilis pseudochromosomes to the D. labrax genome using the algorithm progressiveMauve in
order to identify insertions in the M. saxatilis genome that were removed to only
conserve homologous sites present in D. labrax. After whole-genome alignment,
mapped scaffolds were evenly distributed among the 24 sea bass chromosomes,
providing outgroup information for 52% of the D. labrax genome. The genomewide average nucleotide divergence between D. labrax and M. saxatilis was 4.35%
(s.d. = 2.36%).
Population genomics statistics. We used several complementary approaches to
assess the level of divergence and introgression between lineages. First, the extent of
genetic differentiation between Atlantic and Mediterranean populations of D.
labrax was evaluated using both relative (FST72) and absolute (dXY73) measures of
divergence. We used Vcftools v0.1.1174 and MVFTools v3.075 to calculate the
average FST and dXY in non-overlapping 100 kb windows. Second, we used
Chromopainter outputs to directly measure the percentage of positions occupied
by migrant tracts and calculate their average length in 100 kb windows. Finally, we
calculated the minimum and maximum pairwise distance between haplotypes
sampled from Atlantic and Mediterranean populations (dXYmin and dXYmax) and
divided these values by the divergence between D. labrax and M. saxatilis (dout) in
each window to compute RNDmin76 and RNDmax statistics. The RNDmin ratio is
more sensitive to low-frequency migrant tracts than FST and dXY. When introgression occurs at a genome-wide scale, the highest RNDmin values indicate regions
of reduced introgression, whereas RNDmax rather reﬂects the maximal absolute
divergence among haplotypes irrespective to introgression. Both statistics are
robust to mutation rate variation across the genome.
Testing for RI. In order to test whether genomic islands are actively reshaped by
migration and selection, we used simulations to generate predictions under the
secondary contact scenario assuming different selective effects. More speciﬁcally,
we evaluated the inﬂuence of BGS and RI on the distribution of FST, dXY, and
RNDmin statistics compared to neutral expectations. The effect of RI and BGS in
low-recombining regions were approximated by respectively reducing the effective
population size (Ne)77 and the effective migration rate (me)28 compared to neutral
loci. We used msprime v.0.0.468 to simulate a post-glacial secondary contact model
under three different selection scenarios. (i) A neutral model parameterized using
the values inferred from the joint allele–frequency spectrum31 (i.e., similar to
Fig. 2). (ii) A BGS model with an increased rate of lineage sorting and neutral
introgression. Three possible levels of BGS were applied to both ancestral and
derived populations (i.e., 0.5 × Ne, 0.2 × Ne, and 0.1 × Ne). The middle range value
was empirically estimated to correspond to the reduction in nucleotide diversity
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observed in low compared to highly recombining regions due to linked selection31.
Finally, (iii) A BGS+RI model with an increased rate of lineage sorting and a
decreased rate of introgression. The effective population size was reduced to 0.2 ×
Ne in both ancestral and derived populations, and the effective migration rate was
reduced to ~0.2 × m compared to neutral regions, as previously inferred for
genomic island loci31. For each model, we simulated a 150 Mb chromosome with
an average recombination rate corresponding to the mean value calculated across
the sea bass genome (6.85 cM/Mb). Divergence and introgression statistics were
calculated in non-overlapping 100 kb windows using Vcftools74 for FST and
MVFtools75 for dXY and RNDmin. To test which simulated model best explains our
data, we compared the joint distributions of dXY, FST, and RNDmin obtained by
simulations under each model to the data. For each 100 kb window, we calculated
the mean Euclidean distance between the Z-scored values of observed and simulated statistics under each of the three models (i.e., Neutral, BGS, and BGS+RI).
Models were then ranked by their Euclidean distance to observed data, to determine the best model for each 100 kb window.
Data availability. Sequence reads have been deposited in the GenBank Sequence
Read Archive under the accession code BioProject PRJNA472842.
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Understanding how new species arise through the progressive establishment of reproductive isolation (RI) barriers between diverging populations is a major goal in Evolutionary Biology. An important result of speciation genomics studies is that genomic regions
involved in RI frequently harbor anciently diverged haplotypes that predate the reconstructed history of species divergence. The
possible origins of these old alleles remain much debated, as they relate to contrasting mechanisms of speciation that are not
yet fully understood. In the European sea bass (Dicentrarchus labrax), the genomic regions involved in RI between Atlantic and
Mediterranean lineages are enriched for anciently diverged alleles of unknown origin. Here, we used haplotype-resolved wholegenome sequences to test whether divergent haplotypes could have originated from a closely related species, the spotted sea bass
(Dicentrarchus punctatus). We found that an ancient admixture event between D. labrax and D. punctatus is responsible for the
presence of shared derived alleles that segregate at low frequencies in both lineages of D. labrax. An exception to this was found
within regions involved in RI between the two D. labrax lineages. In those regions, archaic tracts originating from D. punctatus
locally reached high frequencies or even fixation in Atlantic genomes but were almost absent in the Mediterranean. We showed
that the ancient admixture event most likely occurred between D. punctatus and the D. labrax Atlantic lineage, while Atlantic
and Mediterranean D. labrax lineages were experiencing allopatric isolation. Our results suggest that local adaptive introgression
and/or the resolution of genomic conflicts provoked by ancient admixture have probably contributed to the establishment of RI
between the two D. labrax lineages.
KEY WORDS:

Ancient admixture, introgression, reproductive isolation, genomic conflicts, marine fish.

Impact Statement
Speciation is often viewed as a progressive accumulation of
reproductive isolation (RI) barriers between two diverging
lineages through time. However, because it is a progressive
process, speciation can once initiated take different pathways,
sometimes leading to the erosion of an established species
barrier or the acquisition of new speciation genes transferred
from another species boundary. Here, we describe such a
case in the European sea bass. This marine fish species
split 300,000 years ago into an Atlantic and a Mediterranean
lineage, which remained partially reproductively isolated after

1

experiencing postglacial secondary contact. For unknown
reasons, genomic regions involved in RI between lineages
started to diverge well before the split. We here show that
diverged alleles were acquired by the Atlantic lineage from
an ancient event of admixture with a parapatric sister species
about 80,000 years ago. Introgressed foreign alleles that
were locally driven to high frequencies in the Atlantic have
subsequently experienced reduced gene flow between the
Atlantic and Mediterranean populations during the postglacial secondary contact, thus contributing to increased RI
between two sea bass lineages. These results support the view
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that RI barriers can evolve via reticulate gene flow across
multiple species boundaries.

Speciation is the evolutionary process that leads to the
emergence of new species through the progressive establishment of reproductive isolation (RI) barriers among diverging
populations (Coyne and Orr 2004). Identifying those barriers
and understanding the eco-evolutionary context in which they
evolved has been at the core of the speciation genetics research
program (Presgraves 2010; Wolf et al. 2010). Over the last
decade, progress in sequencing technologies has allowed important insights into the genetic basis of RI barriers through the
study of genome-wide differentiation/divergence patterns among
closely related species (Feder et al. 2012; Seehausen et al. 2014;
Harrison and Larson 2016; Wolf and Ellegren 2016; Ravinet et
al. 2017). An important result of speciation genomics studies
is that the age of the alleles located within genomic regions
involved in RI is often much older than the average coalescent
time computed across the whole genome. This finding indicates
that the regions involved in RI tend to be enriched for anciently
diverged haplotypes. An example of this comes from the fixed
chromosomal inversions involved in RI between Drosophila
pseudoobscura and Drosophila persimilis, which show higher
divergence than collinear regions of the genome (Fuller et al.
2018). Another case is provided by the large genomic regions
of ancient ancestry that have been found across the threespine
stickleback genome, which are involved in RI between marine
and freshwater populations (Colosimo et al. 2005; Nelson and
Cresko 2018). A third example, among others (see Marques et al.
2019 for a review), was described in Darwin’s finches, whereby
genomic regions showing increased divergence in several species
pairs also display anciently diverged haplogroups that originated
before the species splits (Han et al. 2017).
Different hypotheses can explain the origin and the maintenance of these highly divergent haplotypes. First, polymorphism
has possibly been maintained over the long term in the ancestral
population before being differentially sorted among the descendant lineages (Guerrero and Hahn 2017). This hypothesis has
been proposed to explain the excess of haplotype divergence in
the aforementioned examples (Colosimo et al. 2005; Han et al.
2017; Fuller et al. 2018). One mechanism that may explain the
long-term maintenance of polymorphism is ancestral population
structure, that is, subdivision owing to barriers to gene flow in
the ancestral population (Slatkin and Pollack 2008). In addition
to demography, balancing selection due to either frequencydependent selection, heterozygote advantage (overdominance),
or heterogeneous selection in space or time (Charlesworth 2006)
can also promote the maintenance of ancient polymorphisms.
For instance, in Darwin’s finches, balancing selection has been
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proposed to explain the maintenance of divergent haplogroups
associated with beak shape, due to the selective advantage of
rare beak morphologies, or changing environmental conditions
inducing heterogeneous selection (Han et al. 2017). An alternative explanation to the presence of anciently diverged alleles is
admixture with a divergent lineage. Contemporary hybridization
has long been recognized as a common phenomenon in plants
and animals (Abbott et al. 2013; Payseur and Rieseberg 2016),
and cases of ancient admixture are increasingly detected by
genomic studies. One emblematic example is past admixture
between modern humans and two extinct archaic hominin lineages, Neanderthal and Denisova (Green et al. 2010; Meyer et al.
2012; Pääbo 2015). More recently, ancient introgression from the
extinct cave bear has also been detected in the genomes of living
brown bears (Barlow et al. 2018). Therefore, past admixture is
increasingly recognized as a source of anciently diverged alleles
in contemporary genomes.
Understanding why and how divergent haplogroups tend
to disproportionately contribute to the buildup of RI between
nascent species remains, however, highly challenging. First,
because retention of ancestral polymorphism and past admixture
is notoriously difficult to distinguish and not mutually exclusive
hypotheses to explain the presence of anciently diverged alleles
(Durand et al. 2011; Eriksson and Manica 2012; Welch and
Jiggins 2014; Racimo et al. 2015; Theunert and Slatkin 2017).
Second, identifying the genomic regions that resist introgression
is still a major obstacle to the detection of RI loci (Cruickshank
and Hahn 2014). These tasks are now facilitated by the direct
assessment of local ancestry along individual genome sequences
(Schumer et al. 2018b; Duranton et al. 2018), thus paving the way
for assessing the role of ancient admixture in speciation. Here,
we use new haplotype-resolved whole-genome sequences to
delineate the regions involved in RI between European sea bass
lineages and understand the origin of the divergent haplogroups
they contain.
The European sea bass (Dicentrarchus labrax) is a marine fish species subdivided into two glacial lineages, which
correspond to current Atlantic and Mediterranean populations
(Lemaire et al. 2005). The two lineages diverged in allopatry
for about 300,000 years before experiencing a secondary contact
since the last glacial retreat (Tine et al. 2014). Postglacial gene
flow between the two lineages has been strongly asymmetrical,
mostly occurring from the Atlantic to the Mediterranean genetic
background (Tine et al. 2014). Using a detailed analysis of
local ancestry tracts across Mediterranean and Atlantic sea bass
genomes, we found direct evidence for highly heterogeneous
rates of gene flow along most chromosomes (Duranton et al.
2018). This mosaic introgression pattern was attributed to the
presence of multiple small effect RI loci mainly located in lowrecombining regions. Importantly, genomic regions seemingly
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involved in RI also present particularly high values of absolute
nucleotide divergence (dXY ). It is generally assumed that increased dXY indicates the presence of haplotypes that started to
diverge earlier than the rest of the genome. However, regions of
increased divergence may simply have resisted gene flow during
secondary contact, whereas haplotypes in the remainder of the
genome got rejuvenated due to recombination. This later hypothesis has however been rejected in the European sea bass based on
simulations accounting for both background selection and selection against introgressed tracts (Duranton et al. 2018). Therefore,
anciently diverged alleles are unlikely to have evolved within
the 300,000-year divergence history inferred from genome-wide
polymorphism data and are thus older. In the present study,
we use new haplotype-resolved whole-genome sequences to
accurately delineate regions involved in RI and investigate the
mechanisms underlying their excess of divergence. We specifically test for past admixture with a closely related species using a
new genome sequence from the parapatrically distributed spotted
sea bass (Dicentrarchus punctatus). Our results show that gene
flow occurred between D. punctatus and the Atlantic lineage of
D. labrax about 80,000 years ago, resulting in a low background
ancestry from D. punctatus in contemporary D. labrax genomes.
By contrast, genomic regions involved in RI between the two D.
labrax lineages generally display high frequencies of haplotypes
derived from D. punctatus in the Atlantic, whereas these archaic
tracts remain rare in the Mediterranean. This suggests that
ancient admixture has played an important role in the evolution
of RI between Atlantic and Mediterranean Sea bass lineages,
consistently with predictions from models of local adaptive
introgression and selection against genetic incompatibilities.

Material and Methods
WHOLE-GENOME RESEQUENCING AND
HAPLOTYPING

We sequenced the whole genome of one D. punctatus individual from the Atlantic Ocean (Gulf of Cadiz, PUN) and 59
new D. labrax individual genomes. Fifty-two of them were
wild individuals captured from the Atlantic Ocean (English
Channel, 10 males ♂AT ), the western Mediterranean Sea (Gulf
of Lion, 14 females ♀WME and nine males ♂WME ), and the
eastern Mediterranean Sea (Turkey, 10 males ♂NEM and Egypt,
nine males ♂SEM ). Some of these specimens were experimentally crossed to generate first generation hybrids, which were
used to phase the genome of their parents using a phasing-bytransmission approach. To this end, seven F1 hybrids obtained
from seven different biparental families (pedigree ♂AT x ♀WME )
were also submitted to whole-genome sequencing. All captive
breeding procedures were performed at Ifremer’s experimental

aquaculture facility (agreement for experiments with animals:
C 34-192-6). Fish were reared in normal aquaculture conditions
in agreement with the French decree no. 2013–118 (1 February
2013 NOR:AGRG1231951D).
Whole genome sequencing libraries were prepared separately for each individual using either the Illumina TruSeq DNA
PCR-Free (40 individuals) or the TruSeq DNA Nano protocol
(20 individuals), depending on DNA concentration (Table S1),
and following Illumina standard recommendations. Pools of
five individually barcoded libraries were then sequenced on 12
separate lanes of an Illumina HiSeq3000 using 2 × 150 bp PE
reads at the GeT-PlaGe Genomics platform (Toulouse, France).
Thirty-three individuals were sequenced twice due to insufficient
amounts of sequence reads obtained in the first run (Table
S1). For each individual, the alignment of PE reads to the sea
bass reference genome (Tine et al. 2014) was performed using
BWA-mem version 0.7.5a (Li 2013) with default parameters.
Duplicate reads were marked using Picard version 1.112 before
being removed, producing a mean coverage depth of 33.8× per
individual (Fig. S1). We then followed GATK’s (version 3.3-0g37228af) best practice pipeline from individual variant calling
(using HaplotypeCaller), to joint genotyping, genotype refinement, and variant filtering (using Filter Expression: QD < 10;
MQ < 50; FS > 7; MQRankSum < −1.5; ReadPosRankSum <
−1.5). We used the BQSR algorithm to recalibrate base quality
scores using a set of high-quality variants identified in a previous
study (Duranton et al. 2018), and to perform variant quality
score recalibration using the VQSR algorithm. Hard filtering
was then applied to exclude low-quality genotypes with a GQ
score < 30. For the seven mother-father-offspring trios, we used
family-based priors for genotype refinement. We obtained a
total of 14,579,961 SNPs after filtering for indels, missing data
(using –max-missing-count 8) and removing the mitochondrial
and ungrouped scaffolds (chromosome UN) in VCFtools version
0.1.11 (Danecek et al. 2011).
We performed haplotype phasing in D. labrax after removing the D. punctatus individual and merging the 59 newly sequenced genomes with the 16 genomes already obtained in Duranton et al. (2018). Fifteen individuals that were involved in family crosses (i.e., newly sequenced or not already phased in the
previous study) were submitted to phasing-by-transmission using the PhaseByTransmission algorithm in GATK with default
parameters and a mutation rate prior of 10−8 for de novo mutations. For all individuals, variants located on a same read pair
were directly phased using physical phasing information. Nonrelated D. labrax individuals were then statistically phased using the reference-based phasing algorithm implemented in Eagle2 (version 2.4) (Loh et al. 2016). The 22 parents phased with
the phasing-by-transmission approach were used to build a European sea bass reference haplotype library (F1 genomes were
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Figure 1. Phylogenetic relationships among D. labrax lineages, D. punctatus, and the outgroup species M. saxatilis. (A) Three different
topologies rooted by M. saxatilis, representing the species tree (orange) and two discordant topologies grouping D. punctatus with the
Atlantic (green) or the Mediterranean (blue) D. labrax lineage. (B) Proportion of each topology in nonoverlapping 50-Kb windows along

the genome. (C) Genome-wide average pairwise sequence divergence between species/lineages measured by dxy using one individual
per lineage.

excluded because their haplotype information was redundant
with that of their parents), which was used in Eagle2 to improve statistical phasing. We finally filtered out SNPs that were
not phased or not genotyped over all individuals (using –maxmissing-count 0 and –phased in VCFtools). In this way, we generated a dataset of haplotype-resolved whole-genome sequences
from 68 unrelated D. labrax individuals (14 AT, 31 WME, 11
SEM, and 12 NEM), containing 5,074,249 phased SNPs without
missing data. The genetic relationships of the newly sequenced
genomes with respect to the 16 already available were evaluated
with a Principal Component Analysis (PCA; Fig. S2). Although
we detected a slight genetic differentiation between North and
South eastern Mediterranean samples on the PCA (Fig. 2), we
later determined that they present similar genome-wide averages
of Atlantic ancestry and introgressed tract length (18,148 bp for
the South and 17,769 bp for the North; Fig. S5). Therefore, we
regrouped these samples together within a single eastern Mediterranean population (MEDE), similarly to Duranton et al. (2018).
PHYLOGENOMIC ANALYSES

Phylogenetic relationships among Moronids genomes were studied using a method of topology weighting by iterative sampling
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of subtrees, as implemented in Twisst (Martin and Belleghem
2017) (github.com/simonhmartin/twisst). Neighbor-joining trees
were generated for every nonoverlapping 50-kb window along
the genome including Morone saxatilis (SAX), D. punctatus
(PUNC), and the Atlantic (AT) and Mediterranean (MEDE) D.
labrax lineages. We choose to use only the MEDE population
because the western Mediterranean population (WME) is deeply
introgressed by Atlantic alleles (31% on average; Duranton et al.
2018). We used 14 individuals for each of the two D. labrax lineages, corresponding to the total number of individuals available
for the AT population. The resulting dataset contained a total of
9,606,462 SNPs. For each window, genealogies were computed
using all possible combinations of haplotypes, generating three
different types of topologies rooted by SAX (Fig. 1A). The
proportion of each topology was estimated within each window
and genome-wide. Due to its fragmented assembly, only 52%
of the M. saxatilis genome could be aligned to the D. labrax
genome (Duranton et al. 2018), and therefore, some windows
could not be analyzed. Both Incomplete Lineage Sorting (ILS)
and admixture between D. punctatus and either of the two D.
labrax lineages are expected to generate discordant phylogenetic
trees compared to the species tree. However, the proportions of
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Figure 2.

