el UNIVERSITE

m-m LAVAL

Analyse génomique de la sélection spatialement variable chez
I'anguille d’Amérique (Anguilla rostrata)

Mémoire

Charles Babin

Maitrise en biologie
Maitre és sciences (M. Sc.)

Québec, Canada

© Charles Babin, 2017



Analyse génomique de la sélection spatialement variable chez
I'anguille d’Ameérique (Anguilla rostrata)

Mémoire

Sous la direction de :

Louis Bernatchez, directeur de recherche



Résumé

L'anguille d'Amérique est un poisson avec un cyeleie tres particulier. En effet, elle occupe aie

de répartition qui s'étire du Groenland aux Cagib®is tous les individus se reproduisent dansslia
des Sargasses. Apres la reproduction, les larvgsdispersées de facon aléatoire jusqu'aux cos. C
lieu de reproduction unique fait en sorte que ti@ssindividus de l'espéce appartiennent a la méme
population. Par contre, les conditions environndalea varient grandement au sein de l'aire de
répartition, puisque celle-ci s'étend de régionbasttiques a des régions subtropicales, ce qui
confronte les individus a des conditions différergelon I'endroit jusqu'ou ils dérivent et peutaner

la sélection d'alleles différents selon les régidres objectifs de cette étude étaient d'identiliéer
régions du génome soumises au phénoméne de seélspiidialement variable et quels mécanismes
sont affectés par la sélection. Pour ce faire, ifdividus en provenance de 13 sites différents
représentant une grande partie de l'aire de répartle I'espéce ont été séquencés. Un total d®82
SNP a été obtenu. Des méthodes d'association anemmentale et d'analyse de redondance ont été
employées pour identifier des marqueurs potentiedtg sous sélection spatialement variable. Un total
de 183 marqueurs a été identifié comme étant selast®n spatialement variable. L'interaction entre
les différentes régions sous seélection a égaler@Eniévaluée en utilisant des scores polygéniques
additifs. Des corrélations significatives entre sesres polygéniques et la latitude, la longitutléae
température ont été identifiées. Finalement, nvami:identifié les genes a proximité des marqueurs
potentiellement sous sélection. Parmi ces géeneméeanisme de réponse a linsuline était le seul
mécanisme significativement enrichi. Cette étudpeamis de mieux documenter I'étendue de la
sélection spatialement variable chez I'anguillentéfique en montrant qu’il semble y avoir de la
sélection dans de nombreuses régions du génome.



Abstract

The American eel is a fish with a complex life ®&clThe eel occupy a wide species range from
Greenland to the Caribbean, but all eels reprodindbe Sargasso Sea. After the reproduction, the
larvea are advected randomly to the coast by ocearnts. Because of this reproduction mode, all th
American Eel are in the same population. On theroland, the range is extending from subarctic to
subtropical regions and the eels occupying thestereint regions are facing really different
environmental conditions. These differents condgicould result in the selection of different akel
The objective of this study was to identify thefeliént regions of the genome that are affectechlsy t
phenomenon of spatially-varying selection and whigécanisms are affected by selection. A total of
710 glass eels captured in 12 different sites sspring an important part of the species range were
sequenced to reach these objectives. After sequgnd? 098 SNPs were conserved for further
analysis. Using environmental association and rédocy analyses approaches, 183 of these markers
were identified to be potentially under spatialprying selection. The interaction between these
differents regions was analyzed using additive gehyc scores. Significant correlations were
identified between these polygenic scores anddtiridle, longitude and temperature. Genes close to
outliers were identified and gene ontology analysese made. The only significantly enriched
pathway was the insuline signalling pathway. Witls tstudy our understanding of the spatially-
varying selection in the American Eel has beenciased.
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Avant-propos
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Introduction

Forces évolutives

L'évolution est contrbélée par 4 forces évolutivesis d'entre elles sont neutres, la mutation diave
génétique et la migration. Elles sont dites neuyiras elles n'agissent pas de maniere adaptate®. L
mutations apparaissent de facon aléatoire un petoypadans le génome et sont le moteur de
I'évolution. Pour sa part, la dérive génétique fatier stochastiqguement a chaque génération la
fréquence alléligue des marqueurs au sein d'unelgogn de fagon plus ou moins importante en
fonction de la taille effective de celle-ci. Ekmgendre généralement une différenciation entre les
populations, car les variations de fréequence gli@idifferent entre les populations, puisqu'eli@st s
aléatoires et dépendent de la taille effectivevguie entre les populations. Les populations avex u
taille effective moins importante vont avoir degduences alléliques qui vont varier de facon plus
importante que celles avec une plus grande tdibetéve. La migration permet quant a elle d'écleang
des alléles entre les populations, ce qui rédudiffarenciation entre celles-ci. Plus le flux gguné est
important entre 2 populations, moins elles serdfférénciées I'une de l'autre. La migration a danc
effet inverse de celui de la dérive génétique eandgenéisant les populations entre elles. La quagrie
force évolutive, la sélection naturelle, est quardlle dite directionnelle, car elle agit seulemsut
quelques régions du génome en faisant varier guérice les marqueurs avantageux ou désavantageux
dans certaines conditions, tout en n‘affectantlgssautres. Les marqueurs sous sélection varient en
fonction des pressions exercées par l'environneraemnie sont souvent pas les mémes dans les
différentes populations d'une méme espéce, pulkrpuiee sont pas confrontées aux mémes conditions
environnementales. Les phénotypes qui sont avamag@ns certaines conditions peuvent ainsi étre

sélectionnés (Herron et Freeman, 2014).

La sélection naturelle peut s'exercer de difféeridégons. Si elle favorise les phénotypes dans une
direction précise, elle sera dite directionnellé.l€s phénotypes qui sont favorisés sont les plus
extrémes, elle sera dite divergente, car les plgpestmoyens seront sélectionné de facon négative.
Lorsque ce sont plutdt les phénotypes moyens quii worisés, la sélection est stabilisatrice. La
pression de sélection dépend également de l'avargégctif de l'alléle. Si la mutation est trés

avantageuse pour les individus qui la portentréquience allélique augmentera plus rapidement que



celle d'une mutation qui procure moins d'avantagessn porteur. Les mutations qui sont fortement
désavantageuses pour leurs porteurs seront decdéértrés négativement sélectionnées, car leurs
porteurs auront de la difficulté & se reproduire,qui diminuera leur fréquence allélique de fagon
importante (Mitchell-Olds et al., 2007).

Panmixie

La plupart des espéces sont composées de plugiepmations avec plus ou moins de connectivité
entre elles. Les populations sont plus ou moink@inciées les unes des autres selon leur degré de
connectivité. Elles s'adaptent souvent aux conitiprésentes dans leur environnement, ce qui peut
résulter en l'apparition d'adaptations locales ein sle celles-ci, aprés plusieurs générations de
sélection pour les mémes alleles. Ces adaptatamadels procurent aux individus locaux un meilleur
fithess dans les conditions locales comparativeraas@lui d'individus en provenance d'autres habitat
soumis a ces mémes conditions (Kawecki et Ebe@4 2@ outefois, certaines especes ne sont formées
que d'une seule population. Chez ces especesuxegfnique est si important qu'il prévient la
différenciation entre les individus et empéchepaftion d'une structure de populations. Ces espéce
sont dites panmictiques, car la reproduction deafiéchelle de I'espece de facon aléatoire (\éespgd
Gaggiotti, 2006). Le développement d'adaptationalé&s chez les espéces panmictiques est impossible
a cause de l'absence de structure de populatioriaijen sorte que les alléles se propagent lilergm

au sein de l'aire de répartition de l'espece. Malgr sélection qui s'opéere sur certains marqueurs
avantageux dans une région de l'aire de répartifiory a aucune barriere qui empéche les allgies
sont avantageux ailleurs de parvenir jusqu'a a€ftgon et les alleles avantageux dans ce site de
parvenir a d'autres sites ou ils seront moins aggix (Kawecki et Ebert, 2004). Les travaux de
Levene (1953) ont toutefois démontré que la sérdialancée peut maintenir un polymorphisme chez
certains marqueurs, lorsque différents alleles &rdrisés au sein de différentes niches écologique
Le polymorphisme peut ainsi se maintenir au seasp#ces panmictiques a cause de la mortalité
différentielle des individus en fonction de leumg&pe dans les différents habitats. Cette mogétalit
différentielle fait en sorte que les fréequenceligjles peuvent varier en fonction des conditions
environnementales, malgré l'absence de structanecertains alleles seront plus avantageux dans
certaines conditions et leurs porteurs auront donmeilleur taux de survie. On nomme ce phénomeéne
sélection spatialement variable en panmixie. Laguiéles sont de bons exemples de ce phénoméne
(Gagnaire et al., 2012).



Techniques de séquencage de nouvelle génération

Depuis quelques années, la biologie moléculaireéapéofondément transformée par l'arrivée des
techniques de séquencage de nouvelle génératioontipermis une augmentation exponentielle des
données a un codt relativement faible. En effetqjta récemment les études sur les organismes non
modeéles ne portait que sur quelques dizaines deumars microsatellites a la fois, car il fallait
développer des amorces pour chacun des marqueurtgi @renait énormément de temps et coltait
assez cher. Maintenant, les techniques comme le-8&Dencing ou le GBS permettent de séquencer
des milliers de marqueurs SNP répartis un peu parians le génome sans avoir a faire de
développement au préalable. Elles consistent auanignt séquencer les régions voisines de site de
restriction. Ces techniques permettent de séquesszdement une partie du génome, ce qui réduit
grandement les colts de séquencage (Metzker, 2CE®e augmentation du nombre de marqueurs
analysés permet de scruter une plus grande parggémbme et donc de faire des analyses de génétique
des populations plus précises. Il est égalemertt facile d'identifier des marqueurs potentiellement
sous sélection et les mécanismes physiologiquessoui affectés par ces phénomenes avec les
nouvelles techniques de séquencage, puisque bgapdos de régions du génome sont examinées
qu'auparavant. Les régions du génome soumises s#lémtion ont donc plus de chances d'étre
séquenceées et l'utilisation de plus de marqueursgiede mieux évaluer la structure des populations.
La réduction des codts de séquencage a égalenremspassemblage d'un grand nombre de génomes
au cours des derniéres années. La disponibilittgbmome de I'espéce étudiée ou d'une espece proche
permet de faciliter les différentes analyses bmimiatiques et de mieux identifier les génes im@gu
dans les processus d'adaptation en permettantcdkskr précisément les marqueurs par rapport aux

genes (Ellegren, 2014).

Anguille d’Amérique
Cycle vital

L'anguille d'’Amérique Anguilla rostrata)est une espece de poisson catadrome présente aemgamé
du Groenland aux Antilles et tout le long de laecétlantique. Le cycle de vie de I'anguille ess$ tré
complexe. Tout d'abord, toutes les anguilles d'Aguér naissent dans la mer des Sargasses dans

l'océan Atlantique. Peu apres leur éclosion, leselase métamorphosent en leptocéphales. Ces larves



sont plates comme des feuilles. Cette forme letmpede se laisser dériver au gré des courantsaisari
jusqu'a la coéte américaine (Vélez-Espino et Ko@t¥,0). Une fois sur le plateau continental, les
leptocéphales se transforment en civelles, quidestiarves cylindriques et transparentes. Arrigées

la cbte, elles peuvent y rester pour vivre en edées aller vivre en eau saumatre dans les essuaire
remonter les cours d'eau pour passer leur vie erdeace. Au cours de leur croissance, les anguilles
deviendront d'abord des anguillettes, puis fininpat se pigmenter pour devenir des anguilles jaunes
C'est sous cette forme qu'elles passeront la n@jde leur vie. Aprés quelgues années, elles se
métamorphoseront de nouveau pour devenir cetted&sisanguilles argentées. C'est a ce stade que les
anguilles deviennent matures sexuellement. Sots fwetne, elles feront le chemin inverse vers la me

des Sargasses pour s'y reproduire et y mourirqde610).

Le cycle de vie des anguilles est longtemps regtgtérieux. En effet, la reproduction de I'anguille
d'’Ameérique n'a jamais été observée et aucune adaltmmais été vu dans la mer des Sargasses. La
migration des adultes vers la mer des Sargasseasspoueproduire n'a pu étre confirmée que trés
récemment en suivant la trajectoire vers la merSfggasses d'une anguille argentée femelle qui avai
été marquée (Béguer-Pon et al., 2015). La mer degaSses avait auparavant été identifiée comme lieu
de reproduction potentiel de I'espece, car c'estt &ndroit que les leptocéphales les plus peditag

été capturées (Hanel et al., 2014). L'anguille ®@Aque partage son aire de reproduction avec son
espece sceur, lI'anguille européeneglilla anguilla) L'anguille européenne a un mode de vie et un
cycle de vie similaire a lI'anguille d'’Amérique, maile passe la partie continentale de son cycléale

en Europe et en Afrique du nord. Des hybrides dar@ especes ont d'ailleurs été identifiés emés
(Albert et al., 2006).

La durée de vie des anguilles d'Amérique varie beap selon la latitude a laquelle les individustvon
vivre et selon leur sexe (Jessop, 2010). En d#stmales atteignent le stade d'anguille argentéeea
plus petite taille que les femelles. lls sont aussins agés lorsqu'ils atteignent ce stade. Le thux
croissance annuel des anguilles diminue avec l'antation de la latitude, car la saison de croissanc
diminue également avec celle-ci a cause de la dimin de la température. L'dge a la maturité
augmente avec la latitude, passant de 5 ans peuédgons les plus au sud a plus de 20 ans pour les
régions les plus au nord chez les femelles. Clemi@es, il passe de 5 ans au sud a 13 ans au nord.
Les méles atteignent la méme longueur peu impartatitude, tandis que la longueur des femelles

augmente avec la latitude. Les femelles sont eremoy 2 fois plus longues que les males lorsqu'elles



sont matures. Les individus les plus grands dpés sont les femelles du fleuve Saint-Laurenest d
Grands Lacs, qui grandissent lentement et durastidngtemps. Le taux de croissance varie également
selon I'habitat des anguilles. En effet, les amgmid'eau salée ou d'eau sauméatre ont un taux de
croissance plus grand que des anguilles vivant tnbabitats d'eau douce a proximité et qui sont
donc soumis a des températures semblables (Caiahs 2009). La répartition des sexes est égalemen
fort différente selon les sites. Certains sitexcomprennent que des males ou des femelles, alers qu
d'autres sites comprennent autant de males queléen{®liveira et al., 2001). De leur co6té, les
facteurs déterminant le sexe chez l'anguille net pais clairement identifiés. Différents facteurs
environnementaux ont été proposés, comme la datespépulation, la température de I'eau, le taux de
croissance initial des individus, I'habitat, lexale salinité ou la latitude. Les études se coigesd

toutefois entre elles a ce propos (Davey et Jeltyra@05).

