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Figure 7. Exemples de différences majeures entre les poissons de surface (SF) et les poissons
cavernicoles (CF).

Figure 8. Dimorphisme sexuel chez I’ Astyanax mexicanus.

Figure 9. Représentation schématique illustrant les facteurs moléculaires et les principaux
changements morphologiques au cours du développement des gonades chez Astyanax

mexicanus.






INTRODUCTION






INTRODUCTION GENERALE

La reproduction sexuée est un processus trés répandu dans le régne animal et
particulierement conservé chez les vertébrés (Otto & Lenormand, 2002). Cette stratégie de
reproduction est basée sur I’existence de sexes différenciés, males et femelles. Ces derniers
vont eux-mémes produire des gameétes différenciés, spermatozoides et ovules, dont la
fécondation produira les individus de la génération suivante. Les mécanismes qui conduisent a
cette sexualisation sont trés complexes et ont engendré des dimorphismes (sexuels) a plusieurs
niveaux. Il s’agit par exemple de la mise en place de dimorphismes phénotypiques tels que des
patrons de coloration différents entre des individus de sexes différents, ou des différences dans

le comportement reproducteur, les stratégies de recherche et le choix d’un partenaire.

Parmi ces nombreux dimorphismes, les dimorphismes phénotypiques visibles (ou
caractéristiques sexuelles secondaires) ne sont en fait que le reflet de différences
physiologiques et anatomiques internes qui sont généralement mises en place trés précocement
lors du développement embryonnaire. Cette sexualisation précoce est la résultante tout d’abord,
d’un processus de détermination sexuelle qui peut étre vu comme le commutateur central, puis
d’un processus de différenciation sexuelle qui va sexualiser, sous le contrdle initial du
commutateur central, I’ensemble des structures anatomiques spécialisées en particulier les

gonades embryonnaires (Mank & Avise, 2009).

La différenciation gonadique est donc définie comme 1’ensemble des événements
physiologiques, moléculaires et cellulaires, par lesquels une gonade indifférenciée bipotente va
se développer en un testicule ou un ovaire. La détermination du sexe, est quant a elle, le
processus initial qui induit la cascade de différenciation gonadique, et qui va définir I’identité

sexuelle de I'individu en tant que male ou femelle (Hayes, 1998).

Au cours de ces dernieres décennies, 1'étude des mécanismes de détermination et de
différenciation du sexe chez les vertébrés a suscité un intérét majeur tant d’un point de vue de

la recherche fondamentale que de la recherche appliquée avec par exemple :

e Des applications dans le domaine médical du fait de problémes congénitaux ayant pour
conséquences des perturbations du sexe gonadique et / ou des caractéristiques sexuelles
secondaires (maladies connues sous le terme de “disorder of sex development” ou

DSD).
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Figure 1. Diversité des systemes de détermination du sexe chez les vertébrés basée sur
I’analyse de 2145 espeéces. Le cercle central correspond aux différents groupes des vertébrés
représentes par des couleurs différentes (orange : amphibiens (173 especes) ; jaune : oiseaux
(195 espéces) ; vert : reptiles (593 espéces) ; mauve : mammiféres (479 espéeces) ; violet :
poissons (705 espéces)). Les correspondances des autres cercles sont présentées a la base de
chacun des cercles qui indique la présence ou l'absence de 1’attribut associé. Les hauteurs des
barres grises dans le cercle interne représentent le nombre de chromosomes a 1’état diploide
“Diploid Num”. Le cercle correspondant a la case “XY/ZW” représente les especes ayant une
hétérogamétie de type XX/XY (en bleu) ou de type ZZ/ZW (en rose). ESD : déterminisme
environnemental du sexe. Hermaphrodite : représente les espéces hermaphrodites de chaque
groupe. Others : regroupe les especes qui se reproduisent par parthénogenése, gynogenese et
hybridogenese. Complex SCS : correspond aux systemes chromosomiques complexes
(X1X2Y). D’apres (Tree of Sex Consortium, 2014).



e Des applications dans le domaine de 1’agriculture pour favoriser 1’élevage controlé de

populations dont le sexe présente un avantage en agronomie.

La quantité substantielle de données qui a été produite révele une remarquable plasticité dans
les mécanismes de détermination du sexe chez les vertébrés, a I’inverse de certains processus
développementaux tels que la formation des axes embryonnaires (antéro-postérieur et dorso-
ventral) ou la spécification de 1’ceil, qui sont tous deux régis par des réseaux géniques assez

conservés (Capel, 2017).

Ainsi, les mécanismes de détermination du sexe varient considérablement d’un groupe a I’autre
et ont été divisés en 3 catégories principales : (1) la détermination génétique du sexe ou (GSD,
pour Genetic Sex Determination) comme chez tous les mammiféres et oiseaux, et chez
beaucoup d’espéces d’amphibiens, de reptiles et poissons ; (2) la détermination
environnementale du sexe (ESD, pour Environmental Sex Determination) comme c’est le cas
chez certaines especes de reptiles et de poissons ; (3) ou encore la combinaison des deux
systémes (GSD + ESD) qui est trés répandue chez les reptiles et les poissons (Figure 1)
(Guiguen et al., 2018; Luckenbach & Yamamoto, 2018; Schartl & Herpin, 2018; Wilhelm &
Pask, 2018).






I. La détermination du sexe chez les poissons téléostéens

Parmi les vertébrés, les poissons téléostéens avec prés de 35 000 espéces reconnues,
sont considérés comme le groupe de vertébrés le plus diversifié aussi bien d’un point de vue
physiologique, écologique, morphologique que comportemental (Fricke et al., 2020; Nelson et
al., 2016). Par ailleurs, cette étonnante diversité biologique contient également la plus grande
variété de stratégies de reproduction avec des espéces : (1) unisexuées (majoritairement des
femelles) ; (2) hermaphrodites (synchrones ou séquentielles) ; (3) gonochoriques (deux sexes
distincts durant tout le cycle de vie) (Devlin & Nagahama, 2002; Heule et al., 2014). De plus,
les poissons téléostéens ont colonis¢ une multitude d’habitats trés contrastés présentant une
variabilité des facteurs environnementaux trés importante e.g. la température, la salinité, le pH,

la luminosité, ou encore le taux d’oxygene (Nelson et al., 2016).

Bien que le nombre d'espéces hermaphrodites chez les poissons soit important, la grande
majorit¢ des espéces est gonochorique (Herpin & Schartl, 2009). Chez ces especes
gonochoriques, le sexe est déterminé, soit par des facteurs génétiques (GSD) ou
environnementaux (ESD), soit par I’interaction entre ces deux composantes (GSD + ESD)
(Bachtrog et al., 2014; Baroiller et al., 1999; Devlin & Nagahama, 2002; Heule et al., 2014;
Volff et al., 2007). Ainsi, les téléostéens représentent un modele particulierement intéressant
pour explorer les mécanismes de détermination du sexe qui se situent a I’interface de la
génétique et de ’environnement, afin d’approfondir notre compréhension de 1'évolution des
mécanismes qui déterminent la formation et le maintien des sexes et plus globalement, la

reproduction sexuée.

1.1. La détermination environnementale du sexe

La détermination environnementale du sexe (ESD) est un concept qui est apparu pour
la premiere fois il y a une quarantaine d’années (Charnov & Bull, 1977), et propose que des
facteurs environnementaux donnés, appliqués a un stade précis du développement, peuvent
influencer la détermination du sexe (Devlin & Nagahama, 2002). Depuis sa découverte, ’ESD
a été proposée comme un systeme alternatif a la GSD chez certaines especes en raison de
I'absence de chromosomes sexuels facilement identifiables (Valenzuela et al., 2003). Le
déterminisme environnemental du sexe a été particulierement étudié chez les reptiles (Janzen

& Paukstis, 1991) et certaines especes de poissons (Devlin & Nagahama, 2002).






Bien que le terme “ESD” soit trés utilisé dans la littérature, il convient de souligner que cette
terminologie est sujette a débat et entraine un certain niveau de confusion dii probablement a
son utilisation inappropriée dans différentes publications scientifiques (Ospina-Alvarez &
Piferrer, 2008; Shen & Wang, 2014; Valenzuela et al., 2003; Yamamoto et al., 2014). Ainsi,
chez beaucoup d’espéces, I’existence d’une ESD stricte est remise en question, et de
nombreuses publications soutiennent plutdt un scénario d'interaction de I’environnement sur
une composante génétique (GSD + ESD) comme c’est le cas pour la température chez les
poissons “TE, pour Thermal Effects on GSD” avec un continuum ou, a mesure que la force de

la GSD diminue, celle de I’ESD augmente (Ospina-Alvarez & Piferrer, 2008).

En tout état de cause, divers facteurs environnementaux de natures différentes peuvent
influencer le processus de détermination du sexe chez les téléostéens (Baroiller & D’Cotta,
2001; Baroiller et al., 2009; Devlin & Nagahama, 2002; Ospina-Alvarez & Piferrer, 2008).
Parmi ces facteurs, la température est la variable la plus explorée et la plus susceptible
d’influencer la détermination du sexe (Baroiller & D’Cotta, 2016). Elle est connue sous
l'appellation de ‘“détermination du sexe dépendante de la température” (TSD, pour

Temperature-dependent Sex Determination) (Ospina-Alvarez & Piferrer, 2008).

Depuis sa découverte dans les années 80 chez la capucette atlantique Menidia menidia
(Conover & Kynard, 1981), de nombreux cas de TSD ont été rapportés chez les téléostéens
(Ospina-Alvarez & Piferrer, 2008). Cependant, certaines especes ont été proposées comme
ayant une TSD stricte alors qu’elles présentaient une détermination génétique du sexe avec une
sensibilit¢ a la température (GSD + TE) (Ospina-Alvarez & Piferrer, 2008). Suite a ces
confusions, et sur la base de criteéres permettant de distinguer un systéme GSD, de GSD + TE
ou encore de la TSD (Ospina-Alvarez & Piferrer, 2008; Valenzuela et al., 2003), ces especes
ont été réévaluées et certaines d’entre elles ont été¢ requalifiées plutdt en tant qu’especes

présentant une GSD + TE et non pas une TSD (Ospina-Alvarez & Piferrer, 2008).

De maniere générale, les especes présentant une détermination du sexe de type TSD (au sens
large incluant des définitions plus précises comme celle de GSD + TE) ont été regroupées selon
trois modes de réponses a la température : (1) un effet masculinisant des hautes températures
(pour 53 a 55 des espéces étudiées) ; (2) un effet masculinisant des faibles températures (pour
2 a 4 des especes étudiées) ; (3) un effet masculinisant des températures extrémes hautes et

basses (pour 2 especes) (Ospina-Alvarez & Piferrer, 2008).






Outre le rdle de la température en tant que facteur clé dans la détermination du sexe chez les
poissons, d’autres facteurs environnementaux sont connus pour influencer ce processus. Par
exemple, I’incubation des ceufs a des pH faibles (acides ~5) favorise le sexe male, tandis que
I’incubation a des pH élevés (basiques > 7) favorise le sexe femelle chez Xiphophorus helleri,
Apistogramma caucatoides et Apistogramma borelli (Rubin, 1985). Chez le bar européen
Dicentrarchus labrax, le transfert d’une faible salinité vers une salinité plus élevée pendant la
période de labilité¢ sexuelle peut influencer la détermination du sexe en produisant des sex-

ratios biaisés en faveur des males (Saillant et al., 2003).

La photopériode peut également influencer la détermination du sexe comme par exemple chez
Leuresthes tenuis en produisant plus de femelles en longues journées (15 heures de lumiére : 9
heures d’obscurité), tandis qu’une photopériode courte (12:12) produit plus de males (Brown
et al.,, 2014). Les facteurs sociaux sont aussi susceptibles de jouer un rdle clé dans la
détermination du sexe. C’est le cas pour Macropodus opercularis chez qui le pourcentage de
femelles peut étre directement proportionnel a la densité¢ (Francis, 1984). Enfin, les faibles
concentrations en oxygeéne dissous (traitement hypoxique) chez le poisson zébre Danio rerio
(Shang et al., 2006) et le médaka Oryzias latipes (Cheung et al., 2014) produisent un nombre

supérieur de males que de femelles.

I.2. La détermination génétique du sexe

La détermination génétique du sexe est déclenchée par des caractéres héréditaires
transmis lors de la fécondation. Chez les vertébrés, la GSD repose principalement sur deux
systémes monofactoriels simples impliquant la présence d’une paire de ‘“chromosomes
sexuels” avec (1) le systeme a hétérogamétie male (XX/XY), ou le sexe male est de type XY
comme chez la quasi-totalité des mammiferes (2) le systéme a hétérogamétie femelle (ZZ/ZW)
ou le sexe femelle est de type ZW comme chez toutes les espéces d’oiseaux étudiées a ce jour

(Capel, 2017; Devlin & Nagahama, 2002).

Toutefois, a l'inverse des mammiféres et oiseaux, les systetmes de déterminisme du sexe
apparaissent trés variables dans les autres groupes de vertébrés comme c’est le cas chez les
reptiles et les amphibiens. En plus du systéme XX/XY chez le reptile Iguana iguana et
I’amphibien Rana japonica (Altmanova et al., 2018; Miura, 2017), d’autres espéces telles que

Varanus komodoensis et Xenopus laevis ont une hétérogamétie de type ZZ/ZW (Pokorna et al.,
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Figure 2. Evolution et diversité des génes déterminants du sexe chez les vertébrés, avec un
focus particulier sur les poissons téléostéens. Les especes ou groupes d'especes ayant un géne
SD déja connu ou fortement suspecté sont indiqués par des caractéres gras. Les groupes

d’especes dont aucun gene SD n’est connu sont indiqués par des points d'interrogation. Le

rectangle en pointillé représente les téléostéens. D’apres (Pan et al., 2018).
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2016; Yoshimoto et al., 2008). En outre, cette diversité peut méme porter sur des especes qui

présentent des populations soit XX/XY soit ZZ/ZW, telle que Rana rugosa (Miura, 2007).

Dans un systéme monofactoriel purement génétique, le sexe est déterminé sous le controle d’un
gene dit “déterminant majeur du sexe” ou geéne SD (Sex Determining gene). Ce dernier
déclenche une cascade d’expression génique qui va conduire a la différenciation de la gonade
bipotente en ovaire chez les femelles ou en testicule chez les males (Mank & Avise, 2009).
Ainsi, ce sont les génes SRY (Sex-determining Region Y), porté par le chromosome Y (Capel,
2017; Koopman et al., 1991; Sinclair et al., 1990), dmrt/ (Doublesex and mab-3 related
transcription factor 1) sur le chromosome Z (Smith et al., 2009) et DM-W (DM domain binding
motif on W) porté par le chromosome W (Yoshimoto et al., 2008) qui vont initier la cascade
de différenciation sexuelle de la gonade, respectivement chez les mammifgres, les oiseaux et
I’amphibien Xenopus laevis. 11 convient de souligner que DM-W n’est pas le déterminant

majeur du sexe chez tous les amphibiens.

Les génes SD agissent selon deux modalités : présence/absence comme c’est le cas de SRY
chez les mammiferes ou DM-W chez le xénope, ou dose dépendance comme c’est le cas de
dmrtl chez le poulet (Capel, 2017). Le géne SRY des mammiféres présent uniquement sur le
chromosome Y va déclencher la cascade de différenciation testiculaire chez les embryons XY
(Koopman et al., 1991). Quant a dmrtl chez les oiseaux, les individus ZW (femelles) ne
possédent qu’une seule copie de ce geéne, tandis que les individus ZZ (males) en ont deux
copies. Ainsi, c’est le dosage génique de dmrtl qui va déterminer le sexe (Smith et al., 2009).
Cependant, chez X. laevis, DM-W est une copie dupliquée du gene autosomal dmrt] insérée sur
le chromosome W. Ce geéne détermine le sexe par une action antagoniste de celle de dmrtl
autosomal (dominant négatif) conduisant a la formation des ovaires chez les individus ZW, et

des testicules chez les individus ZZ (Yoshimoto et al., 2008).

Tout comme les amphibiens et les reptiles, les poissons téléostéens montrent une remarquable
diversité des systemes de détermination du sexe (Bachtrog et al., 2014; Heule et al., 2014). Par
ailleurs, au contraire des oiseaux et mammiféres qui ont conservé leurs déterminants respectifs
sur une longue période évolutive, les déterminants majeurs du sexe chez les poissons sont

extrémement variables (Figure 2) (Pan et al., 2016, 2018).
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Sur la base de cette grande diversité des systémes chromosomiques et des génes SD, la
détermination génétique du sexe chez les poissons gonochoriques peut étre divisée

principalement en deux types :

e La détermination génétique monofactorielle du sexe impliquant un seul géne
SD qui fait office de commutateur principal de la détermination du sexe dans
un systeme a hétérogamétie male (XX/XY) ou femelle (ZZ/ZW) (Mank &
Avise, 2009).

e [a détermination polygénique du sexe (PSD, pour Polygenic Sex
Determination) impliquant plusieurs génes SD (plus de deux alleles) ou sous

forme de chromosomes sexuels multiples (Moore & Roberts, 2013).

Chez les espéces de poissons dont le déterminisme est purement génétique, les chromosomes
sexuels sont souvent considérés comme peu différenciés (homomorphes) tant d’un point de vue
morphologique (e.g., taille) que structurel (e.g., composition en genes) (Devlin & Nagahama,
2002). Cette notion de chromosomes peu différenciés est souvent associée, pas forcément
toujours de facon rigoureuse d’ailleurs, a la notion de chromosomes sexuels “jeunes”. Cette
derniére va de pair avec une autre caractéristique des poissons qui est la forte variabilité de
leurs systémes de détermination du sexe et donc un fort taux de changement de chromosomes
sexuels. En accord avec ce caractére homomorphique de la plupart des chromosomes sexuels
chez les poissons, seulement 10 % des espéces étudiées présentent des différences

caryotypiques clairement identifiables entre males et femelles (Devlin & Nagahama, 2002).

1.2.1. La détermination génétique monofactorielle du sexe

Les systemes a hétérogaméties male (XX/XY) et femelle (ZZ/ZW) ont été identifiés
chez de nombreuses especes de poissons gonochoriques comme c’est le cas chez Oryzias
latipes avec un systeme XX/XY et Cynoglossus semilaevis avec un systéme ZZ/ZW (Chen et
al., 2014; Matsuda et al., 2002). Par ailleurs, ces systemes XX/XY et ZZ/ZW sont susceptibles
d’évoluer tres rapidement et indépendamment avec des espeéces trés proches présentant des
systémes de détermination génétique opposés comme chez le tilapia du Nil Oreochromis

niloticus (XX/XY) et le tilapia bleu Oreochromis aureus (ZZ/ZW) (Cnaani et al., 2008).
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1.2.1.1. Emergence des déterminants majeurs du sexe

Cette évolution rapide des chromosomes sexuels est généralement associée a
I’émergence de nouveaux geénes SD portés par ces mémes chromosomes (Schartl, 2004). 11
s’agit de la théorie du “high turnover” qui propose que de nombreux changements de
chromosomes sexuels se font via des changements de déterminants majeurs du sexe (Schartl,
2004). Cette labilité a renouveler les chromosomes sexuels et les génes SD est a 1’origine de la
diversité des mécanismes de détermination du sexe chez les poissons, ce qui fait de ce groupe
des modeles particulierement intéressants pour comprendre les mécanismes évolutifs a

I’origine de cette diversité.

Certains de ces geénes ont été recrutés en tant que déterminants majeurs du sexe de maniére
récurrente et indépendante entre les especes. Herpin et collaborateur ont défini ces geénes
comme des “coupables présumés” (Usual suspects) (Herpin & Schartl, 2015). Il s’agit
principalement des genes de la famille des protéines a domaine HMG (genes SOX), de la
famille des facteurs de transcription DMRT (Doublesex and Male-abnormal-3 Related
Transcription factors) et de la famille des facteurs de croissance TGF-f (Transforming Growth
Factor ) qui sont également connus pour jouer un réle clé dans le développement gonadique
chez les vertébrés (Guiguen et al., 2018; Herpin & Schartl, 2015). Deux mécanismes
principaux, qui semblent étre fréquents, sont a I'origine de 1'émergence de ces génes SD chez
les téléostéens : la duplication/insertion de génes et le phénomene de diversification allélique

(Herpin & Schartl, 2015).

La duplication/insertion d’un géne SD concerne la production d’une seconde copie a partir du
réseau de geénes impliqués dans la différenciation sexuelle, en particulier les “coupables
présumés” (Herpin & Schartl, 2015). La copie dupliquée est ensuite transloquée sur un autre
chromosome qui devient le nouveau Y ou W. Prenons I’exemple du dmrt1bY (ou dmy) chez le
medaka Oryzias latipes (Matsuda et al., 2002; Nanda et al., 2002) : il est issu de la duplication
du géne autosomal dmrtl qui a subi par la suite une insertion sur un autre chromosome (Porto-
chromosome Y) (Schartl, 2004). Ce dernier a accumulé des ¢éléments transposables et des
séquences répétitives entrainant un recablage transcriptionnel du geéne dmrt/bY et enfin une

néo-fonctionnalisation ou spécialisation dans la voie de géne SD (Herpin & Schartl, 2015).

Toutefois, il est intéressant de souligner qu’une exception a la régle des “coupables présumés”
existe. Un géne impliqué dans une fonction autre que le développement gonadique a été recruté

comme geéne SD chez la truite. Il s’agit de sdY (sexually dimorphic on the Y) qui est issu de la
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duplication d’un géne lié au systeme immunitaire irf9 (Interferon Regulatory Factor 9) (Yano
et al., 2012). Cette copie a ensuite évolué¢ et acquis une nouvelle fonctionnalité (néo-
fonctionnalisation). Elle est alors devenue le déterminant majeur du sexe chez cette espece
(Bertho et al., 2018). Ainsi, ce géne qui a été qualifi¢ “d’usurpateur” (usurper) (Herpin &
Schartl, 2015), est également le géne SD chez la plupart des salmonidés (Yano et al., 2013).

Contrairement aux mécanismes de duplication/insertion, dans le cas de la diversification
allélique, le géne déterminant du sexe ne change pas de locus sur le chromosome. 11 s’agit d’une
variation au niveau d'un locus qui conduit par la suite a ce que 1'un des all¢les soit en faveur de
la détermination male ou femelle (Herpin & Schartl, 2015; Schartl & Herpin, 2018). C’est le
cas de ’amhr2 (anti-Mullerian hormone receptor type 2) chez Takifugu rubripes. Les deux
alleles de 1’amhr2 (amhr2X et amhr2Y) ne difféerent que par un seul polymorphisme
nucléotidique (SNP, pour Single Nucleotide Polymorphism) qui est hétérozygote chez les
males (Amhr2Y) et homozygote chez les femelles (Amhr2X) (Kamiya et al., 2012). Cette
variation nucléotidique conduit a une substitution d’un seul acide aminé His (H) / Asp (D)
(hétérozygote) dans le domaine kinase de I’Amhr2Y et confére une activité réceptrice réduite
(mutation hypomorphe) “His (H)/His (H)” (homozygote) a 1’allele du chromosome X
(amhr2X). C’est ainsi que I’amhr2Y détermine le sexe male chez cette espéce (Kamiya et al.,

2012).

1.2.1.2.  Déterminants majeurs du sexe

Au cours des deux derniéres décennies, un nombre croissant de déterminants majeurs
du sexe ont été identifiés chez les poissons, et ces genes sont souvent différents y compris chez
des espéces trés proches phylogénétiquement (Figure 2) (Pan et al., 2016, 2018). Comme déja
mentionné, a I’exception de sdY chez les salmonidés qui échappe a la régle puisqu’il n'est lié¢ a
aucun gene connu dans les voies de détermination du sexe, tous les autres genes identifiés chez
les poissons gonochoriques sont issus de 1'une de ces quatre familles a savoir: (1) des génes
SOX ou les protéines a domaine HMG (High Mobility Group) ; (2) des facteurs de transcription
liés a la famille de génes DMRT ; (3) des facteurs de croissance liés a la famille des TGF-f et
leurs voies de signalisation (Guiguen et al., 2018; Herpin & Schartl, 2015; Pan et al., 2018;
Schartl & Herpin, 2018) ; (4) et des enzymes impliquées dans la synthése des hormones
stéroidiennes (Koyama et al., 2019; Purcell et al., 2018).
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Les déterminants majeurs du sexe de la famille des génes SOX

Les protéines de la famille SOX (Sex determining region on Y-bOX), sont des facteurs
de transcription qui sont souvent impliqués dans la détermination et la différenciation du sexe
et ce, dans l'ensemble du régne animal (Guiguen et al., 2018; Pan et al., 2018). IIs posseédent
tous un domaine de liaison a I’ADN appelé domaine HMG (Schepers et al., 2002). Cette famille
des génes SOX contient entre autre, le géne SRY qui est le déterminant majeur du sexe conservé
chez la trés grande majorité des mammiferes euthériens (Capel, 2017; Koopman et al., 1991;
Sinclair et al., 1990). Ce géne a été proposé comme étant issu de 1’évolution du géne SOX3 qui
est toujours présent sur le chromosome X des mammiferes (Katoh & Miyata, 1999). Bien que
trés conservés chez les mammiferes euthériens, certaines especes telles que Tokudaia osimensis
(Kimura et al., 2014), ou Mus minutoides (Veyrunes et al., 2010) ont perdu ce déterminant

majeur du sexe.

Le gene sox3, localisé sur le chromosome Y chez le médaka Oryzias dancena est le déterminant
majeur du sexe male (Takehana et al., 2014). Chez cette espece, les deux alleles de sox3 (alleles
X et Y) ont exactement la méme séquence codante mais le chromosome Y contient un élément
spécifique cis-régulateur qui va permettre une expression spécifique de 1’allele sox3Y pendant
le développement des gonades chez les embryons males XY et ainsi initier la différenciation

testiculaire (Takehana et al., 2014).
Les déterminants majeurs du sexe de la famille des DMRTs

La famille de génes DMRT comprend plusieurs génes qui ont ét¢ identifiés comme des
acteurs importants dans la détermination, la différenciation et le maintien du sexe male aussi
bien chez les mammiferes, les oiseaux, les reptiles, les amphibiens, les poissons, les mouches,
que chez les vers et les coraux (Herpin & Schartl, 2011; Matson & Zarkower, 2012; Wexler et
al., 2014). Cette famille est caractérisée par la présence d’un domaine DM qui est trés conservé
au cours de I’évolution (Matson & Zarkower, 2012). Dix années apres la découverte du gene
SRY chez les mammiferes, dmrtl1bY (ou dmy) du médaka O. latipes a été le second géne SD
connu chez les vertébrés (Matsuda et al., 2002; Nanda et al., 2002). Ce géne dmrt1bY est issu
d’une duplication/insertion sur le chromosome Y du geéne autosomal dmrtl/dmrtla (Herpin &

Schartl, 2015).

Bien qu’il ne soit pas le géne SD unique a tous les poissons, dmrtlbY a tout de méme été

identifi¢ comme le déterminant majeur du sexe male chez une espéce proche d’ O. latipes, O.
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curvinotus (Matsuda et al., 2003), et aussi dmrtl chez la sole Cynoglossus semilaevis (Chen et
al., 2014). Comme chez les oiseaux, la sole C. semilaevis posséde un systéme de détermination
du sexe a hétérogamétie femelle (ZZ/ZW) dont le chromosome W aurait perdu le géne dmrtl
(Chen et al., 2014). Ainsi, la détermination du sexe chez C. semilaevis dépend de la dose de

dmrtl : deux copies chez les males ZZ et une seule copie chez les femelles ZW.
Les déterminants majeurs du sexe de la famille des facteurs de croissance TGF-f

La superfamille des TGF-J est une grande famille de facteurs de croissance, contenant
environ 30 membres chez les mammiféres. Certains de ces membres sont trés conservés dans
divers groupes tels que les vers, les mouches, les grenouilles et les poissons (Huminiecki et al.,
2009; Weiss & Attisano, 2013). Cette famille est composée de deux groupes fonctionnels : (1)
le groupe des TGF-B-like qui comprend les TGF-p, les Activins, les Nodals, et les GDFs ; (2)
et le groupe des BMP-like (Bone Morphogenetic Proteins) composé des protéines BMPs
proprement dites, de la plupart des GDFs et de ’amh (Weiss & Attisano, 2013). La plupart de
ces TGF-f jouent un rdle clé dans les régulations du développement embryonnaire et dans
plusieurs processus cellulaires fondamentaux tels que la prolifération, la différenciation,
I’organisation du cytosquelette, la migration, et I’homéostasie cellulaire (Ikushima &

Miyazono, 2010; Weiss & Attisano, 2013).

La majeure partie des geénes SD identifiés chez les téléostéens qualifiés de “coupables
présumés” codent pour les membres de la voie des TGF-B (Guiguen et al., 2018; Pan et al.,
2018). II s’agit notamment du geéne codant pour ’hormone anti-miillérienne (amh) qui a été
identifi¢ sur le chromosome Y (amhY) chez le tilapia Oreochromis niloticus (Li et al., 2015),
le pejerrey Odontesthes hatcheri (Hattori et al., 2013), et le brochet Européen Esox lucius (Pan
etal.,2019) tous issus d’évenements de duplication. Chez le fugu Takifugu rubripes et la perche
Américaine Perca flavescens, c’est le récepteur de type 2 a I’amh (amhr2) qui est responsable
de la détermination du sexe (Feron et al., 2020; Kamiya et al., 2012). Le géne amhr2bY (allele
Y) de la perche, issu de la duplication/insertion de la copie autosomale de 1I’amhr2 semble étre

le déterminant majeur du sexe male (Feron et al., 2020).

Un autre membre de la famille des TGF-f, le géne gsdf (Gonadal soma derived factor), retrouvé
seulement chez les poissons (Forconi et al., 2013; Wang et al., 2017), a aussi été identifi¢
comme un acteur essentiel dans le développement testiculaire chez plusieurs espéces (Guiguen
et al.,, 2018). Chez le medaka Oryzias luzonensis, une espéce proche d’O. latipes, gsdfY a
remplacé le dmrtlbY dans la voie des génes SD (Myosho et al., 2012). Il a été également
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proposé comme un potentiel candidat a la détermination du sexe chez d’autres téléostéens,
Anoplopoma fimbria (Rondeau et al., 2013), Sebastes carnatus et Sebastes chrysomelasles

(Fowler & Buonaccorsi, 2016).

La voie de signalisation BMP est connue pour étre impliquée dans la gamétogenése et en
particulier la spécification des cellules germinales (Itman & Loveland, 2008; Pangas, 2012).
Prenons I’exemple des bmp 15 et gdf9, ces deux facteurs de croissance jouent un role important
dans la croissance et la régulation du développement folliculaire et aussi dans la fertilité chez
plusieurs espéces (Otsuka et al., 2011; Yan et al., 2001). L’inactivation de gdf9 chez la souris
bloque la folliculogenése au stade des follicules primaires et provoque une infertilité compléte
(Dong et al., 1996). Chez le tilapia du Nil Oreochromis niloticus, bmp15, gdf9, et gdf3 sont
exprimés préférentiellement dans les ovaires (Zheng et al., 2018). De plus, bmp15 et gdf9 sont

trés importants au développement ovarien chez le poisson ze¢bre (Clelland & Kelly, 2011).

Le facteur de croissance et de différenciation (gdf6) appartient au groupe des BMPs. Le gene
gdftaY a été recruté comme déterminant majeur du sexe par un événement de diversification
allélique chez le Killi turquoise Nothobranchius furzeri (Reichwald et al., 2015). La
comparaison entre les deux alleles (X et Y) de gdf6a chez cette espeéce, montre une substitution
de 15 acides aminés et une délétion de 3 autres acides aminés sur I’alléle Y. A cela s’ajoute
une délétion de 241 paires de bases (pb) au niveau de la partie 3’UTR qui comporte
potentiellement un site de liaison au microARN (mir-430) (Reichwald et al., 2015). Ce dernier
joue un rdle important dans la régulation de 1’expression des génes spécifiques a la lignée
germinale (Mishima et al., 2006). En outre, bien qu’aucune fonction gonadique n’ait été
signalée auparavant pour gdfa6, gdf6aY chez N. furzeri montre une expression précoce
fortement liée au sexe male pendant la période de détermination/différenciation testiculaire.
Cette expression différentielle pourrait étre liée a ces variations alléliques spécifiques affectant
probablement l'interaction des protéines au niveau de leur récepteur ou pendant la phase de
dimérisation. Ceci pourrait modifier de maniere globale la fonction de la protéine Gdf6aY en

lui conférant le réle de déterminant majeur du sexe chez cette espeéce (Reichwald et al., 2015).
Les déterminants majeurs du sexe de la famille des enzymes de la stéroidogenése

Chez les especes du genre Seriola, le déterminant majeur du sexe est le géne Hsd17b1
(17B-hydroxysteroid dehydrogenase b 1) avec des différences notables dans les séquences entre
les especes (Koyama et al., 2019; Purcell et al., 2018). Chez Seriola dorsalis, les auteurs ont

identifi¢ le locus sexuel de 100 kb sur lequel Hsd17b1 a été localisé avec six autres geénes. De
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plus une délétion de 61 bp a été identifiée en amont de Hsd17b1 qui est totalement liée au sexe
femelle (sur le chromosome W) suggérant ainsi que le déterminisme est de type ZZ/ZW
(Purcell et al., 2018). En revanche, chez d’autres especes du genre Seriola, le sexe est déterminé
par une mutation faux sens d’un seul nucléotide retrouvé sur le chromosome W et cette

mutation n’a pas été retrouvée chez S. dorsalis (Koyama et al., 2019).