Divergence and introgression statistics measured in nonoverlapping 50-kb windows along chromosome 20. (A) dXY measured
between the Atlantic and Mediterranean (including eastern and western population) D. labrax lineages. (B) fD statistics measured using
(((MED, AT), PUN), SAX) in red, (((AT, WEM), PUN), SAX) in green, and (((ATL, EMED), PUN), SAX) in blue. (C) Fraction of archaic introgressed
tracts (Farchaic ) inferred in the eastern Mediterranean (orange) and Atlantic (red) populations of D. labrax. (D) RNDmin measured between
D. punctatus and D. labrax Atlantic (red), western (green), and eastern (blue) Mediterranean populations. (E) Proportions of genealogies
grouping D. punctatus with the Atlantic (green) or the Mediterranean (blue) D. labrax lineage in the Twisst analysis. (F) FST between
the Atlantic and western Mediterranean population of D. labrax divided by the fraction of Atlantic tracts introgressed into the western
Mediterranean genomes for each SNP along the chromosome. Purple points show SNPs with significant associations to reproductive
isolation after applying FDR correction to the probabilities determined with the HMM approach. Gray rectangles represent genomic
regions identified as involved in reproductive isolation with our window-based HMM approach.
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topologies grouping D. punctatus with the AT or the MEDE population are expected to be equal under ILS. Therefore, different
proportions of these two discordant topologies across the genome
can be the sign of uneven admixture between D. punctatus and
the two D. labrax lineages. To provide indications for genomewide average absolute sequence divergence among all pairs
of species and lineages, we calculated dXY using one haplome
per species/lineages with MVFTools version 5.1.2 (Pease and
Rosenzweig 2015) and averaged distance values calculated in
nonoverlapping 50-kb windows. However, these values may be
slightly underestimated because our initial filtering procedure
only retained high-quality phased variants in D. labrax.
TESTS FOR FOREIGN INTROGRESSION WITHIN D.
labrax

We tested for admixture between D. labrax and another species
using three different methods that capture complementary aspects of the data. Because D. punctatus is the only closely related
species parapatrically distributed with D. labrax, we first tested
for historical gene flow between these two species. To do so,
we used the ABBA-BABA test (Green et al. 2010; Durand et al.
2011) with M. saxatilis as the outgroup (O), D. punctatus as the
potential donor species (P3), and the two D. labrax lineages as
potential recipient populations (P1 and P2). We used the dataset
containing 14,579,961 SNPs from D. punctatus and unphased D.
labrax samples, and only kept sites that were available for both
M. saxatilis and D. punctatus in genome alignments, representing a total of 9,606,462 SNPs. This allowed testing for different
amounts of gene flow between P3 and P2, and P3 and P1, by
comparing the number of genealogies of type ((P1,(P2,P3),O)
(i.e., ABBA genealogies) and ((P2,(P1,P3),O) (i.e., BABA genealogies). An excess of shared derived alleles between the donor
and one of the two recipient populations (i.e., excess of ABBA
over BABA genealogies, or vice versa) indicates gene flow from
D. punctatus to D. labrax population P2 or P1, respectively. Although the ABBA-BABA test is adequate to detect introgression,
the Patterson’s D statistic that measures the imbalance between
) is
the two types of genealogies (D = sum(ABBA)−sum(BABA)
sum(ABBA)+sum(BABA)
not appropriate to quantify introgression over small genomic
windows (Martin et al. 2015). Therefore, we used the fD statistics
s(P1, P2, P3, O)
) to estimate admixture proportion between
( fD = s(P1,
PD, PD, O)
P2 and P3, where s = sum(ABBA-BABA) and PD corresponds
to the most likely donor population (i.e., the population with
the higher frequency of the derived allele). To test for admixture
between D. punctatus and different populations of D. labrax,
we made different tests using successively the Atlantic (AT),
eastern (MEDE combining SEM and NEM individuals), western
(WME), or the whole Mediterranean (MED) populations of D.
labrax populations as P2 or P1. We used scripts from Martin
et al. (2015) to estimate the number of ABBA and BABA
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genealogies and the fD statistics in nonoverlapping 50-kb windows along the genome, keeping only windows containing at
least 500 SNPs.
Second, we used a method that allows archaic introgressed
tracts to be identified without using an archaic reference genome
for the donor species (Skov et al. 2018). The main advantage
of this method is that it makes no assumption on the identity
of the donor species. Basically, it looks for local excesses of
private variants in a candidate recipient population by comparison to another nonadmixed population (Skov et al. 2018).
To test for archaic introgression within the Atlantic D. labrax
lineage, we identified variants that were not shared with the
eastern Mediterranean population, and conversely to test for
introgression in the Mediterranean D. labrax lineage. We only
analyzed the eastern Mediterranean population because the
western Mediterranean is more strongly impacted by gene flow
from the Atlantic (Tine et al. 2014; Duranton et al. 2018). We
used the phased genomes dataset containing 5,074,249 SNPs,
assuming a constant mutation and call rate to run the model in
1000-bp windows along each chromosome. For each window,
the probability that an individual haplotype contains an archaic
introgressed fragment was estimated to identify introgressed
windows with a posterior probability superior to 0.8 (Skov et
al. 2018). We then combined individual profiles of introgressed
windows to estimate the fraction of introgressed archaic tracts
in each population (Farchaic ), as the fraction of haplotypes for
which a window was identified as introgressed. The inferred
fraction of introgressed archaic tracts was finally averaged in
nonoverlapping 50-kb windows along the genome.
Finally, we used the RNDmin statistics, which is sensitive to
rare introgression while being robust to mutation rate variation
across the genome (Rosenzweig et al. 2016). The main advantage
of this statistic is that, unlike the two former methods, it does not
rely on the comparison of two recipient populations that differ in
their level of introgression. The RNDmin corresponds to the ratio
of the minimal pairwise distance between haplotypes from the
potential donor and recipient populations (dmin ) over the average
divergence of those populations to an outgroup species (dout ).
If gene flow has occurred genome-wide, then locally elevated
RNDmin values indicate regions where introgression has been
limited or absent. We used MVFTools version 5.1.2 (Pease and
Rosenzweig 2015) to measure dmin between D. punctatus and
different population of D. labrax (AT, MEDE, WME, and MED).
For this analysis, we used 4,943,488 polymorphic sites that were
phased within D. labrax and nonmissing in D. punctatus. On
one hand, this dataset excludes a large number of variants that
are differentially fixed between D. punctatus and D. labrax, and
therefore underestimates the real level of divergence between D.
punctatus and D. labrax. On the other hand, excluding diagnostic
SNPs rendered the test more sensitive to the detection of ancient
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introgression, because the accumulation of divergence after introgression only adds noise to chromosomal variations in RNDmin .
We estimated dout by averaging the divergence measures between
M. saxatilis and the two Dicentrarchus species. All values were
averaged in nonoverlapping 50-kb windows along the genome.
DETECTION OF INTROGRESSED TRACTS BETWEEN
ATLANTIC AND MEDITERRANEAN D. labrax
LINEAGES

To test whether ancient introgression has influenced genomic
patterns of postglacial gene flow between Atlantic and Mediterranean D. labrax lineages, we mapped Atlantic tracts introgressed
into Mediterranean genomes and vice versa. Local ancestry inference was performed with Chromopainter version 0.04 (Lawson
et al. 2012), an HMM-based program that estimates the probability of Atlantic and Mediterranean ancestry for each variable
position along each haplome. To do so, it compares a focal
haplotype to reference populations composed of nonintrogressed
Atlantic and Mediterranean haplotypes. Because Mediterranean
individuals are introgressed to various extents by Atlantic alleles,
we used a pure Mediterranean reference population reconstituted
by Duranton et al. (2018) with the same model parameters.
We then identified the starting and ending position of each
introgressed tract within both Atlantic and Mediterranean genetic backgrounds by analyzing the ancestry probability profiles
inferred by Chromopainter, following the same methodology
as in Duranton et al. (2018). Identified tracts in each D. labrax
population (Fig. S5) were then combined to estimate the fraction
of introgressed tracts (Fintro ) for each position along the genome,
which was finally averaged in nonoverlapping 50-kb windows.
For every variable position along the genome, Fintro is thus
estimated as the fraction of individuals for which this position is
located on an introgressed tract.
DELINEATION OF RI REGIONS BETWEEN ATLANTIC
AND MEDITERRANEAN D. labrax LINEAGES

We adapted the HMM approach developed by Hofer et al. (2012)
to precisely delineate genomic regions involved in RI between
Atlantic and Mediterranean D. labrax lineages. Genomic regions
involved in RI between European sea bass lineages are characterized by elevated genetic differentiation and increased resistance
to gene flow (Tine et al. 2014; Duranton et al. 2018). Therefore,
we combined both measures of FST (Hofer et al. 2012; Marques
et al. 2016) and resistance to introgression measured as the
inverse of Fintro (Cruickshank and Hahn 2014; Duranton et al.
2018). To identify true RI islands in our HMM strategy, we thus
used the ratio of FST over Fintro (i.e., the frequency of Atlantic
tracts within western Mediterranean D. labrax genomes). Our
rationale was that these regions should be associated with both
high FST (Figs. S6A and S6D) and low Fintro values (Figs. S6B

and S6E) (Duranton et al. 2018), hence elevated FST /Fintro ratio
values (Figs. S6C and S6F). We used the HMM approach to
map RI at two different scales, a SNP-by-SNP (Fig. 6A-C) and
a 50-kb window scale, which was more suitable to delineate
regions (Fig. 6D-F). We used VCFtools version 0.1.15 (Danecek
et al. 2011) to estimate FST between the Atlantic and the western Mediterranean D. labrax lineage for each SNP and every
nonoverlapping 50-kb window along the genome. The HMM was
designed with three different states corresponding to low (i.e.,
neutral genomic regions), intermediate (i.e., regions experiencing
linked selection), and high FST /Fintro ratio values (i.e., regions
involved in RI). The most likely state of each SNP/window
was inferred by running the HMM algorithm chromosome-bychromosome. Finally, we controlled for false discovery rate and
retained only SNPs/windows with an FDR-corrected P-value
inferior to 0.001 (Hofer et al. 2012).
ESTIMATION OF THE TIME SINCE FOREIGN
INTROGRESSION WITHIN D. labrax

We used two different approaches to estimate the time since
foreign introgression within D. labrax. First, we relied on the
fact that the length of introgressed tracts is informative of the
time elapsed since introgression. Recombination progressively
shortens migrant tracts across generations following introgression into a new genetic background (Fisher 1954; Barton 1983;
Baird 1995; Pool and Nielsen 2009; Liang and Nielsen 2014).
Because we found a good correspondence between the inferred
fraction of introgressed archaic tracts (Fintro-archaic ) and fD values
(see results) using D. punctatus as a donor species, we used
the length of archaic haplotypes that were identified with the
method of Skov et al. (2018). Only archaic tracts found in Atlantic genomes within windows involved in RI between Atlantic
and Mediterranean D. labrax lineages were considered, corresponding to 1310 windows of 50 kb. This choice was justified
because archaic tract detection relies on a signal of differential
introgression between two populations. Therefore, archaic tracts
can be correctly identified and delimited only if they are present
in one lineage (e.g., the Atlantic) but absent in the other (e.g., the
Mediterranean), which was only the case in RI islands between
Atlantic and Mediterranean D. labrax lineages (see Results).
Under simple neutral assumptions, there is an analytical
expectation for the average length of introgressed tracts (L̄)
as a function of the number of generations since introgression (t), the local recombination rate (r in Morgans per bp),
and the proportion of admixture (f), which takes the form
L̄ = [(1 − f ) r (t − 1)]−1 (Racimo et al. 2015). We used this
equation to estimate the age of admixture between D. punctatus
and the Atlantic lineage of D. labrax (tlabrax – punctatus ), as well
as between the two lineages of D. labrax (tAtlantic – Mediterranean ).
For each estimation, we used the average value of the retained
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windows. Hence, for tlabrax – punctatus : f = 0.096, r = 3.693×10−8
M/bp (Tine et al. 2014) and L̄ = 5,513 bp, and for
tAtlantic – Mediterranean : f = 0.341, r = 3.23×10−8 M/bp, and
L̄ = 52,026 bp. Because we only considered a relatively small
fraction of the genome to call archaic tracts, we could not obtain
precise estimations of those parameters. Therefore, we estimated
the age of contact between D. punctatus and D. labrax by
reference to the age of the postglacial secondary contact between
Atlantic and Mediterranean lineages of D. labrax, which has
been more precisely estimated to 2300 generations using a larger
fraction of the genome (Tine et al. 2014; Duranton et al. 2018).
Second, we transformed the estimated transition parameter
values of the HMM model used to detect archaic introgressed
tracts using p ≈ Tadmix · 2 · r · L · a (Skov et al. 2018). In
this equation, p is the probability of transition from the D. labrax
to the archaic ancestry state, Tadmix represents the admixture time
in generations, r is the recombination rate in Morgan per bp,
a is the admixture proportion, and L is the size of the window
(here L = 1000 bp). Parameter p was estimated separately for
each chromosome by averaging over the values estimated per
individual haplome. We finally estimated Tadmix chromosomeby-chromosome using the average recombination rate and the
fraction of archaic introgressed tracts of each chromosome
(Table S2). The time in generations was converted into years
using a generation time of 5 years (Tine et al. 2014). We then
obtained a distribution for Tadmix across the 24 chromosomes,
from which we identified the maximum and its 90% confidence
interval by bootstrapping the distribution 10,000 times.
CHARACTERIZING FOREIGN ANCESTRY TRACTS
WITHIN D. labrax

We used Spearman’s correlation test to evaluate relationships
among Fintro-archaic , fD , dXY , and RNDmin statistics that relate
to a series of predictive hypotheses. More specifically, if D.
punctatus has anciently contributed to D. labrax in the Atlantic,
the local abundance of archaic tracts inferred within Atlantic
D. labrax genomes (Farchaic ) should be positively correlated to
fD . Moreover, if the abundance of archaic tracts within Atlantic
D. labrax explains the presence of anciently diverged alleles
between Atlantic and Mediterranean Sea bass lineages, dXY
should increase with the amount of ancient admixture. Finally, if
regions involved in RI between Atlantic and Mediterranean Sea
bass lineages harbor reduced frequencies of D. punctatus-derived
tracts in the Mediterranean, a positive correlation is expected
between RNDmin measured between D. punctatus and Mediterranean D. labrax and ancient admixture from D. punctatus within
the Atlantic.
We then focused on SNP-level statistics to specifically
address the frequency distributions of derived mutations from D.
punctatus within D. labrax genomes, separately in the Atlantic
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and Mediterranean lineages. Because anciently introgressed
alleles most likely originated from D. punctatus (see Results),
we used D. labrax polymorphic sites for which M. saxatilis
harbors the ancestral and D. punctatus the derived state (i.e.,
ABBA-BABA informative sites) to characterize ancient introgression. For each of these SNPs, we measured the frequency
of the D. punctatus-derived allele separately in the Atlantic and
Mediterranean D. labrax populations using VCFtools. We then
separated SNPs associated to RI islands from those that were
not associated to RI islands in the SNP-based HMM analysis to
represent the site frequency spectrum of each D. labrax lineage,
conditioned on D. punctatus being derived (CSFS). Finally, two
conditioned joint site frequency spectra (CJSFS) were generated
(i.e., for RI and non-RI SNPs) to represent the bi-dimensional
SFS between Atlantic and Mediterranean D. labrax lineages,
conditioning on sites that have the derived allele in D. punctatus.
These analyses aimed at distinguishing two hypotheses with
respect to the mechanisms underlying differential introgression
of D. punctatus-derived mutations in RI islands between Atlantic
and Mediterranean D. labrax. Our first hypothesis was that
anciently introgressed alleles are not directly involved in RI
but simply maintained at different frequencies because genetic
barriers between D. labrax lineages (i.e., unrelated to the history
of ancient admixture) have impeded their postglacial rehomogenization. In this case, we expected no excess of high-frequency
D. punctatus-derived mutations in RI islands compared to non-RI
regions. Alternatively, under the hypothesis that anciently introgressed alleles are associated with RI in sea bass, an excess of
D. punctatus-derived mutations almost fixed within RI islands in
the Atlantic but nearly absent in the Mediterranean was expected
compared to the alternate configuration (i.e., almost fixed in the
Mediterranean and nearly absent in the Atlantic).