Sélection spatialement variable

Puisque que toutes les anguilles se reproduisers ldamer des Sargasses des individus ayant passé
leur vie adulte a des milliers de kilométres seradpisent ensemble. Ce mode de reproduction
empéche la différenciation entre les individus ayaécu dans différentes régions de laire de
répartition et fait en sorte que tous les individies I'espéce appartiennent a une seule et méme
population. L'anguille d'Amérique est donc une espganmictique, méme si elle occupe une grande
aire de répartition (Co6té et al., 2013).

Malgré tout, au cours de leur vie, les individusitvétre confrontés a des conditions environnemesital
assez difféerentes selon I'endroit ou les courarsns vont les transporter. En effet, les Antiktdes
régions subarctiques offrent des conditions cliques assez différentes que ce soit au niveau de la
température, de I'ensoleillement ou de la présdaggace. La distance a franchir pour atteindicbta

a partir de la mer de Sargasses varie égalementdga Elle varie de 1500 kilometres pour atteindre
la cote de la Géorgie a 5000 kilomeétres pour alteirdes régions plus au nord comme la Gaspésie
(Jessop, 2010). Ces distances difféerentes fontode gue les individus atteignent la cdte a un age
différent selon la latitude. En Floride, les ciesllarrivent sur la cbéte en janvier, alors qu'a éerr
Neuve, elles n'arrivent qu'en juillet (Gagnair@alet2012). Il y a également des anguilles quemiven

eau douce, en eau saumatre et en eau salée. Gaendf milieux confrontent les individus a des

conditions distinctes dans lesquelles certaindesllpermettront a leurs porteurs de mieux performer



car le phénotype qui en résulte leur procure umtagge dans ce milieu. Cette sélection différemtiell
fait en sorte que les fréquences alléliques daicsrmarqueurs favorables dans une région serost pl
grandes. Cette sélection sera annulée a chaquelteogénération, car le mode de dispersion passif
des larves fait en sorte que les individus ont denbs chances d'étre confrontés a des conditions
différentes de celles subies par leurs parentssélection opére donc indépendamment a chacune des
générations, car un grand nombre d'individus nensgras adaptés aux conditions du site ou ils se
retrouveront et ne survivront donc pas assez lomgtepour aller se reproduire. Les anguilles
d'Amérique sont donc probablement |'objet de sélectpatialement variable en panmixie (Pujolar et
al., 2014).

La sélection spatialement variable est étudiee theguille d’Amérique depuis de nombreuses années.
En effet, des études ont été réalisées dans leSean0 avec des marqueurs allozymes. Trois
marqueurs allozymes avec une fréquence alléliquedigit corrélée avec la latitude a laquelle les
individus avaient été capturés ont été identifigtsnme étant potentiellement sous sélection
spatialement variable avec la latitude (Williamsakt 1973). Une autre étude a été effectuée sar un
centaine de marqueurs situés dans des régions tesddn génome. Ces marqueurs avaient été
préalablement identifiés comme étant les plus wifféiés entre des individus en provenance de Eorid
et de Gaspésie. La fréquence allélique de 13 demaggueurs était corrélée avec la température
moyenne de l'eau des sites ou les anguilles avaahtcapturées. Ces marqueurs sont donc
potentiellement sous sélection avec la températierel'eau (Gagnaire et al.,, 2012). Une étude
semblable a également été effectuée chez l'anguillepéenne. Cette fois-ci, des technologies de
séquencage de nouvelle génération ont été emplogéenii a permis d'utiliser un nombre beaucoup
plus important de marqueurs que dans l'étude pedtedPlus de 50 000 marqueurs ont été analysés
pour trouver des traces de sélection spatialenmemidbte. Parmi eux, 754 marqueurs ont été ideatifié
comme étant sous sélection spatialement varialadrdquence allélique des marqueurs était corrélée
avec la température de I'eau des sites d'échamifye, la latitude des sites ou leur longitudeduj

et al.,, 2014). Une étude portant l'effet sélectf ld salinité chez l'anguille d'’Amérique a permis
d'identifier 331 marqueurs parmi les 15 500 analygént la fréquence allélique était lié a la sedin

du site ou les anguilles avaient été capturées. db5% de ces marqueurs était presque fixésutans

des 2 milieux malgré la panmixie (Pavey et al.,5301



Déclin des populations d'anguilles

Au cours des dernieres décennies, un déclin impiodas populations a été observé chez plusieurs
especes d'anguilles, comme l'anguille européeAnguilla anguilla) I'anguille japonaiseAnguilla
japonica) et l'anguille d'’Amérique (Hanel et al., 2014). Chianguille d’Amérique, la diminution la
mieux documentée a été observée dans le fleuvaBeht et dans les Grands Lacs. Un déclin de plus
de 98% du nombre de juvéniles en montaison a &érebéee entre les années 1980 et 2009 au niveau
du barrage Moses-Saunders sur le fleuve Saint-baute déclin trés important des effectifs a mené a
la classification de I'anguille d’Amériqgue commeéxe menacée au Canada. La péche commerciale et
sportive a été interdite en Ontario et a diminudagen importante au Québec (COSEPAQ, 2012). De
nombreuses causes ont été proposées pour expliqudéclin, comme la destruction des habitats
potentiels, la surpéche, la présence de barragessnmua la migration ou la pollution de l'eau
(Castonguay et al., 1994). Des variations climaggau niveau océanique, comme l'oscillation nord-
atlantique ont également été proposées pour exliudéclin du nombre d'individus (Cété et al.,
2013). Les causes du déclin ne sont toutefois pesre tres bien comprises.

Objectif du projet

L'objectif de ce projet est d'utiliser les techr@qude séquencage de nouvelle génération pour étadie
sélection spatialement variable chez l'anguillentfique, afin d'étendre I'étude de Gagnaire et al.
(2012) a une plus grande partie du génome pour xmiEcumenter le phénomeéne de sélection
spatialement variable chez cette espéce. Etudierplus grande du génome permet de voir a quelle
échelle la sélection spatialement variable s’effect Pour ce faire, les mémes variables
environnementales, la latitude, la longitude @¢etapérature de I'eau ont été employées pour désicte
des marqueurs étaient sous sélection avec cell&eaglus, I'utilisation d'individus capturés aumee
endroit lors de 2 années successives a permis aigifier I'effet temporel de la sélection, ce qui a
permis de vérifier si le phénomene de sélectiorcaesstant au fil des années ou s'il varie en famcti
des différentes conditions environnementales aulagukes anguilles sont confrontés au cours de leur
migration en direction de la cote. Des analysesedendance et d'associations environnementales ont
éte employées pour identifier des marqueurs p@idsmient sous sélection spatialement variable avec
les différentes variables environnementales. Lfabiege et lI'annotation du génome de l'anguille

d'’Amérique ont permis de positionner les differem@rqueurs analysés par rapport aux genes. Les



genes situés a proximité des marqueurs potentieiespus sélection ont donc pu étre identifié ainsi
que les mécanismes potentiellement affectés paelaction spatialement variable chez l'anguille
d'Amérique. Une approche d'additivité a égaleménuélisée afin de vérifier la présence de sébecti

polygénique exercée par les variables environnestenthez cette espéce.



Chapter 1: RAD-seq reveals patterns of additive pglgenic variation caused by
spatially-varying selection in the American Eel Anguilla rostrata)

Chapitre 1. Le RAD-seq révele la présence de vanatpolygéniques additives causees par la

sélection spatialement variable chez I'anguille®ique Anguilla rostratg



Résumé

L'anguille d’Amérique posséde un cycle de vie etioppel, qui inclut une reproduction panmictique a
I'échelle de I'espéce, une dispersion aléatoirerdidsidus et de la sélection dans un habitat haetg
hétérogene qui s'étend de régions subtropicalesesa rdgions subarctiques. Les conséguences
génétiques des pressions de sélection spatialevaeiable sont étudiées depuis des décennies chez
cette espece, révélant de subtils clines dangédgsidnces alléliques de quelques loci qui contmaste
avec une panximie compléte dans le reste du gén®usque la reproduction homogénise les
fréquences alléliques a chaque génération, |z tdél I'échantillon et la proportion du génome i e
couverte sont critiques dans ce contexte poumaliteiune puissance statistique suffisante pourctste
des loci sous sélection. Nous avons donc séquehd#8 marqueurs SNP chez 710 individus en
provenance de 12 sites afin de réévaluer jusqued gpint la sélection locale affecte la distributi
spatiale de la diversité génétigue chez l'angudlilkmérique. Nous avons employé des analyses
d'association environnementale afin d'identifies derqueurs sous sélection spatialement variable et
nous avons découvert qu'environ 1% du génome seafideté par la sélection. Nous avons ensuite
évalué a quel point les marqueurs candidats refl&@llectivement les variations environnementales
en utilisant des scores polygéniques additifs. kmiltats sont compatibles avec la présence de
sélection polygénique agissant sur les individsples maladaptés aux différents habitats occupés p
les anguilles dans leur aire de distribution. Les&s associés aux marqueurs sous sélection étaient
significativement enrichis pour le mécanisme denge a l'insuline, ce qui indique que les compromis
nécessaires afin d'occuper un habitat aussi varmptiquent une bonne régulation du métabolisme.
Cette étude montre I'efficacité des approchessatililes scores polygéniques additifs pour la tiétec

des effets sélectifs dans un environnement complexe
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Abstract

The American Eel Anguilla rostratg has an exceptional life cycle characterised bynpetic
reproduction at the species scale, random disparsédlselection in a highly heterogeneous habitat
extending from subtropical to subarctic latitudd$ie genetic consequences of spatially-varying
selection in this species have been investigateddoades, revealing subtle clines in allele fregye

at a few loci that contrast with complete panmigia the vast majority of the genome. Because
reproduction homogenizes allele frequencies evengeration, sampling size and genomic coverage are
critical to reach sufficient power to detect sedgictoci in this context. Here, we used a total b0 7
individuals from 12 sites and 12 098 high-qualityF% to re-evaluate the extent to which local
selection affects the spatial distribution of gemediversity in the American Eel. We used
environmental association methods to identify mearkender spatially-varying selection, which
indicated that selection affects about 1,5% of ge@ome. We then evaluated the extent to which
candidate markers collectively reflect environmém@riation using additive polygenic scores. We
found significant correlations between polygeniorss and latitude, longitude and temperature which
are consistent with polygenic selection acting regfaimaladapted genotypes in different habitats
occupied by eels throughout their range of distidyu Gene functions associated with outlier magker
were significantly enriched for the insulin sigmgipathway, indicating that the trade-offs inherent
occupying such a large distribution range involkie tegulation of metabolism. Overall, this study
highlights the potential of the additive polygemicores approach in detecting selective effects in a
complex environment.
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Introduction

Panmictic species challenge the classic view dadlladaptation, whereby individuals from local
populations are more fit to their own habitat comspao migrants from different populations (Kawecki
and Ebert, 2004). Indeed, local adaptation caneetldp in panmictic species since random mating
and random dispersal repeatedly bring individuatsying “maladaptive” alleles every generation over
the entire species range (Yeaman and Otto, 20bthlly deleterious alleles should be eventually
removed by selection, but this elimination can teéeeral hundred generations, especially if saflecte
alleles have variable effects across differentramvhents (Gagnaire et al., 2012). In certain caoorust,
such as when species occupy different niches wdiffezent alleles are favored, spatially-varying
selection could maintain polymorphism at selected (Levene, 1953). Most of the time, however,
locally selected loci are only transiently polymioipand eventually attain fixation if selectiomist

well balanced (Yeaman, 2015).

The American EelAnguilla rostrata)is a catadromous panmictic species (Avise el @86; Wirth

and Bernatchez, 2003; C6té et al., 2013; Pavely 2046) occupying a large geographic range that
extends from the Caribbean to Greenland all albegNiorth American Atlantic coast. Environmental
conditions dramatically differ between the southieopical and the northern subarctic part of the
species range, translating into a strong latitudinadient of selection (Gagnaire et al., 2012;I\fhs

et al., 1973). The species also occupies a widetyasf freshwater, brackish and saltwater hahitats
well as clean versus polluted sites, which repriesdditional selective challenges (Pavey et all520
Laporte et al. 2016). Although eels spend mosheit tlife in continental or coastal waters, matgrin
adult eels eventually return to the Sargasso Semte and then die (Béguer-Pon et al., 2015). Young
planktonic larvae (leptocephali) that hatch in 8s#gasso Sea are then advected to the Americah coas

by passive drift in the Antilles Current and theliGatream (Bonhommeau et al., 2010; Vélez-Espino et
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al., 2010). As they reach the continental she#,léptocephali undergo metamorphosis into glass eel
that use a selective tidal stream transport toréae coast (McCleave and Kleckner, 1982). Recwyiti
glass eels can either stay in saltwater alongdhastcsettle in estuarine brackish water or costiheir
inland migration upstream into freshwater (Cairhalg 2009). In this complex life cycle, the
panmictic allelic combinations that are produceerg\generation are randomly dispersed across the
whole habitat, making it impossible for local addjun to appear even if eels have to face strong

environmental selective mortality rates due to wagyenvironmental constraints across their range.

The genetic consequences of spatially-varying selebave been studied in the American Eel for
decades, leading to the finding of temporally stdhtitudinal clines at allozyme loci Williams dt,a
1973; Koehn and Williams, 1978). The question hemnlrevisited more recently with population
genomic approaches, with the aim to screen for-gsseciated SNPs exhibiting genetic differentiation
between the extreme parts of the species rangé@eespmixia (Gagnaire et al., 2012). Candidate
outlier SNPs scrutinized for association with eammental variables in a large cohort of individuals
sampled throughout the species range allowed vaiglthe influence of spatially-varying selectian a
13 coding gene SNPs, most of which were partly@ated with river mouth temperature when eel
larvae approach the coast. Most of these SNPsfaene to be transient polymorphisms contributing

to genetic-by-environment interactions during pesgrtoward allelic fixation (Gagnaire et al., 2012)

A less resolved issue concerns the proportionefjfmome that is influenced by spatially-varying
selection. In a genome scan study based on 5&RA8@Bseq markers, Pujolar et al. (2014) identified
710 loci probably influenced by spatially-varyinglection in the European Edérfguilla anguillg, the
American Eel sister species. Among these, onlyé#édisplayed significant associations with

environment variables, representing a small fracti®.15%) of the SNPs considered. Higher
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proportions (0.8-1%) were found in the American iBelvo RAD-Seq studies that documented
differential selection between freshwater and satitwhabitats (Pavey et al., 2015) and betweem clea
versus polluted sites (Laporte et al., 2016). Biftthese studies, however, applied a polygenic
statistical framework (multi-locus random foreg@ithm approach) that differs substantially from
genome-scan statistical methods searching foresiloglus selection based on allele frequencies.
Previous studies comparing the efficiency of pohygenulti-locus analysis vs. single locus genome
scan to detect selection in other fish speciesaledethat the former approach surpassed the (atigr
Bourret et al., 2014). More generally, populati@mgmic studies face statistical challenge to detect
individual outliers in panmictic species for twasens (Gagnaire and Gaggiotti, 2016). First, madera
selection on single gene traits can only generatdlsallele frequency changes within a single
generation. Second, a comparable intensity of seteacting on polygenic traits results in even
smaller allele frequency changes, because thetiselgressure is spread over the many loci
contributing to the traits under selection (Pritchand Di Rienzo, 2010). Because sample size
determines the power of such tests to detect atseléocus with a given effect size, increasing@am
size while controlling for confounding effects (etgmporal variation) remains the most effectiveywa

to detect loci influenced by selection.

