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Résumé

La reproduction des poissons téléostéens se casacfgar une diversité des types de sexualité (@umisme vs
hermaphrodisme) et des systéemes de déterminisnsexd (génétique et/ou environnemental), ainsi qareupe
plasticité du contrdle génétique et endocrinien laledifférenciation sexuelle incomparables parmi &gres
vertébrés. Le tilapia du Nil Qreochromis niloticus est un cichlidé gonochorique possédant un systéme
chromosomique de déterminisme sexuel a homoganfétieelle XX/XY, complété par un déterminisme
environnemental, les hautes températures pouvadifieroe développement phénotypique du sexe. Efiét porté

a cette espéce en aquaculture a conduit au déwstapp de différentes techniques de contrle du ¢pae
traitement hormonal) permettant la production deissams présentant différentes combinaisons de
phénotype/génotype sexuels (males XX, XY, YY, fdewlXX, XY et YY). Ces derniers constituent desilsut
majeurs de l'étude du déterminisme et de la difféiation du sexe et soulévent de nombreuses quosstio
concernant les interactions génotype/phénotypeetexahez cette espéce. Au regard de ces cons@@&atious

nous sommes fixés 2 objectifs principaux :

1. Déterminer l'influence du génotype sexuel sur destaspects liés a la biologie reproductive che@ldpia du

Nil tels que la qualité du sperme, les taux de odtiyss sexuels (testostérone, T ;B-béstradiol, E2; 11-
cétotestostérone, 11KT) et les comportements dfgeke génotype sexuel ne semble pas avoir d'arfee sur la
qualité gamétique des males, puisqu’'aucune diftérarest observée entre les individus XX, XY et Yafgrs que
paradoxalement, les taux de 11KT sont plus éleliég les males XX. De la méme maniére, les femphésentent
des taux croissants d’E2 chez les individus XX, &YYY. Ces différences de taux de stéroides seximigaient
étre liées aux taux d’'agressivité (évalué par lantfication de huit comportements agonistiquessddes
confrontations méale-femelle) plus élevés des méket des femelles XY et YY et engendrer des pédtions des
comportements reproducteurs. Des recherches coraptéires sont nécessaires d’'une part, pour évbdffat du

génotype sur la qualité des gameétes des femelauwre part, pour déterminer si les modificatipm@notypiques
observées sont liées a I'expression du génotypeeteou a des perturbations engendrées par legnaitts

hormonaux d’inversion sexuelle administrés duramdriode de différenciation des gonades.

2. Explorer les mécanismes du déterminisme et de ffarelnciation & des stades précoces du dévelopgemen
Grace a la mise au point d'une technique d'inversiexuelle ciblant les périodes embryonnaire gtleg (avant 10

jpf) par des expositions courtes (4h) d’embryonssadjun jpf a des androgenes (11KTg4#éthyltestostérone), un
inhibiteur de I'aromatase (Fadrozole) ou un cestmegfl ti-éthynylcestradiol), nous avons confirmé I'existence
d'une période sensible de la différenciation sdruelvant le développement des gonades. Les voies de
différenciation phénotypique semblent étre difféesnen fonction du génotype, puisque la mascutinisades
embryons XX est moins efficace (max 10%) que laifiésation d’embryons XY (max 91%). De la méme masié

un probable effet chromosomique rend inefficad@tainisation d’embryons YY. La féminisation desiiidus XY

est concomitante avec une augmentation des tadxeded’'E2 et d’expression de I'aromatase cérébaadejpf qui

pourrait indiquer un rdle précoce du cerveau damhifférenciation sexuelle.

Dans I'ensemble, nos résultats nous permettentiggéser, d’'une part, que les premiers événementscoiaires
de la différenciation sexuelle du tilapia sontigstavant la formation des gonades, et d'autre, pae chez les
individus sexuellement inversés, des différencesiedes peuvent apparaitre dans le cerveau avaenoméme
temps que le développement des gonades et indesrenddifications comportementales a I'age aduléeqliestion

du réle possible du cerveau dans la différencialies gonades reste ouverte.
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Partie 1 : Introduction générale

1. Contexte général

La reproduction sexuée est le mode de reprodutgigrius répandu chez les animaux, et en
particulier chez les vertébrés (Otto & Lenormar@D2). Au-dela de la production de gametes
par méiose et de leur union pour former un nouveividu a partir du zygote, les processus
évolutifs ayant abouti a la reproduction sexuéa eh dimorphisme gamétique ont engendré
'apparition de différences sexuelles non seulerdans les gonades, mais également dans les
tissus somatiques jusqu’au comportement (Mank 8&8&vR2009; Arbeitman et al., 2014). Que
ce soit dans le choix des partenaires, les comperits reproducteurs, le mode de
reproduction et de développement, jusqu'aux ménass cellulaires, génétiqgues et
moléculaires du déterminisme et de la différerdiagexuels qui aboutiront au développement
d’'une nouvelle progéniture capable elle-méme dereggoduire, les différents aspects
développementaux, physiologiques et comportemerdaua reproduction faconneront la vie
des individus sexués, et définiront un eéequilibreasdtif des sexes a I'échelle d'une

population.

Les mécanismes du déterminisme et de la différdonissexuels sont étudiés dans des
modeles appartenant aux principaux groupes debrégdSchartl, 2004; Herpin et al., 2010)
mais un intérét grandissant s’est développé audesr poissons téléostéens en raison de
I'extréme diversité de leurs modes de reproductibde leurs systemes de détermination du
sexe, qu’ils soient génétiques et/ou environnenuenfRevlin & Nagahama, 2002). Il existe
environ 27000 espéces de téléostéens représeatgraupe le plus riche et le plus diversifié
de tous les vertébrés (Nelson, 2006). L'étude dadbgie reproductive et du déterminisme
sexuel revét un intérét fondamental particulier rppamprendre et élucider les mécanismes
biochimiques et évolutifs sous-jacents, et trougal@&ment toute son importance dans la
conservation de nos ressources écologiques et rdhimes. La dégradation physique et
chimique des habitats aquatiques et la surexplmitdtalieutique menacent de nombreuses
populations sauvages dont la compréhension du dgclage est indispensable pour mettre en
place des mesures efficaces de protection et di#ogedar ailleurs, la stagnation de la
production halieutique et la demande alimentai@ssante ont amené un développement
important de I'aquaculture au cours des derniééegmhies. La maitrise de la reproduction et
le contrdle du sexe sont des éléments cruciaux [@ouaroduction aquacole en systemes
artificiels car ils permettent une meilleure gestides stocks et une optimisation de la
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production. Ces préoccupations d’ordre économiquée eonduit, chez de nombreuses
especes, au développement de techniques expl@tplasticité de la différenciation sexuelle
et permettant dinverser le sexe phénotypique, rassula production de populations
monosexes. Les techniques d’inversion sexuelletitoest par ailleurs un des outils les plus
puissants dans I'étude des mécanismes du détemaingd de la différenciation sexuelle,

largement utilisées dans ce travail.

Les recherches présentées dans ce travail apparterdontribution aux connaissances de ce
vaste domaine qu’est la biologie reproductive, gplarant certains aspects des processus
développementaux du déterminisme et de la diffexteom sexuels, et leur influence sur la
biologie des géniteurs chez un téléostéen, leidildp Nil (Oreochromis niloticus modele
remarquable non seulement du point de vue de lpE@rension des aspects fondamentaux,

mais également pour son intérét économique dgm®thuction aquacole.

2. Le déterminisme et la différenciation du sexe chez les poissons

2.1. Diversité des systéemes de détermination sexuelle

Selon la terminologie de Hayes (1998), le détersni@ du sexe désigne les mécanismes
(génétiques et environnementaux) qui orientent iférdnciation du sexe, tandis que la
différenciation sexuelle représente le développérdes testicules ou des ovaires a partir des
gonades indifférenciées.

Chez les mammiféres et les oiseaux, le sexe esttiggament déterminé lors de la
fécondation par la combinaison des chromosomeset®ex.es mammiféres ont un systeme
hétérogamétique male, les individus XX se dévelopea femelles et les XY en males. A
'opposé, chez les oiseaux, le sexe hétérogamétigiw) est femelle et le sexe
homogamétique (ZZ) méale. Ce systéme apparemmadiié st@est cependant pas la regle dans
les autres groupes de vertébrés (Figure 1). De reumlreptiles ont un déterminisme sexuel
environnemental. Chez tous les crocodiliens, ajosichez de nombreuses especes de tortues
et certains |ézards, la température d’incubatios afs est I'unique facteur controlant la
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différenciation gonadique. D’autres lézards ontsystéme XY ou ZW alors que tous les
serpents ont un déterminisme strictement génétiguiype ZW (Schartl, 2004). Les anoures
et les urodeles présentent un déterminisme géméduou ZW et chez certaines especes,
des températures extrémes peuvent expérimentaleaffexcter le déterminisme génétique,
mais rien n’indique que ce facteur soit un déteamirsexuel dans la nature (Herpin et al.,
2010; Schartl, 2004).

Parmi les vertébres, les poissons présentent k& grande diversité dans les systemes de
déterminisme du sexe. Celui-ci peut étre stricténmg@gmétique, environnemental ou une
combinaison des deux. Le déterminisme génétiquedisride type XY ou ZW, avec ou sans
'influence de génes autosomaux, ou plus complicpréme des systemes polygéniques sans
chromosomes sexuels, présentant un seul (XO, ZO)aoucontraire de multiples
chromosomes sexuels XY, XY 1Y,, XWY) (Devlin & Nagahama, 2002; Schartl, 2004). A
la difféerence des mammiferes qui semblent avoiitdhdéeur déterminisme génétique d’un
ancétre commun, les chromosomes sexuels sont apgamombreuses fois chez les poissons
et évoluent rapidement. On retrouve ainsi des espé®@s proches avec des systemes
différents commeD. niloticus et O. aureusqui possedent respectivement des chromosomes
XY et ZW ou comme le platiXiphophorus maculatushez qui ces 2 systemes génétiques ont

éte observés dans des populations différentesménae espece (Mank & Avise, 2009).

Chez de nombreuses especes, le déterminisme emsmamtal est lié a la température mais
d’autres facteurs comme le taux d’oxygéne, le pHaostructure sociale peuvent également
orienter la différenciation sexuelle (Baroilleradt, 1999, 2009b; Devlin & Nagahama, 2002).
Chez la plupart des espéces thermosensibles, laseshaempératures induisent un
développement méle et les basses températures watopigement femelle. Il existe une
période sensible au cours du développement dusapielle la température peut agir pour
orienter la différenciation sexuelle (Baroiller &@»tta, 2001; Ospina-Alvarez & Piferrer,
2008).

La diversité des systemes de détermination du sex@rime aussi dans les différents types
de sexualité chez les poissons. Tandis que le gomesme est la régle chez les autres
vertébrés, il existe des espéces de poissons gomngobs et hermaphrodites (protandres,
protogynes ou simultanés). Un cas d'autofécondatorméme été rapporté chez le
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cyprinodonteRivulus marmoratugSchartl, 2004) et certaines espéces peuvent pedtiaq
parthénogenéese (Devlin & Nagahama, 2002).
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Figure 1. Distribution des systémes de déterminisme du skee les vertébrés basée sur I'analyse de
2145 especes. La hauteur des barres grises dapsrdée intérieur représente le nombre de
chromosomes a I'état diploide. Les autres ceradpsésentent la présence ou I'absence de l'attribut
indiqué a la base du cercle. Le cercle XY/ZW e&bréoen bleu pour les systéemes XY et en rose pour
les ZW. ESD : déterminisme environnemental du se&ecercle ‘Other’ regroupe la parthénogenése,

la gynogenése et I'hybridogenése. Complex SCStésyes chromosomiques complexes (p. ex.
X1X2Y) (The Tree of Sex Consortium, 2014).
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2.2. Contréle génétique de la différenciation sexuelle

2.2.1. Déterminants majeurs du sexe

Chez les mammiféres euthériens, le géng lié au chromosome Y initie une cascade
d’expression génique male dans les gonades deyensbXY aboutissant a la différenciation
testiculaire (Sinclair et al., 1990). Ce r6le déeddinant sexuel majeur semble étre joué par
le génedmrt1? chez le poulet (Smith et al., 2009) et, chez leopérXenopus laevisc’est un
déterminant femelle présent sur le chromosome di-{¥), homologue dedmrtl, qui
déclenche la différenciation ovarienne (Yoshimotoak, 2008). Un autre homologue de
dmrtl, dmY, est le déterminant majeur (male) chez le médékszias latipey (Matsuda et
al., 2002). Bien quedmrtl soit impliqué dans la différenciation testiculaiohez les
mammiféres, les oiseaux et les poissons (Cuttirad.,e2013), et que deux géenes homologues
aient été identifies comme déterminant majeurseikiste pas de déterminant universel chez
les vertébrés non-mammaliens et tous les facteémsétigjues hérités de facon différentielle
entre les deux sexes peuvent potentiellement deglesidéterminants sexuels (Arnold, 2012).
Les autres déterminants majeurs du sexe connug’gupgésent chez les vertébrés ont été
découverts chez différentes espéces de poissomst etes origines différentegysdf chez
Oryzias luzonensig@Myosho et al., 2012pmhy chezOdontesthes hatchetAtherinopsidae)
(Hattori et al., 2012)amhr? chez le fuguTakifugu rubripes(Kamiya et al., 2012) etdY
chez la truite arc-en-cieDncorhynchus mykiséyano et al., 2012). Cette diversité et la
présence de déterminants majeurs différents chezedpéces du méme genferyziag
reflete le caractere peu conservé des détermimaajisurs du sexe et I'évolution rapide des

chromosomes sexuels chez les poissons (Kikuchi &agachi, 2013).

ChezO. niloticus le déterminant majeur du sexe n’est pas conns maté localisé sur le
groupe de liaison LGL1. Il semble que d’autres gammartenant aux groupes LG3 et LG23
soient aussi probablement impliqués dans le détesme sexuel chez cette espéce (Cnaani et
al., 2008).

! sex-determining region of Y chromosome

> doublesex and mab-3-related transcription factor 1

*> W-likned doublesex and mab-3 DNA-binding motif

4 gonadal soma derived growth factor

> Y-linked anti-Miillerian hormone

® anti-Miillerian hormone receptor type Il

7 sexually dimorphic on the Y chromosome (related to interferon regulatory factor 9)
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2.2.2. Genes impliqués dans la différenciation sexuelle

Contrairement aux déterminants majeurs du sex@chkesirs génétiques situés en aval dans la
cascade de la différenciation sexuelle semblenir #té relativement conservés au cours de
I'évolution. FoxI2® et cyp19af sont impliqués dans la différenciation ovariennedmrtl,
soxd°, et amh! dans la différenciation testiculaire chez les gmis, les oiseaux et les
mammiféres. Ce caractere conservé n’est cependéaqarent puisque ces genes peuvent
avoir des fonctions et des positions différentassda processus de différenciation selon les
groupes. Par exemple, chez les mammifé&s@s9active le géne dedmhdans les cellules de
Sertoli des testicules en développement condugsntégression des canaux de Miiller. Chez
les oiseaux, I'expression dafhhprécede celle deox9qui est exprimé chez les males et les
femelles (Cutting et al., 2013). Les poissons n&spdent pas de canaux de Miller et le réle
de 'amhn’est pas clair. Che@dontesthes hatcherle gene de #imha évolué en déterminant

majeur sur le chromosome Y.

Un bref résumé des fonctions et profils d’exprassionnus pour ces genes, et d'autres
impliqués dans la régulation de la différenciatsaxuelle chez les poissons est présenté ci-
dessous (détails de leur expression au cours ddéfémenciation sexuelle chez le tilapia du
Nil & la Figure 2).

Sox9

Chez les mammiferespx9est la cible directe dery et son expression est nécessaire pour la
différenciation testiculaire (Siegfried, 2010). Decopies paraloguésde ce génesox9aet
sox9bont été identifiées chez plusieurs espéeces destéens (Chiang et al., 2001; Johnsen et
al., 2013; Nakamoto et al., 2005). Chez le méda&a9aest exprimé dans les ovocytes des
ovaires adultesSox9b est exprimé des la formation d’'une ébauche de dpmaais un
dimorphisme sexuel apparait apres les premieresigie differenciation gonadique. Bien
gu'une augmentation de son expression soit obsetuéant la morphogenése testiculaire
(Nakamoto et al., 2005), ce gene ne semble pasdgugpbans la différenciation testiculaire

mais remplirait un réle dans le maintien de ladigrgerminale (Nakamura et al., 2012). Par

® forkhead transcriptional factor L2

? cytochrome P450, family 19, subfamily A (aromatase)

10 Sry-related HMG-box protein 9 gene

11 . . .
anti-Mdllerian hormone

12 . . ’ ~ . ;g . .
Copies issues d’'un méme gene ancestral par un événement de duplication.
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contre, chez la truite arc-en-ci@ricorhynchus mykigs sox9aest exprimé trés tét dans les
gonades en deéveloppement avec un niveau dexpregsios élevé chez les males

apparaissant avant les premiers signes de diffixteac (Vizziano et al., 2007).

Chez le tilapia, le niveau d’expressionsix9aest similaire dans les gonades XX et XY de 9
a 29 jours post-fécondation (jpf), durant la diéiéciation sexuelle, suivi d’'une augmentation
spécifiguement dans les gonades XY a partir dgoB8%pres la différenciation histologique
des gonades (apparition des canaux efférents ¢ davité ovarienne) (ljiri et al., 2008;
Kobayashi et al., 2008). Cependant, D'Cotta e{24l07) ont observé une expression plus
élevée desox9aet sox9bdans les gonades XY entre 20 et 25 jpf (FigureB&n que plus
précoce, ce dimorphisme apparait apres le débaediwolifération différentielle des cellules
germinales primordiales entre méale et femelle (K@lshi et al., 2008). Le rble des geses9
doit encore étre précisé chez le tilapia mais ilsemble pas intervenir dans les premieres
phases de la différenciation testiculaire.

Amh

Chez les mammiféres, I’hormone anti-Mullerienne lfgpoue un réle dans la régression des
canaux de Miuller chez les méles et le développeféitulaire chez les femelles. Au cours
du développement testiculaire, I'expression degame est induite paiox9dans les cellules
de Sertoli en voie de difféerenciation (Sekido & kethBadge, 2009). Les poissons téléostéens
ne possedent pas de canaux de Miller et le rOlet @ealamh n’est pas connu, mais une
expression plus élevée chez le male dés le débua akfférenciation gonadique a été
observée chez plusieurs especes comme le zebfdfhg & Orban, 2007) et la truite arc-
en-ciel (Vizziano et al., 2007) et laisse suppaserrole de lamh dans la différenciation
testiculaire. Des profils d’expression réciprogquedre lamh et cypl9alasuggerent un
possible contrdle négatif deathh sur le gene de I'aromatase gonadique (Wang & Qrban
2007; Fernandino et al., 2008; Poonlaphdecha,e2@il.3).

Chez le tilapia, le géne daihh localisé sur le groupe de liaison LG23 (Shiraklet2006),
est exprimé dans les gonades a partir de 9 jpf.iB@au d’expression est plus élevé chez le
male a partir de 19 jpf et continue d’augmenteradturtoute la période de différenciation
sexuelle, tandis gu'il reste faible chez la feméljiei et al., 2008) (Figure 2). Il est intéressan
de noter que dmhest également exprimé dans le cerveau des tilapigs’'un dimorphisme



Partie 1 : Introduction générale

d’expression se manifeste entre 10 et 15 jpf, ppod&cocement que dans la gonade
(Poonlaphdecha et al., 2011).

Dmrtl

Le géenedmrtl a suscité beaucoup d’intérét chez les poissonsiigldp découverte du
déterminant sexuel majeur chez le médakay qui est une copie paralogue denrtl
(Matsuda et al., 2002). Alors gu’il ne semble pagliqué directement dans le déterminisme
sexuel chez les mammiferes, mais plutét dans leldgpement des cellules de Sertoli et la
spermatogeneése, il est lié au chromosome Z cheaideaux et nécessaire au déterminisme
male (Smith et al., 2009; Siegfried, 2010). Cheméxlakadmrtl est situé sur un autosome et
exprimé tardivement dans le processus de difféatinai testiculaire. Seudmy est exprimé
dans I'embryon et la larve, déterminant le sexeenedl régulant la prolifération des cellules
germinales primordiales (Kobayashi et al., 2004)cun dimorphisme sexuel d’expression
n'apparait durant la différenciation sexuelle cHezzebrafish (Guo et al., 2005). Chez
d’autres especes comme le tilapia (ljiri et al.p&0 la truite arc-en-ciel (Vizziano et al.,
2007) et le barQ@icentrarchus labrak (Deloffre et al., 2009)dmrtl est surexprimé dans les
gonades males durant la différenciation sexuelbm &pression différentielle précoce dans
les gonades XY en fait probablement un des prenaigtesurs de la différenciation testiculaire
chez le tilapia. Il est exprimé dans les cellulewerant les cellules germinales a partir de 10
jpf, avant tout signe de différenciation morphotpge (prolifération des cellules germinales,
histogenése des canaux efférents ou de la ca\atteone) (ljiri et al., 2008; Kobayashi et al.,
2008) (Figure 2)Dmrtl pourrait inhiber la différenciation ovarienne eterant un contréle
négatif sur 'expression dexl2 et cypl9alaet la production d’cestrogenes (Li et al., 2013;
Poonlaphdecha et al., 2013).

Cypl9al

L’aromatase, codée par le gery19al occupe une position clé dans la stéroidogenése en
catalysant la synthése des aestrogénes a partidrd@ggnes. Chez tous les vertébrés non-
mammaliens, I'aromatase et les cestrogenes jouemblancrucial dans le développement
ovarien (Lange et al., 2002) (voir § 2.3). Chexz poissons, les reptiles et les oiseaux, une
inhibition de I'aromatase peut a elle seule induiree différenciation testiculaire chez des
femelles génétiques (Elbrecht & Smith, 1992; Wikh&ICrews, 1994; Guiguen et al., 1999).
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Deux copies paralogues du géene de 'aromatasesakishez la plupart des poissons (excepté
les anguilles)Cypl9alacode pour I'aromatase dite « gonadique » cartikessentiellement
exprimé dans les gonades (principalement les @)aiterant la période de différenciation et
chez l'adulte. La seconde forme appelée « cérébrast exprimée par le gemgpl9alb
principalement dans le cerveau (Guiguen et al.0R01

La structure de leurs promoteurs et leurs profilexpression différents refletent les
spécificités régulatrices et fonctionnelles de clgagene. Chez le tilapia et d’autres especes
comme le poisson rougeCdrassius auratyset le zebrafish, le promoteur dypl9ala
contient entre autres des motifs de liaison @6ilf (nr5al/ ad4bp, wtl* etsry qui sont des
facteurs impliqués dans le déterminisme sexuelaedifférenciation gonadique chez les
mammiféres (Callard et al., 2001; Chang et al. 52@uiguen et al., 2010). Une séquence de
liaison de la protéinfoxI2 a également été identifiée chez le tilapia (Warg.e2007). Chez
cette espéce, 'aromatase gonadique est expringdifigpement dans les cellules somatiques
des gonades XX a partir de 9 jpf et son niveaugression augmente progressivement durant
toute la période de différenciation sexuelle (kitial., 2008) (Figure 2). Une expression plus
précoce des deux formes a cependant été déteatédedaembryons avant I'apparition des
gonades, a partir de 3-4 jpf. Bien qu’'une quardtfan plus précise de son expression soit
nécessaire durant les premieres phases de déveleppda forme cérébrale ne semble pas
étre exprimée de maniere différentielle chez letesat les femelles durant la période de
différenciation sexuelle (Kwon et al., 2001) comuiest le cas chez la truite arc-en-ciel
(Vizziano-Cantonnet et al., 2011). Le promoteurcg@l9albcontient un élément de réponse
aux cestrogenes (Chang et al., 2005) qui permeautoeégulation positive par le produit de
synthese de 'aromatase. La forme cérébrale esinegp dans les cellules gliales radiaires
qui donnent naissance aux neurones et autres exligliales et interviennent dans la
migration neuronale et sa fonction a donc été raage associée a la neurogenese (Diotel et
al., 2010). Cependant, D'Cotta et al. (2001) ondeol® chez le tilapia une activité de
'enzyme plus élevée dans les cerveaux femelles dpres les cerveaux males durant la
période de différenciation sexuelle, laissant sspp@u’un contrble post-transcriptionnel ou
une régulation différentielle de I'enzyme (Balthdzet al., 2003) pourraient étre impliqués
dans la différentiation sexuelle du cerveau et+é¢ngt dans celle de la gonade.

B steroidogenic factor-1

“ Wilms tumor 1 protein

10
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Foxl2

FoxI2 code pour un facteur de transcription impliquésdndifférenciation ovarienne chez
les vertébrés (Cutting et al., 2013). Il particgpéa régulation transcriptionnelle dgpl9ala
notamment chez le médaka (Nakamoto et al., 2086)labia (Wang et al., 2007) et la truite
arc-en-ciel (Vizziano et al., 2007). Contrairemantmeédaka chez qui I'expression foel2
apparait dans les gonades XX apres les premiengssige différenciation morphologique
(Nakamoto et al., 2006), son expression est antériehez le tilapia (9 jpf) (ljiri et al., 2008)
et il semble donc se situer au plus haut de laackesde différenciation femelle (Figure 2).
Chez cette espéce, une délétionfad2 peut méme conduire a une inversion de I'ovaire en
testicule (Wang et al., 2007; Li et al., 2013).

Il est particulierement intéressant de noter fixd2 est également exprimé dans le cerveau a
'age adulte chez le tilapia (Wang et al., 2004)egboisson-chat africai@larias gariepinus

et, chez cette espédexl2 contréle également I'expression de I'aromatasebralécypl9alb
(Sridevi et al., 2012). Par ailleurs, une exprassiefoxl2 a été mise en évidence dans le
cerveau au cours de la différenciation sexuelle ¢heruite arc-en-ciel, mais sans corrélation

directe avec le niveau d’expressionaypl9all(Vizziano-Cantonnet et al., 2011)

Sfl

Sfl est un autre facteur de régulation qui sembleigupl dans les voies de différenciation
male et femelle. Chez les mammiféres, il particgpda régulation de I'expression de
différentes enzymes stéroidogéniques, dont l'araseqt et est également nécessaire a
l'activation de lamh (Cutting et al., 2013). Son réle régulateur deoaatase a été mis en
evidence chez le médaka et le tilapia durant Elogenese (Watanabe et al., 1999; Yoshiura
et al., 2003) et dans le cerveau chez le poissanafhicain (Sridevi et al., 2012). Cependant,
son profil d’expression différent de celui dgpl9aladurant la différenciation sexuelle du
tilapia suggére qu'’il ne joue pas un role imporidaus la régulation de 'aromatase lors de ce

processus (ljiri et al., 2008).

11
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Dax1*® (nr0b1)

Chez les mammiféregjaxl code pour un récepteur nucléaire jouant un rétlateur
antagoniste desfl dans le développement gonadal (lyer & McCabe, R00ds profils
d’expression dans les gonades de tilapia en dévetopnt obtenus par ljiri et al. (2008)
semblaient exclure ce gene d’'un réle important dandifférenciation gonadique mais des
résultats récents contradictoires pourraient sersait nouvel intérét pour ce gene. D’Cotta et
al. (2014) ont en effet mis en évidence une exjregsus élevée ddaxldans les gonades et

le cerveau des individus XY que chez les XX au tiéleula différenciation sexuelle (10-15
jpf) (Figure 2).

Canaux efférents
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Figure 2. Représentation schématique de I'expression degsgénpliqués dans la cascade de
différenciation du sexe dans les gonades au caudédeloppement male (rectangle bleu) et femelle
(rectangle rose) chez le tilapia du Nil (modifi@mtés Baroiller et al., 2009a; D'Cotta et al., 2014s
fleches larges représentent la période considénd@ene critique pour la différenciation sexuelle (voi

§ 3.2 et 3.3). L'échelle supérieure représentejdass post-fécondation (dpf). Les cercles blancs
représentent les génes impliqués dans le dévelaggeovarien et les cercles noirs ceux impliqués
dans le développement testiculaire. Les signeddiguient une régulation positive. Les autres genes
sont exprimés a des niveaux similaires aprées ikimiin de leur expression. Noms des génes : voir
texte. Esr : récepteurs cestrogenes.

15 o . . ey .
Dosage-sensitive sex reversal, adrenal hypoplasia congenital critical region on the X chromosome.
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2.3. Contréle endocrinien de la différenciation sexuelle

Une différence majeure entre les mammiferes ewhgriet les autres vertébrés est
limportance des stéroides sexuels dans la diftéadon sexuelle, et particulierement la
nécessité des cestrogenes dans le développememgnochez vertébrés non-mammaliens
(Herpin et al., 2010; Cutting et al., 2013). Ceerdlajeur se retrouve non seulement chez les
espéeces gonochoriques a déterminisme sexuel géegtigais également chez les espéces
possédant un déterminisme environnemental (tempéjatet chez les hermaphrodites
(Baroiller et al., 1999; Herpin et al., 2010).

Apres les premiéres expériences d’inversion sexymdl administration de stéroides sexuels
durant la période de différenciation des gonadeszcle médaka (Yamamoto, 1953;
Yamamoto, 1958), Yamamoto proposa en 1969 la thésgion laquelle les cestrogenes
étaient les inducteurs naturels du développemeatiay, et les androgenes les inducteurs
naturels du développement testiculaires chez lssqas. Le 1f-cestradiol (E2) se retrouve a
des niveaux plus élevés chez les femelles et assidd&ré comme I'cestrogene majeur
responsable de la différenciation ovarienne (Laggal., 2002). A la différence des autres
vertébrés chez qui la testostérone est 'androgeimeipal, les stéroides impliqués dans la
différenciation testiculaire et les fonctions reguwotrices males chez les poissons sont des
androgénes 11-oxygénés, principalement la 11-cdtstigrone (11KT) (Kime, 1993; Borg,
1994; Baroiller et al., 1999; Devlin & NagahamaQ2)) La testostérone (T) quant a elle joue
un réle majeur puisqu’elle est le substrat d’'une, ke 'enzyme 1f-hydroxylase qui produit
les androgenes 11-oxygénés, et d’autre part denfiarase qui le transforme enpi@stradiol
(Figure 3).

Le réle crucial des cestrogenes et de I'aromatase ldadifférenciation ovarienne a été mis en
evidence expérimentalement par l'utilisation d’'lmiteurs de I'aromatase. Leur administration
durant la période sensible de la différenciatioruséie réduit les niveaux d’cestrogenes et
induit une masculinisation entre autres chez lgaeh (Uchida et al., 2004), le saumon
Chinook Oncorhynchus tshawytschalRiferrer et al., 1994), la truite arc-en-ciel ettilapia
(Guiguen et al., 1999; Kwon et al., 2000; Afonscakt 2001). L'utilisation de traitements
similaires a également montré un possible conegércé par les cestrogenes sur I'expression
de certains génes impliqués dans la différenciagexuelle. L'administration d’un inhibiteur
d’aromatase durant la différenciation sexuelle dimeil'expression d&ox|2 chez la truite arc-

13
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en-ciel (Baron et al.,, 2004) et stimule I'expressie I'amh chez le pejerreyYodonthestes

bonariensisune espéce avec un fort déterminisme thermigenéndino et al., 2008).

| |
' 178HSD ,
% 9 ™, —> ™,
[/ , 1/
3BHSD/Isomérase
' < —_ , < Adrénostérone 11-Cétotestostérone
™, ™,
o ~
11BHSD Male 118HSD
Prégnénolone Progestérone
P450c17 (17H P450c17 (17H, ‘ ‘ /
l 50¢17 (17H) 1 50¢17 (17H) | 178HSD N
|t 3BHSD/Isomérase | ™~ ™~
—
<< <<
P 11B-Hydroxyandrosténédione 11B-Hydroxytestostérone
17-Hydroxyprégnénolone 17-Hydroxyprogestérone
P450c11 (118H) P450c11 (118H)
P450c17 (lyase) P450c17 (lyase) | / ' /
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| < - : '
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Figure 3. Schéma de la stéroidogenése gonadique chez Esopsj établi a partir de résultats récoltés
chez le tilapia et la truite arc-en-ciel durantlifiérenciation sexuelle (d'aprés Baroiller et &4B99).
P450aro, aromatase ; P450c11pH) 118-hydroxylase ; P450c17 (17H), 17-hydroxylase ; RAS0
(lyase), 17,20-lyase ; HSD, hydroxysteroid dehydrase.