Results
PHYLOGENOMIC ANALYSIS

We reconstructed the genetic relationships among the three
Moronid species used in our study: the striped bass (M. saxatilis), the spotted sea bass (D. punctatus), and the European sea
bass (D. labrax), which is further subdivided into two partially
reproductively isolated populations: the Atlantic and Mediterranean Sea bass lineages. The most represented topology found
genome-wide across most of the 50-kb windows corresponds to
the expected species tree (Fig. 1B). However, we also found less
than 10% discordant topologies, among which D. punctatus was
grouped about twice as often with the Atlantic D. labrax lineage
as with the Mediterranean lineage (Fig. 1B). We found 4.5% of
absolute sequence divergence between the outgroup M. saxatilis
and the two Dicentrarchus species. Absolute divergence between
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D. labrax and D. punctatus (0.55%) was more than five times
higher than divergence between Atlantic and Mediterranean D.
labrax lineages (0.1%), consistent with previous estimates (Tine
et al. 2014; Duranton et al. 2018). We found a slightly higher
divergence between D. punctatus and the eastern Mediterranean
(0.56%) compared to the Atlantic D. labrax lineage (0.53%).
Within D. labrax, divergence to the Atlantic population was
higher for the eastern (0.1%) compared to the western Mediterranean population (0.09%) (consistent with the PCA; Fig. S2), as
expected due to gene flow between Atlantic and Mediterranean
D. labrax lineages (Tine et al. 2014; Duranton et al. 2018).
TEST FOR FOREIGN INTROGRESSION WITHIN D.
labrax

Chromosomal patterns of absolute sequence divergence (dXY )
between the Atlantic and Mediterranean lineages of D. labrax
(Figs. 2A and S3A) showed highly heterogeneous divergence
along the genome, as reported in previous studies (Tine et al.
2014; Duranton et al. 2018). To determine if local excesses of
dXY can be explained by past admixture with another lineage,
we first looked for gene flow between D. labrax lineages and
D. punctatus using the ABBA-BABA test. Some genomic regions showed particularly high values of the fD statistics, thus
reflecting locally elevated ancestry from D. punctatus within
the D. labrax Atlantic lineage (Figs. 2B and S3B red curve).
By contrast, when the fD statistic was used to measure local D.
punctatus ancestry within D. labrax Mediterranean populations,
low and relatively homogeneous introgression was found across
the entire genome (Figs. 2B and S3B blue and green curves).
This finding thus indicates highly heterogeneous introgression
of spotted sea bass alleles within the Atlantic D. labrax lineage,
and comparatively lower introgression within the Mediterranean
lineage.
We also searched for the presence of archaic introgressed
tracts in D. labrax genomes. A relatively low fraction of archaic
tracts (Farchaic ) was found along the genome in both Atlantic
(4.85% in non-RI islands) and Mediterranean (2.73% in non-RI
islands) D. labrax individuals (Figs. 2C and S3C). In some regions, however, Farchaic was particularly high in the Atlantic (i.e.,
>30%) compared to the Mediterranean lineage. Interestingly,
those regions also presented the highest fD values (Fig. 2B red
curve), and there was a highly significant positive correlation
between fD and Farchaic in Atlantic D. labrax genomes (Fig.
S4E Spearman’s rho = 0.281∗∗∗). These results thus support
the hypothesis that the detected archaic segments that locally
reach high frequencies in some regions of Atlantic D. labrax
genomes have been inherited from D. punctatus at some time
in the past. Furthermore, regions of particularly increased D.
punctatus ancestry also showed the highest absolute divergence
values between Atlantic and Mediterranean D. labrax lineages,

with positive genome-wide correlations being found with dXY
for both fD (Fig. S4A, Spearman’s rho = 0.281∗∗∗) and Farchaic
(Fig. S4C, Spearman’s rho = 0.531∗∗∗).
Lastly, we used the RNDmin statistic to detect chromosomal
variations in ancient introgression. Values of RNDmin measured
between D. punctatus and the Atlantic D. labrax lineage were
low and relatively constant along chromosomes (Figs. 2D and 4D
red curves), indicating widespread (although locally rare) introgression across the genome. By contrast, RNDmin was higher and
highly variable when measured with the Mediterranean D. labrax
populations (Figs. 2D and 4D blue and green curves), indicating
that introgression from D. punctatus is absent or nearly absent
in some genomic regions of the Mediterranean lineage. These
regions, which seem resistant to D. punctatus introgression in
Mediterranean D. labrax genomes, also showed elevated values
of Farchaic (Fig. S4F genome-wide Spearman’s rho = 0.472∗∗∗)
and fD (Fig. S4D genome wide spearman’s rho = 0.223∗∗∗) in
Atlantic genomes, along with increased dXY between Atlantic
and Mediterranean D. labrax lineages (Fig. S4B genome-wide
Spearman’s rho = 0.717∗∗∗). These results thus indicate the
existence of outlying patterns of D. punctatus ancestry in the
most divergent genomic regions between D. labrax lineages, due
to increased and decreased frequencies of anciently introgressed
tracts in the Atlantic and Mediterranean lineages, respectively,
compared to the background level. Interestingly, the relative proportions of the two discordant topologies were similar along most
of the genome, except for regions with locally increased values
of dXY , fD (for the AT population), Farchaic (for the AT population), and RNDmin (for the Mediterranean populations). In these
regions, we found an excess of discordant genealogies grouping
D. punctatus with the Atlantic D. labrax lineage (Fig. 2E).
This corroborates our other results indicating local excesses of
D. punctatus ancestry in some regions of Atlantic D. labrax
genome.
Finally, our HMM approach allowed 70,738 SNPs to be
categorized as being likely associated with RI islands between
the two D. labrax lineages (Figs. 2F and S3G). We found a
good concordance between the positions of RI islands identified
with the SNP and window-based methods, although the former
allowed us to detect narrower RI-associated regions with a higher
resolution (Figs. S6C and S6F). As expected, all these regions
displayed increased levels of ancient D. punctatus introgression in the Atlantic but decreased D. punctatus ancestry in the
Mediterranean (Fig. 2). They also tended to be at the extreme part
of all measured genome-wide correlations between introgression
and divergence statistics (Fig. S4). Furthermore, Farchaic values
were significantly more elevated within RI regions in Atlantic
compared to Mediterranean genomes (Fig. S8), thus strengthening the association of RI-islands to differential rates of archaic
ancestry.
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Figure 3. Estimation of the time since admixture between D. punctatus and Atlantic D. labrax. (A) Length distributions of D. punctatus tracts introgressed into Atlantic D. labrax genomes (blue) and Atlantic D. labrax tracts introgressed into western Mediterranean D.
labrax genomes (orange). Both distributions were generated using similar sequence lengths (totalizing 65.6 Mb) along the genomes of

14 Atlantic and 14 Mediterranean individuals, so that tract abundances can be compared. (B). Distribution of estimated time since admixture between D. punctatus and D. labrax (Tadmix ) obtained from estimated transition parameter values of the HMM model over the
24 chromosomes. The maximum of the distribution is represented by the vertical red dashed line and the blue shape represents the 95%
credibility envelope of the distribution obtained using 10,000 bootstrap resampling.
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ESTIMATION OF THE TIME SINCE INTROGRESSION
BETWEEN D. punctatus AND D. labrax

We estimated the timing of past gene flow between D. punctatus
and D. labrax by first comparing the length distribution of D.
punctatus tracts introgressed into Atlantic D. labrax genomes
to that of Atlantic D. labrax tracts introgressed into western
Mediterranean D. labrax genomes (Fig. 3A). The two distributions showed similar shapes, although D. punctatus tracts
were on average almost 10 times shorter (L̄ punctatus = 5513 kb)
than Atlantic D. labrax tracts (CI90 = (L̄labrax = 52, 026 kb)).
Dicentrarchus punctatus tracts were also less abundant in almost all length classes except for the shortest tracts (Fig. 3A).
We estimated the average time since introgression for both
1
distributions as tlabrax – punctatus = ((1 − 0.096) · 3.693e
−8 · 5513) +
1
1 and tAtlantic−Mediterranean = ((1 − 0.341) · 3.23e−8 · 52026) + 1, which
placed the timing of admixture between D. punctatus and D.
labrax approximately six times earlier than the secondary contact
between the two D. labrax lineages. Using the age of secondary
contact previously estimated between Atlantic and Mediterranean
Sea bass lineages (i.e., 11,500 years; Tine et al. 2014; Duranton
et al. 2018) as a calibration time point, ancient gene flow between
the two species was dated to about 70,000 years ago. Second,
we converted the estimated values of the transition parameter (p)
of the HMM model used to detect archaic introgressed tracts to
estimate one value of Tadmix for each chromosome (Table S2).
From the obtained time distribution (Fig. 3B), we estimated the
most probable time of ancient admixture to Tadmix = 91,149
(CI90% = [85, 831, 110, 645]) years.
THE FREQUENCY OF D. punctatus-DERIVED
MUTATIONS IN D. labrax

We used the conditioned site frequency spectrum between Atlantic and Mediterranean lineages as a way to represent how
derived D. punctatus alleles segregate in D. labrax. For SNPs
that were not associated to RI-islands by the HMM approach,
the one-dimensional distribution of allele frequencies (CSFS)
was highly similar between Atlantic and Mediterranean D.
labrax lineages, showing a bimodal shape with few intermediate
frequency variants (Fig. 4A). Most D. punctatus-derived alleles
were present at either low or high frequencies, with ancestral
mutations almost fixed in both D. labrax lineages being about
100 times more abundant than D. punctatus-derived mutations
almost fixed in both D. labrax lineages in the CJSFS (Fig. 4C).
This result showed that the combined effects of ILS and introgression during species divergence have resulted in very similar
amounts of D. punctatus-derived mutations between Atlantic
and Mediterranean D. labrax lineages. By contrast, SNPs found
to be associated with RI islands showed a large excess of D.
punctatus-derived alleles that were fixed or almost fixed in the
Atlantic population, while segregating at low frequencies in the

Mediterranean populations (Figs. 4B and 4D). This remained true
whatever the Mediterranean population (east, west, or both) considered in the analysis (Fig. S7). The excess of high-frequency
D. punctatus-derived mutations in the Atlantic sea bass lineage
was also clearly visible in the reversal of the CSFS in RI islands
compared to non-RI regions (Figs. 4A and 4B). Therefore,
differential introgression of D. punctatus-derived mutations in
RI islands is most likely due to their direct role in RI, rather than
a delayed postglacial rehomogenization due to already-existing
genetic barriers between D. labrax lineages in these regions.

Discussion
Recent speciation genomics studies have revealed that genomic
regions involved in RI often contain anciently diverged alleles
(e.g., Meier et al. 2017; Han et al. 2017; Nelson and Cresko
2018). One of the competing hypotheses to explain their origin
is ancient admixture with an already diverged lineage. Our
main objective here was to determine if such a scenario could
explain the excess of divergence observed in RI regions between
Atlantic and Mediterranean D. labrax lineages (Duranton et al.
2018). To achieve this goal, we used different complementary
approaches that collectively provided strong support for ancient
introgression from the sister species D. punctatus. Despite low
divergence (dXY = 0.55%), partially overlapping range distributions, and interfertility in artificial crosses (Ky et al. 2012),
contemporary hybridization has not been observed in the wild
between D. labrax and D. punctatus (Tine et al. 2014). We here
show that interspecies admixture has likely happened earlier in
the past, bringing new key elements to understand the complex
evolutionary history of incomplete speciation between Atlantic
and Mediterranean Sea bass lineages.
EXTENT OF ANCIENT ADMIXTURE

Overall, the average fraction of contemporary genomes derived
from ancient admixture was lower than 6% (i.e., 5.39% in the
Atlantic and 2.82% in the Mediterranean lineage), which is
only slightly higher than the estimated persistence of archaic
ancestry in humans and brown bears (Sankararaman et al. 2016;
Barlow et al. 2018). Whether these low background levels reflect
a relatively limited contribution of genetic material from D.
punctatus during admixture, or the impact of long-term selection
against admixed foreign ancestry (Harris and Nielsen 2016; Juric
et al. 2016; Schumer et al. 2018b) was outside the scope of this
study. Instead, we focused on understanding the marked excess
of shared derived mutations found between D. punctatus and
the Atlantic compared to the Mediterranean D. labrax lineage
in RI-associated regions. This finding was strengthened by the
locally increased frequency of archaic introgressed tracts found
in Atlantic genomes within regions associated to RI with the
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Mediterranean lineage. Such locally elevated differences in the
frequency of D. punctatus derived alleles explain the increased
sequence divergence previously observed in RI islands between
Atlantic and Mediterranean lineages (Duranton et al. 2018).
Below, we consider potential limitations to the detection of
archaic introgression using contemporary genomes, and the
related challenge of dating ancient admixture. We then discuss
how the genomic mosaicism of species ancestry may relate to
different mechanisms potentially involved in European sea bass
speciation.
SEPARATING ANCIENT INTROGRESSION FROM
SHARED ANCESTRAL VARIATION

Distinguishing past introgression and shared ancestral variation
with ABBA-BABA and fD statistics can be difficult, especially
in regions of reduced divergence (Martin et al. 2015). Therefore, the positive correlations observed among fD , the inferred
frequency of archaic segments, and dXY provided good support
that regions of high D. punctatus ancestry in the Atlantic are
responsible for increased divergence between D. labrax lineages.
Admittedly, past gene flow may also have occurred with another
now extinct species rather than with D. punctatus, as previously
shown for other species (Meyer et al. 2012; Barlow et al. 2018;
Gopalakrishnan et al. 2018; Foote et al. 2019; Kuhlwilm et al.
2019). However, because D. labrax harbors shared derived
alleles with D. punctatus, any alternative ghost donor lineage
must have shared a long common history with the spotted sea
bass.
Another potential issue with the tests performed to detect
ancient admixture is that they often rely on differential introgression patterns between two candidate recipient populations
(Martin et al. 2015; Skov et al. 2018). Therefore, these tests only
enabled us to detect regions where the level of archaic introgression differs between Atlantic and Mediterranean D. labrax
lineages. This problem could be particularly acute outside RI
regions, where postglacial gene flow between D. labrax lineages
has almost completely rehomogenized allele frequencies (Tine
et al. 2014; Duranton et al. 2018). To determine whether D.
punctatus ancestry was simply absent or present but at similar
levels in both lineages, we used the RNDmin statistic that does
not rely on the comparison of two populations (Rosenzweig
et al. 2016). Low and nearly constant RNDmin values indicated a
widespread presence (although most of the time at low frequencies) of anciently introgressed tracts along Atlantic D. labrax
genomes. By contrast, regions of elevated RNDmin that coincided
with the location of RI-islands revealed local resistance to
introgression in Mediterranean D. labrax genomes. These results
tend to be confirmed by the excess of genealogies grouping
D. punctatus with the Atlantic compared to those grouping it
with the Mediterranean lineage of D. labrax within RI-islands.
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Therefore, both lineages contain D. punctatus introgressed
tracts at relatively similar levels outside RI islands, which
contrasts with strong archaic ancestry differences found within
RI-islands.

TIMING OF ANCIENT INTROGRESSION

To understand why D. punctatus alleles were rare within RI genomic regions in the Mediterranean, we reconstructed the history
of ancient admixture by estimating the time of contact between D.
punctatus and D. labrax. The two different methods respectively
inferred a contact taking place approximately 70,000 and 90,000
years ago. This difference in estimated admixture times might
be due to selective effects. Indeed, the formula used to estimate
admixture time from the distribution of introgressed tracts length
assumes that introgressed tracts are neutral. If positive selection
has driven some D. punctatus tracts to high frequencies within
Atlantic D. labrax genomes, these tracts would be longer than
under neutrality, biasing the time estimate toward more recent
admixture. In contrast, the HMM approach might be more robust
to selective effects by attributing them to variations in Ne along
the genome. Although the two estimates slightly differ, they both
place ancient admixture during the last glacial period (Snyder
2016), when Atlantic and Mediterranean D. labrax lineages were
inferred to be geographically isolated (Tine et al. 2014; Duranton
et al. 2018). The current distribution range of D. punctatus
partially overlaps with the southern part of the D. labrax distributional area in both the Atlantic (i.e., from southern Biscay to
Morocco) and southern Mediterranean Sea (i.e., North African
shores). It is thus likely that the latitudinal range shifts that
occurred during quaternary ice ages (Hewitt 2000) have favored
hybridization by further increasing the range overlap between the
two species, as they were coexisting in the Iberian or the northwestern African Atlantic refugium (Maggs et al. 2008). Once the
two D. labrax lineages came into secondary contact after the last
glacial maximum, the D. punctatus alleles already introgressed
within Atlantic genomes could have readily introgressed into
Mediterranean genomes. This hypothesis was supported by the
observed gradient of decreasing D. punctatus ancestry from the
Atlantic to the eastern Mediterranean lineage, which mirrored
the gradient in Atlantic ancestry generated by the postglacial secondary contact (Duranton et al. 2018). The fact that D. punctatus
tracts have most probably introgressed into the Mediterranean
lineage secondarily indicates that ancient hybridization has only
occurred in the Atlantic during the last glacial period. A possible
explanation is the absence of sympatry between D. punctatus
and D. labrax within the Mediterranean during the last glacial
period. However, a missing piece of the reconstructed historical
scenario remains with respect to the role of D. punctatus alleles
in RI.

D U R A N TO N E T A L .

CAUSATIVE ROLE OF HIGH-FREQUENCY D.
punctatus ALLELES IN RI-ISLANDS

If most of the currently observed RI-islands between D. labrax
lineages already existed before ancient admixture with D.
punctatus, such genetic barriers would have impeded the introgression of D. punctatus alleles into the Mediterranean lineage
(Duranton et al. 2018). However, they would not account for
increased frequencies of D. punctatus-derived alleles within
RI-islands in the Atlantic lineage. The fact that, in Atlantic D.
labrax, regions associated with RI exhibited closely fixed D.
punctatus-derived alleles that comparatively occurred at low
frequencies elsewhere in the genome strongly supports their
direct role in the establishment of RI. This finding thus indicates
that D. punctatus alleles have been first locally driven to high
frequencies in the Atlantic D. labrax lineage, while being secondarily prevented from introgression within the Mediterranean
lineage.

WHY DO ANCIENTLY INTROGRESSED ALLELES
CONTRIBUTE TO RI?

Locally adaptive introgression
Understanding the underlying evolutionary mechanisms through
which admixture has contributed to the buildup of RI remains
highly challenging (Schumer et al. 2014, 2018a). One evolutionary force that can drive an allele to fixation is local positive
selection. Dicentrarchus punctatus alleles may have fixed in
the Atlantic D. labrax lineage following admixture because
they provided a selective advantage in the Atlantic environment
compared to ancestral D. labrax alleles, a process called adaptive
introgression (Fisher 1937; Racimo et al. 2017). Several studies
have revealed that the acquisition of adaptive phenotypes can
be done through hybridization, such as altitude adaptation in
humans (Huerta-Sánchez et al. 2014), mimicry in Heliconius
butterflies (Dasmahapatra et al. 2012) or among others, seasonal
camouflage in the snowshoe hares (Jones et al. 2018). Indeed,
adaptive introgression allows the rapid transfer of linked variants that have already been tested by natural selection in their
original environment, thus facilitating local adaptation (Martin
and Jiggins 2017). Therefore, it is theoretically possible that
the Atlantic D. labrax lineage has received from D. punctatus
advantageous alleles in the Atlantic environment that were revealed to be deleterious in the Mediterranean Sea. Nevertheless,
adaptive introgression is usually difficult to prove because it can
be confounded with other processes such as uncoupling of an
incompatibility from a multilocus genetic barrier (Fraïsse et al.
2014). Furthermore, it has been argued that adaptive introgression cannot play an important role in RI, because unconditionally
favorable alleles spread easily among diverging lineages until RI
is nearly complete (Barton 2013).

Fixation-compensation of deleterious mutations
Another evolutionary force that may have driven D. punctatusderived alleles to fixation is genetic drift, which can induce the
fixation of deleterious mutations and thus increase mutation load
(Haldane 1937; Kimura et al. 1963). When gene flow occurred
between D. punctatus and D. labrax during the last glacial
period, populations of each species were probably experiencing
bottlenecks (Hewitt 2000), which decreased the efficiency of
selection and enhanced the probability of fixation of deleterious
mutations by drift. Weakly deleterious D. punctatus alleles
may therefore have introgressed and fixed within the D. labrax
Atlantic population. Another related mechanism that may have
influenced the outcome of hybridization is associative overdominance, due to the masking of recessive deleterious mutations in
admixed genotypes (Ohta 1971; Whitlock et al. 2000; Bierne et
al. 2002). Heterosis can locally increase the introgression rate
of foreign alleles, even if interbreeding populations have similar
amounts of deleterious variation (Kim et al. 2018). Therefore,
heterosis may have favored the introgression of weakly deleterious D. punctatus variants in a bottlenecked Atlantic D. labrax
lineage. Subsequently, when Atlantic and Mediterranean D.
labrax lineages reconnected following postglacial recolonizations, expanding populations would have been sufficiently large
to reveal the deleterious effects of the introgressed alleles, generating hybrid depression and hybridization load (Shpak 2005;
Schumer et al. 2018b). Furthermore, the Atlantic population
may have had enough time to evolve compensatory mutations
(Kimura 1985), which could have become substrate for increased
RI. The fact that most genomic regions involved in RI between
D. labrax lineages exhibit low recombination rates (Tine et al.
2014; Duranton et al. 2018) could indicate a role of slightly
deleterious alleles in RI, because selection is less efficient when
linkage is strong.