1.2.2. La détermination polygénique du sexe

Le concept de détermination polygénique du sexe est apparu pour la premicre fois dans
les années 60, décrit par Kosswig (Kosswig, 1964). Chez les poissons, contrairement au
systétme monofactoriel simple faisant intervenir un seul géne SD souvent porté par un des
chromosomes sexuels, la détermination polygénique, quant a elle, implique deux
configurations différentes avec : (1) des especes chez qui le sexe est déterminé par 1’ interaction
entre de multiples alléles qui ségrégent de maniere indépendante au niveau du locus sexuel ;

ou (2) plusieurs geénes répartis sur plusieurs chromosomes (Moore & Roberts, 2013).

Bien que la PSD soit trés peu documentée par rapport a la GSD monofactorielle et qu’aucun
déterminant n’a été identifié¢ a ce jour dans ce cas de figure, de nombreux cas de PSD ont été
rapportés chez les poissons. Il s’agit par exemple de Xiphophorus maculatus qui appartient a
la famille des poeciliidés, et chez qui la détermination du sexe méale versus femelle se manifeste
par l'interaction de trois alleles sur trois chromosomes homéologues (X, Y et W) qui ségrégent
au niveau du locus sexuel. Le sexe génétique d’une femelle peut étre de type XX, XW ou YW

et le sexe male est de type YY ou XY (Schultheis et al., 2009; Volff & Schartl, 2001).

La détermination polygénique du sexe peut se présenter avec une combinaison complexe de
nombreux alléles comme c’est le cas chez le bar européen Dicentrarchus labrax impliquant au
moins 3 QTLs (quantitative trait loci) dans le contrdle de la détermination du sexe (Palaiokostas
et al., 2015; Vandeputte et al., 2007). De plus, il a été démontré que D. labrax montre une
sensibilité a des facteurs environnementaux tels que la salinité¢ (Saillant et al., 2003) et la
température (Piferrer et al., 2005; Saillant et al., 2002) durant la période de labilité sexuelle, ce
qui vient s’ajouter a la PSD. Les populations de laboratoire du poisson z¢bre Danio rerio
possédent également un déterminisme polygénique (Anderson et al., 2012; Liew et al., 2012)
avec une forte composante environnementale multifactorielle a savoir, la densité, la
température et ’hypoxie (Ribas et al., 2017a; Ribas et al., 2017b; Shang et al., 20006).

Cependant, les données récentes sur cette espéce ont montré que les populations naturelles ont
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un systéme monofactoriel simple de type ZZ/ZW. De plus, les souches de laboratoires auraient

perdu I’allele W (Wilson et al., 2014).

Les cichlidés Africains présentant une grande diversité d’espéces, possédent également
plusieurs systémes de détermination du sexe dont la PSD (Roberts et al., 2016). Cette dernicre
montre une remarquable plasticité dans ce groupe de poissons avec des locus de détermination
du sexe qui sont différents d’une espece a I’autre (Roberts et al., 2009; Ser et al., 2010). C’est
le cas chez Metriaclima pyrsonotus qui présente un systéme de chromosomes multiples (multi-
locus) avec les deux systémes a hétérogamétie male (XX/XY) et femelle (ZZ/ZW) fonctionnant
simultanément. Dans ce cas de figure, ’allele W est dominant par rapport a celui du Y de fagon
a ce que les individus ZZ/XX, ZW/XX et ZW/XY soient femelles et uniquement les individus
77/XY soient males (Moore & Roberts, 2013).

1.2.3. La détermination génétique extra-chromosomique du sexe

Outre la GSD monofactorielle et la PSD qui montrent l'extréme diversité¢ des
chromosomes sexuels chez les téléostéens, la détermination du sexe peut étre également
influencée par des chromosomes surnuméraires connus sous le nom de “chromosomes B”
(Camacho et al., 2011). Il s’agit de chromosomes souvent considérés comme des éléments
génétiques “égoistes” n’ayant peu voire pas d’effets sur le phénotype de I’organisme hote
(Camacho et al., 2000). Bien qu’ils soient trés peu caractérisés tant d’un point de vue
moléculaire que fonctionnel, les données récentes chez de nombreuses especes d’eucaryotes
suggerent un role important de ces chromosomes dans la détermination du sexe (Camacho et
al., 2011). Par exemple, il a été démontré que les chromosomes B du cichlidé du lac Victoria
Lithochromis rubripinnis jouent une fonction clé dans la détermination du sexe femelle

(Yoshida et al., 2011).

Dans les sections suivantes, nous présenterons 1’état des connaissances actuelles sur 1’origine
évolutive, la composition moléculaire et les modes de transmission des chromosomes B chez
les eucaryotes ainsi que leur implication dans le processus de la détermination du sexe avec un

accent particulier sur les téléostéens.

I1. Les chromosomes B : une énigme

Les organismes eucaryotes possedent généralement un nombre spécifique de

chromosomes organisés par paires appelés chromosomes A (As), qui constituent le génome de
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I’animal. Cependant, au début du siecle dernier et plus exactement en 1907, Wilson a identifié
pour la premiére fois des chromosomes surnuméraires chez les hémipteres (Wilson, 1907). 11
aura fallu attendre 21 ans de plus pour que ces chromosomes surnuméraires soient appelés
“chromosomes B” (Bs), pour les distinguer des chromosomes A (Randolph, 1928). Depuis
cette découverte et en 1’espace d’un peu plus d’un siecle, le nombre d’especes eucaryotes
possédant des chromosomes B s'¢élevait a plus de 2837 especes en 2019 (Ahmad & Martins,
2019; D’ Ambrosio et al., 2017). Dans la littérature, ces chromosomes B sont souvent qualifiés
de chromosomes supplémentaires, accessoires, non-essentiels ou encore de parasites

génomiques (Camacho, 2005; Camacho et al., 2000; Jones, 1991).

Bien qu’ils soient considérés comme non-essentiels, les chromosomes B ont été une source
d’intrigues car ils peuvent étre présents chez certains individus d’une population et absents
chez d’autres (Houben et al., 2014). De plus, le nombre de copies de ces chromosomes varie
d’une espece a ’autre, avec des espéces ayant une seule copie comme Cupressus glabra
(Muratova, 2000) ou des espéces pouvant avoir jusqu’a 50 copies ou plus dans la méme cellule

e.g., Pachyphytum fittkaui (Uhl & Moran, 1973).

La diversité numérique existe également entre les individus de la méme population, tout comme
ils peuvent étre présents ou absents et en nombre variable dans des tissus gonadiques ou
somatiques du méme individu (Burt & Trivers, 2006; Camacho, 2005). Les chromosomes B
ne s’apparient pas et ne recombinent pas avec les chromosomes standards pendant la méiose.
De plus, ils sont hérités de fagon non mendélienne, faisant de leur mode de transmission un

mode irrégulier (Camacho, 2005; Camacho et al., 2000; Jones, 1991).

Pendant des décennies, les questions relatives a leurs origines, leurs structures, leurs
compositions moléculaires ainsi que leurs rdles fonctionnels sont restées en suspens.
Cependant, la révolution technologique qu’ont connu les domaines de la bioinformatique et de
la génomique depuis quelques années contribuent au décryptage de ces chromosomes
énigmatiques afin d’apporter des ¢léments de réponse et de compléter le puzzle autour de

I’histoire, la régulation, la maintenance et 1’évolution des chromosomes B.
9 9

I1.1. La distribution des chromosomes B chez les eucaryotes

Les chromosomes B pourraient étre présents chez environ 15 % des espéces eucaryotes
(Camacho, 2005). Ils ont été identifiés majoritairement chez les plantes, avec environ 2087

especes possédant au moins un chromosome B. Ils ont été également retrouvés dans 520
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Figure 3. Distribution des chromosomes B dans les principaux groupes d’eucaryotes. Le

diagramme en batons en haut a gauche montre le nombre d’espéces par groupe possédant le

chromosomes B, provenant de la base de données “the B-Chrom database”:

http://www.bchrom.csic.es/ mise a jour en janvier 2019) (Ahmad & Martins, 2019;

D’Ambrosio et al., 2017). Les especes présentées sur la carte correspondent a celles qui sont
les plus étudiées par des approches omiques. Le cercle plein en couleur a coté de chaque espéce
correspond a la couleur du cercle indiguant les instituts de recherche dans lesquels les études

ont été effectuées (en bas a droite) avec I’information géographique. D’aprés (Ahmad &

Martins, 2019).


http://www.bchrom.csic.es/
https://www.zotero.org/google-docs/?p3WkzK
https://www.zotero.org/google-docs/?p3WkzK
https://www.zotero.org/google-docs/?4L9fd3
https://www.zotero.org/google-docs/?4L9fd3

especes d’insectes, 117 especes de mammiferes, 99 especes de poissons, et enfin 14 especes de
champignons (Figure 3) (données extraites a partir de la base de données “the B-Chrom
database”: http://www.bchrom.csic.es/ mise a jour en janvier 2019) (Ahmad & Martins, 2019;
D’ Ambrosio et al., 2017).

Chez les poissons, les chromosomes B ont ét¢ identifiés pour la premiére fois chez le cyprinidé
Alburnus alburnus (Hafez et al., 1981), et le characiforme Prochilodus Scrofa (Pauls &
Bertollo, 1983). Depuis, ces chromosomes ont été rapportés dans plusieurs sous-groupes de
poissons et majoritairement dans les familles des cichlidés (ordre des perciformes) et celle des
characidés (ordre des characiformes). En effet, environ 23 espéces de cichlidés d’Amérique du
Sud et d’Afrique de I’Est, en particulier du lac Victoria présentent un ou plusieurs
chromosomes B (D’Ambrosio et al., 2017; Jones, 2017). Chez les characiformes, la famille des
characidés comporte a elle seule 24 espéces ayant au moins un chromosome B (D’ Ambrosio

etal., 2017; Jones, 2017).

La famille des characidés comporte plusieurs genres constitués exclusivement d’especes d’eau
douce trés abondantes en Amérique du Sud, mais également en Amérique Centrale (e.g.,
Mexique). A ce jour, les analyses de caryotypes de cette famille ont révélé la présence de
chromosomes B chez 12 des 250 espéces reconnues appartenant au genre Astyanax (50 % des
especes de characidés ayant des chromosomes B) (Castro et al., 2019). Parmi ces espéces, les
chromosomes B ont été retrouvés chez Astyanax scabripinnis, Astyanax altiparanae, Astyanax

fasciatus, ou encore Astyanax mexicanus autrement appelé le tétra mexicain (Jones, 2017).

11.2. La structure des chromosomes B

Comme mentionné¢ précédemment, le nombre de chromosomes B peut varier
remarquablement entre les espéces, les individus d’une méme population, voire méme au sein
de I'individu e.g., le seigle Secale cereale, 2n = 7 As + 0-8 Bs ; la mouche Drosophila
subsilvestris, 2n = 6 As + 0-5 Bs ; le rat Rattus rattus thai, 2n =42 As + 1-6 Bs (Jones, 2017).
Chez la téosinte Zea mays, le nombre de chromosomes B peut méme excéder celui des

chromosomes A, avec 2n = 20 As + 0-34 Bs (Jones & Rees, 1982).

A ce polymorphisme numérique s’ajoutent des variations morphologiques et structurelles
considérables entre les chromosomes B de la méme espéce. Par exemple, chez 9 populations
Nord-Africaines du criquet Eyprepocnemis plorans, 16 variantes du chromosome B ont été

identifiées, présentant des polymorphismes trés importants dans la structure et la taille (Bakkali
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& Camacho, 2004). Cependant, la structure de ces chromosomes peut aussi étre identique entre
des especes proches, comme dans le cas des deux espéces de seigle, Secale cereale et Secale

segetale (Houben et al., 2014; Marques et al., 2013; Niwa & Sakamoto, 1995).

Ces polymorphismes numériques, morphologiques et structurels ont ét¢ également rapportés
chez les poissons : une variabilité numérique importante inter- et intra-especes existe chez e.g.,
I’ablette Alburnus alburnus, 2n = 50 As + 0-2 Bs (Schmid et al., 2006) ; le poisson-couteau
Apteronotus albifrons, 2n = 24 As + 0-4 Bs (Carvalho et al., 2008); le tétra aux yeux rouges
Moenkhausia sanctaefilomenae, 2n = 50 As + 1-8 Bs (Foresti et al., 1989).

Au-dela de ce polymorphisme numérique, les poissons possedent 3 classes de tailles différentes
de chromosomes B qui sont identifiables par comparaison avec la taille des chromosomes

standards :

e Les grands chromosomes B : ils peuvent étre aussi grands que la grande paire de
chromosomes standards. C’est le type de chromosome B le moins fréquent chez les
poissons e.g., chez le cichlidé d’ Amérique du Sud Crenicichla reticulata, 2n = 48 As

+ 1-3 Bs (Feldberg et al., 2004).

e Les petits chromosomes B : ils sont généralement de la taille de la petite paire des

chromosomes A e.g., chez une espéce trés proche de Crenicichla. reticulata, C.

lepidota, 2n = 48 As + 1-3 Bs (Pires et al., 2015).

e [Les microchromosomes B : ils sont trés largement répandus chez les poissons e.g.,

Prochilodus lineatus, 2n = 54 As + 0-7 Bs (Oliveira et al., 1997).

Cette variabilité de taille peut se manifester de manicre inter-individuelle comme c’est le cas
chez certains cichlidés du Lac Victoria, chez qui les individus de la méme espéce contiennent
a la fois des microchromosomes et petits chromosomes B, e.g., Lithocromis rubripinnis et
Neochromis greenwoodi (Yoshida et al., 2011). Il convient également de noter que 1’ablette 4.
alburnus posseéde des chromosomes B géants plus grands que les chromosomes A des mémes

individus (Ziegler et al., 2003).

Outre les cichlidés, I’hétérogénéité de taille des chromosomes B a été également observée chez
un autre groupe de poissons, 1’ordre des characiformes avec des especes possédant : des grands
chromosomes e.g., Astyanax fasciatus ; des petits chromosomes e.g., Astyanax altiparanae ;

des microchromosomes e.g., Astyanax mexicanus (Carvalho et al., 2008). De plus, cette
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hétérogénéité peut s’étendre a 1’échelle des populations d’une méme espéce pouvant présenter
un ou plusieurs types de chromosomes B de tailles différentes a I’exemple d’Astyanax
scabripinnis qui possede a la fois des micros, petits et grands chromosomes B (Carvalho et al.,

2008).

I1.3. Composition moléculaire et fonction des chromosomes B

Initialement, la composition moléculaire des chromosomes B a été explorée par des
approches cytogénétiques en se basant sur I’hybridation de sondes spécifiques contenant des
séquences répétitives. Ces études ont révélé que les chromosomes B sont partiellement ou
totalement hétérochromatiques chez la majeure partie des espéces analysées (Burt & Trivers,
2006; Camacho et al., 2000). Ceci est dii a I’accumulation substantielle de s€quences répétitives
du génome dont ils proviennent. Parmi ces séquences, on retrouve I’ADN ribosomal, les

¢léments transposables, ou encore les ADN satellites (Silva et al., 2014).

Grace aux nouvelles techniques de séquengage de nouvelle génération (NGS, pour Next-
Generation Sequencing) et durant cette derniére décennie, des études génomiques ont été
réalisées sur un certain nombre d’espéces différentes afin de caractériser les séquences portées
par les chromosomes B. Par exemple, chez les mammiferes (Becker et al., 2011), les plantes
(Huang et al., 2016; Jin et al., 2005; Martis et al., 2012), les insectes (Bauerly et al., 2014;
Hanlon et al., 2018), ou encore les poissons (Clark et al., 2017, 2018; Valente et al., 2014).

L’ensemble de ces études ont révélé qu’en plus de I’identification de milliers de séquences
répétitives telles que les ADNs satellites, les €léments transposables, les éléments mobiles, ou
encore des fragments de génes (pseudogénes), ces chromosomes B portent également plusieurs
genes intacts (séquence codante enticre). C’est le cas chez le criquet Eyprepocnemis plorans et
deux espéces de souris du genre Apodemus (Makunin et al., 2018; Navarro-Dominguez et al.,
2017). Chez le cichlidé d’ Afrique Astatotilapia latifasciata, des milliers de fragments de génes
ont été identifiés mais aussi des génes entiers qui codent pour des ARN ribosomaux, des génes
impliqués dans la ségrégation chromosomique, ou encore dans la recombinaison (Poletto et al.,

2010; Valente et al., 2014).

Parmi ces geénes, certains sont connus pour étre exprimés dans l’organisme. Chez A.
latifasciata, des génes connus pour jouer un role dans la ségrégation chromosomique durant
les divisions cellulaires tels que TUBBI1 (pour Tubulin B1), KIFF11 (pour kinesin family

member 11), ou encore Separin sont exprimés (Valente et al., 2014, 2017). D’autres génes qui
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jouent un role dans la régulation du métabolisme, l'olfaction, ou dans la régulation de la
transcription sont aussi exprimés chez cette espéce mais aussi chez d’autres especes (Benetta
et al., 2019). Il semblerait, contrairement a ce qui a été suppos¢ depuis des décennies, que les
chromosomes B pourraient jouer un réle dans I’organisme hote ou du moins dans des processus

assurant la transmission méme des chromosomes B d’une génération a 1’autre.

11.4. Les mécanismes de transmission des chromosomes B

Au cours de la méiose, les chromosomes A homologues (chacun formé de deux
chromatides sceurs) s’associent (processus d’appariement) en prophase I pour former un
bivalent. C’est a ce moment que les chromatides homologues se croisent entre elles a plusieurs
endroits sous forme de tétrade (enjambement) pour échanger du matériel génétique, autrement
dit effectuer des ‘“recombinaisons”. Les chromosomes homologues vont se séparer en
Anaphase I en se dirigeant vers les deux poles opposés de la cellule, assurant une répartition
équitable (50 % dans chaque cellule) du matériel génétique. Ce comportement constitue une

des bases de la ségrégation mendélienne.

Contrairement a ces chromosomes standards qui vont par paire, les chromosomes B sont
généralement univalents et ne s’apparient pas avec les chromosomes A au cours de la méiose
(Camacho et al., 2000). La transmission des chromosomes B est dépendante de mécanismes
qui leur sont spécifiques et vont a I’encontre des lois fondamentales de la génétique
mendélienne. Ces mécanismes sont capables d’augmenter la fréquence des Bs dans la
population de génération en génération pour “assurer leur survie” (Camacho, 2005) et sont
connus sous le nom de mécanismes d’accumulation ou de dérive méiotique (meiotic drive)

(Camacho, 2005).

En revanche, cette “pression” exercée par les chromosomes B via les mécanismes
d’accumulation provoque un conflit génétique avec les chromosomes A. Ces derniers,
“agissent” a leur tour pour tenter d’empécher 1’augmentation de leur nombre, particuliérement
lorsqu’ils présentent des effets négatifs sur les capacités et la fertilité de I’organisme (Camacho
et al., 2003). Un tel mécanisme a été supposé chez le criquet Eyprepocnemis plorans qui
possede une grande variété de chromosomes B. Ainsi, certains types de ces Bs sont éliminés
en faisant intervenir des génes suppresseurs localisés sur les chromosomes A afin de maintenir

une fréquence stable au sein de la population (Camacho et al., 1997; Herrera et al., 1996)
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Bien que les mécanismes moléculaires responsables de cette dérive ne soient pas encore
décryptés (Burt & Trivers, 2006), les études cytogénétiques chez plusieurs especes d’animaux
et de plantes ont révélé différents types de mécanismes de transmission des chromosomes B,
impliquant la non-disjonction chromosomique, ou la ségrégation préférentielle, ou les deux a
la fois (Camacho, 2005; Clark et al., 2017) Ces mécanismes peuvent survenir a différents stades
du cycle de vie a savoir : dérive pré-méiotique (au cours de la mitose), dérive méiotique
(pendant la méiose), ou encore dérive post-méiotique (juste aprés la méiose qui est plus

fréquente chez les plantes) (Camacho et al., 2000).

D’un autre coté, une des nombreuses particularités de ces chromosomes B est leur spécificité
tissulaire (présents dans certains tissus et absents dans d’autres). C’est le cas chez Aegilops
speltoides qui met en route un mécanisme d’élimination programmée de ces Bs de maniere
spécifique dans les racines, tandis que les autres parties de la plante en contiennent plusieurs
copies (Ruban et al., 2020). Ce processus intervient des les premiers stades de la différenciation
des tissus embryonnaires suite a la non-disjonction des chromatides pendant la mitose et a un
retard dans I’anaphase, entrainant la micro-nucléation des Bs et leur dégradation par la suite
(Ruban et al., 2020). Les hypothéses les plus probables pour expliquer cette élimination
spécifique des racines seraient d’éviter I’expression ou la surexpression de genes spécifiques
aux racines pouvant avoir des effets délétéres, ou bien la mise en place d’un mécanisme de
sélection des Bs permettant leur maintien uniquement dans les autres tissus (Ruban et al.,

2020).

IL.5. L’origine et I’évolution des chromosomes B

Depuis leur découverte, plusieurs scénarios ont été¢ dressés pour tenter d’expliquer
I’origine évolutive des chromosomes B. La comparaison cytogénétique entre les compositions
des chromosomes A et B chez plusieurs espéces ont révélé I’existence a la fois de séquences
d’ADN qui sont partagées entre les chromosomes A et les chromosomes B, et des séquences

spécifiques aux Bs.

I1.5.1. L’origine interspécifique

Le premier scénario est fondé¢ sur la présence de séquences spécifiques aux
chromosomes B. Ces séquences, étant absentes des chromosomes A de I’organisme hdte sont

retrouvées chez d’autres especes tres proches. Un exemple trés intéressant est celui du molly
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Poecilia formosa, qui se reproduit par gynogenése et qui a donc besoin du sperme d'une espece
étroitement proche pour initier son développement. Cependant, le matériel génétique paternel
transmis par les spermatozoides (d’une espéce proche) est éliminé aussitot apres la fécondation
mais, dans certains cas des microchromosomes B échappent a cette ¢limination et persistent
dans le génome de I’espéce. Dans le milieu naturel, environ 5 % des individus de cette espece
contiennent ces microchromosomes B. Il s’agit dans ce cas d’une d’origine interspécifique

(Schartl et al., 1995).

I1.5.2. L’origine intraspécifique

Le second scénario suggere que les chromosomes Bs seraient dérivés d’un ou de
plusieurs chromosomes A, et on parle alors d’une origine intraspécifique. Cette origine est
souvent soutenue par I’existence de séquences communes entre les chromosomes B et un ou
plusieurs chromosomes A de I’organisme hote. Actuellement, les études réalisées dans ce

contexte proposent deux mécanismes possibles :
Hypotheése 1 : les autosomes seraient a ’origine des chromosomes B

Chez la drosophile Drosophila melanogaster, I’identification d une séquence répétitive
d’ADN satellite (ou satDNA) connue pour étre liée a une histone centromérique présente sur
les chromosomes B d’un c6té et uniquement sur le chromosome 4 de I’autre c6té laisse suggérer
que les chromosomes B seraient dérivés d’un seul chromosome, le chromosome 4 (Hanlon et
al., 2018). Il a été supposé que la formation du chromosome B serait le résultat d’une mauvaise
division centromérique provoquant la séparation des bras longs des petits bras. Les deux petits
bras contenant cette séquence répétitive auraient fusionné et formé un isochromosome (Hanlon

etal., 2018).

Chez d’autres espéces, les chromosomes B sont constitués d’une quantité substantielle de
séquences répétitives, de fragments de génes ou de genes entiers qui sont a l'origine retrouvés
sur plusieurs autosomes, faisant ainsi du chromosome B une mosaique multi-chromosomique
(Houben et al., 2019). Prenons 1’exemple d’Astatotilapia latifasciata, un cichlidé originaire
d’Afrique, les individus de cette espece (males et femelles) peuvent avoir une ou deux copies
identiques de Bs. La formation des chromosomes B aurait pour origine I’apparition d’un
chromosome proto-B contenant une région centromérique issu a son tour d’une duplication
segmentaire d’un seul autosome. Ce proto-B aurait accumulé des fragments d’ADN

correspondant a des séquences dégénérées et des genes entiers provenant de I'ensemble des
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Figure 4. Origine multi-chromosomique du chromosome B chez Astatotilapia latifasciata.
Cercle montrant la liaison entre des parties du chromosome B et les groupes de liaison (LG,
pour Linkage Group) de Metriaclima zebra comme génome de référence. Le chromosome B
est représenté a gauche et les LG correspondants a droite. Le pourcentage génomique des

principaux LG (1, 3 et 9) est représenté sur le chromosome B et le cadre (a droite) de la figure.

D’aprés (Valente et al., 2014).
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autosomes assurant ainsi sa persistance au cours de 1’évolution. Ensuite, une amplification
intensive de séquences d’ADN en méme temps que la formation d’un autre bras du proto-B
identique a donné naissance aux chromosomes B (isochromosomes) chez cette espéce qui est

donc une mosaique génomique de I’ensemble des autosomes (Figure 4) (Valente et al., 2014).

Hypothése 2 : les chromosomes sexuels et les Bs dérivent les uns des autres

Les chromosomes sexuels et les Bs ont é¢galement un certain nombre de caractéristiques
communes telles que les homologies de séquences, le comportement méiotique ou encore
I’accumulation de séquences répétitives suggérant que les uns auraient dérivé des autres
(Camacho et al., 2000; Camacho et al., 2011). Chez plusieurs espéces de drosophiles, le
chromosome Y qui ne contient pas le déterminant majeur du sexe et qui est tres différent de
son homologue X, semble ne pas étre issu de la dégénérescence du X (Carvalho, 2002;
Carvalho et al., 2009; Hackstein et al., 1996) . Les auteurs suggerent plutdt que le Y des especes
du genre Drosophila serait dérivé du chromosome B (Carvalho, 2002; Carvalho et al., 2009;

Hackstein et al., 1996)

Chez les especes de la tribu des rongeurs Oryzomyini, le B chromosome proviendrait
de I’hétérochromatine péricentrique des chromosomes sexuels (Ventura et al., 2015). Cette
hypothése est également valable pour les chromosomes B de la grenouille Leiopelma
Hochstetter qui présente une homologie de séquence avec le chromosome sexuel suggérant
ainsi que les Bs sont dérivés du chromosome W univalent (Sharbel et al., 1998). Chez les deux
especes du genre Characidium (ordre des characiformes) e.g., Characidium gomesi et
Characidium pterostictum possédant un systéeme de détermination du sexe de type ZZ/ZW, les
chromosomes B n’ont été identifiés que chez une seule population de chacune d’elles
(Pansonato-Alves et al., 2014). L'identification de séquences partagées entre les chromosomes
B et les chromosomes sexuels chez ces deux especes renforce la théorie selon laquelle les Bs
proviennent des chromosomes W spécifiques a chacune d’elles (Pansonato-Alves et al., 2014;

Serrano-Freitas et al., 2020).

11.6. Les chromosomes B et le déterminisme du sexe

Au-dela de ces aspects génomiques et évolutifs qui suggerent fortement 1’existence
d’un lien étroit entre les chromosomes B et les chromosomes sexuels chez de nombreuses
especes, I’implication directe des Bs dans la détermination du sexe a été rapportée chez d’autres

especes a I’instar de la guépe Nasonia vitripennis. Cette derniére posséde un chromosome B
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appelé PSR (Paternal Sex Ratio) qui est transmis a la progéniture uniquement par le sperme
(les males) (Reed, 1993). Chez cette espece, les ceufs fécondés produisent des femelles
diploides alors que les ceufs non fécondés (haploides) produisent uniquement des males
(détermination du sexe par ploidie). Pendant la fécondation, le matériel génétique haploide du
pere est transféré a 1’ovule et ces derniers devraient se développer en femelles. Cependant,
lorsque le spermatozoide contient un chromosome B, ce dernier provoque la perte compléte du
matériel génétique paternel (excepté lui-méme) suite a un remodelage de sa chromatine, et ce,
deés la premiére division mitotique de I’embryon (Reed & Werren, 1995). De ce fait,
I’¢limination du matériel génétique spermatique transforme les ceufs fécondés diploides en
males haploides porteurs du chromosome B, assurant ainsi la transmission du chromosome B

et la détermination du sexe male.

Le carassin Carassius gibelio est une espece polyploide qui présente a la fois une reproduction
unisexuée (gynogenese) et une reproduction sexuée (Gui & Zhou, 2010). La fécondation des
ceufs par des spermatozoides d’une autre espece produit systématiquement des femelles, tandis
qu’une reproduction sexuée nécessite généralement le sperme des males de C. gibelio (Gui &
Zhou, 2010). Des microchromosomes B supplémentaires (au nombre de 3-4) ont ét¢ identifiés
uniquement chez les méales de cette espéce (Li et al., 2016). Le croisement entre femelles
inversées (males génotypiques) suite a un traitement hormonal a 1’cestradiol de C. gibelio
contenant 2 chromosomes B et un male de Cyprinus carpio donne une descendance a 51,6 %
de males (avec chromosomes B), tandis que le croisement entre femelles de C. gibelio avec 1
seul chromosome B et un male de C. carpio donne 81,9 % de males (avec chromosome B).
Ainsi, ces résultats suggeérent que les microchromosomes supplémentaires des males de C.
gibelio jouent un réle dans la détermination du sexe male (Li et al., 2016). En outre, un géne
appelé setdm (SET domain-containing gene) identifié sur les microchromosomes B, présente
une expression spécifique dans les testicules de C. gibelio, suggérant que les chromosomes B
sont impliqués dans le développement testiculaire et la spermatogenese chez cette espece (Li

etal., 2017)

Chez les cichlidés d'Afrique de I’Est (du lac Victoria), la présence des chromosomes B est
restreinte aux femelles chez Lithochromis rubripinnis, et leur nombre peut varier de 0 a 2 en
fonction des individus ; cependant, ils sont totalement absents chez les males (Yoshida et al.,
2011). Les croisements entre males et femelles avec 0, 1, ou 2 B chromosomes générent des
descendances avec des sex-ratios différents. Dans les croisements entre males et femelles sans

Bs, les descendances présentent des sex-ratios de 50 : 50. Cependant, lorsqu’on croise les males
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avec des femelles ayant 1 B, les descendances sont constituées de 74 %, 79 %, ou 91 % de
femelles. D’un autre coté, les femelles avec 2 chromosomes B donnent naissance a une
progéniture 100% femelle. Ces résultats montrent clairement I’existence d’une corrélation
positive entre le nombre de chromosomes B chez les femelles et le pourcentage de femelles
dans la descendance, suggérant que ces chromosomes B sont impliqués dans la détermination

du sexe chez les femelles de Lithochromis rubripinnis (Yoshida et al., 2011).

Dans I’ordre des characiformes, les chromosomes B ont ¢té identifiés a la fois chez les males
et les femelles de plusieurs populations de Moenkhausia sanctaefilomenae (Utsunomia et al.,
2016). Cependant, il y a une population de cette espece chez qui, les chromosomes B sont
restreints exclusivement aux males (Camacho et al., 2011; Portela-Castro et al., 2000). Dans le
genre Astyanax, A. scabripinnis est ’'un des modéles chez qui 1’origine, 1’évolution et le role
des Bs dans la détermination du sexe ont été le plus explorés (Castro et al., 2019). A ce titre,
les travaux de Vicente et collaborateurs, basés sur I’évaluation de la fréquence des
chromosomes B chez trois populations d’A4. scabripinnis, ont révélé que ces Bs sont plus
fréquents chez les femelles que chez les males avec des nombres pouvant aller de 0 a 2
chromosomes par individu (Vicente et al., 1996). Les auteurs ont également rapporté
I’association trés forte entre la fréquence des Bs et le sex-ratio dans certaines populations
(Vicente et al., 1996). Ces résultats ont été renforcés par ceux de N¢éo et collaborateurs montrant
que les fréquences des chromosomes Bs sont plus importantes chez les femelles que chez les
males d’Astyanax scabripinnis (Néo et al., 2000). Outre les fréquences plus importantes chez
les femelles dans certaines populations, les Bs ont été identifiés exclusivement chez les

femelles d’autres populations d’A. scabripinnis (Mizoguchi & Martins-Santos, 1997).