Le contr6le de la différenciation ovarienne par Eestrogenes n’est cependant pas un
mécanisme universel chez les poissons puisquedlades stéroidogéniques apparaissent
apres les premiers signes de différenciation ligtques dans les gonades chez plusieurs
especes de poecilidae et chez le médaka (StrusstnBlakamura, 2002) et 'administration
d’inhibiteur d’aromatase ne modifie pas le dévelppnt ovarien chez ce dernier (Kawahara
& Yamashita, 2000).

14



Partie 1 : Introduction générale

Bien que I'administration d’androgenes exogenesnaintré son pouvoir masculinisant sur la
différenciation gonadique chez de nombreuses esg@andian & Sheela, 1995), le rbéle des
androgenes dans les processus naturels de laediffation sexuelle a été moins étudié et
semble différent selon les espéces. Chez la tanteen-ciel, 'enzyme thydroxylase est
uniqguement exprimée dans les gonades males avardélbait de la différenciation
histologique, suggérant un réle important des agelies 11-oxygéneés dans la différenciation
sexuelle (Liu et al., 2000). Chez la perche euremgePerca fluviatilig, il semblerait que la
différenciation gonadique puisse étre guidée paapport 11KT/E2 (Rougeot et al., 2004&).
'opposé, la 1p-hydroxylase est exprimée dans les gonades déatidapartir de 29 jpf, apres
les premiers événements de différenciation sexufjle et al.,, 2008) et l'absence
d’cestrogenes endogenes plutdt que la présence rdgamks semble étre corrélée avec
l'initiation de la différenciation testiculaire (ahama, 1999; Strissmann & Nakamura,
2002). De plus, toujours chez le tilapia, des nixeplus élevés d’E2 ont été mesurés dans les
gonades XX par rapport aux gonades XY durant laogérde différenciation sexuelle
(D'Cotta et al., 2001b).

Les récepteurs stéroidiens jouent un réle importans la médiation de I'action des
hormones androgenes et cestrogénes durant la didfétien sexuelle et une régulation du
contr6le hormonal de la différenciation sexuell@npait s’opérer au travers d’une expression
différentielle de ceux-ci. Cependant, chez le tdapes trois récepteurs cestrogenes Esrl,
Esr2a, Esr2b et les deux récepteurs androgenesetAAr2 sont exprimés a des niveaux
semblables dans les gonades XX et XY durant |@wiffciation sexuelle (ljiri et al., 2008).

2.4. Développement des structures sexuellement différenciées

2.4.1. Ontogenése gonadique

Les gonades se développent a partir d’'une ébaupbeehtielle qui suit ensuite une voie de
différenciation male (en testicules) ou femelle @raires). Elle se compose de cellules
somatiques et de cellules germinales qui ont dignes embryologiques différentes. Les
éléments structuraux somatiques se deéveloppent ldaparoi dorso-latérale de la cavité
péritonéale tandis que les cellules germinales gndimles (PGCs) se développent ailleurs

dans I'embryon et migrent ensuite vers la régionaglique. Elles interagissent alors avec les
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cellules somatiques pour former une ébauche gounedigprés leur migration, les PGCs
proliferent par divisions mitotiques et se diffé&c@mt en ovogonies ou spermatogonies, qui
entreront par la suite en méiose pour former desyies ou spermatocytes. Avant le début de
la méiose, les cellules somatiques entourant leGsP§& différencient également. Dans les
testicules, elles formeront notamment les celldes Sertoli (nourriciéres) et de Leydig
(hormonales). Les cellules de Sertoli entourent&iles de la lignée germinale, forment les
tubules séminiferes et supportent la spermatogerése cellules de Leydig assurent la
production de stéroides sexuels. Dans les ovadiesscellules somatiques entourent les
cellules germinales pour former de follicules coemant une couche interne, la granulosa, et
une couche externe, la theque. Les cellules deélgue produisent des stéroides, notamment
la T qui est ensuite aromatisée en E2 dans leslegltle la granulosa (Nakamura et al., 1998;

Devlin & Nagahama, 2002; Strissmann & Nakamura2200

Chez les especes gonochoriques, la différenciatiearienne précede généralement la
différenciation testiculaire qui peut étre déteaties jours, voire des semaines ou des mois
plus tard selon les espéces. Le développementgtmnkde male peut étre direct, comme chez
le tilapia du Nil, ou indirect, comme chez le zdista Dans ce cas, la gonade développe
d’abord des caractéristiqgues femelles, pouvant palegu’a I'apparition d’ovocytes et d’'une
cavité ovarienne rudimentaire, avant de se massaticompletement en testicule (Devlin &
Nagahama, 2002; Strissmann & Nakamura, 2002). bidjggn d’une cavité ovarienne chez
les femelles ou des canaux efférents chez le nsilggénéralement considérée comme le
premier signe histologique de la différenciatiomagdique (Nakamura et al., 1998; Kobayashi
& Nagahama, 2009). Cependant, au niveau cellulaine distinction plus précoce peut
généralement étre faite entre les gonades malésnatlles dans le nombre de PGCs. La
différenciation ovarienne est généralement assoééen nombre plus élevé et une
prolifération plus importante des PGCs que la diff€iation testiculaire. Le nombre de PGCs
et la régulation de leur activité proliférative pls cellules somatiques environnantes
pourraient méme étre le déclencheur initial deffféré@nciation gonadique (Braat et al., 1999;
Tanaka et al., 2008; Guiguen et al., 2010). Chemdelaka (Kurokawa et al., 2007) et le
zebrafish (Siegfried & Nusslein-Volhard, 2008), uléplétion des PGCs durant les premiéres

phases de développement induit une masculinisdé@srgonades.

Chez le médaka, il semblerait que le déterminaneumalu sexegdmy, exprimé dans la lignée

des cellules de Sertoli, détermine le sexe en olamir I'activité proliférative des PGCs
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(Kobayashi et al.,, 2004). Chez certaines especermtsensibles (déterminisme
environnemental), les hautes températures massaitités induisent une réduction du nombre
de PGCs par apoptose (Strissmann et al., 1998t #io, 2003).

Au cours de I'embryogenése du tilapia, les PGC4 stisibles a partir de 46 h post-
fécondation (hpf) (neurula, somitogenése) (Morriseinal., 2001) (Figure 4). A 4 jpf
(éclosion), elles se situent dans le mésodermaignibla partie postérieure du tube digestif.
Elles migrent ensuite et atteignent I'ébauche deade a 7 jpf (Kobayashi et al., 2000, 2002).
Leur nombre change peu jusqu’a 12 jpf. A particdemoment, elles continuent a proliférer
dans les gonades XX alors que leur nombre ne chpaggusqu'a 18 jpf dans les gonades
XY. La cavité ovarienne et le canal efférent apisaent dans l'ovaire et le testicule
respectivement entre le 26t le 36 jpf (Kobayashi et al., 2008). A ce moment, ledutes
germinales entrent en meéiose dans I'ovaire alofsllga restent quiescentes dans le testicule

avant d’entrer en prophase méiotique vers fg@HD'Cotta et al., 2001b).

Différenciation gonadlque
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Figure 4. Développement des structures et événements masqaantcours du développement
embryonnaire et larvaire et de la période de diffiéiation des gonades (en rose chez les femelies, e
bleu chez les méles) chez le tilapia du Nil (d'apgkakamura et al., 1998; Kobayashi et al., 2000,
2002, 2008; Morrison et al., 2001).

2.4.2. Role du cerveau dans la différenciation sexuelle ?

Selon la théorie classique de la sexualisation td®mammiféres, I'expression du gesey
dans les gonades contréle leur différenciation skxuPar la suite, la production de stéroides

sexuels par les ovaires ou les testicules indud€leeloppement de différences sexuelles dans
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d’autres structures comme le cerveau (MacLusky &tdlia, 1981). Chez les poissons, des
différences sexuelles dans I'expression de cerg@mes apparaissent dans le cerveau durant
la différenciation des gonades suggérant une diff@ation sexuelle du cerveau au moins
concomitante a celle des gonades (Sudhakumari.,eR@05, 2010; Poonlaphdecha et al.,
2011; Vizziano-Cantonnet et al., 2011). Pour F=u{gP92) et Godwin (2010), le cerveau
serait sexuellement différencié avant et joueraitrdle déterminant dans la différenciation
sexuelle des gonades chez les poissons. Cettét@al@veloppementale inversée (par rapport
aux mammiféres chez qui les gonades détermingpiidaotype sexuel du cerveau) serait a
mettre en relation avec la diversité et la plagtide leurs stratégies sexuelles. Cette notion est
particulierement vraie chez les espéces hermagbsodont la différenciation gonadique est
guidée par des facteurs sociaux mais pourrait ggales’étendre a d’autres espéces avec des

systemes de déterminisme sexuel différents.

Une autre particularité des poissons par rappostaatres vertébrés est I'importante activité
aromatase observée dans leur cerveau chez legaeétltlurant le développement (Diotel et
al., 2010; Le Page et al., 2010). Il est générattradmis que I'aromatase cérebrale et les
aestrogénes ont un rdle stimulateur dans la neuésgemais des données récentes semblent
plutét indiquer un réle inhibiteur dans la proldéon et la migration des cellules cérébrales
chez le zebrafish adulte (Coumailleau et al., iespy. Quoi qu’il en soit, le rble de
'aromatase et des cestrogénes dans la neurogambke£galement associé a la diversité des
stratégies sexuelles (Coumailleau et al., in press)n role direct dans la différenciation
sexuelle ne peut étre exclu (Blazquez & SomozaQ2D& Page et al., 2010). Chez le tilapia,
'aromatase cérébrale est exprimée dans I'embry8nph (Kwon et al., 2001) et son activité
est plus élevée dans le cerveau des femelles que addui des males durant la période de
différenciation sexuelle (D'Cotta et al., 2001bjhe€ la truite arc-en-ciel, I'expression des
trois récepteurs cestrogénessr(, esr2a et esr2h) ainsi que I'expression et I'activité de
'aromatase cérébrale sont (paradoxalement) plexseék dans les cerveaux males durant la

différenciation sexuelle (Vizziano-Cantonnet ef 2011).

Une expression dimorphique (niveau plus élevé ¢teeanales) defl et daxlchez la truite
arc-en-ciel (Vizziano-Cantonnet et al., 2011)aeth (Poonlaphdecha et al., 2011) d=tx1
(D'Cotta et al., 2014) chez le tilapia a égalemétd observée dans le cerveau durant la

différenciation sexuelle.
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Par ailleurs, un contrdle du cerveau sur la difféi@ion gonadique pourrait également
s’établir via I'axe gonadotrope (hypothalamus-hypgge-gonade). Son implication dans le
contrble de la gamétogenése et d’'autres fonctimes la la reproduction a été largement
étudiée chez les adultes (voir revue de Zohar.e2@10). Peu de données existent quant a sa
possible implication dans la différenciation selehais un réle précoce dans le contrdle de
la stéroidogenése ne peut étre exclu. Chez ladjlgpcune différence sexuelle n'apparait
dans la production de gonadotropines {f Bt FSH’) par I'hypophyse durant la période de
différenciation sexuelle. Cependant, une augmentate I'expression du récepteur de la FSH
dans les gonades femelles a été observée a parfid gpf et pourrait étre nécessaire pour

induire I'expression de I'aromatase (Yan et al120

3. Inversions sexuelles et effets environnementaux sur la différenciation du
sexe

3.1. Contréle du sexe

La plasticité de la différenciation sexuelle esgéament exploitée dans la production de

populations monosexes visant a améliorer la prodtécet la gestion des systémes aquacoles.

Le principal avantage de ce type de productiondegsians I'exploitation du dimorphisme

sexuel de croissance présent chez de nombreusescesspElle peut également

permettre (Beardmore et al., 2001):

- d’améliorer la gestion des stocks de géniteurs ;

- de limiter les dépenses énergétiques liées a uptimn gonadique (chez les femelles), a
'expression des comportements reproducteursapéolduction non-désirées d’'alevins ;

- de réduire les interactions agressives ;

- d'uniformiser les tailles a la récolte ;

- de limiter certains impact négatifs résultant denlguration sexuelle sur la qualité de la

chair ;

16 se .
Hormone lutéinisante

17 . .
Hormone folliculo-stimulante
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- de réduire les perturbations environnementales duwepoissons échappés.

Avec 4,5 millions de tonnes (dont 3,2 poOr niloticug produites en 2012, les tilapias
représentent le deuxieme groupe d’espéces le pipsriant dans l'aquaculture mondiale
apres les carpes (FAO, 2014). L'élevage du tilaghiaNil repose principalement sur la
production de populations monosexes males qui pté&seun meilleur potentiel de croissance
gue les femelles (+x 50 %). Différentes techniqueistent pour obtenir des populations
monosexes : le sexage manuel, I'hybridation, letréba génétique par utilisation de males
YY (supermales), les inversions du sexe par admnatisn d’hormones et la masculinisation
par les hautes températures (pour le détail déechmiques, voir: Baroiller & Jalabert, 1989;
Baroiller et al., 1995; Mair et al., 1997; PhelpP&pma, 2000; Beardmore et al., 2001). Les
deux premieres méthodes ont été progressivememtdabaées au profit de linversion
sexuelle par administration massive d’androgenésd@lement la hizméthyltestostérone)
qui, par sa facilité de mise en ceuvre et son effieareprésente aujourd’hui la technique la

plus largement utilisée en aquaculture (Cnaani Salve Sivan, 2009).

Les inversions sexuelles hormonales et thermiqilégijtes aux 8§ 3.2 et 3.3, sont par ailleurs
trés intéressantes pour I'étude du déterminismdedt différenciation sexuels. La maitrise
des techniques d’inversion sexuelle hormonalesaesgwent conduit au développement de
programmes d’élevage assurant la production desmale qui croisés avec des femelles XX
fournissent des descendances 100 % maéles norefraité hormones. Outre les males YY,
les inversions sexuelles fournissent des indivaltex d’autres combinaisons de phénotype et
génotype sexuels (males XX, femelles XY et YY)isés comme outils dans les recherches
sur le déterminisme sexuel et la biologie repragtactLes schémas de production de ces

individus sont présentés a la Figure 5.
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@ xx x J XY
J XY 50% Q@ XX
@xx x & XX 50% QlXY x ' XY
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Qxy x J YY 25%

| L

25% P XY |
75% @YY x J Y
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7N\

100% 9 XY d XY 100 %

Figure 5. Schéma de production permettant d'obtenir des lptipos homogenes de toutes les
combinaisons de phénotype et génotype sexueldeliéapia du Nil. Fleches bleues : masculinisation
des progénitures par administration d’androgerfiéshes roses : féminisation des progénitures par
administration d’cestrogénes ; fleches noires: mautaitement hormonal. Grisé : procédures
appliguées en aquaculture pour la production deulptipns monosexes males, soit par

masculinisation directe, soit par I'utilisation aiéles YY.
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3.2. Stéroides exogenes

Méme chez les espéces avec un déterminisme gémdban) la différenciation gonadique
reste un processus flexible comme le démontre tesbreuses expériences d’inversions
sexuelles réalisées chez les poissons. Des traitemmasculinisants ou féminisants par
administration de stéroides sexuels exogenes (géxes et cestrogénes respectivement) ont
été établis chez plus de 50 espéces de téléodtidanter & Donaldson, 1983; Pandian &
Sheela, 1995; Piferrer, 2001; Devlin & Nagahama)2}0 L’efficacité de ces traitements
dépend du mode et du moment d’application, de l@ejude la dose et de la nature de
’hormone administrée. De nombreux stéroides nkture synthétiques peuvent étre utilisés
et leur administration se fait généralement palusion dans la nourriture ou par immersion,
et de fagon plus anecdotique par injection ou imp(@andian & Sheela, 1995). Chez le
tilapia et de nombreuses autres especes, l'admaticst alimentaire est préférée pour sa
facilité de mise en ceuvre. Une solution alcooliqoatenant 'hormone est mélangée a
l'aliment qui est ensuite séché pour permettreap@ration de l'alcool. Les traitements par
immersion (balnéation) présentent I'avantage devpiolwétre appliqués avant le début de
'alimentation exogene chez les espéces dont leogeersensible coincide avec les stades

embryonnaires ou larvaires, comme chez certaimsosatiés (Piferrer 2001).

La période sensible (ou critigue) pour les inversicsexuelles couvre la période de
différenciation des gonades et pour étre efficalmsstraitements doivent débuter avant les
premiers signes histologiques de différenciationagiique (Hunter & Donaldson, 1983; Hiott
& Phelps, 1993). Chez le tilapia, les traitementsaoulinisants a la ki¥méthyltestostérone
(MT) sont généralement appliqués a partir de 1qQgpémier nourrissage) pour une période
de 3 & 4 semaines. A une concentration de 40 antoRg" d’aliment, ce type de traitement
induit généralement 100 % de males chez des thaviXX (Baroiller & Jalabert, 1989;
Abucay & Mair, 1997; Phelps & Popma, 2000).

Afin de limiter les risques environnementaux et itsdmes liées a I'utilisation massive
d’hormones, certains chercheurs ont mis au poist tetocoles alternatifs basés sur des
traitements par balnéation de courte durée (maduns jour). Une exposition d’alevins agés
de 10 a 18 jpf a difféerents androgenes synthétigliésmethyldihydrotestostérone, acétate
de trenbolone, #méthyltestostérone, éthynyltestostérone) en undenrx immersion(s) de
2 a 4 h induit plus de 80 % de males dans des ptps mixtes (Contreras-Sanchez et al.,
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1997; Gale et al.,, 1999; Wassermann & Afonso, 20&3)s n'ont pas été adoptés par
'industrie aquacole en raison des taux d’'invergius faibles et de leur mise en ceuvre plus
laborieuse, ce type de traitements courts pourrgiermettre de cibler les périodes les plus
précoces de la différenciation sexuelle afin d'erdi&r les mécanismes amonts, notamment la
cascade d’expression génique pouvant s'établirtaeanpremiers signes de différenciation
sexuelle au niveau cellulaire et histologique etdle éventuel du cerveau dans le processus

de différenciation du sexe (Rougeot et al., 2008a).

Bien que les traitements d’inversion du sexe dengiement contribué a mettre en évidence le
réle des stéroides dans la différenciation et détesr la période critique de la différenciation
sexuelle chez de nombreuses espéces, les mécanimoisn de ces hormones exogenes, et
notamment leur interaction avec le métabolismeo&léan naturel et I'action des genes

impliqués dans le déterminisme et la différencratie sont pas totalement connus.

Les traitements hormonaux appliqués durant la géraensible de la différenciation du sexe
induisent des changements moléculaires et celiglaimportants dans les gonades en
développement. Chez le tilapia du Nil, I'adminitoa d’'E2 a des alevins XY par immersion
entre 8 et 10 jpf induit une augmentation de I'ession de l'aromatasecy(pl9alaet
cypl9alb et une diminution de I'expression d#mrtl dans les cellules somatiques
(Kobayashi et al., 2003), ainsi qu’une activatioa Uactivité proliferative des PGCs
(Kobayashi et al., 2008). A linverse, la mascudation d’individus XX par traitement
alimentaire a la MT réprime I'expression d’aromatgBhandari et al., 2006) et induit un
niveau d’expression démrtl et un nombre de PGCs caractéristiques des matesypéques
(Kobayashi et al., 2008).

Il est particulierement intéressant de noter que tcaitements hormonaux induisent des
modifications de I'expression de certains factaargliqués dans la différenciation sexuelle
non seulement dans les gonades mais égalementedaas/eau. Chez le tilapia du Nil, un
traitement alimentaire masculinisant a la MT praw®agine diminution d’expression darh
dans le cerveau a 14 jpf, mais ne modifie pas fesgion decypl9alb(Ouedraogo et al.,
manuscrit soumis). Paradoxalement, Tsai et al. qRaint rapporté des changements
d’activité de I'aromatase cérébrale induits paditranistration d’E2 et de MT chez le tilapia

du MozambiqueQreochromis mossambicusu méme age.

23



Partie 1 : Introduction générale

3.3. Température

La température est le principal facteur environnaadepouvant contréler ou influencer la
différenciation du sexe chez les poissons. Unenthsensibilité de la différenciation sexuelle
a été mise en évidence pour la premiére fois coeapucetteMenidia menidiaAtherinidae)
(Conover & Kynard, 1981), ensuite chez le tilapia Nil (Baroiller et al., 1995), et
aujourd’hui rapportée chez plus de 60 espéces ldestéens (Baroiller et al., 2009b).
L'importance de la température et des facteurs tggres (chromosomes sexuels) dans le
contrble de la différenciation est tres variablarn# espece a l'autre. Par exemple, chez le
pejerreyO. bonariensisle sexe-ratio est influencé sur une large gamenteghpérature. Des
populations monosexes femelles et monosexes malas abtenues a des températures
d’'incubation respectivement basses (17 °C) et BayR9 °C), et des températures
intermédiaires (24 — 25 °C) induisent des poputati@lans lesquelles les deux sexes
coexistent (Strissmann et al., 1996; Strissmarah.,e1997). Par contre, chez le tilapia du
Nil, le sexe est génétiquement déterminé en desd®32 °C et des températures supérieures
(jusqu'a 36 °C) induisent une masculinisation dmdbes génotypiques (Baroiller et al.,
1995). Chez cette espece, des températures élam@suées durant la période de
différenciation des gonades, a partir de 10 jpp@ir une période minimale de 10 jours
peuvent induire des taux de masculinisation supeaed0 %. L'efficacité de tels traitements
est cependant tres variable d’'une famille a I'sutertains couples de géniteurs pouvant
donner des descendances hautement thermosensilllastees des descendances insensibles
avec des sexe-rations équilibrés (Baroiller etl®195; Baroiller & D'Cotta, 2001; Baras et al.,
2001; Tessema et al., 2006).

Bien que les mécanismes d'action des différentsntagenasculinisants puissent étre
partiellement differents chez le tilapia, il esttéiessant de constater que la période
thermosensible correspond a la période sensible legutraitements d’inversion sexuelle
utilisant des hormones exogénes ou des inhibitdéersaromatase (Baroiller et al., 2009a).
L'action des hautes températures sur la différdinciasexuelle passe par la régulation de
'expression de plusieurs genes clés de la diffdedion du sexe dans les gonades en
développement. Chez des individus XX soumis a angérature de 36 °C a partir de 10 jpf,
dmrtl et amh sont exprimés a un niveau caractéristique dessraleartir de 13-15 jpf, et
pourraient inhiber le développement ovarien en garun contréle négatif seypl9alaet
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foxl2, dont I'expression est réprimée a partir de 1jptconduisant & un diminution des taux
d’cestrogenes (Poonlaphdecha et al., 2013). L'exesiedaxl1 est quant a elle stimulée a
partir de 11 jpf (D’'Cotta et al., 2014).

Les températures masculinisantes induisent égatenmenrégulation différentielle des génes
impliqués dans la différenciation sexuelle dansdeveau. Quatre jours apres le début du
traitement (14 jpf), I'expression d#axl (D’Cotta et al., 2014) et deypl9alb(Ouedraogo,
manuscrit soumis) dans le cerveau augmente paromaux individus XX controles.
Paradoxalement, D'Cotta et al. (2001) ont obseneéactivité de I'aromatase plus faible chez
les individus XX soumis a des hautes températutes apez les XX maintenus a 27 °C,
suggérant une régulation post-transcriptionnelle ldgomatase cérébrale. Che®.
mossambicysune augmentation de I'expression de 'aromatases ¢e cerveau est également

observée a 13 jpf aprés 10 jours de traitementd3¥s contrdle a 26 °C).

Rougeot et al. (2008b) ont mis en évidence unetifern® thermosensibilité précoce couvrant
la période embryonnaire ch€x niloticus Un traitement des ceufs a 36 °C entre 12 hpf et
I'éclosion, avant la formation des ébauches de desainduit 6 a 27 % de males dans des
descendances 100 % XX, suggérant un effet de lpé&eture sur le développement des

PGCs et/ou sur la différenciation sexuelle du cauve

Il semblerait donc que la température puisse agifas différenciation sexuelle a différents
moments du développement, tant sur le cerveau gué scontrdle de la prolifération des

PGCs, ou sur les gonades en développement.

4. Influence des inversions du sexe et du génotype sexuel sur la biologie
reproductive

Chez les espéces possédant un déeterminisme généligsexe, les chromosomes sexuels
orientent la différenciation des gonades en telsficlou en ovaires, mais les génes
déterminants le sexe ainsi que d'autres facteurgtiggies portés par les chromosomes
sexuels sont également responsables de l'appariiendifférences sexuelles d’ordre

développemental, morphologique, physiologique ounmartemental qui définiront le
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phénotype individuel a I'dge adulte (Mank, 2009)sDlors, les manipulations du sexe
présentées au 8§ 3 soulevent de nombreuses questiofesirs conséquences potentielles sur
le développement du phénotype sexuel et sur lagimreproductive chez I'adulte. Les genes
liés aux chromosomes sexuels induisent-ils des finations biologiques chez les individus
présentant des génotypes sexuels particuliers gm@feet XX, femelles XY et YY) ? Ces
individus sont-ils physiologiguement et comportetalment totalement fonctionnels et
adaptés a leur environnement ? Les inversions Hegumduisent-elles une sexualisation
compléete de tous les aspects phénotypiques ourcedapects restent-ils profondément liés
au génotype? Les traitements d'inversion du sexesathromosomes sexuels affectent-ils de

la méme maniere la différenciation des gonadeslkt du cerveau ?

Les réponses apportées a ces questions chez sop®isont peu nombreuses et concernent
généralement des aspects liés au contréle du seaquaculture. Elles pourraient cependant
nous aider également a comprendre comment desr®sigastiqgues de déterminisme sexuel
sont maintenus ou sélectionnés au cours de I'éeoluet évaluer le caractere adaptatif
d’individus possédant des systemes chromosomigakgydiers. Chez le tilapia du Nil, les
facteurs génétiques portés par des autosomes @laif., 1991) et pouvant influencer la
différenciation sexuelle, ainsi que I'existencepdgulations naturelles thermosensibles vivant
dans des environnements soumis a des températxtrésnes ou des régimes thermiques
fluctuant, supposent I'existence naturelle d’'indiss présentant des génotypes particuliers.
Cela a été prouvé par la découverte d’au moins ake iMX et une femelle XY dans des
populations naturelles (Bezault et al., 2007; Bhemoet al., 2009a).

4.1. Performances de reproduction

Etant donné la variété de fonctions attribuéestarmones sexuelles dans la différenciation
sexuelle, la maturation sexuelle, la gamétogenasazens et al., 2010; Schulz et al., 2010) et
'expression des comportements reproducteurs (Mataak& Kobayashi, 2010), des
modifications du métabolisme stéroidien pourrasir de nombreuses conséquences sur la
biologie reproductive. Au cours du développemeatsynthése de T augmente chez les
individus XY par rapport aux XX entre 8 et 13 pfez le tilapia, alors que les larves YY

présentent un niveau de synthése intermédiaireygmbiconduire a des différences dans le
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développement de ces individus (Rowell et al., 20@h comparant le développement
testiculaire de males XY et YY, Herrera et al. (2D@nt observé une histogenése et une
spermatogenése plus rapides chez les males YY,usamd & une puberté précoce et au
développement de testicules de plus grandes tadlegyérant que ces individus pourraient
avoir des capacités reproductives supérieures alrsnXY. Entre 70 et 140 jpf, période
d’acquisition de la maturité sexuelle chez les males males XY grandissent plus vite que
les males YY et les males XX ont un taux de craissaintermédiaire. Ces différences
pourraient résulter de facteurs génétiques desanee portés par les chromosomes sexuels et
de différences d’investissement énergétique dadsg\veloppement des gonades (Toguyeni et
al., 2002). Des différences de taille pourraiemtgbeurs influencer le succes reproducteur de
males possédant des génotypes sexuels différemitavaus du choix de partenaire réalisé par

la femelle.

Différentes caractéristiques pouvant affecter leceés reproducteur ont également été
comparées entre des males XX sexuellement invetsdes males XY normaux chez des
especes pour lesquelles la production de popukatimtonosexes femelles est intéressantes en
raison d’'une croissance supérieure des femellegz Ga truite arc-en-ciel et la perche
eurasienne, les taux de T, d’E2 et de 11 KT ne past différents au cours du cycle de
reproduction (Rougeot et al., 2004; Espinosa eR@ll1), et chez la perche, aucune différence
dans la qualité du sperme (densité de spermatazait#ilité et taux de fécondation) n'a été
mise en évidence entre les deux types de maleggéRoet al., 2007). Par contre, les méles
XX de truite arc-en-ciel présentent, au momentaleeproduction, un important déficit en
170,20B-dihydroxy-4-pregnen-3-one (DHP), une hormone $tieane affectant notamment

la maturation et la motilité spermatique (Espinesal., 2011).

4.2. Comportement

Chez le tilapia bleud. aureu$, espece a déterminisme génétique ZW, la producticeufs

par les femelles n'est pas affectée par le génosgpeel. Les femelles ZW et les femelles
sexuellement inversée ZZ (pseudofemelles) présentem fécondité, un poids moyen des
ceufs et un profil saisonnier de ponte identiquespe@dant, lorsque les deux types de

femelles sont en compétition pour la reproductith femelles ZW, 10 pseudofemelles ZZ et
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3 méles ZZ dans le méme bassin), le taux de reptiotudes pseudofemelles est largement
inférieur a celui des femelles. Desprez & Mélar@9@) ont suggéré que les traitements
hormonaux d’inversion du sexe n’induisaient pas témainisation compléte de l'individu et
gu'une agressivité plus élevée liée a I'expressitin génotype sexuel perturberait les
comportements reproducteurs, diminuant le succda deproduction. Cette hypothése a été
confirmée par Ovidio et al. (2002) qui ont obsemBe agressivité plus élevée des
pseudofemelles par rapport aux femelles ZW lordepsesont maintenues ensemble. Les
pseudofemelles semblent par ailleurs étre plussames envers les males et ne pas exprimer
de comportements de parade sexuelle avant de adpase ceufs, qui ne sont pas fécondés

par le male. Aucune donnée comparable n’existe cshezspece a hétérogamétie male.

Ces perturbations comportementales observées obezindividus sexuellement inversés
seraient en accord avec I'hypothése d’'une difféation sexuelle du cerveau précédent celle
des gonades, les traitements hormonaux d’inveidinsexe administrés durant la période de
différenciation gonadique ne sexualisant pas totatd le cerveau, ou en tout cas avec une
influence des génes portés par les chromosomeslsegur le comportement. Chez les
mammiféres, lI'expression de comportements agressfs associée au chromosome Y,
notamment au travers du contrble exercé par leides d’origine gonadigque, mais
egalement par une influence directe de genes ppaiées chromosomes sexuels qui he sont

pas impliqués dans le déterminisme sexuel (Gatewbatl, 2006; Cox et al., 2014).