Reciprocal sorting of Bateson-Dobzhansky-Muller
incompatibilities
Reproductive isolation may also have evolved through the resolution of genetic conflicts resulting from the contact between two
diverged populations (Schumer et al. 2015; Blanckaert and Bank
2018). Because each population has almost inevitably fixed new
adaptive or nearly neutral variants that form incompatibilities
when combined in hybrid genomes (Dobzhansky 1937), BatesonDobzhansky-Muller incompatibilities (BDMIs) are recognized as
a common substrate for speciation (Presgraves 2010). A genomic
conflict induced by a two-locus BDMI can be resolved by fixing
one of either parental alleles. In a hybrid population generated by
an equal mixture of individuals from both parental populations,
there is a 50% chance of fixing either parental combination
(Schumer et al. 2015). Therefore, the resolution of multiple
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BDMIs in an admixed population offers ample opportunity to
reciprocally resolve independent BDMIs with respect to the origin of the parental allelic combination, which results in RI from
both parental populations. Even in the presence of skewed initial
admixture proportions, fixation of the minor parent combination
can still happen with a sufficient number of BDMIs (Schumer
et al. 2015). Therefore, the resolution of genetic conflicts between D. punctatus and D. labrax alleles in the Atlantic lineage
may have induced the fixation of D. punctatus alleles at some
incompatibility loci. Upon contact between Atlantic and Mediterranean D. labrax lineages, fixed D. punctatus alleles may have
recreated the BDMIs, thus contributing to RI. This nonadaptive
speciation model due to selection against genetic incompatibilities has the advantage of explaining both the fixation of D.
punctatus alleles within the D. labrax Atlantic population, and
their incompatibility with the Mediterranean lineage. Verbally,
it can be seen as a case whereby speciation reversal between
lineages A and B contributes to strengthen RI between lineages
B and C through the transfer of incompatibilities between two
porous species boundaries. At first sight, one might find surprising that BDMIs that were resolved following ancient admixture
between D. punctatus and D. labrax Atlantic lineage could still
act as barriers to gene flow between the two D. labrax lineages.
However, this might be due to contrasting spatiotemporal modes
of admixture. Indeed, the resolution of genomic conflicts possibly differs between a pulse of admixture (which could be the
case for ancient admixture with D. punctatus) and a hybrid
zone, as it exists between Atlantic and Mediterranean Sea bass
lineages.

Conclusion
To conclude, our results show that divergent haplotypes that
were introgressed from D. punctatus about 80,000 year ago have
contributed to the strengthening of nascent RI between Atlantic
and Mediterranean D. labrax lineages. The resulting genomic
architecture of RI between contemporary D. labrax lineages
is thus constituted by a mosaic of fixed blocks of different
ancestries, that is, a mixture of genetic barriers inherited from the
divergence history particular to D. labrax and the contribution of
ancient admixture. Although additional analyses will be needed
to fully understand which process has driven the fixation of
D. punctatus alleles within Atlantic genomes, the resolution of
genetic conflicts between D. punctatus and D. labrax seems the
most parsimonious hypothesis (Schumer et al. 2015; Blanckaert
and Bank 2018). This speciation mechanism can be thought of as
a transfer of incompatibilities between two species boundaries,
from the strongest to the weakest barrier, which is eventually
strengthened by the displacement of genetic conflicts inherited
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from an ancient episode of admixture. Our findings add to previous reports showing that postglacial and recent hybridization
events have played a role in the buildup of RI between admixed
and parental lineages by generating similar genomic mosaics of
ancestries (Runemark et al. 2018; Schumer et al. 2018b; Eberlein
et al. 2019). The contribution of ancient admixture in European
sea bass speciation suggests that significantly older admixture
events, which may have left cryptic signatures in contemporary genomes, can be involved in seemingly recent speciation
histories.
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2017. Interpreting the genomic landscape of speciation: a road map for
finding barriers to gene flow. J. Evol. Biol. 30:1450–1477. https://doi.
org/10.1111/jeb.13047
Rosenzweig B. K., J. B. Pease, N. J. Besansky, and M. W. Hahn. 2016.
Powerful methods for detecting introgressed regions from population genomic data. Mol. Ecol. 25:2387–2397. https://doi.org/10.1111/
mec.13610
Runemark A., C. N. Trier, F. Eroukhmanoff, J. S. Hermansen, M. Matschiner,
M. Ravinet, et al. 2018. Variation and constraints in hybrid genome
formation. Nat. Ecol. Evol. 2:549–556. https://doi.org/10.1038/s41559017-0437-7
Sankararaman S., S. Mallick, N. Patterson, and D. Reich. 2016. The combined landscape of Denisovan and Neanderthal ancestry in present-day
humans. Curr. Biol. 26:1241–1247. https://doi.org/10.1016/j.cub.2016.
03.037
Schumer M., G. G. Rosenthal, and P. Andolfatto. 2014. How common is homoploid hybrid speciation? Evolution 68:1553–1560. https://doi.org/10.
1111/evo.12399
Schumer M., R. Cui, G. G. Rosenthal, and P. Andolfatto. 2015. Reproductive isolation of hybrid populations driven by genetic incompatibilities. PLOS Genet. 11:e1005041. https://doi.org/10.1371/journal.pgen.
1005041
Schumer M., G. G. Rosenthal, and P. Andolfatto. 2018a. What do we mean
when we talk about hybrid speciation? Heredity 120:379–382. https:
//doi.org/10.1038/s41437-017-0036-z
Schumer M., C. Xu, D. L. Powell, A. Durvasula, L. Skov, C. Holland,
et al. 2018b. Natural selection interacts with recombination to shape
the evolution of hybrid genomes. Science 360:656–660. https://doi.org/
10.1126/science.aar3684
Seehausen O., R. K. Butlin, I. Keller, C. E. Wagner, J. W. Boughman, et al.
2014. Genomics and the origin of species. Nat. Rev. Genet. 15:176–192.
https://doi.org/10.1038/nrg3644
Shpak M. 2005. The role of deleterious mutations in allopatric speciation. Evolution 59:1389–1399. https://doi.org/10.1111/j.0014-3820.
2005.tb01789.x
Skov L., R. Hui, V. Shchur, A. Hobolth, A. Scally, M. H. Schierup, et al.
2018. Detecting archaic introgression using an unadmixed outgroup.
PLOS Genet. 14:e1007641. https://doi.org/10.1371/journal.pgen.
1007641
Slatkin M., and J. L. Pollack. 2008. Subdivision in an ancestral species creates
asymmetry in gene trees. Mol. Biol. Evol. 25:2241–2246. https://doi.
org/10.1093/molbev/msn172
Snyder C. W. 2016. Evolution of global temperature over the past
two million years. Nature 538:226–228. https://doi.org/10.1038/
nature19798
Theunert C., and M. Slatkin. 2017. Distinguishing recent admixture from
ancestral population structure. Genome Biol. Evol. 9:427–437. https:
//doi.org/10.1093/gbe/evx018
Tine M., H. Kuhl, P.-A. Gagnaire, B. Louro, E. Desmarais, R. S. T. Martins, et al. 2014. European sea bass genome and its variation provide insights into adaptation to euryhalinity and speciation. Nat. Commun. 5:
5770.
Welch J. J., and C. D. Jiggins. 2014. Standing and flowing: the complex origins of adaptive variation. Mol. Ecol. 23:3935–3937. https://doi.org/10.
1111/mec.12859
Whitlock M. C., Pä. K. Ingvarsson, and T. Hatfield. 2000. Local drift load
and the heterosis of interconnected populations. Heredity 84:452–457.
https://doi.org/10.1046/j.1365-2540.2000.00693.x

D U R A N TO N E T A L .

Wolf J. B. W., and H. Ellegren. 2016. Making sense of genomic islands
of differentiation in light of speciation. Nat. Rev. Genet. 18:87–100.
https://doi.org/10.1038/nrg.2016.133

Wolf Jochen B. W., L. Johan, and B. Niclas. 2010. Speciation genetics: current status and evolving approaches. Philos. Trans. R. Soc. B Biol. Sci.
365:1717–1733. https://doi.org/10.1098/rstb.2010.0023

Associate Editor: Dr. Z. Gompert

Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.
Supplementary Table 1. Summary statistics of sequencing and mapping data for each individual.
Supplementary Figure 1. Depth of coverage per individual.
Supplementary Figure 2. Principal Component Analysis of the European sea bass population genetic structure.
Supplementary Figure 3. Statistics measured in non-overlapping 50 kb windows along the genome.
Supplementary Figure 4. Genome-wide correlations between pairs of statistics measured in non-overlapping 50 kb windows.
Supplementary Figure 5. Introgressed tract length distributions.
Supplementary Figure 6. Data and results for the SNPs and 50 kb window based HMM approach to identify regions involved in reproductive isolation
between the two lineages of D. labrax along chromosome 7.
Supplementary Figure 7. Distributions and joint allele-frequency spectrums of derived D. punctatus alleles present in D. labrax.
Supplementary Figure 8. Distributions of the fraction of archaic tracts for Atlantic and Mediterranean genomes inside and outside regions involved in
RI.
Supplementary Table 2. Values used to estimate Tadmix for each chromosome.

EVOLUTION LETTERS 2020

17

Evolutionary Applications
Evolutionary Applications ISSN 1752-4571

REVIEWS AND SYNTHESIS

Using neutral, selected, and hitchhiker loci to assess
connectivity of marine populations in the genomic era
 de
rique Viard,3,4
Pierre-Alexandre Gagnaire,1,2 Thomas Broquet,3,4 Didier Aurelle,5 Fre
1
1,2
1,6
Ahmed Souissi, Francßois Bonhomme, Sophie Arnaud-Haond and Nicolas Bierne1,2
1
2
3
4
5
6

Universit
e de Montpellier, Montpellier, France
CNRS – Institut des Sciences de l’Evolution, UMR 5554 UM-CNRS-IRD-EPHE, Station Mediterraneenne de l’Environnement Littoral, Sete, France
CNRS team Diversity and connectivity of coastal marine landscapes, Station Biologique de Roscoff, Roscoff, France
Sorbonne Universit
es, UPMC Universit
e Paris 06, UMR 7144, Station Biologique de Roscoff, Roscoff, France
Aix Marseille Universit
e, CNRS-IRD-Avignon Universit
e, IMBE UMR 7263, Marseille, France
Ifremer, UMR “Ecosyst
emes Marins Exploit
es”, S
ete, France

Keywords
connectivity, gene flow, marine conservation,
population genomics, population structure.
Correspondence
Pierre-Alexandre Gagnaire, Universit
e de
Montpellier, 34095 Montpellier, France.
Tel.: +33-4-67463375;
fax: +33-4-67463399;
e-mail: pagagnai@univ-montp2.fr
Received: 5 March 2015
Accepted: 5 June 2015
doi:10.1111/eva.12288

Abstract
Estimating the rate of exchange of individuals among populations is a central
concern to evolutionary ecology and its applications to conservation and management. For instance, the efficiency of protected areas in sustaining locally
endangered populations and ecosystems depends on reserve network connectivity. The population genetics theory offers a powerful framework for estimating
dispersal distances and migration rates from molecular data. In the marine realm,
however, decades of molecular studies have met limited success in inferring
genetic connectivity, due to the frequent lack of spatial genetic structure in species exhibiting high fecundity and dispersal capabilities. This is especially true
within biogeographic regions bounded by well-known hotspots of genetic differentiation. Here, we provide an overview of the current methods for estimating
genetic connectivity using molecular markers and propose several directions for
improving existing approaches using large population genomic datasets. We
highlight several issues that limit the effectiveness of methods based on neutral
markers when there is virtually no genetic differentiation among samples. We
then focus on alternative methods based on markers influenced by selection.
Although some of these methodologies are still underexplored, our aim was to
stimulate new research to test how broadly they are applicable to nonmodel marine species. We argue that the increased ability to apply the concepts of cline
analyses will improve dispersal inferences across physical and ecological barriers
that reduce connectivity locally. We finally present how neutral markers hitchhiking with selected loci can also provide information about connectivity patterns
within apparently well-mixed biogeographic regions. We contend that one of the
most promising applications of population genomics is the use of outlier loci to
delineate relevant conservation units and related eco-geographic features across
which connectivity can be measured.

Introduction
Inferring population connectivity from molecular data
within a population genetic framework can shed light on
the evolutionary and ecological processes that shape patterns of genetic diversity (Clobert et al. 2012). Population
genetic approaches offer convenient methods to evaluate

the rate and scale of dispersal (or migration) when the
movement of individuals cannot be assessed by other
means such as mark–recapture field experiments. This
problem is particularly acute in the marine environment,
where the distribution and migratory pathways of organisms are hidden to human eyes underneath the surface of
the oceans (Hellberg 2009; Selkoe and Toonen 2011). The

© 2015 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd. This is an open access article under the terms of the Creative
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potential of genetic methods, illustrated by successful studies in reef species (Selkoe et al. 2010; Puebla et al. 2012),
has led to increased expectations for inferring marine connectivity patterns from molecular markers, especially for
conservation and management purposes.
The majority of marine species, however, display combinations of life history traits (e.g. high fecundity, large population sizes, high dispersal potential often combined to
complex life cycles) that produce weak patterns of genetic
differentiation or even no differentiation at all (Ward et al.
1994; Waples 1998; Palumbi 2003; Hedgecock et al. 2007).
A lack of genetic differentiation may result from a range of
situations spanning from nearly complete demographic
independence among large-sized populations to the existence of a unique panmictic population (Palumbi 2003;
Waples and Gaggiotti 2006; Waples et al. 2008) (Fig. 1).
Spatial genetic homogeneity may thus hide a large diversity
of scenarios with regard to the contemporary rates of
demographic exchanges among groups of individuals
inhabiting different parts of a species range. This is of particular concern because the per-generation number of
migrants, which is sufficient to lead to apparent genetic
panmixia, may not be high enough to ensure demographic
connectivity and rescue effects (Waples 1998; Lowe and Allendorf 2010). This discrepancy between the objective of
inferring demographic connectivity for conservation biology and management purposes and the limitations inherent

(A)

to most population genetic approaches has motivated several reviews in the field (Waples and Gaggiotti 2006; Broquet and Petit 2009; Hellberg 2009; Lowe and Allendorf
2010). Our goal here is not to provide a new synthesis of
existing methods to infer connectivity, which have been
thoroughly addressed in those reviews. We rather aim at
considering the new perspectives offered by the increasing
number of markers in population genomic studies, with a
special focus on the use of loci influenced by selection. The
rapid spread of next-generation sequencing (NGS)-based
genotyping methods in the molecular ecologists’ toolbox
has considerably enhanced our ability to identify and characterize genetic variation from population samples (Davey
et al. 2011). Still, it remains unclear which approaches will
benefit the most from this massive amount of sequence
data. One direct benefit of analyzing thousands of markers
is an increased precision in measuring genetic differentiation and a higher statistical power to detect small genetic
differences among populations (Waples 1998). However,
populations with large effective sizes, high migration rates
or both may remain virtually undifferentiated, and thus,
multiplying neutral markers in such cases may still fail to
reveal the current level of demographic connectivity.
Another major achievement offered by NGS approaches
is to facilitate the discovery of genetic markers that are
influenced by selection (Allendorf et al. 2010; Stapley et al.
2010). These outlier loci can reveal genetic differentiation

(B)

Figure 1 The demographic parameters values behind weak FST values. (A) Because of the nonlinear relationship between FST and Nem in the island
model, genetic differentiation (FST, in color scale) rapidly shrinks as the per-generation number of migrants (Nem) increases. (B) At equilibrium, weak
to null genetic differentiation is expected for small (Ne = 103) and highly connected (m = 101) populations, but also for large (Ne = 107) and demographically independent (m = 105) populations.
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patterns at the place where neutral markers often remain
uninformative, and therefore, it has been suggested that the
signal held by outlier loci could be used to delineate locally
adapted stocks and redefine conservation units (Nielsen
et al. 2009, 2012; Funk et al. 2012). This approach is
appealing because selection may be much more efficient
than drift in opposing the homogenizing effect of migration, in particular when populations have large effective
sizes. However, outlier loci may arise through a wide variety of evolutionary mechanisms apart from local adaptation, which is the primary target of most genome scan
studies looking for adaptive variation (Bierne et al. 2013).
These evolutionary mechanisms thus need to be identified
before using outlier loci to evaluate connectivity.
Allele frequency shifts at outlier loci are expected to be
concentrated in particular geographic regions where strong
ecological gradients promote local adaptation (Schmidt
et al. 2008). Hotspots of genetic differentiation may also
arise through the trapping of tension zones by natural barriers to dispersal (Barton 1979a), or through the coupling
between exogenous and endogenous reproductive barriers
(Bierne et al. 2011). These predictions are corroborated by
well-known hotspots of genetic differentiation in the sea
(e.g. the Almeria-Oran front, the Siculo-Tunisian strait,
Cape Agulhas, Cape Cod, Oresund, Point Conception,
among others). However, marine conservation and management issues often require measures of connectivity in
areas located outside these particular zones. In a last section, we explore alternative mechanisms that generate disequilibrium at neutral hitchhiker loci even outside the cline
of the selected locus itself. These indirect effects of selection
can reveal cryptic genetic structure within apparently wellmixed areas. These effects are of two sorts: (i) gradients of
introgression (or introgression tails) originating from a
geographically distant contact zone (Gagnaire et al. 2011)
and (ii) hitchhiking clines that are transiently generated
during the propagation of a selective sweep (Bierne 2010).
Large population genomic datasets now provide molecular
ecologists with the means to use these patterns to study
marine connectivity. Therefore, there is a good hope that
gathering theoretical background with these new data will
further catalyze research in the field.
Genetic approaches to marine connectivity using
neutral markers: successes and limits
Quantitative methods for inferring dispersal with neutral
genetic markers fall into two broad categories. One first
class of methods looks for the effects of gene flow on the
level of genetic differentiation between populations. These
methods rely on population genetics models that integrate
all relevant evolutionary forces, apart from the effect
of mutation which can be neglected for a wide range of
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migration rates (Box 1). For instance, migration can be
indirectly inferred using observations of genetic structure
and a model formalizing how gene flow might have produced these observations. The second option is to detect
individual dispersal events directly to reconstruct the distribution of dispersal distances, which can be done through
genealogy inference (e.g. parentage assignment) or clustering analysis to ascertain population membership of individuals. Not all methods strictly take one of these two
routes, but we mention this broad dichotomy here because
it gives a good indication of the underlying assumptions,
the amount of data required, the nature of the dispersal (or
migration) parameter to be estimated, and the spatial and
temporal scales over which each method is pertinent and

