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RESUME

Les bvalves sont de bons modelési ol ogi ques pour | 6®t ude du vieil
cellulaire en raison de lemgrande variatiors de longévité. L @td princgoal de la
ma trise ®tait de comprendre | e mode doé®volution de

lien avec le vieillissement cellulaire chez les bivalves. Pour répondre a cet objectif, deux

études ont été réalisées. La premiere étude a permis rite dgx génomes mitochondriaux

de neuf espéces de la sal@sse des Heterodonta, de reconstituer la phylogdese

Het er odont #répartitiod gemétiquedde & & sApctica islandica La deuxiéme

®tude a permis do®tudi e O ADEmMtmopdar do®pgpbuti on td oi s
dohistoire de vie (long®vit®, temps de g®n®r ation ¢
compositondes g®nomes mitochondriaux des neuf esp ces dbo
celle retrouvée généralement chez les animawgeh®8s codant pour les protéines, 2 génes

ribonucléiques ribosomiques et 22 génes ribonucléiques de transfert ; méme si quelques

particularités propres aux bivalves ont été observées (duplication du géne COX2, addition

de génes tRNAVet, absence du gene RB et configuration du géne CYTB en deux

cadres de lecture). Les phylogénies des ladtarta réalisées a partir the concaténation

des séquences nucléotidiques de 12 génes mitochondriaux codant pour les protéines ont

permis de confirmer les prédentes pflogénieset d 6 ®t abl i r une rel ation de par
entre les espéceArctica islandica et Corbicula fluminea LO®t ude sur la r®partit.i
g®n ®t i g u e Ardiea islaridieasnpntrecqada population du golfe du Sathaurent

est génétiqguement plusqmhe de la population de la mer Baltique, que des populations de

l a mer du Nord et dél sl ande. Le vieillissement, repr:
étude, esexpliquéa 68% par le temps de génératiorae2246 par la températurd.e taux

de substution synonyme est expliqué en partie (entre 9 et 30%) par la longéedté@utres

traits doéhistoire de vie ®tudi ®s (temps de g®n®r at
néi nfluencent pas | 6®vol ution de | 6 ADNmMt chez |l es
premiére étudesur6i mpacte del é¢ amd den g®RY ®DNBitabaaidlasn de | 6 A
invertébreés.

Mots clés : vieilissement, génome mitochondrial, bivalve, phylogénie Bayésienne,
évolution des traits d'histoire de vie, taux de substitution, Arctiaadica.
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ABSTRACT

Bivalves are good modébr studying evolutionary processes related to aging as they
exhibit great variatiom in longeviies among speciesThe aim of this Master was to
understand how mitochondrial DNA (mtDNA) has evolved in relatiaging in bivalves.
Two studies were performed to answis question. The first chapter examinbe
description of the mitodndrial genomes ohine species othe subclass Heterodonta,
provides anew Heterodonta phylogeny, anekamines intraspecifigariation in Arctica
islandicausing the full mitochondria genomeBhe second study focus ¢me evolution of
MtDNA relative to three lifénistory traits (longevity, generation time, and maximum lethal
temperature). Mitochondrial genome cartography foe thine Heteroonta species
corresponds to whas generally found in animals: 13 protainding genes, 2 ribosomal
RNA genes and 22 transfer RNA genes. Some charaspsific to bivalves were
observed (duplication of COX2 gene, addition of tRNI&t geneslack of ATP8 gene and
two reading frames for CYTB gene). Heterodomthylogenies performed fronthe
concatenation of 12 protesoding genes nucleotide sequences confirmeeligus
phylogeniesand established a strong relationship between the speces islandicaand
Corbicula fluminea Results orgeneticsrepartition of Arctica islandicashowed thathe
population from the Gulf of St. Lawrence was genetically closer to Baltic Sea population
than to populations from the North Sea and Iceland. Agemresentedy longevity in the
second chapter, wasxplainedby generation timg¢68%) andby temperatur¢22%). The
synorymous substitutiomate is explained in patbetween 9 and 30%)y longevity Other
life history traits studied (generation time amdaximum lethal temperature)idd not
influence mtDNA evolution in bivalves. We present here, the first study on the evolution of
MtDNA relative to longevity in invertebrates.

Keywords aging, mitochondrial genome, bivalve, Bayesian phylogenyhiktery
evolution, substitution rates, Arctica islandica
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INTRODUCTION GENERALE

Contexte et problématique

L6®tude du vieillissement

Plus de 300 th®ories ont ®t ® ®mi ses afin dbéexplic

animales (Medvedev 1990). Plusieurs explications ont étpopéms telles que le

raccourci ssement des t®l om res, |l a perte de |l a r®po
l i pofuscine, et c. (Vi Ta et al . 2007) . Mal gr® des d
vieillissement cell ul ai r e des fadicaux libtee prgpaséer s pas r ®s ol u.

par Harman (1956) a été longtemps privilégiée. Harman (1956) a suggéré que les radicaux

libres (également appeléss p ces rr ®acti ve)sgérkes audours yjeg ne ( ERO

|l 6activit® m®taboliqgue desl boxlyldalte o n sepmtogrespiones a ll
composants cellulaires (protéindgides, acide désoxyribonucléique (ADN), etc.). Le

stress cellulaire ainsi engendré est appelé stress oxydant. Il ergrdfeeautreune

déficience énergétique conduisant a un déclin dpeldormance de reproduction et de

survie de | dorgani s me: coest |l e principe de s®nesce
2010).

Les EROsont majoritairement prodeg dans les mitochondries. Les mitochondries
sont des organites cellulaires qui géneremt dl 6i®&n esgus forme dOATP (Ad®nosin
Triphosphate) La chaine respiratoire mitochondriale permet la réduction d#&cuoies
déoxyg ne enseat. ck®®e&ROors de |l a production doé®ne
respiratoire mitochondriale lors de laréductn par t i el (Paplah&andBdrja xyg ne
201D). La r ®d u c tne eshinddite pade$ compleges protéiques de la chaine
respiratoire qui sontodés pal 6 ADN mi tochondri al (pr ®sent dans | es
ADNmMmt ) et | 6 ADN nucl ®aire (pr ®séwatutondeans | e noyau de



deux types adaptdabbD dklereptoduitye s t i ndi spensabl e afin

bon fonctionnement des mitochondries et limiter le stress oxydant (Blier et al. 2001).

De nombreuses ®tudes sur | e mode do®volutio
entre la génétique et [ghénotype afin de comprendre le processus de vieillissement chez
| es ani madeg genes impliuBls dales production de ERQOévolue rapidement
au cours du temps par des mutations telles que des substitutions, des insertions et des
délétions (Hu et la 2014). Ces mutations sont provoquées par des facteurs
environnementaux (Davies et al. 2004) mais peuvent également étre liées aux traits
déhistoire de vie des esp ces (Bromham et al
vie trés étudié, ente ut r e parce quodil semble ®troitement
Par exempl e, une esp ce 7 maturation tardive
maturation précoce (Ridgway et al. 2@LGaltieret al.(200%), Lartillot et Poujol (2011)
et Lartillot (2013) ont montré que la longévité était négativement corrélée aux taux de
mut ations de | 6ADN mit oc hoerdesimarhmifeeess. Ude | 6 ADI
programme doéinf ®rence bay®sienne utilisant un
Markov a permis doéobtenir ces corr®l ations (
per met dbéesti mer et de c or de®ubstitutioh et lesdtr@ithps de d
dohistoire de vie entre diff®rentes esp ces.
doidenti fier |l es adaptations g®n ®t i ques pot e
modulation du stress oxydant (Nabholz et al. 2008)is parameétres sont nécessaires au

bon fonctionnement de ce modéle (Lartillot and Poujol 2011) : (1) une matrice de traits

dohi stoire de vie, (2) un alignement de s®qu
retra-ant | 6®v ol utldsonespgr®pp®rtaugautes. des esp ces
Les bivalves

Depuis quelques années, les bivalves se sont imposés comouil trés puissant
pour étuder les mécanismes liés au proceshuwieillissement{Abele et al. 2009; Bodnar

2009; Philipp and Abele 2010). Lesvalves sont des ectothermes de faibles complexités



représentés par plus de 20 000 espéces, et possédant des caractéristiques phénotypiques

extrémement variées (Abele et al. 2009) :

(1) lIs présentent une vaste étendue de longévité pouvant aller2dans
(Argopecten irradians, Musculista senhoysia | u s g u 6 Arctica @slandieg r(Mistri (
2002; Guo 2009; Butler et al. 2012)rctica islandica communément appelé quahog
nordi que, e-solonial gdigpossededa plushgoande longévité maxirmataue.
Plusieurs autres espéces possedent une durée de vie maximale supérieure a 150 ans, telles
gue Panopea abruptaet Margaritifera margaritifera Cellesci affichent des longévités
potentielles maximales de 163 et 210 ans respectivement (Ziuganol@d@l.Bureau et
al . 2002) . Iséscragciemahtenmesulablepgetat|étve @éterminé en comptant le
nombre doéanneaux de <croissance pr®sent sur | a face i
anneau de croissance se forme chaque afitiébardson 200, Wanamakeet al. 2008).
De plus, de nombreuses études sur le taux métabolique des bivalves ont mis en avant des
caractéristiques spécifiques aux espéces longévives. Les espéces de longue durée de vie ont
un plus bas taux métalique et produisent moirde EROque les bivalves de courte durée
de vie (Philipp et al. 20@B Munro et al. 2013). Elles sembtetgalement caractérisées par
une meilleure résistance de leur macromolécules (protéines, lipides et ADN) aux
dommages oxydatifs sans disposer toutelodune d®f ense accrue en antioxydar
and Blier 2012; Munro and Blier 2014).

(2) Leur temps de génération est corrélé a leur longévité suggérant que leur

développement et leur vieillissement sont liés (Ridgway et al. #011ne espéece

longéviveattendr a | a maturit® sexuelle plus tard qubdune esp
(3) I I s sont r ®p ar ti s sur l a totalit® du gl obe t
tropiqgues (Abele et al. 2009) . Ewdépdndantd qudect ot her me

a leur environement. Leur croissance et leur taux métabolique sont ainsi gouvernés par la
température environnementale. Les populations des eaux froides ont une croissance plus
lente, unematuration et une reproduction tardives taux métaboliqueplus lentet une

pus | ongue dur ®e de vi e, xoplosroippade ®Hlipp ebal x popul ati ons ¢



2005a; Philipp et al. 2005b; Philipp et al. 2006). Les différentemditions
environnementales rencontrées par especespourraient influencer leurs modes de

vieillissement

4) lls possedent différents modes de vie et vivent dans des milieux variés
(Taylor et al. 2007; Abele et al. 2009). Les bivalves sont présents autant en milieu marin,
guden eau saumGtre ou en eau doucequesbLa pl upal
el l es wvivent de mani re sessile, enfoui es de
prédateurs. Les bivalves endobenthiques sont caractérisés gawioonnement ou des
conditions hypoxiques sont fréquentes, poufanoriser une longue durée g (Taylor
1976; Philipp and Abele 2010).dIsemblent également tolérer de plus hauts niveaux de
dommages <cellul aires et débaccumul ati on de dGe@
mobiles (Philipp et al. 2005a; Philipp et al. 2006). De plus, les bivahlesent différentes
sources de nourriture. La majorit® des esp ce

tandis que doautres vont °tre d®tritivores ou

€ ma connai ssance aucun éressd a éuwierle mode j our
do®volution du g®nome mitochondri al des bival
mitochondrial est situé argximité de la production des ER€ est ainsi plus susceptible
déo°tre confront® aux dourtiéameg(Baga andxHerdee0t2000;s que |
Philipp and Abele 2010). L& AN orhiutea ¢ tpd rudsr iralp i
gue | 6ADN nucl ®aire (Nabholz et al. 2008).

ADN mitochondrial

LOADN mi t o gdnéaratetheniina formeacirculaire et mesure entt4 et 47
Kb chez les animaux (Boore 1999; Liua. 2013). Il est habituellemenbmposé de 37
genes : 13 génes codant pour les protéines (PCGs), 2 génes ribonucléiques ribosomiques
(rRNA), 22 génes ribonucléiques de transfert (tRNA) et une large régiorcodante

(contenant les éléments de réplication et de transcription) (Boore 1999; Blier et al. 2001;



Gissi et al. 2008). Les génes sont cosléisun ou sur lesdeux bridse | 6 ADNmt et peuvent

avoir différentes directions de transcription.

Lataileyl a composition et | 6organisation des g nes sur
généralement invariantes chez les vertébrés (Gissi et al. 2008). En revanche, ces
caractéristiques sont extrémement variables chez les mollusques, et en particulier chez les
bivalves. Cette variabilité peut méme étre observée au niveau intragénérique chez les
bivalves. La duplication de génes codant pour les protéines, la perte du géne ATPS, la
s®paration en deux parties distinctea ou | a duplicat
perte débun g ne tRNA sont des caract res courants c¢h.
Milbury and Gaffney 2005; Gissi et al. 2008).

Un autre caractére génétigue est unique aux bivalves : la double transmission
uni parental e (BretD&®Nn met oaland20@&T) .eslt0Astrictement
maternell e chez | es animaux, ~ | dexception de certai
deux parentsChez ces espece) A D Nmt elldlessgerncsinales des males peut étre
doorigine pateinadalel d ealrer scequal esl somati ques est do
(GarridcRa mo s et al . 1998) . Mal gr® <ces particularit ®s,
consi d®r ®, et en parti cu,lcomame unl borAraMuemmide oc hondr i al ma |
| 6®vol uti on de§ 208sYuanceead. 20GI e aidereat résaudre le

statut taxonomique des espéces et a élaborer des hypotheses phylogénétiques.

Pl usi eur s arbres phyl og®n®ti ques ont d®) ®t ® r ®;
parenté entre les difféerentes espedesbivalves (Cope 1996; Adamkewicz et al. 1997,
Giribet and Wheeler 2002; Serb and Lydeard 2003; DelBeatipré et al. 2010; Plazzi et
al. 2011). Deux types de reconstructions phylogénétiques sont possibles a partir du génome
mitochondrial : (1) des séquere s ADN et (2) de I darrangement des g n
ces reconstructions sont concues a partir des séquences ADN de un a trois genes. Il est
cependant souhaitable de réaliser ces reconstructions sur un maximum de génes afin
ddobt enir | ahylogénétigue satplusupcothe derla réalité (Russo et al. 1996;
Zardoya and Meyer 1996). Les reconstructions phylogénétiques réalisées a partir de



| 6arrangement des g nes sont plus rares. Les
phylogénies sont plus feiciles a concevoir et rencontrent quelques problémes (modeles
simplistes, fai ble pr®cision, peu robust e, me
2014). Hu et al. (2014) ont développé un nouveau modele basé sur le principe de
vraisemblance afinde contrer les problémes préalablement rencontrés. Ce modéle a

| 6avantage dbéavoir une meill eure pr®cision et
et de comprendre une inférence statistigue. Malgré les problemes rencontrés, les deux
sourcesdedan®e s de d ®@cADaEVNDN et ¢rdlré des genes) apparaissent comme

des outils efficaces et complémentaires afin de clarifier la phylogénie des bivalves (Boore

and Brown 1998; Serb and Lydeard 2003; Xu et al. 2012; Yuanetak®12 Ddéapr s | es
récentes reconstructions phylogénétiques, les bivalves sont répartis en cintjasses :

(1) Protobranchia, (2) Palaeoheterodonta, (3) Anomalodesmata, (4) Heterodonta et (5)
Pteriomorphia (Plazzi et al. 2011)a majorité des bivalves appartiennent a tredais

classs: les Paleoheterodontes Heterodonta e¢$ Pteriomorphia

Dans cette étudd, 8 ADN mi t o cohze espacesaié seduenceafin de
compr endr e | endesobiavesd Ce®easpeten ont été chofsiasr ¢ elesq u 6
affichentde larges variations de longévité et de tempéragargronnementales recontrées
et aucune information sur l eur s g®nomes mito
d®but d.eNeuf de®&eésuedpéces font parties de la-slasse des Heterodonta :
Anomaleardia brasiliana, Arctica islandica, Corbicula fluminea, Macoma constricta,
Mactromeris polynyma, Mercenaria mercenaria, Mya arenaria, Spisula solidiseima
Tivela mactroides les deux autres appartiennent a la sdasse des Palaeoheterodonta :
Elliptio sp. et Margaritifera margaritifera Ces onze espéces sont endobentiques et
filtreuses. Elles possedent une étendue de longévité de 2,5 a 507 ans (Butler et al. 2012;
Turra et al. 2015), de maturité sexuelle de 0,42 a 32 ans (Thorarinsdottir and i@ssagri
2000; Turra et al. 2015) et un gradient de température maximale tolérée de 17 a 35°C
(Roegner and Mann 1991; Witbaard and Bergman 2003) (Table 1). Les Palaeoheterodonta

sont présentes en eau douce tandis que les Heterodonta sont principalemetgspe@sen



milieu marin. Dans notre étude, seulement un Heterod@uidicula flumineavit en eau

douce ou en eau saumatre.

Tablel. Traits d'histoire de vie des onze espéces sélectionnées

Maturité Température

Longévité . . .
(ans) sexuelle maximale Milieu de vie
(ans) tolérée* (°C)
Anomalocardia Milieu marin, climat
. 3 0,5 - .
brasiliana tropical
Arctica islandica 507 32 17 M'“eu. marin, clmja't
polaire et tempéré
Corbicula Eau douce et saumatr
) 5 0,75 30 climat tempéré et
fluminea :
tropical
- Eau douce, climat
Elliptio sp. - - - "
tempéré
Macoma i i i Milieu marin, climat
constricta tropical
Mactromeris Milieu marin, climat
92 12 - : .y
polynyma polaire et tempéré
Margar!t!fera 210 20 o8 Eau .douce, C|IIT,laF
margaritifera polaire et tempéré
Mercenarla 106 i 35 Milieu marlp,,cllmat
mercenaria tempéré
Mya arenaria 28 1,6 32,5 M”'eu. marin, clmja,t
polaire et tempéré
S_pl_su!a 37 4 o8 Mllleu_ marin, clmja,t
solidissima polaire et tempéré
Tivela mactroides 2,5 0,42 - Miliew marin, climat
tropical

*correspondant a la température maximale atteinte avant la mort, mesurée en
laboratoiréRéféences des donnéen Annexe XII.

Notre ®t uégalemenfdiams rlee cadre des ®tudes
physiologique et évolutif des changements climatiques. rhedifications apportées aux
milieux de vie des ectothermes dans les prochaines années, en raison du changement

climatique, pourraient entrainer un déclin dans la performance de reproduction et de la

r ®centes



survie des especes. Grace a leur grande étendue dwiténgt de maturité sexuelle, leur
vaste distribution et leur mode de vie divergents, les bivalvparaigsent comme un

excellentmodele animal pour étudiée vieillissement

Intérét du projet

L6int®r °t du pr ccjoanprcea dmen tlmeRls/@cl wlsadii rdee d 6 e s
de bivalves possédant différentes longévitdo us supportomsstrdsd hypot h
oxydant mitochondrial du vieillissement cellulaire selon laquelle les dysfonctions
mitochondriales seraient induites par les EROgeation di stress oxydant esin partie
assumeée par le systeme de transports des électrions encodégierpgrale génome
mitochondri al . Dans ces conditions, | 6 ADNmt
importantes de facon a minimiser la production de ERQus suppposondoncque des
traces de s®lection associ®es ~ |l a |l ong®vit®
des espéecede projet a été séparé en deux parties comprenant chacune différentes étapes

de réalisation :

Objectif 1 : Proposer une nouvele reconstruction phylogénétique robuste et
informative des Heterodonta et comparerles génomes mitochondriaux deguatre

popul at i on #rctideeislahdit® sp c e

a) Etablir la cartographie de neuf nouveaux génomes mitochondriaux
doHet erDeédre etd mamparer | a composition et | 6ordre
nucl ®oti des, | 6usage des c odo redanted mpésents ®gi ons

dans les neuf nouveaux génomes mitochondriaux.

C) D®crire | 6arrangement d e fochogdriawe s sur
doHet erodonta et estimer | eurs ®tats de car ac:
d) Réaliser et comparer plusieurs phylogénies de la -clagse des

Heterodontaa partirde la concaténation des séquences nucléotidiques de 12 génes codant

pour les protéines.



e) Comparer | 6annotation du g®nome mitochondri al
| 6 e sApctica slandicaet réaliser une étude phylogénétique a partir de la concaténation
des séquences nucléotidiques mitochondriales de 12 génes codant pour les protéines de

quatrepp ul at i on sArdicaislandieas p c e

Objectif 2 : Clarifier les relations évolutives de différents groupes taxonomiques

et& udi er |l e mode doé®volution de | 6ADN mitochondri al
dohistoire de vie chez |l es bivalves.
a) Détermineré s val eurs des trois traits doéhistoire de

sexuelle et température) a partir de données existantes pour 76 especes de bivalves.

b) Appliquer |l es donn®es de traits doéhistoire de
séquences en acides amimes 12 genes mitochondriaux codant pour les protéines a un

modele de covariance Bayésien déja existant.