The goal of this study was to re-evaluate the exttewhich spatially-varying selection affects the
spatial distribution of genetic diversity in the Arican Eel. We implemented a reference-guided RAD-
Seq genome scan based on the published sequenaarastdtions of the American Eel genome
(Pavey et al., 2016). In order to detect smallafleequency changes generated by selection, we mor
than doubled the sample size and localities us@demious RAD-Seq studies in Atlantic Eel, and
controlled for temporal effects by focussing onsglael cohorts from two consecutive years. We used
environmental association methods and confirm ¢selts of these analyses by simulations to reduce

the false positive detection of markers influenbgdaelection, building on the principle that geceti
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by-environment associations are not confoundeddogral geographic differentiation given the
panmictic nature of American Eel. We then usedtaddpolygenic scores (Gagnaire and Gaggiotti,
2016) to evaluate how the cumulative signal disptBlyy outlier loci correlates with environmental
factors, both at the individual and the sampling Evels. The genes associated with outlier marker
and their functions were then analyzed to tesfuoctional enrichments that could provide indicatio

on the currently unknown phenotypes that are uradeggspatially-varying selection.

Materials and methods

Sampling, library preparation and genotyping

A total of 710 glass eels studied by Gagnaire (20d€te used for this study. Those individuals were
sampled in 2008 at the mouth of 12 tributariesnsafter recruitment to estuaries. Among thesegthre
geographically distant sites were sampled aga00® for temporal replication and a"l§ite was
sampled in Nova Scotia in 2009 only (Figure 1). Blamg sites cover the core of the American Eel's
distribution range spanning from Newfoundland toridla. Details on sampled individuals are
provided in Table 1. Except for one site from Gég=24), the mean number of samples was 45 by

site.

Whole genomic DNA was extracted from tissues usigglt extraction protocol (Aljanabi and
Martinez, 1997) with RNase A treatment. DNA qualitys checked on agarose gel and DNA
concentration was quantified using PicoGreen (tng#n). DNA libraries were prepared with the
RAD-sequencing protocol used by Benestan et all5R0sing the restriction enzynmtegdR| which
recognized a 6pb cutting sifEhe libraries were prepared in pools of 12 indiaidu For the

sequencing, four pools of 12 individuals with diffet sets of barcodes were put in the same
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Fig. 1 Location map of the 13 sampling sites where Anagriglass eels were collected for this study.
Labels correspond to the site codes provided ile thbThe sites identified by squares were samipled
2008 and 20009, sites identified by circles wereachin 2008 and the site identified by a trianghes
sampled in 2009.
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sequencing lane for a total of 17 sequencing la82mdividuals with a low sequencing success were
sequenced twice to increase their coverage. Semglet00 bp sequencing was performed on an

lllumina HiSeq 2000 at the Genome Quebec Innovaienter (McGill University, Montreal, Canada).

Following sequencing, adapters were removed franeéhds using Cutadapt (Martin, 2011). The reads
were then demultiplexed and trimmed to 80 bp usiegrocess_radtagmodule of Stacks version
1.32 (Catchen et al., 2011; Catchen et al., 2R&xds were then mapped on the American Eel
genome (Pavey et al., 2016) using BWA aln (Li anatin, 2009). The American Eel genome has a
size of 1.41 Gb and is assembled on 79 000 scaf{fldvey et al., 2016). SNPs were called using
SAMtools mpileup and BCFtools view modules (Li aid 2009). Only markers present in at least
80% of the individuals and with a global minor &l&equency of at least 0.02 were retained. A afaf
0.02 was applied as a compromise between minimfaisg SNPs caused by sequencing errors and
retaining rare alleles. The remaining markers weea filtered based on their sequencing depth ép ke
only SNPs with an overall coverage of at least 1%®@@ls for downstream analyses. The SNPs allele
frequencies were then estimated using estpEM (Gdrepal., 2014) which uses the EM algorithm (Li,
2011) to take into account genotype likelihoodshefdifferent individuals present in the population
deal with low coverage sequencing data. The progvasirun independently for each site and

temporal replicate.

Explanatory variables

To identify markers influenced by spatially-varyisglection, potential explanatory variables were
considered, including the latitude and longitudéhef sampling sites, the river mouth temperatucke an
year at recruitment (Table 1). Temperature date wbtained from a National Oceanic and

Atmospheric Administration database (SST14NA)
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(https:/lwww.class.ngdc.noaa.gov/saa/products/b@datatype _family=SST14NA). For the 2008
individuals, the river mouth temperature for eaith was determined by the average sea-surface
temperature near the river mouth during the 10 gaips to the sampling day during recruitment. That
time period was chosen because it corresponddaetmost highly correlated temperature with loci
under selection in Gagnaire et al. (2012). For20@9 individuals, the exact sampling date was not
available, and therefore, the temperature usethéme samples was the average sea-surface
temperature of the river mouth during the samptimamnth.

Table 1 Names and codes of sampling locations, numberdividuals per site, latitude, longitude,
river mouth temperature and sampling year. Tempezatfor 2008 are the average sea-surface
temperature near the river mouth during the 10 gaips to the sampling day during recruitment.

Temperatures for 2009 are the average sea-sudageetature of the river mouth during the sampling
month.

Sites Site code  Number of individuals Latitude Longitude  Temperature Year
Connecticut CO 48 41,41 -70,55 10,44 2008
Florida FLO 40 30 -81,19 18,09 2008
Gaspesie GAS 47 48,78 -67,7 14,21 2008
Gaspesie GAS2009 42 48,78 -67,7 10,57 2009
Georgia GEO 24 31,18 -81,28 15,46 2008
Massachusetts MAS 48 42,69 -70,79 7,04 2008
Massachusetts MAS2009 48 42,69 -70,79 5,65 2009
North Carolina NC 48 34,46 -76,48 10,44 2008
Newfoundland NF 47 47,85 -59,26 15,86 2008
New Jersey NJ 46 39,52 -74,5 7,79 2008
Nova Scotia NS 39 45,54 -64,7 3,41 2008
Nova Scotia NS2009 48 46,04 -59,96 9,55 2009
Pennsylvania PEN 45 39,89 -75,26 9,5 2008
Pennsylvania PEN2009 48 39,86 -75,32 13,57 2009
South Carolina SC 46 32,55 -80 17,19 2008
Virginia VIR 46 37,21 -76,49 10,01 2008

Redundancy analysis to detect outlier loci

A redundancy analysis (RDA) was performed on alrttarkers retained after the filtering steps using
the R package 'VEGAN'v. 2.3-2 (Oksanen et al.,720The RDA was used to estimate the proportion
of genetic variance in the entire dataset thaxjgagned by the environmental factors. Then, the

significance of the RDA was tested with an ANOVA&ath, the joint effects of the four constraining
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variables as well as their marginal effects westete using ANOVAs performed with 1000
permutations. Also, the effect of each variable pagitioned using conditioned RDA, in order to
evaluate the percentage of genetic variance exqadiy each variable separately, after removing the
variance due to partial correlation with other ghfes. Here again, an analysis of variance (ANOVA)
was performed to verify the significance level atk of the four partial RDAs. Finally, the exptive

importance of the different variables was represg@is vectors in biplot graphs.

In order to identify subsets of loci showing exteeaontributions (RDA outliers) to the main direciso

of constrained variation, we selected the marketis tive 0.5% most positive and negative scores for
the first and the second RDA axes. We chose altblé®f 0.5% as a compromise between not being
too conservative nor too permissive. To minimize ¢fffect of linkage disequilibrium, only one marker
per RAD locus pair was retained. When more thanoartker was found on the same locus pair among
the potential outliers, the marker with the higrsesire was retained. A locus pair is two readsdhat
separated by the same restriction site. A new rdaury analysis was then performed with the subset
of markers identified as outliers in order to eadtuthe extent to which genetic variation at outbei

was explained by each explanatory variable.

Detection of outliers using Bayenv2

In order to detect outlier loci possibly influendeylspatially-varying selection, we used the pragra
Bayenv2 (Coop et al., 2010; Gunther and Coop, 2048)h searches for exceptional correlations
between explanatory variables and allele frequeratiéendividual locus. Although this method
specifically takes into account the underlying papan structure, it can also deal with the patacu
case of a panmixia. We used the markers retairtedtat different filtering steps to calculate the

covariance matrix using all samples with 100,0@€aiions. Then, 12 runs of 100,000 iterations each
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were performed using the covariance matrix to ifiettte most strongly associated markers with each
of the four explanatory variables. These 12 reptis@aimed at ensuring high repeatability, in otder
reduce the number of false positive detection dube variance in the level of support observed
among runs for some markers (Blair et al., 2014rkdrs were considered to be outlier if their agera
Bayes factor across the 12 runs was higher than@above 3 for at least 6 of the 12 runs. We ased
threshold higher than 3 following the recommendatbJeffreys (1961) for the significance of Bayes
factor. Then, a redundancy analysis was perform#dtive subset of outlier identified with Bayenv2

in order to evaluate the proportion of their totatiance explained by the constraining variabl&sria

together and separately

The rate of false positives detected by Bayenv2dessrmined using simulated datasets. A total of
100 datasets were simulated by randomly assighegdividuals to another site, to simulate a
random dispersal without the effect of selectiorcodariance matrix was calculated for each of these
datasets. Then only one run of Bayenv2 was perforimeeach dataset given our goal of estimating
the number of false positives. We then comparecdhtimeber of outlier detected in each simulation for
the different variables to the average number tifeyudetected by the 12 runs made on the reakdata

for the different variables.

Detecting variables with the strongest contributiwioutlier variation

Conditioned redundancy analyses (partial RDAS) werformed on a combined dataset comprising all
the outliers detected by the RDA and by the Bayapf#oaches. These partial RDAs aimed at
identifying which explanatory variable contributéd most to each outlier SNP variation. Marker
scores were ranked for each partial RDA perfornggagately with each variable, and the variable for

which a given marker had the highest rank was densd to be the most influencing variable.
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Using additive scores to visualize patterns of gehjic variation

The cumulative signal of multiple outlier SNPs mexgcan be assessed using polygenic scores to
evaluate how their joint effect mirrors environmantariation (Gagnaire and Gaggiotti, 2016). When
the selective effects of individual allele are uokm, polygenic scores are obtained for each indiiid
by summing over loci the number of alleles thatiaferred to be favoured in a given environment
(Hancock et al., 2011; Aarnegard et al., 2014)sTalates directly to the concept of additive genet
variance within a theoretical quantitative genetiasnework (Roff, 1997). Here, alleles that were
associated with increasing values of temperatatiytle or longitude were identified based on iga s
of their correlation with a given variable for eamlitlier. Polygenic scores were then computedet th
individual eel level. Individual polygenic scores £ach eel were obtained by summing over loci the
number of favoured alleles in a given environmeaoteddition. Correlation between individual and
latitude, longitude and temperature were then ieddpntly assessed to evaluate how well the
cumulated signal of locally putative adaptive &teVaries with each explanatory variable. For each
variable, three models (a linear, a quadratic alugjigtic) were tested to identify which one fitssh

the relationship between the polygenic scores haehvironmental variable. For each variable, we
selected the model with the lowest Akaike informatcriterion (AIC) value. To evaluate the extent to
which extreme polygenic scores found in each logalere correlated with the environmental
variables, we assessed the correlations betweektthend 9§' centile of the polygenic score of each
site and the environmental variables values. Catigels were tested using a linear and a quadratic

model.
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Annotation of outlier loci and GO term enrichmengbysis

Using the mapping of outlier markers onto the Aresni Eel genome, functional annotations were used
to identify the closest gene sequences for eadlenu®nly the closest genes located within 100 kb
from each outlier were considered. A gene ontol@®) term enrichment analysis was then
performed on the list of candidate genes potegtadkociated with outlier loci using DAVID web-

server version 6.7/tps://david.ncifcrf.gov/tools.j9Huang et al., 2007). ZebrafisD&nio rerio)

annotations were used as a reference genome f@@herm enrichment analysis, since this species

has the most complete list of annotated geneshkmiblivn functions among teleost fishes.

Results

Genome-wide polymorphism dataset

Sequencing of RAD libraries resulted in a totaBd#+10 reads. After the alignment, 7.5 millions of
SNPs were identified by SAMtools. Following SNPlicg, 656 244 SNPs that were present in at least
80% of the individuals were kept, among which 18,0&re retained after applying minor allele
frequency and coverage depth thresholds. The 15088, which were used to detect candidate
markers potentially affected by spatially-varyireextion in downstream analyses, were present on

837 scaffolds.

Redundancy analysis to detect loci associated exifitanatory variables

The redundancy analysis (RDA) conducted usingA098 retained markers did not reveal a

significant amount of genetic variation associatéth the four constraining variables (F=1.04,
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p=0.188). Although the RDA model including the f@axplanatory variables explained 27.5% of the
genetic variance observed among sites, this amweasiiower than the cumulated variance explained
by the first four unconstrained PC axes. The faurables explained similar proportions of genetic
variance varying between 6.6% and 6.8%, but thaimgmal effects were not significant. Despite this
lack of significance, the projection of samplingdtions on the first two RDA axes closely reflected
the geography and thermal characteristics of samgites along the directions indicated by the
geographic and temperature vectors (figure 2A). 0.6&6 of the markers with the most positive and
negative scores for the first two axes that weresiciered as RDA outliers represented 197 markers

after retaining only one marker per RAD locus fgaipplementary table 1).

The RDA performed using the subset of 197 outlietected by the global RDA explained 35 %
(F=1.4759, p=0.018) of the genetic variance preaetitese markers. The first two RDA axes
respectively explained 15.4 and 11.6 % of genetitance among sites (figure 2B). The temperature
vector was in an opposite direction comparing uéctors for latitude and longitude and the vector

for the year of capture was orthogonal to the tlotber constraining variables.