5. Le tilapia du Nil : modéle expérimental

Le tilapia du Nil Qreochromis niloticusLinnaeus 1758) (Figure 6) appartient a l'ordre le
plus diversifié de vertébrés, les Perciformes, & tamille des Cichlidae qui, avec plus de
1300 especes répertoriées, est I'une des prinesipaieilles de poissons d’eau douce dans le
monde (Nelson, 2006). Le terme générique de tilapgroupe des espéces originaires
d’Afrique appartenant a trois genres différentsspudistinguent par le mode d’incubation des
ceufs et la garde parentale apportées aux progesmitle genrdilapia regroupe des especes

pondeuses sur substrat, le geSegotherodorcomprend des especes a incubation buccale et
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N

garde biparentale, et le gen@reochromisest constitué d'espéces a incubation buccale
maternelle (Trewavas, 1983).

En conditions naturelles, les mal@seochromisse regroupent dans des zones peu profondes
ou ils défendent chacun un territoire de reproductfin d'y attirer une femelle. Au terme
d’'une parade nuptiale, la femelle dépose ses owulete substrat dans le nid préparé par le
male, qui les féconde. La femelle reprend alorsdesds fécondés dans sa bouche et incube sa
progéniture au moins jusqu’a la premiere alimeatatxogene des alevins (Philippart &
Ruwet, 1982). Le développement ovocytaire est daspme&® chez O. niloticus et, en
conditions favorables, un nouveau cycle de repriglu@eut étre initié tous les 25-33 jours.
Si les ceufs sont retirés de la bouche de la femell@mouveau cycle de maturation ovocytaire
débute et l'intervalle de ponte est réduit & 13el8s (Tacon et al., 1996). En milieu captif, la
reproduction est spontanée et, méme en absencélds, tes femelles pondent régulierement,
ce qui permet un contrble de la reproduction pasoriéation artificielle (Myers &
Hershberger, 1991).

Figure 6. Le tilapia du Nil, Oreochromis niloticus femelle en incubation
(photo : Saidou Santi)

Une reproduction aisée et fréquente en captivié@ée a une maturité sexuelle précoce, une
croissance rapide, une tolérance aux densités plelgimn élevées (Mélard, 1986) et a une

18 . . 2, A .
Plusieurs stades ovocytaires présents au méme moment dans |'ovaire.
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large gamme de conditions physico-chimiques (teatpées naturelles: 13 a 33 °C,
températures extrémes : 8 & 42 °C, oxygéne dissausng I*) (Balarin & Hatton, 1979 ;
Mélard, 1986) et un régime alimentaire omnivoreraance phytoplanctonophage (Philippart
& Ruwet, 1982) ont fait d. niloticus une espéce de choix pour l'aquaculture. Le
développement de I'élevage et surtout la nécesité&ontroler le sexe ont motivé une
recherche importante sur le déterminisme du sege chtte espéce. Par la suite, la mise au
point des procédures d’inversions hormonales, @wulerte d’'une thermosensibilité de la
différenciation sexuelle et la possibilité de prvdudes poissons avec différentes
combinaisons de phénotype et génotype sexuels onforté sa position de modele

remarquable pour I'étude des mécanismes du détermeret de la différenciation du sexe.

6. Objectifs et organisation de la these

Les objectifs de ce travail sont :

1. De déterminer I'influence du génotype sexuel (XX, %u YY) sur certains aspects de
la biologie reproductive — ou pouvant altérer lecas reproducteur — chez le tilapia

du Nil : qualité du sperme, taux de stéroides dexetecomportements agressifs.

2. D’explorer I'hnypothése d’un rdle du cerveau dandiféérenciation sexuelle durant les
premiers stades de développement, avant la formalés gonades, et d'étudier les
mécanismes d’inversion du sexe au stade embry@nhez des individus soumis a

un traitement hormonal précoce.

Le travail de recherche est divisé en deux axegremier axe de recherche (partie 2) traite
de la biologie reproductive. Le chapitre 1 concemeontrole de la reproduction et non
influence du génotype sexuel sur la biologie oejurctive, qui est abordée dans les chapitres
2 et 3. Le premier chapitre traite plus particdigent de I'effet d’agents stressants sur la
maturation ovarienne chez le tilapia. Cette rediercdécoule d'une démarche
méthodologique visant & améliorer la techniqueeggaduction artificielle en synchronisant

les pontes chez plusieurs femelles par expositidesaagents stressants. L'objectif final de la
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synchronisation était d’obtenir simultanément unande quantité d’'oeufs fécondés utilisés
comme matériel biologigue dans [I'étude des mécassnd’inversions sexuelles

embryonnaires (partie 3). Cette recherche n’a dimant pas abouti & une synchronisation
suffisante des pontes chez le tilapia mais a fodes résultats intéressants sur I'effet du
cortisol et du stress sur la maturation ovariemirgsi que sur la détermination du moment de

la ponte qui a permis de réaliser toutes les remtimhs artificielles.

Les résultats d’analyse de la qualité du sperme dbee males XX, XY et YY sont présentés
au chapitre 2. Plusieurs paramétres ont été mesafiasde déterminer d’éventuelles
différences dans la production de sperme liéesfaotgpe sexuel : indice gonado-somatique,

densité spermatique, temps de mobilité des speruiaes et paramétres de motilité.

L’influence du génotype sexuel chez des males etfelmelles a ensuite été évaluée sur les
niveaux de stéroides sexuels (T, E2, 11KT) cirdslat I'expression des comportements
agonistiques (chapitre 3). Huit comportements agjmpies ont été quantifiés dans des
confrontations male — femelle. Le r6le possible di&soides sexuels dans I'expression de

différences comportementales est discuté.

Le second axe (partie 3) s'intéresse au détermaistma la différenciation du sexe a des
stades précoces du développement chez le tilapidNiduTout d’abord, I'efficacité de

différents traitements précoces d’'inversion sexuglilisant des hormones ou un inhibiteur de
'aromatase a été évaluée sur des pontes XX, XY 8u(chapitre 4). Ces traitements de
courte durée étaient appliqués durant la périodergmnaire, avant le développement des
gonades, afin de cibler les mécanismes les pluaneont de la cascade de différenciation

sexuelle.

Le traitement le plus efficace (féminisation pamadstration de ld-ethynylcestradiol) a
ensuite été appliqué a des pontes XY et YY afiné@tdier I'existence d’'une période sensible
précoce, et d’étudier les mécanismes d’inversiomielée aux stades embryonnaires et le role
potentiel du cerveau dans l'inversion phénotypidquesexe (chapitre 5). Pour cela, les profils
de concentration en hormones exogena{difiynylcestradiol) et endogenes (T, E2, 11KT)
ont été suivis au cours du développement, et lesgion decypl9alb foxI2 etamha été

mesurée dans les tétes des embryons et des jdevies &n voie de différenciation sexuelle.
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Enfin, les résultats obtenus seront confrontésistutés dans un contexte plus général du
déterminisme et de la différenciation du sexe dértirer les conclusions de ce travail et de

dégager de nouvelles perspectives de recherche.

Une bibliographie complete est présente a la firddoument. Elle reprend I'ensemble des
références citées dans l'introduction et la discusgénérale, ainsi que celles citées dans les

autres chapitres figurant a la fin de chaque articl
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Abstract The aim of the present study was to
evaluate the effect of acute stress and cortisol injection
on oocyte final maturation process in female Nile
tilapia (Oreochromis niloticus). Handling followed by
a prophylactic treatment (0.3 mL L™' H,0,,5 g L™'
NaCl solution during 30 min) and an environmental
change (transfer from a 2 m? fibreglass square tank to
50 L aquaria) were used as acute stressors and
compared to a single cortisol injection (0.5 or
5 mg kg~ body weight). For both acute stress and
cortisol injection (0.5 mg kg~ ' body weight), serum
cortisol level was significantly increased from 2.3 to
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134.1 ng mL™" 1 h post-stress/injection and returned
to a resting basal value 24 h after the stress/injection.
In fish injected with 5 mg kg~' body weight cortisol,
mean serum cortisol level reached a peak up to
2500 ng mL~" 1 hafter injection. 63 % of the females
(mean body weight: 242 + 4 g) submitted to the acute
stress ovulated within 72 h after the stress. In the same
way, cortisol injection (5 mg kg™ ! body weight) at the
10th day of the maturation cycle led to a twofold
reduction of the time before ovulation compared to
vehicle injected control fish. Relative and total fecun-
dity were significantly decreased in females submitted
to an acute stress or cortisol injected at 5 mg kg™’
body weight, but not fertilization or hatching rates. In
conclusion, acute stress and cortisol induction exert
both positive and negative effects on the final repro-
ductive process in O. niloticus, and cortisol is the
endocrine mediator causing these changes.

Keywords Cortisol - Stress - Fish reproduction -
Oocyte maturation - Nile tilapia

Introduction

Stress, experienced in the wild or in culture conditions,
affects all life functions of fish: growth, immunology,
disease resistance and reproduction (Iwama et al.
1997; Pankhurst 2011; Schreck et al. 2001). Stress
induces three levels of response: a primary physio-
logical response, which consists in the initial
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neuroendocrine response, with a release of catechol-
amine and the stimulation of the hypothalamic-
pituitary-interrenal axis inducing the release of corti-
costeroid hormones; a secondary response, with
physiological adjustments linked to metabolism, res-
piration, acid-base status, immune function and
cellular responses; and a tertiary response expressed
by a decrease of growth, inhibition of reproduction,
modification of behaviour or decrease of disease
resistance (Barton 2002; Schreck et al. 2001). Under
culture conditions, fish encounter many acute and
chronic stressors such as crowding, confinement,
handling and other husbandry routines, which may
affect these three levels of response.

In fish, the main corticosteroids are cortisol,
cortisone, 11-deoxycortisol and corticosterone, corti-
sol being one of the most commonly used welfare
and stress physiological indicator in fish (Barton
2002; Milla et al. 2009). Effects of stress and
corticosteroids on fish reproduction have been widely
studied (Contreras-Sanchez et al. 1998; Milla et al.
2009; Schreck et al. 2001) and can affect all the
levels of the reproductive axis, from neuroendocrine
axis to gamete quality and embryo/larval develop-
ment (Campbell et al. 1992; Iwama et al. 1997,
Schreck 2010). Briefly, depending on the intensity/
duration of the stressor and the stage of development,
the reproductive cycle of females exposed to a
stressor or corticosteroid treatments could be nega-
tively or positively affected in term of reproductive
performances (Contreras-Sanchez et al. 1998; Milla
et al. 2009; Schreck 2010). For examples, negative
effects as the occurrence of follicular atresia, disrup-
tion or modification of vitellogenesis process (in
salmonids), advance or delay in oocyte maturation
and ovulation, decrease of fertilization and hatching
rates, modification of the spawning behaviour and
subsequently low larval quality were reported in
many fish species (Schreck et al. 2001; Milla et al.
2009; Schreck 2010). On the other hand, some
paradoxical positive effects of stress on reproduction
were also punctually reported as the reduction of the
interspawning period (Milla et al. 2009; Stratholt
et al. 1997) or the enhancement of vitellogenesis
(Ding et al. 1994; Shankar and Kulkarni 2006).
However, it is not clear whether these stress effects
are evoked or not by the transient or prolonged
cortisol elevation in the blood because few studies
have investigated in parallel the consequences of
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stress exposure and cortisol administration on the
reproductive features.

The Nile tilapia (Oreochromis niloticus) is one the
most cultured fish species worldwide. It easily repro-
duces in captivity, without any hormonal stimulation.
Under constant photothermal conditions (26-28 °C
and 14 h light/10 h dark photoperiod), females spawn
regularly throughout the year. However, because of its
asynchronous oocyte development, and the failure of
hormonal stimulation to trigger spawning, it is difficult
to synchronize reproduction in tilapia (Foo and Lam
1993a; Srisakultiew and Wee 1988). Nevertheless,
sudden environmental change (mainly a cooling
period followed by an increase of water temperature)
may improve spawning synchronization in tilapiine
species (Coward et al. 1998; Srisakultiew and Wee
1988). Acceleration of the final maturity and the
induction of the spawn were previously observed on
Tilapia zillii, which synchronously spawn within
1-2 days after their transfer into individual aquaria
(Coward et al. 1998).

The objectives of the present study were to assess
the capacity of acute stress occurrence to synchronize
ovulation in Nile tilapia and to determine whether
these effects are mediated by cortisol elevation. To
address these questions, we investigated the impact of
acute stress and single cortisol injection on the
induction of ovulation, fertilization and hatching rates
in female Nile tilapia.

Materials and methods
Fish

Nile tilapia O. niloticus (Lake Manzala strain)
originated from the Research and Education Centre
in Aquaculture (CEFRA), University of Liege
(Belgium). Twenty-month-old  broodstock fish
(males and females) were maintained in a 2 m’
(4 m?) fibreglass square tank in a recirculating
system at 27-28 °C, 14 h light/10 h dark and at a
stocking density of 30 kg m—>. Fish were fed at
satiation with special broodstock commercial tilapia
diet (32 % proteins, 6 % lipids, Coppens—The
Netherlands). Experiments were carried out accord-
ing to the guidelines of the University of Liege
ethical committee and the European animal welfare
recommendations.
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Experiment 1: Effect of acute stress on oocyte
maturation cycle

Acute stress consisted of netting followed by
prophylactic treatment and breeders transfer from
the stock tank to another rearing facility. Fish
were netted from the stock tank and anaesthetized
with 2-phenoxyethanol (Sigma) at 0.4 mL L™'.
Sixty females (mean body weight: 242 4+ 4 g)
were selected after gentle stripping and oocyte
emission. Because of their asynchronous oocyte
development strategy, females were at different
stages of sexual maturity (Foo and Lam 1993a). In
order to avoid pathogens transfer between rearing
systems, fish were treated in 0.3 mL L' H,0,,
5 g L™' NaCl solution during 30 min before their
transfer into individual 50 L aquaria at 27 °C with
a 14 h light/10 h dark photoperiod and oxygen
above 6 ppm.

After their transfer, female ripeness was checked
daily as described by Myers and Hershberger
(1991). Ovulation time was assessed by genital
papilla distension and behaviour change (nesting
activity) just before spawning. Time between stress
and ovulation was recorded. Ovulation was also
followed in 28 unmanipulated females (second
maturation cycle in aquarium) as a control. Eggs
were collected by stripping, weighted in order to
determine the total and relative fecundity and
artificially fertilized with 0.3 mL of sperm origi-
nating from three different males. Spermatozoa
activation was checked under microscope. Fertilized
stripped eggs were incubated in 1.5 L Zug bottle at
28 °C. Egg quality was assessed by fertilization rate
(2 h after fertilization), hatching rate and survival
rate at 10 days post-fertilization (dpf). Quality of
the first stripped eggs, following an acute stress,
was compared to quality of eggs stripped after the
following maturation cycles.

Blood was sampled from 42 fish for cortisol level
analysis before and after the exposure to acute
stress. Fish were netted and anaesthetized in
2-phenoxyethanol (Sigma) (0.4 mL Lfl), and blood
(1 mL) was rapidly (<5 min) sampled by caudal
venipuncture on eight stressed fish at 1, 6, 24 h after
acute stress application and on eight fish at the time
of ovulation following the acute stress. Ten fish
from the stock tank were used to determine the
basal cortisol level.

Experiment 2: Effect of cortisol injection
on the final stages of reproduction

In this experiment, cortisol injection was used to
mimic blood cortisol surge that is generally associated
with an acute stress. Forty females were transferred
into experimental aquaria as described in experiment 1
and allowed to naturally spawn first (Foo and Lam
1993a). After the spawn, eggs were immediately and
gently removed from the mouth of the females. Ten
days after the first spawn, when secondary oocytes are
supposed to complete vitellogenesis (Hussain 2004),
fish were anaesthetized with 2-phenoxyethanol
(Sigma) at 0.4 mL L' and weighted. Seven females
were injected with 0.5 mg kg™' body weight of
cortisol (Sigma, hydrocortisone), and 21 females were
injected with 5 mg kg~' body weight of cortisol.
Cortisol was previously dissolved in saline solution
(0.9 % NaCl) and injected intraperitoneally. Control
fish (n = 11) received an injection of saline vehicle
only. Time between injection and the following
ovulation was measured, and quality of stripped eggs
was assessed as in experiment 1.

In order to assess the blood cortisol increase after
injection, 82 other individuals were used to determine
serum cortisol level. Blood was sampled on 10 fish
before the cortisol or vehicle injection (0 h, control).
Twenty-four individuals were injected with vehicle,
24 received a 0.5 mg kg~ ' body weight cortisol
injection, and 24 other fish received a 5 mg kg™
body weight cortisol injection. For each treatment,
eight individuals were blood-sampled at 1, 6 and 24 h
after injection.

ELISA cortisol analysis

After centrifugation (4,500 rpm, 20 min, 10 °C),
serum was stored at —20 °C until analyses. Serum
cortisol assay was carried out by a competitive ELISA
following manufacturer instructions (BioSource, Niv-
elles, Belgium). Twenty microlitres of each cortisol
standard, control and serum samples (each in dupli-
cate) were dispensed into different wells of a 96-well
plate. Two hundred microlitres of cortisol horseradish
peroxidase conjugate were added into each well. After
thorough mix for 10 s, 60 min incubation, and three
times washing with solution provided in the Kkit,
100 pL of substrate solution containing tetramethyl-
benzidine were added. Then, the plate was incubated
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for 15 min at room temperature, and the reaction was
stopped by adding 100 pL. of H,SO, 0.5 M. The
optical density was read at 450 nm with a microtiter
plate reader. The detection limit was 2 ng mL ™", the
inter—intra variability was 6.5-7.7, 3.2-7.0 %, and the
recovery range was evaluated at 85-111 %, depending
on doses.

Statistics

Statistical analysis was performed using Statview 5.0.1
(SAS Institute Inc., USA). Differences among mean
values were tested using an analysis of variance
(ANOVA) for the reproductive parameters and a
Mann—Whitney test for cortisol levels. Data are
reported as mean =+ standard error of the mean (SEM).

Results
Effect of acute stress

After application of the acute stress, 63 % of the 60
females ovulated within the following 72 h, and 85 %
within 1 week. All the females ovulated within
2 weeks (Fig. 1). The time course between exposure
to stressor and ovulation ranged from 729 °C h (27 h

100 ~
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70
60 -
50 -
40

30 +

Cumulative percentage of
responding females (%)

20
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at 27 °C) t0 9,180°C h (14 days at 27 °C) with a mean
value of 2,886 4 341 °C h. In the control group, only
7 % of the 28 females ovulated within 72 h, 53 %
within 1 week and 78 % within 2 weeks.

Acute stress (handling followed by prophylactic
treatment and transfer) induced a significant
(p < 0.05) rapid increase of serum cortisol, from
2.6 £ 1.7 ng mL ™! before the stress (basal level) to
131.1 & 63.7 ng mL™" 1 h post-stress (Fig. 2). After
this peak, cortisol level significantly decreased and
returned to a resting basal value 24 h after the stress.
The cortisol level slightly increased at the time of
ovulation (28.0 £ 15.5 ng mL™"), but the reached
level was not significantly different from the level
measured in pre-initial controls or 24 h after the stress.

Relative and total fecundity were significantly
(p < 0.05) decreased in females submitted to the
acute stress by comparison with unstressed control fish
(Table 1). Stressed females ovulated significantly
(p < 0.05) bigger eggs (6.4 £ 0.3 mg) than control
females (5.0 & 0.2 mg). Mean fertilization and hatch-
ing rates were not significantly (p > 0.05) different
between control (93.0 2.0 and 63.2 £+ 3.8 %,
respectively) and stressed females (94.5 + 1.2 and
56.4 £+ 5.1 %, respectively). Survival rates of larvae
at 10 dpf were not significantly different between
progenies from both groups (£55 %).

24 48 72 96 120 144 168 192 216 240 264 288 312 336
Time between acute stress and ovulation (h)

Fig. 1 Cumulative percentage of females ovulating after an acute stress (handling + prophylactic treatment + transfer, n = 60)

compared to control fish (unmanipulated females, n = 28)
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Fig. 2 Serum cortisol concentration (ng mLfl) before, 1, 6 and
24 h after application of an acute stress (handling + prophy-
lactic treatment + transfer) in female Nile tilapia. Values are
means + SEM (n = 6-10). Values with different letters are
significantly (p < 0.05) different

Effect of cortisol injection

When females were injected on the 10th day of the
maturation cycle, ovulation occurred more rapidly in
5 mg kg~' body weight cortisol injected fish than in
control fish (after 2,902 + 473 and 4,861 £ 714°C h,
respectively; p < 0.05) (Fig. 3). However, injection of
0.5 mg kg~ ' body weight cortisol did not significantly
affect ovulation time. For each treatment, some
females did not ovulate within the 14 days following
injection: 1 female (9 %) did not ovulate in the control
group, and 2 (28 %) and 5 (24 %) females did not

Fig. 3 Time (°C h) between cortisol (0.5 mg kg™, n = 5;
5 mg kg™', n = 16) or vehicle (n = 11) injection and ovulation
in female Nile tilapia. Fish were injected on the 10th day
following the previous ovulation. Values are means + SEM.
Different letters indicate significant differences (p < 0.05). Fish
that did not respond to injection within the following 14 days are
not considered in this data set

ovulate after the cortisol injection at 0.5 and
5 mg kg~' body weight cortisol doses, respectively.
Injection of 0.5 mg kg~' body weight cortisol or
saline induced a similar increase in serum cortisol, from
23 + 1.3 ng mL™" before injection to 134.1 4 33.8
and 90.5 4 34.7 ng mL ™", respectively, 1 h after injec-
tion (Fig. 4). In fish injected with 5 mg kg™' body
weight cortisol, mean serum cortisol level reached
2,547.4 + 471.7 ng mL™" I hafterinjection. This value
is significantly higher than the level measured in control
fish and fish injected with 0.5 mg kg~' body weight
cortisol. Six h and 24 h after injection, all the groups
showed similar intermediate serum cortisol levels,

Table 1 Egg characteristics of control females, females submitted to an acute stress (handling + prophylactic treatment + transfer)

and saline- (control) and cortisol-injected females

Female Number Egg weight Relative fecundity Total fecundity  Fertilization Hatching Survival rate

groups of females (mg) (g eggs kg female™ ") (eggs female™") rate (%) rate (%) at 10 dpf (%)

Control 12 50+ 02" 7.6 +£05" 2,058 + 242° 930+20 632+38 556+32

Stressed 6 644 03> 52406 1,022 £ 126° 945+ 12 564 +51 554=£45

Control (saline) 4 5.0+ 0.3* 8.0+ 04" 2,001 £ 136" 943+ 14 649£51 525+£21
injected

Cortisol injected 11 634 02° 59403° 1,249 + 82° 89.1+19 656+48 52.8+39

(5 mgkg™

Values are means £ SEM. In each column, mean values with different superscript letters are significantly different (p < 0.05)
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Fig. 4 Serum cortisol concentration after intraperitoneal injec-
tion of saline vehicle only (control) or 0.5 and 5 mg kg™’
cortisol solution in female Nile tilapia. Values are mean-
s + SEM (n = 8). *Significantly different from other values

between 14.8 + 7.5 and 70.4 + 53.4 ng mL~". Except
from resting values measured before injection, all the
values showed a large interindividual variability.

Cortisol-injected females ovulated significantly
(p < 0.05) bigger eggs (6.3 £ 0.2 mg) than saline-
injected ones (5.0 £ 0.3 mg). On contrary, cortisol
injection at 5 mg kg™' body weight significantly
(p < 0.05) decreased the relative and total fecundity
(Table 1). Neither fertilization nor hatching rate
(89.1 = 1.9 and 65.6 £ 4.8 %, respectively) was
affected by this cortisol injection. Survival rates of
larvae at 10 dpf were not significantly different
between progenies (£52.5 %). Unfortunately, egg
batches from 0.5 mg kg~ cortisol-injected fish were
lost during incubation due to a technical problem that
occurred in the hatchery.

Discussion

Acute stress advances oocyte maturation in Nile
tilapia

Depending on the intensity, the time of application and
duration of the stress, the female reproductive process
in fish could be negatively or positively influenced by
stress (Pankhurst 1998; Schreck 2010). Our results
suggest that acute stress accelerates the final stages of
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oogenesis in Nile tilapia and reduces the time course
before ovulation. Schreck et al. (2001) reported that
when Nile tilapias are stressed during late vitellogen-
esis, the spawn occurs immediately. Similar conclu-
sions were drawn by Coward et al. (1998) on T. zillii
that synchronously spawned within 2448 h after their
transfer into individual aquaria. Such a shortening of
the maturation process was also mentioned in salmo-
nids. In coho salmon and rainbow trout, Stratholt et al.
(1997) and Contreras-Sanchez et al. (1998) observed
that females submitted to a chronic stress during the
final maturation process, ovulated on average 2 weeks
before unstressed fish. Thus, we suggest that acute
stress speeds up the achievement of the final stages of
ovarian maturation in all tilapia species and possibly in
other fish families.

Cortisol is one of the endocrine mediators
of the induction of ovulation post-stress

In our study, the acceleration of the final oocyte
maturation soon after the transfer into individual
aquaria was associated with an increase of serum
cortisol level. This serum cortisol profiles, marked by
a significant peak within 1 h after the application of
the stress, is a usual response to acute stress widely
described in many fish species (Barton 2002; Pank-
hurst 2011; Schreck et al. 2001). This rapid increase of
cortisol after a stress, with comparable concentrations,
was also reported in stressed Nile tilapia (Correa et al.
2003) and in Oreochromis mossambicus juveniles
submitted to an acute stress of handling (Barcellos
et al. 1999; Foo and Lam 1993b), confinement
(Vijayan et al. 1997) or an acute stress of salinity
(Kammerer et al. 2010). Comparative cortisol increase
at the time of ovulation and spawning was also
reported in salmonids, goldfish and common carp
(Milla et al. 2009; Schreck 2010; Schreck et al. 2001;
Stratholt et al. 1997). Small (2004) observed an
increase of spawn number in cortisol-fed channel
catfish and speculated that cortisol could act as a
maturation-inducing agent in the channel catfish. In
our study, injection of supra-physiological doses of
cortisol (5 mg kg~ ' body weight) accelerated ovula-
tion, suggesting that this cortisol administration could
have the same effect on final oocyte maturation than
the cortisol elevation observed in fish following acute
stress. However, given that the cortisol release was
supra-physiological, we cannot rule out any indirect
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effect of cortisol on metabolism, which in turns may
interfere with reproductive processes. At any case, we
can speculate that the effect of acute stress on
spawning induction is at least partly explained by the
increase of cortisol level and that cortisol may be
directly or indirectly implicated in the achievement of
maturing process in Nile tilapia.

Which are the physiological mechanisms triggered
by exposure to acute stress and cortisol?

In fish, corticosteroids display biphasic (positive and
negative) effects on fish reproduction in females
mainly during the meiotic oocyte maturation (Milla
et al. 2009). In Oreochromis aureus, cortisol had an
acute effect on hepatic vitellogenin gene expression
supporting a direct effect of cortisol on vitellogenesis
(Ding et al. 1994). In Notopterus notopterus, cortisol
administration induced the enhancement of vitello-
genesis during the pre-spawning season (Shankar and
Kulkarni 2006). This enhancement of vitellogenesis
would therefore shorten the interspawning interval
(Tacon et al. 2000). In tilapia, the occurrence of
oogenesis acceleration after stress or cortisol admin-
istration seems to be linked to changes in serum
testosterone (T) and estradiol (E2) levels, but the
reported data are quite controversial (Foo and Lam
1993a; Coward et al. 1998; Tacon et al. 2000) and
mechanisms still unclear. Contreras-Sanchez et al.
(1998) suggested that the reduction of ovulation time
under stressful conditions late during the maturation
process may occur as a switch in reproductive strategy
when environmental conditions are not stable. We
therefore hypothesise that acute stress in relation to
cortisol elevation would accelerate the final oocyte
maturation process and ovulation in Nile tilapia. On
the other hand, we also observed a slight proportion of
female that did not ovulate at all after the injection of
cortisol, (28 and 24 % for 0.5 and 5 mg kzgfl cortisol,
respectively) suggesting that cortisol can also inhibit
ovulation or prevent the earlier stage of final oocyte
maturation of these females. This difference of
response is probably due to differences in stages of
oocyte development of the female at the time of
cortisol injection. This confirms the biphasic effect of
cortisol on the reproductive cycle in Nile tilapia.
Early ovulation could be a direct consequence of
the activation of progestogen receptors by corticoste-
roids. However, if binding of corticosteroids to

progestogen receptors was demonstrated for 11-deox-
ycorticosterone and 11-deoxycortisol in other species,
no evidence of such receptor cross-reactivity exists for
cortisol (Milla et al. 2009). Considering this effect in
an adaptive point of view, early ovulation could be an
advantageous reproductive tactic under stressful con-
ditions, as egg retention can be energy consuming. In
our study, the acceleration of the ovulation process
could also be triggered by the modification of the
social structure in the broodstock tanks. Indeed, O.
niloticus displays a social hierarchy with dominant
and subordinated females (Binuramesh et al. 2005).
Thus, we also speculate that isolation of females from
the social group suppresses the inhibition induced by
the presence of the dominant female and allows the
subordinated ones to continue their ovulation process,
thus reducing the duration of the final stages before
ovulation.

Comparison of stress and cortisol effects
on reproductive performances

Depending on fish species, fecundity, as well as egg
size, hatching rate and survival of new-hatched larvae
could be significantly decreased after a stress exposure
(Campbell et al. 1992; Contreras-Sanchez et al. 1998;
Milla et al. 2009; Soso et al. 2008). In O. mossambicus,
chronic stress induced by long-term (18 days) cortisol
implant caused negative effects on female reproduc-
tion, with a significant decrease of GSI and oocyte
diameter (Foo and Lam 1993b). In our study, relative
and total fecundity were decreased by acute stress and
single cortisol injection suggesting that high levels of
cortisol are responsible for this loss in fecundity. But
surprisingly, egg size was significantly increased for
both stressed and cortisol injected females, this
discrepancy highlighting the biphasic implications of
cortisol in female fish reproduction. Nevertheless, as
fertilization, hatching and survival rates of progenies
were not significantly affected by the acute stress nor
by cortisol injection, we can conclude that even if the
weight of the ovary and the eggs were affected, acute
stress did not reduce the quality of gametes produced
in Nile tilapia.

In conclusion, our results showed that acute stress
both positively and negatively affect oocyte final
maturation process and ovulation in Nile tilapia, with
the acceleration and synchronization of ovulation, a
decrease of fecundity and an increase of egg size.

@ Springer
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These modifications of the final maturational process
seem to be caused by a cortisol elevation.
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Abstract

In Nile tilapia (Oreochromis niloticus), individuals with atypical sexual genotype are commonly used in farming (use of YY
males to produce all-male offspring), but they also constitute major tools to study sex determinism mechanisms. In other species,
sexual genotype and sex reversal procedures affect different aspects of biology, such as growth, behavior and reproductive
success. The aim of this study was to assess the influence of sexual genotype on sperm quality in Nile tilapia. Milt characteristics
were compared in XX (sex-reversed), XY and YY males in terms of gonadosomatic index, sperm count, sperm motility and
duration of sperm motility. Sperm motility was measured by computer-assisted sperm analysis (CASA) quantifying several
parameters: total motility, progressive motility, curvilinear velocity, straight line velocity, average path velocity and linearity.
None of the sperm traits measured significantly differed between the three genotypes. Mean values of gonadosomatic index, sperm
concentration and sperm motility duration of XX, XY and YY males, respectively ranged from 0.92 to 1.33%, from 1.69 to 2.22
X10? cells mL ™" and from 18'04” to 27'32". Mean values of total motility and curvilinear velocity 1 min after sperm activation,
respectively ranged from 53 to 58% and from 71 to 76 um s~ ' for the three genotypes. After 3 min of activity, all the sperm
motility and velocity parameters dropped by half and continued to slowly decrease thereafter. Seven min after activation, only 9
to 13% of spermatozoa were still progressive. Our results prove that neither sexual genotype nor hormonal sex reversal treatments
affect sperm quality in male Nile tilapias with atypical sexual genotype.
© 2012 Elsevier Inc. All rights reserved.