Ces deux objectifs sont présentés sous forme de deux articles scientifiques au chapitre

| et au chapitre Il. Le chapitre | est un préalable au chdpites effet, il est indispensable

de conna’ tre | e patron mitochondrial et Il a phylog®ni
l eur mode doé®volution mitochondri al (chapitre 11). l
mémoire afin de mettre en évidencedaor t ®e de | 6®t ude, de soul ever | e

rencontr®s et doéy proposer des solutions.
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CHAPITRE 1
NOUVELLES PHYLOGENI ES D6 HET E R ®DINICA : BIVALVIA)
BASEES SUR L 0 ARBREDES GENES MITOCHONDRIA UX

Aurore Levivier, France Dufresnklarcelo V. KitaharaAlvaro E. Migotto, PierrdJ. Blier

1.1. RESUME EN FRANCAIS DU PREMIER ARTICLE

Les Heterodonta sont une seatlasse des bivalves, largement distribués, comprenant
une espece tres particuliedgctica islandica q u i est connue pour °tre | 6ani me:
vivant le plus longtemps sur Terre. Déméler les relations évolutives entre les espéeces de ce
groupe permettra de mieux comprendre | 06®volution de |
de vie associés. Dans cette étude, nous avons séquencé le génome mitdchondri
(mi tog®nome) de neuf esp ces doéHeterodonta en util]
lllumina MiSeq. Le génome nathondrial complet a été séquemmiir Arctica islandica,
Corbicula fluminea, Macoma constricta, Mactromeris polynyma, Mya arersr&pisué
solidissimaal or s qudéun mit og®n o mAnorpatocatdia brasiliaaa, ®t ® retr ouv® p
Mercenaria mercenariat Tivela mactroidesLes mitogénomes mesuraient entre 14658 et
23210 pb. Treize génes codant pour les protéines (PCGs), 2 genes ribonucléiques
ribosomiques (rRNA) et 22 genes ribonucléiques de transfert (tRNA) codaient sur le brin
principal et ont été globalement trouvés pour les neuf espéces. Quelques exceptions étaient
présentes : absence des génesrBO¥A et tRNACys pourA. brasiliana(géname partiel)
présence de deux cadres de lecture pour le géne CYTBAcl®andica présence de deux
genes COX2 et de cing genes tRiINFet pourM. polynyma et absence du gene ATP8 et

présence de deux genes tRINEet pourM. arenaria

Afin d 6 ®t atibnk iévolutile® entrerles | especes de la -slasse des

Heterodonta, 28 autres mitogénomes de 18 genres ont été ajoutés. Un extréme
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réarrangement des génes a été trouvé et plusieurs associations de genes sont apparues
caractéristiques des Heterodont2STOX3, 16SATP6 et ATP8ND4-HES et une autre
associationCYTB-16S est considéecomme un caracte ancestral des bivalves. Deux

phylogénies ont été réalisées (e phylogénie en Maximum de vraisemblance eti(2)

phylogénie Bayésienne sur les séqces nucléotidiques de 1£8s (le gene ATP8 étant

exclu). La seule différence observégre ces deux phylogéniesétai | a posi ti on de |
Hiatella arctica Arctica islandicaet Corbicula flumineaont été clairement établcomme

étantdes« groupess 1 s

Nous nous concentrons sur la relation génétigue mitochondriale entre quatre
popul aAriticanskndidadne phylogénie a partir de la méthatle | 6 est i mati on
maximum de vraisemblance été réalisésur les séquences nucléotidiques de CHE
Notre étude a trouvé que fepulation du golfe du St Laurent (iles de la Madeleine) était
génétiquement plus proche de la population de la mer Baltique que de deux populations de

|l a mer du Nord et de | 6Atl antique du Nord (I s

Notr e ®une des éturlesmitogédomiques la plus compléte des Heterodonta et
per met d'"am®Il iorer nos connaissances de | 0or
génomes de ce groupe. Des efforts supplémentaires de séquencage de mitogénomes

permettrontd 6 o b t e nadge compiete deilanphylogémiesHeterodonta.

Ce premier chapidy, intitulé New phylogenies of Heterodonta (Mollusca: Bivalvia)
based on mitochondrial DNA and gene ordeit et seracorédigé par meméme ainsi que
par les professeurs France Dufresne, ddlar Kitahara, Alvaro Migotto et Pierre Blier. Il
sera prochainement soumis a la reMdelecular Phylogenetics andEvolution pour
publication. En tant que premier auteur, j'ai réalisé la recherche documentaire sur I'état de
l'art, une partie de I'échantthnage, les expériences en laboratoire, le traitement des
données et la rédaction de l'article. Les professeurs Marcelo Kitahara et Alvaro Migotto,
troisieme et quatrieme auteurs, m'ont accueilli au Brisim'ont permis d'accéder a leur
laboratoire, & ont mis & ma disposition le matériel nécessaire & me&siexpes et m'ont

également aidé organiset'échantillonnage. Le professeur Pierre Blier, cinquiéme auteur,
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a fourni l'idée originale. Le professeur France Dufresne, deuxiéme auteur, ainsi que le
professeur Pierre Blier, ont aidé a la recherche sur I'état de I'art, au développement de la

méthode et a la révision de I'article.

Mots-clés : Heterodonta, génome mitochondrial, arrangement des genes, phylogénie a
partir de | 6or dr Bayédiense, mitogénmiquespAtctich islandiaa.i e

1.2.  NEW PHYLOGENIES OF HE TERODONTA (MOLLUSCA: BIVALVIA ) BASED ON
MITOCHONDRIAL DNA AN D GENE ORDER

1.2.1. Abstract

Heterodonta is a widely distributed subclass of bivalves including a very peculiar species,
Arctica islandca, which is known to be the longest living complex animal on earth.
Unravelingevolutionary relationships among species of this groupus timely to better
understad the evoludn of lifespan andassociatedife history traits. In this study, we
seqenced the mitochondrial genomes (mitogenomes) of nine Heterodonta species using
lllumina MiSeq. The entire mithondrial genomes were sequentredn Arctica islandica,
Corbicula fluminea, Macoma constricta, Mactromeris polynyma, Mya areaitspisula
sdidissima whereas a partial mitogenome was recoveredAfawmalocardia brasiliana,
Mercenaria mercenariaand Tivela mactroidesThe mitogenomes varied between 14658
and 23210 bp. Thirteen protenoding(PCGs)genes, 2 ribosomal RNA (rRNA) genes and

22 transfer RNA (tRNA) genes encoded on theavy strand were globally found for the
nine species. Some exceptions were however present: AIdRNFSand tRNACys genes

were found inthe partial genome dk. brasiliang two reading frames were found fibre

CYTB genein A. islandica two COX2genesand five tRNAMet geneswere found inM.

polynymaand no ATP&eneand two tRNAMet geneswvere found inM. arenaria

In order to establish evolutionary relationshigsong Heterodonta species, 28 other
mitogenomes fronl8 genera were adddtbm GenBank(Benson et al. 2013Extreme

gene rearrangements were riduand some gene associatioamppeared characterisié
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Heterodonta: 12&€0X3; 16SATP6 and ATP&ND4-HES and another CYTR6S was
considered & bivalve ancestral state. Twahylogenies were performed (&) Maximum
likelihood phylogeny and (2ga Bayesian lpylogeny on 12 PCGs (ATP8 gene was
excluded) nucleotide sequencé&3nly one difference was observed between these two
phylogenies, the position of the speckiisitella arctica Arctica islandicaand Corbicula

flumineawereclearly established such asiger grouys ».

Secondly, v also explorednitochondrial genetic relationship between four populations of
Arctica islandica A Maximum likelihood phylogeny wagerformed on 12 PCGs
nucleotide sequences. Our study found that a population from the Gulf bdv8ence

(les de la Madeleine) was genetically closer to Baltic Sea population than to two
populations from the North Sea and the North Atlantic (Iceland).

Our study is one of the most complete mitogenomic studies in Heterodonta and improves
our knowledgeof gene orders and genome composition in this group. Additional

sequencing efforts of mitogenomes would obtain a completturpi of Heterodonta

phylogeny

Keywords: Heterodonta, mitochondrial genome, gene arrangement, phylagemygdéne

order data, Baysian phylogenymitogenomics, Arctica islandica

1.2.2. Introduction

Phylogenies realized ith molecular data are commonly ustml establish evolutionary
relationshig among specieand therefore validate taxonon(g.g. Mikkelsen et al. 2006
Mitochondrial DNA tDNA) has proven to be a good phylogenetic marker with the
capacity to discriminate closely related species due to absence of recombination and rapid
evolutionary dynamics (Gissi et al. 2008). Standard mtdecphylogenies are often
performed with only £w genes (Yuan et al. 2012b) while the whole mitochondrial genome
(mitogenome) is more informative fdeterminatiorof phylogenetic relationships allowing

increased resolution and higher statistical confidence (Russo et al. 1996; Zardoya and
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Meyer 1996; @si et al. 2008; Yuan et al. 2012b). Furthermore, mitochondrial phylogenies
are mainly built using DNA substitutions but gene arrangement can also provide a powerful
character for reconstructing phylogenies (Boore and Brown 1998; Serb and Lydeard 2003).
Indeed, mitogenome genearrangement often correspondspbylogeny structurbased on

DNA (Xu et al. 2012; Yuan et al. 2012b).

The metazoan mitochondrial genome is relatively conserved in terms of gene content and
organization (Boore 1999)Most animal mitochondrial genomes are closeidcular
containing 37 genes with 13 protainding genes (PCGSs), 2 ribosomal RNAs (rRINAR2
transfer RNAs (tRNA) and a large noooding region (NCR; containing elements for
regulation ofreplication and transcription) (Boe 1999; Blier et al. 2001; Gissi et al.
2008). The size of mitogenomeanges from 14 to 47 kb (Boore 1999; Liu et al. 2013).
Although gene content, organization, and size are almost invariant in vertebrates, extreme
gene rearrangement is commonplacenmllusks and particularly in bivalveseven among
species from the same genera (Gissi et al8p0everal features in bivalveitochondrial

DNAs deviate from common metazoan mitogenomes such as additional or losses of tRNA
genes (e.g. addition of tRNRMet gene), split or duplication of rRNA genes, presence of
CYTB translational frameshift, loss of ATP8 gene, etc (Hoffmann et al. 1992; Milbury and
Gaffney 2005; Gissi et al. 2008).

Bivalves includefive subclasses (Taylor et al. 2007; Plazzi et al. 20111¢. Most diverse
subclass is Heterodonta. Heterodonts are grouped into two extant orders: Veneroida and
Myoida (Giribet and Wheeler 2002). The large order Veneroida comprises 18 superfamilies
and the Myoida order contains four superfamilies. They have ldwide distribution from

the poles to the tropics.(e SilvaCavalcanti and Costa 2011 and Butler et al. 20st

of them occupy marm environments but others are foundmckish or freshwater habitat
(Taylor et al. 2007). Theynodulatesignificanty community structure as well as trophic
resource abundance darliversity (e.g. Lewis et al. 20p7Heterodonta and pactilarly
Veneroida order includesome families of economical importance such as Cardiidae,

Tellinidae, Veneridae and Mactridg&€aylor @ al. 2007).Heterodonta taxonomy is not
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resolved yet (Mikkelsen et al. 2006; Yuan et al. 2012b). For example, the Hiatellidae
family was excluded from Myoida order by molecular phylogenetic analyses that placed

this taxon closer to Veneroida than Myoigeesies (Taylor et al. 2007; Yuan et al. 2012b).

Currently, the complete mitochondrial gen@maf 37 Heterodonta speciegfsom nine
superfamilies are founth GenBank. One of these species receattyacted a particular
interest:Arctica islandica the ocea quahogwhichhas been found to live up to 507 years
old, making it the longedived norrcolonial metazoan (Butler et al. 2012). Thisterodont
species belongs tiie order Veneroida anthe family Arcticidae (Glockner et al. 2013). It

is widely distrbuted over North Atlantic BoreArctic shelves regions in western (North
America) and eastern (Europe) parts. It occupies a muddy/silty habitat over 15 to 256 m
water depth with most abundance at 30 to 60 m (Dahlgren et al. 2008)andicais also

an important commercial fisheries species (Dahlgren et al. 2000).

The aimof this studywasto improve the extant phylogenetic knowledge of heterodont
subclass to ensure proper evolutionary inferences in future comparative studies of
heterodontsFor this purpse we describe the gene content and organization, codon usage,
repeated regions, AT content and famding regions for nine new congpé mitochondrial
genomes of heterodont bivalves. Eight of them belong to tbeder Veneroida
Anomalocardia brasilianaArctica islandica, Corbicula fluminea, Macoma constricta,
Mactromeris polynyma, Mercenaria mercenaria, Spisula solidissiara Tivela
mactroides and one belong tdahe order Myoida, Mya arenaria Additionally, gene
arrangementomparison and twphylogenicanalysesvere performed othesenine newly
determned sequences together wi@8 other heterodont mitogenomes available in
GenBank. Tk twophylogenies inclued: (1)a maximum likelihood phylogenynd(2) a
Bayesian phylogeny on 12 PCGs (ATP8 gene weasluded) nucleotide sequences
Furthermore, a mitogenomic comparison of four populations: Gulf of St. Lawrence (lles de
la Madeleine), North Atlantic (Iceland), North Sea, and Baltic Sedfca islandicawas

performed to improve our knowledge of infpasific genetic structure in this species.
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1.2.3. Materials and methods

1.2.3.1. Samplecollection

Arctica islandica and Spisula solidissimawere collected in the lledela-Madeleine

(47A226N, 61 A58 6 WMactQmue®D polynymailC ®atreedf asiir ; mer

(48 A369AN05 QWbec, Canada)Mercenaria mercenariain Neguac 4 7 A1 56 N,

6 5 A 0 3N&W Brunswick, Canada)and Mya arenariai n Bi c (48A230N, 68A400W,
Québec, Canada) in 200#Anomalocardia brasilianaand Macoma constrictawere

collected in S«d588KHBa8W i S o (CBBidld BuniBeBr azi | ) ;

Ribeirdo Preto (21°06'S, 47°45'0, S&o Paulo, Brazil); dinvkla mactroidesin

Caraguatatuba (23A346S, 45A186W, S«o Paulo, Brazil)
-80°C (A. islandica S. solidissimaM. polynyma M. mercenaria M. arenaria and C.

flumineg or preserved in 95% ethan@. brasiliang M. constrictaandT. mactroides

1.2.3.2. Isolaion of mitochondria an®NA extraction

The protocol for the isolation of mitochondria was adapted from MunrdBéed (2012).

The isolation of mitochondria was performed using about 5g of fresh or frozen adductor

muscle, mantle, and gill tissudésr the following speciesA. islandica, C. fluminea, M.

polynyma, M. mercenaria, Mirenariaand S. solidissima The final pellet was dried and

conserved at80°C until DNA extractionThe mitochondrial DNA was extracted using the

Mollusc DNA kit (Omega Bietek, Inc., USA) following themanuf act er(s8s pr ot oc ol

Table 2for more details

For Anomalocardia brasiliana, Macomaonstricta and Tivela mactroidestotal DNA

extractionswvere performedising the same extraction kit as above.

1.2.3.3. Quantification of DNAand sequencing by lllumina MiSeq method

The doublestranded DNA quantity was measured using QuatE Pi c o Gr eenE ds DNA
Assa y Ki t (IlnvitrogenkE, Canada) The llidraoywi n g t he manuf e

preparation and paireehd sequencing were performed on the lllumina MiSeq platform at
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theiP| at ef or me d 6 a ad theylrstéuse fog imey@mtive apdusgssems biology

(IBIS, Université Laval, Québec, Canada).

1.2.3.4. Mitogenome assemblies, annotation and analyse

CLC Genomics Workbench v.7.0 (CLC bio, a QIAGEN company, Aarhus C, Denmark)
was used for stringently triming the reads anidr de novo assembly. A BLAST (Altsah
et al. 1990) of each assembleditochondrial genome was performed to confirm the

identification at the species level.

Mitochondrial genomes were annotated using Geneious v.8.0.3 (Biomatters, Auckland,
New Zealand; (Kearse et al. 2012)). Protein coding geregs analyzed by NCBI ORF
Finder (NCBI website) and Geneious v.8.0.3 using the invertebrate mitochondrial code.
Initiation and termination codons were verifiegt eyes after translating the sequence in
amino acid. The ends dhe two rRNAs were assumed cqmaring MITOS WebServer
(Bernt et al. 2012), BLASTesults and the border witidjacent genes. The validat of

the position of each PC@nd rRNA were obtained with MITOS WebServer usthg
invertebrate genetic code andtagenome alignments of other veoie speciesalready
presenton GenBank (Benson et al. 2018jth Geneious v.8.0.3. tRNA annotation was
performed comparing tRNAca8E v.1.21 (Lowe and Eddy 1997), ARWEN (Laslett and
Canback 2008) and MITOS WebServer results.

Base composition was calculdtevith Geneious v.8.0.3. The formulas of Perna and Kocher
(1995) (AT skew = (AT)/(A+T) and GC skew = (&)/(G+C)) were used to measure
asymmetric nucleotide composition. Codon usage was determined using MEGA v.5.2
(Tamura et al. 2011). Aminacid divergene amongspecies was calculated using p
distance model with MEGA v.5.2. Repeated regions were identified using Tandem Repeat
Finder v.4.07b (Benson 1999).

1.2.3.5. Geneordercomparisorand DNA phylogenies of Heterodonta

Complete mitochondrial genomes sequencez8dieterodont species (g¢enBank (Benson
et al. 2013) and our nine newly sequenced mitogenones used for phylogenetic
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reconstructions. Sequences from GenBank were dodetban November 2014 with their

annotations (accession nuetb are in Annex).

Bayesian and maximum likelihood phylogenetic reconstructisn from nucleotide
concatenations of 12d&Gs (ATP8 gene was excluded) weyerformed. The 12 PCG
nucleotide sequences were aligned separately with MUSCLE software v.3.8.31 (Edgar
2004), the poorly afjned positions were stringently removed using Gblocks v.0.91b
(Castreana 2000). After concatenatiorr734 nucleotides were left for phylogenetic
analyses. A Bayesian inference using Monte Carlo Markov Chain (MCMC) algorithm
phylogenetic tree following GTRnd DGAM 4 models was constructed in PhyloBayes
v.3.3f (Lartillot et al. 2009). GTR (for General Time Reversible matrix) is a model where
exchange rates are free parameters and with prior distribution, a product of independent
exponential distributions afneans 1. A DGAM 4 option allowed using discrete gamma
distribution with four categories (Lartillot et al. 2009Yaximum likelihood (ML)
phylogeny was performegsing HKY modelandGamma substitution modelith TOPALI

v2.5 (Milne et al. 2004)HKY (for Hasegawa, Kishino and Yans a modeWwherebase
frequenciesare variable and that useone transition rate and one transversion rate
(Hasegawa et al. 19855samma option ses the common gamma model with 4 rate
categoriesTo estimate the reliabijitof branches in the ML trees, 100otstrap trees were
generatedThe protolbanchSolemya velurwas used as outgroup. Amino acid divergence

was calculated usinggistance model with MEGA v.5.2.

Gene order comparison (with PCGs, rRNA and tRNA) was realized folgpwiaximum

likelihood phylogeny hierarchy.

Maximum likelihood phylognetic reconstructions from gene order data (PCGs, rRNA and
tRNA) were performed othe geneorder.ay webserver (Lin et al. 2013)Annex Il). This
phylogeny had a low statistic resolution, so it will be not considered in this paper.
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1.2.3.6. Intraspecific geneticelationshipsn Arctica islandica

Two mitogenomes of two individuals &. islandicafrom Tlesdela-Madeleine (Québec,
Canada) were sequenced in our study. These two mitochondrial genoreesbteened by
(1) isolationof mitochondria DNA extraction andllumina MiSeq sequencing (see above)
and (2) primemwalking and Sager sequencing (Annell). Sanger method was used t

validate mitochondrial genome sequenaktained by lllumina technology.

Three other mitogenomes d&. islandica were obtained from enBank (accession
numbes. KC197241 from Iceland population; KF363951 from Baltic Sea; and KF363952
from North SeqGlockne et al.2013).

A comparison of these five mitogenomes (this study and Glockner et al. (2013)) was done.
Two phylogenies were perfmed on the concatenation of 11 004 nucleotides: (1)
Maximum likelihood and (2) Neighbor joining usingimura 2parameter model in MEGA
v.5.2. Corbicula flumineawas used as amutgroup. Amino acid and nucleotide

divergences were calculated usingiptarce model using MEGA v.5.2.