Au vu de I’accumulation substantielle de données sur le potentiel role des chromosomes B dans
différents taxons en particulier chez les poissons, il apparait que 1’association forte des
chromosomes B aux chromosomes sexuels, au sexe phénotypique et a la détermination du sexe
de maniére générale n’est pas anodine. D’autre part, ’ensemble de ces données montrent
clairement I’intérét majeur d’étudier la détermination du sexe en lien avec les chromosomes B
chez les poissons et plus particulierement ceux de 1’ordre des characiformes en particulier,
jusque-la trés peu étudiées et chez qui aucun déterminant majeur n’a été identifié a ce jour. Ces
derniers s'averent étre un groupe tres intéressant de par la grande diversité d’especes qu’il
contient. Parmi toutes ces especes, le tétra mexicain Astyanax mexicanus est un modele
pertinent pour explorer les mécanismes de détermination du sexe en lien avec la grande

diversité populationnelle entre les morphotypes de rivieres et ceux des grottes (cavernicoles)
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Figure 5. Les différentes formes d’ Astyanax mexicanus et la distribution géographique des
populations cavernicoles. (5A) : Une photographie montrant la forme de surface (a gauche) et
la forme cavernicole a (droite) (crédit photo : Alizeée Frezel). (5B) : La cartographie du Nord-
Est du Mexique montrant la distribution géographique de 29 populations de la forme
cavernicole (a gauche). L'icone insérée a droite de la carte correspond a la carte géographique
du Mexique sur laquelle est indiquée la région du Nord-Est du Mexique (rectangle plein). Les
cadres vert, bleu et rouge correspondent respectivement aux populations des régions Micos,
Guatemala et de EI Abra. Les cercles vides et pleins indiquent la localisation approximative des
grottes sur les trois régions. Les lettres (A-G) correspondant aux cercles pleins sur la carte et
indiquent la localisation des grottes dont certains individus sont montrés sur la droite avec les
noms des grottes correspondant avec le code couleur. Droite : exemples de poissons

cavernicoles différents. Adaptée d’apres (Jeffery, 2009).
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et la présence de chromosomes B. Dans les sections suivantes, nous allons porter un accent
particulier sur le modéle Astyanax mexicanus et I’'intérét qu’il présente d’un point de vue

évolutif.

III. Le modéle Astyanax mexicanus

MI.1. Astyanax mexicanus : une seule espéce, plusieurs populations

La famille des characidés est constituée d’une grande diversité d’espéces vivant
exclusivement en eau douce, répartie dans plusieurs régions du Texas, Mexique, Amérique
Centrale et Amérique du Sud (Eschemeyer, 2020). Le genre Astyanax appartenant a cette
famille, est 1'un des plus diversifiés du groupe des Characidés. Leur phylogénie est complexe
et ils sont supposés étre un groupe non monophylétique (Terdn et al., 2020). Parmi les especes
de ce genre, on retrouve Astyanax mexicanus, appelé communément le tétra mexicain, et ayant
la particularité de se présenter en deux morphotypes ou formes tres distinctes d’un point de vue
morphologique (Mitchell et al., 1977). 1l s’agit d’'un morphotype de surface trés commun,
pigmenté et possédant des grands yeux (SF, pour Surface Fish) et d’un autre morphotype

cavernicole dépigmenté et totalement aveugle (CF, pour Cave Fish) (Figure 5A).

Alors que le morphotype de surface bénéficie d’une large distribution géographique dans les
rivieres, les cours d’eau et les lacs de I’ Amérique Centrale, s’étendant jusqu’au Texas aux Etats
Unis (Miller & Smith, 1986), les formes cavernicoles sont, quant a elles, réparties
principalement dans trois chaines de montagnes karstiques au Nord-Est du Mexique (provinces
de San Luis Potosi et Tamaulipas) sur une distance de 200 km de longueur et 60 km de largeur
(Elliott, 2016b; Mitchell et al., 1977). Ces régions ont été dénommées par rapport aux chaines
montagneuses qui dominent chacune d’elles a savoir : la Sierra de El Abra (région de El Abra),
la Sierra de Guatemala (région de Guatemala) et enfin la région de Micos (Sierra de Colmena),
autour de la ville de Ciudad Valles (Figure 5B) (Elliott, 2019; Jeffery, 2009; Mitchell et al.,
1977). Actuellement, seulement 30 grottes parmi les centaines de cavités découvertes dans la

région sont connues pour abriter des populations d’Astyanax mexicanus cavernicoles (Elliott,

2019; Elliott, 2016b; Espinasa et al., 2018; Mitchell et al., 1977).

Initialement lors de la découverte des premiers morphotypes cavernicoles, ces populations ont
été identifiées en tant qu’espéces appartenant au genre Anoptichthys, a l'instar de la population

de la Cueva Chica (4Anoptichthys jordani), la premiere découverte a environ 12 km au Sud-Est
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de Ciudad Valles, San Luis Potosi (Hubbs & Innes, 1936). Ensuite, la deuxiéme population
décrite correspond a celle de la Cueva de El Pachon en tant que Anoptichthys antrobius dans
Tamaulipas (Alvarez, 1946), et enfin la population de la Cueva de Los Sabinos dénommée
Anoptichthys hubbsi (Alvarez, 1947). Cette derniére est située a environ 11 km au Nord-Est de
Ciudad Valles, San Luis Potosi (Mitchell et al., 1977). Ces découvertes ont été suivies par 27
autres populations cavernicoles jusqu'en 2018 (Elliott, 2019; Espinasa et al., 2018; Mitchell et
al., 1977).

En 1957, des séries de croisements entre ces trois populations et celles de surface ont été
réalisées, montrant que les deux formes sont interfertiles et leurs hybrides sont également
fertiles et viables (Sadoglu, 1957). Bien que ces populations des grottes soient initialement
définies comme des especes différentes y compris pour les poissons de surface identifiés
auparavant en tant que Astyanax fasciatus, aujourd’hui dans la littérature, 1’espéce Astyanax

mexicanus regroupe les 30 formes cavernicoles et celles de surface.

Pour distinguer les populations cavernicoles entre elles, les noms des grottes dans lesquelles
elles vivent ont ét¢ attribués a chacune des populations correspondantes. La Sierra de El Abra
regroupe la majorité des grottes contenant des formes cavernicoles d’A. mexicanus avec 21
populations au total délimitées par la Cueva de El Pachon au Nord et les Cuevas de Chica et
del Prieto (Los Cuates) au Sud de la région tout prés de Ciudad Valles. La Sierra de Guatemala,
contient quant a elle, 6 populations et enfin la région Micos comporte 3 populations identifiées
a ce jour (Figure 5B) ( Elliott, 2019; Espinasa et al., 2018; Gross, 2012; Jeffery, 2009; Mitchell
et al., 1977). Parmi toutes ces populations, celles de Molino dans la Sierra de Guatemala et de
la Cueva del Rio Subterraneo dans la région Micos, ou encore les populations de Sotano de la
Tinaja et surtout de la Cueva de El Pachon dans la Sierra de El Abra sont les plus étudiées

(Jeffery, 2020).

D’un point de vue d'accessibilité aux grottes, deux terminologies différentes ont été utilisées
pour distinguer les grottes entres elles a savoir : la “Cueva” pour les grottes dont 1’entrée est
horizontale et peut se faire en marchant et la “Sétano” dont 1’entrée est verticale. Pour des
raisons de simplicité, nous allons regrouper ces deux terminologies dans le terme “grottes”.
Ainsi, l'accessibilité aux populations cavernicoles peut étre facile comme c’est le cas pour la
grotte Pachon. Cependant, certaines d’entre elles nécessitent du matériel adapté et des
compétences particuliéres en spéléologie comme c’est le cas pour la grotte Tinaja dans la Sierra

de El Abra. Bien que I’exploration humaine des grottes du Nord-Est du Mexique n’ait pas
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montré de connexion entre les différentes grottes en raison des difficultés d'accessibilité,
Mitchell et collaborateurs ont suggéré que certaines d’entre elles sont probablement en contact
ou I’ont été par le passé (Mitchell et al., 1977). Par exemple, le nombre trés important de
polymorphismes partagés a certains loci entre les individus de Tinaja et Sabinos suggere
fortement des migrations ou des contacts souterrains entre ces deux populations (Pierre et al.,

2020).

Outre 1’accessibilité plus ou moins facile, les grottes sont trés différentes les unes des autres.
Leurs tailles peuvent aller de 20 métres (m) de longueur pour la grotte Roca jusqu’a 7 202 m
de longueur pour la plus grande, celle de Arroyo (Elliott, 2016b). La profondeur totale des
grottes varie également entre 5 m pour celle de Toro jusqu’a la plus profonde, la grotte Soyate
avec 234 m (Elliott, 2016b). En fonction de la taille des grottes, lorsque le niveau d’eau est bas
en fin de saison se€che, certaines d’entre elles sont constituées uniquement d’une piscine (une
sorte de marre plus ou moins grande), tandis que d’autres ont plusieurs piscines qui se
reconnectent lorsque le niveau d’eau remonte, comme a Pachon (Elliott, 2016b). Cette derniére
est également considérée comme ’une des grottes les plus isolées, située en hauteur dans la
montagne (Figure 5B) (Jeffery, 2009). Pendant la saison séche, 1’accessibilité est bonne, le
niveau d’eau dans certaines piscines peut aller de quelques dizaines de centimétres jusqu’a 2

ou 3 métres seulement, et I’acces aux poissons est relativement facile.

II1.2. Les formes cavernicoles d’Astyanax mexicanus ont-elles une origine

unique ou multiple ?

Depuis la découverte des formes cavernicoles d’Astyanax mexicanus, les questions sur
’origine évolutive et I’age des populations cavernicoles ne cessent d’intriguer les scientifiques
et ont fait I’objet de nombreuses études. Bien que plusieurs auteurs aient conclu que les CF
pourraient avoir des origines multiples suite a plusieurs événements de colonisation des grottes,
la datation de 1I’age des populations cavernicoles est, quant a elle un sujet de discorde.
Actuellement, dans la littérature, la plupart des études réalisées dans ce sens se sont basées
principalement sur 1’analyse de marqueurs mitochondriaux et de microsatellites. En
conséquence, la plupart des publications résultant de ces travaux font référence a 1’existence
de deux groupes : le groupe le plus ancien, El Abra ("vieux"), et les populations les plus jeunes,
Guatemala et Micos ("jeune") (Bradic et al., 2012; Coghill et al., 2014; Dowling et al., 2002;
Gross, 2012; Hausdorf et al., 2011; Strecker et al., 2003; Strecker et al., 2004, 2012).

Cependant, il est important de noter que les résultats sont trés différents d’une étude a 1’autre
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et montrent des contradictions et des incohérences de par les différences soulignées selon les
auteurs, dans la répartition des populations de CF appartenant aux ‘“anciennes” ou aux
“nouvelles” lignées (Bradic et al., 2012; Herman et al., 2018; Ornelas-Garcia et al., 2008;
Strecker et al., 2004). Par exemple, la population de la grotte Pachon est qualifi¢e de “vieille”
d’apres les marqueurs nucléaires, alors que les marqueurs mitochondriaux disent le contraire
("jeune") (Strecker et al., 2003). Il en va de méme pour le temps de divergence des populations
cavernicoles et de surface estimé a 10 000 ans (Gross, 2012; Porter et al., 2007), des centaines
de milliers d’années (Avise & Selander, 1972; Bradic et al., 2012), ou a quelques millions

d’années (Gross, 2012; Ornelas-Garcia et al., 2008; Strecker et al., 2004).

Cependant, ces datations ont été remises en question par les travaux de Fumey et collaborateurs
(2018) grace a I’analyse du polymorphisme nucléotidique entre les populations de surface et
celle de Pachon, et la ré-analyse des microsatellites de différentes populations cavernicoles
(Fumey et al., 2018). Les résultats, basés sur des modélisations de différentes natures,
suggerent fortement que la période a laquelle les deux formes de surface et de grottes ont
divergé est relativement courte et inférieure a 20 000 ans (Fumey et al., 2018). Ces résultats ne
sont donc pas en accord avec les données supposant I’existence de deux lignages (vieux et
jeunes), d’autant plus que la population de Pachén considérée comme “vieille” semble donc
s’étre séparée de la lignée de surface trés récemment (Fumey et al., 2018). Ces données sont
fortement soutenues par I’analyse récente de la “décadence” ou pseudogénisation des geénes
“de vision” (geénes liés a la phototransduction et exprimés exclusivement dans les yeux, sur
lesquels la pression de sélection est totalement relachée en absence de lumiere). Les auteurs
ont identifié une seule mutation perte de fonction parmi les 85 “génes de vision” analysés dans
le génome de Pachdn, suggérant ainsi que cette dégénérescence est trés récente et ne peut dater

de millions d’années (Policarpo et al., 2020).

Les questions sur 1’age des populations cavernicoles ainsi que le nombre de colonisations qui
sont a 1’origine de la trentaine de populations connues dans une région limitée en termes
d’espace sont un débat trés controversé et complexe. Néanmoins, il est maintenant largement
admis que les populations cavernicoles seraient apparues, il y a quelques dizaines de milliers
d’années suite a I’invasion des grottes par une ou plusieurs populations ancestrales de surface,
présentant des yeux et une pigmentation (Fumey et al., 2018; Herman et al., 2018; Policarpo et
al., 2020). Nous sommes donc en présence d’un phénomene évolutif extrémement rapide,

probablement induit par un changement drastique et soudain d’environnement.
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Pachon cave Chica Cave (D) Rio Subterraneo

Figure 6. Les formes de surface et cavernicoles d’Astyanax mexicanus et leurs
environnements respectifs. (A) : Illustration d’un morphotype de surface en provenance de
Nacimiento del Rio Choy. lllustration de trois morphotypes des grottes Pachon (B), Chica (C)
et Rio Subterraneo (D) ainsi que les grottes respectives a chacune des populations. Echelle :
1 cm. D’aprés (Torres-Paz et al., 2018).


https://www.zotero.org/google-docs/?zVvXG9

I1L.3. Astyanax mexicanus : une seule espéce, des environnements contrastés

Les formes de surface et de grottes du tétra mexicain vivent dans des environnements
trés contrastés aussi bien d’un point de vue des paramétres physico-chimiques de 1’eau, qu’en
terme de disponibilité et d’accessibilité a la nourriture ou encore de la luminosité (Figure 6).
La forme de surface tolére une variété d’habitats tels que les eaux stagnantes (mares) ou les
eaux courantes (rivieres et sources d’eau) en présence de la lumiére et ou la disponibilité et
l'accessibilit¢ a la nourriture sont plus avantageuses (Casane & Rétaux, 2016). Ces
environnements sont caractérisés par une végétation importante avec une activité
photosynthétique et accueillent une grande diversité d’espéces de poissons de différentes tailles

(petits et grands) et de zooplancton (Blin et al., 2020; Casane & Rétaux, 2016).

De ce fait, cet environnement assure une disponibilité permanente des ressources alimentaires
aux populations de surface qui se nourrissent généralement du zooplancton, de débris animaux
et végétaux, des petits poissons mais également d’insectes et d’algues filamenteuses (Casane
& Rétaux, 2016). La taille des populations d’A. mexicanus de surface sont beaucoup plus
importantes que celles des grottes, pouvant aller jusqu’a des dizaines de milliers d’individus
(Bradic et al., 2012; Fumey et al., 2018). Ceci facilite probablement le choix et la recherche du

partenaire sexuel pendant les périodes de reproduction (Wilkens & Strecker, 2017).

En revanche, I’environnement des populations de surface peut étre aussi contraignant en raison
de la présence d’autres especes telles que les cichlidés et les cyprinidés, ou les oiseaux, qui
peuvent étre des prédateurs potentiels. De plus, a certaines périodes de I’année, les poissons de
surface peuvent étre soumis a des pressions environnementales qui peuvent se manifester par
des fluctuations de températures quotidiennes (jour/nuit) ou a des hausses périodiques de
températures dans les mares isolées pendant la saison de sécheresse modifiant les facteurs

abiotiques du milieu.

A P’inverse des morphotypes de surface, la taille des populations cavernicoles semble étre
réduite, allant de quelques dizaines a quelques centaines d’individus par population, mais
certaines grottes présentent des populations plus larges par rapport a d’autres (Bradic et al.,
2012; Fumey et al., 2018; Mitchell et al., 1977). Par exemple, des études par capture-recapture
dans la grotte Pachon suggéraient une population totale de 1950+/-1926 individus en 2009 (SR
pers com, Victor Hugo Reynoso). Par conséquent, la taille de la population peut étre une
contrainte lors de la recherche et du choix du partenaire sexuel pour se reproduire (Wilkens &

Strecker, 2017).
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Bien que les températures moyennes soient relativement stables dans les grottes (autour de
23 °C), les formes cavernicoles vivent dans 1’obscurité totale de fagon permanente, en absence
de toute activité photosynthétique et de production primaire (Figure 6) (Elliott, 2016a). En plus
de I’absence totale de lumiére, il est largement admis que I’environnement cavernicole est trés
pauvre en nutriments et dépend particuliecrement de la présence ou absence de colonies de
chauves-souris, ou de I’occurrence des inondations saisonniéres pouvant apporter de la maticre
organique dans les grottes de maniere irréguliére (Culver & Pipan, 2009; Mitchell et al., 1977).
De ce fait, I’environnement cavernicole est souvent décrit comme trés contraignant voire

“extréme”.

Dans la grotte Chica, il a été rapporté que les CF se nourrissent principalement de la maticre
organique (débris) apportée lors des épisodes d'inondations, des mouches, des papillons de nuit,
des grenouilles mortes, des criquets ou encore des chauves-souris mortes ou de leurs
excréments autrement appelés “le guano” (Figure 6C) (Elliott, 2016b). Outre la population de
Chica, les grottes de Los Sabinos et Pachon (Figure 6B) abritent plusieurs colonies de chauves-
souris qui constituent un apport de nourriture important et probablement constant (les parasites
et invertébrés du guano) durant toute 1’année, contrairement aux autres grottes qui abritent trés
peu de colonies a I’exemple de Tinaja avec 2 colonies ou Rio Subterraneo (Figure 6D) avec

une seule colonie (Elliott, 2016b).

Trés peu d’études se sont intéressées a la caractérisation du régime alimentaire des tétra
mexicains dans les grottes hormis celle d’Espinasa et collaborateurs (2017) dans la grotte
Pachon. Les analyses des contenus stomacaux et intestinaux des jeunes larves et adultes des A.
mexicanus de cette grotte ont montré qu’en plus de certains contenus non-identifiables qui
pourraient correspondre aux guanos des chauves-souris, les jeunes larves se nourrissent
principalement de micro-arthropodes vivants, tandis que les adultes se nourrissent plutot de

guano, d’autres débris et d’insectes morts (Espinasa et al., 2017).

I11.4. Astyanax mexicanus : 1’adaptation convergente a un environnement

extréme

Pour s’adapter a I’environnement cavernicole, les 30 populations de grottes d’Astyanax
mexicanus identifiées a ce jour ont développé un certain nombre de traits régressifs et
constructifs troglomorphiques qui ont évolu¢ indépendamment a plusieurs reprises. Certains

de ces traits sont largement partagés y compris avec d’autres especes troglodytes
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Figure 7. Exemples de différences majeures entre les poissons de surface (SF) et les
poissons cavernicoles (CF). (a) : Hybridation in situ montrant des différences d'expression de
pax6 a partir du stade de la plaque neurale (en haut) aux stades tardifs de la vésicule optique
(en bas). ef : champ oculaire ; ov vesicule optique. (b) : Hybridation in situ montrant les
différences d’expression de aA-crystallin dans le cristallin vu des cotés latéral et dorsal a 40
hpf (heures post fécondation). D'aprés (Ma et al., 2014). (c) : Vue dorsale des différences
morphologiques du cerveau adulte vu de face. ot : tectum optique ; ol : lobe olfactif. (d) :
Différences morphologiques au niveau de la téte et du marquage anti-tyrosine hydroxylase
montrant des différences dans les régions neuronales olfactives (on) chez les larves de 6 jpf
(jours post fécondation). (e) : Squelettes larvaires montrant des différences dans le nombre de
cotes (r et cadre). (f) : Larves colorées par DASPEI montrant des différences dans la densité
des neuromastes craniens. (g) : Test d’attraction aux vibrations (VAB) en laboratoire montrant
des tracés de trajectoires (rose) dans des chambres par rapport a la position d'une tige de verre
vibrante (au milieu). (h) : Différences de taille des méachoires et du nombre de dents chez les
adultes. te : dents. (i) Sclére isolée marquée en bleue (le cartilage) et en rouge (I’os) montrant
les différences de taille et de formation tige optique (0s). (j) : Différences de comportement
dans la prise alimentaire par rapport au substrat. (f) et (g) : reproduites a partir de (Yamamoto
et al., 2010). D’apres (Jeffery, 2020).



phylogénétiquement éloignées tels que I’albinisme et la perte des yeux. A noter que les yeux
se développent normalement chez Astyanax mexicanus cavernicole durant 1'embryogencse,
mais a partir de 40 heures aprés fécondation le cristallin entre en apoptose (Figure 7b)
provoquant la dégénérescence de I’ceil (Hinaux et al., 2015; Jeffery, 2020; Yamamoto &

Jeffery, 2000).

L’albinisme chez Astyanax mexicanus est causé par des mutations perte de fonction dans le
gene Oca? (oculocutaneous albinism 2), qui intervient lors des premicéres étapes de la voie de
syntheése de la mélanine. Ces mutations sont responsables de la perte de synthése de la mélanine
dans les populations cavernicoles (Bilandzija et al., 2013; Protas et al., 2006). De facon
frappante, le méme gene (Oca?) est responsable de 1’albinisme chez Pachén et Molino, mais
les mutations (ponctuelles et délétions d’exons) qui sont retrouvées dans ces deux populations
d’origine indépendantes sont différentes. Nous sommes donc ici dans un cas d’évolution

paralléle.

En plus du géne Oca?, le gene Mc1r (Melanocortin type 1 receptor) a également été la cible de
mutations répétées et indépendantes, qui entrainent une dépigmentation au sein de plusieurs

populations cavernicoles d’Astyanax mexicanus (Gross et al., 2009).

Outre I’albinisme et la perte des yeux, les poissons cavernicoles ont développé d’autres traits
qui les différencient de leurs congénéres de surface tels que la réduction de la taille des écailles
d’environ de 10 a 13 % par rapport a celle des surfaces (Simon et al., 2017). Les CF ont une
vertebre en moins (Figure 7e), possedent une grande bouche contenant plus de dents (Figure
7h) et un nombre important de neuromastes craniaux (Figure 7f) (Dowling et al., 2002;
Yamamoto et al., 2003; Jeffery, 2020). Pour trouver de la nourriture dans le noir, les poissons
cavernicoles ont développé un odorat trés performant (Blin et al., 2018; Hinaux et al., 2016).
A cela s’ajoute le nombre important de bourgeons gustatifs (Varatharasan et al., 2009;
Yamamoto et al., 2009), accompagné d’un systeme olfactif plus développé (Figure 7c,d) et
d’un nombre supérieur de neuromastes de grande taille sur la ligne latérale par rapport aux
populations de surfaces (Bibliowicz et al, 2013; Jeffery, 2020). Les neuromastes constituent un
systéme sensoriel spécifique a la plupart des poissons et amphibiens qui permet de détecter les

mouvements et les vibrations de 1'eau (Yoshizawa et al., 2010).

D’un point de vue comportemental, dans le noir, les poissons de surface adoptent un angle de
90 °C lors de la recherche de nourriture au fond, tandis que les poissons des grottes s'inclinent

de 45 °C seulement leur permettant d’étre plus efficaces dans la recherche de la nourriture
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(Schemmel, 1980; Yamamoto et al., 2009). De plus, les poissons cavernicoles d’4. mexicanus
se déplacent de maniere individuelle et sont moins agressifs contrairement a leurs congéneres
de surface qui se déplacent en bancs et adoptent un comportement agressif (Elipot, Hinaux, et
al., 2014; Kowalko et al., 2013). Ils ont également développé un comportement d’attraction
aux vibrations (VAB, pour Vibration Attraction Behavior) (Figure 7g). Ce comportement
semble étre une adaptation qui permet une détection plus efficace des aliments qui tombent a

la surface de I'eau (Yoshizawa et al., 2010; Yoshizawa, Ashida, et al., 2012).

Le métabolisme des populations cavernicoles a également évolué. En plus de la fécondité
réduite chez les Astyanax cavernicoles (Simon et al., 2019), leurs ceufs sont légerement plus
gros et contiennent plus de réserves que les ceufs des poissons de surface (Hiippop & Wilkens,
1991). Par ailleurs, ils ont une meilleure absorption des nutriments particulierement aux stades
larvaires (Riddle, Boesmans, et al., 2018), ont plus de réserves adipeuses (Aspiras et al., 2015;
Xiong et al., 2018) et ont développé une insulino-résistance avec une augmentation de leur
masse corporelle (Riddle, Aspiras, et al., 2018). Ils ont un taux métabolique standard plus faible
que le morphotype de surface (Salin et al., 2010). Ils ont éliminé les rythmes circadiens dans
leur métabolisme, ce qui leur confeére une capacit¢ d’économie d'énergie d'environ 30 %

(Moran et al., 2014), et ils dorment trés peu (Keene & Borowsky, 2011; Duboué et al., 2012).

L’ensemble de ces traits adoptés au cours de I’évolution par les populations cavernicoles
apparaissent comme des réponses adaptatives dans un environnement pauvre en nourriture,
limité en termes d’espace et totalement dépourvu de lumicre. Pour survivre dans de telles
conditions naturelles, les Astyanax ont évolué¢ aussi bien d’un point de vue comportemental,
physiologique que morphologique pour économiser de I’énergie (la perte de 1’ceil et du rythme
circadien), augmenter leur efficacité dans la recherche de nutriments (capacités sensorielles
trés développées), et résister face au manque de nutriments (évolution du métabolisme et

augmentation des réserves).

ITL.S. La diversité génétique et phénotypique dans un contexte d’une évolution

répétée chez Astyanax mexicanus

L’existence de populations cavernicoles évoluant en paralléle ou par convergence a partir
d’un ancétre de surface est une excellente opportunité pour tenter de comprendre la complexité
des relations entre phénotypes et génotypes dans un contexte d’une évolution répétée. Cette

complexité est notamment illustrée par la dégénérescence de la “vision” qui fait intervenir
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environ une douzaine de génes qui peuvent étre uniques a une population ou en partie partagées
(Borowsky, 2008). Le geéne chsa (cystathionine B-synthetase a) présente la méme mutation
dans les populations de Pachon et de Tinaja (groupe de El Abra), tandis que celle de Molino
(groupe de Guatemala) présente une mutation différente au méme endroit (Ma et al., 2020).
D’un autre coté, le gene responsable de I’albinisme, Oca2, présente des mutations différentes
entre les CF de Molino (groupe de Guatemala) et les CF de Pachon et de Japonés (groupe de
EL Abra) (Protas et al., 2006). De méme, le géne mclr présente également des mutations
différentes, a savoir une délétion de 2 bp dans la population de Pachén a I’extrémité 5° codante
du transcrit et une mutation ponctuelle modifiant 1’acide aminé codé d’arginine en cystéine
dans les populations de Yerbaniz et Japongs (les trois populations faisant partie du groupe El

Abra) (Gross et al., 2009).

Outre I’albinisme et la perte des yeux, les caractéristiques cranio-faciales et squelettiques ont
¢galement subi des modifications importantes dans les populations cavernicoles par rapport
leurs congéneres de surface telles que la taille et la forme des os ainsi que la présence de
nombreuses asymétries latérales. Ces différences sont aussi observables entre les populations
cavernicoles ; cependant les mécanismes génétiques sous-jacents restent encore flous (Gross et

al., 2014; Keene et al., 2016).

D’un point de vue comportemental, des différences significatives entre les populations des
grottes ont été rapportées pour de nombreux phénotypes cavernicoles. Ces variations
phénotypiques pourraient étre associées étroitement a la diversité des déterminismes
génétiques sous-jacents. C’est le cas de 1’agressivité souvent associée aux poissons de surface
et qui semble étre plus ou moins conservée chez les CF de Molino mais qui est complétement

perdue chez les CF de Pachon (Elipot et al., 2012).

D’un point de vue sensoriel, le VAB est supposé aider les poissons des grottes a localiser la
nourriture dans 1’obscurité totale (Yoshizawa et al., 2010; Yoshizawa, Ashida, et al., 2012).
Néanmoins, ce comportement est présent dans certaines populations telles que Pachon, Los
Sabinos et Piedras (tous les trois du groupe El Abra) mais absent dans celle de Molino
(Yoshizawa, Ashida, et al., 2012). Cette variation peut s’expliquer par les différences observées
dans le déterminisme parental de ce comportement entre les populations de Pachon et de Los
Sabinos (Yoshizawa, Yamamoto, et al., 2012). De plus, les travaux récents de Blin et
collaborateurs (2020, sous presse) réalisés dans le milieu naturel, ont montré des différences

de réponse olfactive (absence ou présence) entre différentes populations y compris dans la

37



Figure 8. Dimorphisme sexuel chez Astyanax mexicanus. (A-L) : Comparaison des poissons
de surface femelle (A-C) et male (D-F) avec les poissons cavernicoles femelle (G-I) et male (J-
L), pour la morphologie générale (A, D, G, J), les rayons des nageoires anales (B, E, H, K), et
les denticules des nageoires anales (C, F, I, L). Les fleches montrent la forme concave de
I’abdomen chez les males (D, J) et les denticules (F, L). Barres d’échelles : 1 cm (A, D, G, J),
I mm (B, E, H, K), et 500 um (C, F, I, L). D’apres (Elipot, Legendre, et al., 2014).



méme région (Pachon, Los Sabino et Tinaja) suite a des stimuli odorants externes (Blin et al.,
2020). Bien que les mécanismes génétiques contrdlant ces capacités sensorielles restent
inconnus, les auteurs ont suggéré que 'absence de réponse dans les grottes de Sabinos et Tinaja
ne serait pas liée a la réduction des capacités sensorielles mais plutot a 1’utilisation équilibrée

de leur expression en fonction des conditions environnementales locales (Blin et al., 2020).

Ces données montrent que les mémes geénes porteurs de différentes mutations peuvent étre
responsables du phénotype cavernicole dans différentes populations suggérant ainsi une origine
complexe et une évolution indépendante des différentes populations cavernicoles. Par
conséquent, chaque grotte semble étre un cas particulier en termes de phénotype et de

combinaisons d'alléles.

I11.6. Mais qu’en est-il de la détermination du sexe et de son évolution chez

Astyanax mexicanus ?

La distinction entre le sexe male et le sexe femelle avant 1'age adulte chez le tétra
mexicain ne peut se faire que sur des critéres histologiques a partir de la différenciation
gonadique; ou alors a 1’age adulte (~ 1 an), en se basant sur le dimorphisme sexuel d’un point
de vue purement morphologique (Figure 8) (Elipot, Legendre, et al., 2014). A ce stade, la
différenciation peut se faire sur la base de la longueur du corps qui est plus importante chez les
femelles que chez les males. De plus, ’abdomen des méles présente une forme concave du coté
antérieur de 1’orifice anal, tandis que les femelles ont une forme convexe a ce niveau-1a. Enfin,
les males posseédent des petits denticules sur la nageoire anale et que I’on peut sentir au toucher,
contrairement aux femelles qui ont une nageoire anale lisse (Figure 8) (Elipot, Legendre, et al.,

2014).

Le(s) systeme(s) de détermination du sexe chez le tétra mexicain n’ont jamais été¢ explorés.
Cependant, il existe des travaux rapportant des déviations du sex-ratio suite a des croisements
de couples de males et de femelles dans certaines populations de surface et cavernicoles. Ainsi,
dans les travaux d’Elipot et collaborateurs (2014), des séries de croisements entre males et
femelles des morphotypes cavernicoles et de surface (CF X SF) puis entre populations
cavernicoles uniquement (CF X CF) ont été réalisés et le sex-ratio a été analysé a 1’age adulte
sur la base des critéres morphologiques précédemment mentionnés (> 6 mois) (Tableau 1)
(Elipot, Legendre, et al., 2014). Les résultats montrent que les croisements hybrides entre des

males Pachon ou Molino et des femelles de surface originaires du Texas donnent un sex-ratio
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Tableau 1: Sex-ratio dans les différents croisements inter-populations (*, P < 0.05)

Reproduction Ratio
Effectif Nombre Nombre
de de p-Value Significativité
Male Femelle total N femelles
femelles males
(%)
Surface
Pachén (Texas) 7 2 5 28 0.4531 ns
Molino Surface 7 5 2 71 0.4531 ns
(Texas)
Surface Pachon 7 7 0 100 0.01563 *

Molino Pachén 7 7 0 100 0.01563 *




de 50 : 50 dans les deux cas. Inversement, les croisements de femelles Pachon avec des males
Molino ou de surface donnent des progénitures a 100 % femelles dans les deux cas (Elipot,
Legendre, et al., 2014). Ces résultats préliminaires semblent étre intéressants mais la taille des

¢échantillons est trop réduite (7 individus par échantillon) pour étre concluante.

Par ailleurs, d’autres séries de croisements ont été réalisées entre males et femelles (un couple
par croisement) entre des populations de surface provenant de plusieurs localités ou de grottes
différentes de la Sierra de Guatemala et de ElI Abra (Wilkens & Strecker, 2017). Les résultats
de ces croisements montrent que pour toutes les populations cavernicoles utilisées (Pachon,
Micos, Molino, Curva, Piedras et Yerbaniz), le sex-ratio est a chaque fois de 50 : 50 a
I’exception de Micos 3, une population qui subit de manic¢re permanente I’introgression des
morphotypes de surface et qui présente une déviation du sex-ratio en faveur des males (Tableau

2) (Wilkens & Strecker, 2017).