Keywords: Oreochromis niloticus; Sperm motility; Sperm quality; CASA; Sexual genotype; Tilapia

1. Introduction riod, causing sex reversal of XX individuals. Another
efficient technique to produce monosex populations is
the use of YY male broodstock [3-5].

Fish with atypical combinations of sexual phenotype
and genotype also constitute major tools in sex deter-
minism studies [6-9]. Influence of sex reversal and
particular sexual genotype on reproductive biology
[10-15] and particularly on sperm characteristics [16—
21] is documented in several teleost species. However,

% Corresponding author. Tel.: +3285274154; fax: +3285230592. data about Nile tilapia (Oreochromis niloticus) are
E-mail address: vgennotte @ulg.ac.be (V. Gennotte). lacking.

Tilapia culture is widely focused on all-male pro-
duction because of increased growth rate and avoidance
of anarchic reproduction in rearing facilities [1,2]. All-
male populations are generally obtained by hormonal
masculinizing treatment (with androgens, such as 17a-
methyltestosterone) during the sex differentiation pe-

0093-691X/$ — see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.theriogenology.2012.02.002
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In O. aureus, normal WZ and sex-reversed ZZ
females are characterized by similar fecundity, go-
nadosomatic index and mean egg weight [10,11].
However, in a mixed group of breeders, spawning
rate of ZZ females is lower than normal females
because of a high percentage of non-spawning indi-
viduals [11,13]. Desprez and Mélard [11] suggested
that this lower spawning rate could be related to a
higher aggressiveness level in ZZ females. Sex re-
versal of genotypic males with 17a-ethynylestradiol
leads to the development of functional ovaries but
would not totally feminize the individual, especially
the behavior that could be under control of both
sexual phenotype and genotype [11]. This hypothesis
is supported by a study of Ovidio et al. [12], that
highlighted a higher level of dominance and aggres-
siveness in ZZ females than in WZ females.

In addition to behavior, reproductive success is also
affected by gamete quality. Fertilization rate directly
depends on both quality of eggs and sperm [22-24].
Common parameters used to assess sperm quality in-
clude sperm concentration, chemical properties and
composition of seminal plasma, enzymatic activity,
motility, metabolism, morphology, ultrastructure,
plasma membrane quality, quality of the nucleus and
fertilization capacity [23-25]. All these measurements
do not present the same relevance or the same objec-
tivity in evaluating sperm quality and the use of several
of them can give a better overview. As motility inte-
grates different cellular and seminal fluid characteris-
tics, it appears as the most objective and reliable esti-
mator to assess sperm quality [22,23].

Computer-assisted sperm analysis (CASA) is a
useful tool to objectively and rapidly quantify sperm
motility. CASA systems can track a large number of
spermatozoa simultaneously and allow measure-
ments of motility parameters in terms of proportion
of motile cells, sperm velocity and trajectories. Such
analyses generate numerous data that are easily used
to study sperm quality [22,23,25]. CASA has found
various applications in ecotoxicological studies (ad-
verse effects of pollutants on reproductive biology),
broodstock selection and improvement of preserva-
tion and fertilization conditions [22,24]. It has also
been used to study factors affecting sperm activation
and motility.

Many factors affect sperm quality in teleosts: pho-
toperiod, temperature, nutrition, stress, social interac-
tions, age of broodstock, moment of sampling during
the breeding season, ionic composition of semen and
environment, osmolarity, pH, storage conditions and

hormonal induction of spermiation [23,24,26,27]. Most
of these factors concern broodstock housing conditions
and management; but some play a role after sper-
miation, affecting activation and fertilization environ-
ment.

Little evidence about influence of breeder genetics
on gamete quality exists. However, parental genotype
(at allelic or genomic level) is a potential strong source
of sperm quality variation. In their review, Fauvel et al.
[25] pointed out that genetic selection and domestica-
tion may alter sperm quality. As examples, Zohar [28]
reported a 20-fold reduction of sperm volume produced
by salmon after selection and Agnese et al. [29] ob-
served a decrease of fertility in Heterobranchus longi-
filis at the fourth generation of domestication. In the
guppy Poecilia reticulata, Evans [30] reported a trade-
off between sexual ornamentation and milt quality,
based on genetic variation. More attractive males that
perform courtship behavior invest less in sperm quality
and less ornamented sneaker males have better semen
motilities. In the same species, inbreeding is also a
genetic cause of sperm quality variation, high levels of
inbreeding reducing male fertilization success under
sperm competition [31]. Change in ploidy level of male
broodstock can also modify sperm characteristics. Al-
though no difference between ploidies was observed for
other sperm quality descriptors, lower percentage of
motile spermatozoa was reported in triploid males of
tench (Tinca tinca) [32] and Prussian carp (Carassius
gibelio) [33] than in diploids. In Atlantic cod (Gadus
morhua), Peruzzi et al. [34] measured lower sperm
velocity in triploid than in diploid fish shortly after
activation.

Sperm properties of hormonally sex-reversed fe-
males have been investigated in perch [19,21] and sal-
monids [17,20]. In most cases, sexual genotype or sex
reversal procedures do not seem to influence sperm
quality and fertilization rate. However, comparison be-
tween XX and XY males belonging to these species is
often difficult because, unlike tilapia, sex-reversed fe-
males are generally not functional (i.e., able to sponta-
neously emit milt). Moreover, sperm quality of YY
males has never been analyzed so far in fish.

The aim of this study was to determine if sexual
chromosomes or hormonal sex reversal treatment can
influence sperm quality in Nile tilapia. XX (sex-re-
versed) and YY males were compared to normal XY
males using different indicators: gonadosomatic index,
sperm concentration, sperm motility (using CASA) and
duration of sperm motility.



212 V. Gennotte et al. / Theriogenology 78 (2012) 210-217

2. Materials and methods
2.1. Fish

Nile tilapia O. niloticus (Lake Manzala strain) used in
this study originated from the Research and Education
Center in Aquaculture (CEFRA), University of Licge
(Belgium). All-male XX progeny was sired by XX male
mated with normal XX female and fed with 65 mg kg™
diet of 17c-methyltestosterone (Sigma) during the first 30
days of feeding. XY males came from normal cross be-
tween XY male and XX female. YY males were obtained
by mating YY males and YY females. At the time of
analysis, fish were 18 months old. Before the experiment,
fish were stocked in 300-L tanks in a recirculating system
at 27 to 28 °C with a 14 h light/10 h darkness photoperi-
odic regime. Feeding was performed once a day with
commercial tilapia diet (38% proteins, 7% lipids, Cop-
pens, the Netherlands). XX and YY males were main-
tained at a density of 200 fish m > and XY male were held
in mixed sex tank at a density of 300 fish m >. Before
sampling, selected broodstock fish were acclimated for 7
days in 250-L aquaria in a recirculating system (temper-
ature: 27 °C; photoperiod: 14 h light/10 h darkness) to
standardize their physiological state. Each aquarium was
split in 2 compartments by an opaque screen and accom-
modated 2 individuals. During the acclimatizing period,
fish were fed 4 times a day with special broodstock com-
mercial tilapia diet (45% proteins, 5% lipids, Coppens, the
Netherlands).

2.2. Sampling

Fish were anesthetized with 2-phenoxyethanol
(Sigma) (0.4 mL L") and then euthanized by cervical
dislocation. After dissection, milt was collected in the
sperm duct (to avoid any contamination and subsequent
activation of spermatozoa by urine) with a syringe.
Once the whole available quantity of sperm was ex-
tracted, it was directly diluted in the extender (Bicine
solution at pH 7.8 [19,35]) with a 1: 10-v/v dilution and
stored on ice.

All experiments were previously submitted to the
agreement of the local ethic committee of the Univer-
sity of Liege and were conducted in compliance with
the Belgian legislation on animal welfare and experi-
mentation.

2.3. Gonadosomatic index (GSI)

After sperm sampling, gonads were removed and
GSI was calculated on 16 individuals of each genotype
as 100 X (gonad weight + sperm sample weight)/total
body weight.

2.4. Sperm count

Sperm concentration was assessed on 16 fish of each
genotype with a Biirker’s cell hemocytometer. Diluted
milt (1: 10-v/v extender) was rediluted 10-fold with ex-
tender. Samples were then re-suspended 20 X with a 4%
formalin solution (total dilution 2000 X). Both chambers
of the cell were loaded with 10 uL of diluted sperm
solution and spermatozoa were counted in 20 squares of
each chamber [36]. Counting was performed using a
phase-contrast microscope (400 X magnification). Sperm
concentration is expressed as the number of spermatozoa
per milliliter (cells mL ") of undiluted semen.

Total sperm number of each individual was calcu-
lated as sperm concentration X sample volume.

2.5. Spermatozoa motility

Spermatozoa motility was quantified by CASA using a
Hamilton-Thorne computer-aided semen analyzer IVOS
version 12.1 (Hamilthon-Thorne Research, Beverly,
USA). CASA settings were optimized to ensure a good
detection of tilapia spermatozoa (temperature = 27 °C,
frames/s = 60 Hz, number of frames = 30, cell size = 2
pix, minimum cell size = 1 pix, cell intensity = 50,
minimum contrast = 20). After determination of sperm
concentration, each sample (1: 10-v/v extender) was di-
luted a second time in extender to obtain a concentration
of 100 X 10° cells mL ™. Sperm was activated by a 2-fold
dilution in distilled water. Sample was gently homoge-
nized and 10 pL of the semen solution was dropped in the
center of the analysis chamber (Makler counting chamber,
Sefi-Medical Instruments, Ltd., Haifa, Israel). After final
dilution, time necessary for homogenization, pipetting and
insertion of the chamber in the IVOS was 1 min and
motility analysis started thereafter. Measurements were
then carried out every 2 min until 7 min after sperm
activation. For each recording time, analysis was per-
formed on 10 consecutive fields of the chamber and col-
lected data were means of 10 values. Motility parameters
assessed with CASA were total motility (TM, %), pro-
gressive motility (PM, %), curvilinear velocity (VCL, um
s 1), straight line velocity (VSL, wm s~ '), average path
velocity (VAP, um s~ ') and linearity (LIN, as VSL/VCL
X 100, %). Motile spermatozoa are characterized by a
VAP > 5 um s~ ' and progressive spermatozoa by a VAP
> 25 um s~ '. Motility parameters were measured on 16
fish for each genotype. Sperm motility decreases after
activation and becomes very low after several minutes.
When motility is low, the sensitivity of our IVOS is not
sharp enough to properly track spermatozoa movements
and the system gives erroneous data. It is able to distin-
guish a motile gamete from a static one but the velocity
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Table 1

Mean (* SD) body weight, gonadosomatic index (%), sperm concentration (X 10 cells mL "), total sperm number (X 10° cells) and
duration of sperm motility (min s) in XX, XY and YY male Nile tilapias. Different superscript letters indicate significant difference (P <

0.05).
Body weight (g), GSI (%), Sperm concentration Total sperm number Duration of motility (min s),
n=16 n =16 (X 10° cells mL™ 1), n = 16 (X 10° cells), n = 16 n=3§
XX males 262 = 21° 0.92 = 0.40° 1.74 = 0.79° 262 + 123* 27'32" £ 747"
XY males 241 = 25° 1.33 = 0.48" 1.69 = 0.69* 439 = 325 18'04" = 6'56"
YY males 270 *+ 25° 1.27 = 0.69* 222+ 1.11* 446 + 446" 24'52" £ 10'40™

values (VCL, VSL and VAP) are incorrectly measured,
i.e., these values become very high, whereas observed
motility decreases. To avoid biased data, we set an effi-
ciency threshold under which velocity data were rejected.
Out of our observations (n = 48), the threshold was set as
the mean value of TM from which velocity values started
to increase and was equal to 25%. In other words, velocity
values associated with a TM = 25% were not reliable and
were excluded from the analysis. To keep the same num-
ber of observations at each recording time and to take into
account the motility drop or stop in some samples, re-
jected or missing values were arbitrary set to 0.

2.6. Duration of sperm motility

Spermatozoa movements were followed on the
tracking screen of the IVOS analyzer after motility
analysis (temperature = 27 °C; sperm concentration =
50 X 10° cells mL ™). Total duration of sperm motility
was measured from initiation of activation (with dis-
tilled water v/v) until full stop of all the observed
spermatozoa movements. This parameter was deter-
mined on 8 fish (within the 16 used for motility anal-
ysis) per genotype.

2.7. Statistical analysis

All data were analyzed with anova followed by
post-hoc Tukey’s test to identify differences between
groups. Differences were considered as significant
when P < 0.05. Data are reported as mean * standard
deviation (SD).

3. Results

The XY males displayed a significantly lower (P =
0.004) mean body weight (241 = 25 g) than the two
other genotypes (XX males: 262 * 21 g; YY males:
270 = 25 g; Table 1). However, GSI, sperm concen-
tration, total sperm number and duration of sperm mo-
tility did not exhibit any significant difference between
the three sexual genotypes. Overall means of GSI,
sperm concentration, total sperm number and duration

of motility for the three genotypes were, respectively,
1.18 = 0.56%, 1.88 = 0.90 X 10° cells mL ™', 382 =
331 million cells and 23'29"” = 9"11". Means for each
genotype are presented in Table 1.

All parameters used to assess spermatozoa motility
with CASA significantly and constantly decreased after
sperm activation (Fig. 1). For each recording time,
motility parameters were never different (P > 0.05)
between the three genotypes. Motility parameters de-
creased more severely at the beginning of sperm acti-
vation, between 1 and 3 min. Mean values of TM of
XX, XY and YY males were, respectively 58 = 9,
56 = 13 and 53 * 15% 1 min after activation and
decreased to 38 * 15, 36 = 18 and 35 * 15% in the
three respective genotypes 2 min later. Mean PM
dropped from 48 = 9,44 = 13 and 42 * 15% at 1 min
for XX, XY and YY males to 24 = 15,22 = 18 and 21
* 13%, respectively at 3 min. After 7 min, only 9 to
13% of spermatozoa were still progressive. Velocity
parameters followed the same profile. Only the mean
curvilinear velocity (VCL) of XX and YY male sper-
matozoa did not exhibit a significant difference be-
tween 1 and 3 min after activation. Mean VCL values
ranged from 71 to 76 um s~ ' after 1 min and decreased
to 13 to 20 wm s~ ' after 7 min. Straight line velocity
(VSL) and average path velocity (VAP) significantly
decreased between 1 and 3 min (from 40-44 to 20-25
um s ' and from 45-50 to 24-28 um s ', respec-
tively). Between 3 and 7 min, values did not signifi-
cantly decrease. Mean linearity (LIN) was significantly
different between 1 (56-59%) and 5 (23-31%)-7 (14—
16%) min after activation.

Globally, none of the motility measurements dif-
fered (P > 0.05) between XX, XY and YY males.

4. Discussion

Sexual genotype and sex reversal procedures can
affect different aspects of fish biology: growth [2,18],
mating [18], behavior [12] and reproductive perfor-
mances [10,11,13]. Although sex-reversed fish some-
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Fig. 1. Comparative motility of spermatozoa from XY, XX and YY male Nile tilapias assessed by CASA. TM, total motility; PM, progressive
motility; VAP, average path velocity; VCL, curvilinear velocity; VSL, straight line velocity; LIN, linearity. Values are means = SD, n = 16.

Different letters indicate significant difference (P < 0.05).

times show impairments of genital tract development
(e.g., absence of gonoduct, abnormal gonad morphol-
ogy) or alteration of secondary sexual characteristics,
most of them are generally sexually efficient [37-39].
In Nile tilapia, males with atypical sexual genotype
(XX and YY) are morphologically undistinguishable
from normal XY males. They produce and emit func-
tional sperm and are able to reproduce naturally with
females. However, as reported in O. aureus by Desprez
and Mélard [11] and Desprez et al. [13], sexual geno-
type could affect reproductive performance of Nile
tilapia breeders (Gennotte, unpublished data). Regard-
ing males, reproductive success discrepancies could
result from differences in sperm quality or in courtship
and mating behavior.

In our study, none of the sperm traits tested signif-
icantly differed between XX, XY and YY males, sug-
gesting that sexual genotype or hormonal sex reversal
treatment do not affect sperm quality in Nile tilapia.

Even though mean body weight of XY males was
slightly lower than the other males, GSI did not vary
between the three types of male. Mean GSI in the three
genotypes were comparable to values reported by Ad-
massu [40] in natural environment (between 0.19 and
1.61% depending on the season) and Fessehaye et al.
[41] on normal XY males (0.8—1.4%).

In fish, sperm motility lasts for tens of seconds to
tens of minutes, depending on species [42]. In O. ni-
loticus, spermatozoa remain motile for 4 to more than
40 min after activation [43—45]. Similar motility dura-
tion was also reported in related species O. mossambi-
cus with values above 30 min [46].

Our study showed that, among fishes, tilapia is char-
acterized by long sperm motility duration and low
sperm concentration. These two features are related to
their reproductive strategy and spawning behavior.
Tilapia has an asynchronous gametogenesis [47]. If
environmental conditions are favorable, tilapia can
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spawn throughout the year. After complex courtship
and mating behavior, female deposits small batches of
eggs in a sequential way and male emits milt over them.
Males do not attempt to fertilize eggs after each depo-
sition and it is likely that fertilization is achieved in the
mouth of the female after picking up [48,49]. Conse-
quently, fertilization time can be delayed from gamete
emission. In O. niloticus X O. mossambicus hybrids,
Myers and Hershberger [49] showed that egg hydrata-
tion up to 15 min before fertilization had no influence
on fertilization. This suggests that fertilization success
is related to sperm motility duration.

In our study, measured sperm concentration (from
1.69 to 2.22 X 10° cells mL~!) was similar for the three
genotypes and was in the previously reported range for
this species: 3.04 X 10° cells mL ™" [43] and 1.33 X
10” cells mL ™' [50]. Species with synchronous game-
togenesis and seasonal spawning produce a more abun-
dant and concentrated milt. For example, sperm con-
centration of African catfish Clarias gariepinus [51],
rainbow trout Oncorhynchus mykiss [17] and perch
Perca fluviatilis [19] is at least 10 times higher than
tilapia semen.

Sperm motility and velocity decreased progressively
after activation. In fish, spermatozoa are immotile in
seminal fluid and flagellar movements are rapidly ini-
tiated after their release in aquatic environment. Just
after activation, sperm velocity and displacement are
high and rapidly decrease thereafter, as preaccumulated
ATP energy store is consumed by the cell [42]. First
measurements of motility and velocity were recorded 1
min after sperm activation and consequently did not
reflect maximum values. Values observed in this study
were similar to previous studies, Mochida et al. [44]
showing around 50% motile spermatozoa 1.5 min after
activation. In O. mossambicus, sperm has a similar
duration of motility and Linhart et al. [52] reported
slightly lower values of motility and velocity. After
20 s of activation, percentage of motile spermatozoa
was around 48% and velocity around 42 um s~ . As for
the previous parameters assessed in our study, no dif-
ference in motility and velocity was observed between
the three sexual genotypes.

In addition to motility parameters, the ultimate and
most integrative measurement of semen quality is its
fertilization capacity. Because of dependence on egg
availability and quality, it was not assessed in this
study. However, it has been shown in several species
that motility strongly correlates with fertilization suc-
cess [22,23].

Other studies dealing with sperm characteristics of
male and sex-reversed female teleosts showed no rela-
tionship between sperm quality and sexual genotype or
sex reversal treatment. In perch, Rougeot et al. [19]
found no difference in terms of GSI, sperm density,
motility, velocity and fertilization rate between XY and
XX males. In coho salmon (Oncorhynchus kisutch),
Fitzpatrick et al. [20] showed that when milt was
stripped from functional XX males, sperm density, mo-
tility and velocity were similar to normal XY males.

Hormonal sex reversal treatments often induce ab-
normal morphology of the reproductive system in XX
males (e.g., gonad deformities, lack of sperm duct or
gonopore) [37,39,53]. In this case, intratesticular sperm
has to be collected by gonad squeezing, potentially
affecting its quality. In salmonids, Geffen and Evans
[17] and Fitzpatrick et al. [20] reported some differ-
ences in sperm features between males and sex-re-
versed females but attributed most of them to the col-
lecting method (stripping vs. intratesticular sampling).
In our study, the male tilapias of the three sexual
genotypes had a functional sexual apparatus with sim-
ilar morphology and were able to emit milt by strip-
ping.

A study carried out on Betta splendens highlighted
that males produced by sex reversal of genetic females
(by immersion of fry in 17a-methyltestosterone bath)
differed from normal males by a decreased GSI, sperm
count and sperm motility duration [18]. In this species,
impairment of sperm characteristics seemed to be a
consequence of the hormonal treatment and not an
effect of sexual genotype, since the decrease was cor-
related to the dose of hormone used in masculinization
immersion. Among the two particular sexual genotypes
tested for this study, XX males were sex-reversed but
YY males did not receive any hormonal treatment. As
sperm quality was similar in the three groups of fish, it
could be assumed that hormonal treatment had no in-
fluence on tested parameters and that the discriminating
variable between male groups was therefore restricted
to the sexual genotype. Based on the similar quality of
sperm from masculinized females and normal males in
coho salmon, Fitzpatrick et al. [20] also suggested that
sex reversal procedure does not affect sperm develop-
ment and maturation.

Tilapia could also experience sex reversal in the
wild, without any hormonal intervention but by effect
of temperature or by influence of minor genetic factors
on sex determination [54]. Examining sex-ratios of
numerous progenies sired by breeders of different Af-
rican populations, Bezault et al. [55] highlighted strong
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evidences of the existence of natural XX males and XY
females. The existence of the latter would imply the
existence in their progenies of natural YY males. If
males with different genotypes coexist in the wild, we
can postulate that their relative fitness would not be
affected by sperm competition.

In conclusion, sperm traits assessed in this study
showed that XX and YY male Nile tilapias have the
same sperm quality as normal XY males. Several com-
parative studies of sperm quality in other teleost species
reported no difference between XY males and XX
sex-reversed females, supporting our findings that hor-
monal sex reversal procedures do not affect sperm
quality. Moreover, our study is the first attempt to
characterize sperm quality in Y'Y supermales in fish. As
YY males did not receive any hormonal treatment and
have a similar sperm quality to XX and XY males, we
can conclude that sexual genotype do not affect sperm
quality in Nile tilapia. In the wild or in an artificial
production context, reproductive capacities of males
with atypical sexual genotype would not be affected by
sperm quality and could be the same as normal males.
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Abstract

In Nile tilapia Oreochromis niloticussex reversal processes using exogenous sexdsteroi
allow to produce fish with different sexual genagghat constitute major tools to investigate
the mechanisms of sex differentiation, from gonad drain sexual differentiation to
behaviour. The aim of this study was to assessnthesnce of sexual genotype and the role
of circulating sex steroids on the expression afnégic behaviours in Nile tilapia breeders.
Eight agonistic behaviours (4 threats and 4 atyacksre quantified in five types of
confrontation involving one male (M) and one femalE): MXYxXFEXX (control),
MXYXFXY, MXYXFYY, MXXxFXX and MYYxFXX. Our results showed that phenotypic
male and female Nile tilapias with different sexgahotypes have particular behavioural and
physiological traits. Compared to natural XX fematel XY male, XY and YY females, and
XX males expressed higher level of aggressivertesscould be related to higher levels of
17B-oestradiol and 11-ketotestosterone respectivaly.r@sults suggest that the presence of a
Y chromosome increases aggressiveness in femategevér, since the same relationship
between aggressiveness and the Y chromosome @bsetved in males, in which the level of
aggressiveness is paradoxically higher in XX, wa bgpothesize that the differences in
aggressiveness are not directly dependent on thatygee but on the sex reversal procedures
which young fry were exposed to during their sexdifirentiation to produce these breeders.
These hormonal treatments could have permanenttified the development of the brain
and consequently influenced the behaviour of adattependently of their genotype. In both
hypotheses (genotype or sex reversal influence)cdluses of behavioural modifications have
to be searched in an early modification of therbssmxual differentiation.

Key words: sex differentiation, sex reversal, aggiee behaviour, brain, androgen, oestrogen
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1. Introduction

Developmental processes leading to a sexuallyrdifteated organism are noteworthy in fish.
From the diversity of their sex determination sgsteto the lability of their gonad and brain
sexual differentiation, the ontogenetic steps ajaoization of sex differences in fish are
singular among vertebrates (Devlin & Nagahama, 2a62nammals, the gonad phenotype is
genetically determined early during development gadadal hormones subsequently shape
irreversible sex differences in the brain that matkuiphysiology and behaviours in adulthood
(MacLusky & Naftolin, 1981). In teleosts, the gaeneand endocrine dialog between the
developing brain and gonad in the process of seditfafentiation is not fully deciphered but
the developmental polarity of these structures a@dod reversed compared to mammals, the
differentiated brain determining the fate of thengds. This idea was first proposed by
Francis (1992) and is now supported by an incrgasumber of evidence regarding sex
dimorphic gene expression and steroid metabolisthenbrain (Blazquez & Somoza, 2010;
Diotel et al, 2010; Godwin, 2010). The reversed developmentdarjpy (i.e. sexual
differentiation of the brain prior to the gonadsayrbe an adaptive mechanism providing to
fish their particular high plasticity of sexual féifentiation and the bipotentiality
characterizing both gonads and brain (Godwin, 20M0nakata & Kobayashi, 2010). This
concept is well figured in hermaphroditic speciesvhich external factor such as change in
social structure can trigger a total phenotypic gleaxnge, with adapted behaviours related to
the sexual phenotype (Devlin & Nagahama, 2002).e®adions made on hermaphrodites
suggest that both male and female characteristepr@sent in the brain of fish and can be
adaptively activated in response to their physiplogenvironmental influences (Munakata &
Kobayashi, 2010). The plasticity of sex differetiia is not restricted to hermaphrodites as
exemplified by the numerous sex reversal experism@etrformed in diverse gonochoristic
species. Sex reversal procedures usually rely enattministration of sex steroids or the
exposure to environmental factors such as temperativat override the genetic sex
determinism (Pandian & Sheela, 1995; Baroiller &atta, 2001). Even in gonochoristic fish,
the sexual plasticity could extend throughout dthdd as suggested by Paul-Prasaaithl.
(2013) who recently reported the sexual inversidnXX adult medakaOryzias latipes
Temminck & Shlegel 1846 and Nile tilapfareochromis niloticusL. 1758 by long-term

oestrogen depletion. In this experiment, sex-reerXX fish expressed male-typical
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behaviour and mated with females, showing thatbttaén sexual bipotentiality is conserved

in adulthood.

In O. niloticus sex reversal procedures allow to produce all dbmbinations of sexual
phenotypes and genotypes (XX, XY and YY males amales). These fish are used in
aquaculture for the control of reproduction and ithprovement of growth by all-male mass
production (Baroiller & Jalabert, 1989; Toguyeet al, 2002). Fish with atypical
combinations of sex chromosomes and sexual pheaoggresent also major tools to study
the mechanisms of sex determination and the infleef the genotype on biological traits

such as reproductive performances and behaviour.

In the African pygmy mouséMus minutoidesSmith 1834, one of the rare mammals
harbouring an unusual sex determination system Wihand XY females, these latter
compensate some loss of fithess by improved reptoeu performances, leading to the
production of more offspring compared to XX femal8aunder®t al, 2014). Differences in
behaviour, and especially in aggressiveness leweke also described in XY female
laboratory miceMus musculud.. 1758 (Gatewoocet al, 2006). In fish, comparison of
physiological and reproductive features like sexat profiles and sperm quality showed no
difference between XX sex-reversed and XY normales@n salmonids (Geffen & Evans,
2000; Fitzpatricket al, 2005) and European peréerca fluviatilisL. 1758 (Rougeogt al,
2004). Similarly, we observed comparable spermagttaristics in XX, XY and YY males in
O. niloticus(Gennotteet al, 2012). On the contrary, particular biologicaltsavere reported
in sex-reversed females of blue tilagtaeochromis aureusSteindachner 1864, a closely
related species with a ZZ/ZW sex determinationeystin this species, when ZZ females
competed with ZW females for reproduction, the spag rate of ZZ females was lower
(Desprez & Mélard, 1998) and related to a higheellef dominance and aggressiveness than
in ZW females (Ovidioet al, 2002). Desprez and Mélard (1998) hypothesized tinea
phenotypic sex reversal could be incomplete, paetrty in the brain, and that the interaction

of genotypic and endocrine factors could modifyekpression of behaviour.

Hormones, sex steroids especially, are importaotraof the expression of social behaviours,
including aggressiveness. Differences in profilesiculating steroids depend on the sexual
phenotype but also on the social status, dominawlt more aggressive fish generally

exhibiting higher androgen levels than subording@sveira et al, 2002; O'Connelkt al,
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2013). However, relationships between hormoneshatviour are complex and hormones
are considered as behavioural modulators rather tha trigger of agonistic behaviour.
Whether they could be the cause of behaviourakmdiffces remains uncertain (Oliveira &
Goncalves, 2008).

The aim of this study was to assess the influef@exual genotype (XX, XY and YY) and
the role of circulating sex steroids on the expogssf agonistic behaviours i@. niloticus
Threatening and fighting behaviours were quantifreghairs involving a male and a female
with various sexual genotype combinations. Basatlte of testosterone, p-bestradiol and
11-ketotestosterone were measured in a standardoedext avoiding influence of
reproduction and sexual arousal. These data prawee insights on the influence of sex
chromosomes in the process of brain sexual difftegon and on the possible role of sex
steroids in translating genotypic differences @ behavioural level.

2. Materials and methods

2.1. Fish

Oreochromis niloticugrom the Lake Manzala strain were from the Redearad Education
Centre in Aquaculture (CEFRA), University of LiegBelgium). Six groups of fish with
different combinations of sexual phenotype and ggrewere tested: XX males (MXX; n =
22), XY males (MXY; n = 34), YY males (MYY; n = 22XX females (FXX; n = 34), XY
females (FXY; n = 22) and YY females (FYY; n = 22)l-male XX progenies were obtained
by mating XX males with normal XX females and feggfry with 65 mg.kd diet of 17%-
methyltestosterone (MT) (Sigma) during the first @&8ys of feeding (from 10 days post-
fertilization). YY males were obtained by mating ¥Yivales with YY females. YY females
resulted from the same cross followed by phenotypex reversal by alimentary
administration of 1d@-ethynyloestradiol (EE2) (Sigma, 500 mgkgluring the first 30 days
of feeding. XY individuals produced by mating YY lesa with XX females were sex-
reversed by a 30-day administration of EE2 (Sigh®® mg kg) to obtain XY females. XY
males and XX females came from normal cross betwe€¥nmales and XX females.
Experiments were conducted on 18 months-old fistividual weight was standardized in

order to avoid bias in the establishment of doneaand agonistic interactions. Mean body
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weights (£ S.E.) were: MXX: 274 £ 8 g, MXY: 276 t8 MYY: 279 £ 6 g, FXX: 227 £4 g,
FXY: 225 +5 g, FYY: 230 + 7 g. Mean body weightmestatistically similar among female
groups (ANOVA:F;95=0.177;P > 0.05) and among male groups (ANOWA:; g5 = 0.099;P

> 0.05). Sex-reversed individuals were phenotypicahdistinguishable from normal ones.
All individuals had a functional sexual apparatmsles were able to emit milt, and females,
oocytes by stripping. Before the experiment, figtravstocked in 300-1 tanks (density: 50 kg
m) in a recirculating system at 27-28 °C with a 14ight / 10 h darkness photoperiodic
regime. Feeding was performed once a day at satiatith commercial tilapia diet (38 %

proteins, 7 % lipids, Coppens, the Netherlands).