Box 1: What is the right FST estimator in high gene
flow species?
Since the advent of multi-allelic loci in population genetics, it
has been pointed out that the maximum value taken by
Wright’s FST at a given locus is bounded by its level of genetic
diversity so that Fmax ≤ 1  HS, where HS is the average
within-sample diversity (reviewed in Meirmans and Hedrick
2011). Various methods (i.e. estimators aimed at scaling the
maximum possible value to 1) have been proposed to correct
what is perceived under certain circumstances as a bias, or
even a drawback for measuring allelic differentiation between
populations (Jost 2008). In the case of bi-allelic loci, all measures (e.g. D, F’, G, h; see definitions in Meirmans and Hedrick
2011) give the same equilibrium estimation as Wright’s FST,
which can be transformed into migration rate at migration–
drift equilibrium. However, the problem becomes more complex when more than two allelic states occur, and one wishes
to take mutation and homoplasy into account. In the island
1
, so the relative role of mutation and
model, FST ’ 1þ4Nmþ4Nl
migration becomes a key issue. In the case of high gene flow
species, it is generally admitted that l  m. Hence, the main
criticism against the use of FST (i.e. m = 0, l > 0, which produces a multi-allelic FST estimate tending toward 0 with time
despite maximal differentiation and the absence of gene flow)
is not justified in such species. On the contrary, m ≫ l would
imply that the variation detected in one deme is mostly replenished by migration from the metapopulation rather than by
locally arisen mutations. Under this assumption, the small differentiation generally observed in most marine species would
not be an artifact of using multi-allelic markers, but the consequence of high migration. This has two consequences for our
interpretation of genetic variation in high gene flow species:
(i) homoplasy is likely to play a very limited role because
homoplastic alleles will be almost equally distributed throughout the metapopulation by migration, (ii) high heterozygosity
values reflect large metapopulation effective size rather than
locally high population size, a pattern that remains true even
with relatively low migration between populations.
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Box 2: Neutral methods to infer genetic connectivity.
(A) The distribution of dispersal distances can be estimated in two ways: through the direct detection of discrete dispersal events (blue
bars), or the indirect estimation of dispersal parameters like the standard deviation of parent–offspring dispersal distances (r). The
mean dispersal distance (l) can be obtained from r by assuming a normal distribution of dispersal distance (blue line). (B) The three
sampling strategies commonly used in marine population genetic studies: 1. A geographically subdivided species range is discretely
sampled, but some populations are not sampled (gray dotted circle); 2. A continuously distributed species is sampled discretely, and
the geographic distance between samples is of the same order as r; 3. Continuous sampling of individuals separated by distances of
the same order as r. Colored points are sampled individuals, gray points indicate nonsampled individuals. (C) The information about
dispersal that can be obtained from indirect and direct methods for each sampling strategy.
(A)

(C)

(B)

its estimates reliable. The applicability of these methods to
three sampling strategies commonly deployed in marine
population genetic studies is summarized in Box 2. Below,
we briefly describe their broad properties rather than providing an exhaustive catalog, highlighting why both types
of dispersal inference methods may be limited in their
application for many marine species.
Inferring genetic connectivity using indirect
methods
A representative example of indirect methods is the estimation of dispersal from IBD patterns. The IBD model can be
used to estimate dispersal from the increase in genetic dif772

ferentiation with increasing geographic distances between
populations (Rousset 1997) or individuals (Rousset 2000)
when dispersal is spatially limited (Box 2). Another example is the estimation of the absolute number of migrants
per generation (Nem) from FST in the island model (Wright
1951). Other indirect methods include estimators of Nem
or m under various extensions of the island model or other
more refined population structures (Broquet and Petit
2009). All these methods are associated with a number of
generally strong assumptions regarding the structure of
populations (e.g. constant and equal size of demes, homogeneous migration, and population density), the life cycle
of the species (e.g. nonoverlapping generations, identification of pre- and postdispersal stages and random mating
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within demes), and the role of each evolutionary force (e.g.
negligible effect of selection and negligible or known mutation rate). Model-based methods share at least two important properties. First, a measure of genetic structure never
easily translates into an estimate of migration rate (Whitlock and McCauley 1999; Marko and Hart 2011). In particular, a low FST does not necessarily mean that migration is
strong as genetic differentiation is influenced by both effective size (Ne) and migration rate (m) (Fig. 1). For instance,
little dispersal is required to limit the global differentiation
in an island model or a stepping-stone migration model
(Rousset 2004; and for a recent empirical example: Puebla
et al. 2012). Second, dispersal estimates often depend on
other known parameters relevant to other evolutionary
forces. For instance, the effect of genetic drift must be estimated independently (usually using density estimates) to
infer dispersal under the isolation-by-distance model (Pinsky et al. 2010). The main advantage of model-based inference methods is that they require a small amount of data
(for the less demanding methods, say about 10 sampling
sites with 20 individuals per site). These methods produce
estimates of migration rates (m) or moments of the distribution of dispersal distances (such as r, the standard deviation of axial dispersal distances, Box 2) which can be
difficult to interpret in an ecological context. Finally, such
estimates, which have the merit of integrating the effects of
evolutionary forces over longer time scales than direct
approaches, rely on the questionable hypotheses that dispersal is stable over time and that the migration–drift equilibrium has been reached.
Indirect methods have been applied in a series of case studies in marine organisms. For instance, keeping IBD as a typical example of model-based inference, empirical estimates of
r have been reported for a variety of species (Rose et al.
2006; Puebla et al. 2009, 2012; Ledoux et al. 2010; Pinsky
et al. 2010). However, such indirect approaches of dispersal
can fail on two grounds. First, if genetic drift is too weak to
generate population differentiation, then dispersal cannot be
inferred using a model that relies on the migration/drift balance. This problem is often encountered in species with
extremely large population sizes, such as many marine fishes
and invertebrates (DeWoody and Avise 2000; McCusker and
Bentzen 2010). For instance, there is no detectable genetic
differentiation among populations of the California sea mussel Mytilus californianus across 4000 km of its distribution
range (Addison et al. 2008). Second, species with large effective population sizes may show patterns of genetic structure
that are not at mutation–migration–drift equilibrium. Indirect estimators of dispersal are based on different statistics
that evolve at their own speed. Therefore, the rate of
approach of equilibrium for a given estimator has to be evaluated to determine whether or not equilibrium is a strong
assumption in particular case studies. For that reason, the
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uncertainty of indirect dispersal estimates due to a possible
departure from equilibrium is generally unknown (Pogson
et al. 2001).
Direct estimates of genetic connectivity
In contrast with indirect approaches, the direct detection of
migrants through parentage analysis or individual assignment makes much fewer assumptions. For instance, population or parentage assignment methods allow estimating
dispersal rates or distances without necessarily relying on
demo-genetic models. On the downside, these approaches
generally require a great deal of data, very good knowledge
of the species distribution, and make the sampling design
critical as it must be representative of the postdispersal
distribution of individuals (evaluation of long-distance
dispersal might be especially difficult due to constraints in
the size of the study area). In the case of parentage analysis,
an additional constraint stems from the necessity to sample
a large fraction of the potential parents. Assignment methods specifically applied to detect immigrants without identifying their origin require less extensive sampling, but
their efficiency reduces quickly with decreasing genetic differentiation (but see Gaggiotti et al. 2002). Parental assignments or first-generation migrant tracking methods
provide measures of dispersal distances that are relevant to
the dispersal episode preceding sampling. Moreover, these
methods yield estimates of individual movement rather
than gene flow, as immigrants may or may not reproduce
locally following dispersal. Finally, although interpreting
the results produced by these methods is generally more
intuitive than those of indirect approaches, care must be
taken regarding the effect of type I errors (i.e. incorrectly
identifying a local individual as an immigrant) and unsampled putative parents or source populations (Paetkau et al.
2004; Waples and Gaggiotti 2006). For example, even with
high statistical power (no type II error), accepting a 5%
type I error for detecting migrants can spuriously increase
the estimate of migration rate.
Direct methods have been successfully applied to some
marine species. For instance, genetic assignment has yielded
useful dispersal information in seals (Gaggiotti et al. 2002),
reef fish (Saenz-Agudelo et al. 2011), and corals (Underwood
et al. 2007). Similarly, parentage assignment has proven efficient in a number of case studies focusing especially on reef
fishes (Jones et al. 2005; Planes et al. 2009; Christie et al.
2010; Almany et al. 2013). Besides a minute type I error, the
success of such studies relies upon the fraction of potential
source populations or parents that are sampled. These
approaches thus require a high-density sampling at a relevant
geographic scale, and their application in the marine environment is therefore limited to species with population sizes and
distribution ranges that are well documented and small
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enough for such sampling to be realistic. Although recent
studies have shown that larval dispersal oftentimes occurs
over smaller spatial scales than previously believed (Swearer
et al. 2002; Almany et al. 2007; van der Meer et al. 2012;
Puebla et al. 2012), many marine species typically have high
fecundity rates, large distribution ranges, and population size
(Palumbi 1994). These methods are thus inapplicable to the
majority of marine animal species (from invertebrates to
pelagic fishes) that have medium to large population sizes,
elusive population contours and for which only a minute
fraction of the individuals can be sampled for genetic studies.
Investigating genetic connectivity with clustering
methods
When the study species is subdivided into discrete populations, there is a need to first determine the number of populations before evaluating gene flow (Waples 1998).
Clustering methods which detect genetic discontinuities
and limits to gene flow have been proposed as a way to
identify both populations (stocks) and migrants (Pritchard
et al. 2000; Broquet et al. 2009). The different clustering
approaches (Pritchard et al. 2000; Corander et al. 2003)
have their own limits, such as departures from the underlying models (Francßois and Durand 2010). In particular, patterns of isolation by distance may lead to artificial
clustering (Schwartz and McKelvey 2009; Blair et al. 2012;
Aurelle and Ledoux 2013), and peculiar reproductive systems like partial selfing can induce spurious admixture patterns (Gao et al. 2007). The power of clustering methods
generally increases with the amount of genetic differentiation among populations (Latch et al. 2006). For that reason, they are mostly suited to infer genetic connectivity in
species with intrinsically or behaviorally limited dispersal
abilities and relatively small local population sizes (Ledoux
et al. 2010; Wilson and Eigenmann Veraguth 2010; Mokhtar-Jama€ı et al. 2011; Perrier et al. 2011; Ansmann et al.
2012; Lukoschek and Shine 2012), which are not representative of the majority of marine species.
Population genomics using neutral markers for
marine connectivity studies: what way forward?
Estimating connectivity from genetic data is a challenging
task, which is made even more difficult by the particular
life history traits and demographic characteristics of many
marine species. More markers may enhance the statistical
power of genetic studies and yield more precise estimates
of small genetic differentiation values (Patterson et al.
2006), but the signature of dispersal contained in the data
may remain intrinsically small or inexistent. In particular,
it is not clear whether increasing the number of loci will
help in situations where large effective population size
774

keeps genetic structure down, even with restricted migration. As the number of markers rapidly increases, the
nonindependence of loci in large population genomic datasets is also becoming another important issue which
requires further investigation (Waples 2015).
Despite well-recognized limitations, there is still a good
hope that population genomic datasets will improve the
usefulness of indirect methods by increasing the power and
precision of small genetic differentiation estimates.
Although fairly robust estimates of dispersal were already
obtained from IBD patterns among populations or discrete
geographic samples using tens of markers, greater improvement is expected for methods based on genetic differentiation between individuals (Rousset 2000). This should be
achieved through a more accurate estimation of pairwise
genetic differentiation between individuals, just like population genomic datasets have improved the inference of
relatedness between pairs of individuals for heritability estimation (Visscher et al. 2008). Because the power of isolation-by-distance regression scales with the number of
observed pairwise geographic and genetic distances, a continuous sampling of individuals separated by distances in
the order of r (Rousset 2000) may be preferable to a discrete sampling of groups of individuals (Box 2).
Analyzing thousands of markers should also increase the
power of direct methods, although the type I error issue
underlined above is unlikely to be fully resolved even with
high power, and sampling requirements cannot be alleviated by intensifying the genetic coverage of each individual.
On the other hand, population genomic datasets may also
contain useful information on migration events that trace
back to several generations in the past. Therefore, extending direct estimates of dispersal beyond the identification
of parent–offspring or sibling relationships seems appealing. This should encourage the development of methods
that take the full spectrum of relatedness into account.
Whether large datasets will significantly improve the
ability of clustering methods to detect existing structure
when genetic differentiation is small remains to be tested
with recent programs that have been specifically developed
for rapidly processing population genomic data (Popescu
et al. 2014; Raj et al. 2014). The use of principal component analysis (PCA) methods already proved useful for
detecting fine-scale structure between human populations
exhibiting low levels of genetic differentiation (Patterson
et al. 2006; Novembre et al. 2008). This type of analysis
may benefit from the informativeness of rare variants to
detect fine-scale population structures (O’Connor et al.
2014), especially in the case of large populations that only
exchange few migrants per generation.
Genome-wide polymorphism data that contain information about haplotype phase may open other interesting
possibilities for studying connectivity. Immigration fol-
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lowed by successive rounds of sexual reproduction with
local residents produces individuals with mixed genetic
ancestry. Across generations, the original immigrant chromosomes are progressively broken down by recombination,
so that the genome of admixed individuals is composed by
a mosaic of segments originating from different ancestral
populations (Gompert and Buerkle 2013). The length distribution of such admixture tracts (also called migrant
tracts) can be used to infer migration rates between populations (Pool and Nielsen 2009; Gravel 2012). In practice,
this approach requires that the ancestry of admixture tracts
can be accurately inferred, and this might be possible only
when admixture stems from divergent populations. A
related approach is based on the analysis of identical genomic segments that are inherited by pairs of individuals. The
genomic proportions of long segments that are identical by
descent between individuals from the same or different
populations are directly related with migration rate (Palamara and Pe’er 2013). Referred to as ‘haplotype sharing’,
this approach may be better suited to infer relatively recent
migration between populations, although so far it has only
been tested using high marker density datasets in species
with a high-quality reference genome. These methods are
currently under development (Gravel 2012; Liang and Nielsen 2014) and need to be evaluated for their potential to
estimate migration in nonmodel species with weakly structured populations contemporarily exchanging migrants.
Below, we develop another avenue of research that takes
advantage of large population genomic datasets by focusing
on genetic markers affected by selection.
Using selected and hitchhiker loci as an alternative
approach to infer marine connectivity
As developed above, the approaches to infer demographic
parameters from genetic data classically rely on neutral
models that assume a balance between migration and
genetic drift (Whitlock and McCauley 1999). As in large
populations the effect of drift is very weak, even the most
sophisticated methods based on this balance may lack
power to infer migration, not to mention that disentangling the effects of Ne and m it is very difficult under these
models (Waples 1998; Fig. 1). Alternatively, selection can
act as a more efficient antagonistic evolutionary force than
drift to counteract the homogenizing effect of migration
(Lenormand et al. 1998). As the efficiency of selection
scales up with population size, the counterbalancing effect
of directional or divergent selection is expected to be
greater in marine species with large population sizes (Allendorf et al. 2010). The detection of selected genes has long
been a challenging prerequisite, but large marker datasets
have considerably enhanced the power of genome scans to
identify loci with extreme levels of differentiation (Stapley
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et al. 2010), the so-called ‘FST outliers’ supposed to be
directly or, more probably, indirectly affected by selection
(Luikart et al. 2003; Storz 2005). Recent conservation
genetic studies have proposed to delineate locally adapted
units based on the signal held by outlier loci (Funk et al.
2012; Nielsen et al. 2012), but without providing means to
explicitly assess connectivity between such units. Before providing further guidance for using selected markers to infer
the rate and scale of dispersal, we consider some of the problems that specifically arise with this category of markers.
Important concerns related to outlier detection
A common issue encountered in population genomic
studies is that the different methods that can be used for
identifying FST outliers usually detect only partially overlapping sets of loci. These inconsistencies across methods
partly reflect the influence of unknown genetic structure
and demographic history on outlier detection tests (for
recent reviews, see Narum and Hess 2011; De Mita et al.
2013; De Villemereuil et al. 2014; Lotterhos and Whitlock
2014). In particular, the most commonly used methods
for detecting FST outliers have a high rate of false-positive
detection under nonequilibrium scenarios (Fra€ısse et al.
2014; Lotterhos and Whitlock 2014), hierarchical population genetic structure (Excoffier et al. 2009), and IBD patterns (Meirmans 2012; Fourcade et al. 2013), while
suffering at the same time from limited sensitivity (falsenegative detection). To circumvent these problems, combining differentiation-based methods with genotype–environment association tests was suggested as a more reliable
outlier identification approach (De Villemereuil et al.
2014). In addition, new methods have been developed that
are expected to account for correlated ancestry among
samples (Excoffier et al. 2009; Bonhomme et al. 2010;
Duforet-Frebourg et al. 2014; Foll et al. 2014). However,
even if FST outlier tests perform rather well when selection
acts on few loci with large effects, they are more seriously
challenged by selection acting on many small-effect loci or
when the marker loci are loosely linked to the target loci.
Because adaptation involving quantitative traits most
often evolves through polygenic selection (Pritchard and
Di Rienzo 2010), the small changes in allele frequencies
resulting from polygenic adaptation may remain below
the detection limit of most outlier detection methods (Le
Corre and Kremer 2012). In light of recent simulationbased studies that have investigated the performance of
outlier tests, it thus appears that outlier candidates should
be submitted to validation by combining different statistical approaches, or more directly by comparing allele frequencies before (e.g. in the larval pool) and after (e.g. in
juveniles or adults) selective mortality whenever possible
(Gagnaire et al. 2012).
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An important question that stems from acknowledging
the limited power to detect polygenic selection is how to
treat the signal held by the most differentiated selected loci,
which may have a long, complex, and unanticipated history
of divergence, when many others remain undetectable?
Apart from the fact that undetected selected loci are
expected to bias the neutral-based estimations of connectivity described above, these loci may be more informative
than neutral loci for delineating genetic clusters, even if
polygenic selection produces small allele frequency changes.
Principal component-based analyses combining neutral
and selected loci may thus be used as a naive approach to
test whether genetic variation is continuously distributed in
space, or partitioned into discrete genetic clusters to which
individuals can be assigned to estimate the rate and scale of
dispersal. Because many species probably match the polygenic selection model, this approach may be appropriate to
improve the delineation of discrete genetic clusters in study
systems where neutral marker datasets have been uninformative. However, the gain of power offered by large population genomic datasets is difficult to predict and requires
further examination using simulated data under different
dispersal scenarios.
Another concern when reliable outlier candidates can be
identified relates to the nature of the selective effects
behind their detection. Several selective mechanisms can
increase genetic differentiation above the genome-wide
average (Bierne et al. 2013), including underdominance,
local and background selection (Charlesworth et al. 1997),
but also convergent evolution in response to uniform
selection (Ralph and Coop 2010). Importantly, each type
of selection can affect neutral loci through linkage, which
means that outlier loci could most often result from the
indirect effect of selection at other loci. The pervasive
effect of selection at linked sites has been well documented
in Drosophila (e.g. Langley et al. 2012). In such species
with large population effective sizes, background selection
(Charlesworth et al. 1993) and genetic hitchhiking (Maynard Smith and Haigh 1974) can easily generate correlation between local recombination rates and genetic
diversity. Such a correlation has been recently described in
the stickleback (Roesti et al. 2012) and the European sea
bass (Tine et al. 2014), which confirms that selection at
linked sites can also have a dominant effect on genetic
diversity in marine species.
In the next sections, we consider geographic patterns
generated under various types of selection and provide a
guide to infer genetic connectivity using existing and newly
developed theoretical frameworks. Applied in local areas
with environmental and hydrological singularities, some of
these approaches will provide quantitative estimates of dispersal. In other cases, where the effects of selection are less
well resolved, genomic data will be helpful to detect genetic
776