Cependant, pour les populations de surface, le sex-ratio est biaisé, soit en faveur des males soit
en faveur des femelles indépendamment de I'origine de la population (Tableau 2) (Wilkens &
Strecker, 2017). La encore, les résultats sont intéressants mais restent lacunaires. En effet,
aucune précision n’a été¢ apportée quant aux conditions d'élevage (température, oxygene,
densité...). En outre, sur la plupart des croisements, les effectifs sur lesquels sont fondées les
analyses du sex-ratio sont réduits en particulier pour les populations cavernicoles (de 1’ordre
de 20 a 40 individus par croisement) (Wilkens & Strecker, 2017). Néanmoins, les auteurs
suggerent 1'existence d’une transition d’un systeme de détermination du sexe polygénique chez
les poissons de surface vers un systéme de détermination du sexe purement génétique de type
monofactoriel simple chez les populations des grottes examinées (Wilkens & Strecker, 2017).
Ces hypothéses, fondées uniquement sur 1’analyse des sex-ratios des différents croisements,

nécessitent d’étre confirmées ou infirmées par d’autres approches.

IL.7. Astyanax mexicanus : un modéle pour les études comparatives a une échelle

micro-évolutive

Astyanax mexicanus se distingue des nombreuses espéces cavernicoles identifiées a ce jour
du fait qu’elle fait partie des rares especes pour lesquelles des formes de surface et des formes
cavernicoles dérivant de 'ancétre commun existent encore et sont toujours accessibles. Bien
qu’une origine ancienne des CF a été pendant longtemps soutenue dans la littérature, les

données récentes suggerent fortement que 1’invasion des grottes du Nord-Est du Mexique par
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Tableau 2 : Sex-ratios dans les croisements par couples de poissons de surface et

cavernicoles d’Astyanax mexicanus

Reproduction Nombre de  Nombre de males X2 Significativité
femelles
Poissons de surface
Rio Coy 1 40 81 13.8926 Fxk
Rio Coy 2 177 108 16.7053 Fxk
Rio Coy 3 11 75 47.6279 falalal
Rio Coy 4 26 70 20.1667 falalel
Rio Teapao 184 70 51.1654 Fhx
Poissons cavernicoles

Pachon 1 20 25 0.5556 ns
Pachon 2 17 13 0.5333 ns
Pachon 3 12 14 0.1538 ns
Pachon 4 20 23 0.2093 ns
Piedras 1 66 58 0.5161 ns
Piedras 2 34 33 0.0149 ns
Piedras 3 20 12 2.0000 ns
Curval 22 25 0.1915 ns
Curva?2 15 18 0.2727 ns
Yerbaniz 13 13 0.0000 ns
Molino 1 65 64 0.0078 ns
Molino 2 8 13 1.1905 ns
Micos 1 55 72 2.2756 ns
Micos 2 15 16 0.0323 ns
Micos 3 44 72 6.7586 e
Micos 4 17 15 0.1250 ns




les populations ancestrales de surface d’Astyanax mexicanus est relativement récente (moins

de 20 000 ans) (Fumey et al., 2018; Policarpo et al., 2020).

Ainsi, le tétra mexicain devient une “espece modele” qui a été étudiée de maniére intensive ces
derniéres années notamment d’un point de vue évolutif et développemental par des approches
de génétique et génomique comparatives, afin de mieux comprendre le déterminisme des traits
biologiques adaptatifs a la vie cavernicole, et ceci au sein de la méme espece (Keene et al.,
2016; Wilkens & Strecker, 2017). Les études s'intéressant a la compréhension des traits
adaptatifs développés dans un environnement “extréme” sont particulierement focalisées sur la

dégénérescence de 1’ceil, I’albinisme, et les modifications comportementales.

Plus récemment, les formes cavernicoles d’Astyanax mexicanus ont émergé comme un modéle
d’étude pour la recherche bio-médicale et les pathologies humaines notamment depuis la
découverte des défauts dans la régénération du cceur (Stockdale et al., 2018) ou sa résistance a
I’insuline suite a la mutation qui touche le géne du récepteur a I’insuline (insra) responsable de
I’insulino-résistance chez ’homme (Riddle, Aspiras, et al., 2018). Chez certaines populations
de CF, cette mutation provoque une dérégulation de 'homéostasie du glucose sanguin et une
hyperglycémie. Cependant, cette insulino-résistance provoquant une augmentation du poids
n’affecte aucunement leur longévité puisqu’ils vivent au moins autant que leurs congénéres de
surface (Riddle, Aspiras, et al., 2018). Enfin, la découverte d’une mutation dans le géne de la
MAO (Monoamine Oxidase; enzyme de dégradation des monoamines cérébrales, sérotonine et
dopamine) qui s'avérerait totalement délétére chez I’homme, affecte “seulement” la réponse au

stress chez Astyanax cavernicole (Elipot, Hinaux, et al., 2014; Pierre et al., 2020).

Outre la pertinence de ce mod¢le, de nombreuses ressources génomiques sont disponibles et
en libre acces : génomes, transcriptomes et cartographie génétique. C’est une espéce qui est
relativement facile a élever ou a reproduire en laboratoire (Elipot, Legendre, et al., 2014). De
plus, les techniques d’édition de génomes comme le CRISPR/cas9 ont été également
développées permettant ainsi de réaliser des études fonctionnelles (Devos et al., 2019; Stahl et

al., 2019).
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PROJET DE THESE






Contexte scientifique de la these

Compte tenu de la plasticité des mécanismes de détermination du sexe chez les poissons
téléostéens, qui représentent environ la moitié des espéces de vertébrés, 1’intérét d’étudier ces
mécanismes dans ce groupe est particulierement évident non seulement d’un point de vue
appliqué, notamment pour 1’aquaculture, mais aussi d’un point de vue fondamental en biologie
évolutive. Cependant et malgré cette diversité des poissons, seulement quelques geénes
déterminants majeurs du sexe ont été identifiés a ce jour. Ces derniers ne sont pas ou trés peu
conservés entre les espeéces y compris celles du méme genre. Ce renouvellement fréquent et
rapide des génes SD est étroitement associé a I’évolution des chromosomes sexuels qui sont
généralement peu différenciés chez les poissons. La découverte de nouveaux systemes de
détermination du sexe et de geénes SD sera donc d’une importance majeure afin d’améliorer

notre compréhension des mécanismes évolutifs derriére cette diversité.

Concernant les chromosomes B, bien qu’aucune preuve fonctionnelle n’ait montré leur
implication directe dans la détermination du sexe chez les poissons, certaines études suggerent
que les chromosomes B auraient dérivés de chromosomes sexuels ou vice-versa. Chez les
poissons téléostéens, la fréquence des Bs chez certaines especes serait plus élevée dans un sexe
que dans un autre, ou encore les Bs seraient exclusivement restreints a un sexe phénotypique.
De ce fait, les poissons offrent donc I’opportunité d’explorer le réle énigmatique que jouent les
chromosomes B dans le processus de détermination du sexe pour tenter de répondre aux
nombreuses questions relatives a 1’évolution des chromosomes B et des chromosomes sexuels

qui restent sans réponse.

La question sur I’évolution des systémes SD chez les poissons a pour I’instant été explorée
principalement dans un contexte de macro-évolution, e.g., soit en comparant des especes trés
différentes sur des périodes évolutives treés longues, soit des espéces trés proches et donc sur
des périodes évolutives un peu plus courtes. Dans ce contexte, il est plus que nécessaire
d’explorer les mécanismes de détermination du sexe chez d’autres groupes ou especes de
poissons afin d’apporter des éléments qui pourraient aider a élucider le role des Bs dans ce

processus.

A ce titre, le tétra mexicain appartenant au groupe des characiformes dans lequel aucun
déterminant n’a été identifié a ce jour, représente un choix quasi-unique pour 1’étude des

mécanismes de détermination du sexe, I’implication des Bs dans ce processus et les génes
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déterminants du sexe a une échelle micro-évolutive. La particularité de cette espéce réside dans
I’existence et 1’accessibilité¢ des formes de surface et des grottes souvent considérées comme
des “mutants naturels”, en plus des populations qui subissent une hybridation introgressive par
des populations de surface. Ainsi, ce projet de theése se propose d’aborder 1’évolution a une
échelle intra-spécifique ou micro-évolutive (< 20 000 ans) de ces mécanismes chez les
différentes populations d’Astyanax mexicanus qui ont évolué¢ de maniérerépétée suite a

I’adaptation a un environnement contraignant.

Objectifs et stratégie de la these

L’objectif principal de ce travail était d’explorer la micro-évolution des mécanismes de
détermination du sexe et des génes SD entre les morphotypes de surface et ceux des grottes
chez Astyanax mexicanus. Pour ce faire, nous avons fait le choix de réaliser cette étude sur la
population de la grotte Pachon et sur une population de surface qui avait été initialement
collectée a San Solomon Spring, Balmorhea State Park, Texas. Ces deux populations sont
¢levées dans le laboratoire de Sylvie Rétaux, ma co-directrice de theése, depuis 2004 et
provenaient du laboratoire de Jeffery de l'université du Maryland, College Park, MD. Ces

colonies sont élevées au laboratoire depuis plusieurs générations.

Les données existantes dans la littérature, suggerent 1’existence d’un systéme monofactoriel
simple chez les populations cavernicoles et un systéme plus complexe chez les poissons de
surface (Wilkens & Strecker, 2017). De plus, les données préliminaires obtenues au sein de
mes deux laboratoires d’accueils, avant mon arrivée en thése, corroboraient I’hypothése d’une
micro-évolution des systémes de détermination du sexe entre les populations de surface et
celles des grottes. Afin de répondre a la question de ’existence d’une transition dans les
mécanismes de détermination du sexe chez cette espéce, nous avons proposé une stratégie de

recherche en trois axes.

Dans la premiére partie, I’objectif était d’identifier la fenétre de différenciation gonadique chez
la population de la grotte Pachon. Pour ce faire, nous nous sommes intéressés aux “patterns”
de migration des cellules germinales primordiales qui sont considérés comme 1’une des
premigéres étapes de la formation des gonades, et ce, des les premiers stades de développement
embryonnaire. D’un autre c6té et par une approche histologique, nous avons suivi les grandes
¢tapes de la différenciation gonadique a partir de quelques jours apres éclosion jusqu’a la

différenciation compléte en ovaires ou en testicules. Cette différenciation histologique a été
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associée a une analyse moléculaire qui avait pour but la caractérisation des profils d’expression
des génes candidats connus pour jouer un rdle clé dans le processus de différenciation sexuelle

et de la stéroidogenese. Cette étude est publiée (sous presse).

Dans la deuxiéme partie, nous nous sommes intéressés a la caractérisation du ou des systémes
de détermination du sexe chez Astyanax mexicanus de la grotte Pachon. En combinant
différentes approches génomiques et cytogénétiques, nous avons identifi¢ la présence
prédominante de microchromosomes B chez les males. Nous avons démontré que ces
microchromosomes B contiennent deux loci dupliqués du géne gdf6b (gdf6b-B), potentiel
candidat dans le role du gene déterminant majeur du sexe. Par la suite, la liaison de gdf6b-B au
sexe male a été vérifié sur un nombre important d’animaux (males et femelles). Pour
comprendre son réle dans le processus de la SD, les profils d’expression de gdf6b ont été
analysés par qPCR pendant le développement gonadique. Enfin, pour vérifier s’il est nécessaire

ou non a la détermination du sexe, gdf6b a été inactivé par le systétme CRISPR-Cas9.

Dans la derni¢re partie, I’objectif était de confirmer ou d’infirmer I’hypothése de I’existence
d’une transition d’un déterminisme complexe chez les SF vers un systéme monofactoriel
simple chez les CF. Suite a I’identification de gdf6b-B comme potentiel déterminant majeur du
sexe chez les CF de Pachon, nous avons exploré 1I’implication des chromosomes B et de leurs
loci gdf6b dans la détermination du sexe chez la population de surface originaire du Texas.
Pour cela, différentes approches génomiques et cytogénétique ont été utilisées ici. Nos données
montraient un systéme de détermination du sexe complexe chez les poissons de surface (Texas)
avec I’implication partielle des microchromosomes B et de leurs loci gdf6b uniquement chez
certains males. Enfin, cette étude a été étendue aux populations sauvages cavernicoles et de

surface du Nord-Est du Mexique.

En annexe (Annexe 1), je présente également un manuscrit publié dans lequel je suis co-auteur,
et qui correspond a ma participation a une mission de terrain au Mexique en mars 2019 :
“Diversity of olfactory responses and skills in Astyanax mexicanus cavefish populations

inhabiting different caves”, par Maryline Blin et al. (Blin et al., 2020).
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RESULTATS






Les résultats de ces travaux de thése ont donné lieu a une publication acceptée dans un journal

international a comité de lecture et deux autres publications en préparation.

PUBLICATION N°1 :

Boudjema Imarazene, Séverine Beille, Elodie Jouanno, Adéle Branthonne, Violette Thermes,

Manon Thomas, Amaury Herpin, Sylvie Rétaux, and Yann Guiguen. (2020). Primordial germ
cell migration and histological and molecular characterization of gonadal differentiation in

Pachon cavefish Astyanax mexicanus. (Accepted in Sexual Development)
PUBLICATION N°2 :

Boudjema Imarazene, Séverine Beille, Elodie Jouano, Romain Feron, Céline Lopez-Roques,

Adrien Castinel, Lisa Gil, Claire Kuchly, Celine Donnadieu, Hugues Parrinello, Laurent
Journot, Cédric Cabau, Margot Zham, Christophe Klopp, Alexandr Sember, Tomas Pavlica,
Ahmed Al-Rikabi, Thomas Liehr, Sergey Simanovsky, Joerg Bohlen, Julie Perez, Frédéric
Veyrunes, John H. Postlethwait, Manfred Schartl, Amaury Herpin, Sylvie Rétaux, and Yann
Guiguen. A supernumerary “B-sex” chromosome controls sex determination in the Pachén

cave, Astyanax mexicanus. (en préparation)
PUBLICATION N°3 :

Boudjema Imarazene, Séverine Beille, Elodie Jouano, Romain Feron, Céline Lopez-Roques,

Hugues Parrinello, Laurent Journot, Cédric Cabau, Margot Zham, Christophe Klopp, Julie
Perez, Frédéric Veyrunes, John H. Postlethwait, Manfred Schartl, Amaury Herpin, Sylvie
Rétaux, and Yann Guiguen. Evolution of sex determination in Astyanax mexicanus

morphotypes and populations. (en préparation)

Ces résultats ont également été présentés dans quatre conférences internationales et deux

conférences nationales (le nom du présentateur est souligné dans la liste ci-dessous)
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Imarazene Boudjema, Herpin Amaury, Anderson Jennifer, Postlethwait John. H, Schartl

Manfred, Rétaux Sylvie, and Guiguen Yann. Micro-evolution of sex determination
mechanisms and sex determining genes in the cavefish, Astyanax mexicanus. 1st European

Symposium on Sex Determination in Vertebrates, Mar 01-04. 2017, Dinard (France) - Oral

Imarazene Boudjema, Herpin Amaury, Feron Romain, Anderson Jennifer, Postlethwait John.

H, Schartl Manfred, Rétaux Sylvie, and Guiguen Yann. Micro-evolution of sex determination
mechanisms and sex determining genes in the cavefish, Astyanax mexicanus. DDiGoV-
Réunion transversale “Différenciation des Gonades chez les Vertébrés” Mar 12. 2018,

Rennes (France) - Oral

Imarazene Boudjema, Herpin Amaury, Feron Romain, Anderson Jennifer, Postlethwait John.

H, Schartl Manfred, Rétaux Sylvie, and Guiguen Yann. Micro-evolution of sex determination
mechanisms and sex determining genes in the cavefish, Astyanax mexicanus. 8th International

Symposium on Vertebrate Sex Determination, Apr 16-20. 2018, Hawaii (USA) - Oral

Imarazene Boudjema, Herpin Amaury, Feron Romain, Anderson Jennifer, Postlethwait John.

H, Schartl Manfred, Rétaux Sylvie, and Guiguen Yann. Micro-evolution of sex determination
mechanisms and sex determining genes in the cavefish, Astyanax mexicanus. Astyanax

International Meeting, Apr 17-20. 2019, Queretaro (Mexico) - Oral

Imarazene Boudjema, Herpin Amaury, Feron Romain, Anderson Jennifer, Postlethwait John.

H, Schartl Manfred, Rétaux Sylvie, and Guiguen Yann. Micro-evolution of sex determination
mechanisms and sex determining genes in the cavefish, Astyanax mexicanus. Ist Scientific

days of EGAAL, Jul 04-05. 2019, Rennes (France) - Poster

Boudjema Imarazene, Séverine Beille, Elodie Jouano, Romain Feron, Céline Lopez-Roques,
Hugues Parrinello, Laurent Journot, Christophe Klopp, Julie Perez, Frédéric Veyrunes, John

H. Postlethwait, Manfred Schartl, Amaury Herpin, Sylvie Retaux, Yann Guiguen.

Characterization of the sex determining system(s) of the Mexican tetra, Astyanax mexicanus.

Paradigm shift in sex chromosome evolution. Sep 20. 2019, Berlin (Gemany)

Dans mon manuscrit de thése, ces résultats seront présentés sous forme de trois parties

correspondant aux trois publications.
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Publication N° 1 :

Migration des cellules germinales primordiales et caractérisation histologique et
moléculaire de la différenciation gonadique chez I’Astyanax mexicanus de la grotte

Pachon

Objectifs

La différenciation sexuelle est un processus physiologique trés important qui conduit le
développement des gonades d’un stade indifférencié vers des gonades e.g., testicules et ovaires
différenciés. La compréhension de ce processus est une étape clé pour les études des systémes
de détermination du sexe. En absence de données préalables sur ce sujet chez 1’Astyanax
mexicanus, 1’objectif principal de cet article était donc d’explorer la différenciation sexuelle
aussi bien d’un point de vue cellulaire, morphologique que moléculaire afin de définir les

principales étapes de ce processus chez notre modele d’étude.

Contribution personnelle

Je me suis intéressé dans un premier temps au suivi de la trajectoire migratoire des
cellules germinales primordiales pendant le développement embryonnaire grace a I’injection
de la construction (ARNm 3’UTR-nanos! couplé a la GFP). Par la suite et sur la base de mes
observations personnelles, j’ai élaboré le plan expérimental de cette étude et fait des
prélevements de fagcon a couvrir les grandes étapes de la différenciation sexuelle d’un point de
vue morphologique (histologie). J’ai associ¢ la différenciation morphologique avec les
principaux marqueurs connus pour étre impliqués dans le processus de différenciation chez
d’autres especes (identification des génes d'intérét, analyse des séquences et design de primers).
Enfin, j’ai analysé et mis en forme I’ensemble de toutes les données présentées dans cet article.

Apres analyse des résultats, j’ai rédigé ce manuscrit.

Expérimentations en cours auxquelles j’ai participé

En plus des génes explorés dans cette publication, j’ai également initié¢ I’analyse des
profils d’expression d’autres génes qui sont impliqués dans la différenciation gonadique

(wnt4a, fsta, fstb, Rspol, sox3, sox9).
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ABSTRACT

Genetic regulatory network governing vertebrate gonadal differentiation appears less
conserved than previously thought. Here, we investigated gonadal development of Astyanax
mexicanus Pachon cavefish, by looking at primordial germ cells (PGCs) migration and
proliferation, gonad histology and gene expression patterns. We show that PGCs are first
detected at the 80% epiboly stage and then reach the gonadal primordium at one day post-
fertilization (dpf). However, in contrast to the generally-described absence of PGCs
proliferation during their migration phase, PGCs number in cavefish doubles between early
neurula and 8-9 somites stages. Combining both gonadal histology and vasa (germ cell marker)
expression patterns, we observed that ovarian and testicular differentiation occurs respectively
around 65 dpf in females and 90 dpf in males, with an important inter-individual variability.
The expression patterns of dmrtl, gsdf, and amh revealed a conserved predominant male
expression during cavefish gonadal development. But, none of the ovarian differentiation
genes, i.e., fox/2a, cypl9ala, and wnt4b displayed an early sexually-dimorphic expression and
surprisingly all these genes exhibited predominant expression in adult testes. Altogether, our
results lay the foundation for further research on sex determination and differentiation in A.
mexicanus and contribute to the emerging picture that the vertebrate sex differentiation
downstream regulatory network is less conserved than previously thought, at least in teleost

fishes.
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INTRODUCTION

Fishes, with over 35.000 recognized species, constitute the most diverse and abundant group
of vertebrates [Fricke et al., 2020]. Besides their remarkable taxonomic diversity and the
impressive range of habitats, behaviors, and morphological differences, they exhibit all kinds
of reproductive strategies and sex determination (SD) mechanisms [Bachtrog et al., 2014;
Devlin, and Nagahama, 2002]. Along with this diversity of SD mechanisms, comparative
studies revealed a high turnover of master sex determining (MSD) genes [Pan et al., 2018].
These MSD genes control downstream sex differentiation cascades that include all the
physiological, morphological and cellular processes by which the undifferentiated gonad will
develop either into a testis or an ovary [Devlin, and Nagahama, 2002]. In contrast to the
observed high turnover of both SD systems and MSD genes, the downstream sex differentiation
processes are often considered to be relatively stable in fish [Nagahama, 2005; Ijiri et al., 2008].
However, studies on the evolution of the gene regulatory network leading to sex differentiation
in the medaka, Oryzias latipes, suggest that this downstream regulation is not as conserved as
previously thought [Herpin et al., 2013]. Hence, this variability makes teleost fishes interesting
and important models for exploring the complexity of the gene network(s) underlying sexual

differentiation in vertebrates.

In teleost fish, gonadal differentiation can follow diverse trajectories. It has been explored in
several species, from either morphological, cellular or physiological point of views,
highlighting a large variety of reproductive strategies, including gonochorism with both
differentiated and undifferentiated gonochoristic species, and hermaphroditism [Yamamoto,
1969; Baroiller, and Guiguen, 2001; Devlin, and Nagahama, 2002; Nishimura, and Tanaka,
2014]. In differentiated gonochoristic species, that represent the majority of teleost fish,
differentiation proceeds from an undifferentiated gonad into a differentiating testis in males or
a differentiating ovary in females and remains stable throughout their complete life span
[Yamamoto, 1969]. However, in undifferentiated gonochoristic species, all undifferentiated
gonads proceed through ovarian development followed by a later and final differentiation step

into either ovaries or testes [ Yamamoto, 1969].

During the gonadal differentiation processes, primordial germ cell (PGC) specification,
migration, proliferation and colonization of the gonadal anlage constitute the initial steps of
early gonadogenesis. Following these early steps of PGC migration and colonization of the

sexually undifferentiated embryonic gonad, a sexualization program, leading to a stepwise
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differentiation toward a testicular or ovarian fate, will be activated [Guerrero-Estévez, and
Moreno-Mendoza, 2010]. This sexually-dichotomic differentiation program will induce
morphological and physiological sex-differences that are accompanied by sex-specific changes
in the gonadal histology and gene expression patterns. For instance, early signs of female
histological differentiation may include, among many criteria that could be variable between
species, (7) the ontogenesis of an early ovarian cavity, (i7) an active proliferation of germ cells
or (iii) an early meiotic activity and a size increase of female germ cells (auxocytosis) compared
to male germ cells [Brusle, and Brusle, 1983]. Concomitantly, many genes involved in the
gonadal differentiation process will be expressed in a sexually dimorphic fashion, ensuring the
proper development and differentiation of the male and female gonads [Jergensen et al., 2008;
Guerrero-Estévez, and Moreno-Mendoza, 2010; Wang et al., 2019]. For instance, dmrtl
(doublesex and mab-3 related transcription factor 1), amh (anti-Mullerian hormone) and gsdf
(gonadal somatic cell derived factor) have been described as conserved factors specifically
involved in testicular differentiation [ljiri et al., 2008; Guerrero-Estévez, and Moreno-
Mendoza, 2010]. On the other hand, cypl/9ala (cytochrome P450, family 19, subfamily A,
polypeptide 1a), fox/2a (forkhead box L2a), and wnt4b (Wnt Family Member 4b) are often
documented as classical ovarian differentiation factors [Guiguen et al., 2010; Guerrero-
Estévez, and Moreno-Mendoza, 2010; Herpin et al., 2013; Sreenivasan et al., 2014; Bertho et
al., 2016]. But as mentioned above, SD and sex differentiation are extremely plastic processes
in teleost fish, prompting to new investigations in additional species to be able to better

underline conserved and non-conserved sex differentiation pathways.

The Mexican tetra, A. mexicanus, belongs to the Characiform group which contains about 2,300
species [Nelson et al., 2016], including a few important aquaculture species like the Tambaqui,
Colossoma macropomum. It is a native species from Central America rivers where this species
comes in two morphotypes inhabiting markedly different environments. Besides the “classical”
pigmented and eyed river-dwelling fish, about 30 populations of depigmented and blind
cavefish live in the darkness of caves in North-East Mexico [Mitchell et al., 1977; Elliott,
2019]. Many resources, including some genome sequences [Di Palma et al., 2007; Hinaux et
al., 2013; McGaugh et al., 2014; Herman et al., 2018], are now available, making this species
widely used in evolutionary, developmental and genetic studies for exploring many traits linked
to cave adaptation [Keene et al., 2016]. But, despite interesting reports pointing to some odd
sex ratio in different A. mexicanus populations [Wilkens, and Strecker, 2017], sex

differentiation has so far not been explored in this emerging model.
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To fill this knowledge gap and provide some essential ground information for further studies
on sex determination in that species, we characterized gonadal differentiation in blind and
depigmented laboratory raised fish originating from the Pachon cave, located in the North of
the sierra de El Abra (Tamaulipas, Mexico), through a combination of PGCs tracking
experiments, gonad histology and gonadal gene expression. Our results show that the first signs
of gonad histological differentiation occur around 65 day post-fertilization (dpf) in females and
90 dpf in males, but with an important inter-individual variability that is also found in gene
expression patterns. Expression of well-known genes involved in testis differentiation in
vertebrates revealed a conserved and significant predominant male expression in A. mexicanus
with an early overexpression of gsdf in males. However, none of the classical ovarian
differentiation genes that we analyzed, i.e., fox/2a, cypl9ala, and wnt4b displayed an early
sexually-dimorphic expression pattern during gonadal development and these genes were even
detected as predominantly expressed during male gametogenesis and adult testis. This revealed
major divergences in the classical and rather conserved ovarian differentiation molecular
network between A. mexicanus and other vertebrates. Altogether, these results lay a solid

foundation for further research on sex determination and differentiation in A. mexicanus.

MATERIALS AND METHODS
Animal sampling

Animals were treated according to the French and European legislation for handling of animals
in research. SR’s authorization for use of Astyanax mexicanus in research is 91-116. The animal
facility of the Institute received authorization 91272105 from the Veterinary Services of

Essonne, France, in 2015.

Laboratory stocks of 4. mexicanus Pachén cave fish were obtained in 2004 from the Jeffery
laboratory at the University of Maryland, College Park, MD. Fertilized eggs from an A.
mexicanus Pachon cave laboratory colony were obtained from the CNRS cavefish experimental
facilities (Gif sur Yvette, France). Newly hatched larvae (after 24 hpf) were transferred and
reared in the Fish Physiology and Genomics laboratory experimental facilities (LPGP, INRAE,
Rennes, France) in a closed recirculating water system with a stable photoperiod regime (12 hr
light: 12 hr dark cycle) and at a temperature of 28 + 1°C. In order to avoid any larval

cannibalism that might be caused by high densities (based on our previous observations), larvae
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were kept in 10 | aquaria with a density of 20 larvae /1 from 1 day post fertilization (dpf) to 15
dpf, then fish were transferred into 40 | aquaria from 16 dpf to 30 dpf (density of 5 animals/I)
and into 90 | aquaria from 31 dpfto 150 dpf (density: 2 animals/l). Newly hatched larvae were
fed twice a day with live artemia (OCEAN NUTRITION) from 6 dpf to 15 dpf, then with
commercial dry pellets (BioMar). Forty fish were randomly sampled at 10, 16, 30, 45, 65, 90
and 150 dpf for both histology processing (N=20) and for gene expression studies (N=20). In
agreement with the European legislation (directive 2010-63-UE and French decree 2013-118)
for laboratory animal protocols, fishes were euthanized by an anesthetic overdose (Tricaine
methanesulfonate, MS 222, 400 mg/1 supplemented by 150 mg/l of sodium bicarbonate). For
histological and gene expression patterns during the sex differentiation period, whole trunks
were collected from 10 dpf to 90 dpf as their gonads were too small to be dissected, and gonads
were sampled at 150 dpf, when they were large enough to be dissected. For histological
processing, tissues were fixed in a solution of glutaraldehyde at 2% (SIGMA G5882-10X),
with 4% paraformaldehyde (SIGMA P6148) in a phosphate-buffered saline buffer (pH 7.4;
SIGMA P4417-100TAB) for at least 24 hours (h) and up to 48 h for larger samples. For gene
expression studies, trunk and gonad samples were first collected at different time points (from
10 to 150 dpf). Then, brain, testis or ovaries, liver, intestine, kidney, swim bladder, gills, bones
and skin were dissected from 5 adult males and females for gene expression studies across
tissues. Differentiated gonads (testes and ovaries) at different gametogenesis stages were also
sampled in 5 to 10 males and females. Based on both macroscopic (size, thickness, color and
shape) and histological criteria, we defined five stages from stage 2 to stage 6 for both testes
and ovaries. Stage 2 ovaries are translucent and thin fillet-shaped at the macroscopic level and
are composed by different sizes of previtellogenic oocytes (PVtg Ooc) and few oogonia
clusters. At stage 3, ovaries are slightly opaque and thicker, with a compact structure and an
increasing number of PVtg Ooc organized in ovarian lamellae. By stage 4, ovaries appear
cream-coloured and the first oocytes are clearly visible to the naked eye corresponding
probably to the first vitellogenic oocytes (Vtg Ooc) seen by histology. At stage 5, ovaries at
macroscopic level increase in size with oocytes extending over almost the whole surface of the
gonads, with larger PVtg Ooc and Vtg Ooc in histology. By stage 6, ovaries become much
larger and thicker filling a large part of the peritoneal cavity. Testes of stage 2 look like a fine
tube, almost translucent; in histology, this stage is characterized by the presence of clusters of
spermatogonia (SpG), spermatocytes (SpC), spermatids (SpT), and spermatozoa (SpZ). At
stage 3, testes appear opaque and increase in size macroscopically and are composed in

histology by a few clusters of SpG and SpT and a large amount of SpC and SpZ. By stage 4,
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gonads are macroscopically entirely white colored and are formed mainly by scarce SpG and
large clusters of SpC, SpT, and SpZ. At stage 5, testes appear macroscopically thicker with
only sparse SpG, few populations of SpC and SpT, and large amounts of SpZ in histology. By
stage 6, gonads are macroscopically much thicker and larger than at stage 5 and histologically
mainly contained large amounts of SpZ and few populations of SpC and SpT. All samples were
snap frozen in liquid nitrogen and stored at -80°c until RNA extraction. The tails of all animals

were preserved in ethanol 100% for DNA extraction and genotyping.
DNA extraction and genotyping

Genomic DNA was extracted from fin clips stored for each individual in 100% ethanol at 4°C.
Samples were lysed with 5% Chelex beads supplemented by 10 mg Proteinase K [Gharbi et
al., 2006] for 2 hours at 55°C. Samples were then incubated for 10 min at 99°C. They were
centrifuged and the supernatant containing the genomic DNA was transferred in clean tubes
without beads and stored at -20°C before PCR reaction. Genotypic sex was determined based
on the identification of sex specific genomic regions of Pachon cavefish (unpublished data)
with a simple PCR genotyping test. Genotyping was performed using HiDi Taq DNA
polymerase (myPOLS Biotec, #9201), which is a highly selective polymerase used for allele-
specific PCRs (single nucleotide polymorphism detection). PCR reactions were set up with 0.2
uM of each primer (Forward and Reverse), 200 uM of dNTPs, 1X of HiDi buffer (10X),
2.5U/reaction of HiDi DNA polymerase, from 1 to 20 ng/ul of genomic DNA, and finally q.s
to 50 pl total volume of nuclease free water. PCR conditions were: 95°C for 2 min + 35 cycles
of (95°C for 30 secondes (sec), 60°C for 30 sec and 72°C for 1 min) + 72°C for 5 min using
the following primers that are specific of the male allele: 5’-TGGACCTGCGGGACCTCG-3’
(forward  primer) and 5’-CTTTAGACTTCCTACCGTGCCT-3’(reverse  primer).
Consequently, a single band is amplified only in males, and this PCR protocol has been tested
on 200 laboratory Pachon cavefish animals that were reared under similar experimental
conditions as the one used in our current experimentation. Among these 200 fishes, we found
102 phenotypic males and 98 phenotypic females. The sex ratio was analyzed by Chi-squared
test showing a 1:1 sex ratio (p< 0.05) and a complete sex linkage between phenotype and
genotype was observed using our genetic marker. In addition, a complete sex-linkage was also
observed for all individuals used in the present study and sexed with confidence using
histology. Moreover, PCR genotyping on animals used in this study indicated a final balanced

sex ratio (p< 0.05) with 168 males and 163 females.
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Histology and microscopy

Fixed larvae, juveniles and adult gonadal tissues (testes and ovaries) were washed in PBS and
then in DEPC water (4 times each). They were dehydrated in increasing ethanol concentration
(10%, 30%, 50%, 70% and 100%), and finally stored in ethanol 100% at 4°C. A total of 8
animals (4 males and 4 females) per stage were embedded in historesin (Leica HistoResin)
blocks that were sectioned at 4 pm using a Tungsten Carbide D-profile microtome knife
(Microm Microtech, Brignais, France), and stained with hematoxylin-eosin-safran (HES)
(Microm Microtech, Brignais, France). Slides of all these samples were examined with a Nikon
901 microscope and photographed with a Nikon DS Ril camera (Nikon corporation, Melville,
NY, USA).