Animal care and the experimental protocol were aygd by the local ethic committee of the
University of Liege and were conducted in complaneith the European legislation on

animal welfare and experimentation.

2.2. Behavioural records and analysis

Agonistic behaviours were observed in fights stagetiveen one male and one female. Five
different crosses of broodstock fish with differesgxual genotypes were tested: MXY x
FXX, MXY x FXY, MXY x FYY, MXX x FXX and MYY x FXX. In each cross, one of the
2 breeders had a normal sexual genotype (MXY or FXPhe pairs MXY x FXX were
considered as controls. Each confrontation wasatepgewith 6 different pairs of fish. In each
confrontation, the male displayed a body weight%2thigher than the female in order to

respect the natural sexual dimorphisn®inniloticus(Toguyeniet al, 1997).

Prior to observation, fish were acclimated in 258¢uaria in a flow-through system
(temperature: 27 °C; photoperiod: 14 h light / 1@drkness). Each aquarium was split into
two compartments by an opaque partition and accatated two individuals. Male was on
the side of the water inlet and female on the sidethe water outlet. During the
acclimatization period, fish were fed four timeslay with special broodstock commercial
tilapia diet (45 % proteins, 5 % lipids, Coppeing Netherlands). In order to standardize their
physiological state, acclimatization was adjusted tbe ovarian maturation cycle of the

female. After the first spawn of the female, unfized eggs were gently removed from her
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mouth and behaviour recording was performed twcs ddier egg removal in order to avoid

influence of handling stress.

Behaviours were recorded with a video camera (keabitwebcam Pro 9000) connected to a
computer and placed behind a screen to preventiangl contact between the fish and the
experimenter. Each pair of fish was video-recorfibedt times over the day. Sequences were
filmed at 0900, 1100, 1300 and 1500 hours. Fistewet fed on the day of observation. Fish
were staged by removing the opaque partition 10 lpefore the first recording. Because

aggressive interactions were more intense just péiging, the first sequence was longer and

lasted 10 min; the following recordings were run3amin (total recording time: 25 min).

Behavioural analysis was performed using The OlesexM software (Noldus Information
Technology, the Netherlands). Quantified agoniséibaviours can be classified in threats and
attacks. A detailed description of these behaviewas made by Baerends and Baerends-van
Roon (1950) and Falter (1983) and summarized bytieet al.(2013) (Table I).

Table I. Description and quantification method of the agtaibehaviours observed in Nile tilapia
confrontations (1 male vs 1 female), adapted fromerBnds and Baerends-van Roon (1950), Falter
(1983) and Longriet al. (2013).

Behaviour Measurement Description

Threats

Fin raising Duration Dorsal, caudal and anal fins are erected.

Throat swelling  Duration Buccal cavity puffs up by spreading of the branstégal membrane;

generally accompanied and emphasized by operquieading.
Chasing Duration Rapid swim towards the opponent.
Frontal display Count Frontal approach of the opponent, usuallyompanied by a throat

swelling and opercular spreading.

Attacks

Lateral attack Count The attacker violently puts his mouth on the sitithe opponent; can ends
by a bite.

Tail beating Count A sudden or repetitive slap(s) of the tadlhfare side by side.

Mouth fighting Count Fish are face-to-face and press their widaapouth one against the other

Biting Count Usually on the side or fins.
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Quantification was performed by counting behavioexpressed as punctual events and by
measurement of duration for behaviours expressea sisstained state. The first ones are
expressed as frequencies‘fhthe second ones as a proportion (%) of the tatebrding

duration. In this case, the sum of the three corezkbehaviours can exceed 100 % as these

behaviours can be concomitant.

2.3. Steroid assay

Blood was sampled in XX, XY and YY males and fersal® measure serum concentration of
sex steroids. Fish were transferred from stockddanokhe same facility and held in the same
conditions as described above for behavioural d=co(250-1 aquaria split in two
compartments). Aquaria were first loaded with matken with females. Sixteen individuals
from each sexual phenotype/genotype combinatiore wampled. Fish were selected in the
same stocks as for behavioural observations bue wiéferent individuals. Males were
acclimatized one week in aquarium before samplixgtlimatizing period of females was
adjusted on their maturation cycle as described@bleemales were sampled two days after
their first spawn. Fish were anaesthetized (berimecaSigma, 40 mg™) and blood was
sampled by caudal venipuncture. After centrifugai@500 rpm, 20 min, 10 °C), serum was
stored at -20 °C until analyses.

Serum concentrations of testosterone (Th-@&stradiol (E2) and 11-ketotestosterone (11-
KT) were assayed by radioimmunoassay (RIA) after éxtractions with cyclohexane-ethyl
acetate (1:1) as described in Douxétsal. (2007). All samples and standards were assayed in
duplicate. Radioactive hormones were purchased frohmersham Pharmacia
(Buckingamshire, England), the T and E2 antibofties the Laboratoire d’Hormonologie de
Marloie (Belgium), and the anti-11KT was provideg Dr. A. Fostier (INRA, Rennes
France). Intra-assay coefficients of variation wér2, 6.1 and 3.5 % for T, E2 and 11KT

respectively. Detection limits ranged from 50 topgpmi*.
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2.4. Data analysis

Expressions of behaviours were separately compaetsdeen males and between females.
Concentrations of circulating sex steroids were garad between the six groups (XX, XY,
YY males and females together). As datasets dicowiply with both homoscedasticity and
normality, analyses were performed using the naafpatric Kruskal-Wallis test, followed
by Mann-Whitney U test for two by two comparisori3ifferences were considered as
significant atP < 0.05. Behavioural data are graphically represengaag box plots showing
the median, the 25 and 75 % percentiles, the mimrmand maximum. Results are presented
in different boxes for males and females, excepttfee mouth fighting behaviour that
involved the two partners at an identical level. drder to present an overview of the
aggressiveness level, we summarized the data tadldor all the behaviours in two graphs
representing the total agonistic behaviours. Behasgi were grouped according to their
quantification method (count vs duration). One @gragpresents the mean duration of
agonistic behaviour expression (% time); the otregresents the sum of the countable
agonistic behaviours expressed per hour. Steragidesurations are expressed as mean + S.E.

Statistical analysis was performed using StatistiedStatSoft, France).

3. Results

3.1. Agonistic behaviors

Fin raising (Fig. 1a) was expressed from 0 to 47 % time imspaith a FXX and from 29 to
76 % time in pairs with a FXY or FYY. These femaldisplayed a significantly higher
median expression level (43 and 62 % time for FX¥d &YY respectively) than in FXX (9-
11 % time). Among MXY, those confronted to FXY aRWY erected their fins at a similar
level to females, significantly higher than theetimales. Within crosses with FXX, MXX
showed a median level (27 % time) significantlyit@gthan MXY and MYY (14 % time).

Throat swelling(Fig. 1b) median expression level was significahityher for both males and
females in crosses with a FXY or FYY (from 29 to B2time) than in crosses with FXX
(from 8 to 16 % time).
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Chasing(Fig. 1c) was observed at a very low level in sessMXX x FXX, MYY x FXX and
MXY x FXX (median level ranged from 0 to 2 % tim&)d was more frequent in males and
females in MXY x FXY (median: 43 and 33 % time resjively) and MXY x FYY (median:
12 and 13 % respectively). The time spent in cltagias very variable in these 2 crosses,
depending on the pairs observed (from 0 to 58 %)timhhe only statistical difference was
observed between FXY and all three FXX with a digant higher chasing behaviour for
FXY.

Frontal display (Fig. 1d) was expressed in a similar pattern. Tiedian frequency of
expression of this behaviour ranged from 0 to*4rhconfrontations with a FXX and from 2
to 20 h'in confrontations with a FXY or FYY.

Lateral attacks(Fig. 1e) were also significantly more frequentadrosses MXY x FXY

(median: 23 and 19 hfor males and females respectively) and MXY x Firedian: 35 and
48 h' for males and females respectively) compared €ocitntrol crosses MXY x FXX
(median: 5 and 4"hfor males and females respectively). Frequencatiaicks in the 2 other

crosses with a FXX were not different from the coht

Tail beating(Fig. 1f) median expression levels ranged frorn 88 h' in females and from 22
to 59 h' in males. Only the males and the females fromMb¢’ x FXY confrontations

showed significantly higher level of expression gamed to the control group MXY x FXX.

Mouth fighting(Fig. 1g) significantly occurred more frequentlytie MXY x FXY (median:
11 K'Y confrontations than in the control (median: ®).hThis behaviour was also highly
expressed in MXY x FYY confrontations (median: 1) but in a wide range (from 0 to 46 h

1. Median expression level ranged from 0 to I*2rhconfrontations with FXX.

Biting (Fig. 1h) behaviour was not observed in crossesYMYFXX and MXY x FXX.
Expression was low and not significantly differeinom O in MXX x EXX. It was
significantly more frequent in crosses MXY x FYY gtian: 12 and 16 hfor males and
females respectively) and intermediate but not isagmtly different from all the other

crosses in MXY x FXY (median: 5'Hor both sexes).
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Fig. 1. Agonistic behaviour levels in five types of conftation staged between 1 male and 1 female
O. niloticuswith different sex genotypes: MXX x FXX, MYY x FXXMXY x FXX (control), MXY

x FXY and MXY x FYY (n = 6). Fin raising (a), throawelling (b) and chasing (c) behaviours are
expressed as % of observation time. Frontal dispiBy lateral attack (e), tail beating (f), mouth
fighting (g) and biting (h) behaviours are exprelsas number per hour. Bar: median, box: 25 and 75
% percentiles, whiskers: minimum and maximum. Défé upper case letters indicate significant
differences between females, and different lowesedatters indicate significant differences between

males. Dark grey: males, light grey: females.
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The total time spent in the 3 state behaviours rdising, throat swelling and chasing) was
significantly higher in the pairs MXY x FXY and MX¥ FYY than the pairs with a FXX
(Fig. 2a). The % time spent in these behaviourgedrfrom 17 to 54 % (median: 41 %) for
FXY, from 33 to 51 % (median: 42 %) for FYY andrid to 17 % (median: 8 %) for FXX.
Among males, the expression of these behaviourssiggsficantly higher in MXY staged
with FXY and FYY (median: 44 and 39 % respectivetlyan the other males staged with
FXX (median: 15 % in MXX, 10 % in MYY and 9 % in M. Expression level in MXX
was significantly higher than in MYY and MXY confrted to FXX.

The sum of the event behaviours (lateral attadqgtéd display, tail beating, mouth fighting
and biting) followed a similar profile with a highexpression level in crosses MXY x FXY
and MXY x FYY than in the other ones (Fig. 2b). Thwal count of these agonistic
behaviours reached median values of 95 and 9 XY and FYY respectively, and 104
and 112 H in MXY staged with them. Agonistic behaviours werepressed at a lower
frequency in crosses with FXX (median ranged frdrtd. 28 i and from 26 H to 48 K' in
females and males respectively). Within the crossgls FXX, the number of agonistic
behaviours was significantly higher in MXX than M>ahd MYY.
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Fig. 2. Summary of agonistic behaviour levels in five typésconfrontation staged between 1 male
and 1 femaleD. niloticuswith different sex genotypes: MXX x FXX, MYY x FXXMXY x FXX
(control), MXY x FXY and MXY x FYY (n = 6). (a) Maaduration (% time) of state behaviours: fin
raising, throat swelling and chasing. (b) Total bem(h') of event behaviours: lateral attack, frontal
display, tail beating, mouth fighting and bitingaiB median, box: 25 and 75 % percentiles, whiskers:
minimum and maximunDifferent upper case letters indicate significant differences between females,

and different lower case letters indicate significant differences between males. Dark grey: males, light

grey: females.
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3.2. Sex steroids

Mean T serum concentration was significantly highemales than in females (overall mean:
34.7 + 6.4 and 4.3 + 0.6 ng Thirespectively), but within the same sex phenotype,
statistical difference was observed between théeréifit sex genotypes (Fig. 3a). Mean
circulating level of E2 was significantly lower MXY (2.5 + 0.2 ng mt') than in MXX (4.7

+ 1.1 ng mf) and MYY (4.7 + 0.8 ng mi) (Fig. 3b). In females, the highest concentrations
of E2 were measured in the YY genotype. Mean vaueYY (14.2 + 2.2 ng mt) was
significantly different from the concentration inXK (6.5 + 1.4 ng mf). FXY were
characterized by an intermediate level (9.5 + 1 ml'). No difference in 11KT
concentrations was observed between FXX, FXY and Fviean: 3.4 + 0.3 ng n) (Fig.
3c). Higher levels were measured in males with amealue in MXX (26.5 + 4.2 ng m)
significantly higher than in MXY (16.0 + 4.1 ng Hland YY (16.4 + 2.8 ng ri).

cd d

—_—
Q
-~
@
3
o
o
o
®
»
»
—_—
(=2
~—
o
»
o

Serum [T] (ng ml")
Serum [E2] (ng ml)

MXX MXY MYY FXX FXY FYY MXX MXY MYY FXX FXY FYY

35

—_—
(2]

~—
o
o
o
[
[
[

30

25

20 +

Serum [11KT] (ng mlI')

MXX MXY MYy FXX FXY FYY

Fig. 3. Circulating levels (mean + S.E.) of (a) testostergm), (b) 1B-oestadiol (E2) and (c) 11-
ketotestosterone (11KT) in adult male and fen@leiloticuswith diferent sex genotypes: XX, XY

and YY. Different letters indicate significant difences.Dark grey: males, light grey: females.
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4. Discussion

The most striking result of the present study whas higher expression of agonistic
behaviours in FXY and FYY compared to FXX. From {ovensity (displays and threats) to
high-intensity acts (attacks), a similar behavibwgpression profile was observed with a
higher aggressiveness in MXY x FXY and MXY x FYY nfontations. Although this
conclusion can be nuanced when considering behavimdividually, the global pattern
emerging from all agonistic behaviours togetheregivan unequivocal view of the
aggressiveness level in these individuals. Thedriglygressiveness level in these pairs can be
attributed to the female since the intensity ohfggwas far lower in pairs with normal
genotypes MXY x FXX. In every type of confrontatjoiie male slightly expressed more
agonistic behaviours than the female, accordingstarger size and the social and territorial
behaviour of this species (Baerends & Baerends®Raan, 1950; Boscolet al, 2011).
Oreochromis niloticudias a lek mating system in which male defendsraderto ensure his
reproductive success. But even out of a reprodeatontext, a hierarchical social structure
sets up inside a group in which dominant individutdrvently defend a territory against
intrusion (Baerends & Baerends-van Roon, 1950hédfintruder is not much aggressive, as
the FXX, the interaction rapidly finds an outcomenhich the dominant establishes its status
against the subordinate. On the contrary, if theuder is more combative (or more
responsive to its opponent’s aggressions) anddightwin the confrontation, an aggressive
escalation is initiated for the establishment aofimdwnce(Oliveira et al, 2005; Carvalho &
Goncalves-de-Freitas, 2008; Boscetal, 2011).

Regarding our main results, two hypotheses can tmpoged to explain the higher
aggressiveness observed in females carrying Y absome. The first one is a direct
influence of sexual chromosomes on behaviour thromgin sexual differentiation, or on
activation of neural mechanisms related to aggreasiss expression, as proposed by Desprez
and Mélard (1998) and Ovidiet al. (2002) to explain the higher aggressiveness level
observed in sex-reversed ZZ females compared to f8Wales in O. aureus Brain
organizational or activational modifications woudd under control of genetic factors linked
to the Y chromosome or induced by the absencetafiracopy of factors carried on the X
chromosome. This kind of chromosomal influence ex differentiation is observed in sex
reversal experiments. The required dose of EE2etunirize YY individuals by dietary

administration is more than three times higher ttrenefficient dose for XY (see materials
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and methods, unpublished data). Likewise, high tatpre treatment (36 °C) applied during
the sensitive period for sex differentiation indsickfferent effects in XX (masculinization),
XY (none) and YY (feminization) (Kwort al, 2002). Thermal and hormonal sex reversals
evoked here could rely on their own mechanismé$gmint from that involved in normal brain
and behaviour differentiation, but all of them iyghat genetic determinants carried by
sexual chromosomes in zero, one or two copies cadifynthe sexual plasticity and
differentiation in response to specific stimuli.

In mice, XY females produced by decoupling the magx determinan®dry from the sexual
genotype expressed higher aggressiveness companed females. These results showed
that aggressive behaviours are influenced by tlesgnce of botlsry and other sex-linked
genes carried on sex chromosomes that are expressadn the absence of the major sex-
determinant of testis development (Gatewaetdal, 2006). Contrary to mammals, sex
chromosomes ofO. niloticus and other fishes are at an early evolutionary estaf
differentiation (Volff et al, 2007), but we can assume that such genes linkdatet sex
chromosomes may influence different aspects ofdséarentiation, specially the behaviour.
This feature, associated to the reversed develo@ingolarity of brain and gonad
differentiation provide to fish their exceptionaxsial plasticity through a decoupling of the
different components of sex phenotypical differaidin (gonad, brain, behaviour), as
observed in hermaphrodites with social determiniand species with alternative male
phenotypes (Godwin, 2010; Almeigaal, 2014). Even if adults dD. niloticuswith different
sexual genotypes are sexually functional, produdergle gametes and expressing mating
and spawning behaviours (Billy & Liley, 1985; Getieoet al, 2012), the decoupling of
components controlling sex expression and the egmme of sex-linked genetic factors could
explain a genotypic modulation of behavioural aspkke aggressiveness.

Nevertheless, the hypothesis of an increase ineagyeness linked to the Y chromosome is
not supported by the observations made on maleghioh XY and YY expressed slightly
lower levels of aggressiveness than XX. However, eperimental design was not totally
adapted to highlight differences in male aggresmge levels. Male-male confrontations
should be studied to solve this issue and definitele out the chromosomal influence
hypothesis. In this study, FXX were less aggresane less responsive to male behaviour.
Consequently, whatever the genotype, asymmetiigialifg abilities lead the male to rapidly
win the confrontation and express few agonisticavedurs.
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A second hypothesis, based on an influence of thmbnal sex reversal treatments on the
brain sexual differentiation, could also explaie thfference in aggressiveness level observed
between groups with different genotypes. Only tisé fvith a sexual genotype opposite to
their phenotype (MXX, FXY and FYY), and exposedatisex reversal treatment during the
sensitive period of sex differentiation, displayeddified levels of aggressiveness compared
to controls (MXY and FXX). Behavioural effects ofemids as endocrine disrupting
chemicals at environmental relevant concentratamesdocumented (Soffker & Tyler, 2012)
but few data exist on the organizational effects sefx reversal treatments at early
developmental stages. Androgens and oestrogensiemté many aspects of brain
development and differentiation (Cookeal, 1998). In particular, oestrogens play a crucial
role in neurogenesis regulation as well as braxuaedifferentiation and expression of brain
aromatase expression is up-regulated by oestrageharomatizable androgens (Dicgélal,
2010). Consequently, the heavy supply of EE2 (t&/ BXd FYY) and MT (to MXX) during
the sensitive period of sex differentiation couétvé permanently affected the development of

the brain.

Tsai and collaborators (Tsai & Wang, 1998, 1999;n@/& Tsai, 1999; Tsaet al, 2000)
reported an influence of both E2 and MT, adminesdein similar sex reversal treatments in
O. mossambicys on the production of several neurotransmitterrgdrenaline, y-
aminobutyric acid, glutamate and serotonin) sugggsthat these neurotransmission
pathways could be involved in brain sexual difféleon or reflect the produced sex
difference. In mammals, these neurotransmittersirar@ved in the development of sexual
dimorphism in brain structure and function (Wils@avies, 2007) and play regulatory roles
in aggressiveness expression (Haller, 2013). Leda dxist in fish but serotonin is also
known to modulate aggressive behaviours (Winbengil&son, 1993; Summeset al, 2005).
Moreover, Billy and Liley (1985) reported an incseain aggressiveness level in adult
Mozambique tilapiaOreochromis mossambicy®eters 1852) exposed to a masculinizing
treatment of MT during the sensitive period of sikerentiation. Behavioural modifications
were not only observed in sex-reversed males (XX also in genetic males (XY) submitted
to the same hormonal treatment, suggesting thandwel treatments administered during the

sex differentiation period influence behaviourdfetientiation.

The second question addressed in this study coedehe influence of sexual genotype on
the level of circulating sex steroids and theirgmbial regulatory role in agonistic behaviour
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expression. In fish, the neural pathways underlyaggressive behaviour expression are
modulated by androgens (Oliveied al, 2002; Oliveira & Gongalves, 2008). Consequently,
the higher level of 11KT in MXX could be linked tbeir increased agonistic motivation
compared to MXY and MYY. Alteration of the steraitetabolism could have been induced
by the hormonal treatment used for sex reversalerathan by a genetic influence of sex
chromosomes as no difference in 11KT level was wesebetween MXY and MYY and
between female groups. 11KT is synthesized in $dsi¢ not in the brain as supported by the
absence of JBthydroxylase in rainbow troudncorhynchus mykis&Valbaum 1792) (Liwet

al., 2000) and zebrafisbanio rerio (Hamilton 1822) (Diotelet al, 2011). However, the
production of gonad steroid is under control of thgothalamo-pituitary complex by the
release of gonadotropins, and the gonadotropictifumds itself controlled by diverse
neuropeptides and neurotransmitters and by a dteegjative feed-back (Zohat al, 2010).
Developmental alteration of these regulatory pagsaeould therefore modify the androgen

production by the gonads.

This mechanism is also valid for oestrogens. In study, E2 level increased in females
carrying a Y chromosome (from FXX to FYY) but thi®nd was not observed in males.
Similarly to 11KT, sex reversal treatments — madé wigher dose of EE2 in YY than in XY

— could have permanently modified oestrogen symhddoreover, unlike 11KT, E2 is

produced in the gonads and in the brain. Brain atase activity is high in fish and correlated
to circulating sex steroid levels (Diotet al, 2010) supporting the idea that differences in E2
level can have a cerebral origin. Disruption of tmtogeny of the gonadotropic system and
the expression of brain aromatase was report&d nerio after exposure to EE2, this steroid
inducing an increase in the number of gonadotropi@asing hormone immunoreactive
neurons and a modification of their migration peofas well as an induction of brain

aromatase expression (Vosgesl, 2010).

However, beside a differential development of thmair) we have to consider a possible
influence of the reproductive cycle on the E2 Ievalfemales. In non-mouthbrooding female
of O. niloticus the mean duration of a maturation cycle is 15sd@aconet al, 2000).

However, it is not known if oocyte maturation speedhe same in XY and YY females, as
physiological aspects like growth can be affectgdhe sexual genotype (Toguyest al,

2002). In our study, behavioural measurements dmaldbsampling were performed on the
second day of the maturation cycle and mean E2deneXX females increase from 5 to 12
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ng mi* during the first three days of a maturation cy@aconet al, 2000), which is in the

range of our measurements in the three differembtypes.

The role of oestrogens in the expression of agenighaviours is less documented than the
role of androgens and results are sometimes dimerggebirds and mammals, administration
of E2 can have a facilitating role in the expressad aggressiveness (Soma et al., 2000;
Laredo et al., 2014). In fish, administration obggnous oestrogens inhibits aggressiveness
in different species (Colmaet al, 2009; Saaristeet al, 2010). However, imAstatotilapia
burtoni (Gunther 1894), an African cichlid fish, Huffmahal. (2013) reported that aromatase
activity and high level of E2 promote aggressivddy@ours in males, suggesting that a
relationship can exist between the higher aggreasiss and the E2 levels in XY and YY

femaleO. niloticus

In conclusion, inO. niloticus either sex chromosomes or hormonal sex reversatnients
may have an organizational influence on brain séerdntiation resulting in a differential
expression of agonistic behaviours in adulthoodesehorganizational effects may also have
altered sex steroid levels that can modulate agyesess expression and could have wider
biological influences, particularly on reproductiveehaviour. Even if some evidence
(asymmetrical effect of sex chromosomes in malesfamales, and behavioural modification
in sex-reversed fish only) provide more supportavour of an hormonal explanation of the
origin of behavioural alteration compared to gepetythe question remains open and in both
cases, the cause has to be searched in an earifycawooh of brain sexual differentiation. To
disentangle the two hypotheses, different typesaoffrontation €.g. male-male) should be
tested and all genotypic variants with a same deghanotype should be exposed to an
identical hormonal treatment during developmeng.(65 mg MT kg for MXX, MXY and
MYY; 500 mg EE2 kg for FXX, FXY and FYY) in order to standardize teéect of sex

reversal procedures among the different genotypes.
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Abstract

This study aimed to develop sex reversal procediargeting the embryonic period as tools
to study the early steps of sex differentiationNite tilapia with XX, XY and YY sexual
genotypes. XX eggs were exposed to masculinizimgtinents with androgens (7
methyltestosterone, 11-ketotestosterone) or ar@matdnibitor (Fadrozole), whereas XY and
YY eggs were subjected to feminizing treatments hwiestrogen analog (&7
ethynylestradiol). All treatments consisted of agi or double 4-h immersion applied
between 1 and 36 h post-fertilization (hpf). Corications of active substances were 1000 or
2000 pg 1 in XX and XY, and 2000 or 6500 pg In YY. Masculinizing treatments of XX
embryos achieved a maximal sex reversal rate &b 1Gith an exposure at 24 hpf to 1000 ug
It of 11-ketotestosterone or to 2000 [fgof Fadrozole. Feminization of XY embryos was
more efficient and induced up to 91 % sex revensdl an exposure to 2000 pg bf 17o-
ethynylestradiol. Interestingly, similar treatmerfealed to reverse YY fish to females,
suggesting either that a sex determinant linkethéoY chromosome prevents the female
pathway when present in two copies, or that a ggasent on the X chromosome is needed

for the development of a female phenotype.

Keywords: sex determination, sex differentiatiomj@gen, estrogen, sexual genotype
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1. Introduction

Sex reversal techniques are largely used for th@raoof sex in fish farming and in
fundamental studies on sex determinism mechanidmstilapia aquaculture, all-male
populations are preferred because they achieveshigtowth rate and prevent uncontrolled
reproduction (Beardmore et al., 2001). Due to ftiency and simplicity, one of the most
common practices used to produce monosex popusatbriilapia or to obtain males and
females with particular sexual genotypes is thersegrsal through the dietary administration
of sex steroids during the sensitive period of diéferentiation, usually from 10 to 38 days
post-fertilization (dpf) (Phelps and Popma, 20(®8x reversal treatments are also useful to
explore the role played by genetic and endocrigéofa involved in the mechanisms of sex

determinism and differentiation.

In fish, a major sex-determining gene similar te thammaliarSry was identified in a few
species, but not in the Nile tilapareochromis niloticugKikuchi and Hamaguchi, 2013). In
this species, a sex-specific expression of genenpally involved in sexual differentiation
was reported in the gonatbxl2, cyl9ala, dmrl(ljiri et al., 2008) and in the brairaihh
(Poonlaphdecha et al., 2011) from 9-10 dpf but aeply investigated earlier during the
embryonic and larval development. Classically, smyersal treatments override the natural
process of sex differentiation by acting after J dn mechanisms taking place during the
gonad morphogenesis. The masculinizing hormone-Mé&thyltestosterone (MT) was
reported to up-regulat@mrtl, a gene involved in testicular differentiatiorgrir 19 dpf in XX
tilapia (Kobayashi et al., 2008). Similarly, adnsitnation of 1é-ethynylestradiol (EE2) to
XY fry induced the ovarian differentiating pathwhy repressingimrtl and promoting the
expression ofypl9al(encoding aromatase) at 19 dpf (Kobayashi e2@b3, 2008).

However, an increasing body of evidence gatheradifiarent species argue for a precocious
initiation of the differentiation pathway that cdubccur in the brain or in the primordial germ

cells before the development of the gonad (Tsal.e2000; D'Cotta et al., 2001; Kobayashi

and lwamatsu, 2005; Kobayashi et al., 2008; Rougeat., 2008a,b; Blazquez and Somoza,
2010). Therefore, it is particularly interesting target sex reversal treatments on early
developmental stages in order to study the upstreaachanisms and trace the sex
determinism cascade up to the major determinantsin® ontogenesis, the brain starts to

morphologically differentiate from 31 h post-feddtion (hpf) and the primordial germ cells
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can be identified from 46 hpf in Nile tilapia (M@on et al., 2001). Then primordial germ
cells migrate to the genital ridge to form a godgmtamordium by the % dpf (Kobayashi et

al., 2003). Based on the assumption that thedtegts of molecular sex differentiation would
occur during these precocious developmental evéntsuld be possible to modify the sex

determinism by treatments applied during the emtiryperiod.

In medaka,Oryzias latipes successful feminizing and masculinizing sex isi@s were
performed by brief exposure of freshly fertilizegigs to 1B-estradiol for 24 h (lwamatsu et
al., 2005; Kobayashi and Iwamatsu, 2005), and piadery oocytes to L7
methyldihydrotestosterone for 10 h (lwamatsu et 2006) respectively. Unlike tilapia, the
major sex-determinantdfny) was identified in medaka (Matsuda et al., 200Bt
interestingly these two species have similar seterdenism systems and morphogenesis
during sex differentiation (Siegfried, 2010), susiiygg that such precocious treatments could
be efficiently applied in tilapia. In Mozambiquelapia Oreochromis mossambidus
Rosenstein and Hulata ('92) tested various treatrsememes with a double immersion (of 2
to 28 h) of eggs at 2 and 4 dpf inpt&@stradiol solutions (200 to 1500 Q) lbut did not
observe any feminizing effect. Using more prolongeelatments (from fertilization to
hatching) with EE2 (500 pg') and MT (1000 pg?) in O. niloticus Rougeot et al. (2008a)
obtained up to 79 % of feminization and 20 % of codisization. However, this procedure is
not the most appropriate to study the embryoniceltgpmental events as the prolonged
exposure led to an important accumulation of horesaihat could act by a delayed effect on
the process of gonad differentiation in fry. Chéedzation of the EE2 clearance profile in
XY fish submitted to such a feminizing treatmenvealed very high extra-physiological
concentrations (more than 5000 ri§) @f EE2 in fry at the onset of the period of goamlad
differentiation (10 dpf) (unpublished data).

The objective of the present research was to dpvata reversal procedures in Nile tilapia
using brief immersion treatments applied on thst fitages of development in order to focus
the action of hormones only on embryogenesis. Effe masculinizing and feminizing
schemes, varying in active substances, concemntgat@md moments of application, were
tested on XX, and XY and YY progenies respectivdly, identify the most efficient

procedures that might be used to study the earbharésms of sex differentiation.
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2. Material and Methods

2.1. Reproduction and egg incubation

Nile tilapia O. niloticus (Lake Manzala strain) originated from the Reseanct Education
Center in Aquaculture (CEFRA), University of Lié@gBelgium). Different full-sib families
were produced by artificial reproduction (Gennettal., 2012). XX progenies were obtained
by crossing XX males with XX females, XY progenieg crossing YY males with XX
females and YY progenies by crossing YY males with females. Broodstock fish were
individually stocked in 125-| aquaria at 27 °C wdhl4 h light/10 h darkness photoperiodic
regime. Fish were fed at satiation with specialodstock commercial tilapia diet (45 %
proteins, 5 % lipids, Coppens — The Netherlandg$)erAartificial fertilization, eggs were
counted, distributed in different batches accordmgreatments and incubated in 1.5 L Zug
bottle at 27 °C. Fertilization rate was evaluatedlO00 eggs after the first mitotic cleavage (2
hpf) (Morrison et al., 2001).

Experiments were carried out according to the dunds of the University of Liége ethical
committee and the European animal welfare recomatent.