discontinuities and provide qualitative assessment of connectivity.
Estimating dispersal distances using genetic clines
Genome scan studies in marine species have reported
several empirical examples of outlier loci exhibiting clinal
variation patterns, usually coinciding in space with environmental gradients, ecotones, or boundaries between biogeographic regions (Murray and Hare 2006; Bradbury
et al. 2010; Colbeck et al. 2011; Gagnaire et al. 2011;
Lamichhaney et al. 2012; Limborg et al. 2012). It is well
established that selected markers analyzed in light of
cline theory can provide robust estimates of dispersal
distances (Barton and Gale 1993; Lenormand et al. 1998;
Sotka and Palumbi 2006). Cline shape is basically determined by a balance between migration and selection,
which allows under quasi-equilibrium conditions to
derive the dispersal parameter in the geographic region
of the cline. Empirically inferred dispersal distances may
not be precise when only one locus is available and
when linkage disequilibrium between selected loci is
unknown, but even then they should be of the right
order of magnitude (Sotka and Palumbi 2006). Population genomic studies have now the power to detect loci
exhibiting clinal variation in species previously believed
to be genetically homogeneous, so the potential for discovering new cases of local adaptation clines and cryptic
hybrid zones is high (Bierne et al. 2011).
Using local adaptation clines to infer dispersal
We refer to local adaptation clines as monogenic clinal
variation patterns maintained by a balance between the
divergent effects of selection and the homogenizing effects
of migration. Such clines occur along environmental gradients or at the frontier between habitats when alternative
alleles have antagonistic fitness effects in different environmental conditions (Powers and Place 1978; Koehn
et al. 1980). Allele frequencies vary as a sigmoid function
of geographic distance (Box 3A) without necessarily
reaching fixation if selection cannot purge the inflow of
maladapted genotypes (Slatkin 1973). Local adaptation
clines can be used to estimate dispersal distance (r) if the
selection coefficient (s) can be measured, which actually
represents a serious challenge to most case studies. However, a measure of selection can sometimes be obtained
using experimental populations or genotype frequency
comparisons between larvae and adults sampled from the
same cohort. By contrast, inferring dispersal from a neutral hitchhiker locus only requires the recombination rate
with the selected locus (Box 3A). This can be more readily obtained by studying the signature left by selection in
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Box 3: Using selected and hitchhiker loci to infer genetic connectivity.
Plots show the chromosomal and geographic signatures of selection under four different selective processes. Selected and neutral loci are
colored in red and green, respectively. Genetic differentiation (FST) along the chromosome is measured between spatial coordinates
500 and 500. (A) A local adaptation cline lying at the frontier between two environments where selection acts in opposite directions
(s = 0.1, r = 30). The cline width parameter (w) is defined as the inverse of the maximum slope at the cline center, and k is a coefficient
that depends on the selection regime (Slatkin 1973; Nagylaki 1975; Endler 1977; Barton and Gale 1993; Kruuk et al. 1999). A neutral
hitchhiker locus with a recombination rate r with the selected locus makes a shift (Dp) in the central region of the cline, and an external
gradient of allele frequency (@p/@x) directly outside the cline (Barton 1979b). (B) Hybrid zone cline between two partially reproductively
isolated populations with selection acting against hybrid genotypes (s = 0.5). The amount of linkage disequilibrium (D) between selected
loci is measured after dispersal at the center of the overlapping clines. (C) A tail of introgression produced by the inflow of foreign alleles
entering a subdivided population (see Fig 3 for details). (D) Local connectivity patterns revealed by a global sweep. An unconditionally
favorable mutation (s = 0.05) appears on the left side of a chain of demes (at an initial frequency of 1/2Ne) and then propagates to the
right side from deme to deme (m = 0.01), leaving behind a complex allele frequency pattern at a neutral hitchhiking locus (r = 0.001).
Local connectivity between adjacent demes is transiently revealed by the structure of the neutral hitchhiking locus, as long as gene flow
re-homogenizes allele frequencies. The chromosomal signatures of selection can take the form of narrow regions of differentiation (A),
large genomic islands (B), or shoulders of differentiation (C and D) centered on the selected loci.
(A)

(C)

(B)

(D)
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Glossary
Connectivity : The exchange of individuals among populations or subpopulations. Lowe and Allendorf (2010)
interestingly distinguished demographic connectivity and genetic connectivity
Demographic connectivity : The relative contribution of net immigration and local recruitment to the population growth
rate of a population. Depends both on intrinsic characteristics (survival, reproduction,
emigration) of the focal population and the extrinsic contribution of dispersal from other
populations
Genetic connectivity : The absolute number of individuals coming into the focal population through immigration from
other populations, as measured with genetic data; this may be a measure of individual movement
or of gene flow according to the approach used
Dispersal/migration : The movement of individuals between populations
Dispersal/migration rate : The probability of a randomly sampled individual being an immigrant
Genomic islands of differentiation : A region of the genome where genetic differentiation increases above its genomewide
average due to the presence of a genetic barrier to gene flow
Hybrid zone : A region where genetically distinct populations are in contact and interbreed
Introgression : The movement of genes between populations or species due to repeated backcrossing
Local adaptation : Higher performance of individuals in the habitat where they were born compared to immigrants
Metapopulation : A group of subpopulations exchanging migrants
Next-generation Sequencing (NGS) : High-throughput sequencing techniques (e.g. Illumina sequencing) in contrast to
Sanger-based sequencing
Outlier loci : Loci with atypical patterns of genetic differentiation indicative of direct or indirect selection processes
Partially reproductively isolated species : Species that still exchange genes through introgressive hybridization
Population : A group of individuals living in the same habitat and reproducing with each other
Species : A group of individuals which are not interbreeding with other such groups (i.e. sensu biological species
definition)
Subpopulation, deme : A group of individuals within a population that mate randomly and exchange migrants with other
such groups
the chromosomal neighborhood of individual outlier loci.
For instance, resequencing the region around outliers may
help to determine which polymorphism is actually under
selection (i.e. the one showing the highest FST value, surrounded by decreasing differentiation on both sides;
Box 3A) and provides data to estimate local recombination rates around the selected locus without needing a
recombination map (Stumpf and McVean 2003). The
chromosomal signature left by local selection in high gene
flow species is usually limited to very narrow regions,
even when selection acts on de novo mutations (Fig. 2).
Therefore, high-density genome scans are usually required
for efficiently detecting local adaptation loci.
As with parentage assignment methods, the dispersal
parameter estimated from local adaptation clines is mostly
relevant over short time scales in the geographic area
778

where the shift in allele frequency is observed. However,
discordant clines arising in distinct locations in response
to spatially uncorrelated selective factors should provide
independent local estimates of dispersal across a species
range. Local adaptation clines might thus offer valuable
alternatives to estimate migration in high gene flow marine
species, keeping in mind that the underlying models
assume that each cline evolves independently. Therefore,
caution must be taken in distinguishing oligogenic from
highly polygenic clines. For instance, a high-density genome scan in Drosophila melanogaster revealed the existence
of several latitudinal clines (Fabian et al. 2012) that geographically overlap with classical clines attributed to local
adaptation (e.g. the Adh locus, Berry and Kreitman 1993).
As for Drosophila (Bergland et al. 2015), some classical
clines found in marine organisms, such as the Ldh cline in
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Figure 2 The chromosomal signature of local selection acting on a de
novo mutation in panmixia. We consider a two habitats Levene’s model
(Levene 1953) represented in the left box, with random mating (in the
dotted circle) and random dispersal (arrows) across two habitats of
equal size (rectangles). A new selected mutation (allele a, red star)
appears in habitat 1 on a haplotype bearing rare neutral variants (in
green) at variable recombination distances (the initial frequency is 1/
2Ne). The selected mutation has symmetrical antagonistic effects on the
fitness of genotypes with respect to habitat (Habitat 1: xAA/xAa = 0.5,
xaa/xAa = 2; Habitat 2: xAA/xAa = 2, xaa/xAa = 0.5). At equilibrium,
varying selection among genotypes and habitats results in differentiation between habitats at the selected locus (in this example Dp  0.3).
During the progress toward equilibrium, neutral variants hitchhike with
the selected allele, transiently producing a narrow chromosomal region
where genetic differentiation is increased around the selected locus
(green line). As the selected allele progressively recombines away from
its haplotypic background, differentiation at neutral alleles rapidly vanishes (green arrows). After a few thousands of generations, differentiation is almost limited to the selected locus (dashed green line).

the killifish Fundulus heteroclitus (Powers and Place 1978),
turned out to occur in secondary contact zones (Durand
et al. 2009). This suggests that some of the few clinal outliers that were detected trough candidate gene or low-density genome scans may only reflect the emerged part of
the iceberg and that polygenic clines and cryptic hybrid
zones coinciding with environmental boundaries may be
more common than usually believed (Bierne et al. 2011).
When significant linkage disequilibrium is detected among
clines, the hybrid zone theory offers a more appropriate
framework to infer dispersal.
Using hybrid zone clines to infer dispersal
Many clines evidenced in marine population genetics studies actually result from selection acting at multiple loci, as
revealed by the finding of concordant clines in contact
zones between hybridizing taxa, that is hybrid zones (Duggins et al. 1995; Bierne et al. 2003; Sotka et al. 2004; Murray and Hare 2006; Zbawicka et al. 2014). In such clines,
each locus cumulates the indirect selective effects from
other loci (transmitted through linkage disequilibrium) in
addition to its own selection coefficient (Barton 1983;
Kruuk et al. 1999). The magnitude of indirect effects
depends on the amount of linkage disequilibrium and
therefore on selection, recombination, and dispersal. The
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associations among selected alleles in hybrid zones can be
used in combination with cline width to infer dispersal
(Box 3B, Barton and Gale 1993). As for single locus clines,
outlier loci showing concordant clines are not necessarily
the actual targets of selection but more likely neutral loci
presenting various degrees of linkage with the genes
involved in the barrier. Therefore, the shift in allele frequency in the central region of the cline is often much less
than 1 for neutral markers, and linkage disequilibrium
needs to be corrected for the effect of introgression to estimate dispersal distance (Box 3B).
The cumulative effects of direct selection and indirect
selection acting on other loci produce a typical cline shape
characterized by a central sigmoid step with two exponential tails of introgression on either side (Barton 1983; Barton and Gale 1993). Allele frequency data collected across a
hybrid zone transect can be used to fit a model of cline
shape and estimate its parameters, including cline center
and width within the narrow region of abrupt change
(Szymura and Barton 1986). Hybrid zones analysis programs like HZAR provide useful functions for fitting clines
along geographic transects (Derryberry et al. 2014).
Genetic tagging in hybrid zones
A conceptually different approach to estimating connectivity in contact zones is to perform individual genetic
assignments to identify migrants. This approach which is
similar to the one detailed in the above section (i.e. direct
estimates of genetic connectivity) takes advantage of the
substantial genetic differences existing between populations
or species that are on both sides of the hybrid zone. Minimal dispersal distances can be obtained through the identification of parental genotypes that crossed a hybrid zone
and successfully settled in a foreign parental population or
species. An even more precise estimation of larval dispersal
distance can be made when the source of dispersing larvae
is known, as for first-generation hybrids dispersing outside
a hybrid zone. Using this strategy, patterns of larval movement among neighboring patches of blue mussels have
been examined by measuring realized larval dispersal based
on the genetic identification of recently settled juveniles
(Gilg and Hilbish 2003). This approach provides an interesting alternative to the measures of dispersal offered by
the analysis of genetic clines. In the blue mussel example,
both approaches provide comparable estimates: Gilg and
Hilbish (2003) found a dispersal distance of 30 km which
is in accordance with the 38 km width of the LAP cline in
Long Island (Lassen and Turano 1978) and the 52 km
width of the cline between M. edulis and M. trossulus in
the Oresund (V€ain€
ol€a and Hvilsom 1991). Because genetic
tagging relies on a clear distinction between parental genotypes, introgressed individuals, and real hybrids, individual
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assignments should be done using the most highly differentiated (and preferentially diagnostic) markers identified in
genome scans.
Using introgression tails to reveal cryptic
population structure
Previous methods based on cline width analysis are constrained in their application by the geographic localization of cline centers. However, estimates of population
connectivity are often required outside these singular
regions, for instance when it is necessary to determine
whether there is limited dispersal between populations
within areas delimited by ecological or biogeographic

boundaries, a relatively common concern for conservation and stock management issues (Allendorf et al. 2010).
A potential solution, when the migration–drift equilibrium is not informative, is to search for evidence of spatial structure revealed by introgression (Gagnaire et al.
2011). Introgression may generate gradients (or steps) in
allele frequencies along a geographic axis originating at
the edge of a contact zone. These tails of introgression
may extend to large distances beyond cline centers and
can arise for several reasons.
The first one is the free diffusion of neutral alleles following secondary contact between two genetically differentiated populations, or two partially reproductively isolated
species. This process creates a transient gradient of

(A)

(C)

(B)

(D)

Figure 3 Using the inflow of foreign alleles to reveal within-species connectivity patterns. At generation zero, two partially reproductively isolated
species meet on a linear stepping-stone model between demes 10 and 11 and start to exchange genes. The auto-recruitment rate is 1  m, and
migration to adjacent demes is m/2 (with m = 0.5). A weak barrier to gene flow (m = 0.01) was set between demes 20 and 21, in the middle of the
range of the species localized on the right side. Strong selection (s = 0.5) acts against heterozygote genotypes at a reproductive isolation locus, which
is linked to neutral markers located at variable recombination distances (from closely linked to unlinked). A recombination rate of 1 cM per Mb was
used to convert genetic into physical distances. (A) The step size, calculated as the difference in allele frequency between demes 20 and 21 (Dp), as a
function of the number of generations postcontact. (B) Spatial allele frequency patterns after 10 000 generations of introgression showing the frequency step between demes 20 and 21. (C) The step size between demes 20 and 21 as a function of the physical distance to the reproductive isolation locus. (D) The step size between demes 20 and 21 as a function of the difference in allele frequency between species.
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(A)

(B)

Figure 4 Genomic islands of differentiation and the information therein. (A) A genomic island of differentiation between Atlantic and Mediterranean
sea bass lineages (Dicentrarchus labrax) on chromosome 7 (RAD-sequencing data from Tine et al. 2014). (B) Geographic clines between two partially
reproductively isolated species of sole, Solea senegalensis (Sp. 1, left side) and Solea aegyptiaca (Sp. 2, right side) assessed by RAD-Sequencing (A.
Souissi, P.-A. Gagnaire, L. Bahri-Sfar, F. Bonhomme, unpublished). Red and orange clines correspond to expectations near reproductive isolation loci
(i.e. at the center of a genomic island, where there is no introgression), for a diagnostic locus (red) and a locus only polymorphic in S. senegalensis
(orange) due to incomplete lineage sorting. The green cline shows a gradient (or a tail) of introgression due to the inflow of S. aegyptiaca alleles in
the S. senegalensis background. At this locus, the shared allele is a consequence of secondary introgression instead of incomplete lineage sorting.
Such gradients of introgression are expected to be found at loci showing intermediate degrees of linkage with reproductive isolation loci (i.e. located
in the periphery of a genomic island, where introgression is reduced but not zero). Introgression tails may be used to reveal cryptic genetic structure
where freely recombining neutral loci remain uninformative (black dashed line), as it is the case in S. senegalensis.

introgressing alleles if the rate of introgression is higher or
equal to the rate of homogenization within the introgressed
population (i.e. the introgression/homogenization rate
ratio is ≥1). Importantly, the gradient only appears if dispersal is spatially limited, otherwise spatial homogenization
occurs immediately as foreign alleles enter the introgressed
population. In order to illustrate how this mechanism can
be used to detect a local barrier to dispersal, we simulated a
contact zone between two partially reproductively isolated
species and the introgression of foreign alleles within one
of the two species which is geographically subdivided
(Fig. 3). The extent of genetic differentiation within the introgressed species was measured between two populations
separated by a weak barrier to gene flow (m = 0.01), other
adjacent demes being otherwise highly connected in the
standard linear stepping-stone model. During a few thousands of generations postcontact, introgression generates a
step in allele frequency between the two populations of the
introgressed species, and the step then disappears as allele
frequencies equilibrate between species (the black dashed

line Fig. 3A). Two important properties emerge from these
simulations. As the introgression/homogenization rate
ratio approaches 1, the magnitude of the frequency step
decreases, but the maximum step magnitude is reached
later and the step lasts longer. A direct application of these
properties is that variable introgression rates among loci
provide with the means to detect a weak barrier to gene
flow even when introgression has started thousands of
generations in the past. For instance, a snapshot taken
after 10 000 generations of introgression shows that while
the step has completely vanished at freely recombining
neutral loci, neutral loci in partial linkage with reproductive isolation loci have retained the signal of differentiation between populations due to their reduced effective
migration rate (Fig. 3B). Therefore, differential introgression between parapatric species can be used as a powerful
tool to detect cryptic population structure outside the
contact zone.
Tails of introgression may be also influenced by selection
acting outside the tension zone. In this case, the gradient of
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allele frequency within the range of the introgressed species
may be steepened by a gradient of selection (e.g. an
environmental gradient). Because secondary contact zones
commonly coincide with environmental gradients (Bierne
et al. 2011), introgression tails may be commonly
encountered within biogeographic regions separated by
environmental boundaries (e.g. the Baltic Sea).
These mechanisms show how much it is important to
sample not only the whole distribution range of a species
but also other divergent populations, or closely related species that live in parapatry or in sympatry before interpreting spatial genetic variation patterns (Gagnaire et al. 2011;
Cullingham et al. 2013; Gosset and Bierne 2013). Now that
NGS tools begin to reveal genomic islands of differentiation
between cryptic species that were previously considered as
populations of the same species (Hemmer-Hansen et al.
2013; Karlsen et al. 2013; Tine et al. 2014), polymorphisms
located in the periphery of these islands may become a
powerful new type of markers to infer connectivity within
species, as illustrated in Fig. 4. Importantly, the spatial
range of application of genomic-island associated loci
could be large if markers are taken at various recombination distances from the central region of a genomic island
of differentiation.
Hitchhiking clines
Another scenario that generates outlier loci happens during
the spread of an unconditionally favorable allele in a spatially subdivided population. This process leaves a transient
footprint at neutral markers in the chromosomal vicinity of
the sweeping allele. When the overall genomic differentiation is low, as it is typically the case in marine species, this
process generates an elevated level of differentiation on
both sides of the selected locus (Bierne 2010), which corresponds to the locations of sweep shoulders (Schrider et al.
2015). The reason is that recombination progressively
breaks the association between the selected locus and the
hitchhiker neutral locus, while the sweeping wave propagates. Therefore, the hitchhiking effect is strong at the
birthplace of the favorable mutation, while it progressively
softens as the wave travels. The effect is stronger for intermediate recombination rates between the selected and the
hitchhiker neutral locus, because when linkage is tight,
associations remain during the spread of the wave while
when linkage is loose the hitchhiking effect is weak right
from the beginning. For a similar reason as for the case of
introgression clines (Fig. 3C), global hitchhiking therefore
generates two shoulders of differentiation on each side of
the selected locus on the chromosome. In the deterministic
model, the spatial structure generated is a gradient in allele
frequency called ‘hitchhiking cline’, but when stochasticity
is introduced, for example random genetic drift, the spatial
782