PGCs tracking with a green fluorescent protein nanosl 3’UTR construction (GFP-nosl
3’UTR)

In vivo PGCs labelling was performed by injecting a GFP-nos! 3’UTR mRNA construct
combined with the mmGFP5 open reading frame (ORF) [Siemering et al., 1996] cloned
upstream of the 3'UTR of the zebrafish nanosl gene [Koprunner et al., 2001; Herpin et al.,
2007]. This construction was injected into the cytoplasm of one-cell stage fertilized eggs of
Pachon cavefish, before 1 hour post-fertilization. The number of GFP-nos! 3 UTR positive
cells was determined as soon as a clear cellular fluorescence was visible from the background
signal i.e., around 80% epiboly. Embryos were staged according to previously described
developmental staging series [Hinaux et al., 2011]. Observation and imaging was performed
from 8 hours post-fertilization (hpf) until 19 dpf, using an Olympus SZX16 stereomicroscope
(from 8 hpfto 17 hpf) and a laser microscope (Eclipse C1 laser-scanning, Nikon, Tokyo, Japan)
with a 60x Nikon objective (PL APO, 1.4 NA) and the Nikon image software (from 26 hpf to

19 dpf). Confocal images were solely adjusted for contrast and brightness.
Immunostaining, Ethyl Cinnamate (ECi) clearing, and imaging

Larvae displaying GFP-nos-1 3 ’UTR positive cells were collected at 20 dpf, fixed overnight in
4% paraformaldehyde (PFA) in phosphate buffer 0.12 M (PBS, pH7.4) at 4°C, and stored for
several days in PBS with 0.5% sodium azide (S2002, Sigma-Aldrich) at 4°C. Before staining,
specimens were thoroughly washed at room temperature in PBS (overnight), in PBS/0.1%
Tween20 (PBSt) (5 min), in PBS/0.2% Triton (PBSTx) (2x30 min) and then at 37°C in
PBS/0.2%Triton/20% dimethyl sulfoxide (DMSO) (PBSTxD) (30 min). Permeabilization was
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performed for 3h at 37°C in PBSt/0.1% Triton/20% DMSO0/0.1% deoxycholate/0.1%
NP40/0.05% sodium azide. Specimens were rinsed twice in PBSTx for 15 minutes,
preincubated in PBSTx/0.3 M Glycine/0.05% sodium azide for 30 min at 37°C, and placed for
3h at 37°C in a blocking solution containing PBSTxD/6% sheep serum and 0.05% sodium
azide. Samples were then incubated for 3 days at 37°C with a chicken anti-GFP antibody
(1/500, ref. ab13970, Abcam) in PBSt/5% DMS0/3% sheep serum/10pg.pL" heparin and
0.05% sodium azide, and 2 days at 37°C with a goat anti-chicken Alexa Fluor 488-conjugate
antibody (1/500, ref. A11039, Life Technologies) in the same solution. Methyl Green (MG,
80ug/mL, ref. 323829, Sigma) and 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil, 10uM, ref. 145311, Abcam) were added together with the secondary antibody
for nuclear staining and cell membrane labeling, respectively. Specimens were then washed
overnight in PBS/0.1% Tween 20/0.1% heparin. Before imaging, larvae were optically cleared
as described in Klingberg ef al. [Klingberg et al., 2017] with some modifications. Specimens
were dehydrated at room temperature in successive 1 h baths of increasing methanol
concentration (20-40-60-80-98%) containing 2% Tween20 under gentle agitation. Specimens
were then transferred for 1 h in 100% methanol and overnight in ethyl cinnamate (Eci, ref.
112372, Sigma Aldrich). Imaging was performed in Eci under a Leica TCS SP8 laser scanning
confocal microscope equipped with a Leica HC Fluotar L 16x/0.6 IMM CORR VISIR
objective. The Alexa Fluor 488, the Dil and the MG were excited by 488, 552 and 638 nm
lasers, respectively. Z-stack images (3 um steps) were acquired with no laser compensation in
depth. No image post-processing was performed and maximal projection was obtained from

the z-stack acquisition.
RNA isolation, cDNA synthesis and Real- Time PCR

Total RNA was extracted from trunks, gonads and tissues using Tri-reagent (Molecular
Research Center, Cincinnati, OH) according to the supplier’s protocol. RNA quantification
concentration was measured with a NanoDrop ND 2000 spectrophotometer (Thermo scientific,
Wilmington, Delaware). Complementary DNA (cDNA) templates were synthesized by
denaturing during 5 minutes at 70°C 2 pg of RNA supplemented by 5 uL of 10 mM dNTP. The
mixture was then placed on ice for 10 minutes before adding random hexamers and M-MLV
reverse transcriptase (Promega, Madison, WI). For each sample, negative controls without
reverse transcriptase were included in the analysis. Subsequently, the mixture was incubated at

37°C for 60 minutes and then cooled at 4°C. cDNA samples were diluted 25-fold before Real-
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Time PCR. Primers for 7 sex-related genes (Primer and gene names are listed in
(Supplementary Tab. 1), and 6 reference housekeeping genes: actb (actin b), rps18 (Ribosomal
Protein s18), gapdh (glyceraldehyde 3-phosphate dehydrogenase), eftud2? (Elongation Factor
Tu GTP Binding Domain Containing 2), ubr2 (Ubiquitin Protein Ligase E3 Component N-
Recognin 2) and polr2 (RNA Polymerase II Subunit A) were designed on intron-exon junctions
to avoid genomic DNA amplification, except for the fox/2 gene that is a single exon gene, using
the Primer3web software version 4.1.0 [Koressaar, and Remm, 2007; Kdressaar et al., 2018;
Untergasser et al., 2012]. Real-time quantitative PCR was performed with SYBR Green
reagents kits (Applied Biosystems, Foster City, CA) and amplifications were detected with a
LightCycler® 480 Instrument II (Roche). The PCR reaction consisted on 4 ul of diluted cDNA,
1 pl of diluted primers (10 umol/ml) and 5 pl of SYBR Green master mix, using the following
cycling parameters: 95°C for 2 min + (95°C for 15 sec, 60°C for 10 sec and 72°C for 10 sec)
for 40 cycles. All samples were analyzed in triplicates. Quantification cycle (Cq) values were
normalized by the geometric mean of the 6 reference housekeeping genes and relative

expression levels for each target gene were calculated using the following formulae: 2 41(A¢4

= Cq target gene - Cq mean housekeeping gene) method.

Statistical analyses

All data are shown as Mean + Standard Error of the Mean (SEM). Statistical analyses were
performed by non-parametric tests since our data did not confirm one or all of the assumptions
for parametric test (normal distribution, homogeneity of variances and homoscedasticity) using
RStudio (Open Source version) considering the level of significance at P<0.05. Statistical
significance of the difference in expression at different time points (multiple comparisons)
were tested by Kruskal-wallis test followed by post hoc Pairwise Wilcoxon Rank Sum Test
with Bonferroni corrections for adjustment of critical p-values. For comparisons between two

groups, we used Wilcoxon Rank Sum Test.

RESULTS

PGCs visualization and localization

Stages of normal embryonic development in Astyanax mexicanus have been described by
Hinaux [Hinaux et al., 2011]. At 23°C, hatching of cavefish embryos occurs from 24 hpf

onward (+/- 2 hours). For monitoring PGCs formation and migration, a GFP-zebrafish nosI-
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3’UTR mRNA was injected [Kurokawa et al., 2006; Saito et al., 2006; Herpin et al., 2007; Saito
et al., 2010; Saito et al., 2014] during the first hour after fertilization, corresponding to 1 to 4-
cell stages in 4. mexicanus. PGC labelling is based on the fact that nanos! (nosl) mRNAs are
rapidly degraded in somatic cells and only stabilized in PGCs by interacting with several germ
plasm components, including microRNA (miR-430), dnd (dead end), and daz/ (Deleted in
azoospermia-like) [Koprunner et al., 2001; Giraldez et al., 2006; Mishima et al., 2006;
Mishima, 2012].

PGCs were first visualized at 80% epiboly stage (8-9 hpf) (Fig. 1B). They were located
above the margin, in a paraxial position on the dorsal side of the embryo. At this early stage,
PGC numbers ranged from 1 to 7 per embryo (average=3.37; N=27, see Fig. 2.A).
Subsequently, PGCs migrated anteriorly on each side of the forming embryonic axis, along the
developing somites (Fig. 1C-E). At early neurula stage (~10 hpf), PGCs were scattered and
their average number was 4.96 (ranging from 1 to 12 cells, Fig. 1C, Fig. 2A). By the 8-9 somites
stages (13-14 hpf), PGCs began to align in raws on both sides of the embryo trunk (Fig. 1D).
PGC number doubled between early neurula and 8-9 somites stages (Fig. 2A) and ranged from
1 to 17 at that stage (average= 9.52; N=21), and remained constant up to 20 dpf. Subsequently,
PGCs continued to migrate axially until reaching their prospective final position around the
mid-trunk region at 16-17 somites stage (17 hpf). At that stage, PGCs were aligned very close
to the body axis (Fig. 1E). Finally, in hatching larvae (26 hpf), PGCs moved medially to the
gonadal primordia where they formed two lines on both sides of the body axis (Fig. 1F). After
hatching and until 20 dpf, PGCs were progressively found at the upper surface of the gut,
posteriorly to the swim bladder, where the future gonads will form (Fig. 1G-I). After clearing
of the whole larvae at 20 dpf, a two-dimensional view of the area where gonads are localized
confirmed that PGCs had already colonized the gonads (Fig. 1J-L). These results also
confirmed that the GFP-nos/ 3 ’UTR positive cells were bona fide PGCs.

Histological gonadal differentiation

The time-course of differentiation into male or female gonads was then followed by histology.
The genotypic sex of larvae, juveniles, and young adult samples was determined based on sex-
specific genomic regions of Pachon cavefish with a simple PCR genotyping test (see Methods).
In both males and females of 4. mexicanus, the gonadal primordia appeared as very thin and
filiform paired-organs, located dorsally in the peritoneal cavity on both sides of the swim

bladder. Between 16 and 30 dpf, although already composed of different types of somatic cells
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and a few scarce germ cells, the male and female differentiating gonads did not present any
apparent dimorphism (Fig. 3A-C’). At 45 dpf the gonad sizes increased both in males and
females, with higher numbers of germ cells detected per section (Fig. 3D-D’), but no clear sign
of histological differentiation could be detected, neither in somatic nor in germ cells (Fig. 3D-
D’). It is only around 65 dpf'that previtellogenic oocytes became clearly visible in some females
(in 1 over 4 females examined at 65 dpf) (Fig. 4A’). In contrast to oogonias that were
characterized by a rounded shape, a clear cytoplasm and a large nucleus, these previtellogenic
oocytes were larger with a dense cytoplasm and a nucleus with multiple peripherally localized
nucleoli (Fig. 4A’, B’, C’). However, at 65 dpf all male gonads remained undifferentiated with
regard to germ cell development (Fig. 4A). It is only at 90 dpf that the first signs of germinal
differentiation could be seen with the first detection of spermatocytes and spermatids cysts
(Fig. 4B). Hence, from 65 dpf onwards in females and 90 dpf onwards in males, gonads were
engaged in active gametogenesis. At 150 dpf, this resulted in clear ovarian lamellae with large
previtellogenic oocytes in females (Fig. 4C’), and a testicular tissue with all spermatogenesis
stages up to large cysts of spermatozoa in males (Fig. 4C). Altogether, these observations
suggested that the differentiating gonads of A. mexicanus Pachon cavefish remain
histologically undifferentiated at least until 45 dpf in females and 65 dpf in males. Thereafter,
undifferentiated gonads differentiated directly into ovaries or testes. Comparison of the gonad
histology of four males and four females sampled at each stage showed that gonadal
development was not synchronous between animals, like for instance in females at 65 dpf for
which we observed only one individual displaying some previtellogenic oocytes. Gonadal
development variability was even sometimes detected within the same animal, with for instance
a marked left/right asymmetry of gonad histology in one 90 dpf female for which the right
gonad was large and clearly differentiated, while the left gonad was still at the onset of

differentiation (Supplementary Fig. 1).
Expression profiles of sex-related genes in cavefish A. mexicanus

In order to better characterize gonadal differentiation molecularly in 4. mexicanus cavefish, we
analyzed the expression profiles of seven genes well-known as markers of germ cells (vasa),
testicular differentiation (amh, gsdf, dmrtl) and ovarian differentiation (fox/2a, cypl9ala,
wnt4b). Expression of all these marker genes was first checked in various adult tissues
including gonads. dmrtl, gsdf, amh and vasa genes all displayed a clear predominant gonadal

expression, confirming their validity as bona fide gonadal differentiation markers in A.

60



mexicanus. In addition, fox/2a, cyp19ala, and wnt4b were all expressed at high levels in gonads
but also, albeit at a lower extent, in some other tissues (Fig. 5). Surprisingly, apart from vasa
that was expressed at high levels both in male and female gonads, all these genes were
significantly overexpressed in the testis, including classical ovarian markers such as cyp/9ala,
fox/2a and wnt4b. Similarly, gonadal specific expression of markers involved in testicular
(amh, gsdf, and dmrtl) and ovarian (fox/2a, cyp19ala, and wnt4b) differentiation at different
spermatogenesis and oogenesis stages shows that all these genes were overexpressed
predominantly in the testes during gametogenesis (Fig. 6), excepted for vasa, which displayed

a significantly higher expression levels in the ovaries at stages 3, 4, and 6 compared to testes.

Because of the difficulty of sampling very small differentiating gonads during the early stages
of cavefish development, we sampled trunks (whole fish without the head and the tail) between
10 to 90 dpf and we isolated gonads at 150 dpf (Fig. 7). During cavefish early development, all
gene expression patterns displayed an important variability, with coefficients of variation
ranging from 107,3 to 347,12 % (Supplementary Tab. 2), irrespective of the sex and stage
sampled (Fig. 7). Such gene expression variability probably reflected the variability in the
timing of gonadal development that we also detected by histology (Supplementary Fig. 1). But,
despite this variability, some global trends were clearly observed for germ cell (vasa, official
symbol ddx4) and testicular differentiation gene markers (amh, dmrtl, gsdf). Expression of
vasa in cavefish showed similar levels between sexes from 10 to 45 dpf (Fig. 2B), followed by
a significant increase at 65 dpf in females (p=0.0257), and at 90 dpf in males (p=0.00086) with
a significant (p<0.001) difference between sexes at 65 dpf. Male over-expressions were also
observed for testicular differentiation gene markers with significant differences between sexes
observed at 16, 45, 65 and 90 dpf for gsdf, at 90 dpf for amh and at 65 and 90 dpf for dmrtl
(Fig. 7). In contrast, all the female differentiation marker genes did not display any significant

differences between sexes (Fig. 7).

DISCUSSION

Despite being an important emerging model species, the morphological and molecular
mechanisms underlying A. mexicanus cavefish sex differentiation have not been yet
investigated. In the present study, we provide evidence that A. mexicanus belongs to the

differentiated gonochoristic species like most teleost species. Of note, this is in contrast with a
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close relative characidae species i.e., the black widow tetra, Gymnocorymbus ternetzi,
described as an undifferentiated gonochoristic species [Mazzoni et al., 2015]. We also
characterized the primordial germ cells (PGCs) migration process and gonadal differentiation
steps, using both histological and molecular information in a Pachén cave laboratory

population of A. mexicanus.

Injections of GFP-zebrafish nos! 3’'UTR mRNAs at the one-cell stage of 4. mexicanus enabled
a reliable PGC tracking, as described in other teleost species [Kurokawa et al., 2006; Saito et
al., 2006; Herpin et al., 2007; Saito et al., 2014]. The visualization of the first PGCs was
possible at 80% epiboly in 4. mexicanus. Comparatively, PGCs were detected in other fish
species at different stages ranging from 50% epiboly stage in Danio rerio [Saito et al., 2006]
to somitogenesis stage in Prochilodus lineatus [Coelho et al., 2019]. This variability in the first
detection of a clear fluorescence of the GFP-zebrafish nos/ 3’'UTR mRNA reporter is likely
due to a weak and variable signal of background noise resulting from the initial GFP expression
in both PGCs and somatic cells as described in other fish species [Saito et al., 2006; Saito et
al., 2014]. In addition, the number of PGCs in A. mexicanus was very low (average 9.5 PGCs
at the somitogenesis stage) compared to other species like zebrafish and medaka that have
respectively and in average 21.2 and 22.5 PGCs at the same stage [Saito et al., 2006]. It has
been reported that PGCs do not proliferate during their migration to the genital crest
[Linhartova et al., 2014], but in A. mexicanus we detected an almost significant doubling in
PGC number between the early neurula and the 8-9 somites stages, followed by an absence of
further division until 20 dpf, when the PGCs have already entered the differentiating gonads.
In medaka, germ cells undergo two types of division after they reach the differentiating gonads
i.e., a first slow intermittent division (type I), where each germ cell divides into two daughter
cells, and a synchronous continuous proliferation (type II) [Saito et al., 2007]. The early PGCs
proliferation seen in A. mexicanus around the late neurula stage looks like the slow type I
division of medaka germ cells. These results suggest that the absence of PGC divisions during
their migration to the genital crest is not as conserved as previously thought. Comparative
studies on PGCs migration have evidenced that this process could be species-specific
[Kurokawa et al., 2006; Saito et al., 2006; Coelho et al., 2019], suggesting that the early PGCs
proliferation that we detected in the cavefish Astyanax mexicanus, could be also a species-
specific feature of PGC development, even though the mechanisms underlying PGCs

specification and movements seem widely conserved in the animal kingdom [Xu et al., 2010].
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The colonization of the genital ridges by PGCs derived from extra-gonadal tissues gives rise
to the gonadal primordium [Winkoop et al., 1992; Flores, and Burns, 1993; Braat et al., 1999].
In A. mexicanus, the first established germ cells were observed in 16 dpf gonads both in males
and females, in two symmetrical differentiating gonads located dorsally in the peritoneal cavity
on both sides of the swim bladder. As in most teleost species, these differentiating gonads
contained a few germ cells surrounded by a most abundant number of different types of somatic
cells [Meijide et al., 2005; Cek, 2006; Mazzoni et al., 2010; Amaral et al., 2020]. As mentioned
before, germ cell proliferation during these early differentiation stages can be more active in
females compared to males in some species [Nakamura et al., 1998; Saito et al., 2007; Lewis
et al., 2008] and this early proliferation has been often associated with the onset of gonadal
differentiation. During Pachon 4. mexicanus early development, i.e., from 16 to 45 dpf, germ
cells appeared to be scattered, most often located in the middle of the gonads close to the blood
vessels and surrounded by a large number of somatic cells, but no obvious sign of any sex-
specific germ cell proliferation was observed by histology. In contrast, a significantly earlier
expression (65 dpf) of the well-characterized molecular component of germ cells, vasa [Hay et
al., 1988; Liang et al., 1994] was observed in cavefish females. Interestingly, vasa homologs
have been characterized in a wide range of organisms as a germ cell specific marker [Braat et
al., 1999; Shinomiya et al., 2000; Toyooka et al., 2000] and such an early female-specific vasa
overexpression during gonadal differentiation has been also shown in turbot, Scophthalmus
maximus [Robledo et al., 2015], and the catfish, Clarias gariepinus [Raghuveer, and
Senthilkumaran, 2010]. In Nile tilapia, Oreochromis niloticus, and gibel carp, Carassius
gibelio, vasa is strongly expressed during early oogenesis i.e., in oogonia and previtellogenic
oocytes, and during spermatogenesis, i.e., in spermatogonia and to a lesser extent in early
spermatocytes [Kobayashi et al., 2000; Xu et al., 2005]. In cavefish, vasa expression was
clearly biphasic with a sustained basal expression from 10 to 45 dpf in both males and females
that could be correlated with an absence of both germ cell proliferation and differentiation,
followed by an abrupt increase first in females at 65 dpf then in males at 90 dpf. This second
phase of increasing expression can be linked with an earlier germ cell proliferation in females
or to a germ cell differentiation process as the first previtellogenic oocytes in females and
spermatocytes in males were also detected at 65 and 90 dpf, respectively. The first signs of
gonadal differentiation observed in other species are either (i) an early ovarian cavity
formation; (ii) or early meiotic activity in females leading to the formation of previtellogenic
oocytes and their auxocytosis [Brusle, and Brusle, 1983; Maack, and Segner, 2003; Meijide et

al., 2005]. Hence, further histological studies with a particular focus on the period of gonadal
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differentiation, i.e., from 45 dpfto 95 dpf would provide a more precise exploration of the first

signs and the exact timing of histological gonadal differentiation in A. mexicanus.

In A. mexicanus, oogenesis begins earlier than spermatogenesis, with the appearance of the first
previtellogenic oocytes as early as 65 dpf in some females. In males, the gonads remain
quiescent longer than females and testes are histologically clearly identifiable only at 90 dpf
with the first sign of an active spermatogenesis and the formation of spermatogonia,
spermatocytes and spermatids tubules, followed by spermatozoa tubules at 150 dpf. Similar
observations have been reported in other fish species regarding the timing of gonadal
development, with oogenesis occurring earlier than spermatogenesis, like for instance in
Oreochromis niloticus, in which oogenesis and spermatogenesis start 35 or 50—70 days after
hatching, respectively [Nakamura, and Nagahama, 1989]. In medaka as well, oogenesis and
spermatogenesis start around 20 or 50 days after hatching, respectively [Kurokawa et al., 2007].
However, in A. mexicanus, despite early signs of differentiation in females, at 150 dpf the male
gonads are close to spermiation, in contrast to female gonads which are still in the
previtellogenesis stage, suggesting a delay in sexual maturity in females compared to males. It
is also important to note that early gonadal development in 4. mexicanus is not synchronous
within the laboratory population we used. Such results were reported in different species of
sturgeons showing asynchronous development during early gonadal differentiation [Wuertz et

al., 2018].

Among the three important genes known for their key role during testicular differentiation
(amh, gsdf, dmrtl), dmrt1bY (a Y-linked duplicated copy) that codes for a transcription factor
containing a zinc finger-like DNA binding motif (DM domain) was characterized as a MSD
gene in medaka Oryzias latipes [Matsuda et al., 2002; Nanda et al., 2002]. Moreover, dmrtl
expression has been reported to be exclusively or predominantly expressed in the testes of
many fish species [Herpin, and Schartl, 2011]. Consistently, cavefish dmrtl displays a
predominant testicular expression during early development (i.e., from 65 to 90 dpf).
Interestingly, a similar dmrtl overexpression in male gonads was also observed in two closely-
related species in the genus Astyanax, i.e., A. altiparanae and A. scabripinnis [Adolfi et al.,
2015; Castro et al., 2019a; Martinez-Bengochea et al., 2020]. The anti-Miillerian hormone is a
glycoprotein of the transforming growth factor § superfamily (TGF-) [Lukas-Croisier et al.,
2003]. In teleosts, Y-linked amh duplicated copies have been found to act as a master sex

determining genes in several species [Hattori et al., 2012; Li et al., 2015; Pan et al., 2019]. In
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A. mexicanus, amh was detected at roughly equal levels in both male and female
undifferentiated gonads and subsequently displayed a testicular overexpression at 90 dpf. Such
a dimorphic pattern has been found in many fish species at early differentiating stages
[Vizziano et al., 2007; Ijiri et al., 2008; Robledo et al., 2015; Jiang et al., 2020], consistent with
amh playing an important role in testicular differentiation. In addition, amh is expressed highly
in adult testes compared to adult ovaries of Astyanax scabripinnis and Astyanax altiparanae
[Castro et al., 2019b; Martinez-Bengochea et al., 2020]. The gonadal soma-derived factor
(gsdf) is another TGF- member, that was first identified in rainbow trout Oncorhynchus
mykiss [Sawatari et al., 2007] and its expression is predominantly detected in Sertoli and
granulosa cells in several fish species [Sawatari et al., 2007; Shibata et al., 2010; Gautier et al.,
2011a; Gautier et al., 2011b]. Interestingly, Y-chromosome genes or alleles of gsdf were
characterized or proposed as potential master sex determining genes in the Luzon ricefish
Oryzias luzonensis [Myosho et al., 2012] and in sablefish Anoplopoma fimbria [Rondeau et al.,
2013]. In cavefish, gsdf displays a clear dimorphic expression with significantly higher levels
in males than in females as soon as 16 dpf. Such an early testicular overexpression of gsdf was
also reported in O. latipes [Shibata et al., 2010], O. niloticus [Kaneko et al., 2015], D. rerio
[Yan et al., 2017], and C. semilaevis [Zhu et al., 2018].

We have also studied ovarian differentiation genes such as fox/2b, cyp19ala, and wnt4b, which
have been suggested as key sex differentiation players across a wide range of animals [Chassot
et al., 2008; Cutting et al., 2013; Herpin et al., 2013; Shen, and Wang, 2014; Herpin, and
Schartl, 2015; Fajkowska et al., 2019]. The forkhead box protein L2 (fox/2) is a member of the
large forkhead box gene family of transcription factors that is expressed predominantly in
female gonads of many fish species [Bertho et al., 2016]. For instance, in Astyanax
scabripinnis, foxl2a displays dimorphic expression between adult testes and ovaries with
higher expression in females compared to males [Castro et al., 2019b]. Besides fox/2, estrogens
and cypl9ala have been reported as crucial conserved actors of ovarian differentiation in fish
[Guiguen et al., 2010]. But surprisingly, we did not find any female overexpression of fox/2a
and cyp!9ala during early development in A. mexicanus cavefish, contrasting with their known
implication as classical ovarian differentiation genes [Guiguen et al., 2010; Bertho et al., 2016].
In addition, we also found that these two genes were highly expressed in cavefish testes with
only low basal expression levels in ovaries during gametogenesis stages until adult gonads.
Such a non-dimorphic expression of these classical ovarian differentiation genes was

unexpected. However, it must be noted that 4. mexicanus is not the only exception to the rule:
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similar results have been found for instance in the stellate Sturgeon (Acipenser stellatus), in
which no significant differences were found for fox/2 in male and female gonads [Burcea et al.,
2018], or in another Characiform, the tambaqui Colossoma macropomum, in which no
expression of cypl9ala was detected in both males and females [Lobo et al., 2020]. Moreover,
in A. altiparanae, both foxI2 and cypl9ala are expressed equally in adult testes and ovaries
[Martinez-Bengochea et al., 2020]. In mammalian species, fox/2 cooperates with wnt4 in
regulating fs¢ expression during ovarian development [Garcia-Ortiz et al., 2009] and growing
evidence suggests that the Wnt signaling pathway might also may play a conserved role in fish
sex differentiation [Wu, and Chang, 2009; Chen et al., 2015]. In cavefish, we found that wnt4b
expression, like fox/2a and cyp19ala, did not show any sexually dimorphic expression during
early gonadal differentiation. In fact, wnt4b is even expressed at higher levels in the testes than

in the ovaries during gametogenesis and up to adult gonads.

Although the sex differentiation downstream gene-regulatory network was initially thought to
be highly conserved in vertebrates because of the conservation of the genes involved in this
process [Cutting et al., 2013], recent results are questioning this hypothesis [Herpin et al.,
2013]. In fact, many “important genes” do not exhibit conserved spatiotemporal expression
patterns. This is for instance the case in fish for both dmrt/ and gsdf that are dimorphically
expressed with a different timing during the early gonadal development of medaka and
zebrafish [Kurokawa et al., 2007; Jorgensen et al., 2008] compared to Nile Tilapia [Kaneko et
al., 2015]. In cavefish gsdf'is clearly expressed in a sexually dimorphic fashion much before
dmrtl and amh (from 16 dpf onwards versus 65-90 dpf), supporting the idea that gsdf may act
as an early switch promoting testis differentiation in cavefish as described in medaka Oryzias
latipes [Zhang et al., 2016]. In the same vein, although testicular differentiation genes displayed
obvious sexually-dimorphic expression patterns, neither fox/2a and cypl9ala nor wnt4b
showed sexually-dimorphic patterns during cavefish gonadal differentiation. Given their well-
known implication in fish ovarian differentiation and their tight interaction [Wu, and Chang,
2009; Chen et al., 2015; Guiguen et al., 2010; Bertho et al., 2016; Bertho et al., 2018], these
results appear surprising and would probably need additional confirmation. However, estrogen-
independent ovarian differentiation has been already suggested in medaka [Kawahara, and

Yamashita, 2000; Bertho et al., 2016; Bertho et al., 2018].

In summary, combining both expression patterns of sex-related genes and histological changes

in A. mexicanus cavefish, we provided a first description of the gonadal differentiation process
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in this species. Based on gonadal histology and on the vasa germ-cell specific expression we
delineated the beginning of sexually dimorphic fates in cavefish between 45 to 65 dpf. This
sex-differentiation period is corroborated both by histological features and by the sexually-
dimorphic expression patterns of testicular differentiation genes such as dmrtl, amh and gsdf.
Altogether, these findings are of prime importance for a better understanding of the sex
determination mechanisms in 4. mexicanus. Our results also revealed major discrepancies with
the canonical estrogen action on fish ovarian differentiation [Guiguen et al., 2010], pointing-
out to the idea that the control of ovarian development in cavefish would be estrogen-
independent and that the downstream regulatory network of sex differentiation is not as

conserved in teleost fish as initially thought.
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FIGURE LEGENDS

Fig. 1. Migration of A. mexicanus Pachon cavefish PGCs during early embryogenesis and
larval development, from 50% epiboly (5-6 hpf) to 20 dpf. PGCs were labelled by GFP-
zebrafish nos! 3'UTR mRNA injections at 1 cell stage. A. Lateral view of 50% epiboly stage
embryo (No PGCs were clearly observed at this stage). B. scattered PGCs appeared at 80%
epiboly stage (8-9 hpf). PGCs migration was visualized from that stage until hatching. C. At
early neurula stage, PGCs were scattered on either side of the body axis (~10 hpf). D. By the
beginning of somitogenesis, PGCs moved anteriorly to the mid-trunk zone (13-14 hpf). E.
PGCs reached the mid-trunk zone and roughly aligned in lateral parts of the embryo trunk (17
hpf). F. PGCs reached the gonadal ridge at 1 dpf. G-1. At4, 11 and 19 dpf, respectively, PGCs
took position at the upper surface of the gut. J-L. A 2D view of the abdominal cavity sheltering
the gonads at 20 dpf. Blue staining: Methyl Green nuclear staining (MG); red staining:
membranes staining with Dil; Green dots: GFP-nos! 3’UTR positive cells (PGCs). J = merge
(MG + GFP); K = merge (MG + Dil); L = merge (MG + GFP + Dil). At this stage, PGCs had
colonized the gonads which appeared as thin threads. Arrowheads in B-L point PGCs.
Rectangle in D shows the areas where PGCs were located. Squares in J-K refer to the zoom on
the framed area shown in (L.). Gu: Gut. Scale bars for panels A-E, & J-L correspond to 100 um
and to 1 mm for panels F-I.

Fig. 2. Changes in germ cell numbers during the embryonic and larval development (A), and
the expression patterns of vasa in male and female trunks from 10 to 90 dpf and differentiated
gonads of 150 dpf (B) in Pachon cavefish, Astyanax mexicanus. The number of GFP- nos!
3’UTR positive germ cells are determined in n=21-28 individuals at different stages. The
statistical significance of the differences in germ cell numbers are tested by Kruskal-wallis test
followed by post hoc Pairwise Wilcoxon Rank Sum Test with Bonferroni correction for
adjustment of critical p-values. Different letters indicate statistically significant differences
between stages, respectively. For vasa expression, results are shown as log;o mean + Standard
Errors. Statistical significances between males and females were analyzed by Wilcoxon Rank
Sum Test (Wilcoxon-Mann-Whitney Test). The 1 dpf time-point (A-B) indicated the hatching
stage. Only significant differences between males and females are provided on the figure by
red stars (***P < 0.001); All other differences are non-significant (NS, P > 0.05).

Fig. 3. Histology of early male and female gonadal development stages from 16 days post-
fertilization (dpf) to 45 dpf in Pachon cavefish A. mexicanus. Both undifferentiated testes and
ovaries at 16, 23, and 30 dpf (A-C’) are formed mainly by elongated somatic cells (Scs) with
elongated nucleus, surrounding a few larger circular and isolated germ cells (Gcs) with a large
round nucleus (N) containing a prominent nucleolus. At 65 dpf, the undifferentiated male
gonads (D) are larger due mainly to an increase of Scs, while the undifferentiated female
gonads (D) are larger with an increasing number of Gcs. Scale bars for panel A-D’ correspond
to 10 um. Bv: Blood vessels; Mu: Muscle.