2.2. Hormone and aromatase inhibitor solutions

Steroid hormones bfethynylestradiol (EE2), Xfmethyltestosterone (MT), 11-

ketotestosterone (11KT) and the aromatase inhilitemrozole (Fa) were purchased from
Sigma-Aldrich. Hormones and Fa were dissolved i % ethanol to prepare 1000-fold
concentrated stock solutions and stored at 4 °C.ifmersion treatments, 1 ml of stock
solution was added to 1 | of hatchery water. Cdmgroups were incubated in 1:1000 ethanol.

2.3. Hormonal treatments

Feminizing and masculinizing treatments consistéd single or a double immersion in
hormonal or Fa solutions. All immersions lasted. & featments were performed at different
stages of development from 1 to 36 hpf. Eggs wexesterred from the Zug bottle into a 1-I

glass beaker filled with hatchery water and mairgdiin a thermostatic bath at 27 °C. One mi
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of stock solution (ethanol for control groups) wadded to the water. During incubation,
water was oxygenated by an air diffuser. After 4fhmmersion, eggs were netted, gently
soaked up and rinsed in 6 different baths to renmfomenone residues. The first 3 baths
contained 1:1000 ethanol and the next 3 only hayclater. Control groups were handled in

the same way. After rinsing, eggs were replacealtime hatchery.

A total of 10 different masculinizing treatmentsrevgested on XX progenies, and 6 and 5
feminizing treatments on XY and YY progenies respety. XX eggs were treated with MT
(1000 and 2000 pg'), an aromatizable synthetic androgen, 11KT (1000 2000 pgt), a
non-aromatizable natural androgen, and Fa (1002@6@ pgt), a non-steroidal inhibitor of
aromatase, the enzyme that converts androgensgsitriogens. XY and YY eggs were treated
with EE2 (2000 and 6500 pd)l a synthetic estrogen.

The concentrations of hormones used in XX and »@atiments were based on the literature
(Gilling et al., ‘96; Kobayashi et al., 2003; Wassann and Afonso, 2003) and on our
previous experiments of egg immersion (Rougeotl.et2808a). In YY treatments a first
concentration of EE2 equal to the XY treatments temted, and a second concentration
increased in the same proportion as EE2 concemtsatised in dietary hormonal treatments
(150 mg kg for XY and 500 mg kg for YY) in our laboratory (unpublished data). As a
differential timing of sex differentiation can bespected in YY compared to XY (Herrera et
al., 2001), different moments of treatment appisatvere tested in YY. Hormone and Fa
concentrations, and the moment of application @hetaeatment figure in the result tables
(Table 1, 2 and 3).

Each progeny was divided into several batches vieggedifferent treatments and a control
group for each moment of treatment applicatior Yngroups immersed in a 6500 pg EE2 |

solution at different moments, only one controlgrammersed at 24 hpf was used. The
number of fertilized eggs per batch and the nuroberogenies per treatment ranged from 78

to 1371 and from 2 to 8 respectively.

MT and EE2 are routinely used in our laboratory toe feminization of XX and the
masculinization of XY and YY fry respectively byedary administration (from 10 to 40 dpf,
XX: 65 mg MT kg* food; XY: 150 mg EE2 K§ food; YY: 500 mg EE2 Kk§ food). These

treatments succeed in 94 to 100 % of sex reveuspluplished data).
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2.4. Juvenile rearing and sex-ratio analysis

At 8 dpf, larvae were counted in order to calculdte survival rate (= 100 x n larvae / n
fertilized eggs) and transferred into 50-1 aqu#é#a °C). From 10 dpf, fish were fed close to
satiation 6 times a day with a commercial tilapiet 47 % proteins, 8 % lipids, Coppens —
The Netherlands). Phenotypic sex was determinedhy acetocarmine squash method
(Guerrero and Shelton, ‘74) at 90 dpf. Fish werthanized by overdose (500 mg) lof
benzocaine (Sigma-Aldrich) and a piece of gonad wasroscopically examined after
acetocarmine coloration. The number of sexed feshbyatch ranged from 22 to 121 (median
= 74), from 8 to124 (median = 50) and from 7 to I1ftfedian = 69) for XX, XY and YY
respectively. Adding together the different progsnithe overall number of sexed fish per

treatment ranged from 69 to 553.

2.5. Data analysis

Survival (at 8 dpf) and sex reversal rates areesgqad as the overall value and the total range
(minimum and maximum) of all the progenies exposethe same treatment. Sex ratios and
survival of the treated groups were compared ag#iesvalues of their corresponding control
groups using the 2 x 2 contingency chi-squafe test (f = 1). Values were considered as

significant atp < 0.05.

3. Results

3.1. XX masculinization experiments (Tablel)

At 8 dpf, survival rates in XX progenies rangednir@2 to 86 % and from 25 to 64 % in
treated and control groups respectively. Overaivigal values were significantly higher in
batches exposed to MT in a single immersion (at 24ohpf) (from 48 to 61 %) than in their
respective controls (39 — 43 %). In fish submitteda double immersion (at 1 and 24 hpf),
survival was similar in control and treated batcliesm 35 to 42 %). In 11KT and Fa

treatments, overall survival was 59 % in contralsl #aanged from 51 to 70 % in treated
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groups with significantly higher values in fish @sed to 1000 pg'lof 11 KT and Fa and a
lower value in fish exposed to 2000 pg 11KT |

All the XX control fish were females as expectecnd of the MT treatments induced a
significant deviation of the sex-ratio. In one peay, immersion in 1000 g bof MT at 1, 24
and 1 + 24 hpf respectively induced 8.1, 8.3 aid®.of males but the numbers of sexed fish
were low in these batches (n < 37) and deviatioesewot significant. On the contrary,
treatments with 11KT or Fa significantly induced tgp 10 % of sex reversal. Overall
percentages of males in 11 KT and Fa treatmentg wignilar in 1000 and 2000 pg |
immersions (3.3 and 3.5 %, 4.4 and 3.9 % for 11Kd &a respectively) and significantly

different from the control groups.

3.2. XY feminization experiments (Table 2)

Survival rates in XY progenies ranged from 26 to%8&nd from 28 to 86 % in EE2-treated
and control groups respectively. Overall survivalues were above 60 % in groups treated
with a single immersion at 1 or 24 hpf and notistiaally different from the control groups,
except for the group treated in a 1000 figdlution at 1 hpf that displayed a higher survival
(72 %). Double immersion at 1 and 24 hpf led todosurvival. In this treatment, survival of
hormone-exposed fish (32 — 33 %) was significalolyer than the controls (44 %).

Sex-ratio of the XY control groups was 100 % madee&pected. A significant sex reversal
effect p < 0.001) was observed in all the EE2 treatmenth Ekposed to EE2 at 1, 24, and 1
+ 24 hpf showed increasing overall sex reversaisred.9 — 26.6 % at 1 hpf, 48.0 — 48.6 % at
24 hpf and 65.9 — 65.2 % at 1 + 24 hpf for 1000 2000 pg T respectively. The efficiency

of the treatment was related to the hormone coratgont only in the treatment applied at 1
hpf. The maximum sex reversal rate (91 %) was @kskin a progeny immersed at 24 hpf in

a 2000 pgt solution.

3.3. YY feminization experiments (Table 3)

In treatment of YY at 6500 pg EE2, loverall survival was greatly affected in fish irarsed
at 12 hpf (24 % vs 64 % in the controls). For tleatment applied later (18, 24 and 36 hpf),
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survival was similar to the controls. Survival veduare missing for the treatment at 2000 ug |
1

All the YY control fish were males as expected. Blaf the EE2 treatment significantly

skewed sex-ratio in any of the progeny.
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Table 1. Effect of androgen and aromatase inhibitor treatsvapplied in a single or double 4 h-immersion iffeent moments of the embryonic
development (1 and/or 24 hpf) on the survival (dp8 and the sex ratio of XX Nile tilapia fry (MTL7a-methyltestosterone; 11KT: 11-ketotestosterone;
Fa: fadrozole; Y < 0.05).

% Survival (8 dpf) % Sex reversal

su?:‘s:,:::ce fiz:c(epngt:gi M(c:::fe)nt pr:g:e(r):ies Min Max  Overall Ve p T;tha; dn Min Max  Overall X2 p
Control 0 1 3 25 62 39 123 0.0 0.0 0.0

MT 1000 1 3 29 74 48* 5.9 0.015 173 0.0 8.1 1.7 2.2 0.142
MT 2000 1 3 23 86 60* 315 <0.001 211 0.0 0.0 0.0 0.0 >0.999
Control 0 24 3 32 56 43 133 0.0 0.0 0.0

MT 1000 24 3 22 82 53* 6.5 0.011 194 0.0 8.3 1.0 1.4 0.240
MT 2000 24 3 49 74 61* 24,6 <0.001 220 0.1 2.6 0.9 1.2 0.270
Control 0 1+24 2 29 46 36 90 0.0 0.0 0.0

MT 1000 1+24 3 25 61 42 1.5 0.217 145 0.0 9.1 35 3.2 0.075
MT 2000 1+24 2 35 35 35 0.3 0.592 90 0.0 2.6 1.1 1.0 0.316
Control 0 24 6 37 64 59 453 0.0 0.0 0.0

11KT 1000 24 3 27 59 63* 4.4 0.036 150 0.0 10.0 3.3*% 6.8 0.009
11KT 2000 24 3 25 63 51* 10.2 0.001 200 0.0 8.0 3.5% 7.1 0.008
Fa 1000 24 3 50 77 70* 220 <0.001 250 1.0 7.0 4.4% 9.0 0.003
Fa 2000 24 6 44 71 58 0.0 0.981 464 0.0 10.0 3.9* 179 <0.001
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Table 2. Effect of 1&-ethynylestradiol (EE2) treatments applied in ajror double 4 h-immersion at different momentghef embryonic development

(1 and/or 24 hpf) on the survival (at 8 dpf) ahd sex ratio of XY Nile tilapia fry (p < 0.05).

% Survival (8 dpf)

% Sex reversal

sul:)‘:t::ce fiz:‘:(eu’::i; M(c:::)nt pr:g:e(:ies Min Max  Overall Ve p 1;?:;: Min Max  Overall X2 p
Control 0 1 3 28 79 62 190 0.0 0.0 0.0

EE2 1000 1 3 69 73 72* 4.7 0.030 181 5.7 16.7 9.9* 19.9 <0.001
EE2 2000 1 3 26 85 65 0.5 0.501 154 5.9 29.5 26.6* 57.4 <0.001
Control 0 24 7 35 86 75 500 0.0 0.0 0.0

EE2 1000 24 3 38 71 60 3.5 0.063 127 43.6 66.7 48.0* 65.7 <0.001
EE2 2000 24 8 32 86 76 0.2 0.629 553 2.0 91.0 48.6% 326.7 <0.001
Control 0 1+24 2 44 45 44 96 0.0 0.0 0.0

EE2 1000 1+24 3 31 37 33* 6.1 0.014 88 57.1 84.2 65.9* 92.4 <0.001
EE2 2000 1+24 2 27 35 32* 7.6 0.006 69 57.9 68.0 65.2* 86.1 <0.001
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Table 3. Effect of 1&-ethynylestradiol (EE2) treatments applied in & h-immersion at different moments of the erohiy development (12, 18,
24, 36 hpf) on the survival (at 8 dpf) and the o of YY Nile tilapia fry (*p < 0.05; - missing data).

% Survival (8 dpf) % Sex reversal

s:\::::;c tciz:c("::?; M&mp:)nt prong::ies Min Max  Overall ' P Zzt:elc:l Min Max  Overall %2 p
Control 0 24 3 - - - . - 150 0.0 0.0 0.0

EE2 2000 24 3 - - - - - 150 0.0 0.0 0.0 0.0 >0.999
Control 0 24 4 38 77 64 353 0.0 0.0 0.0

EE2 6500 12 4 10 42 24%* 320.2 <0.001 128 0.0 1.8 0.8 2.8 0.096
EE2 6500 18 4 25 80 60 3.5 0.062 337 0.0 0.0 0.0 0.0 >0.999
EE2 6500 24 4 38 78 61 2.5 0.115 344 0.0 1.0 0.3 1.0 0.311
EE2 6500 36 4 38 80 62 0.8 0.369 333 0.0 1.2 0.3 1.1 0.303

9X3S NP 22022.4d UOIIRIDUSIHIP 12 SWISIUIWILRIRQ : € d1ed
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4. Discussion

Our results demonstrate that brief 4 h-immersionteuilized eggs in androgen, aromatase
inhibitor, and in estrogen solutions applied betwéeand 24 hpf can induce significant sex
reversal in XX and XY Nile tilapias. Feminizatiorh XY with EE2 is 10 to 15-fold more
efficient than masculinization of XX with 11KT oraFNo significant masculinizing effect
was observed with MT. Interestingly, estrogen trestts failed to reverse the sex of YY fish,

even at higher doses.

Regarding the wide variety of steroid compoundsdufse sex reversal in fish, different
efficiencies arise from different affinities fordin receptors, activities of the steroid-receptor
complexes, and their metabolism (Devlin and Nagah&002). Since all the steroids and the
aromatase inhibitor used in the present study Ipasreen their high potency for sex reversal
in fish when administered during gonadal differatin (Pandian and Sheela, ‘95; Devlin
and Nagahama, 2002), particularly in tilapia (excEIKT that was used for the first time in
Nile tilapia in our study) (Jalabert et al., ‘740t and Phelps, ‘95; Kwon et al., 2000), the
differences in efficiency of the treatments havebéosearched in the developmental events
targeted by the treatments, the endocrine and igemeichanisms of sex determination and
differentiation taking place during this precocioplsase and the genotypic differences of
tested fish.

As androgen (Golan and Levavi-Sivan, in press) asitiogen (Kawahara and Yamashita,
2000; Singh, 2013) receptors are involved in horeamduced sex reversal, their expression
Is a prerequisite to successfully override genséix determination by exogenous hormone
exposure. In tilapia, the two androgen receptart &éndar2) are expressed at a low level at
the onset of gonadal development (from 9 dpf) d&dthree estrogen receptoesr(, esr2a
andesr2h at a high level, similarly in XX and XY (ljiri eal., 2008). Before the formation of
the gonad, the target of exogenous hormones imghanism of sex reversal could be the
brain or the primordial germ cells and their enmiment (Kobayashi and Iwamatsu, 2005;
Rougeot et al., 2008aEsrl andesr2aare expressed in the brain of both XX and XY tdap
larvae from hatching (4 dpf). In contrast, the e@gsion of androgen receptors is differentially
initiated in XX and XY.Arl transcripts are detected from 4 dpf in XY but bhefore 29 dpf

in XX and a2 is expressed from 9 dpf in XY and from 4 dpf in X8udhakumari et al.,
2005). Even though both androgen and estrogentreitigs seem to be acquired early during
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fish development, a quantitative study of the esgi@n of steroid receptors during tilapia
embryogenesis and embryonic sex reversal wouldhckueir role in mediating the action of
exogenous hormones, and we cannot exclude théieaeditial expression of the estrogen and
androgen receptors may account for the differenceseatment potencies and genotype
sensitivities. More specifically, the absence oé ai the twoar in the brain of developing
XX embryos could be responsible for their low sysitglity to androgen-induced sex

reversal.

In natural sexual differentiation in tilapia, angems do not appear to play an important role
(Nagahama, 2005). The most potent natural androfjgKT, is not synthesized in the
differentiating testis before 29 dpf (ljiri et aRP08). This suggests that androgen-signaling
pathways may not be fully developed in embryosJarmg the low potency of androgens in
embryonic sex-reversing treatment. In contrastrogsenhs play a critical role in ovarian
differentiation and the lack of estrogens during@ tberiod of gonad differentiation is
responsible for testis development (Guiguen et@;, Kwon et al., 2000; Nagahama, 2005).
Given that and the wide diversity of other estrofarctions during ontogenesis (Hao et al.,
2013), estrogen-signaling pathways establish ehrfjng development and can therefore be

used by exogenous hormones to override naturabpses.

As the treatment of XX embryos with an aromatadabitor induced up to 10 % sex
inversion, it is proposed that aromatase and estiogcould play a role in sexual
differentiation during embryogenesis. In Nile ti@pbrain aromatase was up-regulated in a
dose-dependent manner in EE2-treated XY and YY wosbat 4 dpf (submitted manuscript),
suggesting a possible modification of the brainuséxlifferentiation that could consequently
play a role in the development of the sexual phgretBoth aromatizable (MT) and non-
aromatizable (dihydrotestosterone) androgengtro inhibited aromatase activity in ovarian
microsomes of tilapia (Golan and Levavi-Sivan, iregs) suggesting that exogenous
androgens administered during the differentiatibthe gonad exerted an inhibitory action on
aromatase activity which could be part of the madm of early masculinization. However,
since masculinization rates were only 10 % in X>0ganies and no sex reversal was
observed in YY progenies, changes in the expressi@ctivity of brain aromatase could not

be the sole factor involved in the mechanism of oic sex reversal.
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Results of feminization in XY and the absence afceptibility to EE2 embryonic treatments
in YY can be explained by the presence on the >omlmsome of a female inducer or
alternatively the presence on the Y of a femaleesgor (or male inducer). In any case, the
mechanism of embryonic sex reversal must rely dmalance between the action of the
exogenous steroids and the upstream genetic facteodved in the sex-determining and
differentiating cascade. Such a hormonal-genetignoa can be exemplified witthmrtl that

is a conserved male marker specifically expresseestes. Evidence of the importance of this
gene in testicular differentiation was underlingdtbe discovery of its homologmy as the
major sex-determinant in medaka (Matsuda et alQ2R0In tilapia, dmrtl is expressed
specifically in the Sertoli cell lineage from 10fdfiri et al., 2008; Kobayashi et al., 2008). It
is up-regulated in the differentiating testis of Miluced XX males and repressed in the
differentiating ovary of EE2-induced XY females (payashi et al., 2008), while XX fish
carrying extra copies aimrtl as a transgene develop into males (Nagahama, .206%j1

(or an homolog) is not the major sex-determinantilapia (Volff et al., 2003) but a sex
determinant upstream frommrtl could be expressed during embryogenesis and preven
exogenous estrogen to override the genetic sexndigiesm when present in two copies.

In conclusion, as shown in a previous study udmggral treatments (Rougeot et al., 2008b),
it is possible to artificially reverse the sex dréntiation pathway of tilapia during
embryogenesis, before the gonad differentiatingodeOur results reinforced the hypothesis
of an action of exogenous hormones on brain sediff@rentiation or on primordial germ
cells and their environment, and the important rofearomatase in sex differentiation
mechanisms. Nevertheless, as estrogen treatmelets fa reverse YY fish to females, the
hypothesis of a sex determinant linked to the Yootosome preventing the female pathway
when present in two copies, or a gene present enXthchromosome needed for the
development of a female phenotype, is suggested. iiiestigation of the genetic and
endocrine mechanisms involved in embryonic sexrealevould provide valuable insights on

sex determination and early sex differentiatiothim Nile tilapia.
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Chapitre 5

The sensitive period for male to female sex revdrsgins at the
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Abstract

In this study, we applied feminization treatmeritg & on XY (1#&-ethynylestradiol 2000 pg
I and YY (6500 ug?) Nile tilapia embryos on the first dpf. The mecisam of early sex
reversal was investigated by searching for chamydbe expression profiles of some sex-
differentiating genes in the brain yf@l9allh foxl2 and amh and in sexual steroids
(testosterone, Prestradiol and 11-ketotestosterone) concentratadunsng embryogenesis
and gonad differentiation. No sex reversal was eskin YY but sex reversal rates in XY
progenies ranged from 0 to 60 %. These resultgtheg with the clearance profile of &7
ethynylestradiol confirmed the existence of anyeadnsitive period for sex determination
encompassing embryonic and larval developmenty poi@ny sign of gonad differentiation.
The estrogen treatment induced an increased exmmest ¢ypl9alband a higher level of
testosterone and fp+estradiol at 4 dpf in XY and YYroxI2 andamhwere repressed at 4 dpf
and expression levels were not different betweeatéd and control groups at 14 dpf
suggesting thafoxI2 did not controlcypl9albin the brain of tilapia embryos. Increased
cypl9albexpression in treated embryos could reflect a sigearly brain sexualization but
alone cannot account for the sex reversal effe¢ch@dreatment was ineffective in YY. The
differential sensitivity of XY and YY genotypes &mbryo induced-feminization suggests
that a sex determinant on the sex chromosome®raitly repressor or an X activator may

influence the sex reversal during the first stefpilapia embryogenesis.

Abbreviations: 11KT, 11-ketotestosetronamh anti-Mullerian hormone;ar, androgen
receptor; cypl9al cytochrome P450 aromataseimrtl, double-sex mab-3 related
transcription factor 1; E2, Bfestradiol; EE2, la-ethynylestradiol;foxI2, forkhead box 12
transcription factor; dpf, days post-fertilizatiaef], elongation factor ler, estrogen receptor;
hpf, hours post-fertilization; PGC, primordial geoell; sf1, steroidogenic factor 1; sox9, Sry-
like HMG-box 9; T, Testosterone.

Keywords: sex determination, brain, aromatase, gjesteroids
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1. Introduction

Sex-determining mechanisms are extremely diversengmertebrates. While the process is
relatively conserved and singular in the majorifyntammals, characterized by a genetic
XXIXY system, in fish there is a wide diversity eéx-determining systems which are part of
a continuum ranging from pure genetic determina{ciwomosomal XY, ZW or polygenic)
to environmental sex determination (Devlin and Negaa, 2002). In fish with genetic sex
determination, a master sex-determining gene sirtolahe mammaliarsry (Sinclair et al.,
1990) was characterized in a few spedigsty in the medak®ryzias latipe{Matsuda et al.,
2002), Gsdfin Oryzias luzonensigMyosho et al., 2012)Amhyin the Patagonian pejerrey
Odontesthes hatcheiHattori et al., 2012)amhr2in the tiger pufferfishTakifugu rubripes
(Kamiya et al., 2012) ansdYin the rainbow trouDncorhynchus mykig¥ano et al., 2012).
These recent discoveries of unrelated genes aasnmajor regulators of sex determination
stressed the unconserved nature and rapid turredva@x chromosomes in fish. In contrast,
the downstream genetic factors acting on sexudéréifitiation, although varying in their
regulation and expression profiles, appear mores@wed among species with different sex
determinism mechanisms (Kikuchi and Hamaguchi, 20@8thin the most important genes,
sox9 amhanddmrtl are largely associated with testis differentiatéomd fox|2 andcyp19al
with ovarian development (Siegfried, 2010).

In tilapia, as in medaka, the expressionsok9is initiated early in the ontogenesis but a
sexually dimorphic expression appears after thet fgigns of gonadal differentiation,
dismissing it from a key regulator of sex diffeiation (Nakamoto et al., 2005; ljiri et al.,
2008; Baroiller et al., 2009). As teleosts do nawdr Mllerian ducts, the role amhin male
differentiation is still unclear. The finding aimhy a duplicated form on the Y chromosome
of pejerrey and its receptamhr2 as sex determinants reflects the importancearah
signaling in certain fish (Hattori et al., 2012; idigza et al., 2012). In tilapia, a higher
expression ohmhis observed in differentiating testis around 2@sdpost-fertilization (dpf)
onwards (ljiri et al., 2008; Poonlaphdecha et2011). Interestingly, a dimorphic expression
appears early in the brain of males, at the orfsgbimad differentiation (10 dpf), suggesting a
role in the brain sexualization (Poonlaphdechd.ef@11).Dmrtl acts early in the process of
testis differentiation in non-mammalian vertebra{@egfried, 2010). It received much
attention in fish since the discovery of its dugted paralogimyidentified as the master sex-

determining gene irD. latipes(Matsuda et al., 2002). ljiri et al. (2008) repadrta male
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specific expression almrtlin the developing gonad of tilapia from 10 dpf, gesting an

important role in early testis differentiation.

FoxlI2 is expressed in a female specific-manner in theldping gonads of mammals, birds,
reptiles (Loffler et al., 2003) and fish (Guiguenak, 2010). In medakdoxI2 is up-regulated
at the first steps of ovarian differentiation (Nal@o et al., 2006). In tilapia, a sexually
dimorphic expression was reported as early as 9 bdefore any sign of histological
differentiation (ljiri et al., 2008). Ann vitro study in tilapia has shown th&ix|2 is an
important regulatorcypl9altranscription (Wang et al., 2007) and these 2 gemre co-
expressed in the differentiating ovaries in rainkovut (Vizziano-Cantonnet et al., 2011) and
tilapia (Wang et al., 2007). Aromatase, encodedcyyyl9al,is responsible for estrogen
synthesis and therefore plays a key role in theuaexsteroidogenesis and gonad
differentiation in fish (see reviews by Guiguenabt 2010 and Diotel et al., 2010). Most
teleosts have two distinct forms of aromatase, magdorm, encoded bgypl9ala and a
brain form encoded byypl9alb(Tchoudakova and Callard 1998; Kwon et al., 2001).
Cypl9alas up-regulated in the differentiating ovary (Dttaocet al., 2001b; von Schalburg et
al., 2010) and administration of estrogens to dermiales during the sex differentiation
period induced feminization of the gonads in dgfar species (Piferrer, 2001; Devlin and
Nagahama, 2002). Similarly, treatment of fry witlroraatase inhibitor leads to
masculinization in genetic females (Piferrer et 8094; Afonso et al., 2001; Uchida et al.,
2004). In tilapia, expression afypl9alais up-regulated in female gonads from 9 dpf
onwards (D’Cotta et al., 2001b; ljiri et al., 2008onlaphdecha et al., 2013) aryph19alhs
expressed in the brain very early during ontogenegh no difference in expression profiles
between sexes (Kwon et al., 2001). Although thauledgry pathways otypal9alaand
cypl9albhave their specificities, several authors havegestgd a possible role for brain
aromatase in the brain and the gonad sexualizatigonochoristic teleosts (Tsai et al., 2003;

Blazquez and Somoza, 2010; Le Page et al., 2010).

Nile tilapia has a XX/XY sex determination systehattcan be overridden by exogenous
steroids and high temperature (masculinizing efi@abve 32 °C) (Jalabert et al., 1974,
Baroiller et al., 1995). The sensitive period extefrom 10 dpf (yolk sac resorption) to 25-30
dpf (formation of an ovarian cavity or an intrateskar efferent duct) (Kobayashi et al.,

2008). Temperature-induced masculinization was shimwp-regulate the gonad expression
of dmrtl andamh, and repress botfoxI2 andcypl9alaas well as brain aromatase activity
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(D'Cotta et al., 2001b; Poonlaphdecha et al.,, 2018) contrast, estrogen feminizing
treatments up-regulate the expression of boypl9al genes and down-regulate the
expression ofimrtlin the gonad (Kobayashi et al., 2003, 2008). Iditazh to the classical
sex reversal procedures, acting during the gontereintiation, several authors investigated
the possible existence of a second sensitive winidowsex determination in tilapia, starting
earlier in the embryonic phase. Rosenstein and t&lu(@992) attempted to feminize
Mozambique tilapia @. mossambicgsby short estrogen (Bfestradiol, progesterone,
flutamide) immersions of freshly fertilized eggstldound similar number of females in
treated and control groups. More recently, Rougeal. (2008a,b) showed that thermal (> 34
°C) and hormonal (#methyltestosterone, difethynylestradiol) treatments of embryos form
12 hpf to hatching induced respectively up to 2@ 68 % sex reversal i@. niloticus The
mechanism involved in these phenotypic changesdcbeldifferent from those involved in
later procedures (after 10 dpf) as they are apphefbre the gonad formation and
differentiation. During Nile tilapia embryogenegmsimordial germ cells are apparent as early
as 46 hpf (Morrison et al., 2001) and then migeatd reach the gonadal anlagen by the 7th
dpf (Kobayashi et al., 2003). Thereafter, morphmalgchanges in the undifferentiated gonad
remain discrete until around 20 dpf (D'Cotta et2001b). Rougeot et al. (2008a,b) suggested
that early sex reversal treatments could act ondéneelopment of primordial germ cells
and/or somatic cells of the future gonad, or inflces brain sexualization since the brain starts
to differentiate from 31 hpf (Morrison et al., 2Q0However, another issue raised from the
early hormonal treatments regarding the sex revarsahanism is the possible accumulation
of hormones in the embryo and the vitellus, leadm@ delayed effect after embryogenesis
and a direct action of the hormone on the devetpgonad (Piferrer and Donaldson, 1994).
Characterization of the uptake and clearance kisebf 1%-ethynylestradiol (EE2)
administered to XY embryos following Rougeot’s mdare showed that the whole body
concentration of EE2 at the onset of gonad diffeaéon (10 dpf) was still very high
(unpublished data). A delayed and prolonged hormn@ugply makes ambiguous the
identification of the period of hormone action dachet structure.

The present study aimed to verify the existencea girecocious sensitive period for sex
reversal in Nile tilapia, before the developmentaajonadal primordium tissue, and explore
the mechanisms of sex reversal during this peide.used short EE2 immersion treatments
applied at early embryonic stages to inverse thenptypic sex of XY Nile tilapia. EE2
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uptake and clearance were followed to confirm thdyeaction of the exogenous hormone.
Similar treatments were applied on YY embryos t&t & potential influence of the sexual
genotype on sex reversal responsiveness and sexmilehtion process. Sex reversal
mechanisms and the hypothetical upstream roleeobthin in the sex determination process
were investigated through the measurements of alag@xual steroids (testosteronef-17

estradiol and 11-ketotestosterone) and the expressi 3 main sex-differentiating genes

(cypl9albamh foxI2) in the heads of treated embryos and juveniles.

2. Results

2.1. Growth, survival and sex-ratios

In XY progenies, the immersion treatments did nghi§icantly affect the growth during the
whole experimental period (Fig. 1A). At 35 dpf, mdaody weight of the 3 groups were: 651
+ 14 mg for the group immersed at 1dpf for 4 h ioae of 2000 pg EEZ (XY2000), 643 +
12 mg for the controls (XYC) immersed in ethandl@DO, and 649 + 15 mg in the group
immersed at 10 dpf for 4 h in a dose of 20 pg EEXIY20).
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Figure 1. Mean growth curves of tilapia progenies during éperimental period in (A) XY (n = 5)
till 35 dpf and (B) YY (n = 4) till 42 dpf. XYC: XYcontrol group; XY2000: XY submitted to an EE2
immersion treatment (2000 pg)lfor 4 h at 1 dpf; XY20: XY immersed in EE2 at g@ [* for 4 h at
10 dpf; YYC: YY control group; YY6500: YY immersad EE2 at 6500 pg'ifor 4 h at 1 dpf; YYD:
YY submitted to an EE2 dietary treatment of 500 ka food from 10 to 40 dpf. * indicates

significant differences (p < 0.05).
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In YY fish, growth was very similar between the geaies (Fig. 1B) and immersion
treatment did not affect the mean body weight dfhvee the fish immersed at 1 dpf for 4 h in
a 6500 pug EEZY solution (YY6500) nor in the controls (YYC) immetsat 1 dpf for 4 h in
ethanol 1:1000. In the group (YYD) fed from 10 @ dpf with 500 mg EE2 k§food, which
served as a positive control for sex reversal, grmvth slowed down after 19 days of
treatment (28 dpf) and the mean body weight wasifegntly different from both YYC and
YY6500 at 35 and 42 dpf. At the end of the expentr{d2 dpf), the mean body weights were
838 £ 73,864 +80and 433 +£64 mgin YYC, YY650@ &'YD respectively.

Survival rates in the XY progenies ranged from @129 % in XYC, from 16 to 34 % in
XY2000 and from 24 to 50 % in XY20 groups (table Mean values were not significantly
different between XYC and XY 2000, but the mearvisiat was significantly higher in XY20
than in the controls. In YY progenies, the survivates ranged from 38 to 58 % in YYC,
from 25 to 45 % in YY6500 and from 53 to 71 % in ¥YThe mean survival rate was
significantly higher in YYD than YYC and YY6500.