structure can be more complex and sometimes results in
nonmonotonic variations in allele frequency (a patchy
genetic structure as shown in Box 3D). Detecting the genomic signature of a global sweep requires a high-density
screening of the genetic differentiation in the chromosomal
neighborhood of the selected locus. Therefore, only few
examples that fit the predictions have been studied, with
only two cases in marine species (in the blue mussel, Bierne
2010; and the stickleback, Roesti et al. 2014), and some
possible cases in highly polymorphic terrestrial species such
as maize (Gore et al. 2009; Bierne 2010) and nematodes
(Jovelin et al. 2014). By adjusting the global hitchhiking
model to the mussel data, it has been possible to estimate
the minimal migration rate needed to obtain the observed
FST value between the two geographically distant populations of M. edulis (Faure et al. 2008) which proved to be
surprisingly low (m < 108), as well as the position of the
selected locus (3 kb 50 of the start codon of the EF1a
gene), the selection coefficient (s = 0.01), and incidentally
the local recombination rate of the chromosomal region
(q = 1.7 cM/Mb, Bierne 2010). This result nicely closes the
loop of our argumentation by showing how two populations of mussels that are demographically largely independent for thousands of years do not depart from apparent
genetic panmixia. Recent analysis based on NGS data
(Fra€ısse et al. 2015) revealed that deep sampling of the neutral fraction of the genome does not reveal a clear genetic
structure between the two populations and that local adaptation is either extremely rare or extremely difficult to
evidence (Gosset et al. 2014). Only the indirect effect
of selection transiently generated at a linked neutral
hitchhiker locus has revealed a sufficiently clear pattern to
demonstrate demographic independence.
Conclusion
Substantial progresses in our understanding of connectivity
in nonmodel organism can be achieved with large population genomic datasets. High-density genome scans have
reached the power to detect outlying patterns of genetic
differentiation at different spatial scales, enabling conservation geneticists to identify genetic differences reflecting
restriction to gene flow where classical neutral markers
were hitherto most often largely uninformative, as in high
gene flow species. The scope of the applications of outlier
loci for assessing connectivity patterns in marine species
needs further investigations, in particular through gathering a larger set of empirical data. Some of the methodologies that were proposed in this review are still
underexplored, and we hope that our work will stimulate
new research to test how broadly they are applicable to
nonmodel marine species. Although spatially explicit methods are directly applicable to continuously distributed ses-
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sile species, selected and hitchhiker loci also have the
potential to reveal cryptic genetic structure in migratory
species with natal homing (Gagnaire et al. 2011) or feeding
migrations. A growing question will be to determine
whether all the genetic differences revealed by outlier loci
are relevant for conservation and species management.
Genome scans will probably confirm the picture of major
biogeographic boundaries as hotspots of cryptic genetic
structure between populations and partially reproductively
isolated species pairs. They may also reveal new and unexpected barriers to gene flow. Such zones are likely to delineate stocks and populations that are important from a
conservation point of view. Besides, genome scans may also
reveal unusual outlier patterns that are difficult to relate to
a clearly identified evolutionary mechanism. The shift to
using selected and hitchhiker loci will probably open this
can of worms, irrespective to their utility to assess connectivity in the marine realm.
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Using Haplotype Information for Conservation
Genomics
Maeva Leitwein,1,3,* Maud Duranton,2,3 Quentin Rougemont,1,3 Pierre-Alexandre Gagnaire,2,4
and Louis Bernatchez1,4
The particular combinations of alleles that define haplotypes along individual chromosomes
can be determined with increasing ease and accuracy by using current sequencing technologies. Beyond allele frequencies, haplotype data collected in population samples contain information about the history of allelic associations in gene genealogies, and this is of tremendous
potential for conservation genomics. We provide an overview of how haplotype information
can be used to assess historical demography, gene flow, selection, and the evolutionary outcomes of hybridization across different timescales relevant to conservation issues. We address
technical aspects of applying such approaches to nonmodel species. We conclude that there is
much to be gained by integrating haplotype-based analyses in future conservation genomics
studies.

The Potential of Haplotypes for Conservation Biology
Societal recognition of global biodiversity and the dramatic erosion caused by human activity is relatively recent [1]. The emergence of conservation biology in the early 1980s [2] has given birth to a crisis
discipline that aims to propose strategies to curb biodiversity loss [3]. Conservation genetics approaches contribute to these efforts by documenting levels of genetic variation within and among
populations to estimate key evolutionary parameters [4]. By contributing to a better assessment of
the demography and evolutionary potential of wild populations, this field now plays a major role in
species conservation and management [5].
The development of next-generation sequencing (NGS) technologies and the ensuing availability
of whole-genome polymorphism data has moved the field from conservation genetics to conservation genomics [6,7]. The increased number of neutral markers has enabled a more accurate estimation of effective population size (Ne, see Glossary) and migration rate (m) [6], two fundamental parameters in conservation biology. For instance, populations with a small Ne have increased
homozygosity for partially recessive deleterious mutations, and are therefore more susceptible
to inbreeding depression [8,9]. In addition, small populations usually accumulate more deleterious
mutations when drift prevails over selection [7]. This may synergistically interact with demography
to cause extinction through a mutational meltdown process [10]. Similarly, genomic data now provide more robust estimates of migration rates and intergenerational dispersal distances to address
genetic connectivity [11,12]. When immigrants effectively transmit their genes following dispersal
into a recipient population, the resulting gene flow may either promote or counteract local
adaptation [13], increase or mask genetic load [14], erode species boundaries [15], or have
potential long-term effects through adaptive or maladaptive incorporation of foreign genetic
material [16].
Natural and human-induced gene flow between divergent evolutionary lineages can result in
genetic admixture or introgression [17,18]. Such exchanges of foreign genetic material raise
several conservation and management questions [19], especially when they occur between wild
and domesticated populations [20], or between endangered and nonendangered species [21].
Population genomic studies have been addressing these issues with increasing power over the
past decade [5], but did not fully exploit the information contained in linkage disequilibrium
(LD) among neighboring markers [22]. Recently, however, some studies started to use microhaplotypes to increase the accuracy of individual assignment, relatedness, and population structure
inference [23,24].
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Canada

2ISEM, Univ Montpellier, CNRS, IRD,
Montpellier, France
3Co-first

authors

4Co-last

authors

*Correspondence:
maeva.leitwein.pro@gmail.com

Trends in Ecology & Evolution, March 2020, Vol. 35, No. 3 https://doi.org/10.1016/j.tree.2019.10.012
ª 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

245

Trends in Ecology & Evolution

On a broader genomic scale, analyzing the particular combinations of alleles that define haplotypes
along individual chromosomes represents an important, but untapped, source of information to decipher the complex interplay of evolutionary forces shaping genetic variation across the genome.
The signal classically obtained from allele frequencies ignores LD information (we term this the ’vertical signal’ to reference the way in which allele frequencies are read in sequence alignments). By
contrast, the signal contained in haplotype data captures the information of LD among neighboring
sites along the genome (termed the ’horizontal signal’ to illustrate how haplotypes appear in
sequence alignments), which provides a better understanding of the demographic and selective processes that influence genetic diversity and population structure [19]. For example, the use of the horizontal signal contained in admixture tracts allowed Duranton et al. [25] to estimate dispersal distance
in a Mediterranean population of the European sea bass (Dicentrarchus labrax) [25] (Figure 1), which
could be useful for delineating Marine Protected Areas (MPAs).
Haplotype data are inherently related to the rate of recombination and its variation across the genome, a
major modulator of selection efficiency [26]. For instance, tight linkage is expected to amplify the genomic
footprint of linked selection [27] owing to combined effects of background selection [8] and selective
sweeps [28]. As a result, linked selection tends to prevail in low-recombining regions, which reduces nucleotide diversity below the genome-wide background level through local reduction in Ne [4]. In the same
vein, selection acting on linked mutations affects the outcome of genetic admixture [29,30]. As a consequence, haplotype data allow a better understanding of the evolutionary mechanisms that shape the
genomic mosaic of local ancestry tracts following admixture.
With the continuing development of sequencing technologies (i.e., linked-read and long-read
sequencing) and analytical methods (i.e., haplotype reconstruction approaches), haplotype information is becoming accessible for nonmodel organisms, thus opening new opportunities for conservation genomic studies (Box 1). We review here how this horizontal signal contained in genomic variation has the potential to promote future advances in different contexts relevant to conservation
genomics, ranging from genetic variation within single populations to genetically interacting populations or species.

Spatiotemporal Inference in Metapopulations
Using haplotype information can improve the inference of population demographic parameters
including Ne and m. Currently, the most widely used methods to infer demographic history of a population from phased whole-genome haplotype data rely on the sequential Markovian coalescent
(SMC) approximation [41]. SMC approaches, that are typically implemented using a hidden Markov
model, have provided invaluable insights into changes in population size through time in various
taxonomic groups. For instance, using phased genome sequences, Yang et al. [42] provided evidence
for continuous decline in the critically endangered population of ironwood tree (Ostrya rehderiana),
accompanied by an increased number of deleterious mutations. However, some SMC-based
methods make several assumptions, including the absence of population structure, migration, or
admixture, which may bias inferences [43,44]. To circumvent those limitations, the most recent extensions of SMC-based methods, including the multiple sequential Markovian coalescent (MSMC), have
the potential to handle larger sample sizes [30,41,42] as well as more complex demographic models
(e.g., more than one population, asymmetric migration rates, variable Ne along the genome, etc.)
[26], without necessarily needing phased data [45].

Between-Population Demographic Inferences Using IBD and IBS Tracts
Long identity-by-descent (IBD) tracts (Box 2) can be exploited to quantify effective population size
and migration rates. IBD segments incorporate LD information stemming from recently shared
ancestry (Box 2). Long IBD segments can inform us about the demographic history occurring after
the time of the most recent common ancestor (TMRCA) [46–48]. Consequently, recent changes in
Ne or migration rates are expected to affect levels of shared long IBD segments [49]. A high number
of long IBD segments indicates many recent coalescent events (recent TMRCAs) and thus a small
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Glossary
Adaptive introgression: introgression of a beneficial allele resulting in increased fitness of individuals carrying the
introgressed allele.
Admixture: mixing of genetic
material originating from differentiated populations.
Ancestry tract: haplotype
composed of genetic variants
originating from the same lineage. Introgressed tracts refer to
ancestry tracts originating from a
foreign lineage.
Background selection: reduction
of neutral diversity because of
linkage to deleterious mutations
that are eliminated by purifying
selection.
Dispersal: the movement of
gametes from emission to fertilization sites and the movement of
individuals between birth sites
and first breeding sites (natal
dispersal). Most genetic approaches indirectly quantify
effective dispersal or migration
rates, in other words successful
gene flow following dispersal.
Effective population size (Ne): the
number of individuals of an ideal
population exhibiting the same
level of genetic drift as the studied
population, which provides an
approximation of the rate of genetic drift for that population.
Haplotype: a particular combination of genetic variants at linked
loci on the same chromosome.
Identity-by-descent (IBD) tract: a
segment of DNA shared between
two or more individuals because
of inheritance from a shared
common ancestor.
Identity-by-state (IBS) tract: a
segment of DNA shared between
two or more individuals, which is
identical in composition without
necessarily implying shared
ancestry.
Introgression: incorporation of
genetic material from one population into another through the
process of repeated
backcrossing.
Linkage disequilibrium (LD):
nonrandom association of alleles
at two or more loci within a
population.
Linked selection: indirect effect of
selection that reduces the diversity of neutral variants because
of their linkage to either negatively or positively selected

Trends in Ecology & Evolution

recent Ne, whereas the opposite indicates a large Ne. These properties allow better estimations of
recent changes in population size [50] while accounting simultaneously for group ancestry [51] (Figure 2 for an example). Furthermore, IBD methods can also fit complex demographic histories, and
are thus more accurate for very recent histories (as recent as four to 10 generations ago), which makes
them highly valuable for conservation genetics. For instance, recent migration among small-sized
demes is expected to increase IBD sharing between demes but to decrease it within demes. In humans, rates of IBD sharing decay with increasing geographic distance between European populations, where Europeans from neighboring populations share from two to 12 common ancestors in
the past 1500 years [52]. Finally, Palamara et al. [49] developed a model for inferring population
size change up to 10 generations ago, and they extended their framework to accommodate multiple
demes and infer recent fine-scale migration rates [53]. To date, these methods have been mostly used
in human genetics studies and with a few other species such as flycatchers (Ficedula spp.) [54]. These
methods can provide valuable information in a conservation genomics context via a better understanding of the recent history of population size and genetic connectivity (gene flow) among populations, with the potential to focus on particular time-periods. Ultimately, such information could help
to understand which factors are the most threatening to endangered populations.
Another metric of interest is the intergenerational dispersal distance (i.e., the variance in parent–
offspring distances) which can be inferred jointly with the effective population density using the slope
of an isolation-by-distance model [63]. To overcome the issue of separating density and dispersal,
Ringbauer et al. [64] recently developed an inference framework based on Barton et al. [65] that describes the expected number of IBD segments of a given length in a given pair of samples as a function of their distance. Using this method, the authors [64] were able to estimate a dispersal rate of
approximately 50–100 km/O(generations) in European human populations. The estimated dispersal
parameter provided by this approach is of direct interest for conservation purposes 64] because it dissociates recent dispersal distances from past effective population density. Finally, unlike IBD segments, identity-by-state (IBS) tracts can be directly observed without the need to infer historical
ancestry (Box 2). Therefore, IBS tracts can be easily used to infer demographic parameters. For
instance, the composite likelihood framework developed by Harris and Nielsen [60] uses IBS tracts
to infer temporal changes in Ne, as well as divergence time and admixture.

mutations. Both background selection and selective sweeps
contribute to linked selection.
Maladaptive introgression: introgression of a deleterious allele
resulting in decreased fitness of
individuals carrying the introgressed alleles.
Microhaplotype: a particular
allelic combination of two or more
physically linked variants within a
small genomic region, usually
visible at the scale of sequence
reads generated with next-generation sequencers.
Migration rate (m): the proportion
of migrants entering a given
population every generation.
Run of homozygosity (ROH): a
long homozygous tract inherited
from identical parental
haplotypes.
Selective sweep: the rapid increase in the frequency of neutral
alleles because of their linkage to
a positively selected variant.

Within-Population Demography and Inbreeding Using Runs Of Homozygosity
A run of homozygosity (ROH) corresponds to an IBD segment within a single individual that descends
from shared parental ancestry (i.e., when parents carry identical sequences that coalesce to one
recently shared ancestor). ROH analysis can inform us about levels of population size reduction,
inbreeding, or natural selection acting on the genome. Knowledge of the distribution of both ROH
number and length is informative with regards to Ne, with expectations identical to those for IBD segments [50,66,67]. For instance, the abundance of ROH in different length classes was used to quantitatively compare Ne among four species of flycatcher (Ficedula spp.) in different historical time-periods [54] (Figure 2). ROH may also inform conservation geneticists about inbreeding, which can
decrease fitness because of unmasking of partially recessive deleterious alleles [9]. For instance,
inbreeding estimates were recently obtained from ROH in an endangered population of gray wolf
(Canis lupus) [68]. In particular, the authors were able to finely characterize ROH on nearly completely
homozygous chromosomes, and they showed that the majority of ROH stem from common ancestors
that were shared less than 10 generations ago. A particularly important feature of IBD and ROH is
that they can be inferred without haplotype phasing (although better estimates of IBD block will
be obtained if accurate phasing is available) making these approaches particularly attractive for
nonmodel species in a conservation context [31].

Interactions between Differentiated Genomes
Over the years, many different analytical approaches have been developed to estimate the timing
and magnitude of gene flow [69,70] or admixture proportions in wild individuals (e.g., [71]). Nevertheless, new methods considering linkage information, in addition to allele frequencies at independent
loci, have only recently started to emerge. Despite their potentially widespread benefits, these
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Figure 1. Schematic Representation of the Diffusion–Recombination Process over Time and Space for Atlantic Tracts (Red) Introgressed within the
Mediterranean Genetic Background (Yellow).
Two Mediterranean populations located at different distances from the contact zone are represented, the western and eastern populations. Comparing the
distributions of introgressed Atlantic tracts between the eastern and western Mediterranean populations allows the average per generation dispersal
distance within the Mediterranean lineage to be estimated ([25] for more details).

methods have been mostly used to study human populations. Hybridization between species or
divergent populations generally leads to the introgression of migrant chromosomes within a recipient genetic background. Such migrant tracts will subsequently be shortened at each generation of
backcrossing by recombination, and long migrant tracts are therefore expected to have introgressed
more recently than short tracts [72]. Admixed individual genomes can be represented as a mosaic of
local ancestry tracts originating from two (or more) differentiated populations or species [73], and
these can be dissected using linkage information [74]. Many different methods have been developed
to infer the ancestry of local tracts along individual genomes using different types of data (Box 3).
Once revealed, this mosaic of introgressed tracts carries much information pertaining to the timing,
magnitude, and variation of gene flow along the genome [74]. Based on this principle, Leitwein et al.
[86] introduced a metric that captures the unevenness of ancestry proportions between chromosome
homologs, the chromosomal ancestry imbalance (CAI) metric, which can be used to distinguish between early- and late-generation hybrids. This metric revealed a multiple-way admixture (i.e., admixture among more than two populations) between wild populations of brown trout (Salmo trutta) and
two domesticated stocked strains, as well as the temporal dynamics of hybridization relative to each
domestic strain [86].
Under simplifying neutral assumptions, introgressed tract lengths should follow an exponential distribution [87] which would allow the timing of admixture events to be inferred [62,74,86] and
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Box 1. Haplotype Phasing
In diploid species, every individual carries one autosomal chromosome copy inherited from its mother and one from its father, each comprising particular combinations of genetic variants. Classically, when diploid individuals are genotyped, differences between the two parental haplotypes appear as
heterozygous sites among which linkage information is lost because sequence reads are usually too short to span pairs of contiguous heterozygote positions (Figure I). Haplotype phasing allows this information to be retrieved by using two broad categories of phasing methods.
(i) Indirect approaches [31,32] can use short-read NGS data from related or unrelated individuals. If individuals are related and a pedigree is available,
Mendelian transmission rules can be used to perform phasing-by-transmission. For example, in a mother–father–child trio, if the mother and child
are heterozygous (A/a) and the father is homozygous (a/a), the derived variant (A) is necessarily on the maternal haplotype. Applying this rationale to
all heterozygous sites in the genome of the child allows chromosome-sized haplotypes to be reconstructed. Different software can be used to
perform phasing-by-transmission, such as Merlin [33], GATK [34], and Hapi [35]. If individuals are not related, observed frequencies and associations
among alleles within a population can be used to perform statistical phasing to estimate the probability of every possible haplotype. The most
commonly used software are Eagle [36], Beagle [37], and ShapeIt [38].
(ii) Direct approaches [39] are based on whole-genome sequencing of a single individual using long contiguous DNA fragments. One option is to group
long DNA fragments into pools within which genomic regions are uniquely represented. Each resulting pool is then converted to a uniquely identified shotgun-sequencing library. In each pool, short reads mapping to the same genomic region thus belong to the same haplotype, allowing
phase reconstruction. Liked-reads technologies such as chromium genome sequencing (10X Genomics) have been developed based on this principle. Alternatively, third-generation sequencing technologies such as PacBio and Oxford Nanopore allow us to directly access the phase information by sequencing long reads of several tens of kilobases.
Both methods present advantages and disadvantages. Statistical phasing is the most straightforward and least expensive method but requires large
sample size and is less accurate because low-frequency SNPs may not be phased. Phasing-by-transmission approaches are more accurate but are
also more expensive because they require closely related individuals, which may be a major problem in wild populations. Direct approaches are the
most accurate methods but are also the most expensive. Recently it has been shown that combining both approaches improves the accuracy of the
inferred haplotype structure [40].
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Figure I. Schematic Representation of the Information Obtained through Haplotype Phasing.
One sequence is represented with invariable positions in gray and three SNPs in green. The different possible allelic associations between these three
SNPs form four different possible haplotypes. Phasing-by-transmission allows the true parental allelic associations to be identified by determining
whether each variant was paternally (blue) or maternally (yellow) inherited.

introgression rates to be determined [72]. In addition, comparing the length of admixture tracts introgressed within populations at different distances from a contact zone allows us to estimate
dispersal distances within the introgressed populations [25]. More recently, novel approaches have
been developed to infer admixture parameters using models that consider complex admixture scenarios with multiple source populations and admixture pulses [88,89], while performing model selection [90]. They may also incorporate continuous gene flow [91] to extend models of instantaneous
admixture pulses. All these methods have been tested using simulated data, and have provided
new insights on the history of admixture in human populations, but have still not been used in a
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Box 2. Identity-by-Descent (IBD) and Identity-by-State (IBS)
Haplotype similarities between individuals (or between homologous sequences within a diploid individual) can
result from sharing a common ancestor, where allelic combinations remain unbroken by recombination. Such
segments show IBD (Figure I). The length distribution of IBD blocks reflects the age of shared ancestry because
short blocks will have undergone, on average, more recombination events and will therefore represent longer
time to the most recent common ancestor (TMRCA). By contrast, longer IBD blocks will be indicative of a more
recent TMRCA.
A common difficulty with the analysis of pairwise IBD (other than ROHs) is that ancestry inferences are necessary
to delineate them. Currently available IBD detection methods (e.g., [31,55–57]) are more accurate for identifying long tracts [length >2 centimorgan (cM)] because intermediate tracts (1–2 cM) can result from the conflations of shorter tracts [58]. Moreover, nearly all methods developed to identify IBD were optimized using human datasets or simulations mimicking human genome properties and demographic history. The
appropriateness of these methods in species exhibiting highly different demographies has not yet been tested,
and more simulation studies may be necessary before they can be applied more broadly.
Haplotypes defined as IBS are identical sequences delimited by two polymorphic sites. They do not require a
shared ancestry and, consequently, IBS does not necessarily imply IBD. Some authors (e.g., [59]) also consider
that IBD segments can bear new mutations, and therefore do not always imply IBS. The major difference between IBD and IBS is related to the TMRCA: IBD is mostly used to infer ’recent’ demography, whereas IBS often
refers to both long and short segments, and therefore may provide information on longer timescales [60]. IBS
tracts can be a good alternative to IBD tracts [60] because they are directly observed from the data. However,
IBS are also influenced by sequencing and phasing errors. Although IBS tracts have not been widely used in
nonmodel species (but see [61] and [62]), they can be analyzed with methods that incorporate linkage information and also accommodate complex demographic models of split, mixture, and population size change.