Fig. 4. Histology of differentiating male and female gonads from 65 dpf to 150 dpf in Pachon
cavefish A. mexicanus. At 65 dpf (A), the undifferentiated testes increase in size but they also
display an increasing number of Ges compared to 45 dpf, while the ovaries (A”) are elongated,
thin and show previtellogenic oocytes (PVtg Ooc) indicating the onset of the ovarian
differentiation. At 90 dpf (B) and 150 dpf (C), the testes are formed by spermatogonia (SpG),
spermatocytes (SpC), spermatids (SpT), and spermatozoa (SpZ). Ovaries of 90 dpf (B’) and
150 dpf (C’) are characterized by a large number of PVtg Ooc that are clearly organized in
ovarian lamellae (Ol) at 150 dpf. Scale bars for panels A-A’, B, and C correspond to 10 pm,
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20 pm for panel B’ and 50 pm for panel C’. Mu: Muscle; N: Nucleus; Nu: Nucleolus; Oog:
Oogonia; Rbc: Red blood cells.

Fig. 5. Tissue-specific expression patterns of gsdf, amh, dmrtl, cyp19ala, foxI2a, wnt4b, and
vasa in adult male (light grey) and female (dark grey) cavefish quantified by qRT-PCR. Results
are presented as boxplots with individual expression values displayed as dots, the expression
median as a line and the box displaying the first and third quartiles of expression. Statistical
significances for each tissue between males and females were tested with Wilcoxon Rank Test.
** =P <0.01; * =P <0.05. All other differences are non-significant (NS, P > 0.05).

Fig. 6. Expression patterns of gsdf, amh, dmrtl, cypl9ala, fox/2a, wnt4b, and vasa in cavefish
testes (light grey) and ovaries (dark grey) at different gametogenesis stages. Results are
presented as boxplots with individual expression values displayed as dots, the expression
median as a line and the box displaying the first and third quartiles of expression. Statistical
significances for each stage between testis and ovaries were tested with Wilcoxon Rank Test.
*ak =P <0.01; ** =P <0.01; * =P <0.05. ns = non-significant, P > 0.05.

Fig. 7. Expression patterns of gsdf, amh, dmrtl, cypl9ala, foxl2a, and wnt4b in male and
female trunks from 10 to 90 dpf and testes and ovaries at 150 dpf in cavefish A. mexicanus
quantified by qRT-PCR (males: dark solid line; females: grey dashed line). Results are
presented as log;o mean + Standard Errors. Statistical significances between males and females
were tested with Wilcoxon Rank Sum Test (Wilcoxon-Mann-Whitney Test). The 1 dpf time-
point (A-B) indicated the hatching stage. Only significant differences between males and
females are provided on this figure (**P < 0.01; *P < 0.05); All other differences are non-
significant (NS, P > 0.05). Black and grey dots represent the individual values of relative
expression in males and females, respectively.

Supplementary Fig. 1. Variability of the histology during gonadal development in A.
mexicanus. This variability in gonadal development is observed at early stages i.e., 30 dpf (A-
B), with mainly differences in gonad sizes between animals. At 65 dpf (C-D), the variability is
more visible since some ovaries are already differentiated (C) with the presence of oogonia
(Oog) and previtellogenic oocytes (PVtg Ooc), while others (D) did not show any
morphological differentiation signs with gonads mainly containing somatic cells (Sc). At 90
dpf (E-F), we even found differences within the same animal with a left gonad with PVtg Ooc
of different sizes (F), whereas the right gonad (E) is formed mainly by few germ cells (Gc) and
surrounding Scs. Scale bars for panels A-B correspond to 20 pm and 10 um for panel C-F. Mu:
Muscle; N: Nucleus; Nu: Nucleolus.
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Supplementary Table 1: Primers used for RT-qPCR analyses

Primer name: Forward (F) and Sequence Target gene
Reverse (R)
AsmCF-ActbqPCR-2F AAGTGTGACGTTGACATCCG Beta-actin
AsmCF-ActbqPCR-2R TCAGGAGGAGCAATGATCTTAAT  Beta-actin
AsmCF-rps18qPCR-1F GTGATCCCCGAGAAGTTCCAG rpsl8
AsmCF-rps18qPCR-1R GGGATTTTGTACTGGCGAGGA rpsl8
AsmCF-eftud2qPCR-1F ATCAGGATCTCGGATGGGGTT eftud?
AsmCF-eftud2qPCR-1R GTGGCGCAGTTTGTAGTAAGC eftud?
AsmCF-ubr2qPCR-1F TGTGCCAGTGATGAGAGAGTG ubr2
AsmCF-ubr2qPCR-1R CTGGGACACACAGTAGCGAAT ubr2
AsmCF-gapdhqPCR-2F TAAAGTCGTCAGCAATGCCTCT gapdh
AsmCF-gapdhqPCR-2R AGTGCTCATAAGGCCTTCAATGA gapdh
AsmCF-polr2aqPCR-2F AGAGTTCAGTTCGGCATCATCA polr2
AsmCF-polr2aqPCR-2R CATGAGACCTCCCAGCTTTGG polr2
AsmCF-ddx4qPCR-2F TATTGGTCGTGGAAAGGTTGGA vasa
AsmCF-ddx4qPCR-2R ATAGGTGGCACTGAACATGAGG vasa
AsmCF-gsdfqPCR-1F ACCTTCGTCCTTCATCCGGA gsdf
AsmCFSF-gsdfbqPCR-1R GAATCATCCCGGGAGCAGAC gsdf
AsmCF-AmhqPCR-2F CTACTGACAGCTGACCAGACAA amh
AsmCF-AmhqPCR-2R AGTATTGGTCCTGATGTCCCTCT amh
AsmCF-dmrt1qPCR-2F CTGTCCTGAGCTCAAAACTGGA dmrtl
AsmCF-dmrt1qPCR-2R ATAGGGTTGATGGACATGCAGG dmrtl
AsmCF-foxI2aqPCR-9F AGGCGCATGAAGAGACCATTC foxl2a
AsmCF-foxI2aqPCR-9R TGAGCCAGAGACCAGGAGTTAT foxl2a
AsmCF-cypl9alagPCR-12F GCAGAATCCAGAGGTAGAGCAG  cypl9ala
AsmCF-cypl19alagPCR-12R TGAAGCTCTCGAGGACACAGA cypl9ala
AsmCF-Wnt4bqPCR-3F CAAAAGGCACATCATCAGGGC wnt4b
AsmCF-Wnt4bqPCR-3R GGAGCCTGACACACCATGG wnt4b
Supplementary Table 2: Coefficients of variation of gene expression
gsdf dmrtl amh cypl9ala  foxl2a Wnt4b vasa
Genes
Coefficients 154,5 347,12 271 235,48 107,3 115,63 242,85

of variation
(%)
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Fig. 1. Migration of A. mexicanus Pachon cavefish PGCs during early embryogenesis and
larval development, from 50% epiboly (5-6 hpf) to 20 dpf.
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Fig. 2. Changes in germ cell numbers during the embryonic and larval development (A), and
the expression patterns of vasa in male and female trunks from 10 to 90 dpf and differentiated
gonads of 150 dpf (B) in Pachon cavefish, Astyanax mexicanus.
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Fig. 3. Histology of early male and female gonadal development stages from 16 days post-
fertilization (dpf) to 45 dpf in Pachon cavefish A. mexicanus.
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Fig. 4. Histology of differentiating male and female gonads from 65 dpf to 150 dpf in Pachon
cavefish A. mexicanus.
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Publication N° 2 :

Un chromosome surnuméraire ""B-sexuel" controle la détermination du sexe chez

I’ Astyanax mexicanus de la grotte Pachon

Objectifs

Hormis les analyses de sexe-ratios chez certaines populations cavernicoles, aucune autre
donnée sur les mécanismes de détermination du sexe n’avait été publiée auparavant chez cette
espece. Cette étude avait donc pour objectif de caractériser le ou les systémes de détermination

du sexe chez la population d’Astyanax mexicanus de la grotte Pachon.

Contribution personnelle

J’ai d’abord exploré I’effet de la température sur la détermination du sexe (manipulation de la
température). Apres I’identification du géne candidat pour la détermination du sexe, j’ai
confirmé sa liaison au sexe phénotypique sur tous les animaux utilisés dans cette étude dont le
sexe phénotypique était précédemment identifié (histologie, design des amorces, extractions
des ADNs génomiques et séquencages). Pour comprendre 1’implication gdf6b dans la
détermination du sexe, j’ai analysé ses profils d’expression durant le développement gonadique
(analyse des profils d’expression par qPCR). Pour confirmer les résultats des données
génomiques, j’ai réalisé des dosages TagMan pour déterminer le nombre de copies de gdf6b-
B. Afin de confirmer sa nécessité pour la différenciation sexuelle male, j’ai procédé a
I’inactivation de gdf6b (gdf6b-KO) par le systtme CRISPR-Cas9 et analysé le phénotype et le
génotype des tous les animaux afin d’établir une connexion entre phénotype et génotype. Enfin,

j’ai analysé I’ensemble des résultats et rédigé ce manuscrit.

Expérimentations en cours auxquelles j’ai participé

- Génération et analyse d’une F1 de gdf6b-KO
- Clonage des cDNA de gdf6b, gdf6a et vasa pour utilisation comme sondes dans des
expériences d’hybridation in situ

- Préparation de plusieurs constructions promoteur / cDNA surexprimant le géne gdf6b

- Génération et analyse des lignées transgéniques

- Analyse des profils d’expressions de gdf6b-B et gdféb-A durant le développement par
qPCR

- Annotation du chromosome B
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ABSTRACT

Sex chromosomes are generally thought to be always derived from a pair of classical type A
chromosomes, and relatively few alternative models have been proposed up to now. B
chromosomes (Bs) are supernumerary and dispensable chromosomes found in many plant and
animal species, that have often been considered as selfish genetic elements that behave as
genome parasites. Strikingly the observation that in some species these Bs can be restricted or
enriched only in one phenotypic sex, raised the hypothesis that they could play a role in sex
determination. Here we show that the presence of B microchromosomes is clearly male-
dominant in A. mexicanus Pachdén cave, and that their B microchromosome contains two
duplicated loci of the gdf6b potential MSD gene candidate. The gdf6b gene is overexpressed
during gonadal development in males compared to females and its knockout induce male-to-
female sex reversal showing that gdf6b is necessary for triggering male-sex determination in
Pachon cave 4. mexicanus. Altogether our results bring strong evidences that the A. mexicanus
Pachon cave B microchromosome could be a “B-sex” chromosome containing duplicated
copies of the gdf6b gene, that could act as the MSD gene controlling in sex determination in

this species.
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INTRODUCTION

In nearly all mammals and birds, sex determination (SD) is highly conserved and based on
respectively XX/XY or ZZ/ZW monofactorial genetic SD (GSD) systems (Capel, 2017; Smith
et al., 2009). These two groups also display a high degree of conservation in their master sex-
determining (MSD) genes with Sry (sex determining region on the Y-chromosome) in almost
all mammals and the Z-linked dmrtI (doublesex and mab-3 related transcription factor 1) in all
birds explored to date (Capel, 2017; loannidis et al., 2020; Sinclair et al., 1990; Smith et al.,
2009). In stark contrast, teleost fishes, that comprise about half of all living vertebrate species
(Nelson et al., 2016), have an extremely dynamic range of SD mechanisms with monofactorial
or polygenic GSD systems to environmental sex determination (ESD) including a mixture of

both GSD and ESD (Bachtrog et al., 2014; Heule et al., 2014; Moore & Roberts, 2013).

Several MSD genes have been identified in fish species displaying a monofactorial GSD
system and a high MSD turnover is observed, even between species of the same group. This is
the case for instance in the Oryzias’s genus with dmrt/bY (DM-domain gene on the Y-
chromosome, also known as dmy) in Oryzias latipes (Matsuda et al., 2002; Nanda et al., 2002),
gsdfY (gonadal soma-derived growth factor on the Y-chromosome) in O. luzonensis (Myosho
et al., 2012), and sox3Y (Sry-related high mobility group box transcription factor 3 on the Y-
chromosome) in O. dancena (Takehana et al., 2014). With the exception of the rainbow trout
MSD gene (A. Yano et al., 2012), all the other MSD genes characterized to date belong to four
different gene families, namely the Sry-related HMG box (SOX), the doublesex-and mab-3-
related transcription factors (DMRT), enzymes involved in steroidogenesis, and the
transforming growth factor family (TGF-B) (Guiguen et al., 2018; Herpin & Schartl, 2015;
Koyama et al., 2019; Pan et al., 2018; Purcell et al., 2018). This astonishing diversity of MSD
genes is linked to a high tunover of sex chromosomes, which have apparently evolved
independently and repeatedly (Herpin & Schartl, 2015; Kikuchi & Hamaguchi, 2013; Schartl,
2004; Volff et al., 2007). To expand our knowledge and give an enlarged picture of the
evolutionary history of MSD genes and sex chromosomes, it is crucial to investigate these

mechanisms in other species.

The Astyanax genus is one of the most diverse among the Characid group. Their phylogeny is
complex and they are assumed to be a non-monophyletic group (Teran et al., 2020), probably
explaining why the Astyanax genus presents a remarkable karyotypic and high chromosomal
variability (Nishiyama et al., 2016; Oliveira et al., 2009; Salvador & Moreira-Filho, 1992),
with diploid numbers ranging from 2n = 36 to 2n = 50 (Piscor & Parise-Maltempi, 2016).
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Interestingly, many Astyanax species also have B supernumerary chromosomes that come in
addition to the classical set of A chromosomes (As) (Mestriner et al., 2000; Pazza et al., 2018;
Silva et al., 2016; Silva et al., 2017). These B supernumerary chromosomes (Bs) are found in
a wide range of taxa from fungi to plants and animals, including fishes (D’ Ambrosio et al.,
2017; Jones, 2017). They were often considered as selfish genetic elements that behave as
parasites of the genomes due to their irregular patterns of inheritance known as “drive”
(Camacho et al., 2000; Jones, 1991). However, even though Bs are partially or completely
heterochromatic and composed mainly of thousands of non-coding sequences such as
transposable elements, ribosomal DNA and satellite DNA, it has been reported that Bs
nevertheless carry transcriptionally active genic sequences (Houben et al., 2019). Hence, the
occurrence of Bs in Allium schoenoprasum has been associated with adaptive advantages in
stressful environments (Holmes & Bougourd, 1991; Plowman & Bougourd, 1994). In the
Astyanax genus, most studies dealing with Bs have been limited to 4. scabripinnis or A.
altiparanae, and in A. scabripinnis, Bs have been found to be either more frequent (Néo et al.,
2000) or exclusive to females depending on the population (Mizoguchi & Martins-Santos,

1997).

The blind cavefish 4. mexicanus, also called Mexican tetra exists in two morphs, a river-
dwelling surface morph and a cave-dwelling morph whose populations are located in the North-
East of Mexico (Elliott, 2019; Espinasa et al., 2018; Mitchell et al., 1977). A. mexicanus has
emerged during the past decade as an important model species for medical, evolutionary,
developmental and genetic studies aimed at exploring many traits linked to cave adaptation
(Keene et al., 2016). Consequently, many genomic resources have been generated including
embryonic and larval stage transcriptomes (Hinaux et al., 2011), and whole genome sequences
of different populations (Herman et al., 2018; McGaugh et al., 2014). Moreover, A. mexicanus
can also be manipulated and raised easily in laboratory conditions and has a relatively short
generation time, about 6-8 months. B chromosomes have been also described in A. mexicanus
(Kavalco & De Almeida-Toledo, 2007; Piscor & Parise-Maltempi, 2016) and a partial
association of Bs with phenotypic males has been described recently (Ahmad et al., 2020)
making this species an interesting model for investigating the implication of B chromosomes

on sex determination mechanisms.

To explore sex determination in A. mexicanus, we focused our efforts on the blind and
depigmented Pachon cave laboratory population. Using different genomics approaches we

demonstrated that the presence of B microchromosomes is clearly male-dominant in A.
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mexicanus Pachon cave, and that their B microchromosome contains two duplicated loci of the
gdfob potential MSD gene candidate. The gdf6b gene is overexpressed during gonadal
development in males compared to females and its knockout induce male-to-female sex
reversal, showing that gdf6b is necessary for triggering male-sex determination in Pachon cave
A. mexicanus. Altogether this brings strong evidences that the A. mexicanus Pachon cave B
microchromosome is a “B-sex” chromosome containing duplicated copies of the gdf6b gene

that could act as the MSD gene controlling in sex determination in this species.

RESULTS
Identification of an unusual GSD system in A. mexicanus Pachon cave

Based on the fact that some biased sex-ratios have been reported in different populations of A4.
mexicanus (Wilkens & Strecker, 2017), we first characterized the sex-ratio of a large number
of fish from our Pachén cave population reared under two different temperature conditions
(21°c and 28°C). The resulting sex-ratios were not significantly different from a 1:1 sex-ratio
in both temperature conditions (Table 1), suggesting that our Pachon cave population has a
rather strict monofactorial GSD system with no influence of temperature on sex determination,

at least within the temperature range we screened.

To better characterize this GSD system, we used a pool-sequencing (pool-seq) approach
(Gammerdinger et al., 2014) to contrast whole genome sequencing of a gDNA pool of 91 males
versus a gDNA pool of 81 females. After remapping the pool-seq reads on the
Astyanax_mexicanus-2.0 female surface fish genome assembly (GCF_000372685.2), male
versus female reads coverage differences as well as male- and female-specific SNPs were
computed. This analysis identified 37 regions covering a total of 2.1 Mb with a strong male-
biased pattern, i.e., “apparent” male-specific indels and heterozygous sites, and a higher reads
coverage in males (Figure 1A; Table S2). Surprisingly, these 37 male-biased regions were
distributed throughout the genome within twelve different linkage groups (LGs) and fifteen
unplaced scaffolds (Figure 1A), conflicting with the classical hypothesis of a single contiguous
sex locus on a single sex chromosome (Table S2; Figure S1). Similar results, showing multiple
male-biased regions distributed throughout the genome, were also obtained after remapping on
the Astyanax mexicanus-1.0.2 Pachon female genome assembly (GCA_004802775.1) (Figure
S2).
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Phenotypic sex in 4. mexicanus Pachon cave is correlated with the presence of male-
dominant B chromosomes

Knowing that acrocentric B microchromosomes have been described in Astyanax mexicanus
(Kavalco & De Almeida-Toledo, 2007), and that some B chromosomes are made of a complex
mosaic of A chromosome segments (Valente et al., 2014), we hypothesized that the multiple
male-biased regions that we found to be distributed throughout the 4. mexicanus female
genome assembly could result from the presence of a male-dominant B microchromosome. We
then performed cytogenetic analyses in males and females Pachon cavefish that confirmed that
A. mexicanus has a diploid number (2n) of 50 A chromosomes with some supernumerary B
microchromosomes as previously described (Kavalco & De Almeida-Toledo, 2007) (Figure
2). Comparison of male and female karyotypes showed that the 4. mexicanus Pachon cave B
microchromosomes are strongly male-dominant, as they were found in all males (17/17) with
one (Figure 2a,b) to two B microchromosomes in most analyzed metaphases (Figure 2c,d), and
even up to three B microchromosomes in a limited number of metaphases (Figure S3A; Table
S4). Only very few male metaphases did not harbor this B microchromosome (Table S4). In
contrast, we failed to detect any B microchromosome in most females (7/11), and when B
microchromosomes were found in females (4/11), they were detected only in very few
metaphases and most often as a unique B copy (Figure 2e-h; Figure S3A; Table S4). C-banding
analyses revealed that the A. mexicanus B microchromosomes are largely euchromatic (Figure
2b,d,h). The presence of B microchromosomes was confirmed in two male testes in which we
observed 25 fully synapsed standard bivalents of A chromosomes and a single unpaired B
microchromosome (Figure 3). Altogether these results strongly support the idea that B
microchromosomes are mostly male-dominant in Pachdon cavefish and are probably composed
of a complex mosaic of A chromosome segments. Such a male-dominant B microchromosome
would explain our pool-seq results with multiple male-biased regions distributed throughout a

female genome assembly that would not contain this B microchromosome sequence.

Identification of gdf6b as a potential candidate for SD gene in 4. mexicanus Pachén cave

To characterize a MSD candidate gene, we next searched for annotated genes in these strongly
male-biased regions (LGs and unplaced scaffolds). A total of 63 genes were found, including
25 truncated genes i.e., not completely included within the boundaries of the male-biased
regions, and 38 genes completely included within the boundaries of the male-biased regions
(Table S3). Within these 38 complete CDS genes, only one gene, encoding for growth
differentiation factor 6b (gdf6b) on the 54,5 kb scaffold NW_019172904.1, was identified as a
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likely candidate MSD gene (Tables S2; Table S3). This gdf6b gene is the paralogous copy of
the gdf6a gene, as a result of the teleost whole genome duplication (Figure S4). The gdf6a gene
has previously been described to act as the male master sex-determining trigger in the turquoise
killifish (Reichwald et al., 2015). In Pachén cavefish, the precise characterization of the male
and female genomic differences in this gdf6b locus revealed numerous differences both in the
gdf6b proximal promoter and the gdf6b intron 1, including numerous “apparent” male-specific
indels and male-specific heterozygous positions (Figure 1D,E). Differences within the gdf6b
coding sequence (CDS) were limited to three “apparent” male-specific heterozygous sites
located within exon 1 (T/G in males versus G/G in females at position 180 bp from the start
codon) and exon 2 (C/T in males versus in T/T females at 591 bp, and G/A in males versus
A/A in females at 679 bp) (Figure 1E; Figure S5). Two of these “apparent” male-specific
heterozygous sites were nonsynonymous (180 bp in exon 1 and 679 bp in exon 2). The Gto T
transversion in exon 1 (180 bp) switches a lysine into a male-specific asparagine (Lys/Asn60)
and the A to G transition in exon 2 (679 bp) switches a serine into a male-specific glycine
(Ser/Gly227) (Figure 1E; Figure S5). The Lys/Asn change at position 60 of the Gdf6b protein
impacts a non conserved amino-acid that is highly variable across many vertebrate Gdf6
proteins (Figure 1; Figure S4; Figure S5). In contrast, the Ser/Gly change at position 227 in the
“TGF-B propeptide” domain (Figure S5), impacts a highly conserved glycine that is found in
the Gdfoéb male-specific protein and in all vertebrate Gdf6 proteins including non-teleosts

vertebrate Gdf6 and teleosts Gdf6a and Gdf6b.

Using an allele-specific PCR and primers designed on the exon 2 second “apparent” male-
specific heterozygous site (697 bp of the CDS) (Figure 1E; Figure S5), we found a complete
association of the G transition (A/A in females and A/G in males) in males (N=700) and a total
absence of association in females (N=630) (Figure 1F). This demonstrates that the male-
specific A to G transition in gdf6b is completely sex-linked (p-value of association with male
sex phenotype = 2.2e-16), confirming pool-seq results and providing a first evidence that gdf6b

gene could be a good candidate as a sex-determining gene in Pachon cave Astyanax mexicanus.

Two additional gdf6b loci are localized by fluorescence in situ hybridization on cavefish
B microchromosomes

Fluorescent in situ hybridization (FISH) using probes generated from microdissected male B
microchromosome from individuals carrying 1B and 2B, strongly painted all B
microchromosomes and also revealed weaker signals on different terminal parts of some A

chromosomes (Figure 4a-i), suggesting that these male-dominant B microchromosomes of A.
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mexicanus share a number of sequences with the standard A chromosomes. This also supported
the hypothesis that the multiple male-biased regions detected by pool-seq analyses could be
explained by a duplication of many different segments of A chromosomes on the B
microchromosome. This hypothesis was also validated by FISH using a gdf6b locus probe that
specifically labelled two different gdf6b loci (Figure 4b-i) on all B microchromosomes and one
locus on an A chromosome pair (Figure 4c). The copy number variation quantification of the
male-specific gdf6b locus revealed a significantly higher number of copies in males compared
to females (Figure S3B), supporting the idea that B microchromosomes are mostly male-
dominant in Pachon cavefish. Altogether this suggests the existence of two gdf6b loci on the
male-dominant B microchromosomes (gdf6b-B), and one gdf6b locus on A chromosome in

both males and females (gdf6b-A4).

Chromosome-scale genome sequencing of a male cavefish confirms the presence of two
additional gdf6b loci on its B microchromosome

Because the two publicly available Astyanax mexicanus genome assemblies were made from a
female individual, we sequenced a Pachon male cavefish to be able to assemble a B
microchromosome. To provide a high-quality genome assembly our initial approach was a
combination of Oxford Nanopore Technologies (ONT) long-reads sequencing (50 fold
coverage) for genome scaffolding, 10X genomics Illumina short linked reads (160 fold
coverage) for ONT assembly error correction, and a chromosome contact map (Hi-C) to
generate a chromosome-scale assembly. However, because the 4. mexicanus B
microchromosome contains multiple segments of A chromosomes with only limited
differentiation between the A and B duplicated sequences, this approach failed to provide a
clean and high continuity B microchromosome sequence. Due to the relatively high error rate
of the ONT reads, the ONT assembly had to be corrected by Illumina short reads that were not
mapped accurately on their A or B duplicated loci due to their small size (2x150 bp). This
ONT-based assembly, despite relatively good whole-genome assembly metrics (Table S5), was
locally not accurate with a mix of A and B sequences. To overcome this problem, we produced
HiFi PacBio long-reads (33 fold coverage) that were used to build an error-free long-read
assembly that was integrated with Hi-C to generate a chromosome-scale assembly. This high-
quality assembly (see assembly metrics and comparisons with public assemblies in Table S5)
has a cumulated genome size of 1.38 Gb with a total number of 195 scaffolds, a N50 scaffold
size of 52 Mb, a L50 contig number of 11 (i.e. half of the assembled genome is included in the
11 longest scaffolds that have a 52 Mb size or higher), and 25 large scaffolds that could
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correspond to the 25 A chromosomes previously described in A. mexicanus (Kavalco & De
Almeida-Toledo, 2007). Using this assembly as a reference we reanalyzed our pool-seq
datasets and did not find any sex-biased regions in these 25 putative A chromosomes, with only
a very low number of male- and female-specific SNPs (max per 50 kb windows = 24, compared
to 340 when remapped onto the female Astyanax mexicanus-2.0 assembly) that can be
interpreted as background noise all over the genome (Figure S6). Interestingly, only one
scaffold (HiC Scaffold 28) displays a clear sex-biased profile with a higher male reads
coverage all over its 2.97 Mb sequence (Figure S7C). This sex-biased male-coverage suggests
that this scaffold is the 4. mexicanus B microchromosome assembled in a single scaffold, as
no other unplaced scaffold exhibit a similar sex-biased pattern. Blast analysis of the gdf6b CDS
on this reference genome returned three significant hits (evalue = 0), one at the beginning of
large (64.8 Mb) A chromosome (HiC scaffold 3:863919-866170) and two hits on the putative
B microchromosome (HiC scaffold 28:1253385-1255976 or gdf6b-B locus 1 and
HiC scaffold 28:1892181-1894772 or gdf6b-B locus 2) (Figure S7A). All the differences
previously detected with the pool-seq analysis, between the CDS of the gdf6b-A4 and the gdf6b-
B loci were confirmed by this genome assembly sequences, and the CDS of the two B
microchromosome gdf6b loci are totally identical. Outside this CDS region, the two gdf6b-B
loci share 99.9% in their overlapping parts (Figure S7B and S7C), and they both share 79.2 %
of identity with the gdf6b-A4 locus. Interestingly the gdf6b-B locus 2 shares a longest region of
identity with the gdf6b-A locus than with the gdf6b-B locus 1 (Figure S7B and S7C) and the
two gdf6b-B loci also share a long region of identity that is not present in the gdf6h-A locus
(Figure S7C). This could be explained by the hypothesis that the gdf6b-B locus 2 arose after
the duplication / insertion of the gdf6b-A locus on the B microchromosome, and that the gdf6b-
B locus 1 is the result of internal B duplication / insertion of a different portion of the gdf6b-B
locus 2 (Figure S7D). Altogether this genome information brings additional evidence for the
presence of two duplicated gdf6b-B loci in the male-dominant B microchromosomes, and

shades new light on the complex origin of the mosaic B microchromosome.

The gdf6b gene is expressed prior to molecular differentiation in male 4. mexicanus

During early gonadal development, differential expressions of gdf6a and gdf6b transcripts were
first detected at 10 days post-fertilization (dpf) both in males and females, with gdf6b being
strongly and significantly over-expressed in males compared to females as early as 16 dpf and
from 45 to 90 dpf (Figure 5SA,A’). In contrast, gdf6a did not show any marked difference

between sexes except for a small but significant over-expression in females at 45 dpf (Figure
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5A’). In adult fish, gdf6a and gdf6b were expressed in different tissues with a significantly
higher expression in testes compared to ovaries (Figure 5B-C’). Altogether, these results show
that gdf6b is highly expressed in gonads with a sexually dimorphic expression long before the
first sign of histological sex differentiation and at the same time as the gonadal somatic cell
derived factor gene (gsdf), that has been described as the earliest molecular marker expressed
during gonadal sex differentiation in cavefish (Imarazene et al., 2020). This early male-
predominant gdf6b expression is another evidence that this gene could be acting as a MSD gene
in A. mexicanus, although we did not succeed in quantifying specifically the gdf6b-B and the
gdf6b-A transcripts due to their too high sequence identities.

2df6b knockout by CRISPR-Cas9 results in male to female sex reversal

To bring functional evidence that gdf6b could be the master sex determining gene in A.
mexicanus, we next generated gdf6b knockout (KO) cavefish by targeting two sgRNA sites on
exon 2 that contains the two “apparent” male-specific heterozygous sites detected by pool-seq
analysis, using the genome-editing CRISPR-Cas9 system (Figure 6A). Among the 200 first
generation (GO0) individuals microinjected, eighteen genetic males had a ~470 bp deletion in
their gdf6b exon 2 (Figure 6B,E; Figure S8) and all these animals were sex reversed into
phenotypic females. This large deletion includes most of the TGF-3 propeptide region and the
beginning of the TGF-B like domain resulting in a truncated, -likely non-functional-, Gdf6b
protein (Figure S8). In contrast, all genetic males and females without any mutation, developed
normal ovaries and testes (Figure 6C,D). These results show that gdf6b is necessary to trigger
testicular development in 4. mexicanus and bring another functional evidence that gdf6b could

be the MSD gene in Pachon cave A. mexicanus.

DISCUSSION

Teleost fishes exhibit a high diversity of genetic sex determination systems and this variability
is revealed by frequent changes in MSD genes as well as a high rate of sex chromosome
turnovers (Herpin & Schartl, 2015; Kikuchi & Hamaguchi, 2013; Schartl, 2004; Volff et al.,
2007). To date, most of the well-described fish GSD systems are monofactorial GSD systems
with XX/XY or ZZ/ZW sex chromosomes (Kitano & Peichel, 2012). However, besides these
usual “A-type” sex chromosomes, a few reports have suggested that accessory B chromosomes
could also be instrumental in establishing the sexual phenotype, like for instance in some

cichlid species where a feminizing sex determining gene has been supposed to be on a B “W”
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chromosome (Clark & Kocher, 2019; Yoshida et al., 2011). Our study brings new evidences
for the existence of such unusual “B-type” sex chromosomes, with the characterization of a

male-dominant B-sex chromosome and its MSD in the Pachdn cave Astyanax mexicanus.

Despite the prevalent view assuming that Bs are non-essential for the host organism, their
occurrence has been associated with phenotypic sex in some species (J.P.M. Camacho et al.,
2011). For instance, B chromosomes have been found to be restricted or predominantly present
in females in two cichlid species, Lithochromis rubripinnis and Metriaclima lombardoi (Clark
et al., 2017; Clark & Kocher, 2019; Yoshida et al., 2011) and in some characiforms species,
Metynnis lippincottianus, and Astyanax scabripinnis (Favarato et al., 2019; Mizoguchi &
Martins-Santos, 1997; Néo et al., 2000). B chromosomes with a male dominant pattern have
been also reported in one population of Moenkhausia sanctaefilomenae (Camacho et al., 2011;
Portela-Castro et al., 2000; Utsunomia et al., 2016) and in A. mexicanus in which their presence
has been described only in males, but not in all males (Ahmad et al., 2020). Contrasting with
this last report, our results show a rather complete association of the presence of B
microchromosomes with male phenotype in the Pachdn cave 4. mexicanus, with only a few
females detected with some rare B microchromosomes in some metaphase spreads. This
inconsistency between Ahmad et al (Ahmad et al., 2020) and our results could be potentially
explained by a different origin of the cave populations used. The exact origin of the cavefish is
not described Ahmad et al (Ahmad et al., 2020) and could be subject to caution as they were
obtained in local pet shops. Population differences of the frequency and sex-linkage of B
chromosomes have been reported in many species (Camacho, 2005; Camacho et al., 2000;
Houben, 2017; Jones, 2017). More than 30 cave-dwelling A. mexicanus populations have been
described in northeastern Mexico (Elliott, 2019; Espinasa et al., 2018; Mitchell et al., 1977).
The existence of these many, partly independently-evolved cave populations and the lack of
precise information on the origin of the Ahmad and al. samples support the idea that the
differences in B chromosome sex-linkage may be due to population differences in A.
mexicanus. Of note, our laboratory population of Pachon cavefish derives from founders
sampled in the Pachdon cave, which have since then been bred without outcrossing of any kind,
and which are indistinguishable from the wild Pachon cavefish with regards to the Gdf6b

genotype (Imarazene et al., paper3 in preparation).