Detection of loci associated with explanatory valea using Bayenv?2

A total of 90 SNPs detected as candidate outliéits Bayenv2 were retained for further downstream
analyses (Supplementary table 2). Among theseufller markers were associated with the latitude
of the sampling site, 16 to the longitude (amongctvid were also latitude-related outliers), 16 neask
to local temperature and 47 markers were relatédetyear of recruitment of the glass eels. Among
the 90 outliers detected with Bayenv2, 19 were amtbe 197 RDA outliers, and 9 additional ones
were located within 100bp of one of these RDA eudli Thus, 31% percent of the Bayenv2 outliers

were also detected by the RDA outlier detectiorraagh. The RDA performed on this subset of 90

23



Year

GAS2009
o

Temperature

Latitude
Longitude «——

0l

T

S0

o
o

S0

(%621)2vay
0

0

L J

FLO c;!
o
SC
Temperature

¢
MAS

PEN2009
°

Yeag
MAS2009

s‘zo’ / \
NS2009
/ | 625 "

W
(o]
Longitude /

0

‘
Latitude

GAS2009
o

00
(%9 11)2vay
0

i

Temperature

VR

W o

MAS

NS
o

NF
/
9

e
&2
/

/

@ 9512009
GAS
GAS2009
o
Year

MAS2009

/

Latitude

Longitide

0 b e

(%22vay

1.0

05

0.0

05

-1.0

1.0

05

0.0

05

-1.0

-15

RDA1(19.4%)

RDA1(15.4%)

RDA1(7.8%)

Fig. 2 (A) Redundancy analysis (RDA) performed with 12
098 filtered SNPs, using latitude, longitude, terap#re and
year as constraining variables. (B) Redundanciysisa
performed using the 197 SNPs detected to be patignti
affected by selection with the RDA outlier detentio
approach (C) Redundancy analysis performed usm@®h
markers significantly associated with environmentalables
in Bayenv2 analysis. Only the first 2 axes are shéw each
RDA. Sites are identified by their code (Table &l &y
colored points reflecting water temperature vaftem
yellow for colder sites to dark red for warmer sit€he
direction of main variation for each of the 4 coasting
variables (Year, Latitude, Longitude, Temperatise)
indicated by a blue vectors. SNPs contributioneapps red
'+' symbols. The proportion of total variance expta by
each axis is indicated in percent.

24



Bayenv2 outlier markers explained 45.6% (F=2.3@8®,.001) of the genetic variance present at these
markers. The first 2 axes respectively explained 39d 12.9% of genetic variance among sites @gur
2C). The temperature was mostly related the dixgg and in opposite directions to both longitudd a

latitude whereas the year of capture was mostited|to the second axis.

The simulations revealed that a significantly highember of outliers were detected by Bayenv2 with
the real dataset compared to the simulated ondkdact variables (Figure 3A-D). Thus, except fa th
temperature for which one simulation out of 10@me¢d a number of outliers higher than the rea dat
set, no run detected a higher number of outlien tha average of the 12 runs made with the real
dataset. These results therefore indicate that fadsitives are unlikely to have driven the observe
patterns of association between allelic and enwremtal variation observed at some loci, which is
therefore suggestive of selection driven by localimnmental condition. Note that the number of
outliers detected in each run was higher than timeber of outliers used for further analyses. This i
because, not always the same outliers were detactath run and in order to remain conservative in

downstream analyses, we retained only the markatsatere significant in 6 runs or more out of 12.

Using conditioned RDA to control for confoundindesits

Partial RDAs were performed on a dataset combialhg59 outliers that were detected by one or both
approaches. The year of recruitment explained th&t important proportion of the total variance
(10.3%, p=0.025), followed by the temperature (8%0.12) as well as the latitude and the longitude
(6.1%, p=0.4). The variable with the highest inflae on each marker was identified. The year of

recruitment was related to 76 outliers, followedttyy temperature with 70 markers. The latitude was
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related to 64 markers and the longitude to 49 nrarke some cases, the variable that was deteated t
be related to an outlier by Bayenv was not the sasrfer the partial RDA. The variable related tohea

outlier marker is indicated in the supplementab}ee.

Using additive scores to evaluate polygenic varapatterns

The correlations assessed between each variablhardrresponding additive scores calculated using
outlier loci (Figure 4A-C) and were all significarior the three variables, the quadratic modelthad
lowest AIC, and it was followed by linear model ahén the logistic model. Longitude was the
variable with the highest correlation coefficieRf£0.154, g10E-15), followed by the latitude
(R’=0.152, gE10-15) and the temperature’R.142, gE10-15). Correlations between the"lnd
90 centile of polygenic scores in a site and végmkwere significant for all three variables£R.65-
0.87) (Table 2). Correlations for the latitude &nel temperature were best explained by a linearimod
For longitude, the quadratic model was the best one
Table 2 Correlation coefficients and p-values of the iefahip between the ftand 98' centile of the
polygenic scores of each of the sampling sitesth@@nvironmental variables. The correlation
coefficient and p-values were calculated followanguadratic and a linear model.
Linear model Quadratic model
Variable 10" centile 90" centile 10" centile 90" centile
Latitude  R?=0.65 p=0.00016 R?=0.76 p=1.17*10-5 R?=0.71 p=0.0003  R?=0.76 p=8.5*10-5

Longitude  R?=0.63 p=0.0002 R?=0.53 p=0.00148 R?=0.86 p=3.29*10-6 R®=0.86 p=2.66*10-6
Temperature R%=0.87 p=1*10-7  R?=0.65 p=0.00017 R?*=0.9 p=3.43*10-7  R®=0.65 p=0.001

Annotation of outlier loci and GO term enrichmentlbysis

The 259 outliers detected combining Bayenv2 and RiDAlyses were distributed across 204 different

scaffolds, 45 of which had more than one outlietotal of 217 outliers were within 100 kb from at
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least one nearby gene enabling the identificatiddd genes associated with an outlier
(Supplementary table 3). Among them, eight genésamaexonic outlier SNP and 50 genes had an
intronic outlier, one gene had both exonic andimitr outliers and 56 genes were within a 10 kb
distance from an outlier. For the 28 markers detébbth by Bayenv2 and RDA, two markers were
located in exons, 8 markers were in introns and/éf@ within 10 kb from the nearest gene. The
proportion of markers present in introns (20%) ardns (3%) was similar between the outliers and the

whole dataset.

No Gene Ontology term was found significantly ened in the analysigerformed with DAVID.
However, the KEGG pathway insulin signaling pathwagwed a significant enrichment (p-
value=0.04). Among the 171 genes implicated in plaiway, five (PRKACAA, GYS1, PTPN1,
IKBKB, PHKG1A) were represented in our dataseterfgs potentially affected by selectidime gene
GYSL1 has an outlier into one of its intron. Thisigeodes for the glycogen synthase muscle isoform
which produce glycogen in the muscle (Palm e28l1,3).The gene IKBKB, which has an exonic
outlier, codes for a subunit of the protéK involved in the NF-kappa-Bathway which regulates the

expression of multiple genes (Hacker and Karin,6200

The list of outlier-associated genes also contafoadgenes coding for proteins implicated in the
mitochondrial electron transport (NDUFA4, ATP5FIDNFA10, COX10) and five genes (SNX14,
PHACTR4B, SHANK3, ESRP2 and NFATC3) that were poegly detected to be potentially under
spatially-varying selection between the glass edlthe yellow eel stages in the European Eel (Bujol

et al., 2015). Among them, two have intronic ouliEESRP2 and NFATC3).
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Discussion

The goal of this study was to implement a genonagspproach to evaluate the extent to which
spatially-varying selection shapes genetic vana#ioross the American Eel genome. Environmental
correlation methods combined with simulations wesed to reduce the false positive detection rate of
outlier loci, controlling for temporal effects tdantify polymorphisms influenced by selection wtlai
single generation. We also evaluated the extewhtoh candidate markers collectively reflect
environmental variation using an approach baseadalitive polygenic scores which has been rarely
applied thus far in studies of non-model specidgerAscreening a total of 12,098 stringently fiker
RAD SNP markers in 710 glass eels from the enpeeies range, we identified 183 loci potentially
affected by spatially-varying selection after colling for temporal outliers. This represents
approximately 1.5% of the genome, which is highdrdill close to previous comparable estimates
(Pavey et al., 2015; Laporte et al. 2016; Pujdlaal.e 2013). This result is thus consistent with
polygenic selection acting on multiple mutationshvdpatially-varying effects on fitness. Below, we
discuss why the list of candidate loci detectectmepresents only a fraction of the genomic regions
affected by spatially-varying selection. To suppbe “many genes of small effects” hypothesis, we
show that subsets of outlier loci individually asisped to a similar environmental variable colleely
display a highly significant association with emvimental variation. Finally, we searched for
functional enrichment in biological pathways thaynprovide cues for the unknown gene networks
under polygenic selection. We found an overreptasiem of the insulin signalling pathway, which
together with previous findings (Gagnaire et &012), indicate that lipid and saccharide metabolism
pathways are among the main biological functiordenigpatially-varying selection across one the

most ecologically contrasted species range in taena realm.
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Detection of individual loci affected by selection

The small changes in allele frequency at individael generated by spatially-varying selection in
panmixia challenge the power of detecting the mdéedootprints of selection, especially when
selection acts on polygenic traits (Gagnaire anggidti, 2016). Environmental association methods
(e.g. Coop et al., 2010; Frichot et al., 2013; liGuet al., 2014) offer interesting approachesétect
polygenic selection, although their relative powed error rate differ depending on the scenario
considered (de Villemereuil et al., 2014; Wellerihew and Hansson, 2016). Here, we were interested
in detecting patterns of allele frequencies assediaith a selection gradient, a scenario in which
Bayenv usually shows a low error rate. Although &aytakes into account the covariance in allele
frequency across samples to test for locus-spexsociation with each environmental variable, the
absence of neutral population structure to acctmnh our dataset should at worst make outlier
detection more conservative. The panmictic reprbdacegime of the American Eel should thus
eliminate the risk of detecting false positives ttuspatial autocorrelation, a classical pitfal fo
genetic-environment association methods (Hobah,e2@16). To complete this approach, we
combined it with a constrained ordination metho® MR that uses linear combinations of
environmental variables to describe how environiaerdriations explain patterns of allele frequeacie
across samples. Because in that case outliersigergfied as the strongest contributors to the
constrained axes, the RDA approach seems apprepoiaietect markers potentially influenced by
multiple explanatory variables simultaneously. ®a downside, this approach does not include a
statistical framework to address the significaniceamdidate markers individually, which implies
defining a somewhat arbitrary empirical threshaddutlier detection. Despite these differences
between the two methods, 31% of the outliers treaewletected by Bayenv were also found with the

RDA approach, thus providing additional evidenaesfoatially-varying selection at these loci.
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When combining all the 259 outliers detected byBhgenv and RDA approaches, 29.3% of these
markers were related to the year of recruitmentivieixplained 10.3% of the total outlier genetic
variance after accounting for confounding effenta iconditioned RDA. The importance of the
recruitment year could be explained by the fact é#mxironmental conditions vary among years
potentially resulting in selection for differentedés. For example, the river mouth temperatutbet
time of larval recruitment to the coast was différeetween the two samplings years for the sitas th
were sampled both in 2008 and in 2009 at abousdh®e time of the year. The genetic composition of
the pool of reproducing adults in the Sargassons®aalso vary from year to year. For instance, C6té
et al. (2012) found yearly variation in the effgethumber of breeders (Nb) associated to the North
Atlantic Oscillation (NAO), which could affect thgene pool composition of glass eels. The NAO has
also a marked influence on North Atlantic surfaceds which affects the Atlantic thermohaline
circulation (Hurrell et al., 2001). A recent metaadysis examining factors influencing selection in
more than 160 species of plants and animals hamifthat the NAO was one of the factor explaining
the biggest part of the temporal variation in naltselection observed in these species (Sipielsky,e
2017). Finally, the sweepstake reproductive sucotadults (Hedgecock and Pudovkin, 2011) may
generate temporal variation in the genetic comuusitf yearly cohorts, as already observed in the
European EelA. anguilla)(Maes et al., 2006; Pujolar et al., 2006). Thewsfthe predominance of
temporal outliers could be explained by a comboratf temporally variable selective regimes acting
on stochastically changing gene pools due to enmental forcing and sweepstake reproduction. The
183 remaining outlier loci were individually coragdd with either temperature (38%), latitude (35%)
or longitude (27%), and were therefore likely aféetby spatially-varying selection acting during th

early glass eel life stage (Gagnaire et al., 2012).

Inevitably, a genome scan approach based on emvawotal correlations may be underpowered to

detect selected alleles with small individual effé@2cause subtle correlations between allele
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frequencies and explanatory variables may not retatistical significance. This effect is also
amplified by the reduced capacity of detectingaigé& disequilibrium between our RAD markers and
the actual causative alleles under selection, dlienited marker density (<1 SNP per 100kb). Beeaus
there is a tradeoff between the power to deteetpasitive associations and the risk of false pa@sit
detections, our list of candidate loci detecteceh@obably contains false positives, while only

representing a fraction of the genomic regionscédie by spatially-varying selection.

Additive effect of outliers on environmental coagbns

Because of the above limitations, and in orderet@nine the extent to which individual outlieriloc
collectively mirror environmental variation acrabe American Eel distribution range, we also used a
multilocus approach based on additive polygenicexor different environmental factors. Ideally,
genotypic variation at outlier loci detected in gere scans should be compared with individual
phenotypic data to establish associations betweratgpe, phenotype and fithess (Barrett and
Hoekstra, 2011). In the case of polygenic adaptaadditive polygenic scores can be used to assess
the joint contribution of individual loci to a quigtative phenotype or a measure of fithess (Gagnair
and Gaggiotti, 2016; Hancock et al., 2011; Aarneégaral., 2014). Because spatially-varying selectio
effects on phenotype remain unknown in the Amerieah we could not use this approach to validate
the genotype-phenotype link at outlier loci. Howewee used a similar approach to evaluate the
additive signal of outlier loci against environmedntariation. In order to circumvent the possible
circularity of an analysis based on the pooled gehyc scores of whole samples, additive polygenic
scores were calculated at the individual level tli®uloci were detected using single locus asgmra
tests that do not consider individual genotypenmiation separately, nor preferential allelic

associations among loci. Given the panmictic nadfileel population structure, and in absence of
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selective effects, genotypic similarity among induals from a given sampling site would not be
expected to be more important than among indivalfraim different sites. Here, correlations between
individual polygenic scores and environmental \aga were highly significant and best followed a
quadratic model. Interestingly, these quadratiati@hships closely mirror the one previously
documented between the condition factor and thieidet of glass eels (Laflamme et al., 2012). This
provides cues for a possible link between genosymephenotype and suggests that the total number of
locally favourable alleles displayed by individuaféects their chance of survival in a given logati
Compared to previous studies on the same topicesults thus provide new indications on the spatia
patterns of polygenic variation generated by spgtie@arying selection in eels. This should encowrag
further developments to specifically detect theeunalar footprints of polygenic selection within a

multilocus quantitative genetics framework (e.gedBian, 2016).