Figure I. Identity-by-Descent (IBD) (Left) and Identity-by-State (IBS) (Right) Segments.
IBD segments are displayed in the case of a half-sibling. IBS does not necessarily imply a shared common
ancestor and can be inherited by any individuals. The yellow and green colors represent ancestry tracts
broken by recombination over time. Abbreviation: MRCA, most recent common ancestor.

conservation context. The information contained in the mosaic of ancestry tracts can also be summarized by the number of ancestry tract junctions [92,93]. As recombination decreases the length of introgressed tracts over generations, it increases their number and thus the number of junctions separating tracts of contiguous ancestry [92]. Therefore, studying the accumulation of junctions can help
to elucidate the processes and timeframes of admixture events, as confirmed by simulation studies
[92,93].
The downside of all previously presented methods is that they rely heavily on the correct identification
of ancestry tracts along the genome (Box 3). Because introgression increases the level of LD within the
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Figure 2. The use of Highly Homozygous Identity-by-Descent (IBD) Segments (Runs Of Homozygosity,
ROH) To Study the Demography of a Nonmodel Species, the Collared Flycatcher (Ficedula spp.).
(Upper panel) Distribution of the genome proportion in ROH for two classes of TMRCA (time to the most recent
common ancestor). The greater abundance of ROH in a given class indicates a small effective population size
(Ne) during the period considered. This information was used to quantitatively compare Ne among six
populations from four species of flycatcher (Ficedula spp.) in different historical time-periods. Each color
corresponds to a different species: orange (collared flycatchers); green (pied flycatchers); gray (Atlas flycatchers);
and light blue (semicollared flycatchers). (Bottom right) Change in recent Ne (black line) and its 95% confidence
interval (broken line) inferred from pairwise IBD segments in the Baltic collared flycatcher. The analysis of
pairwise IBD revealed that the Baltic population of the collared flycatcher was founded <60 generations ago
and displayed the smallest Ne of all populations. Adapted, with permission, from Kardos et al. [54].

introgressed population, several methods focusing on LD patterns have been proposed [94]. A new
LD statistic that weights SNPs according to their level of differentiation between two admixing populations was first used to study admixture between sub-Saharan African and West Eurasian human
populations [95], and was subsequently improved in following studies [96–98]. This approach was
recently modified to consider LD originating from the source population while modeling multiple
waves of admixture events [99] and continuous gene flow [100]. This type of approach was used to
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study admixture between the gray wolf and domestic dog (C. lupus familiaris), which allowed more
efficient conservation practices to be proposed that do not solely rely on external phenotypes to
identify hybrids [20]. Methods based on the length distribution of IBS segments can also be
used to study admixture [60]. For example, these have been used to study how polar bears (Ursus
maritimus) diverged from brown bears (Ursus arctos) and adapted to life in the high Arctic. They revealed that several ancient hybridization events have most likely occurred between the two
species [61].
Novel methods have also been developed to perform local ancestry inference while estimating the
timing of a single [84] or several admixture pulses [101], without prior knowledge on the genetic structure of admixture groups [97]. One main advantage of these methods is that phased data are not
needed, and they are also appropriate for low-coverage or pool-sequencing data [84,101]. These
methods were tested on simulated data and returned estimates consistent with previous studies
on the admixture history of Drosophila melanogaster populations [84,101].

Selective Outcomes of Hybridization
Hybridization between differentiated populations or species often results in heterogeneous patterns
of local ancestry where genomic regions show increased or decreased frequencies of introgressed
ancestry [29,30,74,102]. Such patterns might be modulated by neutral, positive, or negative selective
forces [102]. To understand which forces are involved, it is important to consider local variation in the
recombination rate that modulates genome-wide ancestry profiles through different types of interactions between selection and recombination [103].
Furthermore, introgressed haplotypes are expected to be shortened faster in high compared with
low-recombining regions [102]. Because the level of LD between introgressed variants modulates
the efficiency of selection acting on them [87], the number of generations since hybridization is
also an important factor to consider. Indeed, selective effects interfere at the scale of large tracts
in first hybrid generations. By contrast, after hundreds of generations, introgressed haplotypes are
sufficiently shortened by recombination that selective effects can start to operate at a local (i.e., locus)
scale [60,86,87,102].

Selective Effects at Large Tract Scales
Relatively recent hybridization events (i.e., roughly up to 12 generations ago) will generally result in
the occurrence of long foreign haplotypes. Consequently, both favorable and detrimental fitness effects will act at the scale of long ancestry tracts. In this situation, potential positive effects such as heterosis (i.e., hybrid vigor) [104,105] are expected to occur through local associative overdominance,
masking the expression of partially recessive deleterious alleles (Figure 3) [106,107]. This is particularly expected to predominate when a small population exhibiting high genetic load is introgressed
by a foreign nonloaded population [30,108]. Moreover, the accumulation of weakly deleterious alleles
in small populations could translate into a strong genetic load particularly in isolated, inbred populations [6,109]. Negative effects on fitness because of outbreeding depression [110] are also expected
in situations of genetic incompatibilities between alleles from foreign and recipient populations (e.g.,

Box 3. Local Ancestry Inference
Local ancestry inference is used to characterize mosaic ancestries resulting from admixture and the introgression of foreign alleles within recipient populations. Different local ancestry inference methods have been developed that rely on different types of data (phased or unphased) and techniques
([75,76]). The wide majority of these are based on hidden Markov models (HMMs) where hidden states correspond to the different possible ancestries.
The aim is to estimate, for every variable position along the genome, the probability that a variant originates from a particular ancestral population, thus
allowing the reconstruction of a mosaic of continuous ancestry blocks along the genome. However, the number of populations to be considered, and
preliminary knowledge of admixture parameters and linkage information, depends on the method used. Recently, new methods have been proposed
that can simultaneously estimate local ancestry and infer admixture parameters [84,85]. A nonexhaustive list of the most commonly used methods and
their main characteristics is presented in Table I.
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Table I. Characteristics of the Most Commonly Used Software for Performing Local Ancestry Inference

Software

Technique

Data for
admixed
individuals/
reference
individuals

Type of data

Number
Accounting
of source
for
populations background
LD in
ancestral
population

Biological
parameters
needed

Inferred
Ploidy
parameters

SABER (Tang

MHMM

Phased/

High-density

R2

Yes

None

None

Diploid

et al. [73])

(Markov-

phased

SNPs panel +

2

Yes

Admixture

None

Diploid

None

Diploid

hidden

genetic

Markov

distances

model)
HAPMIX (Price

HMM

et al. [77])

Unphased/

High-density

phased

SNPs panel +

time and

genetic

genome-wide

distances

admixture
proportions

PCAdmix (Bryc

Principal

Unphased/

High-density

et al. [78])

component

unphased

SNPs panel +

ChromoPainter

analysis +

genetic

HMM

distances

HMM

(Lawson et al. [79])

Phased/

High-density

phased

SNPs panel +

R2

No

Admixture
time

R2

Yes

None

None

Diploid

Yes (and

None

None

Diploid

Admixture

None

Diploid

None

diploid

Global

Admixture

Arbitrary

ancestry

time

ploidy

None

Diploid

Admixture

Diploid

genetic
distances
R2

LAMP-LD/

HMM

Unphased/

High-density

LAMP-HAP

(window-

unphased

SNPs panel +

Mendelian

(Baran et al. [80])

based

physical

segregation in

framework)

positions

family trios)

RFMix (Maples

Conditional

Phased/phased

High-density

et al. [81])

random

(phasing error

SNPs panel +

field (CRF)

correction)

genetic

R2

No

time

distances
ELAI (Guan [82])

Two-layer

Unphased/

High-density

HMM

unphased (also

SNPs panel +

works with

genetic

phased

distances

R2

Yes

Admixture
time

reference)
Ancestry_HMM

HMM

(Corbett-Detig

Unphased/

Read pileup

unphased

data

2

No

and Nielsen

proportion and

[84])

chromosome
number

Loter (Dias-

Analytical

Phased/phased

High-density

Alves et al. [83])

resolution

(phasing error

SNPs panel +

correction for

physical

two source

positions

R2

No

None

R2

Yes

None

populations)
MOSAIC

a

Phased/

High-density

(Salter-

HMM

phased

SNPs panel +

time and

Townshend

(phasing error

genetic

proportion,

and Myers [85])

correction)

distances

and FSTa

FST (the fixation index that varies betwen 0 and 1 and measures the extent of genetic differentiation among subpopulations)
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Figure 3. Predicted Relationships between the Relative Abundances of Introgressed Ancestry Tracts and Local Recombination Rate Intensity.
(Left) Predicted relationships in the presence of negative epistasis between two swordtail fish species (Xiphophorus spp.). Modified from Schumer et al. [29].
(Right) Predicted relationships, in the presence of associative overdominance caused by the masking of partially recessive slightly deleterious mutations,
between wild and domestic brook charr populations (Salvelinus fontinalis). Modified, with permission, from Leitwein et al. [116] (photo credit: Philippine
Gossieaux).

Bateson–Dobzhansky–Muller incompatibilities). These might also be revealed by admixture between
diverged populations (Figure 3) or species that differ in their genomic architectures (e.g., the presence/absence of large inversions) [29,111].

Localized Selective Effects
In older hybrid generations, selective effects are more likely to act at the locus scale [87,101]. Maladaptive
fitness effects of introgressed alleles could thus emerge only after a long time following hybridization
events, when deleterious alleles become dissociated (through recombination events) from each other
and from potentially beneficial alleles at other loci. In particular, this is expected when admixture occurs
among populations of small Ne [109]. This process is expected to be accompanied by a progressive
decrease in associative overdominance effects through time. For instance, it was proposed that the occurrence of several diseases in modern humans was a result of ancient introgression events with Neanderthals
[112,113]. Conversely, adaptive introgression has also been documented in modern human populations.
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The introgression of Neanderthal and Denisovan DNA has apparently conferred selective advantages to
modern humans, for example skin pigmentation, immune response to pathogens, and adaptation to altitude [87]. However, the occurrence of adaptive or maladaptive introgression has almost never been investigated in nonmodel species undergoing natural or anthropogenic hybridization (i.e., genetic rescue [114])
which would be of interest for conservation (but see [115]). In brook charr (Salvelinus fontinalis), for
example, short-term positive effects of introgression in stocked populations have been documented
[116]. This result, however, does not necessarily indicate long-term positive effects because hybridization
with the domestic strain used for supplementation is recent, and thus the effects of potentially maladaptative alleles of domestic origin could be revealed later after the dissipation of associative overdominance.
This highlights the importance of considering the temporal dynamics of introgression in a conservation
context. In summary, selective pressures, either negative or positive, can modulate variation in introgression rates across the genome, and this, as a function of many interacting parameters, including recombination rate or variation in effective population size.

Concluding Remarks
Although NGS methods allow the generation of huge amount of genomic data relatively quickly and
cheaply, genomic variation in species other than humans is still largely analyzed on the basis of independent SNPs (except for micro-haplotype studies), without tapping into the substantial source of information
contained in patterns of LD variation across the genome (see Outstanding Questions). Nevertheless, the
recent studies and new analytical developments reviewed above clearly show that this represents a missed
opportunity toward improving the use of genomics to guide our conservation decisions and management
strategies. At a within-population level, much can be learned from haplotype information, which provides a
powerful means to perform demographic inference. At the between-population level, haplotype information provides an in-depth picture of the magnitude of both contemporary and historical gene flow between populations by retrieving the mosaic of ancestry tracts [29,62].
Clearly, the outcomes of both empirical and simulation studies performed at the haplotype level highlight
the importance of considering time since the onset of hybridization events in a conservation context. In
particular, a frequently unappreciated outcome of hybridization events is that the directionality of selection
acting on a given gene may vary over time as a function of the decreasing size of linkage blocks. As a consequence, positive effects following introgression can occur during the first hybrid generations, driven by the
masking of partially recessive deleterious mutations (i.e., through associative overdominance), increasing
the fraction of introgressed local foreign ancestry. Later, these potentially deleterious alleles might reveal
their individual effects with the diminishing local fraction of foreign ancestry and the shortening of linkage
blocks [109]. Therefore, to establish appropriate conservation strategies that would take the ’hybridization
problem’ into account, it appears crucial to document the temporal dynamics of introgressive hybridization
[6,86,109,117]. It is also important to take into consideration variations of introgression and recombination
rate along the genome because differential selective forces might also operate along the genome (i.e.,
favorable or unfavorable to the introduced alleles [116]). To conclude, our review is an attempt to encourage
consideration of the great potential of LD information to improve our knowledge of the demographic history
(both past and recent) of populations and to understand why admixture and/or introgression rate fluctuate
along the genome [29,30,102,118]. Clearly, there is much to be gained by integrating haplotype-based analyses in future studies pertaining to conservation genomics (see Outstanding questions).

Outstanding Questions
Will the horizontal signal contained
in genome-wide genotype data
(i.e., haplotype structure) broaden
the amount of information useful
for conservation compared with
the vertical information of allele
frequencies?
Will haplotype studies help to better address conservation and management issues such as population
structure, inbreeding, genetic connectivity, and the consequences of
anthropogenic hybridization?
Can conservation and management strategies benefit from
improved estimates of contemporary population sizes and dispersal
distances through the use of haplotype information?
What additional understanding of
the temporal dynamics and evolutionary consequences of introgressive hybridization can we gain
from local ancestry inference versus
conventional admixture analyses?
To what extent does the length of
admixture tracts interplay with the
different selective mechanisms
occurring, and how does this affect
the efficiency of genetic rescue?
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2. Soulé, M.E. (1985) What is conservation biology?
BioScience 35, 727–734

3. Mace, G.M. et al. (2018) Aiming higher to bend the
curve of biodiversity loss. Nat. Sustain. 1, 448
4. Charlesworth, B. and Charlesworth, D. (2017)
Population genetics from 1966 to 2016. Heredity
118, 2–9

Trends in Ecology & Evolution, March 2020, Vol. 35, No. 3

255

Trends in Ecology & Evolution

5. Allendorf, F.W. (2017) Genetics and the
conservation of natural populations: allozymes to
genomes. Mol. Ecol. 26, 420–430
6. Allendorf, F.W. et al. (2010) Genomics and the
future of conservation genetics. Nat. Rev. Genet.
11, 697–709
7. Funk, W.C. et al. (2012) Harnessing genomics for
delineating conservation units. Trends Ecol. Evol.
27, 489–496
8. Charlesworth, B. (2009) Effective population size
and patterns of molecular evolution and variation.
Nat. Rev. Genet. 10, 195–205
9. Charlesworth, D. and Willis, J.H. (2009) The genetics
of inbreeding depression. Nat. Rev. Genet. 10,
783–796
10. Lynch, M. et al. (1995) Mutational meltdowns in
sexual populations. Evolution 49, 1067–1080
11. Gagnaire, P.-A. et al. (2015) Using neutral, selected,
and hitchhiker loci to assess connectivity of marine
populations in the genomic era. Evol. Appl. 8,
769–786
12. Cayuela, H. et al. (2018) Demographic and genetic
approaches to study dispersal in wild animal
populations: a methodological review. Mol. Ecol.
27, 3976–4010
13. Lenormand, T. (2002) Gene flow and the limits
to natural selection. Trends Ecol. Evol. 17,
183–189
14. Whitlock, M.C. et al. (2000) Local drift load and the
heterosis of interconnected populations. Heredity
84, 452–457
15. Seehausen, O. et al. (2008) Speciation reversal and
biodiversity dynamics with hybridization in
changing environments. Mol. Ecol. 17, 30–44
16. Hedrick, P.W. (2013) Adaptive introgression in
animals: examples and comparison to new
mutation and standing variation as sources of
adaptive variation. Mol. Ecol. 22, 4606–4618
17. Payseur, B.A. and Rieseberg, L.H. (2016) A genomic
perspective on hybridization and speciation. Mol.
Ecol. 25, 2337–2360
18. Grabenstein, K.C. and Taylor, S.A. (2018) Breaking
barriers: causes, consequences, and experimental
utility of human-mediated hybridization. Trends
Ecol. Evol. 33, 198–212
19. Allendorf, F.W. et al. (2001) The problems with
hybrids: setting conservation guidelines. Trends
Ecol. Evol. 16, 613–622
20. Galaverni, M. et al. (2017) Disentangling timing of
admixture, patterns of introgression, and
phenotypic indicators in a hybridizing wolf
population. Mol. Biol. Evol. 34, 2324–2339
21. Wayne, R.K. and Shaffer, H.B. (2016) Hybridization
and endangered species protection in the
molecular era. Mol. Ecol. 25, 2680–2689
22. Nordborg, M. and Tavaré, S. (2002) Linkage
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