B chromosomes are thought to arise from A chromosomes (Hanlon et al., 2018; Martis et al.,
2012; Ruban et al., 2020; Valente et al., 2014) and their relation with sex chromosomes has

often been suspected and discussed. Different hypothesis stating either that they might be
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derived from sex chromosomes or on the contrary, that they may have evolved as sex
chromosomes have been put forward (Camacho et al., 2011; Pansonato-Alves et al., 2014;
Serrano-Freitas et al., 2020; Vujosevi¢ et al., 2018; Zhou et al., 2012). Our FISH with B
microdissected probes and whole genome analyses of the B microchromosome of A. mexicanus
clearly revealed that Bs are composed of a complex mosaic of many A chromosome regions,
as already described in other species (Ahmad et al., 2020; Martis et al., 2012; Ruban et al.,
2020; Valente et al., 2014). These successive duplications / insertions events have shaped the
current structure of the A. mexicanus B microchromosome, which contains genes with
complete CDS as well as many truncated CDS that could reflect the random process of these
duplications / insertions. Interestingly, we observed that some B regions can also stem from
internal Bs duplications / insertions, showing in this way that their structure is probably more
complex than initially thought, and that they were constructed stepwise. For the sex-linked
gdf6b-B locus, we propose a specific scenario which includes both types of events (Figure
S7D). This contribution of many A chromosome regions to the structure of 4. mexicanus B
microchromosome is in line with results from Ahmad et al that also found a large amount of
transposable elements (TEs) on the A. mexicanus Bs (Ahmad et al., 2020). However, the 2,350
genes identified on 4. mexicanus B chromosome in their study far exceeds the 63 genes that
we identified based on our pool-seq analyses. This discrepancy could be explained by the fact
that they inferred these numbers based on the whole genome sequencing of a limited number
of individuals (two B+ versus two B-). As individual genome variations could be quite
important this simple comparison probably provided some real B-specific sequences but also
many polymorphic individual sequences that are not related to the B sequences. The large
number of males and females in our pooled strategy would have erased this individual
polymorphism that is not linked to sex, allowing us to better calling potential genes on the 4.

mexicanus B chromosome.

Sex chromosomes are generally thought to be derived from a pair of autosomes (Kitano et al.,
2009; Ross et al., 2009), in which a single initial allele or a duplication / insertion of a potential
sex determining gene will be fixed as a heterozygous variation. In general, following its “birth”,
the sex chromosome region around this sex determining gene will start accumulating specific
alleles, including potential sexually antagonistic alleles and also repetitive sequences (Bull,
1983; Charlesworth, 1991; Marshall Graves, 2008). However, this A-type chromosomal origin
has been challenged in some species like for instance in oreochromine cichlids in which the

sex megachromosome is supposed to be the result of a fusion of an autosome with a B
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chromosome (Conte et al., 2020). However, up to now, no functional proof, including the
characterization of a potential MSD gene, has been brought to support the idea that some B
chromosomes could be considered as real sex chromosomes. Here we provide clear evidence,
in the A. mexicanus Pachon cavefish, that the 4. mexicanus B microchromosome is male-
dominant, together with expression and knockout functional evidence supporting that the
duplicated gdf6b genes on this B microchromosome could be a potential MSD gene. The fact
that the gdf6b-knockout resulted in a complete gonadal sex reversal of male mutants,
constitutes a strong evidence that gdf6b is necessary for triggering testicular differentiation in
A. mexicanus. However, because of the high similarity of the B loci with the A locus we have
not been able to specifically knockout the B copies of gdf6b. Further studies would then be
needed to bring more functional proofs supporting the role of the gdf6b-B genes in Pachon
cavefish 4. mexicanus sex determination, including the specific gdf6b-B knockout and the

overexpression of gdf6b by transgenesis in genetic females.

The gdf6b gene stemmed with its paralogous copy gdf6a from the teleost specific whole
genome duplication (TGD) (Christoffels et al., 2004; Vandepoele et al., 2004) of an ancestral
single copy gdf6 gene. Quite interestingly, a Y-chromosome specific allele of gdf6a (gdf6aY),
has been characterized as a potential MSD gene in the African turquoise Kkillifish
Nothobranchius furzeri (Reichwald et al., 2015). gdf6 belongs to the BMP group of the TGF-
B superfamily within which many sex determining genes have been found like the amhY (anti-
Miillerian hormone on the Y-chromosome) in Oreochromis niloticus (M. Li et al., 2015),
Odontesthes hatcheri (Hattori et al., 2012), and Esox lucius (Pan et al., 2019), amhr2Y (anti-
Mullerian Hormone Receptor Type 2 on the Y-chromosome) in Takifugu rubripes and Perca
flavescens (Feron et al., 2020; Kamiya et al., 2012), bmpribbY (BMP type I receptor bb on the
Y chromosome) in Clupea harengus (Rafati et al., 2020), and gdf6aY (growth differentiation
factor 6a on the Y-chromosome) in N. furzeri (Reichwald et al., 2015). This diversity of MSD
TGF-p family genes highlights the key and conserved function of this pathway.

In N. furzeri the comparison between the X and Y alleles of gdf6a (gdf6aY and gdf6aX)
revealed 15 amino acids substitution, and the deletion of three additional amino acids in the
CDS of the Y allele. Moreover, these two alleles also differ in their 3'UTR region with a Y-
specific deletion of 241 bp which potentially includes a microRNA binding site (mir-430)
(Reichwald et al., 2015). In A. mexicanus, the B microchromosome gdf6b (gdf6b-B) and its A
chromosome paralog, gdf6b-A, differ by only 2 amino acids substitutions in their CDS. In

addition, many differences were detected in their respective promoters and intron 1 sequences,
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possibly implying regulatory changes between these two paralogs. Whether these two amino
acids changes could be responsible for a different function of the B chromosome Gdf6b remains
to be explored. But in Takifugu rubripes and Oreochromis niloticus, point mutations in
respectively amhr2Y and amhY, were described to be directly responsible for male sex
determination (Kamiya et al., 2012; M. Li et al., 2015). Interestingly in the Pachon cave 4.
mexicanus one of the two nonsynonymous substitutions that we found between the two A and
B chromosome genes impacts a serine in the Gdf6b-A protein that is changed into a glycine in
the Gdf6b-B protein. Surprisingly the glycine of the B chromosome copy is conserved in all
vertebrate Gdf6 proteins, while the serine is an unique feature of the Gdf6b-A protein,
potentially suggesting that the Gdf6b-A protein could be an hypoactive protein. Additional
functional explanations could be due to specific-promoter sequence variations between gdf6b-
A and gdf6b-B that could result in a the lower gdf6b expression profile that we observed during
female sex differentiation compared to males. Such a dimorphic expression was also reported
in N. furzeri with a significantly higher expression of gdf6aY in male trunks at 3 days post-
hatching (dph) and 7 dph during the sex differentiation period (Reichwald et al., 2015). Finally,
a potential function of gdf6b as a potential sex determining gene maybe triggered by a sex-
specific dosage, as male have an extra load of gdf6b genes. This gdf6b dosage hypothesis is
interesting in the context of the 4. mexicanus B microchromosome as our genomic and FISH
analyses revealed the presence of two gdf6b copies on these Bs. This dosage difference would

be even increased in many males in which we found multiple Bs.

Despite being male-dominant, the Pachon cave 4. mexicanus B microchromosome is also
found in some females albeit often as a single copy and only in very few metaphases. B
chromosomes frequency has been described as being highly variable between species, sexes,
and even in individuals of the same population and in different cells in a single individual
(Camacho, 2005; Camacho et al., 2000; Houben, 2017; Jones, 2017). This is assumed to be the
result of a mitotic instability of B chromosomes that can be present only in some tissues and
absent from others (Bernardino et al., 2017; Schmid et al., 2002; Stevens & Bougourd, 1994).
One of the species in which this instability has been well characterized is a plant from the
family Poaceae, Aegilops speltoides. In this species, a programmed elimination mechanism of
the Bs has been found specifically in the roots, while Bs are stables in all other organs’ cells
(Ruban et al., 2020). This programmed elimination mechanism occurs at early stages of the
proto-root embryonic tissue differentiation, and results from the B chromatid nondisjunction

during the anaphase, leading to the micronucleation of Bs and their subsequent degradation
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(Ruban et al., 2020). The hypotheses proposed to explain this root-specific elimination are that
this mechanism would prevent the expression or overexpression of root-specific genes that
could have deleterious effects, or the establishment of a selection mechanism for Bs that would
allow their maintenance only in other tissues (Ruban et al., 2020). Although we have no
evidence supporting such a mechanism in 4. mexicanus, we cannot exclude that the low
numbers of female B chromosomes could be restricted to somatic tissues and completely
eliminated from the female germline. Hence, further studies would be required for

understanding such patterns.

FISH analysis with a gdf6b probe clearly showed that the rare female Bs also contain the gdf6b
loci, contrasting somehow with all our PCR genotyping results that never detected any gdf6b-
B fragment in hundreds of phenotypic females. To explain this discrepancy a hypothesis would
be that these female Bs would only have truncated and non functional copies of gdf6b. Our
results on copy number variation of gdf6b-B in males and females support this potential
hypothesis as the average gdf6b-B/gdf6b-A ratio is just below 0.5 in females. This hypothesis

awaits the characterization of the female B-chromosome sequence for confirmation.

Using different genomics approaches we demonstrated that the presence of B
microchromosomes is clearly male-dominant in 4. mexicanus Pachon cave, and that their B
microchromosome contains two duplicated loci of the gdf6b potential MSD gene candidate.
The gdf6b gene is overexpressed during gonadal development in males compared to females
and its knockout induces male-to-female sex reversal, showing that gdf6b is necessary for
triggering male-sex determination in Pachon cave A. mexicanus. Altogether our work brings
strong evidences that the 4. mexicanus Pachén cave B microchromosome is a “B-sex”
chromosome containing duplicated copies of the gdf6b gene, the MSD gene candidate for

controlling sex determination in this species.

MATERIAL AND METHODS
Statement of Ethics

All animal protocols were carried out in strict accordance with the French and European
legislations (French decree 2013-118 and directive 2010-63-UE) applied for ethical use and
care of laboratory animals used for scientific purposes. SR’s and CNRS authorizations for
maintaining and handling of 4. mexicanus in experimental procedures were 91-116 and

91272105, respectively. For Karyotypic analysis, all handling of fish individuals followed
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European standards in agreement with §17 of the Act No. 246/1992 coll to prevent fish
suffering. The procedures involving fish were supervised by the Institutional Animal Care and
Use Committee of the Institute of Animal Physiology and Genetics CAS, v.v.i., the
supervisor’s permit number CZ 02361 certified and issued by the Ministry of Agriculture of
the Czech Republic.

Cavefish breeding and sampling

Laboratory stocks of 4. mexicanus Pachon cave fish were obtained in 2004 from the Jeffery
laboratory at the University of Maryland, College Park, MD. Fish were raised as previously
described (Imarazene et al., 2020). Fertilized eggs were provided by CNRS cavefish
experimental facilities (Gif sur Yvette, France) and maintained at 24°C until the hatching stage
occurring around 24 + 2 hours post-fertilization (hpf) (Hinaux et al., 2011). Subsequently,
larvae were transferred and raised in the Fish Physiology and Genomics laboratory
experimental facilities (LPGP, INRAE, Rennes, France) under standard photoperiod (12 h light
/12 h dark) and at two different temperatures: 21 + 1 °C and 28 + 1°C. Animals were fed twice
a day, firstly with live artemia (OCEAN NUTRITION) until 15 dpf, then with commercial diet
(BioMar) until adult stage. For animal dissections and organ sampling, fish were euthanized
with a lethal dose of tricaine methanesulfonate (MS 222, 400 mg/1), supplemented by 150 mg/1
of sodium bicarbonate. Phenotypic sex of individuals was determined at 4 months and more,
either by macroscopical examination of the gonads when they were enough differentiated, or
by histology when gonads were not totally differentiated (Imarazene et al., 2020). Caudal fin
clips were collected from all individuals and stored in ethanol 90% at 4°C before genomic
DNA (gDNA) extraction. For the chromosome contact map (Hi-C), 80 pul of blood was sampled
from three males using a syringe rinsed with EDTA 2%. The fresh blood was slowly freezed
in a Freezing Container (Mr. Frosty, Nalgene®) after addition of 15% of dimethyl sulfoxide
(DMSO). Karyotypic analyses were carried out in 17 males and 11 females of Pachén cave
Astyanax mexicanus. Tissue samples (a narrow stripe of the tail fin) were taken from the live
specimens under the effect of the anaesthetic MS-222 (Merck KGaA, Darmstadt, Germany).
In case of direct preparation, fishes were euthanized using 2-phenoxyethanol (Sigma-Aldrich,

St. Louis, MO, USA) before being dissected.

DNA extraction

For fish genotyping, gDNA was extracted from fin clips stored in ethanol 90%, after lysis in
5% chelex and 10 mg Proteinase K at 55°C for 2 h, followed by 10 min at 99°C (Gharbi et al.,
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2006). Following extraction, samples were centrifuged and the supernatant containing the
gDNA was transferred in clean tubes and stored at -20°C. For pool-sequencing and TagMan
assay, gDNA was extracted using NucleoSpin Kits for Tissue (Macherey-Nagel, Duren,
Germany) according to the supplier’s recommendations. For long read male genome
sequencing, high molecular weight (HMW) gDNA was extracted from a mature testis grounded
in liquid nitrogen and lysed in TNES-Urea buffer (TNES-Urea: 4M urea; 10 mM Tris-HCI, pH
7.5; 120 mM NaCl; 10 mM EDTA; 5% SDS) for two weeks at room temperature. For HMW
gDNA extraction the TNES-Urea solution was supplemented with Proteinase K at a final
concentration of 150 pg / ml and incubated at 37 °C overnight. HMW gDNA was extracted
with a modified phenol-chloroform protocol as previously described (Pan et al., 2019). The
gDNA concentrations for both pool-seq and genome sequencing were quantified with Qubit3
fluorometer (Invitrogen, Carlsbad, CA) and HMW gDNA quality and purity was assessed

using spectrophotometry, fluorometry and capillary electrophoresis.

Primer and probe designing

All primers used in this study including PCR genotyping, qPCR gene expression, TagMan
assays, and cDNA cloning were designed using Primer3web software version 4.1.0 (Kdressaar

et al., 2018) and are listed in (Table S1).

Genotyping sex-specific marker

Genetic sex of individuals was determined by a PCR test using primers designed to amplify
specifically the male gdf6b allele based on the male-specific hetrozygous site on exon 2 located
at position 679 bp. The HiDi Taq DNA polymerase (myPOLS Biotec, #9201) was used for
detecting a single nucleotide polymorphism. PCRs were then performed in a total volume of
50 pl containing 0.2 uM of each primer, a final concentration of 20 ng/ul gDNA, 200 uM
dNTPs mixture, 1X of HiDi buffer (10X), and 2.5U/reaction of HiDi DNA polymerase.
Cycling conditions were as follows: 95°C for 2 min, then 35 cycles of (95°C for 30 seconds

(sec) + 60°C for 30 sec + 72°C for 1 min), and 72°C for 5 min.

10x Genomics sequencing

10X Chromium Library was prepared according to 10X Genomics protocols using the Genome
Reagent Kits v2. Optimal performance has been characterized on input gDNA with a mean
length greater than 50 kb (~144Kb). GEM reactions were performed on 0,625 ng of genomic
DNA, and DNA molecules were partitioned and amplified into droplets to introduce a 16-bp
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partition barcodes. GEM reactions were thermally cycled (30°C for 3h and 65°C for 10 min;
held at 4°C) and after amplification the droplets were fractured. P5S and P7 primers, Read 2,
and Sample Index were added during library construction. The library was amplified using 10
cycles of PCR and the DNA was subsequently size selected to 450 pb by performing a double
purification on AMPure Xp beads. Library quality was assessed using a Fragment Analyzer
and quantified by qPCR using the Kapa Library Quantification Kit. Sequencing has been
performed on an Illumina HiSeq3000 using a paired-end read length of 2x150 bp with the
Illumina HiSeq3000 sequencing kits.

Oxford nanopore genome sequencing

HMW gDNA purification steps were performed using AMPure XP beads (Beckman Coulter).
Library preparation and sequencing was performed using Oxford Nanopore Ligation
Sequencing Kit SQK-LSK109 according to manufacturer's instructions “1D gDNA selecting
for long reads (SQK-LSK109)". Five ng of DNA was purified then sheared at 20 kb using the
megaruptor] system (diagenode). A one step DNA damage repair + END-repair + dA tail of
double stranded DNA fragments was performed on 2ug of sample. Then adapters were ligated
to the library. Library was loaded onto 1 R9.4.1 flowcell and sequenced on a PromethION
instrument at 0.02 pM within 72H.

PacBio Hifi genome sequencing

Library preparation and sequencing were performed according to the manufacturer’s
instructions “Procedure & Checklist Preparing HiFi SMRTbell Libraries using SMRTbell
Express Template Prep Kit 2.0”. Fifteen ug of DNA was purified then sheared at 15 kb using
the Megaruptor3 system (Diagenode). Using SMRTbell Express Template prep kit 2.0, a Single
strand overhangs removal then a DNA and END damage repair step were performed on 10 pg
of sample. Then blunt hairpin adapters were ligated to the library. The library was treated with
an exonuclease cocktail to digest unligated DNA fragments. A size selection step using a 12
kb cutoff was performed on the BluePippin Size Selection system (Sage Science) with “0.75%
DF Marker S1 3-10 kb Improved Recovery” protocol. Using Binding kit 2.0 kit and sequencing
kit 2.0, the primer V2 annealed and polymerase 2.0 bounded library was sequenced by diffusion
loading onto 2 SMRTcells on Sequel2 instrument at 50 pM with a 2 hours pre-extension and a

30 hours movie.
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Hi-C sequencing

Hi-C data was generated using the Arima-HiC kit (Ref. 510008), according to the
manufacturers protocols using 10pul of blood as starting material, the Truseq DNA PCR-Free
kit and Truseq DNA UD Indexes (Illumina, ref. 20015962, ref. 20020590) and the KAPA
library Amplification kit (Roche, ref. KK2620). Hi-C library was sequenced in paired end
2*150nt mode on Novaseq6000 (Illumina), using half a lane of a SP flow cell (ref. 20027464).
Image analyses and base calling were performed using the Illumina NovaSeq Control Software
and Real-Time Analysis component (v3.4.4). Demultiplexing was performed using [llumina's
conversion software (bcl2fastq v2.20). The quality of the raw data was assessed using FastQC
(v0.11.8) from the Babraham Institute and the Illumina software SAV (Sequencing Analysis
Viewer). Potential contaminants were investigated with the FastQ Screen (v0.14.0) software

from the Babraham Institute (Wingett & Andrews, 2018).

Genome assembly

Pacbio HiFi reads were assembled with hifiasm version 0.9 using standard parameters. The
genome assembly fasta file was extracted from the principal gfa assembly graph file using an
awk command line. This assembly was then scaffolded using Hi-C and 10X as a source of
linking information. 10X reads were aligned using Long Ranger v2.1.1 (10x Genomics). Hi-C
reads were aligned to the draft genome using Juicer (Durand, Shamim, et al., 2016) with default
parameters. A candidate assembly was then generated with 3D de novo assembly (3D-DNA)
pipeline (Dudchenko et al., 2017) with the -r 0 and --polisher-input-size 100000 parameters.
Finally, the candidate assembly was manually reviewed using the Juicebox Assembl (Durand,
Robinson, et al., 2016). Due to the specific structure of the B microchromosome, both Hi-C
and 10X signals show some uncertainties in the order and orientation of the contigs. To improve
the quality of the B microchromosome assembly, ONT reads were aligned to the final version
of the genome using minimap2 (Li, 2018). Both reads spanning contig junctions and reads
showing supplementary alignments linking contigs belonging to the B microchromosome were

analyzed to resolve these ambiguities.

Male and female Pool-sequencing

DNA was collected from 91 phenotypic males and 81 phenotypic females and was pooled as
male and female pools separately. Before pooling, the DNA concentration was normalized in
order to obtain an equal amount of each individual genome in the final pool. Pool-sequencing

libraries were prepared using the Illumina TruSeq Nano DNA HT Library Prep Kit (Illumina,
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San Diego, CA) according to the manufacturer’s protocol. After the fragmentation of each
gDNA pool (200 ng/pool) by sonication using an M220 Focused-ultrasonicator (COVARIS),
the size selection was performed using SPB beads retaining fragments of 550 bp. Following
the 3" ends of blunt fragments mono-adenylation and the ligation to specific paired-end
adaptors, the amplification of the construction was performed using [llumina-specific primers.
Library quality was verified with a Fragment Analyzer (Advanced Analytical Technologies)
and then quantified by qPCR using the Kapa Library Quantification Kit (Roche Diagnostics
Corp, Indianapolis, IN). The enriched male and female pool libraries were then sequenced
using a paired-end multiplexed sequencing mode on a NovaSeq S4 lane (Illumina, San Diego,
CA), combining the two pools on the same lane and producing 2 x 150 nt with [llumina
NovaSeq Reagent Kits according to the manufacturer’s instructions. Sequencing produced 288
million paired reads and 267 million paired reads for the male and female pool libraries,

respectively.

Pool-sequencing analysis

Characterization of genomic regions enriched for sex-biased signals between males and
females, consisting of coverage and Single Nucleotide Polymorphism (SNP) differences was
performed as described previously (Feron et al., 2020; Pan et al., 2019). 4. mexicanus paired-
end reads from male and female pool-seq pools were mapped onto publicly available or our
own genome assemblies of Astyanax mexicanus using BWA mem version 0.7.17 (Li, 2013).
The resulting BAM files were sorted and the duplicate reads due to PCR amplification during
library preparation were then removed wusing Picard tools version 2.18.2
(http://broadinstitute.github.io/picard) with default parameters. Then, for each pool and each
genomic position, a file containing the nucleotide composition was generated using samtools
mpileup version 1.8 (Li, 2013), and popoolation2 mpileup2sync version 1201 (Kofler et al.,
2011). This file was then analysed with custom software (PSASS version 2.0.0: https
://zenodo.org/recor d/26159 36#.XTylS 3s6_ Al) to compute: (a) the position and density of
sex-specific SNPs, defined as SNPs heterozygous in one sex but homozygous in the other, and
(b) the average read depths for male and female pools along the genome to look for regions
present in one sex but absent in the other (i.e., sex-specific insertions). All PSASS analyses
were run with default parameters except for the range of frequency for a sex-linked SNP in the
homogametic sex, --range-hom, that was set to 0.01 instead of 0.05, and the size of the sliding

window, --window-size, that was set at 50,000 instead of 100,000.
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Chromosome Preparation and Conventional Cytogenetics

Mitotic or meiotic chromosome spreads were obtained either from regenerating caudal fin
tissue as described by (Volker & Rab, 2015), with slight modifications (Sember et al., 2015)
and altered time of fin regeneration (one week), or by direct preparation from the cephalic
kidney and gonads (Rab and Roth 1988). In the latter, the quality of chromosomal spreading
was enhanced by a previously described dropping method (Bertollo et al., 2015). Chromosomes
were stained with 5% Giemsa solution (pH 6.8) (Merck, Darmstadt, Germany) for conventional
cytogenetic analyses, or left unstained for other methods. For fluorescence in situ hybridization
(FISH), slides were dehydrated in an ethanol series (70%, 80% and 96%, 3 min each) and
stored at -20 °C before analysis. Constitutive heterochromatin was visualized by C-banding
according to (Haaf & Schmid, 1984), with chromosomes being counterstained by 4',6-
diamidino-2-phenolindole (DAPI), 1.5 pg/mL in antifade (Cambio, Cambridge, United
Kingdom).

2df6b isolation and probe synthesis for FISH painting

gDNA was extracted using NucleoSpin Kits for Tissue (Macherey-Nagel, Duren, Germany) as
described above. A gdf6b fragment comprising the two exons, the intron and 2,260 bp of the
proximal promoter (with a total size of 4,368 bp) was amplified by PCR in a total volume of
50 pl. The mixture contained 0.5 uM of each primer, a final concentration of 20 ng/ul gDNA,
1X of 10X AccuPrime™ PCR Buffer II, 1U/reaction of AccuPrime™ Taq DNA Polymerase,
High Fidelity (Thermofisher), was adjusted to 50 pl with autoclaved and distilled water.
Cycling conditions were as follows: 94°C for 45 sec, then 35 cycles of (94°C for 15 sec + 64°C
for 30 sec + 68°C for 5 min and 30 sec), and 68°C for 5 min. The resulting PCR product was
cloned into TOPO TA cloning Kit XL (Thermofisher) and after sequence verification was
purified using NucleoSpin plasmid DNA purification kit (Machery-Nagel, Diiren, Germany)
according to the supplier's indications. This gdf6b cloned DNA fragment was labeled by nick
translation with Cy3-dUTP using Cy3 NT Labeling Kit (Jena Bioscience, Jena, Germany). The
optimal fragment size of the probe (approx. 200-500 bp) was achieved after 30 min of

incubation at 15 °C.

Chromosome microdissection, painting probe preparation, and labeling

Twelve copies of B chromosome from 4. mexicanum male individual AM10 and twelve copies
encompassing two B chromosomes (per cell) from a male individual AM9 (hereafter

designated as AMI10-1B and AMO9-2B, respectively) were manually microdissected as
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previously described (Al-Rikabi et al., 2020) under an inverted microscope (Zeiss Axiovert
135) using a sterile glass needle attached to a mechanical micromanipulator (Zeiss). The
chromosomes were subsequently amplified by degenerate oligonucleotide primed-PCR (DOP-
PCR) following (Yang et al., 2009). One pL of the resulting amplification product was used as
a template DNA for a labeling DOP-PCR reaction, with Spectrum Orange-dUTP and Spectrum
Green-dUTP, for AM9-2B and AM10-1B, respectively (both Vysis, Downers Grove, USA).
The amplification was done in 30 cycles, following (Yang & Graphodatsky, 2009). Depending
on the experimental scheme, the final probe mixture contained 1) both painting probes (200 ng
each) or ii) a single painting probe (200 ng) and a labeled 4368 bp long fragment containing
gdf6b gene and its promoter (300 ng; see below). To block the shared repetitive sequences, the
probe also contained 4-5 pg of unlabelled competitive DNA prepared from female gDNA (on
male preparations) or male gDNA (on female preparations). Male and female genomic DNAs
(gDNAs) were isolated from liver and spleen using MagAttract HMW DNA kit (Qiagen) and
Cot-1 DNA (i.e., fraction of gDNA enriched with highly and moderately repetitive sequences)
was then generated from them according to (Zwick et al., 1997). The complete B probe mixture
was dissolved in the final volume 20 pL (in case of two painting probes) or 14 pL (in case of
one painting probe and a gdf6b gene probe) of hybridization mixture (50% formamide and 10%
dextran sulfate in 2x SSC).

FISH used for WCP and combined WCP/gdf6-mapping experiments

The FISH experiments were done using a combination of two previously published protocols
(Sember et al., 2015; C. F. Yano et al., 2017), with slight modifications. Briefly, the aging of
slides took place overnight at 37 °C and then 60 min at 60 °C, followed by treatments with
RNase A (200 pg/mL in 2x SSC, 60-90 min, 37 °C) (Sigma-Aldrich) and then pepsin (50
pg/mL in 10 mM HCI, 3 min, 37 °C). Subsequently, the slides were incubated in 1%
formaldehyde in PBS (10 min) to stabilize the chromatin structure. Denaturation of
chromosomes was done in 75% formamide in 2x SSC (pH 7.0) (Sigma-Aldrich) at 72 °C, for
3 min. The hybridization mixture was denatured for 8 min (86 °C) and then pre-hybridized at
37 °C for 45 min to outcompete the repetitive fraction. After application of the probe cocktail
on the slide, the hybridization took place in a moist chamber at 37 °C for 72 h. Subsequently,
non-specific hybridization was removed by post-hybridization washes: two times in 1x SSC
(pH 7.0) (65 °C, 5 min each) and once in 4x SSC in 0,01% Tween 20 (42°C, 5 min). Slides
were then washed in PBS (1 min), passed through an ethanol series and mounted in antifade

containing 1.5 pg/mL DAPI (Cambio, Cambridge, United Kingdom).
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Synaptonemal complex analysis by immunostaining

Pachytene chromosome spreads from two A. mexicanum males (Ame 2 and Ame 4) were
prepared from testes following the protocol for Danio rerio (Kochakpour & Moens, 2008;
Kochakpour, 2009; Moens, 2006) with some modifications. Briefly, dissected testes were
suspended in 200 — 600 uL (based on the cell density) of cold PBS. Cell suspensions were
applied onto poly-l-lysine slides (Superfrost, with 1:30 (v/v) dilution in hypotonic solution
(PBS: H,0, 1:2 v/v). After 20 min (RT), slides were fixed with cold 2% formaldehyde (pH 8.0
—8.5) for 3 min at RT. Slides were then washed three times in 0,1% Tween-20 (pH 8.0 — 8.5),1
min each. Afterwards, immunofluorescence analysis of synaptonemal complexes took place,
using antibodies against the proteins SYCP3 (lateral elements of synaptonemal complexes) and
MLHI1 (mismatch repair protein; marker for visualization recombination sites). The primary
antibodies — rabbit anti-SYCP3 (1:300; Abcam, Cambridge, UK) and mouse anti-MLH1 (1:50,
Abcam) — were diluted (v/v) in 3% BSA (bovine serum albumin) in 0.05% Triton X-100/ PBS.
After application onto the slides, the incubation was carried out overnight in a humid chamber
at 37°C. Next day, secondary antibodies, diluted (v/v) in 3% BSA (bovine serum albumin) in
0.05% Triton X-100/ PBS, were applied. Specifically, we used goat anti-rabbit Alexa 488
(1:300; Abcam) and goat anti-mouse Alexa555 (1:100; Abcam) and the slides were incubated
for 3 h at 37 °C. Then, after brief washing in 0,01% Tween-20 in distilled H,O, slides were

mounted in antifade containing DAPI, as described above.

Microscopy and image analysis

At least 50 metaphase spreads per individual were analyzed to confirm the diploid chromosome
number (2n), karyotype structure, and FISH results. Giemsa-stained preparations were
analyzed under Axio Imager Z2 microscope (Zeiss, Oberkochen, Germany), equipped with
automatic Metafer-MSearch scanning platform. Photographs of the chromosomes were
captured under 100x objective using CoolCube 1 b/w digital camera (MetaSystems,
Altlussheim, Germany). The karyotypes were arranged using Ikaros software (MetaSystems,
Altlussheim, Germany). Chromosomes were classified according to their centromere positions
according to (Levan et al., 1964), but modified as metacentric (m), submetacentric (sm),

subtelocentric (st), or acrocentric (a).
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FISH preparations were inspected using an Provis AX 70 epifluorescence microscope
(Olympus, Tokyo, Japan), equipped with appropriate fluorescence filter set. Black-and-white
images were captured under 100x objective for each fluorescent dye with a cooled DP30BW
CCD camera (Olympus)using Olympus Acquisition Software. The digital images were then
pseudocoloured (blue for DAPI, red for Cy3, green for FITC) and merged in DP Manager
(Olympus). Composed images were then optimized and arranged using Adobe Photoshop CS6.

Expression analysis by Real- Time PCR

For gene expression studies, mRNA transcripts levels were quantified during gonadal
development from 10 dpf to 150 dpf, male and female gametogenesis stages and finally in 10
adult tissues including gonads as described previously (Imarazene et al., 2020). All samples
were frozen in liquid nitrogen and stored at -80°c until RNA extraction. Total RNA extraction
from gonads, trunks, and adult tissues, followed by cDNA synthesis, and expression analysis
by RT-PCR were carried out as previously described (Imarazene et al., 2020). Specific primers
were designed for gdf6a and gdf6b in the most divergent sequence regions between the two

paralogous genes.

Generation of Pachon A. mexicanus gdf6b knockout mutants

Pachoén cave A. mexicanus inactivated for gdf6b were generated using the CRISPR/Cas9
method. Guide RNAs (sgRNAs) targeting two sites located in exon 2 of gdf6b were designed
using ZiFiT software (http://zifit.partners.org/ZiFiT/Disclaimer.aspx). DR274 vector

(Addgene #42250) containing the guide RNA universal sequence was first linearized with
Bsal, electrophoresed in a 2% agarose gel and purified. PCR amplifications were then
performed using linearized DR274 as a template and two primers for each sgRNA. Forward
primers containing sgRNAs target sequences (#site 1 and #site 2) (bolded and underlined)
between the T7 promoter sequence in the 5’ end and the conserved tracrRNA domain sequence
were as follows. Forward primer (#site 1): 5’-
GAAATTAATACGACTCACTATAGGAGTCTGAAACCGGTTCTGGTTTTAGAGCTA
GAAATAGCAAG-3". Forward primer (#site 2): 5-
GAAATTAATACGACTCACTATAGGGAGCTGGGCTGGGACGACGTTTTAGAGCT
AGAAATAGCAAG-3’. Universal Reverse primer: 5'-
AAAAGCACCGACTCGGTGCCACT-3'. Subsequently, residual plasmid was digested with

Dpnl (renewed once) at 37°C for 3 hours. The final product was purified and used as a DNA
template for transcription. The sgRNAs were transcribed using the MAXIscript™ T7
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Transcription Kit (Ambion) according to the manufacturer’s instructions. The sgRNAs were
precipitated in 200 pl of isopropanol solution at -20°C, centrifuged and the supernatant was
removed. The precipitated sgRNAs were resuspended in RNase-free water. The sgRNAs were
co-injected with Cas9 protein. Synthesized RNAs were then injected into 1-cell stage A.
mexicanus Pachon cave embryos at the following concentrations: 72 ng/uL for each sgRNA
and 216 ng/uL for the Cas9 protein. Genotyping was performed on gDNA from caudal fin-
clips of adult fishes. CRISPR-positive fish were screened for mutations by amplifying the
region surrounding the sgRNAs target sites. The genetic sex of the mutants was determined by
specific primers of the gdf6b promoter polymorphism between male and female alleles

amplifying specifically two bands in males and a single band in females (Figure 5B).