1.2.4. Results
1.2.4.1. lllumina MiSeq technology performance
DNA quantitiesf o r the nine species, before the

(T. mactroides t o 5 6A. brasifjahg Table@). The lllumina MiSeq sequeimy
resulted in approximately 3 million paireghdreads of 290 nucleotides for each species.
After trimming, 2 562 992 paire@ndreadsof 245 nucleotides resulted and were used for
de novo assemblyAfinexIV). Thecompletemitochondrial genonsof Macoma consicta

and Mya arenariawere respectively obtained in a single cont@r Arctica islandica,
Corbicula fluminea, Mactromeris polynynaad Spisula solidissimaan alignment of some
contigs with ClustalW (Thompson et al. 1994) allowed us to identify theiolevh
mitogenoms. A partial mitogenome was obtained fdknomalocardia brasiliana,

Mercenaria mercenariand Tivela mactroidesThe coverage of mitochondrial cordifpr

seq
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these three species was 16X, 18X and i83pectivelywhereas for the other species the
coverage raged from 50X to 313X (Table 2).

1.2.4.2. Genome compositions

The whole closedircular mitochondrial genome sigeanged from 16308\. constrictg
to 23210 bp . polynyma Table3). Globally, 13PCGs, 2 rRNA and 22 tRNA encodd
on the heavy stranderefound for the nine species. Detailed annotaitr each species
are presenteith Tables5, 6 and AnnexV (Tables S1S8).

1.2.4.2.1. Proteincoding genes
Thirteen PCGs were gendyafound for the nine species (TabB AnnexV, Tables S1
S8). However some exgBons were present:

1 Two COX2 copies were found M. polynyma The first one is 2058 bp, which is
longer than the typical size whereas the other is 131Zlbper to actual size (Tablg.3
Moreover, the alignment of these two COX2 with the COX2 genestludrs species
revealed that the second one had a better alignment. This sequence was therefore kept for

the analyses.
1 A.islandicaCYTB gene was separated in two reading frames.

1 The ATP8 gene was found ieight out of the nine species studied. OMy
arenaria did not have the ATP8 gene. The first six amino acids at tierminus
(MPQFAP or MPQFSP), which are indicative of ATP8 gene in bivalves, were tased
identify this gengTable 9.
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Table2. Method used, DNA concentratiard assembling result farine species

DNA Assembling result

Species Method used . [\Igmber concentration Conti Total Fi'nal
individus/tube ontigs ~ fota Coverage Siz€
(ng/ e’ 1 reads
Anomalocardia  DNA 1 561575 14658 903 16 14658
brasiliana extraction
Isolation
Arctica islandca  mito + DNA 1 478.53 18304 7204 104.14 18304
extraction
Corbicula Isolation
. mito + DNA 4 97.1 16828 20997 312.91 16687
fluminea .
extraction
Macoma constrict: DA 1 116 16308 6647 98.96 16308
extraction
Mactromeris Isolation
mito + DNA 1 210.44 23027 4734 49,73 23210
polynyma .
extraction
Mercenaria Isolation
. mito + DNA 1 138.8 16901 1172 17.85 17038
mercenaria .
extraction
Isolation
Mya arenaria  mito + DNA 1 102.11 17936 6573 95.27 17936
extraction
Isolation
Spisula solidissimi mito + DNA 1 324.26 18747 6392 82.32 18747
extraction
. . DNA
Tivela mactroides . 1 93.551 18641 1534 19.36 18851
extraction

' Larger contig size

Start (ATG, ATA, ATC, ATT, GTG, TTG) and stop (TAA an@AG) codons of
invertebratentDNA geneticcode wee used to annotate PCGRable 3. One degenerate
stop codon was found for COX3 M. mercenariaAll genes were characterized by at least
two start or stop coda@in heterodont species analyzed in this studies

Concerning amino acidlivergencs (Annex VI, Tables S1S5), COX1 was the most
consered gene among the nine species withriiaimum distance between two spe@és
40% (betweenM. constrictaand T. mactroides ND3 and ND6were the least conserved,

with the maximum aminacid distances between two species of 89.2 % (lsgtwe
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A. brasilianaand T. mactroide} and 85.2% (betweeM. constrictaand M. arenarig

respectively.

1.2.4.2.2. Ribosomal and transfer RNA genes
Two ribosomal RNA genes are usually presanbivalves: 12S and 16S (Tablg &or the
nine newly sequenced tANASs, the size of thel2S gene varied between 880d 1197 bp.
The 16S gene wawot found for one partial mitogeme(A. brasiliang, for the eight other
speaes, its sizevariedbetween 1192 and 1505 bp.

22 tRNA genes were usually found, with sizes raggrom 61 to 73 bp. Somexceptions
werefound Generally only one tRNAet geneis present in bivalve mitogenomes. Here,
five tRNA-Met geneswere found in the mitogenome ®f. polynymaand two in the
mitogenome oM. arenaria No tRNA-Cysgenewas foundn the partial mitogenome .
brasiliana The majority of tRNAwasfolded into a typical cloverleaf secondary struetur
with four arms (Annex/Il, Figures S1S9). However,tRNA-Tyr in A. brasilianaand C.
flumineg tRNA-Ser (TCT) inA. islandica, C. flunmea, M. constricta, M. polynyma, M.
mercenaria and S. solidissima tRNA-Ser (TGA) in A. brasiliana, C. fluminea, M.

polynyma, M. mercenaria, M. arenarand S. solidissimaand tRNASer (CGA) inA.

islandicalacked the DHU arm. tRNArg in A. brasilianalac ked t he TWRAL ar m, and

Arg and tRNAGIy in M. polynymahad no te mi n a | TqC | omismatched e w

base pairsvere also observed

ot her s
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Table3. Region sizes and start/stop codons for BCG

A A C. M. M. M. M. ST
brasiliana Islandica fluminea constricta polynyma mercenart arenaria solidissim mactroide
a S

(Sbllzj 14658 (P) 18304 16687 16308 23210 17038 (P) 17936 18747 18851 (P)

COX 1587 1671 1617 1704 1743 1563 1791 1707 1683

1 (ATG/TA (ATG/ITA (ATA/ITA (ATAITA (ATAITA (ATA/ITA (ATT/TA (TTGITA (ATGI/ITA
A) A) A) G) A) A) A) G) G)

COX 1050 1023 1320 867 2058/131:891 1434 1374 1053

5 (ATG/TA (ATG/TA (ATT/TA (ATG/TA (ATG/TA (TTG/TA (ATGITA (ATG/TA (GTGITA
A) A) A) A) A) G) A) G) G)

COX 846 846 876 885 1068 850 861 1113 888

3 (ATT/TA (TTGITAA (TTG/TA (GTG/TA (TTGITA (ATG/T** (ATA/ITA (ATG/TA (GTG/TA
G) ) A) G) G) ) G) A) A)

YT 1143 1158 1161 1233 1203 1155 1143 1197 1161

B (ATT/TA (ATG/TA (TTG/TA (GTG/TA (ATG/TA (ATAITA (GTGI/TA (ATG/TA (GTG/TA
G) A) A) G) A) G) A) A) A)
918 912 912 924 912 918 912 915 918

ND1 (ATA/TA (ATG/TA (GTG/TA (GTG/TA (ATG/TA (ATAITA (ATGITA (ATG/ITA (ATGITA
A) A) G) G) A) A) A) G) A)

1008 1023 1023 1062 1101 1023 1065 1044 1071
ND2 (GTG/TA (ATG/TA (GTG/TA (ATG/TA (GTG/TA (TTG/TA (ATG/TA (ATT/TA (ATT/TA

G) A) G) G) A) A) A) A) A)

312 411 423 363 438 405 423 414 435
ND3 (TTG/TA (ATG/TA (ATT/TA (GTG/TA (ATC/TA (ATT/TA (ATG/TA (ATG/TA (ATG/TA
G) G) G) A) A) G) G) G) G)

990 1359 1359 1332 1353 1011 1032 1356 1362
ND4 (TTG/TA (TTG/TAA (ATT/TA (ATG/TA (GTG/TA (ATT/TA (ATT/TA (ATG/TA (ATG/TA
G) ) A) G) G) A) A) G) A)

NDa 300 285 288 294 306 252 384 297 303
L (ATT/TA (ATAITA (ATAITA (GTGITA (ATAITA (TTG/TA (ATATA (ATT/TA (ATT/TA
A) G) G) G) G) A) A) A) G)

1710 1725 1707 1728 1833 1698 1707 1824 1746
ND5 (TTG/TA (ATAITA (TTG/TA (ATAITA (ATG/TA (ATT/TA (TTG/TA (ATAITA (ATT/TA

A) G) A) G) A) A) A) G) A)
483 504 471 540 486 483 549 492 597

ND6 (ATAITA (ATT/TAA (ATG/TA (GTGITA (GTG/TA (ATAITA (ATT/TA (ATT/TA (ATGITA
A) ) G) A) G) G) G) G) A)

arp 741 744 741 738 780 756 729 747 828

ATP (ATTITA (ATGITA (GTGITA (ATGITA (GTG/TA (ATATA (ATG/TA (GTGITA (ATAITA
A) A) G) G) G) A) A) G) A)

arp 114 114 114 126 114 114 120 117

2TP (ATGITA (ATGTA (ATGITA (ATGITA (ATGITA (ATGITA | (ATG/TA (ATGITA
G) A) A) G) A) A) A) G)

12S 946 950 850 902 922 1005 981 1197 975

16S / 1289 1192 1245 1342 1505 1396 1240 1317

MNR3 7 0 é 1095/12441027 849 2630/7® 3 4 8/ 9470/838 232/269/2 215/1195

NCR 117762867 1206 935 4567 2008 é2028 2296 2963é

NOTE. (P), partial genome; MNR, major roading region, and NCR, nezoding region
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Table4. Amino acid sequences at thet&fminus versio of the ATP8 gene

Species Start ATP8
Anomalocardia brasiliane MPQFAPMFS
Arctica islandica MPQFSPSYS
Corbicula fluminea MPQMAPTAS
Macoma constricta MPQMAPLYW
Mactromeris polynyma MVMFSPIFV
Mercenaria mercenaria MPQFAPMFS

Mya arenaria /

Spisula solilissima MMMFSPVHA
Tivela mactroides MPQFAPIYS

1.2.4.2.3. Non-coding regions (NCB) and tandem repeagions
Total size of NCR ranged from 935M. constrictg to 4567 bp M. polynyma Table 3.
NCRs with a size greater than 250 bp were qualified as majecatimy regions (MNR).

Repeated regions were found in different locationstian mitogenomes (Armax VIII).

A. islandicamtDNA possessed repeat regions in both MiNRR ND4L genesC. fluminea
and M. constrictamtDNA had repeategions in MNR.M. polynymamtDNA had repeat
regions in one MNR and in five tRNMet genesM. arenaria mtDNA possessed one
repeat region ithe COX2 geneS. solidissimantDNA had repeat regions in COXhd in
two MNRs. T. mactroidesmtDNA hal one repeat region ithe 16SrRNA gene.A.
brasilianaandM. mercenariantDNA did not possess repaagions. Repeat regions were

unigue to each species.

1.2.4.2.4. Base composition and codon usage
The nine newly sequenceditothordrial genomeswere poor in GC Annex IX). M.

polynyma, S. solidissimand M. constrictahad the highest composition in GC (around
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40%) whereag\. islandica, C. flumineandM. mercenariaowned the lowest composition
in GC (around 30%). The nine species had a nucleotidgosition in A in favor of T(-
0.2861 -0.131) and in C ifavor of G(0.249i1 0.410; AnnexX).

Four species had their highest composition in GC for COX1ngercenaria, A. islandica

C. fluminea and M. constrictg (Annex IX). Other species possessed their highest
composition in GC for different PCGEOX3 (A. brasiliana), ND1 (M. polynymd, ND4

(M. arenarig, COX2 (S. solidissimpand CYTB {. mactroides The najority of the
species (excep¥l. polynyma had their lowest composition in GC for the same PG5,
ND4L. MNRs weremore AT rich comparmto PCGs or tdhe entire mitogenome for the

nine speciesAnnexIX).

The most freqgent codons were UUU (Phenylalanine) and UUA (Leucered the least
used codon wa€GC (Arginine) for the majority ofthe nine speciestudied(Annex X,
Tables S1S9).

1.2.4.3. Gene order compans and DNAbasedohylogenies of Heterodonta

28 mitogenomes of Heterodonta from GenBank were atldpdeviousnine mitogenomes

to resolve the relationships among Heterodonta families.

1.2.4.3.1. Gene arrangement in Heterodonta

A summary of genome annotations for leéd@mily or superfamily is presented in Figure 1.

In general, Tellinoidea and Lucinidae possessed the most conserved annotation whereas
Hiatellidae andCardiidae had the least presenasthotation. tRNA genes were the most
relocated elements. Some geneoaggions (without considering tRNA genes) were
present in several species: CY-IBS; 128COX3; ATP8ND4 and 16SATP6. CYTB-16S

was present in Veneroida (except Tellinoidea), SolenidaePamdpeaspp.. 12SCOX3

was present irAcanthocardia tuberculataCarbiculidae, Arcticidae, Mactridadyleretrix

spp., Tivela mactroides Solenoidea andPanopeaspp.. ATP8ND4 was present in
Veneridae, Mactridae, Cardiidae, Corbiculidae, Arcticidae, PharidaePandpeaspp..

16SATP6 was present iRaphiaspp.,Ruditapes hilippinarum, Arcticidae,Panopeaspp.,
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Solenidae, Tellinoidea anbllya arenaria Considering tRNA annotation, association of
Histidine (H), Glutamate (E) and Serine (S) was conserved for MaeerCorbiculidae,
Arcticidae Mactridae, Tellinoidea an&anogea spp. and was oftefound following the
association of ATP8ID4. A translocation of ATR8ID4-HES was present between 16S
and ATP6 inMeretrix spp.,Tivela mactroidesMactridae, and Corbiculidae.



Lucinidae (2)
Tellinoidea (6)
Solenidae (2)
Pharidae (1)
Panopeaspp. (2)
Hiatella arctica
Acanthocardia tuberculata
Fulvia mutica

Mya arenaria
Mactridae (4)
Corbicula fluminea

Arctica islandica

Meretrixsp. (5)

Tivela mactroides
Paphiasp. (4)

Ruditapes phillipinarum
Mercenaria mercenaria,
Anomalocardh brasiliana

COXIFKHCOX3VI ND4LSND2 COX2ND6 CyB GATPE.E12SWNND4PTVRIND3I 16SYND1QATP8C)AND5D
—_—

RN E—
COX1 ND#SEND3(I)KNDALYTLDIND1IN ND5RCth (COXZJW(G)lZS(M) (ATP8SNDE16SATP6 COX3 NIPDQCAF
COX1Y COXZI RSWANBRTD KN N =t 2 SAT SSND2AFHQC
COXILND1LVNNDS5 CytB NDB6SATPEM lZSCOXSNDZKCOXWND4LGPATPEND4HWRE$ID3T|DQCAF
-
1 f |
COX1 COX2ZTYND4L ATP8 NDHESND3IDKIND1LNND5 ND6R CytBW 16SATPEVI 12SCOXIND2QFCPGA

|
COX1 ATPBKMCOX2L2SH ND5 NDIGDYND4PTAATPELLVRCNDAL ND3BEL6SQ COX3 NDMWSCytBND2

COXIPNDALLND6 COXPMHND3MWKLND1F12SQRICOXESTND5CSCytB16SN ATP8 ND& ATPGEGVND2A
! 1 ]

COX1 ATP6 ND2DICOX2 ND5 NDBYCCCCCMRPA4LKQLLATP8 ND42SND6T COX3VIESCytB16SND1SNHGA
=

—
COXIN ND4%_SND1 CytB5 16 SATPBNICLVNDS5RCOX3 NDBHMPMCOXZND4L NDZEND3KSL2SAL

I 1
COXJ(VRW)NDG(QG)ND2(TP)128YSI:OX3 CytB6S(ATPS) ND(HES)\TPG NDK(L)(NDl)(DI)NDS (COX2) ND4NLCMFA)

COX1 CO)GRCthl6SATP8 NDHESO\TPG NDZ\IKLNDlLVNNDS ND6 ND4Q ND2DT 128MCYECOX3NPF

I T I
1 |
COXIACOX2NND5M ND2GATP8 ND4 ND6 NDWLQRCthl6SHESATP6 NDBLNDI1PLVDTL2SCY EOXF

COXIND1 (ND2) ND4ILDCOXZ CytB16S(ATP8) NDHESATPE6 ND3 ND5 NIE/MVKFLGQRNI2SCY SCOXA

R R E———
COXILND1 ND2 NDALCOX2 CytB16SATP6 ND3 ND5 (ATP8) (NHS)YMDNWD6KVFWRLGOQNTCBOX32S

COXI1ND1 ND2PCytB16SMY 12SND4L ATP8 NEBHEATP6 ND3 ND&EN)COX2D NDEKVFWRLGQTOHXA

Figure 1. Gene order comparison of Heterodonta mitochondrial genomes. As the standard convention for metazoan mt gefidrashe&e@ X
designated the start point for all genomes. All genes are transcribed fraoarlgfit. Different typesf genes are represented in different
colors: PCGs in blue, rRNA in green and tRNA in red. tRNA are characterized by one letter. The bars show identical geNeifloekin
parentheses indicates the species nhumber in each family or superfamily. Tdwaimgnregions are not presented and gene segments are not

drawn to scale.



1.2.4.3.2. Comparson ofBayesian and Mlphylogenies

Only one difference wagpresent betweeiphylogenies (Figures 2,3),the position of
Hiatella arctica In ML phylogeny,H. arcticawas closset to Cardioidae species whereas in
Bayesian phylogeny, it was close to Solenoid@otstrapvalueswerelower for the ML
(2710 100) than for the Bayesig63 to 100)phylogeny

Our nine segenced species hatle same positiom both phylogenies (Figuse2,3) A.
brasiliana was the closest relative thl. mercenariawith similar gene arrangement
(Figure 1) and showed 11.9% of difference in amino acid composigsnl{s not shown
T. mactroidesvasgeneticallyclose toMeretrix spp. (similar gene arrgement and 16% of
amino acid difference)C. flumineawas clustered withA. islandica (similar gene
arrangement and 20.6% of amino acid differentg)polynymaand S. solidissimavere
part of the Mactridae cluster and were closest neighbours (similaragemeement and
24.9% of amino acid differenceyl. arenariawas located in basal position of Veneridae,
Arcticidae, Corbiculidae and Mactridad. constrictawas part of Tellinoidea. Tellinoidea
gene annotation was highly conserved so it was difficudtttidbute the closest neighbour
to M. constricta M. constrictawas closest td/oerella iridescensvith 9% of amino acid

difference.

Major superfamilies such as Tellinoidea, Mactroidea, Veneri@aedioidae,Solenoidea

and Lucinidae were monophyleticloth phylogenies.
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Figure 2. Maximum likelihood phylogenetic tree of heterodont bivalves based on the concatenated nucleotide
sequences of 12 protetoding genes (except ATP8 gene). Node numbers correspond to Maximum likelihood
bootstrap proportions. Heterodonta taxonomy is presented as follows, family/superfamily/order. Species in

red correspond to the nine newly sequenced species.
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Figure 3. Bayesian phylogenetic tree of heterodont bivalves based on theenatezhnucleotide sequences
of 12 proteincoding genes (except ATP8 gene). Node numbers correspond to Bayesian posterior
probabilities. The tree was rooted usBglemya velunHeterodonta taxonomy is presented as follows,
family/superfamily/order. Speadn red correspond to the nine newly sequenced species.
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1.2.4.4. Intraspecific genetic relationshipsAmctica islandica

1.2.4.4.1. Five mitogenomes ofArctica islandica genome sizes and annotation
comparison

Two mitogenomes oA\. islandicafrom Gulf of St Lawrence (llede-la-Madeleine, Qc,

Canada) were sequenced. These two mitochondrial genomes were obtained in different

ways: (1) with lllumina MiSeq sequencing and (2) with SangeguencingThe final size

of these whole mitogenomes was 18304 bp with lllumina MiSeq medino 18244 bp

with Sanger method (Tald&, 6). The principalobservedlifferencein the annotationvas

the length of ND4 gen€l119 bp for Sanger and 1359 bp for lllumina MiSeq) and ND6

gene (504 bp for Sanger and 471 bp for lllumina MiSé&tpe ron-coding region was

greater for Sanger method (3074 bp) than for lllumina MiSeq method (2867 bp).

Threeothermitogenome®f A. islandicaweretaken from GenBanklThey measureii8270
bp for Iceland (but it was not complete), 18289 bp for Baltic Sea and 182fr Bjorth
Sea (Glockner et al. 2013).