Although the selective factors associated with ittt are still not very clear, the finding of hegh
polygenic scores at intermediate longitudes asatgpp by the quadratic model suggest that selection
favors different optimal genotypes between the cegion of the species range and its periphery on a
longitudinal axis. For latitude the correlation mag/explained by its strong co-variation with
environmental and biotic parameters, which is cgigst with the molecular footprints of selection
along latitudinal gradients observed in many speaach aProsphila melanogastdgdrion et al.,
2015),Arabidopsis thaliangDebieu et al., 2013) amshopheles gambia@&heng et al., 2012).
Moreover, eels that were captured at higher latituald to migrate for a longer time and distance
compared to the ones that were captured at lowitrdas. During their oceanic dispersal, eel larvae
face different environmental conditions dependinguhere they are brought by the ocean currents.
This could result in the selection for differente#éds during larval transport which mostly folloas
latitudinal trajectory. The relationship betweerygenic scores and latitude follows a quadratic etod

which revealed that polygenic scores increase magiely at the lowest latitude than at the highest
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ones, which is selection gradient appears to lepstan the southern part of the range.

The river mouth temperature during glass eel rement was the third strongest predictor of outlier
polygenic scores. River mouth temperature, whichwaay from 3 to 18°C at time of recruitment, has
previously been identified to be an important selecagent responsible for spatially-varying setact
in both the American Eel (Gagnaire et al., 2012) tre European Eel (Pujolar et al., 2014). As her t
latitude, the relationship between the polygen@a@nd temperature follows a quadratic model into
which the scores increase more rapidly in the wasites than in the colder ones, supporting that th
strongest selection gradient is imposed by higlperatures. These observations, as well as the
distribution of extreme polygenic scores across@ag sites, suggest that selection favors differen

optima throughout the species range by elimindbioglly maladapted extreme genotypes.

GO term enrichment analysis of outlier loci

In order to find cues regarding the phenotypicafef the selected loci, we analysed the functains
the 241 genes that could be associated with ositlfenong these, four genes coding for subunits of
different mitochondrial electron transport chaimpexes were found. This is a relevant result
considering the role of the electron transportch@ATP production, and the range of distances tha
glass eels have to travel to reach different pertbe species range during dispersal from the &s@

Sea.

Another result of interest was the finding of figenes that were previously identified to be under
selection between life stages in the Europeanfigb(ar et al., 2015). Because American and
European eels are only partially reproductivelyassd and exchange genes through introgressive

hybridization (Albert et al., 2006; Ggnaire et 2009; Jacobsen et al., 2017), the sharing oflipcal
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adaptive variants is expected to occur. Howevayipus studies have found only limited evidence for
parallel patterns of spatially varying selectiorAittantic eels (Ulrik et al., 2014). Among thediv
candidate genes shared between species, threed{peaiNX14 and SHANKS) are implicated in brain
development (Cho et al., 2014; Ha et al., 2015;dket al., 2015), perhaps reflecting similar selext

constraints on this biological pathway in the twedes.

Finally, the insulin signaling pathway, which wapresented by five outlier genes, was found to be
significantly enriched among the list of outliemgs potentially affected by selection. Here agais,
pathway was previously found to be significantlyielmed among genes affected by selection between
life stages in the European Eel (Pujolar et alL3)0which strengthens its candidate functionad.rol

The insulin pathway is activated in response tadvinding of the hormone on its receptor and plays a
central role in the regulation of usage and stodgellular glucose (Bevan, 2001). Phenotypically,
this pathway has also been related to body siprasophila(De Jong and Bochdanovitz, 2003). In
American glass eels, measures of otolith daily ginancrements have shown a latitudinal gradient in
growth rate (Wang and Tzeng, 1998), with fastemgmg and earlier maturing glass eels at
intermediate latitudes. The overrepresentatiomefitsulin signalling pathway playing a role in the
use of energy reserve also corroborates previodifys indicating selection on lipid and saccharide
metabolism pathways (Gagnaire et al., 2012). Alifogye this suggests that metabolic and energy
production are among the more important ones pathwader spatially-varying selection in the
American Eel. Because spatial variation in indiabgrowth rates has been reported (Wang and Tzeng,
1998), future studies should aim at testing whethlier polygenic scores partly account for
differences in growth rate across the species rargehether these are mainly caused by phenotypic

plasticity in response to environmental conditions.

Finally, the admittedly small subset of annotatedes found here to be potentially under selection
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represents a good first set of candidates for éurfilinctional studies on the mechanism implicated i
the spatially varying selection in American Eelr Festance, the expression of these genes in
individuals facing different environmental condit®(e.g. different water temperatures) could be
analyzed in order to test for differential alledixpression and its association with growth related

phenotypes in the different conditions.
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Conclusion

Etant son cycle de vie assez particulier qui faiserte que tous les individus appartiennent admen
population, lI'anguille d'’Amérique est une espedérassante a étudier pour mieux comprendre les
mécanismes de sélection. En effet, sa grande &dibetive (C6té et al., 2013) et I'absence dectire

de population font en sorte que la sélection nléuest la principale force évolutive qui s'exeste
cette espece. La grande étendue de l'aire de itéparfait également en sorte que les différents
individus sont confrontés a un grand éventail dedi®mns environnementales selon I'endroit ou ils
dérivent. Ces différentes conditions peuvent menda sélection de différents alleles, car ceux-ci
permettent aux individus de mieux répondre aux giwes de sélection qui s'exercent sur eux. En
identifiant des marqueurs potentiellement sousctéle cette étude permet donc d'augmenter notre
compréhension des phénoménes de sélection chegmilland’Amérique. Des méthodes utilisant des

scores additifs polygéniques ont également étiségis, ce qui est relativement nouveau.

Identification de marqueurs potentiellement sous déction spatialement variable

Pour étudier ce phénoméne, des individus ont §tiees dans 12 sites répartis dans une grande parti
de l'aire de répartition, de Terre-Neuve a la Herills ont ensuite été séquencés et aprés divers
traitements bio-informatiques, 12 098 marqueursgnts chez 80 % des individus et suffisamment
polymorphiques ont été conservés pour les anaigeséquentes. A |'aide de 2 approches, les analyses
de redondance et d'association environnementa®emn2bqueurs dont les fréquences alléliques dans les
différents sites étaient fortement corrélées auewa des variables environnementales ont pu étre
identifiés. Une vingtaine de marqueurs ont ététiflés comme étant potentiellement sous sélection
par les 2 méthodes de détection. Les analyses dimmdance partielles ont permis d'identifier la
proportion de la variance génétique expliquée par différentes variables parmi les marqueurs
potentiellement sous sélection. L'année de capmxpdique la plus grande proportion de la variance
avec 10.3%, suivi de la température avec 8%. litud et la longitude expliquent quant a elles 626 d
la variance génétique chacune. C'est eégalememébade capture qui est la variable ayant la plus
grande influence sur le plus grand nombre de margwevec 76 marqueurs. La température affecte de
facon plus importante 70 marqueurs. La latitudecd 64 marqueurs et la longitude est liee a 49

marqueurs. Comme plus du quart de ces marqueusu(789) sont principalement associés a I'année
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de capture des individus, il semble y avoir ungat@mn temporelle dans la sélection qui s'exerage su
les anguilles. Cette variation temporelle est pbtdraent causée par les conditions qui varient degre
années ainsi que le pool génique qui est ausrdiff selon les années. En effet, le nombre de
reproducteurs présents dans la mer Sargassesdeariacon importante d'année en année et cette
variation semble liée a l'oscillation nord-atlanmeq(Co6té et al., 2013). L'oscillation nord-atlangq
(NAO) est une variation des courants au niveaurigéa et semble avoir un effet sélectif important

chez de nombreuses espéces (Sipielsky et al. 2017).

Effet additif des marqueurs potentiellement sous $&ction

Pour mieux visualiser l'effet cumulatif des diversarqueurs potentiellement sous sélection, une
approche d'additivité a également été employéedbtanet al, 2011; Arnegard et al, 2014; Gagnaire et
Gaggiotti, 2016). Pour ce faire, des scores polygés ont été calculés pour chacun des individas. L
score polygénique correspond au nombre d'allelesrdiales porté par chacun des individus. Les
alleles favorables sont ceux qui sont liés a démuva croissantes des variables environnementadss.
scores polygéniques ont été calculés uniquemert l@gemarqueurs potentiellement sous sélection.
Des corrélations ont ensuite été effectuées easrasdores polygéniques et les valeurs de températur
de la latitude et de longitude des différents dagtiionnage dans lesquels les individus ont été
capturés. Les corrélations ont été significativegrpes trois variables et elles avaient des coefiis

de corrélation qui sont comparable$£R.142-0.154). Les corrélations entre les scorégpaiques et
les variables environnementales suivent toutes adéfe quadratique. La température et la latitude
sont les variables pour lesquelles I'effet sélexdifle plus évident. |l est logique que des teatpées
plus ou moins froides entrainent la sélection dlaf différents. La température avait d’ailleurgdé
identifiee comme étant un agent sélectif a la ébisz I'anguille d’Amérique (Gagnaire et al., 204R)
l'anguille européenne (Pujolar et al., 2014). Conlenelimat varie souvent avec la latitude, il est
également logique que celle-ci ait un effet séle@es clines latitudinaux ont été décrits chez de
nombreuses especes, que ce soit chez la mouchmr{Agiral., 2015) ou chez des plantes, comme
Arabidopsis thaliangDebieu et al., 2013). Il est plutdt surprenarg tulongitude ait un coefficient de
corrélation comparable aux 2 autres variables aétanhé que son effet sélectif n’est pas trés clair.
Toutefois, comme la longitude des sites augmerde aglle de la latitude, les individus capturés @lu
I'est 'ont été dans des régions plus froides aeel'de répartition par rapport aux individus caggu

plus a l'ouest, ce qui peut entrainer la séledtlalteles différents au sein de ces sites.
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Fonctions enrichies chez les marqueurs potentielleant sous sélection

Les genes situés a moins de 100 kb de part etrebadés marqueurs ont été identifiés, car ils sont
potentiellement sujets a la sélection. Des testsridhissement ont été effectués sur les fonctimns
ces genes et aucune fonction n'était significater@nenrichie. Les genes faisant partie du mécanisme
de réponse a l'insuline étaient par contre sigatiffement enrichies parmi les génes potentiellement
sous sélection. Il est impliqué dans le métabolide®sucres au sein de la cellule. Ce mécanisree a é
lié & la taille des individus chez la drosophilee(long et Bochdanovits, 2003). Ce mécanisme avait
également été identifié comme étant enrichi pagsirharqueurs potentiellement sous sélection entre
les étapes du cycle de vie chez I'anguille eurapg€Rujolar et al., 2015). Cing genes identifiéssda
notre étude comme étant potentiellement sous gg@teavaient déja été identifie comme tel dans cette
méme étude. De facon surprenante, aucun de cerées ge fait partie du mécanisme de réponse a
I'insuline, méme si ce mécanisme est enrichi pdemigenes identifiées comme étant potentiellement
sous sélection dans les 2 études. Ce sont dongétes potentiellement sous sélection différents qui
font partie du mécanisme au sein des 2 especdsitlgque ce mécanisme soit lié a la taille du corps
pourrait peut-étre expliquer certaines difféerendass les taux de croissance qui sont observées dans
les différentes régions de l'aire de répartition. dffet, il y a de grandes différences dans le @eix
croissance des anguilles selon leur latitude,Ug tie croissance diminuant avec l'augmentatiolade
latitude (Jessop et al., 2010). Ces différenceerdtattribuées a la saison de croissance qui dienin
avec l'augmentation de la latitude, mais il potirtgalement y avoir une composante génétique @ cett

différence entre les taux de croissance.

Malgré le fait que les mémes individus et les ménmsables environnementales aient été utilisé,
aucun des génes identifiés par Gagnaire et al.2j26@mme étant potentiellement sous sélection
spatialement variable n'a été trouvé a proximit marqueurs potentiellement sous sélection. Les 13
genes en question sont situés dans des régiondndumg dans lesquelles aucun des 12098 marqueurs
retenus pour cette étude ne figure et c'est pdte caison que ces genes ne sont pas présents parmi

ceux qui sont liés aux marqueurs potentiellemens seélection.

Pour conclure, la présence de plusieurs régionsnfieiement sous sélection spatialement variable
chez l'anguille d'Amérique a été confirmée. Undatmm annuelle a également pu étre identifiée au

sein des sites qui ont été échantillonnées durann2es successives. Notre analyse utilisant desssc
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polygéniques additifs semble montrer la présencgétixtion polygénique chez I'anguille d’Amérique.
Le mécanisme de réponse a l'insuline est enrichinpées génes potentiellement sous sélection. I
serait intéressant d’examiner dans une future étlidg a des variations dans I'expression des gene
potentiellement sous sélection en fonction des itiong environnementales et quelles sont les effets
phénotypiques des marqueurs potentiellement sdestis@. Il serait également intéressant de vérifie
si certains marqueurs sont liés au taux de craiesales individus et d’identifier les génes qui

influencent la croissance des anguilles d’Amérique.

41



Bibliographie
Aarnegard ME et al. (2014) Genetics of ecologicatidjence during speciatioNature,507, 307-311.

Adrion JR, Hahn MW, Cooper BS (2015) Revisitingsslia clines irDrosophila melanogasten the
age of genomicslrends in Genetic81, 434-444.

Albert, V, Jonsson, B, Bernatchez, L (2006). Ndtimgbrids in Atlantic eels Anguilla anguilla, A.
rostrata): evidence for successful reproduction and fluihggabundance in space and tirivialecular
Ecology 15, 1903-1916.

Aljanabi SM, Martinez | (1997) Universal and radlt-extraction of high quality genomic DNA for
PCR-based techniqudsucleic Acids ResearcBpb, 4692-4693.

Barrett RDH, Hoekstra HE (2011) Molecular spandtetst of adaption at the genetic levidature
Reviews Geneticd2,767-780.

Avise JC, Helfman GS, Saunders NC, Hales LS (198@)condrial DNA differentiation in North
Atlantic eels: Population genetic consequences ohasual life history patterrProceedings of the
National Academy of Sciences of the United Stdt@snerica,83, 4350-4354.

Béguer-Pon M, Castonguay M, Shan S, Benchetrit dgdsbn JJ (2015) Direct observations of
American eels migrating across the continentalfdbelihe Sargasso Seldature Communications,
8705.

Benestan L, Gosselin T, Perrier C, Sainte-Mari®8¢hette R, Bernatchez L (2015) RAD genotyping
reveals fine-scale genetic structuring and provigesverful population assignment in a widely
distributed marine species, the American lob@ttmarus americanus). Molecular Ecology, 3299-
3315.

Bevan P (2001) Insulin signalingournal of Cell Sciencd,14, 1429-1430.