Table 1. Survival rates in 5 XY (35 dpf; P1 to P5) and 4 {22 dpf; P6 to P9) progenies, and sex-

ratios (% females) at 90 dpf of tilapias submiti@dEE2 feminization treatments.

XYC XY2000 XY20 YYC YY6500 YYD
Survival (%) 245+35 27.7+32™  40.6+4.6° 487+4.4° 379+47° 665+45°

P1 0.0° (53) 11.8° (68) 0.0° (66) P6 0.0° (103) 0.9° (106) 99.1° (113)

P2 0.0%(125)  60.6° (109) 8.6" (93) P7 0.0° (100) 0.8%(124)  100.0° (100)
% females

P3 0.0°(110)  6.3°(111)  0.0°(101) P8 0.0°(100)  0.0°(118)  99.0°(100)
(n sexed) . . . . . b

P4 0.0% (106) 0.9% (106) 0.0° (104) P9 0.0% (103) 0.0° (58) 83.7°(92)

P5 0.0°(100)  23.0°(100)  4.0°(101)

Mean 0.0+0.0° 205+10.7° 25+1.7° Mean 0.0+0.0° 0.4+0.3° 95.5+3.9°

XYC: XY control group; XY2000: XY submitted to anER2 immersion treatment (2000 1Y) for 4 h at 1 dpf;
XY20: XY immersed in EE2 at 20 ud for 4 h at 10 dpf; YYC: YY control group; YY6500%Y immersed in
EE2 at 6500 ugfor 4 h at 1 dpf; YYD: YY submitted to an EE2 dief treatment of 500 mg Kgood from 10
to 40 dpf. Different superscript letters indicaign#ficant differences (p < 0.05).
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Sex-ratio analysis revealed the presence of noleemahe control groups (XYC and YYC)
(tablel). In XY individuals, the efficiency of EEBhmersion treatments differed between
progenies. The proportion of females in XY2000 ethdrom 0.9 to 60.6 %. Except for the
P4 progeny, the immersion treatment with a dos2060 pg EE2'1 for 4 h applied to 1 day-
old embryos (XY2000) significantly skewed the seakas toward females, with the highest
values for P2 (60.6%) and P5 (23.0%) . The immarsieatment of 10 days-old larvae at 20
ng EE2 T resulted in a significant sex reversal only insth@ progenies, with 8.6 % and 4.0
% of females for P2 and P5 respectively. In YY, BE2 immersion treatment at 1 dpf did not
lead to any significant sex reversal. However, femainization susceptibility of all the YY
progenies studied was demonstrated using an EE&rgligeatment (from 10 to 40 dpf) that
achieved from 83.7 to 100.0 % of sex reversal.

2.2. EE2 uptake and clearance

The EE2 used for the feminization treatment of Xivbeyos (XY2000 group: 2000 pg ht 1
dpf) passed through the chorion and rapidly accated! in the eggs causing a mean
concentration of 18929 + 3565 ng ghortly after the immersion (Fig. 2A). This surge
represented a 10-fold bioconcentration of the hovencompared to the initial concentration
of the hormonal solution. After this peak, the cee kinetics was rapid. The concentration
dropped to 4798 + 465 ng'at 4 dpf and returned to a value (1.41 + 1.89 fgstatistically
similar to the control at 21 dpf (Fig. 2A and 2Bhe 20 pg T EE2 dose used for the 4-h
treatment at 10 dpf (XY20) aimed to reach the saissmie concentration as the XY2000
group, in order to verify if the XY2000 treatmemted before 10 dpf. At this stage, the EE2
tissue concentration of XY20 was 3.5 higher thaX¥2000 (Fig. 2B) (3975 = 995 and 1146
+ 153 ng ¢ respectively). However, 1 day after the treatméiné¢ EE2 level of XY20
dropped to 397 + 39 ng'gand continued to decrease faster than in XY20@Q4Adpf, the
values of EE2 concentration in XY2000 (28 + 12 i and XY20 (10 + 5 ng§ were not
significantly different but still significantly higer than the controls. As in XY2000, the
hormone level in XY20 returned to a basal levekelto O and was statistically similar to the
controls at 21 dpf (0.55 + 0.67 nif)g

In YY feminization experiment at a high concentatiof 6500 pgt (YY6500), the EE2
uptake and clearance followed the same profile @as Xiy2000, with a 10-fold
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bioconcentration of the hormone in the tissue imatetyy after the immersion (Fig. 2C), the
mean concentration peaking at 62755 + 3691 hgAdterwards, the EE2 level decreased to
6703 + 1789 ng § at 10 dpf. At 14 dpf, the concentration in YY65(B + 7 ng ) was
equal to that measured in XY2000 and returned kevel (0.26 + 0.03 ng Y statistically
similar to the control at 21 dpf (Fig. 2D). In theetary treated groups (YYD) with a dose of
500 mg kg food from 10 to 40 dpf, the tissue EE2 concerdraslowly increased to 166 +
44 ng ¢ at 14 dpf, 442 + 40 ng'gat 21 dpf and reached a maximum of 1792 + 295hagtg
the end of the treatment (40 dpf) (Fig. 2D). Asrs@s the hormonal treatment ended, the
concentration decreased rapidly to 139 + 21 hgi2 dpf.
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Figure 2. Mean 1%-ethynylestradiol (EE2) tissue concentration in BA, XY (n = 5 progenies) and
(C, D) YY (n = 4) progenies of Nile tilapia subneitt to feminization treatments. A and C: complete
profiles; B and D: details between 0 and 5000 flg ¥YC: XY control group; XY2000: XY
submitted to an EE2 immersion treatment (2000 {)ddr 4 h at 1 dpf; XY20: XY immersed in EE2
at 20 pug T for 4 h at 10 dpf; YYC: YY control group; YY6500°Y immersed in EE2 at 6500 pg |
for 4 h at 1 dpf; YYD: YY submitted to an EE2 distareatment of 500 mg Kgfood from 10 to 40
dpf.
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2.3. T, E2 and 11KT profiles

At 0 dpf, eggs contained high levels of T and Ebath XY (Fig. 3A and 3C) and YY (Fig.
3B and 3D). The maximal values were measured aif {except T in YY): 58 +5ng TY
and 45 + 11 ng E24in XYC; 37 +9ng T § and 67 + 6 ng E24in YYC. After 1 dpf,
concentrations of T and E2 decreased until 10 toddg# Thereafter, the concentrations

remained at a low level (between 5 and 15 Mpumtil the end of the experimental period.
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Figure 3. A-B: Mean testosterone (T), C-D: f-gstradiol (E2) and E-F: 11-ketotestosterone tissue
concentration in XY (n = 5) and YY (n = 4) progenief Nile tilapia submitted to feminization
treatments. XYC: XY control group; XY2000: XY sultteid to an EE2 immersion treatment (2000 ug
Iy for 4 h at 1 dpf; XY20: XY immersed in EE2 at @ I"* for 4 h at 10 dpf; YYC: YY control
group; YY6500: YY immersed in EE2 at 6500 fgfor 4 h at 1 dpf; YYD: YY submitted to an EE2
dietary treatment of 500 mg kdood from 10 to 40 dpf. * indicates significantfdrences (p < 0.05).
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In both XY and YY, groups that received an EE2 imsien treatment at 1 dpf (XY2000 and
YY6500) showed a significant increased level ot &2 at 4 dpf compared to controls (Fig.
3A, 3B, 3C and 3D). No other significant differenaas observed between controls and
immersed-treated groups. However, E2 concentrasamsficantly increased in dietary EE2-
treated YY at 35 and 40 dpf (Fig. 3D). 11KT showeedifferent profile. In XY (Fig. 3E),
mean levels were low and constant from O to 35aipf did not exceed 7 ng*gYY eggs
contained a higher concentration of 11KT at O di¥f £ 3 ng ) (Fig. 3F). It decreased
thereafter until 10 dpf to reach a similar level insXY. No significant difference was

observed in 11KT levels between control and tregtedps in none of the genotypes.

No correlation was observed between steroid lanedggs at O dpf and sex reversal rates.

2.4. Expression analysis of sex-differentiating genes

Early feminization treatments caused a strong adfieant increase icypl9albexpression

in the heads of tilapia embryos 3 days after teattment (4 dpf) (Fig. 4A and 4B). In the
XY2000 EE2-treated group, we observed a 2.4-folthge in relative expression of this gene
(39.1 = 2.7 %) compared to controls XYC (16.1 + 28 (Fig. 4A). Brain aromatase
expression was even more stimulated in YY (Fig. 4Bh a 3.5-fold increase in relative
expression seen in the YY6500 (64.7 + 5.6 %) coegbéw controls YYC (18.4 £ 1.3 %). No
significant difference was observed between XY 4¥idcontrols. At 4 dpf, expression levels
of amh andfoxI2 were very low (Fig. 4A and 4B) and were not aféecby the hormonal

immersion treatments or by the genotype (p > 0.05).

In the heads of 14 dpf fry, none of the 3 analygedes showed a significant difference in
expression levels between control and EE2-treatedpg or between genotypes (Fig. 4C and
4D). Compared to 4 dpf, relative expressiorcgbil9albwas lower in all the groups (XYC:
10.2 £ 1.6 %; XY2000: 11.9 £ 3.7 %; YYC: 7 £ 1.3 %Y6500: 13.2 + 2.4 %). Botmh
andfoxI2 expressions were up-regulated. From 4 to 14 aipt) expression increased from
1.0+ 05 % to 16.2 + 2.3 %, from 0.5 £ 0.2 % to92 3.1 %, from 1.1 + 0.3 % to 30.4
15.6 % and from 1.7 + 0.4 % to 23.4 £ 4.4 % in XYXY2000, YYC and YY6500

respectively.FoxI2 expression increased from 2.0 £ 0.3 % to 33.4 ¥ ¥0,.from 1.0 + 0.3 %
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to 35.0 £ 14.3 %, from 3.5 + 1.7 % to 34.5 = 25.5f@ from 1.2 + 0.6 % to 26.8 = 8.5 % in
XYC, XY2000, YYC and YY6500 respectively.

No correlation was observed between changes in gem@ssion levels between control and

treated groups and sex reversal rates.
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Figure 4. Mean relative expression oypl9albamhandfoxI2 at (A, B) 4 dpf and (C, D) 14 dpf in
heads of XY (n = 5) and YY (n = 4) progenies of eNiilapia submitted to early feminization
treatments. XYC: XY control group; XY2000: XY suled to an EE2 immersion treatment (2000 pg
I'Y) for 4 h at 1 dpf; XY20: XY immersed in EE2 at p@ I' for 4 h at 10 dpf; YYC: YY control
group; YY6500: YY immersed in EE2 at 6500 fgfor 4 h at 1 dpf; YYD: YY submitted to an EE2
dietary treatment of 500 mg kdood from 10 to 40 dpf. * indicates significantfdrences (p < 0.05).
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3. Discussion

Our results confirmed the existence of an earlgis®er period for sex reversal by exogenous
factors during the process of sex determinaticthénNile tilapia, covering the embryonic and
larval stages. A 4-h immersion treatment in 20006ER I* at 1 dpf induced up to 60 %
feminization in XY fish. To our knowledge, thistise first time that such an early hormonal
treatment induces sex reversal in tilapia. Simi@ninizing treatments were tested @n
mossambicugmbryos by Rosenstein and Hulata (1992) but fdibeshduce sex reversal in
this species. Other short immersion treatmento©mbnal solutions were successfully tested
for masculinization and feminization in Nile tila@pibut they were all applied later and
targeted the gonad differentiating period (Galalet1999; Kobayashi et al., 2003). Our first
work (Rougeot et al., 2008a) showed that an imroersieatment in a 100 to 500 pg EE2 |
solution from 12 hpf to 5 dpf induced 55 to 68 % seversal in XY individuals. However,
the duration of the treatment and the consequersigbence of exogenous estrogen in the
developing fry (more than 5000 ng gt 10 dpf; unpublished data) left some doubt alimeit
actual period of action of exogenous estrogense Hee shortened the treatment span with a
higher EE2 concentration in order to focus thettneamt on the embryonic stage and avoid a
delayed effect of the accumulated hormone afted @0 during the gonad differentiation. As
proven by the low sex-ratio deviation induced by ttreatment applied at 10 dpf, the residual
hormone could not be responsible for the whole mmsersal effect. Even though the 2
progenies showing the best feminization responsisenwere slightly affected by the
treatment at 10 dpf, more than 85 % of the sexrsaveeffect could be assigned to a
mechanism operating before 10 dpf. As the hormdéesra&nce kinetics was very different just
after the treatment or several days later, it widficalt to obtain the same EE2 profiles
between batches treated at 1 and those treat€ddgif IHowever, the EE2 concentration was
3.5 times higher at 10 dpf in individuals treateédl@ dpf and both groups had a similar
concentration at 14 dpf, which means that a bredtment applied at 10 dpf was appropriate
to identify any effect of the residual hormone dgrthe sex-differentiating period. In order to
obtain a complete sex reversal®@f niloticusXY fry by immersion treatment at the onset of
gonad differentiation, Kobayashi et al. (2003) usedilar or higher EE2 concentrations
(from 10 to 1000 ug?) for a prolonged period of 3 days (from 8 to 1@)dBince there is an
inverse relationship between dose and treatmeitidarfor sex reversal (Piferrer, 2001), it is

likely that the necessary estrogen intake at 10tafbtain up to 60 % of sex reversal is far
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higher than the residual concentration measuréckated individuals. Moreover, the increase
in T and E2 concentrations and the up-regulatiocypfi9albexpression induced by the early

treatment were observed at 4 dpf and no longerdatid, suggesting that the hormonal

treatment acted early on these parameters. Thedmaidrsensitive period for sex determinism
in embryos corresponds to the early thermo-semspieriod highlighted by Rougeot et al.

(2008b) for masculinization. As temperature coudd act through an accumulation and a
delayed effect, these 2 studies prove the existehaa embryonic sensitive period where sex
can be reversed during sex determination in Neégit.

The brief hormone exposure avoided the drawbackedticed survival rates induced in
thermal treatments (Rougeot et al., 2008b; Wessklal., 2011) or by longer exposures
(Rosenstein and Hulata, 1992; Rougeot et al., 20084his study, mean survival rates were
low in XY progenies (25-41 %) but were not differ&etween controls and eggs immersed at
1 dpf. As survival was higher in individuals immedsat 10 dpf and YY receiving a dietary
treatment, reduced survival rate must be attribtibetthe mechanical stress induced by early
manipulations of eggs rather than to a chemicatiyx Moreover, short immersions did not
present an adverse effect on growth contrary tat wiaa observed in dietary treated YY Nile

tilapia where growth showed 50 % reduction durimg 30-day treatment period.

Early sex reversal of embryos by brief hormonalasxpe was performed in the medaka by
Iwamatsu et al. (2005, 2006a) and Kobayashi andnltsu (2005). Since the medaka and the
Nile tilapia have similar morphogenesis during sdferentiation (Siegfried, 2010) and both
present an early sensitive sex-determining perady Ibefore the gonadal differentiation,
these 2 species are very interesting models of @untstic teleosts to study upstream sex-
determining mechanisms. Tilapia has a XX/XY chroomal system with a masculinizing
effect of high temperature and an influence of someal factors (Baroiller et al.,, 1995;
Baroiller et al., 2009), but no major sex determinsimilar to the medakdmygene has yet
been identified (Cnaani et al., 2008; Palaiokostaa., 2013). In the medaka, the XY specific
expression ofdmy is initiated in the somatic cells surrounding tmordial germ cells
(PGCs), just after their migration to the gonadalagen. The onset almy expression is
rapidly followed by a difference in the number @&®s between genotypic males and females
(Kobayashi et al., 2004). Control of proliferatigetivity and/or apoptosis in PGCs could be
part of the first step of the sex-determining patiivand the target of early feminization
treatments. This is experimentally supported by &@shi and Iwamatsu (2005) who
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observed an increased number of PGCs after hatainiddy medaka after a brief exposure of

freshly-fertilized eggs to E2.

In Nile tilapia, no information on the involvemeot PGCs or PGC surrounding cells in the
mechanism of early sex reversal are available bother lead evoked by Rougeot et al.
(2008a) and shown by D’Cotta et al. (2001b) considea role of the brain in the sex
differentiation cascade. To explore this hypotheses searched in the present study for sex-
determining genes differentially expressed in teachof estrogen-immersed embryos. Early
estrogen treatments affected the brain differantadscypl9albwas clearly up-regulated at
4 dpf in the embryo heads when exposed to EE2. @asgn between XY and YY showed
that the increase in expression was dose-dependdmih genotypes, it was associated with
an increase in both T and E2 concentrations. Wheencrease in E2 synthesis was probably
the result of the up-regulation olpl9albinduced by exogenous EE2, the increase in T
suggests that estrogen treatment up-regulatedkfiression or activity of other steroidogenic

enzymes long before the gonad is formed and cahesize steroids.

Cypl9albis very sensitive to exogenous estrogens due t@ribgence on its promoter of a
conserved estrogen responsive element (Diotel. e2@10). Brain aromatase is expressed in
radial glial cells and its activity is very high the brain of teleost fish. Estrogens and high
aromatase activity are now recognized to play apontant role in neurogenesis but their
possible role in brain sexual differentiation il sinclear (Le Page et al., 201@yp19alks
expressed in the brain early in development inedsfit species with a clear sexually
dimorphic expression before the onset of gonad hwggical differentiation reported in the
rainbow trout (Vizziano-Cantonnet et al.,, 2011). time pejerrey,cypl9alb was not
differentially expressed before the onset of sdfewintiation at neither female nor male-
promoting temperatures, but in adults E2 treatmeatsedcypl19albup-regulation together
with the estrogen receptoesi] anderl] (Strobl-Mazzulla et al., 2008). Similarly, no sex
differences forcypl9albwere found in medaka during development but higbeels were
observed in adult females (Okubo et al., 2011)ynédaka, female-specific expressions were
then found during development for teeandar genes restricted to certain nuclei, which were
activated with E2 treatment (Hiraki et al., 201R).the Nile tilapia, the expression of the 2
genes coding for aromatase is initiated in the gowat 3-4 dpf (Kwon et al., 2001). During
the gonad differentiation, the high expression l@f¢he ovarian form in the gonad (from 9
dph) is found in females (D’Cotta et al., 2001kxi ket al., 2008) while the brain form is
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expressed at the same level in XX and XY brainsKwet al., 2001), suggesting a role in
neurogenesis rather than in sexual differentiatiblowever, sex reversal induced by
temperature is accompanied by a decrease in bramatase activity during the sex-
differentiating period (D'Cotta et al. 2001a) wihhigher brain aromatase activity in XX
female than in XY male tilapias under normal thdrownditions. This observation, together
with our results, suggest that a role of the bamd particularly the brain aromatase in the
mechanism of gonad sex differentiation cannot Hedrwut, and that post-transcriptional
control could be responsible for regulating sexefgearomatase activity (Balthazart et al.,
2011). In tilapia, sex-specific expression égpl9albmay be restricted to certain nuclei and
not be readily observable. Nevertheless, the upkaéign of cypl9albin treated embryos
cannot alone be responsible for the sex revergatteseen in the present study since no sex
reversal was observed in YY progenies. If the braimvolved in the mechanism of early sex
reversal, and consequently in early sex determinisim mechanism should be more complex

and requires most likely additional factors othert only aromatase.

To investigate one of the possible regulating meigmas of cypl9albexpression, we
measured the early expressionfokl2 in the brain of normal XY, YY and sex-reversed
tilapias. Transactivation studies have shown foat2 together withsfl can activate the
transcription ofcypl9alaby binding to its promoter in tilapia (Wang et, &007). In tilapia
gonads, the transcription factdox|2 is co-expressed at the initiation of the ovarian
differentiation suggesting that it regulates vivo cypl9alaexpression (ljiri et al., 2008;
Wang et al., 2007). However, temporal co-expressian not evident in other tilapia strains
and temperature-induced masculinization did notpsegs both genes simultaneously
(Poonlaphdecha et al., 2013). Our present resisibssaiggest thdbxI2 in the braindoes not
regulatecypl9albexpression, and is not involved in the mechanismanly sex reversal. We
found no (or very low) expression faix|2 in the heads at the embryonic stage, in XY costrol
and in EE2 treated embryos, whitgpl9albwas markedly and differentially expressed
between the 2 groups. Aexl2 expression is strongly inducible by estrogenshie gonad
(Baron et al., 2004; Wang et al., 2007), we cartydate that this gene was totally repressed
or alternatively not yet transcribed in the brairilapia embryos. It was expressed at 14 dpf,
during the gonad differentiation but at a similavdl in both XY and YY fish and those
treated with EE2. More investigations are still s to understand the role of this gene in

the brain of teleosts. In rainbow trowxI2 is co-expressed wittyp19alhin the brain at the
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initiation of gonad differentiation, but a sexuatlymorphic expression was only observed for
cypl9alb(Vizziano-Cantonnet et al., 2011). The authorsctadted thafoxI2 is not the only
trigger regulatingcyp19albin the brain. InClarias gariepinusa cooperative regulation of
cypl9alhbyfoxI2 and the nuclear receptibz-f1 has been demonstrated (Sridevi et al., 2012).

Amhwas also a good candidate in the search for cdrgbreetic factors involved in early
sexual reversal. In different speciaspghandcypl9alahave reciprocal expression profiles in
the differentiating gonad (Fernandino et al., 2008ng and Orban 2007). In Nile tilapia,
Poonlaphdecha et al. (2013) suggesteddyyat 9alanhibits amhexpression in the gonads of
genetic females. This is in contrast to what wasébin mammals where amh caused a
repression of gonad aromatase actiwig the suppression of its gene in embryo ovarian
cultures (Vigier et al., 1989Amhis down-regulated by estrogens (Fernandino e2a0D8;
Schulz et al., 2007) in the gonad and sexually dunic expression levels are observed
between genetic males and females in tilapia katitd dpf (Poonlaphdecha et al., 2011). In
our study, a down-regulation amhexpression induced by EE2 was not observed asathe g
was totally repressed in embryos, even in XY and &ovitrol. Asfox|2, its expression was
initiated later in the brain and showed no diffe®metween controls and EE2 sex-reversed
fish. This suggests that the expression levedroh could be related to the sexual genotype
and that a factor linked to the Y chromosome caddtrol its expression regardless of the

sexual phenotype.

In XY, the sensitivity to EE2 treatments widely sa from one progeny to another as
demonstrated by the sex reversal rates ranging fiaim 60 %. This variability could be

related to the differential expression of sex-dateing genes or to the endogenous steroid
balance during ontogenesis and maternal sterogtimance. In tilapia as in other fish species,
estrogens are required for ovarian differentiatignbayashi et al., 2003; Nakamura, 2010).
They are also involved in neurogenesis and braxuaization as suggested by the early
expression of brain aromatase (Diotel et al., 20 Page et al., 2010). In tilapia, steroid
metabolism is initiated early in embryogenesis simgaternal hormones are metabolized
during the first days of development (Hines et1l&99). Sex differences were found for E2
but not for 11KT in tilapia gonads in the mid stagfesex differentiation (D’Cotta et al.,

2001a,b) confirming that it is the elevated endogsnestrogen levels that induce ovarian
differentiation (D’Cotta et al., 2001b; Devlin ahdgahama, 2002; Guiguen et al., 2010). Our

results showed that exogenous sexual steroids vamide sex determinism at a very
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precocious time before the gonad is formed, sityiltm what was reported for medaka
embryos by lwamatsu et al. (2005, 2006b). We cbwyijabthesize that the steroid content of
freshly fertilized eggs, is maternally inheriteddaoould influence the sex-determining
mechanism. However, we did not find any correlatimiween steroid (T, E2 and 11KT)
contents in freshly ovulated eggs and sex reveatas of progenies. A deviation from a 1:1
sex ratio in normal crosses (Lester et al., 198@) lzeritable differences in temperature sex
influences (Baroiller et al.,, 2009; Wessels and dtfgn-Schwark, 2011) demonstrated that
sex determination is multifactorial in tilapia, Wwisex chromosomes as well as an influence of
minor genetic factors, and we suggest that sudorf@could influence the responsiveness to

early hormonal treatment.

If egg steroid content is not determining in sexdalelopment, we can postulate that a
genetic determinant present on the sex chromos@mesponsible for the lack of early sex
reversal in YY. There could be a feminizing factmked to the X chromosome that is
necessary to elicit a response to the estrogetmtesd, or alternatively a masculinizing factor
linked to the Y chromosome and the presence ofpiesaepresses or disables the feminizing
effect of the exogenous hormone. In any case, ltberece of sex reversal in YY is a striking
and very interesting result as it suggests thati@stream genetic determinant linked to the
sex chromosomes can influence the sex determimsthei first days of the embryogenesis,
long before the earliest known evidence of a gohdiffarential gene expression (9 dph) (ljiri
et al., 2008).

In summary, we demonstrated for the first time thmtef EE2 treatments during
embryogenesis are effective in reversing XY tilapitowards a female phenotype,
highlighting the existence of an early sensitiveique for sex reversal during tilapia sex
determination encompassing embryonic and larvakldgwnent, prior to any sign of gonad
differentiation. The estrogen treatment inducednaneased expression of brain aromatase at
4 dpf in XY and YY progenies, suggesting that thrairb could be sexualized very early
during development. Further investigations regaydime expression profiles of other sex-
determining genes in the brain and the developmémRGCs are needed to elucidate the
complex mechanism of early feminization. Because d¢larly embryo induced feminization
was ineffective in YY fish, it is suggested thatYarepressor may be modulator or

alternatively that an activator on the X chromosomight be needed. Our embryonic
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feminizing procedure constitutes a new tool in $karch for upstream and/or the major sex

determinant in the Nile tilapia.

4. Material and Methods

4.1. Fish stock housing, reproduction and juvenile rearing

Nile tilapia O. niloticusfrom the Lake Manzala strain were from the Redeard Education
Center in Aquaculture (CEFRA), University of LiégBelgium). All-male XY progenies
were obtained by artificial reproduction of YY mslwith XX females, and supermale YY
progenies from YY males mated with YY females (Gatm et al., 2012). Broodstock fish
were individually stocked in 125-L aquaria at 27 #ith a 14 h light/10 h darkness
photoperiodic regime. Fish were fed at satiatiothvgpecial broodstock commercial tilapia
diet (45 % proteins, 5 % lipids, Coppens — The Re#mnds). After artificial fertilization, eggs
were weighed and counted. Each progeny was divitted3 batches (controls, a 4-h treated
group at 1dpf and a 10 dpf treated group for XYhtoals, a 4-h treated group at 1 dpf and a
30-day dietary treated group for YY) and incubated.5 L Zug bottles at 27 °C. Fertilization
rates were evaluated on 100 eggs after the firgptimicleavage (2 hpf) (Morrison et al.,
2001). Hatching rates were assessed by countinfishlifrom each batch at 4 dpf. Larvae
were transferred at 8 dpf into 50-L aquaria andlifeg started at 10 dpf. In order to determine
the food ratio and follow the growth and survivikeach batch, the number of individuals and
total biomass were recorded every week from 8 dp83 dpf (XY) or 42 (YY) dpf. The
homogenization of fish growth between treated amatrol groups, and amongst progenies,
was essential in order to standardize the develafahspeed and the post-treatment kinetics
of EE2 clearance. Fish were fed close to satiaimh food ratios were adjusted to assure the
same growth in all batches. Food distribution wagqrmed 6 times a day with a commercial
tilapia diet (47 % proteins, 8 % lipids, Coppenthe Netherlands). Experiments were carried
out according to the guidelines of the University.igge ethical committee and the European

animal welfare recommendations.
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4.2. EE2 solutions

170-ethynylestradiol (Sigma-Aldrich) was dissolvedli®O % ethanol and then stored at 4 °C.
Stock solutions were prepared at different conagiotns: 20, 2000 and 6500 mg.LFor each
experiment, 1 ml of stock solution was added to df water. Control groups were incubated
only in 1:1000 ethanol solution. For the YY femiuibn group treated with EE2-
supplemented feed, 500 mg of EE2 was dissolved@nbl of 95 % ethanol and mixed with
1 kg of food pellets. It was then allowed to drylatored at 4 °C.

4.3. Early feminization of XY individuals

To test the sex inversion efficiency of hormonatatment on developing embryos,
feminization treatments were applied to one batehthe 5 XY progenies. It consisted of a
single 4-h immersion in a 2000 pg EE2dolution (XY2000 group) at 1 dpf by transferring
the eggs from the Zug bottle into a 1 L glass be&iked with hatchery water and maintained
in a thermostatic bath at 27 °C. One ml of stodltsan (ethanol for control groups) was then
added to the water. During incubation, the wates waygenated by an air diffuser. After 4 h
of immersion, the eggs were netted, the solutiomlgeemoved by soaking on paper and
rinsed in 6 different baths to remove hormone re=sd The first 3 baths contained 1:1000
ethanol and the next 3 had only hatchery water. bdtehes corresponding to control groups

(XYC) were handled in the same way. After rinsiaggs were replaced into the hatchery.

In order to verify that the 1 dpf feminization treeent really targeted the early developmental
stages before 10 days and did not act by a hornimsale accumulation and a delayed effect
after 10 dpf, we treated the third batch of eadgeny at 10 dpf also with a 4-h immersion in
a 20 pg EE21 solution (XY20 group). This lower dose was useddach an EE2 tissue

concentration similar to the residual concentratiegasured in the XY2000 group at 10 dpf.

The immersion procedure was essentially the sartieeasgg treatment.

For steroid analysis, individuals were sampled ¥CX XY2000 and XY20 at O (unfertilized
eggs, h = 67-100), 1 (n = 80-100), 4 (n = 70-1@0)(n = 40-60), 11 (n = 20-40), 14 (n = 15-
30), 21 (n = 6-10), 28 (n = 6-10) and 35 (n = 6-dP). Samples were weighed and stored at -
80 °C until steroid extraction.
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Gene expression analysis was performed on indilsceampled at 4 (n = 50) and 14 (n = 20-
50) dpf in control and XY2000 groups. Samples wereserved in RNA Later (Ambion,
USA) at -20 °C following manufacturer instructiomgfore RNA extraction.

4.4. Early feminization of YY individuals

Four YY progenies were produced and divided intbaBches. The treated batches were
immersed for 4 h in a 6500 pg EE2dolution at 1 dpf (YY6500). The protocol was tlaene

as described above for the XY treated eggs. Becausminary results (unpublished)
showed that a treatment in a 2000 pg EE2dlution had no effect on YY sex reversal, we
increased the EE2 concentration for the YY treatmerthe same proportion as the EE2
concentrations used in dietary hormonal treatm&b® (ng kg' for XY and 500 mg kg for
YY) in our laboratory (unpublished data). The cohtbatches (YYC) were immersed in a
solution containing only ethanol (1:1000). Thedhgroup (YYD) served as a positive control
for sex reversal. The fry from the third batch pevgeny were fedd libitumfrom 10 dpf to
40 dpf with a EE2-supplemented diet (500 md Kkgod) to verify the susceptibility of each
progeny to the feminization treatment applied dyrthe known sensitive period of sex

differentiation.

Samplings for steroid analysis were carried ol YC, YY6500 and YYD at O (unfertilized
eggs, n = 100), 1 (n = 80-100), 4 (n = 65-150)(r16é 30-100), 14 (n = 15-60), 21 (n = 6-15),
28 (n = 6-10), 35 (n = 6-10), 40 (n = 6-10) and(42 6-10) dpf. Samples were weighed and

stored at -80 °C until steroid extraction.