Some dfferences appeared amoagnotationsthis study and Glockner et al. 2013 he

ATP8 gene was found in the present study (starts by MEFQ&nd measures 114 bp
(Tables 45, 6)), whileit was missing in Glécknest al. (2013). Because of this annotation,

the ND4 gene for Canadiapeximens starts 58 bp after thee of Glockner et al. (2013)
specimens. The ND4 gene obtained with Sanger method was shortest and appeared
truncated. ND6 gene size in Glockner et a1 was closer to what we obtained from
Sanger method. CYTB gene annotations for Canadian specimens start 40 bp before
Glockner et al. (2013) specimens. In the both cases, CYTB gene was divided in two
reading frames. Two tRN&lu were found by Glockner aet. (2013) whereas in our study,

only one tRNAGIu was found. Only one tRN&er was found by Gléckner et al. (2013)
whereas herawo tRNA-Ser were revealedThe second tRNAer was placed before
COX3 gene. COX3 gene annotation for Canadian specimens heasfare shorter,

compare to Gléckner et al. (2013) specimens. Some other diffeiaraizebetween both
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Table5. Mitogenome annotations éirctica islandica sequencedith Illumina Miseq

Arctica islandicalllumina (18304 bp)

Gene Location Size Start codon Stop codon Anti-codon IR
COX1 1-1671 1671 ATG TAA 42
tRNA-Ala 17141777 64 TGC 0
COX2 17782800 1023 ATG TAA 50
tRNA-Asn 28512914 64 GTT -14
ND5 29014625 1725 ATA TAG 40
tRNA-Met 46664731 66 CAT 2
ND2 47345756 1023 ATG TAA 12
tRNA-Gly 57695832 64 TCC 1244
*ATP8 70777190 114 ATG TAA 7
*ND4 71988556 1359 TTG TAA 16
*ND6 85739043 471 ATG TAA 5
ND4L 90499333 285 ATA TAG 58
tRNA-Trp 93929456 65 TCA 8
*RNA-GIn 94659531 67 TTG 11
*RNA-Arg 95439605 63 TCG 0
" 96069874
Cytb 987610764 1158 ATG TAA 1/0
*16S 1076512053 1289 0
*tRNA-His 1205412115 62 GTG -2
tRNA-Glu 1211412179 66 TTC -5
tRNA-Ser 1217512239 63 CGA -1
ATP6 1223912982 744 ATG TAA 29
ND3 1301213422 411 ATG TAG 3
tRNA-lle 1342613495 70 GAT -4
tRNA-Lys 1349213559 68 TTT 0
*tRNA-Leu 1356013623 64 TAA 1
ND1 1362514536 912 ATG TAA 15
*tRNA-Pro 1455214613 62 TGG 1095
tRNA-Leu 1570915771 63 TAG 2
tRNA-Val 1577415838 65 TAC 49
tRNA-Asp 1588815950 63 GTC 22
tRNA-Thr 1597316035 63 TGT 0
*12S 1603616985 950 0
tRNA-Cys 1698617048 63 GCA -1
tRNA-Tyr 1704817111 64 GTA 94
*tRNA-Ser 1720617271 66 TCT 1
*COX3 1727318118 846 TTG TAA 26
tRNA-Phe 1814518210 66 GAA 34
NCR 2867

NOTE. IR, intergenic region. Yellow highlight represents differences between two
Canadian mitogenomes. Asterisks (*) represent differences encounter with Gléckner et al.
(2013) annotation.
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Table6. Mitogenome anotations ofArctica islandica sequenedwith Sanger

Arctica islandicaSanger (18244 bp)

Gene Location Size Start codon Stop codon Anti-codon IR
COX1 1-1671 1671 ATG TAA 42
tRNA-Ala 17141777 64 TGC 0
COX2 17782800 1023 ATG TAA 50
tRNA-Asn 28512914 64 GTT -14
ND5 29014625 1725 ATA TAG 40
tRNA-Met 46664731 66 CAT 2
ND2 47345756 1023 ATG TAA 12
tRNA-Gly 57695832 64 TCC 1198
*ATP8 70317144 114 ATG TAA 7
*ND4 71528270 1119 TTG TAG 225
*ND6 84968999 504 ATT TAA 5
ND4L 90059289 285 ATA TAG 58
tRNA-Trp 93489412 65 TCA 8
*RNA-GIn 9421-9487 67 TTG 11
*tRNA-Arg 94999561 63 TCG 0
N 956298309832
Cytb 10720 1158 ATG TAA 1/0
*16S 10723112009 1289 0
*TRNA-His 1201612071 62 GTG -2
tRNA-Glu 1207612135 66 TTC -4
tRNA-Ser 1213212194 63 CGA 0
ATP6 1219512938 744 ATG TAA 29
ND3 1296813378 411 ATG TAG 3
tRNA-Ile 1338213451 70 GAT -4
tRNA-Lys 1344813515 68 TTT 0
*TIRNA-Leu 1351613579 64 TAA 1
ND1 1358114492 912 ATG TAA 15
*tRNA-Pro 1450814580 62 TGG 1079
tRNA-Leu 1564915711 63 TAG 2
tRNA-Val 1571415778 65 TAC 49
tRNA-Asp 1582815890 63 GTC 22
tRNA-Thr 1591315975 63 TGT 0
*12S 1597616925 950 0
tRNA-Cys 1692616988 63 GCA -1
tRNA-Tyr 1698817051 64 GTA 94
*RNA-Ser 1714617211 66 TCT 1
*COX3 1721318058 846 TTG TAA 26
tRNA-Phe 1808518150 66 GAA 94
NCR 3074

NOTE. IR, intergenic region. Yellow highlight represents differences between two
Canadian mitogenomes. Asterisks (*) represent differences enceutitegBlockner et al.
(2013) annotation.
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studies were observed for: tRN3BIn, tRNA-Arg, 16SrRNA, tRNA-His, tRNA-Leu
(UAA), tRNA-Pro and 128RNA.

1.2.4.4.2. Five mitogenomes dirctica islandica genetic distances and phylogenies

We calculated nucleotide and amiaoid genetic distances between the f\eislandica
sequences for each PCG. ND3 and ND5 genes were the most conserved genes between the
five mitogenomes (maximum of 0.5 and 0.8% of nucleotides difference respectively;
Annex Xl, Tables S1S2). ND4 and NDGvere the least conserved genes (maximum of 2.1

and 1.7% of nucleotides difference respectively). No amino acid differences were found for
ATP6, CYTB, ND3, ND4L and ND5 genesiinex Xl, Tables S354). ND4 gene was the

least conserved gene (maximumtermsof amino acid divergenaaf 3.5%).

Two A. islandicagenetic treesvere performed: (1) Maximum likelihod&igure 4 and (2)
Neighbor joining phylogenyresult not shown)Two clusters were found: one containing
Baltic Sea and Gulf of St Lawrence (lles de Madeleine) individuals and the other

comprising North Sea and Norttlantic (Iceland) individuals.

g1, Arctica_islandica_Baltic
100 L Arctica_islandica_Sanager

Arctica_islandica_MiSeq

\_[ Arctica_islandica_North

95 L Arctica_islandica_lceland

Corbicula_fluminea

—
0.05

Figure 4 Phylogenetic trees of different populationsfo€tica islandicabased on
maximum likelihoodmethod Reconstruction was realized on nucleatidequences
concatenation of 12 PCGs (ATP8 gene was excluded). Nodes nuralrespond to
Maximum likelihoodbootstrap proportiongrctica islandicaSanger and MiSeq represent

Gulf of St Lawrence (lles de la Madeleine) population.
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1.2.5. Discussion

1.25.1. Mitogenomestructure

Mitogenome &es varied between 14 and 23, kibhich isa common range in animals
Mitogenome size is dependent on length of NCR and also on genes duplication events
(Gissi et al. 2008; Xu et al. 2010; Xu et al. 2012).polynymamtDNA hadthelargest size
(23210 bp) due to its NCR size (4567 bp) and its COX2 and tRNAgeneguplications,
wheread\. constrictahad the smallest one (16308 bp) witN@R of 935 bp.

The nine mitogenomes had low GC content-4806), which is a characteristic featuof
bivalves (Xu et al. 2010; Xu et al. 2012). The most frequeddicas UUU (Phenylalanine)
whereasthe least used is CGC (Argininejwo characteristicgreviously reported in
bivalves (DouceBeaupré et al. 2010; Wang et al. 2010; He et al. 2011 codon UUA
(Leucine) is also quite frequemt our study Similar to previous studies, tl&OX1 gene is
the most conserved PCGs in bivalugDNAS (Yu et al. 2008; Wu et al. 2009; Xu et al.
2010). In our study, the ND3 and ND6 genes apfebe the leastanserved genes.

Thirteen PCGs, 2 rRNAs and 22 tRNAs are usually present in bividosse 1999; Blier

et al. 2001; Gissi et al. 2008ome exceptions werhowever present: no 1.6BNA and
tRNA-Cys geneswere found inthe partial genome oA. brasiliang two reading frames
were found foithe CYTB genein A. islandica two COX2genesand five tRNAMet genes
were found inM. polynymaand no ATP&eneand twotRNA-Met genesvere found inM.
arenaria Only one partial mitogenome did not present all mitochondrial genes known. No
16SrRNA and tRNACys were found irA. brasilianapartial mitogenomeA big portion

of this mitogenome is missing and probably contdirese two genesvhich are usually
present in Metazoan (Boore 1999; Blier et al. 20@Li. observation afwo reading frames

of the CYTB ofA. islandicacorroborate previous results fro@lockner et al. (2013) for
the same species. It was also documenteather bivalve such aSrassostrea virginica
(Milbury and Gaffney 2005)Loripes, Meretrix and Ruditapes have also two COX2 genes
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(Xu et al. 2010; Stoger and Schrodl 20%8¢h adM. polynymatRNA genes are the most
variant (duplication or losses) elent in mtDNA (Gissi et al. 2008). We found five tRNA

Met genes irthe mitogenome oM. polynymaand twoin M. arenaria Many bivalves have
several tRNAMet genes in the mitogenomes (e.g. Xu et al. 201For examplePaphia
spp.,Ruditapes philippinarumAcanthocardia tuberculatandHiatella arcticaposses$wo
tRNA-Met genes. The duplication of tRNMet may have been lost early in metazoan
diversification and have been-aequired independently and recently in different bivalve
lineages (Gissi et al. P08 ; Xu et al . 2012; Wu et al . 2014) . Seve
structures deviate from the usual cloverleaf pattern. tRNA loss-afnDand Farm is
frequent and are also present in other bivalves (DeBeatipré et al. 2010; Saunier et al.
2014; Wu et al2014). ATP8 gene is the smallest and the fastest evolving mitochondrial
PCG (Gissi et al. 2008; Stoger and Schrddl 2013). We found ATP8 gene for eight out of
our nine species. Several authors documented the absence of ATP8 gene in bivalves (Wang
et al. 20D; He et al. 2011wherea®Breton et al. (2010) and Stoger and Schrddl (2013) re
annotated mitogenomes of Heterodonta and found this gene in all Heterodonta. ATP8 is
characterized byhigh amino acid variability, heterogeneityin size and a lack of
consenration of MPQL unit at the Nerminus (Breton et al. 2010). These characteristics

can explain why ATP8 gene was not detected in numerous stédiether M. arenaria
mitogenome hagecently been sequesd by Wilson et al.(2015) The same genes
composition was presefwith the absence of ATP8 gene and the presence of two tRNA

Met genek

1.2.5.2. Control region

Mitochondrial genome of most metazoans usually contains a single MNR where signals for
initiating replication and transcription are present. This region is commonly called control
region (Boore 1999; Groenenberg et al. 2012; Yuan et al. 2012a; Yuan et al.a@il2b
references therein). Repeagions and an extrem&T bias in MNR are typical of the
control regim (Gissi et al. 2008; Timmermans et al. 2010; Yuan et al. 2012a). The mtDNA
of the nine Heterodontaave high conteraf MNRs. Stéger and Schrodl (2013) suggested
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that severaimultiple MNR correspond to several control regions. Howeamgne MNRs do

not posess repeategions.For example,S. solidissimantDNA has three MNRs with
proportions o0f71.0, 65.4 and 58.0% in AT respectivelyt only the last two possespeat
regions.The third one has a weaker composition in AT and control region is generally
chaacterized by an extreme AT bias. It is therefore possibldahbdirst and the last MNR

do not possess any control function. A contrafioislandicamtDNA possesses two MNRs
containing repeat regions with 72.3 and 72.8% in AT respectively, and icabésit is
conceivable that this spebies mt god3¢ess two control regions. In the caseCof
flumineaandM. constricta their mtDNAs reveale a single MNR including repeatgions

with 74.9 and 66.3% in AT respectively. This high AT bias eekatregons in MNR for
theseboth species is typical of@ntrol region. @GherspeciesA. brasiliana, M. polynyma,

M. mercenaria, M. arenariand T. mactroidey do not possess repeat regions or have a
weak AT composition in their MNRso it is difficult to corlude on the position dheir
control regios. These regions are usually annotated by lack of coding structure rather than
direct evidence for replicative or transcriptional involvement (Luratl.€t998) The proper
control region position in thaine studied species could not be established with certainty

further analyses are required.

Repeatregions werealso present in coding regionsf five species A. islandica, M.
polynyma, M. arenaria, S. solidissimadT. mactroides For M. polynymarepeat reigns
are associated to five tRNKet. Dreyerand Steiner (2006) found repeagions in ND6
genes ofHiatella arctica and we found repeatgions in ND4 ofSoletellina diphosin
CYTB of Meretrix lamarckij in ND6 of Solen grandisin COX3 ofSolecurtus diaricatus
in ND3 of Nuttallia olivaceaand in 12SRNA of Lucinella divaricata(results not shown).
Repeat regions in coding regions atleen present in some Hetdonta but this

phenomenon isncommon.
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1.2.5.3. Heterodonta gene arrangement and phylogenies

1.2.5.3.1. Gene aangement

Important rearrangement in genome organizatbaracteristic of molluskand bivalves in
particular has repeadlipeen reported (Douc&eaupreé et al. 2010; Wang et al. 2010; He et
al. 2011; Wu et al. 2014). tRNA genes are the most frequezltdgated element in animal
mitogenomes (Gissi et al. 2008). Their secondary structure facilitates translocations
(Cantatore et al. 987). Several gene associationere noticed: CYTB16S; 12SCOXS;
ATP8ND4 and 16SATP6. CYTB16S is also present in Uniomd (Bivalvia,
Palaeoheterodonta) mitogenomes (Serb and Lydeard 2003; ERee@bréet al. 2010).
Serb and Lydear(®003) postulate that this CYTB16S association is a bivalve ancestral
state. Other gene associations 423X3; ATP8ND4 and 16SATP6 were ot found in
other bivalves species (except for 128X3 which was present Bolemya velum(Plazzi

et al. 2013)). These three gene associations seem to be candhgpecificcharacters of

Heterodonta.

Here, in spite of high rearrangemgerthe associatiorof three tRNA (Histidine (H),
Glutamate (E) and Serine (SNas extremely conserved in Veneroida, Tellinoidea and
Panopeaspp.. This tRNA assaation was not present in othdivalves species and
consequentlyit appears to be a characteristicHeterodmta. This tRNA association was

often found following the association of ATHR&4 in mtDNA of Heterodonta.

1.2.5.3.2. Phylogeniesind gene rearrangements

Phylogeny usingmitochondrial PCGssequenceswith a high number of species of
Heterodonta has been previously jshed (Meng et al. 2012; Yuan et al. 2012b; Gléckner

et al. 2013). Furthermore phylogeny based on mitochondrial gene rearrangement has also
been published (Serb and Lydeard 2003). In the present study, we used both approaches to
detail Heterodonta phylogg.

Species belonging to family Veneridae were grouped in the same clade in our trees,
supporting the monophyly of Veneridae (Taylor et al. 2007; Yuan et al. 2012b). They were
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separated in two clusters with one containing Anomalocardia, Mercenaria, ,Paptia
Ruditapes (with Anomalocardia closest relative to Mercenaria) and the other including
Meretrix and Tivela. This disposition confirmed the phylogeny published by Mikkelsen et
al. (2006), based on short fragmeot mtDNA.

Mactridae, Corbiculidae andréticidae were positioned in basal position of Veneridae.
Meng et al. (2012) found the same relationship between Mactridae and Veneridae.
However, their analysis did not consider Arcticidae and Corbiculidae. Phylogenies
publisheal by Giribet and Wheeler (BQ) and Taylor et al. (2007), based on short fragments
of nuclear and mtDNA, placed Arcticidae as a sister group to Veneridae whereas
Corbiculidae was placed at basal position of these two groups and Mactridae was
positioned in basal position of these #higroup. The relationship between Arcticicael
Veneridae was not verdd in our paper. Arcticidae was a sister group of Corbicuiidae

our two phylogenies. To our knowledge, this relationship betw&matica islandicaand
Corbicula flumineas establised for the first time, and is robust [with adbstrap value of

100 in our two phylogenig¢siIn all cases, Arcticidae and Corbiculidae are close to
Mactridae (Giribet and Wheeler 2002; Taylor et al. 2007). Species belonging to family

Mactridae were clusted together, supporting the monophyly of Mactridae.

Mya arenariais usually found in basal position of Veneroidae/Mactridae/Corbiceléted
Arcticidae(Giribet and Wieeler 2002; Taylor et al. 200 Bresent phylogenies confirm this

position even when csidering important gene rearrangemia this species.

Two species belonging to family of Cardiida&¢anthocardia tuberculataand Fulvia

muticg have an extreme gene rearrangement (Imanishi et al. 2013). Only three gene
associations (when excluding tRNAj)e shared by these two species: CYII&S, ATP8

ND4 and ATPEeND2. Taylor et al. (2007) and Glockner et al. (2013) postulated that
Cardiidaearea sistergroup toTellinoidea. This relationship wadswevemot confimed by

our twophylogenies as well ds/ Plazzi et al. (2011) and Yuan et al. (2012b).
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Panopeaspp. were sistegroup of Solenoidea. Thielationship between Hiatellidea and
Solenoideaorroborate resultsom Taylor et al. (2007), Plazzi et al. (2011) and Yuan et al.
(2012b).In these studied{iatella arctica(another species from Hiatellidea family such as
Panopeaspp.) was also considered as sister groufpaénoidea [as seen in Bayesian
phylogeny. In ML phylogeny this relation was not verifiedy. arcticawas foundcloseto
Cardiidae. This relationship betweehl. arctica and Cardioidae has not already been
reported by previous studyd. arctica mitogenomes arrangement hewevercompletely
different from Panopeaspp and Solenoideasuggesting that major rearrangement can

occur betweenlosely related taxon.

Species belonging to superfamily Tellinoidea were clustered together, supporting the
monophyly ofthe group(Taylor et al. 2007; Yuan et al. 2012b). This superfamily shows
strong conservation of mitogenomes annotation among itpsoies. However, families of
Tellinoidea such as Psammobiidae and Tellinidae are confirmed to bearaphyletic
(Yuan et al. 2012b).

In our two phylogenies, Lucinidae was placed in basal position of the tree as previously
reported (Taylor et al. 2007; &zi et al. 2011; Meng et al. 2012; Yuan et al. 2012b;
Glockner et al. 2013). Two species of Lucinidaetipes lacteusandLucinella divaricata

show extremely conserved mitogenomes.

This study consolidates the relationship already known gntteterodontaspecies. Our

two phylogenies showa similar pattern. Major superfamilies such as Veneridae,
Mactroidea, Cardioidae, Solenoidea, Tellinoidea and Lucinidae are confirmed as
monophyleticas in previous studie¢Taylor et al. 2007; Yuan et al. 2012b). The

relationship between Arcticidae and Corbiculidae Wwawevermrevealed.

1.2.54. Intraspecific genetic relationshipsAactica islandica

The two sequencing methodSanger and lllumina MiSeq)sed to obtain the entire
mitochondrial genome dArctica islandicashowed eme differences result (mitogenome

size, gene boundariesThe lllumina MiSeq method seems to be the best sequencing
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method to obtain an entire mitochondrial genofgaicker and mitogenome closer to

previous mitogenome)

Some annotation differences An islandicamitogenomes were found tve2en the present
study andGléckner et al(2013) The majordifferences were the presence of ATgthe 1
or 2 tRNA-Glu and1 or 2 tRNA-Ser. An annotation of a mitochondrial genome could

differ among athors caused by variosscihnic of annotation.

Gulf of St Lawrence (lles de la Madeleine) population grouped with the Baltic Sea
population whereas the North Sea population was genetically closer to the North Atlantic
(Iceland) population. These relationships were not supportetemtlire (Dahlgren et al.
2000; Holmes et al. 2003; Glockner et al. 2013). Dahlgren et al. (2000) and Gléckner et al.
(2013) used CYTB gene or single nucleotide polymorphism from a large part of mtDNA
and different populations. Dahlgren et al. (2000) fouhdt Iceland population was
genetically closer to western North Atlantic population [USA and Nova Scotia (Canada)]
than eastern North Atlantic population (North Sea). Glockner et al. (2013) studied several
individuals and found that Baltic Sea populatwere separated in two haplotypes with one
shared with North Sea population and the other with Iceland population whereas North Sea
and North Atlantic (Iceland) populations did not share any haplotypes. Another study
performed a RAPBPCR on four North Seaopulations and one Nova Scotia (Canada)
population (Holmes et al. 2003). Holmes et al. (2003) showed that these five mrulati
were genetically distinct froraach other.

Baltic Sea and Gulf of St Lawrence (iles de la Madeleine) populations are the most
geographically distant in our study but they are genetidhi#ycloses. Further studies are

requiredto understand the genetic diversity and repartition of this species.