Blair LM, Granka JM, Feldman MW (2014) On the sli#piof the Bayenv method in assessing human
SNP-environment associatiotduman Genomics, 1.

Bonhommeau S, Castonguay M, Rivot E, Sabatie RRdmge O (2010) The duration of migration of
Atlantic Anguillalarvae.Fish and Fisheries]1, 289-306.

Bourret V, Dionne M, Bernatchez L (2014) Detectiggnotypic changes associated with selective
mortality at sea in Atlantic salmon: polygenic nioltus analysis surpasses genome sbéwiecular
Ecology,23, 4444-4457.

Cairns DK, Secor DA, Morrison WE, Hallett JA (200®alinity-linked growth in anguillid eels and the
paradox of temperate-zone catadrodogurnal of Fish Biology74, 2094-2114.

Castonguay M, Hodson PV, Couillard CM, Eckersley, Nhitil JD, Verreault G (1994) Why is

recruitment of the american edé\nguilla rostrata, declining in the St. Lawrence river and gulf?
Canadian Journal of Fisheries and and Aquatic sce=b1,479-488.

42



Catchen JM, Amores A, Hohenloe PA, Cresko WA, Rtistvait JH (2011) Stacks: Building and
genotyping locide novdfor short read sequencés3, 1, 171-182.

Catchen JM, Hohenloe PA, Bassham S, Amores A, Grggk. 2013 Stacks: an analysis tool set for
population genomics$viol. Ecol.22, 3124-3140. (doi:10.1111/mec.12354)

Cheng CD, White BJ, Kamdem C, Mokaitis K, Constain@, Hahn MW (2012) Ecological genomics
of Anopheles gambiaalong a latitudinakline: a population-resquencing approcfnetics,190,
1417-1432.

Cho HM, Kim JY, Kim H, Sun W (2014) Phosphatase autine regulator 4 is associated with
intermediate filament in adult neural stem celld #reir progenitor astrocyteldistochemistry and Cell
Biology, 142 411-419.

Coop G, Witonsky D, Di Rienzo A, Pritchard JK (2010sing environmental correlations to identify
loci underlying local adaptatioGenetics]185 1411-1425.

COSEPAC (Comité sur la situation des espéces ehgpeCanada) (2012) Evaluation et rapport de
situation du COSEPAC sur I'anguille d'Amériqueguilla rostrataau Canada. COSEPAC, Ottawa.

Co6té CL, Gagnaire PA, Bourret V, Verreault G, Cagtmay M, Bernatchez L (2013) Population
genetics of the American EeArguilla rostratg: Fst=0 and North Atlantic oscillation effects on
demographic fluctuations of a panmictic spedslecular Ecology22, 1763-1776.

Davey AJH, Jellyman DJ (2005) Sex determinatiorfre$hwater eels and management options for
manipulation of sexkReviews in Fish Biology and Fisherids, 37-52.

De Jong G, Bochdanovitz Z (2003) Latitudinal clime®rosophila melanogastebody size, allozyme
frequencies inversion frequencies, and the insijnalling pathwayJournal of Genetics82, 207-
223.

Debieu M, Tang C, Stich B, Sikosek T, Effgen Shéphs E, Schmitt J, Nordborg M, Koornneef M,
de Meaux J (2013) Co-variation between seed dorpamnowth rate and flowering time changes with
latitude inArabidopsis thalianaPLOS One8, e61075.

de Villemereuil P, Frichot E, Bazin Ewikipedia, Rgois O, Gaggiotti OE (2014) Genome scan
methods against more complex models: when and hawhnshould we trust them®lolecular
Ecology,23, 2006-2019.

Ellegren H (2014) Genome sequencing and popula&mmics in non-model organisifitends in
Ecology and Evolutior29, 51-63.

Frichot E, Schoville SD, Bouchard G, Francois O1@0Testing for association between loci and
environmental gradients using latent factor mixextiaets.Molecular Biology and Evolutior80, 1687-
1699.

Gagnaire, PA, Albert, V, Jonsson, B, Bernatchez(2D09). Natural selection influences AFLP

intraspecific genetic variability and introgressipatterns in Atlantic eeldViolecular Ecology 18,
1678-1691.

43



Gagnaire PA, Normandeau E, C6té C, Hansen MM, Behea L (2012) The Genetic Consequences of
Spatially Varying Selection in the Panmictic AmancEel Anguilla rostrata). Genetic4,90 725-736.

Gagnaire PA, Gaggiotti OE (2016) Detecting polygesglection in marine populations by
combining population genomics and quantitative ges@pproache£urrent Zoology62,603-616.

Gompert Z, Lucas LK, Buerkle CA, Forister ML, Foo#yJA, Nice CC (2014) Admixture and the
organization of genetic diversity in a butterflyespes complex revealed through common and rare
genetic variantdMolecular Ecology23, 4555-4573.

Guillot G, Vitalis R, le Rouzic A, Gautier M (2014etecting correlation between allele frequencies
and environmental variables as a signature of sefecA fast computational approach for genome-
wide studiesSpatial Statisticsg, 145-155.

Gunther T, Coop G (2013) Robust identification@fdl adaptation from allele frequencigSenetics,
195 205-220.

Ha et al. (2015) SNX14 is a bifunctional negatiegulator for neuronal 5-HT6 receptor signalling.
Journal of Cell Sciencd,28 1848-1861.

Hacker H, Karin M (2006) Regulation and functionlgK and IKK-related KinasesScience's STKE
2006 rel3.

Hancock AM, Brachi B, Faure N, Horton MW, JarymowydB, Sperone FG, Toomajian C, Roux F,
Bergelson J (2011) Adaptation to climate acros#tiabidopsis thaliangenome Science334, 83-86.

Hanel R, Stepputtis D, Bonhommeau S, Castonguagdiaber M, Wysujack K, Vobach M, Miller
MJ (2014) Low larval abundance in the Sargasso 1$®2a evidence about reduced recruitment of the
atlantic eelsNaturwissenschafter01, 1041-1054.

Hedgecock D, Pudovkin Al (2011) Sweepstakes reprii sucess in highly fecund marine fish and
shellfish: a review and commentaBulletin of Marine Scienc&7,971-1002.

Herron JC, Freeman S (2014) Evolutionary analyggdition. Prentice-Hall.

Hoban S, Kelley JL, Lotterhos KE, Antolin MF, Bragdd G, Lowry DB, Whitlock MC (2016)
Finding the genomic basis of local adaptation:gligf practical solutions, and future directiof$e
American Naturalist188 379-397.

Horsley V, Pavlath GK (2002) NFAT: ubiquitous regar of cell differentiation and adaptatiorhe
Journal of Cell Biology156,771-774.

Huang DW et al. (2007) The DAVID gene functionahsdification tool: a novel biological module-
centric algorithm to functionally analyze large gdists.Genome Biology8, R183.

Hurrell JW, Kushnir Y, Visbeck M (2001) Climate-T®rth atlantic oscillationScience291, 603-
605.

44



Jacobsen MW, Smedegaard L, Sgrensen SR, PujolaMiiik P, Jonsson B, Magnussen E, Hansen
MM (2017) Assessing pre- and post-zygotic barrigesveen North Atlantic eelAQguilla anguilla
andAnguilla rostratg. Heredity,118 266-275.

Jeffreys H. (1961) Theory of probability. Oxford iMersity Press, Oxford, UK. 470 pp.

Jessop BM (2010) Geographic effects on American/Aeguilla rostrata)life history characteristics
and strategiesCanadian Journal of Fisheries and Aquatic Scien6&s326-346.

Kawecki TJ, Ebert D (2004) Conceptual issues imllaclaptationEcology Lettersy, 1225-1241.

Koehn RK, Wiliams GC (1978) Genetic differenciatiwithout isolation in the American EeAguilla
rostrata) Il. Temporal stability of geographic pattergsvolution,32, 624-637.

Laflamme S, C6té C, Gagnaire PA, Castonguay M, &ehez L (2012) RNA/DNA ratios in American
glass eelsAnguilla rostratg: evidence for latitudinal variation in physiolegl status and constraints
to oceanic migrationEcology and Evolution2, 875-884.

Laporte M et al. (2016) RAD sequencing reveals witheneration polygenic selection in response to
anthropogenic organic and metal contamination imtiNétlantic Eels.Molecular Ecology25, 219-
237.

Le Corre V, Kremer A (2012) The genetic differetiba at quantitative trait loci under local
adaptationMolecular Ecology21, 1548-1566.

Levene H (1953) Genetic equilibrium when more tbhae ecological niche is availablEhe American
Naturalist,87, 331-333.

Li H, Durbin R (2009) Fast and accurate short-redignment with Burrows-Wheeler transform.
Bioinformatics,25, 1754-1760.

Li H, Handsaker B, Wysoker A, Fenell T, Ruan J, HorN, Marth G, Abecassis G, Durbin R, 1000
Genomes Project Data Processing Subgroup (2009sddtpgence alignment/map (SAM) format and
SAMtools.Bioinformatics,25, 2078-2079.

Li H (2011) A statistical framework for SNP callinghutation discovery, association mapping and
population genetical parameter estimation from saqing dataBioinformatics,27, 2987-2993.

Kozol RA et al. (2015) Two knockdown models of thetism genes SYNGAP1 and SHANK3 in
zebrafish produce behavorial phenotypes associatéth embryonic disruptions of brain
morphogenesidduman Molecular Genetic24, 4006-4023.

McCleave JD, Kleckner RC (1982) Selective tida¢ain transport in the estuarine migration of glass
eels of the American EefAqguilla rostrata). ICES Journal of Marine Sciendé, 262-271.

Maes GE, Pujolar JM, Hellemans B, Volckaert FAM (8P Evidence for isolation by time in the
European eelXnguila anguillaL.). Molecular Ecology15, 2095-2107.

Martin M (2011) Cutadapt removes adapter sequericas high-throughput sequencing reads.

45



Embnet.journall7, 10-12.

Metzker ML (2010) Sequencings technologies-the gexterationNature Rewiews Genetickl, 31-
46.

Mitchell-Olds T, Willis JH, Golstein DB (2007) WHicevolutionary processes influence natural
genetic varition for phenotypic traitdature Rewiews Geneti;,845-856.

Oliveira K, McCleave JD, Wippelhauser JS (2001) iBeagl variation and the effect of lake: river area
on sex distribution of American edburnal of Fish Biology58, 943-952.

Palm DC, Rohwer JM, Hofmeyr JHS (2013) Regulatidnglycogen synthase from mammalian
skeletal muscle — a unifying view of allosteric aimalent regulationThe FEBS Journal280, 2-27.

Pavey SA, Gaudin J, Normandeau E, Dionne M, Castnd/, Audet C, Bernatchez L (2015) RAD
Sequencing Highlights Polygenic Discrimination cdldtat Ecotypes in the Panmictic American Eel.
Current Biology25,1666-1671.

Pavey SA, Laporte M, Normandeau E, Gaudin J, Leauw L, Boivert S, Corbeil J, Audet C,
Bernatchez L (2016) Draft genome of the Americah (@eguilla rostrata) Molecular Ecology
Resources

Pritchard JK, Di Rienzo A 2010 Adaptation-not byesps aloneNature Reviews Genetic], 665-
667.

Pujolar JM, Maes GE, Volckaert FAM (2006) Gengtatchiness among recruits in the European eel
Anguilla anguilla.Marine Ecology Progress SerieX)7, 209-217.

Pujolar JM et al. 2014 Genome-wide single genemasignatures of local selction in the panmictic
European eeMolecular Ecology23, 2514-2528.

Pujolar JM, Jacobsen MW, Bekkevold D, Lobon-Sedvialonsson B, Bernatchez L, Hanssen MM
(2015) Signatures of natural selection between d¢ijele stages separated by metamorphosis in
european eeBMC Genomicsl6,600.

Roff DA 1997 Evolutionary quantitative genetics.viN¥ork, USA, Springer.

Sipielsky AM et al. (2017) Precipitation drives g variation in natural selectioBcience355 959-
962.

Stephan, W (2016) Signatures of positive selectilmm selective sweeps at individual loci to subtle
allele frequency changes in polygenic adaptatMolecular Ecology5, 79-88.

Ulrik, MG et al. (2014) Do North Atlantic eels shqgvarallel patterns of spatially varying selection?
BMC Evolionary Biology14,138.

Vélez-Espino LA, Koops MA (2010) A synthesis of theological processes influencing variation in

the life history and movement patterns of Amerieatitowards a global assessmdgviews in Fish
Biology and Fisherie20,163-186.

46



Wang, CH, Tzeng WN (1998) Interpretation of geofrapariation in size of American eel Anguilla
rostrata elvers on the Atlantic coast of North Arteeusing their life history and otolith ageindarine
Ecology Progress Serie$68 35-43.

Wapples RS, Gaggiotti O (2006) What is a popul&igmn empirical evaluation of some genetic
methods for identifying the number of gene poold treir degree of connectivitiolecular Ecology,
15, 1419-1439.

Warzecha CC, Jiang P, Amirikian K, Dittmar KA, LuZHShen SH, Guo W, Xing Y, Carstens RP
(2010) An ESRP-regulated splicing program is abiedjauring the epithelial-mesenchymal transition.
The EMBO Journal29, 3286-3300.

Wellenreuther M, Hansson B (2016) Detecting polygevolution: problems, pitfalls and promises.
Trends in Geneticg2, 155-164.

Wiliams GC, Koehn RK, Mitton JB (1973) Genetic diftnciation without isolation in the American
Eel (Anguilla rostrata) Evolution,27,192-204.

Wirth T, Bernatchez L (2003) Decline of north atlareels: a fatal synergyProceedings of the Royal
Society B-Biological Sciencez/0, 681-688.

Yeaman S, Otto S (2011) Establishment and maintenari adaptive genetic divergence under
migration, selection, and drifEvolution,65, 2123-2129.

Yeaman S (2015) Local adaptation by alleles of kafdct. TheAmerican Naturalist186, S74-S89.