Gene expression analysis was performed on indilscsampled at 4 (n = 40-50) and 14 (n =
20-50) dpf in control and YY6500 groups. Samplesen@reserved in RNA Later (Ambion,

USA) at -20 °C following manufacturer instructiom&fore RNA extraction.

4.5. Sex-ratio analysis

Phenotypic sex was determined by the acetocarngnast method (Guerrero and Shelton,

1974) at 90 dpf. Fish were euthanized by an overd60 mg 1) of benzocaine (Sigma-
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Aldrich) and a slice of the gonads from 53 to 12&hfper batch was microscopically

examined after acetocarmine coloration.

4.6. Steroid extraction

Steroids were extracted following a procedure asthpfrom (D'Cotta et al.,, 2001a).
Homogenized samples (weight = 0.25 to 1.15 g) wespended in 100 % ethanol (1 rif) g
and washed 3 times with 50 % ethanol (1 /L. d\fter the homogenate was centrifuged forl5
min at 4000 g, 10 °C, the supernatant was colleciée pellet was resuspended in 80 %
ethanol (1 ml §) and centrifuged a second time (15 min, 4000 dl@Gt°C). Pooled
supernatants were partially evaporated and exttagtemes with 3.5 ml dichloromethane.
The organic phase was totally evaporated. The @xtwas suspended in 300 pl of 100 %

ethanol and stored at -20 °C until assays.

4.7. EE2 enzyme immunoassay

EE2 was assayed by EIA following the manufactumestructions (Europroxima, The
Netherlands). Twenty ul of extract was dissolved & pl of dilution buffer provided with
the kit. Each sample from treated groups was furthiated to reach a concentration in the

detection range (0.02 to 2 ngd)gpf the kit. All samples were assayed in duplicate

4.8. T, E2 and 11KT radioimmunoassay

Testosterone (T), Prestradiol (E2) and 11-ketotestosterone (11KT) eatrations were
assayed in developing eggs, larvae and juvenilesabdpimmunoassay (RIA). Fifty pl of
hormone extract were dried and dissolved in 300fpydhosphate buffer (0.01 M, pH 7.25)
containing 0.1 % gelatin. From this solution, 1d0mere used in duplicates for the assay, as
described in Douxfils et al. (2007). Radioactiverhones were purchased from Amersham
Pharmacia (Buckingamshire, England). T and E2 adids were obtained from the
Laboratoire d’Hormonologie de Marloie (CER, Belgiyrand the anti-11KT was a gift from
A. Fostier (INRA, Rennes, France). Detection limésged from 50 to 80 pg il
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4.9. Total RNA extraction and reverse transcription

Heads were dissected from the trunks under a staremscope and placed in RNA Later.
Each batch sampled was divided in 2 or 3 replicateseach replicate contained from 6 to 17
heads. Total RNA was extracted from pooled headsgufe TRIzol reagent (Invitrogen,
France) following the manufacturer’s protocol aftérich total RNA was resuspended in 30
to 150 pl of RNase-free water and quantified withNlanoDrop (Thermo Scientific, USA).
Extracts were treated to remove genomic DNA withRBO DNase (Ambion, USA) and
single strand cDNA was produced using SuperSctipeverse transcriptase (Invitrogen,
Germany) as described in Poonlaphdecha et al. [2&EVverse transcription was performed
with 5 and 4 pg of total RNA for samples aged 4 aAddpf respectively. The cDNA was
diluted in water to 25 ng jtland stored at -20 °C for quantification by reaieiPCR.

4.10. Quantitative real-time PCR (qPCR) analysis

Expression levels afypl19albamhandfox|2 were studied in embryo (4 dpf) and fry heads
(14 dpf). gPCR was performed on a MX3000P real-tlAgR system (Stratagene, USA),
exceptfoxI2 that was amplified on a MX3005P (Stratagene, U3z was used as a
reference to standardize gene expression leveks.pfimers used are listed in table 2. All
biological replicates were analyzed in duplicatelthpl volumes using Brilliant 1l SYBR®
Green QPCR Master Mix (Agilent Technologies, USReactions were run with 50 ng
cDNA and a concentration of 300 nM for each primfeER cycling parameters were as
follows: enzyme activation at 95 °C for 10 min, dplification cycles at 95 °C for 30 s
(denaturation), 60 °C for 30 s (annealing) and @2f6r 30 s (elongation), followed by a
dissociation at 95 °C for 1 min, 55 °C for 30 s &&d°C for 30 s. Annealing temperature for
foxl2 was 64 °C. For each reaction, 2 wells without Dikeplate served as a negative
control. Primer specificity was verified by a findissociation curve in which a single
amplification peak was obtained. For each gene, ahwlification efficiency (E) was
calculated from gene-specific linear standard cairperformed on a serially diluted PCR
product and calculated according to the equakica 10(-1/sl°re)  For each target gene, the
median efficiency of the different amplificationngi was used. Expression levels of target
genes were expressed as mean normalized exprébbitr) usingeflo as the reference gene

and calculated as fOllOWSINE 4 ger = (Ereference) ¢ Cireference [(Ey gy gor) ™6™ Cttarget,
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Relative expression levels were then calculated as:

% maximum MNE = 100 X MNE4rget/MNEarget maximum-

Table 2.Primers used for the quantitative real-time PCR.

Genbank
Gene accession Forward primer Reverse primer
no
cyp19alb | AF295761 F957: 5'-GATTCATGAAGCCGAGAAGC-3' R1184: 5'-TTCAAGATGGTGTTCATCATCTCCT-3'
amh EF512167 F1577: 5’-AAGCAGCGCAAACATTAACA-3’ R1741: 5’-GTTCCAGTCCACAACCTCCA-3’
foxi2 AY554172 F310: 5’-AAGAGGAGCCGGTTCAGGACAA-3’ R396: 5’-GCTCTCCCGGATAGCCATGG-3'
efl a AB075952 F832: 5'-TGTTGAGACTGGTATCCTGAAGCC-3'  R1072: 5'-GATGATGACCTGAGCGTTGAAGC-3'

4.11. Data analysis

Data are reported as mean + standard error of th@nn(SEM). Mean values of growth,
steroid concentrations and relative gene expressi@re compared between groups (treated
vs control). Normality was analyzed with the Shapivilk test and homoscedasticity with the
Levene test. If data complied with these two coodd, differences between means were
searched by ANOVA and multiple comparisons werdqgoered with the Fisher's LSD test.
Otherwise, non-parametric Kruskal-Wallis test andnd-Whitney test were used. Chi? test
was used to analyze survival and sex reversal.r&@sarman rank correlation coefficients
were used to look for correlations between sex realerates, steroid concentrations in
unfertilized eggs and changes in gene expressiegisle Differences were considered as
significant at p < 0.05. Statistical analysis wasf@rmed using Statistica v.10 (StatSoft,

France).
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1. Discussion générale

Différents aspects lies au déterminisme du sex& lat reproduction du tilapia du N#to

sensuont été investigués au cours de cette these @igurLes deux principales questions
adressées dans notre travail étaient d’'une partdéderminer si le génotype sexuel, en
I'occurrence les chromosomes sexuels, influencertaines caractéristiqgues physiologiques
et/ou comportementales de la biologie reproductvel’autre part, d’évaluer le possible role
du cerveau dans les mécanismes de différenciatexuetie précoce au cours de

I'embryogenése.

La question du réle du génotype sexuel sur le catapeent reproducteur a été abordée par
I'étude des comportements agonistiques des gésifésentant différentes combinaisons de
chromosomes sexuels, complétée par I'étude desdesiprincipaux stéroides sexuels et de la
qualité des gametes des males. Les comportemenrigsagues ne sont pas impliqués dans la
reproduction proprement dite, mais une modificationniveau d’agressivité en dehors de la
reproduction peut fortement I'influencer en moditige choix du partenaire, en perturbant les
comportements reproducteurs — et par conséquesnictes de la fécondation — ainsi que les
soins parentaux. Au cours de notre étude, noussawvbservé chez les méales un niveau
d’agressivité l1égérement supérieur pour les gémstydX, qui pourrait étre lié a leur taux
plus élevé de 11KT dans le sang par rapport auntgpes XY et YY (chapitre 3). Cette
différence pourrait, perturber les comportementsragucteurs, ou a l'inverse, favoriser
'accés a la reproduction de ces males en leurécanf un statut dominant et une meilleure
capacité a défendre leur territoire. Il est intéaes de souligner que bien que la 11KT, qui
exerce un controle important sur les différenteap@&$ de la spermatogenese comme la
prolifération des spermatogonies et la maturati@s dpermatocytes (Nagahama, 1994;
Schulz et al., 2010), soit présente en concentrgilas élevée chez les méles XX, I'étude
comparative de la qualité du sperme chez des m@esXY et YY (chapitre 2) ne montre
aucune différence au niveau de l'indice gonado-sigme, de la densité spermatique et des
parametres caractérisant la mobilité des spermiezo(pourcentage de spermatozoides
mobiles, durée et vitesse de mobilité), suggéraetlgs trois types de males ont les mémes
capacités de fécondation. Chez les males, le géaatgxuel semblerait donc n’influencer que
le comportement via une éventuelle augmentatiotady de 11KT. Cependant, I'expression

des comportements agressifs males ne pourrait pd¢ieement observée que dans des
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confrontations male-male dans lesquelles les delveraaires exhibent des motivations

agonistiques plus proches.

De la méme maniére, notre étude comportementals aqermis de mettre en évidence un
niveau d’agressivité largement supérieur chezde®efles XY et YY par rapport aux femelles
XX. Ce taux d’agressivité important, également ob&goar Ovidio et al. (2002) chez des
pseudofemelle®.aureusZZ, pourrait entraver le bon déroulement de la paragitiale et de

la ponte, et par conséquent diminuer leur succpsodecteur. Parallelement, nous avons
observé des concentrations croissantes en E2 ebderhelles XX, XY et YY. Etant donné
que 'E2 joue un réle crucial dans le contréle aeitellogenese (Nagahama, 1994; Lubzens
et al., 2010), nous pourrions nous attendre a wvbseles difféerences dans la production de
gameétes induites par le génotype sexuel. Des latside de I'impact des chromosomes
sexuels sur la production de gameétes, en termddafiis et quantitatifs, doit étre étendue
aux femelles, bien que ch€x aureusla capacité de production d’ovules (profil saisien

de ponte, fécondité, taille des ovules) semble laimei entre les femelles ZW et les

pseudofemelles ZZ (Desprez & Mélard, 1998).

Notons encore que nos mesures de stéroides netwemisju’une image ponctuelle et un
suivi des fluctuations temporelles des niveaux weogles, particulierement sur un cycle
complet de reproduction chez les femelles, seiessaire pour confirmer les différences
observées dans le présent travail. Les mesuresidigdmes devraient également étre
complétées par celle de la DHP, un progestogenenient impligué dans la maturation des
gametes, stimulant la production de sperme, lansjpé&on et la mobilité spermatique chez le
male (Schulz et al., 2010), induisant la maturafinale des ovocytes et I'ovulation chez les

femelles (Lubzens et al., 2010).

Finalement, I'intérét majeur de notre étude congudntale a été d’étudier I'ensemble des
combinaisons de phénotypes et génotypes sexueligain pour la premiere fois, le génotype
YY, ce qui a permis de soulever une nouvelle gaestiSi les modifications
comportementales observées supposent des différetases la différenciation sexuelle du
cerveau, celles-ci sont-elles induites par les mosomes sexuels ou par les traitements
hormonaux d’inversion du sexe administrés pendantpériode de différenciation des
gonades ? Il est difficile de dénouer ces deuxipiigss (voir discussion du chapitre 3), mais

une premiéere approche pour tenter d'y répondrentayatudier la nature (neuroanatomique,
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génetique, épigénétique) de ces différences sesjelserait de réaliser une étude
comportementale utilisant des géniteurs ayant tecis le méme traitement hormonal (méme
traitement féminisant chez les femelles XX, XY & Yméme traitement masculinisant chez
les males XX, XY et YY).

Sur base de I'ensemble des résultats récoltésduiolbgie reproductive et des considérations
développées ci-dessus, il peut étre suggéré qudiffésences sexuelles chez ces individus
XX, XY et YY peuvent s’exprimer de facon singulieselon le caractere phénotypique
considéré et selon que sa différenciation soituaricée par des facteurs génétiques a
différents moments du développement, par I'acties dormones exogenes ou par celle des
hormones naturelles produites par les gonadegeiiitéées. Jost (1970) émit le concept selon
lequel I'état sexuellement différencié d’un indivicconsistait en différents composants
comprenant un sexe génétique, un sexe gonadiqueexaencorporel et un sexe cérébral. Si ces
composants semblent intimement liés chez les maenesif Godwin (2010) formula
I'hypothese d’'un découplage de ces aspects chepdssons, leur conférant cette vaste

plasticité observée dans la différenciation sexuetlles stratégies reproductives.

Un tel découplage pourrait conduire a des individiésentant des caractéres phénotypiques
sexuels (gonadiques, somatiques, cérébraux et atanpentaux) mosaiques chez les tilapias
dont le sexe a été manipulé, dépendant de la mkmice les facteurs génétiques portés par
les chromosomes sexuels et la période d’action li@snones exogenes au cours du
développement. Nos résultats de recherche sur #&ité&udu sperme (pas de différence
physiologique apparente dans la production de gesreitre les males XX, XY et YY) et les
comportements agonistiques observés (agressiviegievée des males XX par rapport aux
males XY et YY) illustrent ce découplage de la éliénciation sexuelle. Si des différences
sexuelles liées aux chromosomes sexuels apparadaes le cerveau avant I'administration
des traitements hormonaux d’inversion sexuelle x@typourraient induire une inversion
phénotypique du sexe incompléte, notamment au uwivea comportement. Ces
considérations rejoignent I'hypothése d’une difféiation sexuelle du cerveau précédant
celle des gonades chez les poissons (Francis, X96@win, 2010). Afin d’alimenter la
discussion de cette hypothése, il serait particertigent intéressant d’étudier le comportement
agressif des femelles XY sexuellement inverséedrpgement embryonnaire pour vérifier si
une modification plus précoce de la difféerenciati@xuelle affecte différemment le cerveau

et I'expression des comportements chez I'adulte.
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Méme chez les mammiferes, un certain découplage ni&sanismes de différenciation
sexuelle existe et la théorie classique selon leglee production de stéroides sexuels par les
gonades différenciées induit la différenciationissdbe du cerveau et des caracteres sexuels
secondaires, est aujourd’hui nuancée et revistieéaid et al., 2004; Arnold, 2012). En effet,
chez les mammiferes, des différences sexuellesopygques sont liées a I'expression de
génes complémentaires portés par les chromosomeslseX ou Y, indépendamment de la
cascade de différenciation initiée [&yet de la production de stéroides gonadiques. Ge typ
d’'influence a été observée dans l'organisation @eams noyaux cérébraux et dans
I'expression des comportements agressifs et paremtaez la souris (Gatewood et al., 2006),
ainsi que dans certains comportements sociaux kbement dimorphiques chez I'homme
(Craig et al., 2004). La preuve la plus évidente cde découplage des mécanismes de
différenciation sexuelle est I'apparition, chez lemmmiferes et d’autres vertébrés, de
différences phénotypiques dépendantes des chronesssexuels en amont de la cascade de
différenciation sexuelle des gonades initiée patéerminant génétique majeur du sexe. Par
exemple, chez le wallaby de Tammar, la différeimiatiu scrotum chez le méle, et des tissus
mammaires et de la poche chez les femelles, estotém par le nombre de chromosomes X
et initiée avant la difféerenciation des gonadds @roduction de stéroides sexuels (Renfree &
Short, 1988). Chez la souris, Dewing et al. (20fX&)mesuré une expression différentielle de
plus de 50 génes dans les cerveaux des embryoers etalemelles avant le développement
des gonades. Ces genes, localisés sur le chromosaraeY ou différents autosomes, sont
notamment impliqués dans la différenciation et falifgération cellulaire, la régulation
transcriptionnelle et la communication cellulaif&es auteurs suggerent que certains de ces
génes portés par le chromosome Y sont des candidgtdateurs des comportements
agressifs. De méme, dans I'embryon de poulet, tfférehce sexuelle dans I'expression de
certains genes a été observée dans le cerveau laviornation des gonades (Lee et al.,
2009), mais également beaucoup plus précocement,lda cellules blastodermiques durant
la gastrulation (zZhang et al., 2010). Enfin, unehe¥che récente a mis en évidence
I'expression sexuellement dimorphique d’un gésdg€) porté par le chromosome Y dans les
cellules germinales embryonnaire du médaka, avantfdrmation des gonades et

indépendamment de I'expression du déterminant $exajeurdmy (Nishimura et al., 2014).

1 . . . .
Sex chromosome-dependent differential expression in germ cells
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De maniére générale — et dans le cadre du détammensexuel génétique — ces données
montrent d’'une part, que lI'expression de certaiagaaéeres phénotypiques sexuellement
différenciés peut étre soit sous contrble des hosmogonadiques (ou exogénes dans le
contexte expérimental des inversions sexuelles) dgectement déterminés par I'expression
indépendante de genes lies aux chromosomes sexueldifferents moments du

développement ; et d’autre part, que des différersexuelles, notamment dans le cerveau,
peuvent apparaitre aux stades les plus précocdéwtloppement. Une influence précoce des
chromosomes sexuels a également été observée ala@gravail, au niveau de la différence

de susceptibilité des tilapias XY et YY a linversi sexuelle dans les expériences de

féminisation embryonnaire induite par un cestroggxugene (EE2) (chapitres 4 et 5).

Nos recherches sur les inversions sexuelles embay@s sont originales a deux égards.
D’abord, elles s’intéressent aux trois génotypesuals XX, XY et YY, ce qui permet
d’aborder, comme dans l'étude de la biologie repctide, I'étendue de l'influence des
chromosomes sexuels sur la différenciation du segaite par des hormones exogenes.
Ensuite, elles concernent les stades les plus peéatu développement. Que ce soit au niveau
expérimental (traitements d’inversion sexuelle) analytique (mécanismes génétiques et
endocriniens controlant la différenciation du sele)ittérature traitant du déterminisme et de
la différenciation du sexe chez le tilapia du Ndnpare généralement uniquement des
individus XX et XY, et ne s'intéresse qu’'a la péléode différenciation des gonades (a partir
de 9-10 jpf). Tres peu de données existent sudifésrences sexuelles s’établissant avant
cette période. Or, si des différences sexuelles dlarpression de certains genes peuvent
apparaitre, avant la différenciation des gonadessde cerveau, les cellules germinales
primordiales ou les cellules de la lignée somatideg gonades, la cascade du déterminisme
sexuel pourrait étre initiee précocement dans I'deeces structures, comme proposé par
Rougeot et al. (2008a,b).

Les différentes méthodes d’inversion du sexe fatements embryonnaires appliqués a des
individus XX, XY et YY, développées dans notre reane (chapitre 4), nous ont permis

d’établir un outil permettant d’exploiter la labdide la différenciation du sexe aux stades les
plus précoces du développement, et d’en étudientxsanismes. Les traitements courts (4 h)
appligués a 1 jpf se sont montrés beaucoup plusaeéfs pour féminiser des individus XY

gue pour masculiniser des individus XX. Bien quansices expériences, la différenciation du
sexe soit artificiellement induite par des dosepartantes d’aestrogéne ou d’androgéne, le
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fait que ces hormones puissent outrepasser ou igothf déterminisme génétique naturel
laisse supposer que ce processus est actif a laerpénode. Les profils d’élimination de
'EE2 administrés aux ceufs XY aprés les traitemédsinisants (chapitre 5) ont confirmé
I'action précoce de I'hormone exogéne durant lesles embryonnaires et larvaires. Nous
pouvons donc soutenir 'hypothese que les prengieémements moléculaires et/ou cellulaires
du déterminisme et de la différenciation du sexazdh tilapia, s’'organisent durant ces stades
précoces de développement, avant la formation desdgs. De plus, bien qu'elle soit
relativement faible, I'action du fadrozole sur @esbryons XX suggére que I'aromatase et les
cestrogenes pourraient déja jouer un role dansniedde naturel de la différenciation du sexe
avant le développement des gonades. Cette hypoteeseégalement soutenue par
'augmentation d’expression de I'aromatase cérébealdes taux d’E2 observée a 4 jpf dans
les embryons XY sexuellement inversés par traitéragrbryonnaire féminisant (chapitre 5).
De plus, une étude partielle de I'activité aromatdans les tétes de tilapias XX, XY et YY
(une famille par génotype, résultats non-présera@sjours du développement embryonnaire
et de la différenciation des gonades (3 a 30 jpf)amtré un pic d’activité entre 4 et 6 jpf,
renfor¢cant un peu plus notre hypothese. Une étuslgge et quantitative des profils d’activité
et d’expression (des deux formes) de I'aromatasecaus du développement embryonnaire
serait nécessaire pour déterminer s’il existe dé&rences entre individus XX, XY et YY. Le
réle de l'aromatase dans la féminisation induite PBE2 des embryons XY pourrait
également étre vérifié par administration concomé@ad’EE2 et d'un inhibiteur de
'aromatase, qui montrerait, si aucune inversionsdye n’est observée, que 'augmentation
d’expression d’aromatase cérébrale observée esijide dans le mécanisme d’inversion du

sexe.

L’absence d’inversion du sexe des individus YY wstdes résultats les plus intéressants de
notre étude. Si les cestrogenes exogenes parviearsugplanter le déterminisme génétique
chez les XY, mais pas chez les YY, cela impliquaxdeypotheses : soit un (ou plusieurs)
gene(s) présent(s) sur le chromosome X est (s@&u@ssaire(s) a ce stade pour induire la
différenciation sexuelle vers un phénotype feme#ieit un déterminant sexuel male présent
sur le chromosome Y renforce la voie de différetmmm méale et empéche la voie de

différenciation femelle lorsqu’il est présent a&ehomozygote.

La question de savoir si la différenciation sexaigliécoce induite par les cestrogénes passe
par une sexualisation du cerveau et/ou par un @entte la prolifération de PGCs reste
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ouverte. Dans le premier cas, 'augmentation detreatase cérébrale seule ne peut expliquer
les résultats et d’autres facteurs génétiques doéee investigués (notamment les facteurs
de transcriptiorsfl et daxlet les récepteurs stéroidiens). Dans le second’@agmentation
d’expression de I'aromatase pourrait résulter d’umtuction directe de son expression par
'EE2 sans conséquence sur la différenciation giojued L'étude de cette seconde hypothese
devrait commencer par un suivi précis du nombrdP@€s apres le traitement féminisant.
Chez le médaka, un traitement d’inversion sexysleexposition d’'embryons XY a de I'E2 a
1 jpf induit une augmentation du nombre de PGCsegtii a I'éclosion (9 jpf), semblable a
celui des femelles XX (Kobayashi & Iwamatsu, 2006gtte étude pourrait étre encore
complétée par les profils dexpression de genesnpellement impliqués dans la
différenciation sexuelledfnrtl, amh sfl, daxl foxI2, cypl9alayrécepteurs stéroidiens) dans
les troncs durant les stades embryonnaires etilasva.’utilisation complémentaire de la
gPCR et de I'hybridatiom situ fournirait a la fois des données quantitativespeattiales sur

I'expression de ces génes.

D’un point de vue technique, remarquons que ledouéts d’analyse d’expression de genes
connaissent des évolutions rapides et que I'étugkne par géne » fait de plus en plus place a
des approche génomiques plus puissantes permdtamfuantification simultanée de
I'expression de nombreux genes. Par exemple, iatibn de microarray (voir Douglas,
2006), dans l'une des rares études recherchantdd&&sences sexuelles aux stades
embryonnaires, & mis en évidence chez la truiteemsciel, une différence sexuelle dans
I'expression de plus de 800 genes avant la difféagion des gonades, notamment des génes
impliqués dans la différenciation du sexe consog9 dmrtl, daxl, wtl, foxI2 et cypl9ala
(Hale et al., 2011). Aujourd’hui, des techniquesaa plus performantes de séquencage de
nouvelle génération, comme le RNA-seq, permettere oaractérisation quantitative de
'ensemble du transcriptome (voir Qian et al., 20IAao et al. (2013) ont appliqué cette
technique a I'étude du transcriptome des gonaddslagas XX et XY pendant et apres la
différenciation sexuelle des gonades (de 9 a 1B4 Joir plus de 21000 genes analysés, 259
étaient exprimés de maniere spécifique dans leadpmn XY, et 69 dans les gonades XX ;
parmi eux de nombreux genes sont impliqués dasgtaidogenése, soulignant le réle des
stéroides sexuels dans la différenciation sexeg¢lle maintien du phénotype sexuel. Sur base
de ces différences, ces auteurs ont émis I'hypethése I'expression précoce d'un
déterminant sexuel majeur dans les gonades XY aibwutéclencher la cascade génétique de
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différenciation male avant 'émergence d'un schéaexpression génique femelle. Bien
gu’'aucune analyse semblable n’ait été menée avipit Burant les stades embryonnaires et
larvaires chez le tilapia, tous ces résultats risceenforcent I'’hypothése des mécanismes
précoces de détermination sexuelle différentiell@mexprimés en fonction du génotype

sexuel.

L’étude fonctionnelle des génes impliqués dansékerthinisme et la différenciation du sexe
bénéficie quant a elle du développement de nowdkehniques d’édition du génome
(ZFNS, TALENS®, CRISPR/Cay permettant de réaliser des knockdowns spécifiquees
I'action ciblée de nucléases induisant des mutataans les génes d’intéréts (voir Gaj et al.,
2013). L'utilisation de ces techniques a réecemnmeist en évidence le role antagoniste de
dmrtl et foxI2 dans le contrble deypl9alaet la production d’cestrogénes durant la
différenciation gonadique chez le tilapia (Li et &013), et devrait prochainement permettre
de décoder la fonction et les mécanismes de régulatautres genes (Li et al., 2014).
L’application combinée d’analyse étendue du trapsmme (RNA-seq) et d’édition
génomique (ZNFs) aux stades les plus précoces diféaenciation sexuelle moléculaire a
récemment permis la découverte du déterminant iggmeémajeur du sexe chez la truite arc-
en-ciel (Yano et al., 2012)

L’étude fonctionnelle de la régulation des géneglimués dans les inversions embryonnaires,
et plus largement dans le déterminisme du sexessiéeecgalement la compréhension des
processus épigénétiques contrblant leur expresbiotie connaissance actuelle du controle
épigénétique de I'expression des genes inclut tygues de mécanismes: la méthylation de
I’ADN, la modification des histones et un contr@est-transcriptionnel par des ARNs non-

codant comme le microARNs (miARNSs) (Piferrer, 2Q013gs mécanismes régulateurs sont
fortement impliqués dans le déterminisme et laédificiation du sexe chez les vertébrés.
Chez le poulet, Bannister et al. (2011) ont migeidence un miARN (miR-202*) associé a

la différenciation testiculaire. Lorsque des eming/@le poulet sont féminisés par injection
d’E2, une diminution de I'expression de miR-202t ebservée et corrélée a une diminution
de I'expression delmrtl et sox%ainsi qu'une augmentation de I'expressionaypl9aet

foxl2. La masculinisation des embryons par administnattun inhibiteur de l'aromatase

2 Zinc-finger nucleases
3 Transcription activator-like effector nucleases
* Clustered regulatory interspaced short palindromic repeat/Cas-based RNA-guided DNA endonucleases
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provoque l'effet inverse. Chez le tilapia, la caésisation de I'expression de miARNs dans
les ovaires et les testicules entre 30 et 165 jpdveélé prés de 240 miARNs exprimés de
maniere différentielle entre les deux sexes (Xiaalg 2014). Chez la souris, le niveau de
méthylation des histones du loc8sy contréle I'expression du déterminant sexuel maggur
donc le déterminisme du sexe (Kuroki et al., 20C3)ez le bar, la masculinisation induite par
des hautes températures, appliqguées avant la iomdds gonades, implique un contréle de
I'expression du gene de I'aromatase par méthylatmson promoteur (Navarro-Martin et al.,
2011). La persistance de cet effet a long termaddes gonades différenciées de poissons
agés d’'un an) est trés intéressante et ce typeonidte pourrait étre impliqué dans les
meécanismes d’inversion embryonnaire induite parsié@woides chez le tilapia. Finalement, si
les mécanismes de contrdle épigénétique jouendlercrucial dans le déterminisme du sexe
et la différenciation des gonades, chez les mamesfeils contribuent également a
I'établissement et la maintenance de différencaesiedkes induites par les stéroides sexuels
dans le cerveau (McCarthy & Nugent, 2013). Ce @peontrdle pourrait rendre compte des
modifications comportementales observées chez ésteyrs sexuellement inversés ou

présentant des génotypes sexuels particulierslehdapia.

Les nouvelles possibilités offertes par des teamsgd’analyses génétiques et moléculaires
toujours plus puissantes et les nouvelles approcfeetionnelles permettant Ila
compréhension des mécanismes de la différenciaémelle (épigénétique) doivent étre
exploitées pour poursuivre I'étude de I'apparitdes différences sexuelles dans le cerveau et
les gonades et les interactions entre les deusi@aes les plus précoces du développement,
ainsi que leurs influences sur la biologie des tedulOutre les différents avantages que
présente le tilapia du Nil en tant que modéle pbétude du déterminisme du sexe
(déterminisme génétiqgue et environnemental, facilde production de populations
monosexes, génome séquenceé), les inversions emmaiyes fournissent un nouvel outil pour
étudier les mécanismes génomiques, génétiques deicremens les plus précoces de la

différenciation sexuelle du cerveau et des gonades.

L’étude du déterminisme du sexe chez le tilapigoarticulier, et chez les poissons et les

autres vertébrés en général, n’a pas fini de nppgeadre et de nous surprendre.
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2. Conclusions

L’étude de Tlinfluence du génotype sexuel (XX, XYt &Y) sur certains aspects
physiologiques et comportementaux lié a la bioladgela reproduction du tilapia du Nil a
montré que : 1) la qualité du sperme des malesessblable quelque soit le génotype sexuel
et n'affecterait donc pas les capacités de reptamtucle ces trois types de males ; et 2) le
métabolisme stéroidien (E2, 11KT) ainsi que I'espren des comportements agressifs sont
modifies chez les femelles XY, YY et les males X& qui pourrait perturber les

comportements reproducteurs de ces poissons.

Nous ne savons pas si les différences observéediéem a I'expression du génotype sexuel
ou a des perturbations engendrées par les traitesmtermonaux d’inversion sexuelle
administrés durant la période de différenciatios denades. Nos résultats suggerent que
différents déclencheurs (génétiques, hormonauxyegraguétre a l'origine de différences
sexuelles phénotypiques et que celles apparaistams le cerveau, conduisant a des
modifications comportementales, sont initiées avant pendant la différenciation des

gonades.

Grace aux techniques d’inversion du sexe par trnaites hormonaux courts appliqués durant
la période embryonnaire que nous avons développm®ss avons pu confirmer I'existence

d’'une période sensible de la différenciation sdeuglirant les 10 premiers jours de vie, avant
la formation des gonades. Les processus génétiguendocriniens déterminant le sexe
semblent donc s’établir précocement chez le tilapilaugmentation de I'expression de

'aromatase cérébrale dans les embryons XY traités cestrogénes pourrait étre impliquée
dans le mécanisme de différenciation sexuelle tnpaii ce traitement, mais la question du

réle du cerveau dans l'initiation de la différenima des gonades reste ouverte.

Il est nécessaire de continuer a investiguer l&érdhnces sexuelles apparaissant le plus en
amont dans le développement (notamment a la lund@e nouveaux développements
scientifiques dans les domaines de la génétiquie ¢€pigénétique), pour comprendre tant
les mécanismes du déterminisme et de la différeaniaexuels, que l'influence que ceux-ci
peuvent avoir sur la physiologie et les comportasaemproducteurs chez les adultes

différenciés.
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