1.2.6. Conclusion

Our phylogenies allowed consolidating the extant relationship knowled¢etefodont

subclass. Using complete mitochondrial genome is a good advantage, allowed to have a
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greater DNA referenceand ensure proper evolutionary inference§he nine newly
described mitogenomes allowedhave a bigger database for phylogenies aniddrease

our knowledge on gene arrangement in heterodonts. For the first time, several ancestral
character states12SCOX3, 16SATP6 and ATP8\ND4-HES, were establishedn
HeterodontaandArctica islandicaandCorbicula flumineawere clearly recognizedush as

isi st erSevgral dHatgratlonta families were not represented in our phylogenies.
Further sequencing effort of mitogenomes is necessary to complete Heterodonta

phylogenies and to verify actual Heterodonta taxonomy.

As mentioned earliefArctica islandicais an important species, which known to be the

longest living complex animal on earthinfolding the evolution of its populations is not an
easy taskand air small database couldbt resolvethe extant relationships between its
populations Futher investigation or\. islandicapopulation genetics is essential to clarify

the genetic repartition of this species.
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CHAPITRE 2.

RECONSTRUCT | OBVOINEION BES TAUX DE SUBSTITUTION
ET DES TRAI| TOSREDE WE BHS GENOMES
MITOCHONDRIAUX DE Bl VALVES EN UTILISANT UN MODELE D E
COVARIANCE PHYLOGENE TIQUE

Aurore Levivier, Nicolas Lartillot, France Dufresne, Pierre Blier

2.1. RESUME EN FRANCAIS DU DEUXIEME ARTICL E

Les bivalves représentenn modeéle intéressant pou@étude du vieillissement en
raison de leur grardvariation de longévité (de-2 ans a plus de 508ns). Aicune étude
n 6aace jour examiné les relationserdre s t r ai t s dl6h®wdloutrieord edesiled £ADN
mitochondrial (ADNmt) chez ce groupe. Nous avonslisgé un modéle d'évolution de
covariance phylogénétique Bayésien sut2 gées mitochondriaux codant pour des
protéines cheZ6 especesle bivalves Tr oi s traits dobéhistoire de vie (Ilo
génération et température maximale |étale) ont été cemedr (1) le taux de substitution
symonyme(dS), (2) le ratio du taux de substitution FEynonyme sur synonyme (dN/dS),
(3) le taux de remplacement conservateur en acide aminé (Ks), et (4) le ratio du taux de
remplacement en acide aminé radical sur conservateur (Kr/Kc). La longévité était

négativement corrélée a la température maximale |étale et au dS mais positivement corrélée

au temps de g®n®ration. Aucune corr ®l ation nda ®t ® t
vie, le Kc et les ratios dN/dS et Kr/Kc. La longévité apparait inflee(@3 0 %) | 6 ®v ol uti on
de | 6 ADNmMt d e se cdla avét [preceédemment obsaiéz les oiseaux, les

mammiféres et les plantes. Nous suggérons que la corrélation négative entre la longévité et

le dS est universelle pour les endothermes et les eawodls (vertébrés et invertébreés).
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Cette étude représente une premiere étape dans la cemgoghdes relations entre les
traits doéhl é®volretdenvde BEOADNMt chez | es i nv.

Ce deuxieme article, intitulReconstruction of substituticates evolution and life
history traits in mitochondrial genomes of bivalves using a phylogenetic covariance model
fut corédigé par meméme ainsi que par les professeurs Nicolas Lartillot, France Dufresne
et Pierre Blier. Il sera prochainement soumia &vueMolecular Biology and Evolution
pour publication. En tant que premier auteur, j'ai réalisé la recherche documentaire sur |'état
de l'art, I'acquisition et le traitement des données et la rédaction de l'article. Le professeur
Nicolas Lartillot, dedieme auteur, m'a appris a me servir du langage BioPerl et des
modéles nécessaires a cette étude, m'a donné un espace virtuel de travail, et il m'a aidé dans
l'interprétation des résultats. Le professeur Pierre Blier, quatrieme auteur, a fourni l'idée
originale. Le professeur France Dufresne, troisieme auteur, ainsi que le professeur Pierre
Blier, ont aidé a la recherche sur I'état de l'art et a la révision de l'article. Une version
abrégée de cet article a été présestius forme d'une affiche scientifiga la pemiere
conférence conjointe desciété canadienngd'écologie et d'évolution, de zoologie et de
limnologie, Genomes to/aux Biomes Montréal (Québec, Canada) au printemps 2014. Les
résultats de cet article oagalemengté présentés sous formene affiche scientifique au
congrés annuel de la société de biologie moléculaire et d'évolution a Vienne (Autriche) a
I'été 2015.

Mots-clés: évolution des traits d'histoire de vie, longévité, génome mitochondrial,
taux de substitution, méthode de Mor@arlo par chaine de Markov, statistique

bayésienne, bivalve.
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2.2. RECONSTRUCTION OF SUBSTITUTION RATES , EVOLUTION AND LIFE -HISTORY
TRAITS IN MITOCHONDRIAL GEN OMES OF BIVALVES USING A PHYL OGENETIC
COVARIANCE MODEL

2.2.1. Abstract

Bivalves represerdninterestinganimd model for aging studies given their wideriaion

in longevity from 1-2 to >500years). Surprisingly, no study $iaxamined thexistence of
relationship betweelif e-history traits andanitochondrial DNA(mtDNA) evolution pattern

We performedhere ananalysis witha Bayesian phylogenetic covariance model of
evolution using 12 mitochomel protein codinggenesfor 76 species. Three |Hkistory

traits (longevity, generation timand maxinum lethal temperature) were tedtagainst (1)
synonymoussubstiution rates (dS), (2) ratios of nonsynonymous over synonymous
substitution rates (dN/dS), (3) conservative amino acid replacement rates (Kc) and (4)
ratios of radical over conservative amino acid replacement rates (Kr/Kc). Longevity was
negatively correleed with maximum lethal temperature and dS but positively correlated
with generation time. No correlation was found between any of the thrdeditey traits,

Kc and the dN/dS or Kr/Kc ratios.ongevity appears to influence-88%) the evolution of
MtDNA of bivalves aspreviously found in birdshammalsand plantsThis study supports

the suspitionthat negativecorreldion between longevity and dS could beiversal for
endotherms and ectotherms (vertebrates and invertebiétesktudy representsfiast step

in the wnderstanding of the relation betwebfe-history traits on mtDNA evolution in

invertebrates.

Keywords: lifehistory evolution, longevity, mitochondrial genome, substitution rates,

Markov chain Monte Carlo, Bayesian statistics, bivalve.
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2.2.2. Introduction

Even if geciesevolution iscomplex the history of species evolutioman partly be
reconstructed studying morphologic and molecular divergences amongspecies.
Molecular approadts arefavored because dheir reliability. DNA is speciesspecific and
evolves quickly over timewingto mutatiors such as substitutieninsertiors and deletions
(Hu et al. 2014)Ecological and environmental factgf@avies et al. 2004and life-history
traits (Bromham et al. 1996influence DNA mutations makingach individualspecies

unique.

Longevityis an important trait in evolutionary studi@abtolz et al. 2008; Galtieet al.
200%; Lartillot and Poujol 2011; Lartillot and Delsuc 2012; Lartillot 2Q113)ngevityis
negatively correlated with nuclear DNA and mitochondrial DM#DNA) mutationrates

in mammals and birds. This relatginp is supportd by natural selection and
mitochondrial theory of agingHarman 1956; Nabhp et al. 2008; Galtieet al. 2009).
Harman (1956 introduced the mitochondrial theory of aging, which states that reactive
oxygen speciesROS generatd throughout the life span of an organismecount for
progressive degradation of cells by otida of proteins, DNA and otheasonstituents of
cells and causesenescenceThe mitochondrial oxidative stregheory postulaes that
oxidative damage causdyy ROSshould belower for longlived specieghan for shor
lived oneqHulbert et al. 2007; Pamplona aBdrja 2011 Munro andBlier 2012;Munro et

al. 2013)sinceprogressiveaccumulation of DNA mutation causég ROS is involved in
aging mechanisnm{Harman 1956; Barja 2004)lo date, no one has examined if this
relationship also holds for invertebeatectotherms

Bivalvesare a goodanodelto studylongevitybecaus€l) theyhave & exceptionatange of
life span(Guo 2009; Butler et al. 20L,22) measuringheir ageis easy(Richardson 2001)
and, (3) theyhave aworldwide distribution from the poles to the tropi¢s.g. Philipp et al.
200%; SilvaCavalcanti and Costa 2011Recently,a 507 year old bivalveArctica

islandicahas beeriound inlceland making ithe longestived noncolonial animalButler
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et al. 2012) Few othebivalvescanlive more than 150 yeardargaritifera margaritifera
[210 years(Ziuganov et al. 2000and Panopea abruptf§l63 years(Bureau et al. 2002)

In contrast, some bivalve species live oahe ortwo years such a&rgopecten irradians
and Musculista senhousiéGuo 2009; Mistri 2002)Bivalves havehena wider range of
lifespan than mammslbr birds which arecurrently used in longevity modefshnaximum
recorded longevity inferioto 250 years(Tacutu et al. 2013) Moreover,age at sexal
maturity ispositively correlated with their longevitgAbele andPhilipp 2013; Ridgway et
al. 20118). For exampleMargaritifera margaritiferawhich canlive over210 years reads
sexual maturity at 20 yeafBauer 1987WwhereadMusallista senhousighatlives only two
years reaobs sexual matuty before one yearold (Mistri 2002) The age of bivalheis
measured from their sh€Richardson 2001)Each year a growth rirdevelopsn theinner
face of their shell. Couimg the numbr of rings allows determininghe age of an
individual. Bivalves with bngest lifespan livgenerallyin cold waters whereakose with
shortest longevity live inhe tropics (Cardoso and Veloso 2003; Philipp et al. 200%s
ectothermsbivalvesare therm-dependent other environment. Irthe currentcontext of
global warming ectotherms are the firkting organisms impacted. Sevesdlidies showed
that an increasef the environmental temperature causes a rise in production of ROS
inducing oxidative stresand aging(Samain 2011)Understanding the relation between
ROS metabolis, mitochondrial DNA integrit and aging process will helpredicting

impact of climate changes.

To correlatemolecular and phenotypic charactdrartillot and Poujol(2011) introduceda
Bayesian phylogenetic reconstruction and Markov chain Monte Carlo (MCMC) estimation
method. Thismethod jointly estimates divergence times, substitution rates;hlgeory

traits and the correlation between thébartillot and Poujol 2014) Several substitution
parameters are commonly measurde synonymous substitution rate (d$he ratio of
nonsynonymous over synonymous substitution rates (dN/dShhandtio of radical over
conservative amino acid replacement rgtgKc) (Nabholz et al. 2013)This model has
already ben applied tanammal and bird datfNabholz et al. 2013; Laltibt and Delsuc
2012; Lartillot andPoujol 2011; Lartillot 2013; Nabholz et al. 201The main results



50

showed dS negatively correlated with longewthddN/dS and Kr/Kc positively correlated
with longevity both in nuclear and mitochondrial DNA This nodel has not yet been
applied on bivalves Considering the importance of mtDN#codedpeptides in the
management of ROS production as well as their thesewaditivity (Blier et al. 2014)we
could suspect thatignature of elongated lifesp@n any associatedfé history trait could

be detead inbivalve mitochondrial genonse

We present here the firstudy, whichattemps to qualify and quantify theelation between
longevity or variouslife-histoty traitsandthe evolution of mitochondrial DNA in bivalves.
A Bayesian framewdrand MCMC estimation ethod wagperformedon 12 mitochondrial
protein codinggenes (PCGs) for 76 bivalveSeveral substitution parametevgere
measureddS, dN/dSKc andKr/Kc. Three lifehistory traitsweretested:(1) themaximum
lifespan recordedconsideredas a proxy forlongevity, (2) the age of female at sexual
maturity taken as a proxy for generation tjraad (3) the maximum lethal temperature
measured in laboratorgonsideredas a proxy for maximum lethal temperature in
environment. Wéhypothesizd thatlongevity would bepositively correlatedo generation
time and dN/dS andegatively correlatetb maximumlethal temperaturand dS(Nablolz
et al. 2008; Lartillot anéoujol 2011)

2.2.3. Results

2.2.3.1. Relationship between the three {Hestory traits

A Bayesian inference and MCMC algorithm was performed on thredisfery traits:
longevity, generation timena maximum lethal temperature f@6 kbvalve species using
the model ofLartillot and Poujol(2011). Considering only liféhistory trais, longevity was
highly positively correlated with generation time (posterior probaby1) and strongly
negatively correlated with maximum lethal temperatypp=0.01; Table Y. When the
analysis was restricted to a single parameter, significaneeéetiongevity and gemation

time (i.e. controlled fomaximum lethal temperature) and between longevity and maximum

lethal temperature (i.e. controlled fogeneration time) remainedpgl and 0.07
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respectively, results not shown). The square of the letioe coefficient between two
components?;, wasmeasured to explain how much of the total variation of | is explained
by k and vice verséL artillot andPoujol 2011) The longevity in bivalve was explasd at

68% by the generation tinendat 226 by the maximuniethal temperatute

The relationship between generation time and maximum lethal temperature was more
complex.A weak marginal correlationgp=0.05) was foundbut this correlation was not
supported when evolutionary signal was lower [i.e. in partial correlappr0(46) and

when the longevity is controlled (results not showps0.65); Table V. The correlation
between generation time and rnmaym lethal temperature seerigereforeto be indirect

and caused by strong correlatiorboththesetraits with longevity.

Table7. Covariance analysis between dS, dN/dS anéhlgeory traitsin 76 bivalve species

Marginal . . Maximum lethal
correlations: dN/dS Longevity (years) Maturity (years) temperature (°C)
ds n.a. -0.30 (0.04)* 0.09 (0.69) 0.31(0.92)
dN/dSs - n.a. n.a. n.a.
Longevity - - 0.80 (1)** -0.47 (0.01)**
Maturity - - - -0.33 (0.05)
Partial . : Maximum lethal
correlations? dN/dS Longevity (years) Maturity (years) temperature (°C)
ds n.a. -0.57 (<0.01)** 0.58 (1)** 0.18 (0.78)
dN/dS - n.a. n.a. n.a.
Longevity - - 0.85 (1)** -0.19 (0.23)
Maturity - - - -0.03 (0.46)

Correlation coefficients corresponding to margicairelations between each pair of variables.
“Correlation coefficients corresponding to partial correlations.

*PP>0.95 or <0.05

*PP>0.975 or <0.025
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Table8. Covariance between Kc, Kr/Kc and Hfgstory traitsin 76 bivalve speaes

2/'0?:2:22:)”51 Kr/Kc Longevity (years)  Maturity (years) tl\eflri)sgnr:'mrleezt(ng)
Kc 0.05 (0.59) -0.28 (0.07) -0.05 (0.42) 0.39 (0.94)
Kr/Kc 0.17 (0.66) 0.28 (0.76) 0.23 (0.73)
cP:rrrt(Ie?;tionsz Kr/Kc Longevity (years)  Maturity (y ears) t'\élr?q)sggtmurft(rlzg)
Kc -0.11 (0.39) -0.28 (0.14) 0.3 (0.86) 0.27 (0.82)
Kr/Kc 0.06 (0.58) 0.30 (0.80) 0.45 (0.88)

ICorrelation coefficients corresponding to the marginal correlations between each pair of variables.
“Correlation coeffiients corresponding to the partial correlations.

*PP>0.95 or <0.05

*PP>0.975 or <0.025

2.2.3.2. dS and lifehistory traits

The synonymous substitution rate was positively correlated with longepty) (04; Table

7). No correlation was found betwetre synonymas substitution rate and generatibme

or maximum lethal temperature in marginal correlagiomhe correlation betweethe
substitution rate and longevity increased in partial correlatjoe. when the generation
time and maximum lethal temperature wepntrolledpp=<0.01). Therefore in bivalves, 9
to 30% of species longdyi differences (marginal and partial correlations result
respectively)are associated witlkynonymoussubstitution rates in their mitochondrial
genoma. The synonymoussubstitutionrate was higher in Heterodonta and Pteriomorphia

than in Palaeoheterodonta (Figdje

2.2.3.3. dN/dS, Kr/Kc and lifehistory traits

The ratio of nonsynonymous over synonymous substitution rates (dN/dS) analysis indicated
no relatiorship with the life-history trais studied herglikely due to the high saturation of
mitochondrial DNA substitution among spexiel'he ratio of a radical oveonservative
amino acid replacement rat€Kr/Kc) has thus beeunsed as an alternative to the dN/dS
ratio (Nabholz et al. 2013)This ratio is based on amino acids, which are less sadiia

terms of substitution rates, than nucleotides (used for dN and dS). In this case, the model
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was informative but neignificant correlation was present between Kr/Kc and the three
life-history traits pp<0.80; Table ® Higher values of Kr/Kc were ofind in
Palaeoheterodonta species than in Anomalodesmata, Heterodonta and Pteriomorphia
(Figure 6). As for the dS, two groups of bivalves emergPdJaeoheterodonta, which
evolved slowly,and Anomalodesmata, Heterodonta and Pteriomagrptiech evolved

fager. The conservative amino acid replacement rate (Kc) was also considered. The
correlations between Kc and the three-hfstory traits were weak and naignificant
(pp<0.950r <0.05, Table B

2.2.4. Discussion

We report here, for the first time, a strong atdge correlation between longevity and
substitution rates (i.e. there is a greater accumulation of mutation inligbdrthan in
long-lived bivalves) as well as a negative correlation between longevity and maximum

lethal temperature aralpositive relabnship between longevity and generation time.

2.2.4.1. Correlation between the three Hféstory traits

Species displaying low maximum lethal temperature (sudretica islandica Laternula
elliptica), generally inhabit polar or subpolar regiofitbaard and Bergman 2003;
Rodrigues et al. 20075 pecies living in polar habitatsight possessome characteristics
helping them to live longer [e.g., low metabolic rates, absence of reproductive senescence,
selfinduction of metabolic reductioflTaylor 1976; Abele et al. 2009; Bodnar 20@d
reference therepp. The correlation between longevity and temperature obtained in this
study validates the hypotheses that kimgd species live princadly in polar region.
Surprisingly, temperature has however a weak influence on longevitymmum letral
temperature explainenly 226 of longeviy divergences Even if temperature has a
significanteffect on ROS production and metabolic rgt@amain 2011; Blier et al. 2014)

it is not the main factorrd/ing longevity in bivalves. To our knowledge, thssthe first

study, whichquantifies the effect of teperatue on longevity in ectothermic invertebrates
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Figure5. Posterior mean reconstruction of the evolution of dS ghwytpgeny of mtDNA
in bivalves The colors yellow and red correspond to low and high dS respectively.
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Figure 6 Postemr mean reconstruction of the evolution of Kr/Kc al@iylogeny of
MtDNA in bivalves The colors yellow and red correspond to low and high Kr/Kc

respectively.
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Longevity is generally associated with generation time in mammals, birds and bivalves
(Lartillot andPaujol 2011;Ridgway et al2011a; Abele andPhilipp 2013) A species with

late maturation will have a longer lifespan than a species with early maturation. Our result
confirm the positive relationship between longevity and generation time previously found
by Haag and Rypd?01]) and Ridgway et al(2011a) in bivalves.The generation time ka
howevera stronger influence on Igevity (68%)in our studythan in their studies (around

40%). These results suggetitat developmerdand aging are strongly related in bivalves.

2.2.4.2. Correlation between longevitgnaximumlethal tenperature and d&nd
dN/dS

As mentioned earlier,ubstitution ates andhe ratio of nonsynonymous over synonyrao
substitution rates anenportant measusgn molecularevolutionary studiegLaroche et al.
1997; Nabholz et al. 200&altier et al. 2009; Thomas et al. 2010; Lartillot and Poujol
2011; Lartillot and Delsuc 2012; Lartillot 2013; Nabholz et al. 20Q3)r results indicate a
strong negative correlation between longevity and substitution rates (i.e. there is a greater
accumulation of mutation in shdived than in longived species). Indeed, Igevity
explains 9 to 30% of dS in bivalves. This negative relationship was also identified in
mammals, birds and plan(sarocheet al. 1997; Laroche and Bousquet 1999; Andreasen
and Baldwin 2001; Nabto et al. 2008; Galtieet al. 2009; Lartillot and Poujol 2011,
Lartillot and Delsuc 2012; Lartillot 2013)This correlationthus seemsgeneral for
endotherms and ectotherniaturd selection tends to decrease mutation rate in-lvegl
species in agreement withmitochondrial theory of aging (Harman 1956; Nabhplet al.
2008; Galtieret al. 2009). This also suggests that a highestive constraint acting on the

MtDNA of long-lived species.