47



Annexes
Supplementary table 1Markers detected to potentially under spatiallyytag selection by the
redundancy analysis (RDA) among all the markers
Outlier marker position on the American Eeg
genome

scaffold 5:27546
scaffold_7:79224
scaffold 14:280565
scaffold_14:315211
scaffold_19:31101
scaffold 34:189861
scaffold 34:342814
scaffold 40:121905
scaffold_44:36535
scaffold_69:224656
scaffold 77:33637
scaffold 84:97072
scaffold 92:59240
scaffold 92:146867
scaffold_92:318412
scaffold_95:6269
scaffold_100:105509
scaffold 100:121840
scaffold _100:298357
scaffold 100:412876
scaffold_116:46684
scaffold_116:72149
scaffold 124:87079
scaffold 125:287879
scaffold_137:6254
scaffold _138:64209
scaffold_150:179380
scaffold 151:108509
scaffold 151:230113
scaffold 154:105066
scaffold 158:142877
scaffold_162:51022
scaffold_170:241467
scaffold 182:129578
scaffold 189:69414
scaffold 189:101214
scaffold 195:179856
scaffold_197:324412
scaffold 232:210075
scaffold_242:227809
scaffold 246:51244
scaffold 258:121241
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scaffold 262:95247

scaffold 262:183263

scaffold 274:131955

scaffold_280:36149

scaffold _287:142419

scaffold 287:148865

scaffold 287:371343

scaffold 291:99350

scaffold_295:53696

scaffold_311:289784

scaffold 313:6691

scaffold 319:143343

scaffold 327:255876

scaffold 340:31425

scaffold _342:79861

scaffold_352:54413

scaffold 355:29087

scaffold 355:108622

scaffold 358:69712

scaffold _359:79078

scaffold _361:82578

scaffold_362:51167

scaffold 369:85889

scaffold 383:267527

scaffold_403:209810

scaffold_405:13633

scaffold_407:8558

scaffold 410:63300

scaffold 415:3651

scaffold 415:57072

scaffold 421:111812

scaffold_423:233807

scaffold_423:262444

scaffold 424:88862

scaffold 424:106443

scaffold 431:267768

scaffold _433:555

scaffold_448:122712

scaffold 451:58347

scaffold 459:129782

scaffold _470:24037

scaffold _487:248073

scaffold_491:30286

scaffold_494:28558

scaffold 496:85216

scaffold 498:184546

scaffold 498:303194
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scaffold 518:201179

scaffold 527:23524

scaffold 537:25331

scaffold _544:27837

scaffold _578:58969

scaffold 585:33117

scaffold 591:286759

scaffold 591:374520

scaffold_592:101457

scaffold_596:91712

scaffold 597:5180

scaffold _606:50456

scaffold 616:91295

scaffold 618:454006

scaffold_624:204317

scaffold_634:60381

scaffold 634:91776

scaffold 634:158730

scaffold 639:40258

scaffold _639:67366

scaffold_639:304977

scaffold_643:71385

scaffold 663:152614

scaffold 670:21235

scaffold 683:1680

scaffold_683:72800

scaffold_688:165118

scaffold 691:254689

scaffold 698:186659

scaffold 701:146826

scaffold 713:110580

scaffold_716:123714

scaffold_717:36728

scaffold 719:29929

scaffold 732:21878

scaffold 754:38858

scaffold 760:149657

scaffold_777:90364

scaffold 781:17339

scaffold 788:24627

scaffold 795:18780

scaffold 795:27857

scaffold_804:25399

scaffold_805:41597

scaffold 809:16803

scaffold 822:384256

scaffold 826:174023
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scaffold 833:112277

scaffold 856:35188

scaffold 861:89833

scaffold_863:251064

scaffold_867:12604

scaffold _867:76090

scaffold _877:153060

scaffold 881:54322

scaffold_895:89426

scaffold_901:150908

scaffold 909:16139

scaffold 911:54248

scaffold 911:57310

scaffold 911:121610

scaffold_912:109641

scaffold_914:4304

scaffold 921:257474

scaffold 928:97341

scaffold 932:11770

scaffold 932:13668

scaffold_932:122927

scaffold _932:161897

scaffold 935:97924

scaffold 938:48366

scaffold 942:65803

scaffold_945:53185

scaffold _956:189647

scaffold 960:260632

scaffold 965:72999

scaffold 970:57778

scaffold 985:98633

scaffold _997:98227

scaffold_1001:17312

scaffold 1001:318071

scaffold 1006:232868

scaffold 1011:66186

scaffold 1028:67251

scaffold_1028:71981

scaffold 1028:118728

scaffold 1032:132584

scaffold 1033:178594

scaffold 1038:154437

scaffold_1043:89889

scaffold_1047:16531

scaffold _1053:51773

scaffold _1070:509

scaffold _1074:9666
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scaffold _1079:156034

scaffold 1103:32188

scaffold 1113:18930

scaffold _1114:51373

scaffold_1118:62217

scaffold 1122:8995

scaffold 1129:72565

scaffold 1149:87112

scaffold_1165:30033

scaffold_1169:240839

scaffold 1180:11663

scaffold 1197:18681

scaffold 1211:80067

scaffold_1214:324455

52




Supplementary table 2Markers detected to potentially under spatiallyyrag selection by the
Bayenv analysis among all the markers

Outlier marker position
scaffold 11:58687
scaffold _14:315187
scaffold_15:42098
scaffold 34:189861
scaffold 40:121878
scaffold 40:121905
scaffold_69:224656
scaffold_75:157410
scaffold 77:33637
scaffold 95:80441
scaffold 97:52452
scaffold_100:295966
scaffold_100:436400
scaffold_146:92244
scaffold 146:176964
scaffold 146:256515
scaffold 151:230113
scaffold 158:142877
scaffold _174:88308
scaffold 195:40811
scaffold 210:40685
scaffold 222:79698
scaffold 258:121241
scaffold_287:308175
scaffold_291:99450
scaffold 311:289784
scaffold 313:53700
scaffold 315:70452
scaffold 336:158271
scaffold_349:24120
scaffold 355:108622
scaffold 369:85927
scaffold 393:55797
scaffold 407:8595
scaffold 433:4532
scaffold_434:197643
scaffold 442:1356
scaffold 494:59598
scaffold 497:45977
scaffold 510:195183
scaffold_527:23551
scaffold_582:91959
scaffold_585:33117
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scaffold 624:225641

scaffold 639:67366

scaffold 639:124790

scaffold _662:197223

scaffold _675:164885

scaffold 687:99154

scaffold _688:130826

scaffold 690:118084

scaffold _698:186652

scaffold _726:63476

scaffold 771:144456

scaffold 781:17367

scaffold 788:24627

scaffold 791:24873

scaffold _833:112277

scaffold_842:203554

scaffold 844:27437

scaffold 844:27504

scaffold 847:182126

scaffold 854:107194

scaffold_858:112204

scaffold_882:190659

scaffold 912:109641

scaffold 926:28753

scaffold 932:122900

scaffold _935:97980

scaffold_935:185435

scaffold 939:33287

scaffold 942:65803

scaffold 953:46205

scaffold 972:132011

scaffold _981:91365

scaffold _1003:68681

scaffold _1006:171827

scaffold _1009:89652

scaffold 1011:66186

scaffold 1033:45910

scaffold_1033:99093

scaffold 1047:133147

scaffold _1072:20575

scaffold 1113:18930

scaffold 1139:125085

scaffold_1149:46085

scaffold_1180:11663

scaffold 1182:28022

scaffold 1202:223120

scaffold 1202:223122
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Supplementary table 3Genes within 100 kb from the different outliersstdince from these outliers,
method of detection of the outlier and functionshe&f genes. The genes are those annotated on the
American Eel genome.

Outlier marker position

scaffold_5:27546

scaffold_7:79224
scaffold_11:58687
scaffold_14:280565
scaffold_14:315187
scaffold_14:315211
scaffold_19:31101
scaffold_34:189861
scaffold_34:342814
scaffold_40:121878
scaffold_40:121905

scaffold_44:36535
scaffold_77:33637
scaffold_84:97072

scaffold_92:146867
scaffold_95:6269
scaffold_95:80441
scaffold_97:52452
scaffold_100:105509
scaffold_116:46684
scaffold_116:72149
scaffold_124:87079
scaffold_125:287879
scaffold_137:6254
scaffold_138:64209
scaffold_146:92244.
scaffold_146:176964
scaffold_150:179380
scaffold_151:108509
scaffold_151:230113
scaffold_154:105066
scaffold_158:142877
scaffold_162:51022
scaffold_174:88308
scaffold_182:129578
scaffold_189:69414
scaffold_189:101214
scaffold_195:40811
scaffold_195:179856
scaffold_210:40685
scaffold_222:79698
scaffold_246:51244.
scaffold_258:121241
scaffold_262:95247
scaffold_262:183263
scaffold_274:131955
scaffold_287:142419
scaffold_287:148865
scaffold_287:308175
scaffold_291:99350
scaffold_291:99450
scaffold_295:53696
scaffold_313:6691
scaffold_313:53700
scaffold_315:70452
scaffold_319:143343

scaffold_355:29087
scaffold_355:108622
scaffold_358:69712
scaffold_361:82578
scaffold_362:51167
scaffold_369:85889
scaffold_369:85927
scaffold_393:55797
scaffold_405:13633
scaffold_d07:8558
scaffold_d07:8595
scaffold_410:63300
scaffold_415:3651
scaffold_415:57072
scaffold_421:111812
scaffold_424:88862
scaffold_424:106443
scaffold_433:555
scaffold_433:4532
scaffold_434:197643
scaffold_442:1356
scaffold_448:122712
scaffold_451:58347
scaffold_459:129782
scaffold_470:24037
scaffold_491:30286
scaffold_494:28558
scaffold_494:59598
scaffold_496:85216
scaffold_497:45977
scaffold_527:23524
scaffold_527:23551
scaffold_537:25331
scaffold_544:27837
scaffold_578:58969
scaffold_582:91959
scaffold_591:286759
scaffold_592:101457
scaffold_596:91712
scaffold_597:5180
scaffold_606:50456
scaffold_616:91295
scaffold_624:204317
scaffold_624:225641
scaffold_634:60381
scaffold_634:91776
scaffold_634:158730
scaffold_639:40258
scaffold_639:67366
scaffold_639:124790
scaffold_639:304977
scaffold_643:71385
scaffold_670:21235

Method of  Related variable RDA Related variable Bayenv Distance
detection from gene 1
RDA Longitude intron
RDA Water temperature intron
Bayenv Sampling year Sampling year 11kb
RDA Water temperature 42kb
Bayenv Longitude Latitude 40kb
RDA Longitude 40kb
RDA Latitude 5kb
RDA+Bayenv Latitude Latitude 4kb
RDA Latitude intron
RDA+Bayenv  Sampling year Sampling year intron
Bayenv Sampling year Sampling year intron
RDA Latitude intron
RDA+Bayenv  Sampling year Sampling year exon
Sampling year 22kb
RDA Sampling year 1kb
RDA Water temperature 17kb
RDA Water temperature intron
Bayenv Sampling year Sampling year intron
Bayenv Sampling year Sampling year intron
RDA Latitude 88 kb
RDA Latitude 31kb
RDA Latitude 5kb
RDA Longitude intron
RDA Sampling year 8kb
RDA Longitude 41kb
RDA Longitude intron
Bayenv Sampling year Sampling year 9kb
Bayenv Sampling year Sampling year 49kb
RDA Sampling year 12kb
RDA Latitude 7kb
RDA+Bay Water Water 99 kb
RDA Latitude 7kb
RDA+Bayenv Latitude Latitude+Longitude 91 kb
RDA Latitude 9kb
Bayenv Longitude Sampling year intron
RDA Water temperature 91 kb
RDA Sampling year 4kb
RDA Sampling year 29 kb
Bayenv Sampling year Sampling year intron
RDA Sampling year 18 kb
Bayenv Sampling year Sampling year 2kb
Bayenv Longitude Sampling year intron
RDA Sampling year 15kb
RDA+Bayenv  Sampling year Sampling year 400 bp
RDA Latitude 100 bp
RDA Longitude 30 kb
RDA Water temperature 84 kb
RDA Water temperature 21kb
RDA Water temperature 17kb
Bayenv Sampling year Sampling year 82 kb
RDA Sampling year intron
Bayenv Sampling year Sampling year intron
RDA Water temperature 24kb
RDA Sampling year intron
Bayenv Water temperature  Water temperature 2kb
Bayenv Latitude Latitude 13kb
RDA Water temperature 37kb
RDA Latitude intron
RDA Longitude intron
RDA sampling year 24 kb
RDA Water temperature 3kb
RDA+Bayenv  Sampling year Sampling year 82 kb
RDA Latitude 23kb
RDA Sampling year exon
RDA Sampling year intron
RDA Sampling year 25kb
Bayenv Longitude Longitude 25 kb
Bayenv Latitude Latitude 6 kb
RDA Latitude 15 kb
RDA Longitude 9kb
Bayenv Longitude sampling year 9kb
RDA Water temperature intron
RDA Sampling year exon
RDA Sampling year 20kb
RDA Sampling year 58 kb
RDA Water temperature 70 kb
RDA Latitude 52 kb
RDA Water temperature 6 kb
Bayenv Longitude Longitude 10kb
Bayenv Longitude Longitude 72kb
Bayenv Sampling year Longitude exon
RDA Latitude 49 kb
RDA Latitude 13kb
RDA Sampling year 4kb
RDA Latitude 9kb
RDA Longitude 2kb
RDA Sampling year intron
Bayenv Longitude Longitude intron
DA Longitude 11kb
Bayenv Sampling year Sampling year 2kb
RD, Water temperature intron
Bayenv Water temperature  Water temperature exon
DA Longitude 7kb
RDA Water temperature 10kb
RDA Longitude 7kb
Bayenv Latitude Latitude 80 kb
RDA Latitude 62 kb
RDA Latitude 40kb
RDA Latitude 37kb
RDA Longitude 3kb
RDA Longitude 1kb
RDA Water temperature 5kb
RDA Latitude 500 bp
Bayenv Water temperature  Water temperature intron
RDA Sampling year 2kb
RDA Latitude exon
RDA Water temperature intron
RDA Latitude 8kb
RDA+Bay Water Water 31kb
Bayenv Longitude Water temperature 3kb
RDA Sampling year 63 kb
RDA Latitude intron
RDA Latitude intron

Gene 1 annotation

smcd
TFPI
PRSS12

no annotation
no annotation
CNNM1

mrps23
no annotation
KLHL13
no annotation
no annotation
no annotation
no annotation
no annotation
SMAD3

Csnkig2
ran
ran
PTPRS
slegbl
PLEKHF1
no annotation
no annotation
CFAPS52
FARS2
C2cd4cC2CD4 family
C2cd4cC2CD4 family
cyp3a27
IKBKB