This is one ofthe first studiedooking atthe influence of temperature on mitoaidrial
DNA evolution in both ectotherms and invertebratesrprisingly, no rel@gonship between
dS and maximum lethal temperature was fqQuprdbably caused by saturation of mtDNA
Despite theithermaldependeceto ther environment, dS of bivalves do not seem directly

affected by temperature. Studies on Archaea, protozoan, ibkaggs, fish, amphibians,
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reptiles, birds, mammals drplants revead that temperature explain a significant part of
DNA mutatiors and substitution ratg®\llen et al.2006; Gillooly et al. 2005; &abrook et

al. 2007; Groussin an@ouy 2011; Davies et al. 2004; Wright et al. 20@3iJlooly et al.
(2005 found that mibchondrial DNA evolutionrate is higher for warmebodied
endotherms than for ectothaomanimals of similar sizesuggeshg that mitochondrial
DNA evolution of ectotherms is influenced by temperaturbis also suggests that
considering the strong impaef temperature on metabolic rate in ectotherms and bivalves
(Munro andBlier 2014; Munro et al. 2015; Samain 20Ihgtabolic rateper secould
hardly explain significant part of dS divergences among bivalves.

As for mammals, no correlation between generation time and dS was found in mtDNA of
bivalves(Lartillot and Poujol 2011) However,Thomas et al(2010 established a negative
relationship between generation time and dS in 143 species of invertebratedin(ghelu

few bivalves). To avoid the saturation of mtDNFjomas et al(2010 removed the effect

of transition substitution from the estimate of substitution rates (which are likely to reach
saturation quickly) and conserved only the effectrahsversioa This allowed them to
establish the relationship between gatien time and dSThis suggests that the correlation
between gerration time and dS is complex mtDNA. The lack ofcorrelation in the
present study could bexplained by high Mel of saturation related to long evolutionary
history of studied species (the node of our phylogenetic trees being over 506tdhy.di

ThedN/dS ratio was usually positively correlated with longevity in mamitiadillot and

Poujol 2011) Our model cannot validate the analysis of dNifiSany studied lifenistory

traits probably because of a hightseationof mtDNA in bivalves.Bivalves have digrged

up to 530 millions of years ago, the Cambrian periodPlazzi and Passamonti 2Q1dhd
reference there)n Accumulaton of mutations amongpecies ovetime likely caused the
saturation of mtDNA and the underestimation of substitutions parameters. The very high
saturation of mtDNA prevented thaetection ofmolecular evolutionary signald.artillot
andPoujol 2011; Nabholz et al. 2013; Galewski et al. 2006; Springer et al..2001)
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2.2.4.2.1. Correlation between longevity, maximum lethal temperature and Kc and
Kr/Kc
Because of the gh saturation of mtDNA, Kr/Kc might bmore informative to evaluate the
fixation rate of either slightly deleterious or adaptive mutations in mtN&bholz et al.
2013; Hanada et al. 2007; Popadin et al. 2007; Smith 2003;gZP@00) Indeed, the
substitution of amino acid amomgtDNAs is less saturated than thecleotidesubstitution
Kr/Kc is correlatel to the dN/dS ratidZhang 2000)1t hasa more reliable tationship with
life-history traits than dN/d8\Nabholz etal. 2013) However our model did not detect any
correlation between Kr/Kc and the three difstory traits. A recent study on mammals
found a positive relationship between Kr/Kc and longe{itgbholz et al. 2013)Bivalves
have diverged longtime before mammsaésmaybe more mutations amdnigalve species
were accumulated rendirige evolutionary signal hardijetectablgPlazzi andPassamonti
2010) Analyse ofKc alone is seldom reported in thiéefature One study reported a
negative relationship beten Kc and longevityn mammals and bird¢Galtier et al.
200%), contrary to our studwhere no correlation with lif@istory traits could & foundin
bivalves Substitutions in amino acid (such as Kr/Kc or Ka)e suspected tbave a
stronger relationship with lifaistory traits than substitutisnn codon (such as dN/dS or
dS) (Nabholz et al. 2013)If the substitutio in codon has a stronger influence life-
history traits than the substituti@m amino acid, this suggests an importsei:ctionon the

rate of DNA replication.

2.2.4.3. Reconstruction phylogenic of substitution parameters evolution

Numerous studies have attempted to reconstruct the phylogeny of bivalves using mtDNA
andor nuclear DNA to @termine the relationship between the different subclagsgs

Cope 198; Adamkewicz et al. 1997; Giribet an&heeler 2002;Dreyer et al. 2003
DoucetBeaupré et al. 201®lazzi et al. 201)1 Bivalves comprise five subclassés.all
studies, the Protobranchia is considered as the most primitive group and it is plagad in ba
positions. The placeof the other four subclasses aret well resolvedyet In our study,
Pteriomorphia is placed ass®r subclass of Heterodonta aAdiomalodesmata and
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Palaeoheterodonta is located in the same cluster but in basal position telgtigeedent
subclasses (Figurds 6). Our reconstructionf the evolution of dS (Figre 5) and Kr/Kc
(Figure § confirm these phylogenies. With these reconstructions two groups emerge, the
Paleoheterodontawhich evolves slowly and the Anomalodesmategtdtodonta and
Pteriomorphia, whiclevolve fasterPalaeoheterodonta seems to have diverged a long time

ago comparing to others subclasses and accumulated the mutation slowly.

Palaeoheterodonta is characterized by freshwater species whereas Anomalodesmata,
Heterodonta and Pteriomorphia are represented principally by marine {peidetkewicz

et al. 1997) Freshwater and marine espes are supposed to have two effective population
sizes different with marine species, whichave a higher effective population siz&éhe
substitution rate is known to be influexdcby effective population sizéLanfear et al.

2014) Our result,slower evolution in the subclafalaeoheterodontaould be caused by

their smaller effedte population size.

Another potential explanation of thisstdt is the relationship amorige substitution rates,
mitochondrial genome structure and genome rearrangement. Indeed, Palaeoheterodonta
species possess their genestao strands of mitochondgii genome and have a gene order
conserved whereas the others subclasses (Anomalodesmata, Heterodonta and
Pteriomorphia) possess all genes on one strand with a lot of rearrangéBmnettdn et al.

2006; DowetBeaupré et al. 2010; Smith ar®hyder 2007 Levivier et al, in prep
According toXu et al.(2006) the substitubn rate could increase as a result of the increase

in the genome rearrangement rate, but the causalitigl also go in the opposite direction,

i.e., where the genome rearrangmenet rate increases as a result of the increase in mutation
rate. The former hpothesis is associated wittihhe potential disequilibrium in base
composition due to aigplacement of a gene to another place of the mtDNA, i.e., if a gene
moves to a new location on the mtDNte base frequencies within this gene can be out of
equilibrium with the mutational processes typical for its new position, and this will lead to

a rapid burst of substitutions until equilibrium in the base frequencies is regthed al.

2006) The alternative hypothesis, i.e., where the genome rearrangement rate increases as a
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result of the increase in substitution rate, might oddine increase in substitution rdead

to an increase in the rate of recombination eventscteating repeatésimilarities
sequences that are prone to recontimna(Xu et al. 2006) The high rate of molecular
evolutionfound in the present study and the higlte of genome rearrangements known
(Gissi et al. 2008)for Anomalodesmata, Heterodonta and Pteriomorphia subclasses
reinforce this potenti al scenar i ogenesomgges
one strand phenotypeo, high rat e o f mo |

rearrangements in bivalve mitochondrial genomes.

2.2.5. Conclusion and perspectives

We perforned the first analysis of evolutionary signalsmiitochondrial DNApotentially
linked to life-history traits in bivalvesOur results are the first to clearly establizh
negative relationship between substitution sated longevity ina group ofinvertebrates.
The relation that exists between longevity and generation time or temperature does not
influence this relationship. This suggests a direct link between the atiotulof the
mutation rate in mtDNA and longevity in bivalveSuch orrelation has already been
establishedn mammals, birds and plantisaroche et al. 1997; Laroche and Bousquet 1999;
Andreasen and Baldwin 2001; Nabholz et28108; Galtieet al. 2009; Lartillot and Poujol
2011; Lartillot and Delsuc 2012; Lartillot 2013Ve thereforesuggestthat the negative
correlation betwen longevity and dS generalfor endotherms and ectotherms (vertebrates
and invertebrates). Even ibrdirect correlation between longevity aid/dS, Kc or Kr/Kc

was found, oumodelalsoconfirms that longevity iaffected by temperature

Bivalve phylogenies are complex. Baseah reconstruction of dS (Figu® and Kr/Kc
(Figure6), our results suggeswo groups:(1l) Paleoheterodonta which evolves slowly and

(2) Anomalodesmata, Heterodonta and Pteriomorphia which evolve faster.
Paleoheterodonta sulbsks possess different characteristics comparing to others bivalve
subclasses (freshwater species, effective population size, low gene rearrangement rate,

genes in two strandsyhich could explain this result.

ting

ecul
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The same study was run on each mtDNA gempausgely but no result could be obtained
probably because of a high saturatiemel in mtDNA substitutions(results not shown)
Additional studieson marine bivalve species onlyould solve this problem and help to
verify our resultsof substitution rags. However, sequencing of mitochondrial genomes of

new species will be necessary to insure a high enough resolution.

2.2.6. Materials and Methods

2.2.6.1. Data set

Complete femalenitochondrial genonsewere downloaded from GenBan{Benson et al.
2013)or sequenced by the authdgns=11 speciesin November 2014or 76 bivalvespecies
(Annex Xll). The protobranchsSolemya velurandNuculanucleuswere used as outgroup

for phylogenetic analyse3hreelife-history traits were tested: (1) the maximum recorded
lifespan taken as a proxy for longevity, (2) the age of female at sexual maturity taken as a
proxy for geneation time, and (3) the maximum lethal temperature measured in laboratory
taken as a proxy for maximum lethal temperature in environrifénén it was possible,
life-history traits data were obtained frotime literature @87 datas were found for both
longevty and generation time and 24 were found for maximum lethal temperAturex

XII); otherwise the moddpresented in section 2.2.6 &3timated the values of the missing

life-history traits

2.2.6.2. Model

We used a probabilistic model to estimate divergencestisugbstitution rates, lifhistory
traits and the correlation between them.

A concateation of 12 protein coding gene sequen@SG) (ATP8 was excludedirom
the 76 bivalve mtDNAsvas realizedThe 12 PCGsequences welfgst aligned separately
[MUSCLE software v.3.8.31 (Edgar 2004, and the poorly aligned positions were
stringently removed [Gblocks v.0,9XBastresana 2000)After concatenatinghe PCGs,

1645 amino acid were left for phylogeiteanalyses. A Bayesian inferencsing MCMC
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algorithm phylogenetic tree following CAGTR model was constructed [PhyloBayes 3.3f
(Lartillot et al. 2009). CAT-GTR model is a Dirichlet process mixture of profiles of
equilibrium frequencies combinegiith general exchange ratese( an infinite mixture of
matrices sharing the same set of exchange rates, and differing only by their equilibrium
frequencies)Lartillot et al. 2009) Two independent runs were initiated at a same time.
Program BPCOMP foPhyloBayes compared the frequency of the bipartitions obtained in
the two independent chains (maximal differermoaexdifk0.1). The phylogeny, litdistory

traits matrix and a concatenation of sequence alignment of codon dataset with a total of
6276 nuockotides were inserted in Coevol 1.4b mo(lartillot and Poujol 2011) This

model consists of a Bayesian inference program using MCMC method. mberysyous
subditution rate(dS) and the ratio of honsynonymous over synonymous substitution rates
(dN/dS) were estimated. Then, in replacement of codon dataset, an amino acid dataset for
each species was aligned and concatenated to medsureomnservativeamino acid
replacement rate (Kc) and the ratio of radical over conservative amino acid replacement
rates (Kr/Kc)(Nabholz et al. 2013)In this study, we used the Kr/Kc model where the
substitution is considered as radical when amino acids change polarity and volume. Two
independent runs were performed for eadalysis on Coevol 1.4b mod&onvergence

and mixing were assessed by measuring several key statistics (log likelihood, mean
substitution rate over the tree, mean omega over the tree, entries of the covariance matrix,
root age, etc.), the effective sampdize, and the discrepancy between the credibility
intervals obtained from the two independent runs [TRACECOMP program of Coevol
(Lartillot et al. 2009; Lartillot andPoujol 201)]. For all these statistics, an effective sample

size superior to 500 and a credibility interval inferior to 0.1 was accepted. Covariances
matrix, ancestral reconstructions and divergence times were obtained [READCOEVOL
program of Coevo(Lartillot and Poujol 2011). We were able to control one or few traits

of the model to clarify the result8.LaTeX program allowed us to draw phylogenies.



CONCLUSION GENERALE

Le vieillissement cellulaire est une thématique importante en évolution. Comparer le
mode doé®volution g®n®ti que deslecoustpduréeede | ong®vi ves
vie peut aider adentifier les processus cellulaires clés implguans le vieillissement.
Dans le contexte actuel des changements climatiques, notre intérét concernant les
m®cani smes de vieillissement chez |l es bival ves est
métabolisme de ces organismes est directement affects teanpéature de leur milieu et
que le métabolisme mitochondrial est suspecté étre un déterminant important de la

longévité.
Cartographie des génomes mitochondriaux et reconstructions phylogénétiques

Le séquencage et la cartographie de nouveaux génomes mitoahrnsiont des
®t apes indispensables pour comprendre | e mode doé®vo
Onze nouveaux génomes mitochondriaux de neuf especes de |xlassas des
Heterodonta Anomalocardia brasiliana, Arctica islandica, Corbicula fluminea, Maeo
constricta, Mactromeris polynyma, Mercenaria mercenaria, Mya arenaria, Spisula
solidissima et Tivela mactroides et de deux espéces de la solasse des
PalaeoheterodontaENiptio sp. et Margaritifera margaritifera; Annexe Xlll) ont été
séquences atartographiés pendant ce projetsiggénoms mitochondriaux de neuf de ces
especes ne sordctuellement pas conswi publiés La technique de séquencade

nouvelle g®&n®r ation I Il umina Mi Seq a ®t ® utilis®e. C
pus@er f ormante afin dobéobtenir |l e g®nome mitochondri al
majorit® des cas, ell e permet dbéobtenir | e g®nome mi

n®cessiter une ®t ape dapresnegpdéquéncagea iHuit gémomesu pp | ®ment ai r e
mitochondriaux completsAfctica islandica, Corbicula flumingaElliptio sp, Macoma

constricta, Mactromeris polynyma&Jargaritifera margaritiferg Mya arenaria et Spisula
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solidissima et tois génomes mitochondriaux partieiAnomalocardia brasiliana,
Mercenaria mercenariaet Tivela mactroides ont été documentésen utilisant cette

méthode.

La composition des génomes mitochondriaux est connue pour étre variable chez les
bival ves. La cartographie des g®nomes mitoch
correspond a celle retrouvée généralement chez les animaux (Article 1) avec 13 génes
codant pour les protéines, 2 génes ribonucléiques ribosomiques et 22 génes ribonucléiques
de transfert. Les quelques particularités observamsntla duplication du gen€0X2
(Mactromeris polynyma , | 6addi t i o4Met Mactragneris @aynymaR Mya
arenaria) , | 6 abs enc eMyaarenagig et ka coAfiguPalion lu géne CYTB en
deux cadres de lecturArgtica islandicg sont des caractéristiques fréquemmetmbueées
dans| 6 ADNmt des bival ves. Ces nouveanot g®n o me
seulementde connaitre de maniére plus approfondie la génomique mitochondriale de
chaque esp ce mais ®gal ement déoavoir une pl us
afin de comparer plus efficacement les espécées d 6 ®t abl i r des rel ati on

plus précises

Des régions répétées ont été retrouvées au niveau des parties codantes des génomes
mitochondriaux des Heterodonta. Elles sont généralement présentdesdedgions non
codantes des génomes mitochondriaux. Leur présence dans les parties codantes est
rarement observée. Elles sont certaines fois dues a des duplications ou a des multiplications

du méme géne (exempléiactromeris polynymae t d 6 a uelles sost préserites au

mi |l i eu doéun g ne <codant s Bivela macteoides €CCatte appar e nt
particularit® est pour | dédinstant peu ®tudi e.
doidenti fier | a f onct i péteesdadns lesipariep codantesrde e de s

génome mitochondrial chez les animaux.

L6ordre des g nes mitochondriaux sur | 6ADNDNR
bivalves. Néanmoins, nous avons été capables de mettre en évidence des états de caractéres

ancestaux pour la souslasse des Heterodonta. Les associatiorssgéaes 128°0X3,



ATP8ND4-HES et 16SATP6 sont caractéristiques des Heterodonta. Nous présentons ici,
| a premi r e ®t ude capabl e doéidenti fier des ®t at s (
Heterodors.

Les reconstructions phylogénétiques des Heterodonta a partir géeoms
mitochondriaix comples sont rares. Nous présentons ici la quatrieme étude reconstruisant
| 6®vol uti on des Heterodonta ° partir de |l eur g®nor
| 6aveand@apporter h uArdicaislandicagtdntldéjssprésentipns ane s (
des étudeprécédentgs Certains liens de parenté ont été confirmés tels que les relations de
parent® entre | es diff®rents gedapaecstéentteez | es Veneri d;
les Cardiidae et les Tellinoidae, la Amnophylie des familles des Tellinoidea et la
position des Mactroidea et des Lucinidae sur | 6ar br
telles que la relation entrArctica islandicaet Corbicula fuminea la potentielle non
monophylie des Hiatellidae. Les reconstructions phylogénétiques ont également permis de
confirmer la monophylie des principaléamilles etsuper fami |l |l es doHeterodonta ;
Veneridae, des Mactroideales Cardioidaedes Solenalea, des Tellinoidea et des
Lucinidae. Le séquencage et la cartographie de génomes mitochondriaux de nouvelles
esp ces sont attendus afin de confirmer | es ®tats de

phylogénies existantes et ainsi de consolider lan@xie des Heterodonta.
Arctica islandica

Arctica islandicae s t une esp ce i mportante pour | 6®tude du
car el l e est [|Fcolanisle quicpessedenla phus grande mongévité maximale
connue (507 ans,Butler et al, 2012. Notre étule a p e r é@dblg lesd @lations
phylogénétiques entre les populatiales cette espece. Cing génomes mitochondriaux de
guatre poA islaraita®d ms edd notre disposition. € |1 6heur
études décrivent la répartition gdigque des difféerentes populations de cette espéece
(Dahlgren et al. 2000; Holmes et al. 2003; Gléckner et al. 2013; et la nbtre). Aucune

distribution génétique claire des populatiahé. islandican 6 a cependant pu °tre ®tabl |
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Des études additionnellesrg nécessaires pour comprendre la diversité et la répartition

génétigue des populatiods!l 6 e sApctica islandica
Le mode do®volution

Le deuxiéme chapitre de ce mémoire présente la premiére étude réaligémede
dé®vol ution de I|ldgs AiaNes aniliencaceb le widllisseraent cellulaire.
Les onze nouveaux génomes mitochondriaux séquencés et cartographiés pendant cette
ma“  trise ont permis doapporter des esp ces d
vieillissement cellulaire telke queArctica islandicaet Margaritifera margaritifera qui
possedent respectivement une longévité de 507 et 210 esmglilergences dengévie
dans cette étude, sont expkgs a 68% de maniéere positive par la vitesse de
développement, a 22 de manierenégative par la températuree taux de substitution
synonyme(dS) est expliqué en partie (entre 9 et 30%) par la longél@s.relations qui
exi stent entre | a |l ong®vit® et l a vitesse de
influencé la relation obseée entre la longévité et le d%es relations entre le
vieillissement et le développement, et le vieillissement et la température sont bien connues.
Ell es ont fait | 6obj et de nombreuses ®tudes.
quantifier la relationentre le vieilissement et la température chez les bivalves. La
démonstration de leelation entre le vieillissement et le taux désiiution synonyme est
elle aussitout a fit nouvelle chez leimvertébrédbb i en qubdel |l e ait ®t ® pr ®c
chezl es o0i seaux, |l es mammif res et |l es plantes.
vie subit donc une contrainte sélective importante aussi bien chez les vertébrés que chez les
invertébrés. Cette relation négative entre la longévité et le taux de didstitnonyme de
| 6 ADNmt appara’t °tre commune Cacuvalideenotteot her me s
hypoth se propos®e dans | 6introduction g®n®r .

associées a la longéviéraienprés ent es dans | 6 ADNmt des esp ces

Nousprésentons la premiere étugei impliqueles rapports de substitutions (dN/dS
et Kr/Kc) et la longévitéchez des ectothermedlous ndavons toutefois
démontrer quelques relations que ce soit entre ces rapports de substitution ebiéélong



Nous supposons que les nombreuses mutations qui se sont accudane® ADNmt des

esp ces, d e p ueb BivalviesGlaypapemviront5i3®dn md | | i ons déann®es, sont
responsablesdea saturation de | 6 ADNmMt Leeapécdsmomc de | 6absence
évolué a différentes vitességlles que le montrait les reconstructions phylogénétiques du

dS et du Kr/K¢. Les Pteriomorphia, les Heterodanet les Anomalodesmata semblent

avoir évolués plus rapidementque les PalaeoheterodontaJne autre eplication est

également possiblé.es Palaeoheterodonf@ssedentles caractéristiqugzarticulieres en
comparaison desutres sous classei | s s ont compos®s par des esp ces
impliquant une plus petite taille effective de populati@urs gées sont répartisur les

deux bri ns deuxcloatmBiNendun @dre de génes trés conservés. De

précédentes études ont montrés que les taux de substitutions sont influencés par la taille

effective des populations et par le taux de réarrangetesngenes.

Les autres traits dohistoire de vie ®tudi ®s (ten
maxi male | ® ale) noéinfluencent pas, ~ premi re vue, |
serai-t I nt ®r essant do®tudi er ®pialves srelien l e mode do®vc
avec le taux de croissance, la disponibilité en nourriture, la prédation et le taux

métabolique.

Notre ®tude sur | e mode doé®volution des bivalves
| 6 ADNmMt ®l ev® et des vi ¢énteslesessuslagds@s® il setatilt i ons di f f ®r en
intéressant de recommencer calle en ®tudi ant uni quement l e mode do®
seuesous | asse afin de | imiter -tlessedes Halerodonta on de | 6 ADNmt .
est un bon candidat poges futures étudeglle est la plus vaste des setlasses et elle
présente les valeurs les plus diversifiées de longévité (1 a 507 ans), de maturité sexuelle
(0,4 a 32 ans) et de température maximale (17 a 35 °C). Le séquencage de génomes
mitochondriaux de nouvelles espeaks cette souslasse sera cependant nécessaire afin

ddassurer une r®solution statistique suffisamment ®I ¢
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Perspectives

De nombreuses autres études pourront étre réalisées a partir des données récoltées au
cours de ce projet. Deux sujets en particidant proposées : (1) une étude de comparaison
sur les similarités et les differenceo r phol ogi ques, g®n®ti ques et d
des espéceArctica islandicaet Corbicula fluminea; et (2) une étude phylogénétique des

Palaeoheterodonta.

Du point de vue du génome mitochondrial (voir article Ayctica islandica et
Corbicula flumineasont relativement proches. Elles sont considérées comme des « groupes
sturs e. Ce |lien de parent® a ®gal ement O®t ® ¢
nous avons r®alis® ° partir du g ne COX1 pou
especes possedent des caractéristiques phénotypiques similaires. Elles vivent enfouies dans
|l e s®di ment et =elles se nourrissent€tllesmaj orit ali
posseédent cependant certainagactéristiques trés divergentes. Arctica vit en milieu marin
tandis que Corbicula vit en eau saumatre ou en eau douce. Arctica vit principalement en
milieu polaire et subpolaire tandis que Corbicula est une espao®polte envahissante.
Corbicula a été retrouvée au Québec au niveau du panache thermique de la centrale
nucléaire de Gentilly (Bécancour, Québec, Canada). Elle vit cependant essentiellement en
milieu tempéré et tropical. Leur longéwténaximum sont égament extrémement
divergentes Ar cti ca ©peut vivre pendant plus de 50
Corbicula est estimé a 5 ans. Leur similitude génétique contraste avec leurs caractéristiques
phénotypiques. Une revue sur la ressemblance génétique setcaeacteristiques
phénotypiquesl Arctica islandicaet deCorbicula flumineaserait a envisager. Cette étude
serait un point de d®part pour comprendr e C

différentes peuvent avoir un ADNmt relativement proche.

by

Une étudedescriptive et phylogénétique a partir du génome mitochondrial des
Palaeoheterodonta devrait étre également envisagée. Les génomes mitochondriaux
d Blliptio sp. et deMargaritifera margaritifera (Palaeoheterodonta, Unionoidaint été
séquenceés et cartogra@s pendant cette maitrise (AnnexHl). Aucune description de



ceuxc i a age@endant pu étre réalisée dans ce mémoowtrairement aux Heterodonta,

les espéces appartenant aux Unionoida possedaggnéralun arrangement des génes sur

leur génome mdchondrial trés conseryvé&e qui est également le cas pour nos deux

especesDansc e c as, | 6 h dusréaoangement®@gsogénest sera probablement

plus simple ° ®t abl mouvelle phylobéaie paotin des génommési on doéune
mitochondriaix c omp |l et s p e r mesttonnaissanded acfuglles sur & mdde r

do®vol ution et | eBalagobetemmdontos ns de parent ® des
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ANNEXE I.
GENBANK ACCESSION NUMBERS

Species GenBank accession number/referer
Acanthocardia tuberculata NC_ 008452
Coebmactra antiquata NC_021375
Fulvia mutica NC_ 022194
Hiatella arctica NC_008451
Loripes lacteus NC 013271
Lucinella divaricata NC_013275
Lutraria_rhynchaena NC_ 023384
Meretrix larmarckii NC_016174
Meretrix lusoria NC_ 014809
Meretrix lyrata NC_022924
Meretrix meretrix NC 013188
Meretrix petechialis NC_012767
Moerella iridescens NC 018371
Nuttalia olivacea NC_018373
Panopea generosa KM580067
Panopea globosa KM580068
Paphia amabilis NC_ 016889
Paphia euglypta NC_014579
Paphia textile NC_016890
Paphia undulata NC_016891
Ruditapes philippinarum NC_003354
Semele scabra NC_018374
Sinonovacula constricta NC_018375
Solecurtus divaricatus NC_018376
Solemya velum NC_017612
Solen grandis NC_016665
Solen strictus NC_017616
Soletellina diphos NC_018372
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ANNEXE II.
MAXIMUM LIKELIHOOD P HYLOGENETIC TREE OF HETERODONT
BIVALVES BASED ON GENES ORDER

Hiatella arctica

91— Loripes lacteus
L Lucinelladivaricata

Mya arenaria

a8 Moerella iridescens

100 87 Solecurtus divaricat

w0 Soletellina diphos

Macoma constricta

“ 58 Nuttallia olivacea

Semele scabra

100 Solen grandis

1 Solen strictus

29 21 Sinonovacula constri

Panopeagenerosa

b

Panopea globosa

Acanthocardia tuberc
[ Corbicula fluminea
L Arctica islandica

Fulvia mutica

29 27 Coelomactra antiquat

17 62 Lutrariarhynchaena

Mactromeris polynyma

55
Spisula solidissima

L Tivela mactroides
Meretrix lamarckii
80 Meretrix lusoria

Meretrix meretrix

|
a8
2 &

58 1 Meretrix petechialis

Meretrix lyrata

38 Paphia textile

L 89 Paphia undulata

37
L Paphia amabilis

Paphia euglypta

Ruditapes philippina
Mercenariamercenari

89 Anomalocardia brasil



ANNEXE III.
PRIMER -WALKING PROTOCOL AND PRIMERS USED

Total genomic DNA of one individual &rctica islandicawas extracted from the adductor

muscle using Mollusc DNA kit (@ega Biet e k . l nc. . USA) foll owing the man
protocol. Primers from Mikkelsen et al. (2006) (GCAAYGAGAGTTGTRCTAAGGTAGC

and ATAATCCAACATCGAGGTCGCAAA) was used to amplify 168NA gene; and

primers from Dahlgren et al. (2000) (CCTTGGGGCAGATATCTTTTTGnda
GCRWAYARAAARTAYCAYTCWGG) was used to amplify CYTB gene. News

sequences of CYTB and 18BNA genes and the COX1l sequence (GenBank No.

DQ184853.1) were then used to design spespesific longPCR primer pairs (Table S1).

Three fragments of 1815. 7424 da®916 bp allowed obtaining whole mtDNA. The

polymerase chain reaction (PCR) of 1815 bp fragment was performed in 25 uL of a

solution containing a4a80 ng of t ot,&6DMMRNA. 2.5 OL of 1
0.5 pL of dNTP mix (10mM). 0.8 pL of eachiprer (10 uM). 0.2 pL of Native Taqg DNA

polymerase (Invitrogen). PCR reactions were performed usingstor@® GS4 thermal

cycler as follows: predenaturation at 94°C for 4 min; then 35 cycles of 94°C for 15 s.

annealing at 55°C for 30 s. extension at 7285 min and a final extension step at 72°C

for 6 min. PCR of others fragments (7424 and 9916 bp) were performed in 50 pL of a

solution containing 480 ng of total DNA. 5 OL of 10}
MgSQO, (50mM). 1 pL of dNTP mix (10mM). 2 uL of e€a primer (10 uM). 0.2 pL of

Platinum Taqg DNA polymerase (Invitrogen). PCR reactions were performed using a G

storm GS4 thermal cycler as follows: gtenaturation at 94°C for 2 min; then 35 cycles of

94°C for 15 s. annealing at 55°C for 30 s. extensioB84C for 10 min. and a final

extension step at 72°C for 10 min. PCR products were checked by electrophoresis on 0.8%
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agarose gel. Sequencing was performed for both strands of each fragment using the primer
walking approach on a 3730xI DNA Analyzer (AppliBiosystems) of McGill University
(Montréal. Québec. Canada).

Table S1.Primers used in primer-walking approach

Primer N . Product Joined product
name Sequenxte) (506 size size
Arcl6SF AAAAGACGAGAAGACCCCGT 696 bp /
ArcCOI-R CACAGGATCTCCAAGCCCTAC 671 bp /
1rst sequencing ArcCOI-F ACTTCTTTTGGGGTCGGGAT 729 bp /
ArcCytb-R GGCTGAATGTGCAAAGGAGT 740 bp /
ArcCyth-F AGTGCTGTGCCTTATGTTGG 706 bp /
Arcl6SR AGGTCGCAAACTTTTCCCTC 759 bp /
Arcl6SF2 GGGAGGTGGCGGTTATATTT 702 bp 1346 bp
ArcCOI-R2 ACCAGCGATAAGCCCAATTA 711 bp 1332 bp
. ArcCOI-F2 TGTATTGAGCAGGGGGTTTT 657 bp 1351 bp
n .
27 sequencing Archgm GGCAGCCAAAAGTAGTCCAG 613 bp 1250 bp
ArcCyth-F2 CCCATTAGCTTGTTTATGATGAG 705 bp 1339 bp
Arcl6SR2 CCTAGAGCTTAGCCCCTAAGAA 695 bp 1444 bp
Arcl6SF3 TTTGTTGGGCTTTTATTACGG 734 bp 1948 bp
ArcCOI-R3 TTACAGCATTATGTGCCCAAG 660 bp 1974 bp
ArcCOI-F3  AGACCCAAAAACAGAAAATGC 672 bp 2020 bp
3 ArcCyib- CACCGCTTCACAAACACCTAA
sequencing Rg’t AND 752 bp 1901 bp
AACACCGCTTCACAAACACC
ArcCytb-F3 ~ CTTCGCCCGTTTAACAAAAA 396 tp 1737 bp
Arcl6SR3 CGCAATTACCCCACCTAACT 343 bp 1733 bp
Arcl6SF4 TCCGAAGCATTTGATTGTCCA 615 bp 2506 bp
4t ArcCOI-R4 GGACGCCTCTTCACACTTTAG 681 bp 2672 bp
. ArcCOI-F4 GCTATCCCTGGACGAACAAA 622 bp 2659 bp
sequencing ArcCytb-
RA CACCTGCAACCTAAAACTAAACT 731 bp 2590 bp
Arcl6SF5 AGGTGCAATACGAGCTGTGG 580 bp 2944 bp
5t ArcCOI-R5 GGCTCGTAGTCCCCGTATAA 637 bp 3188 bp
. ArcCOI-F5 GAAGGTCTCTGCTTTTAGGCTC 662 bp 3304 bp
sequencing ArcCytb-
e AACCGAAGAACCCCGTATCC 772 bp 3253 bp
Arcl6SF6  AAGTTTTGGGAGCTTAAGATGC 776 bp 3693 bp
6ih ArcCOI-R6 TTGGCGTAAACAAAACACACT 749 bp 3977 bp
. ArcCOI-F6 GTGCTGTAGGAGAGGTAGACA 793 bp 4010 bp
sequencing ArcCytb-
R6 ATCATCATAATACGGCAGAGACA 785 bp 4025 bp

NOTE. /, unknown



Table S2.Primers used in primer-walking approach (suite 1)

Primer name SequenXé) (506 Prs?slle,lct Joined product size
Arcl6SF7 TGACCACACAAAAACTGAATCT 400 bp 4254 bp
TGCAAAGCATCCCCTTATTT
7th ArcCOI-R7 AND 719 bp 4480 bp
sequencing ACGGATGTGAGCAATTTAATCCA
ArcCOI-F7 AGTTTCATTTGGGGAAGGGG 787 bp 4776 bp
ArcCytb-R7 CTTTACCCGTGGCCCACC a 80« /
CCTCTGGTATCAAGCTGGCT
Arcl6SF8 AND 771 bp 4899 bp
8th AGTGTGTTTTGTTTACGCCAA
sequencing  ArcCOI-R8 GCATCTTAAGCTCCCAAAACTT 683 bp 5103 bp
ArcCOI-F8 AGTTGAAATCTGTGCGGGAA 698 bp 5406 bp
ArcCyth-R8  AAAACGGACCTTCTATGTGGAA / /
Arcl6SF9 TCGAAGAGGTTGGCGGTATT 720 bp 5580 bp
o" ArcCOI-R9 CCACAGCTCGTATTGCACC / /
sequencing  ArcCOI-F9 TTCCACATAGAAGGTCCGTTTT 748 bp 6065 bp
ArcCytb-R9 TTCCCGCACAGATTTCAACT / /
Arcl6SF10 ATCTTTTGTGTGGGCGGTTC / /
10" ArcCOIR10 AGTCCCCTCATTATATTCATGCA / /
sequencing ArcCOI-F10 ATTGGTTCTGGGCTAAATTGCT 778 bp /
ArcCytb-R10 AGTCCCCTTCCCCAAATGAA / /
Arcl6SF11 TGGCTGACAGAGTTTATGGTTC / /
11" ArcCOI-R11 AGGCCGAATCATCACCCTT / /
sequencing ArcCOI-F11 CAATGATTAGCTGTGGATGGAGT / /
ArcCytb-R11 CATCTTGAACTCCTCCCCTCA / /
Arcl6SF12 ACCTGGCTCTCTCTTACAAGA / /
12" ArcCOI-R12 TCCAACGTGAAAAGCTGACG / /
sequencing ArcCOI-F12 CCCTGATTGCCTATTCTTCAGT / /
ArcCytb-R12 CCAATCAGTCCCAGCCAATT / /
13" ArcCOI-F13  AGTAGCTTTATATTCTGGTCCCC / /
sequencing ArcCyth-R13 TCCAGCTCCACACAACTCAT / /
14" ArcCOI-F14 TGTGAAGCGGTGTTAGGACT / /
sequencing ArcCytb-R14 GCACCAAAACCATTACTACAACA / /
15" ArcCOI-F15 GTTTTCATGCTAACGGGGCT / /
sequencing ArcCytb-R15 TTTCGAACCAGTCCACCAGA / /

NOTE. /, unknown
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ANNEXE IV.

TRIM SUMMARY

Average After trim
Species Number of length  Number of % Average
reads , length
(nt) reads trimmed (nM)
Anomalocardia 2944388 2950 2676451  90.9 259.7
brasiliana
Arctica islandica 3067192 297.3 2731708 89.06 251.0
Corbicula flumirea 2604 318 297.2 2221229 85.29 243.5
Macoma fluminea 3161644 283.6 2503472 79.18 240.7
Mactromeris polynyma 4027 090 285.5 3405373 84.56 249.1
Mercenaria mercenaria 2551 310 281.3 2172079 85.14 238.1
Mya arenaria 2793148 285.6 2235863 80.05 237.0
Spisula solidissima 2764 618 293.9 2366 084  85.58 245.7
Tivela mactroides 3275682 294.1 2754 677 84.09 244 .4




ANNEXE V.
MITOCHONDRIAL GENOME ANNOTATION SFOR EIGHT
HETERODONTA SPECIES

Table S1.Anomalocardia brasiliangpartial mitochondrial genome annotation

Anomalocardia brasiliana

Gene Location Size Start Stop Anti- Intergenic
codon codon codon region
tRNA-Met 132198 67 CAT 67
tRNA-Tyr 266-328 63 GTA 0
12SrRNA 3291274 946 0
ND4L 12751574 300 ATT TAA 56
ATP8 16311744 114 ATG TAG 370
ND4 21153104 990 TTG TAG 2
tRNA-Ser 31073171 65 TGA 10
tRNA-His 31823242 61 GTG 6
tRNA-Glu 32483311 64 TTC 45
ATP6 33574097 741 ATT TAA 1
ND3 40994410 312 TTG TAG 237
tRNA-Asn 46484709 62 GTT 0
ND5 47106419 1710 TTG TAA 67
COX2 64877536 1050 ATG TAA 11
tRNA-Asp 75487610 63 GTC 4
ND6 76158097 483 ATC TAA -1
tRNA-Lys 80978158 62 TTT 9
tRNA-Val 81688230 63 TAC 7
tRNA-Phe 82388304 67 GAA -1
tRNA-Trp 83048365 62 TCA -1
tRNA-Arg 83658426 62 TCG 0
tRNA-Leu 8427-8489 63 TAA 0
tRNA-Gly 84908551 62 TCC 0
tRNA-GIn 85528618 67 TTG 1
tRNA-Thr 86208689 70 TGT 1
tRNA-Ser 86918757 67 TCT 0
COX3 87589603 846 ATT TAG -2
tRNA-Ala 96029666 65 TGC 1
CoxX1 966811254 1587 ATG TAA 3
tRNA-Leu 1125811320 63 TAG -3
ND1 1131812235 918 ATA TAA 63
ND2 1229913306 1008 GTG TAG -2
tRNA-lle 1330513367 63 GAT 2
tRNA-Pro 1337013432 63 TGG 31
CYTB 1346414606 1143 ATT TAG 183...

NOTE. 16SrRNA and tRNACYys genes are absent.



Table S2 Corbicula flumineamitochondrial genome annotation

Corbicula fluminea

Gene Location Size Start Stop Anti- Intergenic
codon codon codon region
COX1 1-1617 1617 ATA TAA 58
COX2 16762995 1320 ATT TAA 5
tRNA-Gly 30013063 63 TCC 2
tRNA-Arg 30663127 62 TCG 0
CYTB 31284288 1161 TTG TAA 0
16SrRNA 42895480 1192 2
ATP8 54835596 114 ATG TAA 6
ND4 56036961 1359 ATT TAA -1
tRNA-His 69617022 62 GTG 2
tRNA-Glu 70257089 65 TTC -4
tRNA-Ser 70867148 63 TGA 0
ATP6 71497889 741 GTG TAG 21
ND3 79118333 423 ATT TAG -1
tRNA-Ala 83338396 64 TGC 1
tRNA-lle 83988461 64 GAT 7
tRNA-Lys 84698534 66 TTT 0
tRNA-Leu 85358598 64 TAA 0
ND1 85999510 912 GTG TAG -1
tRNA-Leu 95109574 65 TAG -1
tRNA-Val 95749639 66 TAC -1
tRNA-Asn 96399701 63 GTT 0
ND5 970211408 1707 TTG TAA 1
ND6 1141011880 471 ATG TAG 2
ND4L 1188312170 288 ATA TAG 2
tRNA-GIn 1217312239 67 TTG 0
ND2 1224013262 1023 GTG TAG -1
tRNA-Asp 1326213324 63 GTC 0
tRNA-Thr 1332513390 66 TGT -1
12SrRNA 1339014239 850 12
tRNA-Met 1425214319 68 CAT 4
tRNA-Cys 1432414387 64 GCA 1
tRNA-Tyr 1438914454 66 GTA -1
tRNA-Ser 1445414522 69 TCT -1
COX3 1452215397 876 TTG TAA -1
tRNA-Trp 1541915480 62 TCA 2
tRNA-Pro 1548315546 64 TGG 1027

tRNA-Phe 1657416636 63 GAA 51




Table S3.Macoma constrictamitochondrial genome annotation

Macoma constricta

Gene Location Size Start Stop Anti- Intergenic
codon codon codon region
COX1 1-1704 1704 ATA TAG 2
ND4 17073038 1332 ATG TAG -1
tRNA-His 30383102 65 GTG 0
tRNA-Ser 31033166 64 TGA 1
tRNA-Glu 31683234 67 TTC 0
ND3 32353597 363 GTG TAA 1
tRNA-lle 35993667 69 GAT 3
tRNA-Lys 36713739 69 CTT 0
ND4L 37404033 294 GTG TAG 13
tRNA-Tyr 40474108 62 GTA 0
tRNA-Thr 41094174 66 TGT 0
tRNA-Leu 41754240 66 TAG -1
tRNA-Asp 42404303 64 GTC 2
tRNA-Leu 43064369 64 TAA 1
ND1 43715294 924 GTG TAG 24
tRNA-Asn 53195382 64 GTT 9
ND5 53927119 1728 ATA TAG -10
tRNA-Arg 71107175 66 TCG 0
CYTB 71768408 1233 GTG TAG 0
COX2 84099275 867 ATG TAA 0
tRNA-Val 92769340 65 TAC 1
tRNA-Trp 93429408 67 TCA 2
tRNA-Gly 94119476 66 TCC 2
12SrRNA 947910380 902 849
tRNA-Met 1123011296 67 CAT 14
ATP8 1131111436 126 ATG TAG -2
tRNA-Ser 1143511503 69 TCT -1
ND6 1150312042 540 GTG TAA 0
16SrRNA 1204313287 1245 0
ATP6 1328814025 738 ATG TAG 3
COX3 1402914913 885 GTG TAG 6
ND2 1492015981 1062 ATG TAG 0
tRNA-Pro 1598216050 69 TGG 2
tRNA-GIn 1605316119 67 TTG -1
tRNA-Cys 1611916179 61 GCA 0
tRNA-Ala 1618016243 64 TGC -1
tRNA-Phe 1624316308 66 GAA 0
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Table S4.Mactromeris polynymamnitochondrial genome annotation