RRP1B
no annotation

Gene 1 function

DNA condensation
blood coagulation
neuronal plasticity
ubiquitination
oxydative phosphorylation
oxydative phosphorylation
ubiquitination

metal transporter
metal transporter

unfolded protein binding
membrane protein
cholesterol synthesis
methyltransferase
mitocondrial 28s ribosomal RNA

ubiquitination

transcription factor
signal transduction
homeodomain transcription factor
adapter protein of tyrosine kinase
transcription regulation
related to ras protein
mitotic cell cycle checkpoint
brain morphogenesis
actin cytoskeleton organization
extracellular matrix protein
hydroxylation of fatty acids
translation initiation factor
transcription factor regulation
transcription factor regulation
DNA repair
endopeptidase actiity
histone chaperone
sperm flagellar motility
annexin family

regulation of cellular proliferation
gene expression regulation in muscle cells
anti-apoptotic effect in the immune system
\esicle transport between ER and Golgi
VIP protein receptor
VIP protein receptor
signal transduction
signal transduction
Golgi structure maintenance
neuronal axon growth
neuronal axon growth

diacylglycerol kinase activty
no known function
related to amyloid beta protein
Serine/threonine-protein kinase
RNA transport through nuclear pore
RNA transport through nuclear pore
protein tyrosine phoshatase
Sodium-calcium antiporter
apoptotic process

may be implicated in cell growth
mitocondrial Phenylalanine-tRNA ligase
calcium ion binding
calcium ion binding
Cytochrome P450
gene expression regulation
blood clot breakdown
embyonic development regulation
histone methyltranferase regulation
histone methyltranferase regulation
biotin production
biotin production
nuclear pore component
oxydative phosphorylation
chloride channel
GPCR
GPCR
transcriptional repressor
mitochondrial outer membrane
NAD+ biosynthesis
Voltage-gated calcium channel
ubiquitination
chromatin structure
intermediate filament protein
intermediate filament protein
ifon metabolism
no known function
monocarboxylate transporter
neuropeptide recptor activity
serotonin receptor
mitosis
signal transduction inhibitor
rac protein activation
unfolded protein response
angiogenesis
neuroendocrine secretory granle protein
woltage-gated potassium channel
ribosomal biogenesis

calcium ion binding in neuron
Promotes extracellular matrix assembly
potential tumor supressor
transmembranal protein
regulation of transcription
transcription factor
lectin
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Distance from gene 2 Gene 2 annotation

11 kb NDST2
75 kb ndufad
77kb spop
77kb spop
12 kb 7BTB38
12 kb no annotation
4kb war37
22kb sh2b2
39kb ATXNTLL
8kb famg8a
58 kb SHANK2
11 kb grik2
12 kb ATP6VOEL
22kb SESN3
10 kb PRKACA
32 kb SP6
5 kb trim55
23kb viprl
27 kb SEC22C
30 kb hséstla
40 kb no annotation
40 kb no annotation
78 kb no annotation
96 kb 1o annotation
57kb Syncrip
12 kb fdx1l
22kb no annotation
700 bp Sync
700 bp Sync
21 kb Hes7
16 kb Sycpl
1kb no annotation
2kb Ap1S2
28 kb no annotation
58 kb nbi1
35kb Vwal
4kb Capzb

Gene 2 function

glucosamine metabolism
oxydative phosphorylation
ubiquitination
ubiquitination
transcription regulation

no known function

adapter protein of tyrosine kinase

no_known function
Poly(A) RNA binding

brain morphogenesis

glutamate receptor in central nenvous system

transmembranal proton transportation

stress response
subunit of protein kinase A

transcription factor

VIP protein receptor
\esicle transport between ER and Golgi

heparan sulfate 6-O-sulfotransferase activity

mRNA processing

heme A and Fe/S protein biosynthesis

intermediate filament protein
intermediate filament protein
transcriptional repressor

meiosis

protein transporter activty

potential tumor supressor
Promotes extracellular matrix assembly
actin cytoskeleton organization



Outlier marker position

scaffold_675:164885
scaffold_683:1680
scaffold_683:72800
scaffold_688:130826
scaffold_688:165118
scaffold_690:118084
scaffold_698:186652
scaffold_698:186659
scaffold_701:146826
scaffold_713:110580
scaffold_716:123714
scaffold_717:36728
scaffold_719:29929
scaffold_726:63476
scaffold_732:21878
scaffold_754:38858
scaffold_760:149657
scaffold_771:144456
scaffold_777:90364
scaffold_781:17339
scaffold_781:17367
scaffold_788:24627
scaffold_791:24873
scaffold_804:25399
scaffold_805:41597
scaffold_809:16803
scaffold_833:112277

scaffold_842:203554
scaffold_844:27437
scaffold_844:27504
scaffold_847:182126
scaffold_854:107194
scaffold_856:35188
scaffold_858:112204
scaffold_861:89833
scaffold_867:12604
scaffold_867:76090
scaffold_877:153060
scaffold_881:54322
scaffold_901:150908
scaffold_909:16139
scaffold_911:54248
scaffold_911:57310

scaffold_911:121610
scaffold_912:109641

scaffold_926:28753

scaffold_932:11770
scaffold_932:13668
scaffold_932:122900
scaffold_932:122927
scaffold_932:161897
scaffold_935:97924
scaffold_935:97980
scaffold_935:185435
scaffold_938:48366
scaffold_939:33287
scaffold_942:65803
scaffold_945:53185
scaffold_953:46205
scaffold_956:189647
scaffold_965:72999
scaffold_970:57778
scaffold_981:91365
scaffold_985:98633
scaffold_997:98227
scaffold_1001:17312
scaffold_1003:68681
scaffold_1006:171827
scaffold_1006:232868
scaffold_1009:89652
scaffold_1011:66186
scaffold_1028:67251
scaffold_1028:71981
scaffold_1028:118728
scaffold_1032:132584.
scaffold_1033:45910
scaffold_1033:99093
scaffold_1033:178594
scaffold_1043:89889
scaffold_1047:16531
scaffold_1047:133147
scaffold_1053:51773
scaffold_1070:509
scaffold_1072:20575
scaffold_1074:9666
scaffold_1079:156034

scaffold_1103:32188
scaffold_1113:18930
scaffold_1114:51373
scaffold_1118:62217
scaffold_1122:8995
scaffold_1129:72565
scaffold_1139:125085
scaffold_1149:46085
scaffold_1149:87112
scaffold_1165:30033
scaffold_1180:11663
Scaffold_1182:28022
scaffold_1197:18681
scaffold_1202:223120
scaffold_1202:223122
scaffold_1211:80067
scaffold_1214:324455

Method of  Related variable RDA Related variable Bayenv Distance

detection from gene 1
Bayenv Sampling year Longitude 9kb
RDA Water temperature 5kb
RDA Latitude 35 kb
Bayenv Latitude Longitude 44 kb
RDA Sampling year 27kb
Bayenv Latitude Sampling year 58 kb
Bayenv Latitude Sampling year 93 kb
RDA Latitude 93 kb
RDA Water temperature 10kb
RDA Water temperature 18kb
RDA Water temperature 14 kb
RDA Latitude intron
RDA Sampling year intron
Bayenv  Water temperature Sampling year 25 kb
DA Latitude intron
RDA Longitude intron
RDA Water temperature 75 kb
Bayenv Sampling year Sampling year 93 kb
RDA Sampling year 87 kb
RDA Sampling year 5kb
Bayenv Sampling year Sampling year 5kb
RDA+Bayenv  Water temperature Sampling year 3kb
Bayenv Water temperature  Water temperature intron
RDA Sampling year intron
RDA Sampling year 3kb
RDA Sampling year 4kb
RDA+Bayenv  Sampling year Sampling year 42kb
Bayenv Latitude Sampling year 15kb
Bayenv  Water temperature  Water temperature 1kb
Bayenv  Water temperature  Water temperature 1kb
Bayenv Sampling year Sampling year 85 kb
Bayenv Sampling year Sampling year 18kb
RDA Latitude 15kb
Bayenv Longitude Water temperature 30kb
RDA Longitude 38 kb
RDA Sampling year exon
RDA Water temperature intron
RDA Latitude 94 kb
RDA Latitude 48kb
RDA Longitude intron
RDA Water temperature 65 kb
RDA Sampling year 8kb
RDA Sampling year 11kb
RDA Longitude intron
RDA+Bay, Water Water 15 kb
Bayenv Latitude Water temperature 10kb
DA Longitude 44 kb
RDA Water temperature intron
RDA Sampling year intron
Bayenv  Water temperature Sampling year intron
RDA Water temperature intron
RDA Water temperature 5kb
RDA Water temperature 10kb
Bayenv  Water temperature Sampling year 10 kb
Bayenv  Water temperature Longitude 4kb
RDA Latitude 25 kb
Bayenv Longitude Latitude 3kb
RDA+Bayenv  Sampling year Latitude+Longitude 54 kb
RDA Water temperature 31kb
Bayenv Water temperature Latitude exon
DA Longitude 69 kb
RDA Water temperature intron
RDA Latitude intron
Bayenv  Water temperature  Water temperature 17kb
RDA Sampling year intron
RDA Water temperature intron
RDA Water temperature intron
Bayenv Sampling year Sampling year 45kb
Bayenv Latitude Latitude+Longitude 15 kb
RDA Latitude 76 kb
Bayenv Sampling year Longitude 2kb
RDA+Bayenv Longitude Longitude intron
RDA Sampling year 19 kb
RDA Sampling year 23kb
RDA Longitude 70 kb
RDA Latitude 11kb
Bayenv Sampling year Sampling year 13kb
Bayenv Longitude Water temperature 17kb
RDA Longitude 50 bp
RDA Water temperature 29 kb
RDA Longitude 12kb
Bayenv Latitude Latitude 41kb
DA Longitude intron
RDA Longitude 3kb
Bayenv Longitude Sampling year intron
RDA Latitude 62 kb
RDA Sampling year 71kb
RDA Water temperature 12kb
RDA+Bayenv Water temperature  Water temperature 2kb
RDA Longitude 91 kb
RDA Sampling year intron
RDA Longitude 11kb
RDA Water temperature 1kb
Bayenv Longitude Sampling year 75 kb
Bayenv  Water temperature Sampling year 4kb
RDA Sampling year 45kb
RDA Latitude intron
RDA+Bayenv Latitude Latitude 77kb
Bayenv Longitude Latitude+Longitude 18kb
RDA Latitude intron
Bayenv Sampling year Sampling year 4kb
Bayenv Sampling year Sampling year 4kb
RDA Water temperature 21kb
RDA Latitude 5kb

Gene 1 annotation

ccDess
SH3KBP1
SH3KBP1
EPB41L2

semadb

no annotation

Fbp1l
NDUFA10
NDUFA10
hipk2
GYS1
tafg
ahcy-b
SYDE2
ahctfL

PCDHGA9
SULT3AL
SULT3AL
RCJIMBO04-21h11
PHKG1
esrl
STX16
Lacel
TNS
TNS1
RALGAPAL
RBMS2
SGIP1
ints7
DCHS2
DCHS2

TI31L
Dpysls

no annotation
AMIGO3
AMIGO3
RNF123

myadm
TEX2
ERNL
PARP12
isynal-b
ANKRDS52

GPR83
mgll
no annotation
GTF2IRD2

Vsnil
NCOR
PKP4

YPELS
no annotation
phactrab
CHIA
esm2
no annotation
no annotation
NOS1AP
FOXQL

Gene 1 function

no known function
signal transduction
signal transduction
structural constituent of cytoskeleton
semaphorin receptor binding
Putative solute transporter
membranal protein
membranal protein
endocytic trafficking
protein tranport via exocitic \esicles
regulation of transcription
cell to cell interaction
regulation of transcription
May inhibit cell proliferation
cell-cell adherens junctions
regulation of vesicular transport

transcrptional activator
autophagy
oxydative phosphorylation
oxydative phosphorylation
regulation of transcription
glycogen biosynthesis
transcription factor
L-homocysteine biosynthesis
GTPase activator
nuclear pore complex assembly
Potential calcium-dependent cell-adhesion
protein
Amine sulfotransferase
Amine sulfotransferase
no known function
Regulation of glycogen breakdown
estrogen receptor
vesicular transport from endosomes to Golgi
Mediation of mitocondrial complex IV degradation
fibiillar adhesion formation
fibiillar adhesion formation
GTPase activator
RNA binding
endocytosis
SNRNA transcription
Calcium-dependent cell-adhesion protein
Calcium-dependent cell-adhesion protein
negative regulation of canonical Wnt signaling
pathway
axon guidance
Probable large-conductance Ca2+-activated
chloride channel
Transposase-derived protein
tumor supressor
tumor supressor
no known function
no known function

cell to cell adhesion
cell to cell adhesion
ubiqitination
sulfotransferase activity
UB SnRNA 3'end processing
pre-mRNA alternative splicing regulation
cell junction assembly
extracellular matrix protein
tumor supressor
related to centrioles
microtubule motor activity
cut c-terminal lysine or arginine
adapter protein
regulation of mast cell degranulation
Promotes FBN1 matrix assembly
no known function
receptor for fibronectin and cytotactin
receptor for fibronectin and cytotactin
calcium homeostasis
sperm binding to the egg
repressor of transcription
repressor of transcription
repressor of transcription
nuclear transport receptor.
integral membrane protein
no known function
recognize unfolded protein in ER
Poly(A) RNA binding
Myo-inositol biosynthesis
Protein serine/threonine phosphatase
helicase
GPCR without known ligand
triacylglycerol degradation

trancription regulation
Regulation of the inhibition of rhodopsin
phosphorylation
Mediates transcriptional repression
regulator of Rho activty during cytokinesis
activation of MAPK activity
Transcriptional activator
histone pre-mRNA processing
apoptotic process
cell cycle progression
cell cycle progression

Regulator of protein phosphatase 1

chitin degradation
mRNA splicing factor

neuronal nitric-oxide synthesis regulation
transcription factor
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Distance from gene 2 Gene 2 annotation

62kb semadb
79 kb EPBA1L2
5kb UBE2)2
7kb chmpdb
63 kb no annotation
11 kb ming
11 kb ming
20 kb SFRP2
17 kb SFRP2
29 kb MAPRE3
33kb tyh2!
1kb WAS
intron WAS
13 kb the1d2s
21kb RNF123
21kb RNF123
14 kb gmppb
43 kb Ccox10
4 kb LCAT
80 kb ENTPD1
3kb plexdl
31kb axin2
27kb myadm
4kb TEX2
4kb SNX14
8kb dusp22b
27 kb Ctbp1l
39kb no annotation
intron esm2
9kb hoxbda
9kb hoxbda
43 kb noslap
53 kb 4

Gene 2 function

semaphorin receptor binding
structural constituent of cytoskeleton

ubiquitination

multivesicular body protein

Glycosyltransferase
Glycosyltransferase

modulation of wnt signalling
modulation of wnt signalling

microtubule binding
Probable large-conductance Ca2+-activated chioride channel

Effector protein for Rho-type GTPases
Effector protein for Rho-type GTPases

regulation of autophagosome maturation
ubiquitination
ubiquitination
GDP-alpha-D-mannose biosynthesis
oxydative phosphorylation
cholesterol transport in blood

hydrolysation of extracellular ATP or ADP

no known function

Inhibitor of the Wt signaling pathway
integral membrane protein
no known function

maintains normal neuronal excitability

Activates the Jnk signaling pathway
transcription regulator repressor

mRNA splicing factor
transcription factor involved antero-posterior axis development
transcription factor involved antero-posterior axis development
neuronal nitric-oxide synthesis regulation
transcriptional activator



57