Mactromeris polynyma

Gene Location Size Start Stop Anti- Intergenic
codon  codon codon region
COX1 1-1743 1743 ATA TAA 43
tRNA-Val 17871851 65 TAC 131
tRNA-Arg 19832047 65 TCG 50
tRNA-Trp 20982162 65 TCA 6
ND6 21692654 486 GTG TAG -2
tRNA-GIn 26532719 67 TTG 14
tRNA-Pro 27342795 62 TGG 83
ND2 28793979 1101 GTG TAA 8
tRNA-Thr 39884052 65 TGT 154
12SrRNA 42075128 922 2
tRNA-Tyr 51315193 63 GTA 1
tRNA-Ser 51955258 64 TCT 1
COX3 52606327 1068 TTG TAG 48
CYTB 63767578 1203 ATG TAA 122
16SrRNA 77019042 1342 1
ATP8 90449157 114 ATG TAA 5
ND4 916310515 1353 GTG TAG 1
tRNA-His 1051710579 63 GTG 2
tRNA-Glu 1058210646 65 TTC -5
tRNA-Ser 1064210704 63 TGA 0
ATP6 1070511484 780 GTG TAG 20
ND3 1150511942 438 ATC TAA 2
tRNA-Lys 1194512008 64 TTT 4
tRNA-Leu 1201312076 64 TAA 0
ND1 1207712988 912 ATG TAA 1
tRNA-Asp 1299013052 63 GTC 46
tRNA-Gly 1309913160 62 TCC 2630
tRNA-lle 1579115855 65 GAT 0
ND5 1585617688 1833 ATG TAA 62
COX2 17753119808 2058/ ATG/ TAA/ 151
19960621270 1311 ATG TAA 739
ND4L 22010622315 306 ATA TAG 2
tRNA-Asn 2231822380 63 GTT 2
tRNA-Leu 2238322448 66 TAG 2
tRNA-Cys 2245122514 64 GCA 7
tRNA-Met x5 2252222588 66-67 CAT 33/
2262222687 33/
2272122786 33/
2282022885 33/
2291922984 4
tRNA-Phe 2298923052 64 GAA 50
tRNA-Ala 2310323169 67 TGC 41




Table S5.Mercenaria mercenarigoartial mitochondrial genome annotation

Mercenaria mercenaria

Gene Location Size Start Stop Anti- Intergenic
codon codon codon region
ND6 296778 483 ATA TAG 13
tRNA-Lys 792-859 68 TTT 1
tRNA-Val 861-:923 63 TAC 8
tRNA-Phe 932995 64 GAA -1
tRNA-Trp 9951056 62 TCA -1
tRNA-Arg 10561116 61 TCG 2
tRNA-Leu 11191182 64 TAA -1
tRNA-Gly 11821246 65 TCC 11
tRNA-GIn 12581324 67 TTG 10
tRNA-Thr 13351400 66 TGT 6
tRNA-Ser 14071471 65 TCT 1
COX3 14732322 850 ATG T** 3
tRNA-Ala 23262388 63 TGC 27
COX1 24163978 1563 ATA TAA 47
tRNA-Leu 40264088 63 TAG -3
ND1 40865003 918 ATA TAA 65
ND2 50696091 1023 TTG TAA 0
tRNA-Ile 60926155 64 GAT 13
tRNA-Pro 61696232 64 TGG 26
CYTB 62597413 1155 ATA TAG 0
16SrRNA 74148918 1505 0
tRNA-Met 89198984 66 CAT 18
tRNA-Tyr 90039064 62 GTA 5
12SrRNA 907010074 1005 0
ND4L 1007510326 252 TTG TAA 78
ATP8 1040510518 114 ATG TAA 348
ND4 1086711877 1011 ATT TAA 10
tRNA-Ser 1188811950 63 TGA 16
tRNA-His 1196712028 62 GTG 8
tRNA-Glu 1203712102 66 TTC 24
ATP6 1212712882 756 ATA TAA 59
ND3 1294213346 405 ATT TAG 38
ND5 1338515082 1698 ATT TAA 227
tRNA-Cys 1531615371 62 GCA 8
tRNA-Asn 1538015441 62 GTT 0
COX2 1544216332 891 TTG TAG 9
tRNA-Asp 1634216406 65 GTC 927...




Table S6.Mya arenariamitochondrial genome annotation

Mya arenaria

Gene Location Size Start Stop Anti- Intergenic
codon codon codon region
COX1 1-1791 1791 ATT TAA 2
tRNA-Asn 17941859 66 GTT 470
ND4 23303361 1032 ATT TAA 2
tRNA-Tyr 33643428 65 GTA 0
tRNA-Ser 34293491 63 TGA 5
ND1 34974408 912 ATG TAA 96
CYTB 45055647 1143 GTG TAA 12
tRNA-Gly 56605726 67 TCC 0
16SrRNA 57277122 1396 0
ATP6 71237851 729 ATG TAA 4
tRNA-Trp 78567922 67 TCA 6
tRNA-lle 79297992 64 GAT 1
tRNA-Cys 79948056 63 GCA 0
tRNA-Leu 80578122 66 TAG 0
tRNA-Val 81238185 63 TAC 35
tRNA-Thr 8221-8286 66 TGT 5
ND5 82929998 1707 TTG TAA 6
tRNA-Arg 1000510069 65 TCG 0
COX3 1007610930 861 ATA TAG 34
ND6 1096511513 549 ATT TAG 15
tRNA-Asp 1152911596 68 GTC 44
tRNA-His 1164111705 65 GTG -1
tRNA-Met 1170511770 66 CAT 65
tRNA-Pro 1183611899 64 TGG 180
tRNA-Met 1208012148 69 CAT 838
COX2 1298714420 1434 ATG TAA 73
tRNA-Phe 1449414557 64 GAA 39
ND4L 1459714980 384 ATA TAA 1
ND2 1498216046 1065 ATG TAA 7
tRNA-GIn 1605416117 64 TTG 36
tRNA-Glu 1615416219 66 TTC 0
ND3 1622016642 423 ATG TAG 21
tRNA-Lys 1666416728 65 TTT -6
tRNA-Ser 1672316794 72 TCT 0
12SrRNA 1679517775 981 12
tRNA-Ala 1778817851 64 TGC 19
tRNA-Leu 1787117936 66 TAA 0




Table S7.Spisula solidissimamitochondrial genome annotation

Spisula solidisima

Gene Location Size Start Stop Anti- Intergenic
codon codon codon region
COX1 1-1707 1707 TTG TAG 59
COX2 17673140 1374  ATG TAG 32
tRNA-Asn 31733237 65 GTT 84
tRNA-GIn 33223388 67 TTG 37
tRNA-Ala 34263491 66 TGC 21
tRNA-Ile 35133578 66 GAT 159
tRNA-Gly 37383802 65 TCC 582
tRNA-Trp 43854449 65 TCA 0
ND6 44504941 492 ATT TAG 105
ND2 50476090 1044 ATT TAA 222
tRNA-Thr 63136374 62 TGT 188
tRNA-Pro 65636625 63 TGG 0
12SrRNA 66267822 1197 -1
tRNA-Tyr 78227883 62 GTA 24
tRNA-Ser 79087971 64 TCT 1
COX3 79739085 1113 ATG TAA 48
CYTB 913410330 1197 ATG TAA 0
16SrRNA 10333111570 1240 1
ATP8 1157211691 120 ATG TAA -1
ND4 1169113046 1356 ATG TAG 51
tRNA-Arg 1309813159 62 TCG -1
tRNA-Val 1315913225 67 TAC 269
tRNA-His 1349513556 62 GTG 0
tRNA-Glu 1355713624 68 TTC -5
tRNA-Ser 1362013682 63 TGA 0
ATP6 1368314429 747 GTG TAG 29
ND3 1445914872 414 ATG TAG 8
tRNA-Lys 1488114946 66 TTT 4
tRNA-Leu 1495115016 66 TAA 1
ND1 1501815932 915 ATG TAG 6
tRNA-Asp 1593815999 62 GTC 269
ND5 1626918092 1824 ATA TAG 12
ND4L 1810518401 297 ATT TAA 15
tRNA-Leu 1841718483 67 TAG 9
tRNA-Cys 1849318555 63 GCA 9
tRNA-Met 1856518630 66 CAT 4
tRNA-Phe 1863518700 66 GAA 47




Table S8.Tivela mactroidesnitochondrial genome annotation

Tivela mactroides

Gene Location Size Start Stop Anti- Intergenic
codon codon codon region
tRNA-Trp 270334 65 TCA 26
COX1 361-2043 1683 ATG TAG 21
tRNA-Leu 20652129 65 TAG 1
ND1 21313048 918 ATG TAA 102
ND4L 31513453 303 ATT TAG 97
tRNA-Asp 35513613 63 GTC 72
COX2 36864738 1053 GTG TAG 15
tRNA-Pro 47544817 64 TGG 46
CYTB 48646024 1161 GTG TAA 1
16SrRNA 60267342 1317 0
ATP8 73437459 117 ATG TAG 7
ND4 74678828 1362 ATG TAA 7
tRNA-His 88368898 63 GTG -1
tRNA-Glu 88988962 65 TTC -3
tRNA-Ser 89609024 65 TGA 4
ATP6 90299856 828 ATA TAA 22
ND3 987910313 435 ATG TAG 27
ND5 1034112086 1746 ATT TAA 56
ND6 1214312739 597 ATG TAA 40
tRNA-Val 1278012846 67 TAC 40
tRNA-Phe 1288712954 68 GAA 44
tRNA-Arg 1299913063 65 TCG 73
tRNA-Lys 1313713202 66 TTT 13
tRNA-Leu 1321613279 64 TAA 2
tRNA-Gly 1328213344 63 TCC 15
tRNA-GIn 1336013427 68 TTG 13
tRNA-Asn 1344113502 62 GTT 49
tRNA-Thr 1355213618 67 TGT 0
12SrRNA 1361914593 975 0
tRNA-Met 1459414658 65 CAT 8
tRNA-Cys 1466714731 65 GCA 14
tRNA-Tyr 1474614810 65 GTA 37
tRNA-Ser 1484814920 73 TCT -1
COX3 1492015807 888 GTG TAA 55
ND2 15853-16933 1071 ATT TAA 46
tRNA-lle 1698017044 65 GAT 815
tRNA-Ala 1786017924 65 TGC 1195...




ANNEXE VI.
AMINO ACID DIVERGENCES IN NINE HETERODONTA SPECIES

Table S1.Amino acid divergences in nine Heterodontaspecies ATP6-8, COX1-3 and

CYTB genes

Species 1 Species2 ATP6 ATP8 COX1 COX2 COX3 CYTB

Anomalocardia_ Macoma_ a0 576 0378 0.638 0.535 0.437
brasiliana constricta

Anomalocardia_ Spisula_ w92 5519 0257 0538 0.383 0.453
brasiliana solidissima

Anomalocardia_  Mactromeris_ - gas 519 0248 0.512 0.395 0.317
brasiliana polynyma

Anomalocardia_  Mya_arenaria ,cos 308 0.612 0.578 0.445
brasiliana _Qc

Anomalocardia_ Corbicula_ o ze/ g 435 0201 0504 0.352 0.264
brasiliana fluminea

Anomalocardia_ Tivela_ o4 5405 0209 0419 0.438 0.253
brasiliana mactroides

Anomalocardia_ Arctica_islandica ) o3 514 0.162 0419 0.289 0.264
brasiliana _MiSeq

Anomalocardia_  Mercenaria_ 1,5 5516 0.041 0.192 0.090 0.136
brasiliana mercenaria
Macoma_ Spisula_ 4 735 9703 0.392 0685 0.508 0.517
constricta solidissima
Macoma_ Mactromeris_ 222 676 0.365 0.681 0.551 0.445
constricta polynyma
Macoma_ Mya_arenaria a7 . (396 0.700 0.566 0.477
constricta _Qc
Macoma_ Corbicula_ 755 0595 0.382 0.662 0.523 0.435
constricta fluminea
Macoma_ Tivela_ 0.697 0.676 0.400 0.662 0.574 0.416
constrida mactroides
Macoma_  Arctica_islandica 701 4595 0359 0.635 0.496 0.437
constricta _MiSeq
Macoma__ Mercenaria_

: ) 0.673 0.676 0.378 0.638 0.527 0.421
constricta mercenaria
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Table S2 Amino acid divergencesin nine Heterodontaspecies ATP6-8, COX1-3 and
CYTB genes(suite 1)

Species 1 Species 2 ATP6 ATP8 COX1 COX2 COX3 CYTB
Spisula_ Mactromeris_  soc 0405 0.154 0.365 0.309 0.400
Solidissima polynyma
Spisula_ Mya_arenaria ,-,9 . (0304 0.658 0.566 0.493
Solidissima _Qc
Spisula_ Corbicula_ 741 0649 0.285 0.519 0.430 0.453
Solidissima fluminea
Spisula_ Tivela_ 250 0.505 0.302 0.550 0.500 0.464
Solidissima mactroides
Spisula_ Arctica_islandica ) 216 541 0265 0.438 0.352 0.461
Solidissima _MiSeq
Spisué_ Mercenana_ , ce/r 0622 0.257 0.542 0.391 0.453
Solidissima mercenaria
Mactromeris_ Mya_arenaria 225 (312 0642 0.602 0.440
Polynyma _Qc
Mactromeris_ Corbicula_ 246 703 0275 0508 0.441 0.333
Polynyma fluminea
Mactromeris_ Tivela_ 0.697 0.676 0.279 0.515 0.492 0.355
Polynyma mactroides
Mactromeris_  Arctica_islandica ; 575 595 0230 0.450 0.375 0.347
Polynyma _MiSeq
Mactromeris_ Mercenaria_ 092 595 0246 0.500 0.395 0.344
Polynyma mercenaria
Mya_arenaria Corbicula_ 214 _ (0316 0.623 0.551 0.445
_Qc fluminea
Mya_arenaria Tivela_ 0716 -  0.322 0.642 0.594 0.459
_Qc mactroides
Mya_arenaria  Arctica_islandica 755 . 992 0612 0570 0.461
_Qc _MiSeq
Mya_arenaria  Mercenaria_ a5 (304 0638 0.590 0.437
_Qc mercenaria
Corbicula_ Tvela_ 607 0.514 0.267 0527 0477 0.275
Fluminea mactroides
Corbicula_ Arctica_islandica y o1 568 0148 0.412 0.336 0.237
Fluminea _MiSeq
Corbicula_ Mercenania_ .0 0541 0.195 0492 0.379 0.264
Fluminea mercenaria
Tivela_ Arctica_idandica ) oo5 514 0236 0442 0484 0.272
Mactroides _MiSeq
Tivela_ Mercenaria_ g j98 0459 0.193 0.419 0.469 0.227
Mactroides mercenaria




Table S3 Amino acid divergencesin nine HeterodontaspeciesATP6-8, COX1-3 and
CYTB genes(suite 2)

Species 1 Species2 ATP6 ATP8 COX1 COX2 COX3 CYTB
Arctica_islandica  Mercenaria_ 545 485 0148 0.423 0.297 0.259

_MiSeq mercenaria
NOTE. M. arenariado not possess ATP8 gene. The second COX2 (1311 bp) was used
for M. polynyma

Table $4. Amino acid divergencesin nine Heterodonta speciesND1-6 and ND4L

genes
Species 1 Species 2 ND1 ND2 ND3 ND4 ND4L ND5 ND6

Anomalocardia_  Macoma_ 5 0 () 658 0.867 0.494 0.687 0.583 0.796
Brasiliana constricta

Anomalocardia_  Spisula_ g /15 767 0867 0.472 0.639 0.585 0.768
Brasiliana solidissima

Anomalocardia_  Mactromeris_ ) 129 674 0.855 0.497 0.627 0.576 0.718
Brasiliana polynyma

Anomalocardia_  Mya_arenaria ,=c 637 0.855 0.479 0.687 0.587 0.796
Brasiliana _Qc

Anomalocardia_  Corbicula g 3,0 ) 555 0 880 0.387 0.542 0.510 0.577
Brasiliana _fluminea

Anomalocardia_ Tivela 0.362 0.481 0.892 0.347 0.470 0.466 0.563
Brasiliana __mactroides

Anomalocardia_ Arctica_islandica g 5,¢ 543 0 867 0.383 0.566 0.506 0.577
Brasiliana _MiSeq

Anomalocardia_  Mercenaria_  ,,¢ 357 0 855 0.261 0.289 0.321 0.373
Brasiliana mercenaria
Macoma_ Spisula_ 0.515 0.739 0.651 0.546 0.711 0.604 0.768
Constricta solidissima
Macoma_ Mactromeris_ 514 3730 0.663 0.558 0.723 0.609 0.746
Constricta polynyma
Macoma_ Mya_arenaria 555 661 0.651 0.558 0.735 0.583 0.852
Constricta _Qc
Macoma_ Corbicula_ g 515 658 0.578 0.506 0.627 0.567 0.761
Constricta fluminea
Macoma_ Tivela_ 0.505 0.646 0.590 0.506 0.651 0.583 0.761
Constricta mactroides
Macoma_  Arctica_islandica ¢y, 640 0.566 0.546 0.639 0.583 0.803
Constricta _MiSeq
Macoma_ Mercenana_ , oo5 5 665 0.566 0.497 0.699 0.611 0.782
Constricta mercenaria
Spisula_ Mactromeris__

S 0.189 0.652 0.277 0.273 0.313 0.440 0.437
Solidissima polynyma
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Table S5. Amino acid divergencesin nine HeterodontaspeciesND1-6 and ND4L

geneg(suite)

Species 1 Species2  ND1 ND2 ND3 ND4 ND4L ND5 ND6
Spisula_ Mya_arenaria q ,ec 776 0.578 0.521 0.651 0.620 0.796
solidissima _Qc
Spisula_ Corbicula_ ¢ 362 1733 0.602 0.469 0.614 0.567 0.690
solidissima fluminea
Spisula_ Tivela_ 0.402 0.733 0.566 0.466 0.614 0.596 0.732
solidissima mactroides
Spisula_  Arctica_islandica ) 325 742 0,566 0.460 0.518 0.565 0.739
solidissima _MiSeq
Spisula_ Mercenana_ 445 767 0.500 0.475 0.602 0.572 0.761
solidissima mercenaria
Mactromeris_ Mya_arenana 1o 711 0.578 0.546 0.663 0.607 0.768
polynyma _Qc
Mactromeris_ Corbicula_ ¢ 395 1 686 0.530 0.472 0.602 0.583 0.697
polynyma fluminea
Mactromeris_ Tivela_ 0.412 0.671 0.506 0.500 0.675 0.567 0.746
polynyma mactroides
Mactromeris_ Arctica_islandica ) 305 696 0.530 0.463 0.542 0.593 0.725
polynyma _MiSeq
Mactromeris_ Mercenaria_ 1o 680 0.590 0.472 0.614 0.563 0.732
polynyma mercenaria
Mya_arenaria Corbicula_ ) /=6 0649 0.500 0.521 0.639 0.552 0.782
_Qc fluminea
Mya_arenaria Tivela_ 0.472 0.630 0.614 0.512 0.675 0.582 0.768
_Qc mactroides
Mya_arenaria  Arctica_islandica o ;1= o 671 0.627 0.525 0.614 0.549 0.796
_Qc _MiSeq
Mya_arenaria Mercenaria_ ) /35 524 0.614 0.482 0.735 0.613 0.796
_Qc mercenaria
Corbicula Tivela_ 0.349 0.556 0.458 0.371 0.651 0.539 0.599
_fluminea mactroides
Corbicula — Arctica_islandica ;39 555 0325 0.347 0.518 0.406 0.549
_fluminea _MiSeq
Corbicula Mercenaria_ 356 562 0.446 0.383 0.542 0.506 0.563
_fluminea mercenaria
Tivela_ Arctica_islandica ) 346 ) 534 0.386 0.393 0.590 0.519 0.627
mactroides _MiSeq
Tivela_ Mercenana_ 355 5 469 0.361 0.356 0.446 0.472 0.570
mactroides mercenaria
Arctica_islandica  Mercenaria_ ) 55, 555 0373 0.371 0.494 0.514 0.606
_MiSeq mercenaria




ANNEXE VII.
TRNA CLOVERLEAF STRUCTURES FOR NINE HETERODONTA
SPECIES
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