TagMan probe assay

TagMan probe-based qPCR was used to determine specifically the quantity of gdf6b-B and
gdf6b-A using dmrtl as an autosomal reference gene. The specific primers and probes were
listed in the (Table S1). qPCRs were carried out in a total volume of 10 pl containing 4 pl of
20 ng/pl gDNA, 10 uM of each forward and reverse primer, 10 uM of each TagMan probe, and
Sul of 2X TagMan® Fast Advanced Master Mix (Applied Biosystem, carlsbad, USA). We used
40 cycles of amplification on a StepOne machine (Applied Biosystem, carlsbad, USA)
following cycling conditions: a first denaturation step at 50 °C for 2 min, polymerase activation
at 95 °C for 2 min, 40 cycles of denaturation (95 °C for 1 sec) and annealing/extension (60 °C
for 20 sec). Copy number variation was defined as gdf6b-B/gdf6b-A ratios after normalization
with dmrtl.

Histology

Gonads were fixed in Bouin’s fixative solution for 48 h and then dehydrated serially in aqueous
70% and 95% ethanol, ethanol/butanol (5:95), and butanol. Tissues were embedded in paraffin
blocks that were cutted serially into 5 um sections, and were stained with hematoxylin-eosin-

safran (HES) (Microm Microtech, Brignais, France).

Statistical analyses

For the sex genotyping marker based on the heterozygous and specific site of the B
chromosome on the exon 2 (position 679 bp of the gdf6b-B CDS), the correlation between this
polymorphism and the male phenotypic sex is verified by the Pearson's Chi-squared test with
Yates' continuity correction. For gene expression, normality of data residuals, homogeneity of

variances and homoscedasticity were verified before performing parametric or non-parametric
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tests. Consequently, statistical analyses were carried out only with non-parametric tests using
RStudio (Open Source version) considering the level of significance at p<0.05. For
comparisons between two groups, we used Wilcoxon signed rank test. All data are shown as

Mean + Standard Error of the Mean (SEM).
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FIGURE LEGENDS

Figure 1. Genomic analysis of sex determination in Pachdn cave Astyanax mexicanus. (A)
Circular plot representation of the pool-seq analysis on the Astyanax mexicanus-2.0 female
genome assembly (GCF_000372685.2), showing multiple sex-biased regions (black arrows) in
different linkage groups (LGs) and unplaced scaffolds. Differences between males and females,
i.e., “apparent” indels and heterozygous sites, and read coverage differences were counted in a
50 kb sliding window with an output point every 500 bp. The number of each LG is indicated
and all unplaced scaffolds are fused together. Outer to inner tracks show respectively: the
number of “apparent” male-specific SNPs (blue), the number of “apparent” female-specific
SNPs (red), and the read coverage ratio (log2 of the male versus female read depth). (B-B’ and
C-C’) Zoomed views of the LG05 and LG09 with combined “apparent” female- (in red) and
male- (in blue) specific SNPs and the coverage ratio between males and females. (D)
Integrative genomics viewer (IGV) visualization of the male and female pooled-reads around
the gdf6b locus (3,800 bp), showing a much higher coverage in the male pool compared to the
female pool and many “apparent” male-specific heterozygous sites (Het) and male-specific
indels (Msl). (E) Schematic representation of the structure of the gdf6b gene containing 2,108
bp downstream from the first ATG on exonl to the codon stop on exon 2 and 2,388 bp of the
upstream proximal promoter. Blue and red boxes respectively indicated male-specific gaps and
indels (Msl) on the proximal gdf6b promoter with their corresponding sizes. Dark lines
indicated the “apparent” male-specific heterozygous sites on the gdf6b coding region (CDS)
and its proximal promoter. Male-specific nonsynonymous and synonymous “apparent”
heterozygous sites are shown respectively by green and black triangles on the gdf6b CDS. Each
of the three “apparent” heterozygous sites in the gdf6b CDS is magnified to show their
representative chromatogram sequences in males and females and the corresponding amino
acid changes. (F) Representative examples of the Pachén cave A. mexicanus sex genotyping
test, that is based on an allele-specific PCR at the “apparent” heterozygous (Het) site
highlighted by red star on panel C. Males (N=7) display a 200 bp gdf6b PCR amplification
with no PCR amplification in females (N=7). (G) This sex genotyping test has been used on

1,330 Pachoén cave individuals demonstrating a complete sex-linkage in males.

Figure 2. Karyotypes and C-banded mitotic metaphases of Pachon cave Astyanax mexicanus,

with different male and female B microchromosome constitution. Representative male and
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female Pachon cave karyotypes arranged from Giemsa-stained mitotic chromosomes (a, ¢, e,
g) and their corresponding C-banding patterns (b, d, f, h). B chromosome (B) numbers were
found to be variable among individuals (from 0 to 2 Bs on these examples) with all males
having a single (a, b) or multiple Bs (¢, d) in most of their metaphases, most females having
no B (e, ), and only a few females having rare B positive metaphases (g, h) Notice also the

lack of C-bands on B chromosome(s). Scale bar = 10 um.

Figure 3. Synaptonemal complex analysis reveals that Pachén cave B microchromosomes do
not pair with A chromosomes. Synaptonemal complex (SC) analyses reveal 25 fully synapsed
standard bivalents of A chromosomes and a single unpaired B microchromosome (arrow). SC
were visualized by anti-SYCP3 antibody (green) and the recombination sites were identified
by anti-MLH1 antibody (red). Chromosomes were counterstained by DAPI (blue). (a,b) male
individual AME 2; (¢,d) male individual AME 4. Merged image (a,c) and SYCP3 (b,d)

visualization only. Scale bar = 10 um.

Figure 4. Male and female Pachon cave Astyanax mexicanus mitotic metaphases after
fluorescent in situ hybridization (FISH) with gdf6b- and B chromosome-derived probes. (a)
FISH of mitotic metaphases labelled with a B microchromosome (B) probe microdissected
from a 1B male (AM10 probe in green) and a 2Bs male (AM9 probe in red). (b-i) FISH co-
labelling of mitotic metaphases with the AM10-1B probe (green) and a gdf6b-specific probe
(red; arrowheads). B chromosomes are indicated by arrows. (b-¢) Male AME 10; B
chromosome from yet another metaphase is framed (b), merged signals on the left and
individual channels on the right. Either one (b) or the two (c) pairs of A chromosome sister
chromatids are labelled by the gdf6b probe and that two gdf6b loci are detected on the B
microchromosome. (d-g) Female AME 8 with either none (d), one (e) or even two (f,g) B
microchromosomes. (f,g) right inset - B microchromosome with two gdf6b signals; left inset —
B chromosome lacking gdf6b signals. Chromosomes were counterstained by DAPI (blue).

Scale bar = 10 pm.

Figure 5. Expression patterns of gdf6b and gdf6a in Pachon cave Astyanax mexicanus. (A,A’)
Expression profiles of gdf6b and gdf6a in male and female trunks during early development
from 10 to 90 dpf and in testes and ovaries at 150 dpf (males: black solid line; females: grey
dashed line). Results are presented as logjp mean + standard errors; black and grey dots

represent the individual values of relative expression in males and females, respectively. (B,B’)
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Expression profiles of gdf6b and gdf6a in different adult tissues in males (light grey) and
females (dark grey). (C,C’) Expression profiles of gdf6b and gdf6a during male (light grey)
and female (dark grey) gametogenesis. Stages 2 to 6 of gametogenesis are according to
Imarazene et al., 2020. Results are presented as boxplots with individual expression values
displayed as dots, the expression median as a line and the box displaying the first and third
quartiles of expression. Statistical significance between males and females were tested with the
Wilcoxon Rank Sum Test (Wilcoxon-Mann-Whitney Test) and only significant differences are

shown (*** =P <0.01; **=P <0.01; * =P <0.05).

Figure 6. gdf6b gene knockout in Pachon cave A. mexicanus results in male to female sex
reversal. (A) Gene knockout (KO) was performed by genome editing using the CRISPR-cas9
method. (A) The position of the two guide RNAs target sites (sgRNA) designed in order to
target gdf6b exon 2 (E2) are shown (#target sites) on a simplified gdf6b gene structure scheme.
Genotypic sex was characterized based on primers flanking large male-specific indels (blue
boxes) observed in the gdf6b-B loci, resulting in an additional PCR fragment in genetic males
compared to a single PCR fragment in genetic females. Knockout individuals were genotyped
using primers flanking the 2 target sites that induced a 470 bp deletion in gdf6b mutant
individuals (Mut) compared to the wild type (WT) gdf6b sequence. (B) Representative
examples of the gdf6b sequence in some mutant individuals aligned with the wild type gdf6b-
B and gdf6b-A sequences (the sequence framed in red corresponds to the deleted fragment in
mutants). (C-E) Mutant genetic males with a gdf6b deletion developed ovaries with
previtellogenic oocytes (PVtg Ooc) and vitellogenic oocytes (Vtg Ooc) (E), indistinguishable
from the ovary of a WT female (D) and contrasting with the testis histology of a WT male. Ol:
Ovarian lamellae. SpC: Spermatocytes; SpG; Spermatogonia; SpT: Spermatids; SpZ:

Spermatozoa. Scale bars: 100 pm.
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TABLES

Table 1. Percentage of males and females Pachon cave 4. mexicanus obtained after rearing at

two different temperatures

Temperature Number of Number of X-squared p-value Significance
females males
28 °C 124 150 24672  0.1162 ns
21°C 112 130 1.3388  0.2472 ns
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Figure 1. Genomic analysis of sex determination in Pachon cave Astyanax mexicanus.
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Figure 2. Karyotypes and C-banded mitotic metaphases of Pachon cave Astyanax mexicanus,

with different male and female B microchromosome constitution.
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Figure 3. Synaptonemal complex analysis reveals that Pachon cave B microchromosomes do

not pair with A chromosomes.
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Figure 4. Male and female Pachon cave Astyanax mexicanus mitotic metaphases after

fluorescent in situ hybridization (FISH) with gdf6b- and B chromosome-derived probes.
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Figure 6. gdféb gene knockout in Pachdn cave A. mexicanus results in male to female sex

reversal.
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SUPPLEMENTARY DATA

Table S1. Primer names, sequences, target genes, and their corresponding experiments

Primer names: Forward (Fw) and Sequences Target Experiments
Reverse (Rv) and TagMan probes genes
Gdf6b_SNP_Fw TGGACCTGCGGGACCTCG Gdf6b-B | Sex genotyping
marker (WT
Gdf6b_SNP_Rv CTTTAGACTTCCTACCGTGCCT Gdf6b-B fish)
Gdfob-FISH_Probe Fw CACAGCAACCACCTCTATACCGG Gdf6b gdf6b FISH
Probe synthesis
Gdf6b-FISH_Probe Rv TCACCTGCACCCACACGACTC Gdf6b
Gdf6b_EX2 Fw CGTTTGATGTGTCTACGCTCTCT Gdf6b CRISPR-Cas9
gdf6b-KO
Gdféb_EX2 Rv GACTCCACCACCATGTCCTCGTA Gdf6b screening
Gdfob_cDNA_Fw CTCCTCAGCTTCTCTCTCCTCCT Gdf6b gdf6b cDNA
cloning for ISH
Gdfob_cDNA_Rv GGTTGTCCAGTTTGGCCTTC Gdf6b
dmrtl TagMan_ Fw AGGCCAACTCTGATTCTGGA dmrtl TaqMan assay
(autosomal
dmrtl_TaqMan_Probe GGATTCCATCATAGAGGGAGCGGC C dmrtl reference gene)
dmrtl_TagMan_Rv TGGCTCTCAGATACGTCACT dmrtl
gdfob TagMan A&B_Primer Fw CGTTTGATGTGTCTACGCTCTCTGA Gdf6b-B | TaqMan assay
(gdf6b B
gdf6b_TagMan_Probe B chromosome | GCAGAGCGCCGCCTTCACTC Gdf6b-B chromosome
specific allele)
gdfeb_TagMan_B_Specific Primer Rv | GAGGGAGGGTATTTTCAGCAGGT Gdf6b-B
gdféb_TagMan_A&B_Primer Fw ACAGAGGTATTCGTTTGATGTGTCT Gdf6b TaqMan assay
(gdf6b
gdféb_TagMan_Probe Autosomal GCAGAGCGTCGCCTTCACTC Gdf6b Autosomal
allele)
gdfob_TagMan_A_Specific Primer Rv | CGCTCAGGTGTGTTTCTGGAGAG Gdf6b
gdfob KO Promoter M&F Primer Fw | TTTCTGACTGTTGGCCACCA Gdf6b Sex genotyping
marker (gdf6b
gdféb_ KO Promoter M&F Primer Rv [ CACCTCACAGAACGACCTCC Gdf6b Mutant fishes)
gdf6a qPCR_Fw AGAGGGAAAGATGATCTCGTGC Gdféa | Gene expression
gdf6a qPCR_Rv TGTAGAGGCCCGAGTCAGG Gdfa
gdf6b_qPCR_Fw GCTGGTTCTAGACGTGTGGG Gdféb | Gene expression
gdf6b_qPCR_Rv CTTTCTTCTGCTGCGGACGA Gdf6b
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Table S2. Male-biased regions detected in Pachon cave 4. mexicanus, by contrasting

female and male pool-seq reads. Only one region of 2.5 kb (Scaffold NW _019171027.1)

displayed a female bias with reads M/F coverage below 0.75 and 37 regions covering a total of

2.1 Mb were biased in males. Sliding windows with at least an average of 10 reads at each

position in males or in females were parsed to retains contiguous regions (more than two

consecutive windows with a maximum gap of 5000 bp) of 500 bp windows with either more

than 18 male specific-SNPS (female maximum value) or a depth ratio (M/F) superior of 1.25

or inferior of 0.75.

LG number

LGOS
LGO6
LGO7
LG08
LGO09
LGO9
LG09
LG13
LG15
LG15
LG17
LG17
LG17
LG17
LG17
LG19
LG20
LG23
LG24
LG24
LG24
LG24
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold

LG or Contig ID
NC_035901.1
NC_035902.1
NC_035903.1
NC_035904.1
NC_035905.1
NC_0355905.1
NC_035905.1
NC_035909.1
NC 035911.1
NC_035911.1
NC_035913.1
NC_035913.1
NC_035913.1
NC_035913.1
NC 035913.1
NC_035915.1
NC_035916.1
NC_035919.1
NC_035920.1
NC_035920.1
NC_035920.1
NC_035920.1
NW_019170697.1
NW_019170910.1
NW_019171067.1
NW_019171252.1
NW_019171322.1
NW_019171463.1
NW_019171721.1
NW_019172542.1
NW_019172624.1
NW_019172760.1
NW_019172868.1
NW_019172881.1
NW_019172881.1
NW_019172890.1
NW_019172904.1

LG or Contig size

40584741
52532229
40813162
27092187
42966623
42966623
42966623
44161018
35718434
35718434
28317440
28317440
28317440
28317440
28317440
35429340
36262418
38085671
47266144
47266144
47266144
47266144
42250
68752
59165
36603
36357
55246
76365
52023
138424
107226
3184142
1059932
1059932
7215798
1535826

Start position

19056000
44437500
31147000
18590500
1342500
14444500
17531500
36875500
1085500
1232500
22838500
22891500
22996000
23098500
23169000
9301500
35754000
18964000
12786500
13400500
15263000
15340000
500
500
500
7000
0
1500
6000
22500
61000
0
657500
558000
792000
2022000
302000

End position

19125500
44439500
31278500
18691000
1423000
14681500
17581000
36914000
1191000
1377000
22855000
22900000
23040500
23144500
23215500
9363000
35792500
18998500
12853500
13491500
15324500
15442500
1500
19000
8500
8500
11000
24000
17500
25500
137500
1000
723000
611500
877500
2142000
356500
Total =

69500
2000
131500
100500
80500
237000
49500
38500
105500
144500
16500
8500
44500
46000
46500
61500
38500
34500
67000
91000
61500
102500
1000
18500
8000
1500
11000
22500
11500
3000
76500
1000
65500
53500
85500
120000
54500
2111000

Region size (bp)
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Table S3. Genes found in the male-biased regions including LGs and unplaced scaffolds.

LG (scaffolds)
LGOS

LGO6

LGo7

LGO7

LGO7

LGa7

LGog

Lcos

LGOo8

LGO8

LGO8

LGo8

LGO9

LGO9

LGO9

LGO9

LG9

LGO9

LG9

LGO9

LGO9

LGO9

LGO9

1G13

LG13

LG13

LGi3

LG15

LG15

LG15

LG17

LG17

LG17

LG17

LG17

LG17

LG17

LG17

LG17

LG19

LG19

LG23

1G24

LG24

LG24

LG2a

LG24

LG24

LG24

LG29
NW_019170910.1
NW 0191726241
NW_019172624 1
NW_019172624 1
NW_016172904.1
NW_016172904.1
NW_0191728€8 1

NW._019172868.1
NW 019172881 1
NW_019172881.1
NW 019172881 1
NW_019172881 1
NW_019172860.1

cDs

tiuncated (S
tiuncated DS
truncated COS
complete COS
complete COS
complate CDS
truncated (OS
complete CDS
complete CDS
complete CDS
complete CDS
truncated (OS
truncated (DS
complete COS
truncated (DS
complete CDS
complate CDS
complete CDS
complete COS
complete CDS
complete CDS
complete COS
truncated (S
truncated (IS
complete CDS
complate CDS
truncated (DS
truncated (DS
truncated (DS
tiuncated (DS
complete CDS
truncated (DS
complete CDS
complete COS
truneated (DS
complete CDS
complete CDS
complete COS
complete CDS
complete CDS
truncated S
truncated COS
truncated (DS
complate CDS
complate CDS
truncated (DS
complete CDS
complete CDS
tiuncated (OS
truncated (DS
complete COS
complete COS
complete COS
complate COS
complate COS
truncated (DS
truncated (DS

tiuncated (DS
complete CDS
complete CDS
complate CDS
truncated (DS
complate CDS

Start
18998628
44435858
31093730
31178555
31259633
31263968
18577789
18619136
18632303
18637244
18653276
18672401

1329338
1348948
1368097
14451121
14495258
14513410
14537252
14574548
14637735
14654221
17522678
36876648
36882810
36895859
36904618
1081632
1175424
1270292
22891702
23067926
23116871
23119844
23170006
23190946
23196054
23196880
23207519
9323336
9334276
18927454
12768917
12805853
12832164
13382812
13449216
13457721
15410176
35736965

1871

84698

88231

128554
320824
325014
£80358

708917
807810
815382
863206
871293
2023538

End
19165059
44446503
31181369
31239388
31263291
31278884
18615121
18625195
18634947
18644079
18668450
18838757

1343052
1365774
1431244
14478899
14511030
14534923
14566205
14635052
14646363
14659392
17633629
36882405
36847252
35902148
36919543
1160587
1253640
1596944
22893127
23103690
23119814
23121956
23170900
23195245
23197229
23205291
23209926
9331783
9366222
18994962
12796871
12825007
12837913
13438173
13452337
13473736
15567635
35789237
7488
&8102
%6269
134207
324012
392647
707514

733199
809794
846511
867509
878535
2047401

Name
dennd1h
LOC111192736
phtf2

orrs
LOCI03036150
neaph?
LOC103026996
did
LOC103027288
LOC103032021
LOC103032349
LOC103033497
LOC103043117
LOC103039408
LOC103042803
LOC103027082
LOC103027375
LOC103028846
LOC103028326
LOC103029905
LOC103029158
LOC103029061
LOC103043425
LOCI03040875
LOC103041181
LOC103040574
LOC102040047
LOC103028753
LOC103029069
LOC103026485
LOC111184623
LOC103034232
LOC111194578
L0C111194579
LOC111194627
LOC111194580
LOC111154628
LOC111194629
LOC111184630
LOC103025110
lct

necabl

canx

mam| 1

Itcds
LOC103037758
LOC111195720
LOC103028069
pedh1d
LOC103024443
LOC111196700
LOCL11120568
LOC103047423
LOC111180570
LOC103035745
pkhdli1
LOC103023958

LOC103023630
foxel

spags
LOC111191550
trmo
LOC111191619

Product

DENN dom ain-conteining protein 18

uncharacterized protein LOC111192736

putative homeodomaln transcription factor 2
proline-rich protein 5 isoform X2

protein SCO2 homolog$2C mitochondrial
condensin-2 complex subunit H2

laminin subunit beta-1

dihydrdipoy dehydrogenased%2C mitochondrial
EF-hand calcium-binding domain-centaining protein 10-like
zinc finger protein 800-like

zinc finger protein 800-like

metabotropic glutamate receptor 8

RAS guanyl-releasing protain 1-like

zinc finger protein DPF3-like

signal-inducad proliferation-associated 1-ike protein 1
colled-ccil domain-cantaining protein 6
monocarboxylate transporter 9-like

protein FAM13A like

phytanoyl -CoA hydraxylase-interacting protein-like
protein bicaudal Chomolog 1-B-like
ubiquitin-conjugating enzyme E2 D4-like

visual system homeobox 1

kinase D-interacting substrate of 220 kOa
keratin%2C type Il cytoskeletal 8-like

uncharacternzed protein LOC103041181

ankyrin repeat dom ain-containing protain 33-like

rho guanire rucleoticde exchange factor 25

fibulin-2

nutlear pore membrane glycoprotein 210

1Q motif and SEC7 dormain-containing protein L-ike
uncharecterized protein LOC111194623

NTPase KAP family P-lcop dormain-containing protein &
uncharacterized protein LOC111194578

vegetative c2ll wall protein gpl-like

uncharacterized protein LOC111194627
uncharacterized protein LOC111194580

N-lysine methyitransferase KMTSA-A-li ke
uncharacterized protein LOC111194629
uncharacterized protein LOC111194630

gap junction gamma-1 protein-like

lactase-phicrizin hydrolase

N-terminal EF-hand calcium-binding protein L
calnexin i soform X2

mastermind-like protein 1

leukotriene C4 synthase
janus kinase ard microtubule-interacting protein L
zine finger MYM-type protein 1-like iscform X1
wolframin

protocadherin-19 isoform X1

pleckstrin homology-like domain family 8 member 2
cationic amino acid transporter 2-like

HLA class | histocompatibility antigen%2C Cw-5 alpha chain-like
H-2 class | histocompatibility antigen%2C O-K alpha chain-like

growth/differentiztion factor 6-8

fibrogystin-L

putative bifunctional UDP-N-acetylglucosamine transferase and
deubiguitinase ALG13

RING finger protein 145-like

forkhead box protein E1

sperm-associated antigen S

ankyrin repeat domain-containing protain 34C-like

tRNA (adenine(37|-N&)-methyitransferase

M_snps
59
0
23
24

giuomuomggoacgogugooomouqoo\gﬁgu

-
N B
B2 o Goog

F_snps

OO0 00000V OoOOUODOUOoUOUODUOOOoOUUOUrFDOCOODOoOO0OO0ODO0O0OoCOoOWOODOOoOOOOoOBOTSODOoOOoOOoOOoOOoOOoDSCO O

oo CcoOo oo o

M/F
14
1,1
1,2
13
14
14
1,0
1,4
1,0
1,0
14
1,0
Lo
10
1,2
1,4
1,3
13
1,2
1,4
14
1,5
Lo
10
1,0
0,9
1,0
13
11
11
0,9
L1
31
13
1,0
2,1
M
1,6
0,9
1,9
1,2

1,5
11
14
L5
13
11
1,1

133



Table S4. The number of metaphases (NM) containing B chromosomes (Bs) in males and

females of Pachon cave A. mexicanus. % M = percentage of metaphases.

Individual Total Total NM Total NM Total NM Total NM Total NM % M with

Sex NM 0B 1B 2 Bs 3Bs with Bs Bs
Malel 10 0 7 3 0 10 100
Male2 15 6 9 0 0 9 60
Male3 14 11 1 2 0 3 21,4
Male4 5 1 4 0 0 4 80
Male5 17 2 15 0 0 15 88,2
Male6 16 1 15 0 0 15 93,7
Male7 30 0 5 25 0 30 100
Male8 26 0 4 22 0 26 100
Male9 29 0 22 7 0 29 100

Malel0 58 10 48 0 0 48 82,7
Malell 109 8 95 6 0 101 92,6
Malel2 144 8 135 1 0 136 94,4
Malel3 147 4 20 121 2 143 97,2
Malel4 194 6 183 3 0 186 95,8
Malel5 44 1 43 0 0 43 97,7
Malel6 113 9 102 2 0 104 92
Malel7 57 2 53 2 0 55 96,4
Femalel 9 9 0 0 0 0 0
Female2 13 13 0 0 0 0 0
Female3 32 29 2 1 0 3 9,3
Female4 59 57 2 0 0 2 33
Female5 31 31 0 0 0 0 0
Female6 23 22 1 0 0 1 43
Female7 55 51 4 0 0 4 7,2
Female8 82 82 0 0 0 0 0
Female9 53 39 0 0 0 0 0
Femalel0 148 118 28 2 0 30 20,2
Femalell 77 77 0 0 0 0 0
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Table S5. Pachon cave 4. mexicanus male assemblies’ statistics.

Assembly metrics

Number of scaffolds

Total size of the assembly

Longest scaffold

Shortest scaffold

Mean scaffold size

Median scaffold size

N30 scaffold length

L50 scaffold count

Assembly completeness

Complete BUSCOs

Complete and single-copy BUSCOS
Complete and duplicated BUSCOS
Fragmented BUSCOs

Missing BUSCOs

Total BUSCO groups scarched
Chromosome-scale metrics
Number of A chromosomes
Number of B chromosome fragments
Cumulated B chromosome size

% of assembly in A chromosomes
% of assembly in unanchored scaffolds

Astyanax_mexicanus-1.0.2
12,1345
964,248 202
179,788
241
7,946
4,258
14,739
16919
Astyanax_mexicanus-1.0.2
2,263 (62.2%)
2,246 (61.7%)
17 (0.5%)
475 (13%)
902 (24.8%)

3,640
Astyanax_mexicanus-1.0.2
unknown
Not relevant
Not relevant
0%

100%

Astyanax_mexicanus-2.0
2415
1,335,239,194
74,127,438
1,866
552,894
47,283
35,377,769
16
Astyanax_mexicanus-2.0
3,482 (95.7%)

3,438 (94.5%)

44 (1.2%)

28 (0.8%)

130 (3.5%)

3,640
Astyanax_mexicanus-2.0
25
Not relevant
Not relevant
78.3%*

21.7%*

ONT
1,543
1,284 380,570
126,506,226
1000
832,392
10,114
48,372,107
11
ONT
3,496 (96 %)
3,452 (94.8%)
44 (1.2%)
19 (0.5%)
125 (3.5%)
3,640
ONT
25
unknown
unknown
97.56%
2.44%

Hifi PacBio
195
1,378,679,465
133,971,750
1000
7,071,002
37,544
52,029,803
11
Hifi PacBio
3,530 (97%)
3,479 (95.6%)
51(1.4%)
17 (0,5%)
93 (2.5%)
3,640
Hifi PacBio
25
1
2,975,147
97.98%
2.12%
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Figure S1. Pool-seq data illustrating the “apparent” male (blue) and female (red) SNPs and the log> M/F depth ratio across the different
LGs (from LGO1 to LG25). Details of the pool-seq analysis of sex determination in Pachdn cave Astyanax mexicanus for each linkage groups of
the Astyanax_mexicanus-2.0 female genome assembly (GCF_000372685.2). Differences between males and females, i.e., “apparent” indels and
heterozygous sites, and read coverage differences were counted in a 50 kb sliding window with an output point every 500 bp. Read coverage ratio
was calculated as the log2 of the male versus female read depth and sex-biased SNPs is shown as combined “apparent” female- (in red) and male-
(in blue) specific SNPs.
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Figure S2. Circular plot of the remapped pool-seq reads onto the Pachon cave female
reference genome (assembly accession: GCA_004802775.1) showing the male and female
biased regions highlighted by dark arrows. Differences between males and females, i.e.,
“apparent” indels and heterozygous sites, and read coverage differences were counted in a 50
kb sliding window with an output point every 500 bp. Outer to inner tracks show respectively:
the “apparent” male-specific SNPs (blue), the “apparent” female-specific SNPs (red), and the
read coverage ratio between males and females. (B-B’ and C-C’) Zoomed views of scaffolds
KB882100.1 and KB882084.1.
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Figure S3. Percentage of metaphases with B microchromosomes (A) and copy number
variation of the gdféb B microchromosome gene (gdf6-B) in males and females. (A).
percentage (%) of metaphases with a B microchromosome in males and females (graphical
representation of the last column of Table S4. (B). Copy number variation of the gdféb B
microchromosome gene (gdf6b-B) was quantified using specific TagMan PCR assays for both
gdféb-B and gdf6éb-A genes normalized using the single copy gene dmrtl. Results are presented
as boxplots of the ratio of gdféb-B over gdféb-A in males (light grey) and females (dark grey),
with individual copy number values displayed as dots, the copy number median as a line and
the box displaying the first and third quartiles of copy number variation. Statistical significance
between males and females were tested with the Wilcoxon Rank Test (**** = P < 0.001).
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Figure S4. The gdf6b and gdf6b genes are duplicated paralogues stemming from the

teleost whole genome duplication (Ts3R). Phylogeny (left panel) and synteny (middle panel)

relationships were inferred from a private genomicus instance (Louis et al., 2013) in which

synteny and phylogeny have been reconciled with the Scorpios pipeline (Parey et al., 2020).

Species names including 4 tetrapod species, one sarcopterygii species, one holostei species and

13 teleosts are given on the right with the additional duplications of the gdf6b-B loci in

Astyanax mexicanus. The right panel is a multiple Gdf6 protein coding sequence alignment

around the two amino-acids (AA) encoded by the two nonsynonymous “apparent” male-

specific heterozygous sites found between the gdf6b-4 (AA in red) and gdf6b-B loci.
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Figure S5. Alignment of nucleotide and protein sequences of the gdf6b-A and gdf6b-B
genes. Sequences were aligned with BioEdit 7.2. The three ‘“apparent” male-specific
heterozygous sites are boxed (green for nonsynonymous sites and red for synonymous sites) at
position 180 bp, 591 bp and 679 bp positions of the CDS. Regions highlighted in yellow and
blue indicated the Pfam “TGF-f propeptide” and “TGF-B-like” domains (El-Gebali et al.,

2019). “.”: Identical nucleotides; “*”: stop codon.
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Figure S6. Pool-seq analysis with different public and private 4. mexicanus genome
assemblies. (A) A. mexicanus (cavefish population) female reference genome (assembly
accession: GCA_004802775.1). (B) A. mexicanus (surface fish population) female reference
genome (assembly accession: GCA 000372685.2). (C) A. mexicanus (Pachén cavefish
population) male reference genome (male ONT genome assembly). (D) A. mexicanus (Pachon
cavefish population) male reference genome (male Hifi genome assembly). The main sex-
biased regions are highlighted by black arrows. Linkage groups (LGs) or chromosomes
(longest scaffolds) are given outside the circular plots. Differences between males and females,
i.e., “apparent” indels and heterozygous sites, and read coverage differences were counted in a
50 kb sliding window with an output point every 500 bp. Outer to inner tracks show
respectively: the “apparent” male-specific SNPs (blue), the “apparent” female-specific SNPs

(red), and the read coverage ratio between males and females.
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Figure S7. The duplicated gdf6b loci on the Pachon cave A. mexicanus B

microchromosome stemmed from two successive A and B duplications. (A). Schematic
representation of the location of the two gdf6b loci on the A. mexicanus B microchromosome
(HiC scaffold 28). (B). Vista alignments (Frazer et al., 2004) of the gdf6b-A4 locus, the gdf6b-
B locus 1 and the gdf6éb CDS on the gdf6b-B locus 2 genome sequence showing a common
overlapping sequence between all loci (double sided arrows), a left region only shared by the
gdf6b-B locus 2 and the gdf6b-A locus and a right region shared by the gdf6b-B loci. (C).
Similar vista genome sequence alignments with the gdf6b-A4 used as a reference. (D). A two-
steps duplication hypothesis scheme suggesting that the gdf6b-B locus 2 was originated from
an initial duplication of the gdf6b-A locus and that the gdf6b-B locus 1 was duplicated in a
second step from the duplication of the gdf6b-B locus 2.
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200 injected fishes
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122 surviving fishes

(61%)
80 genetic 42 genetic
males (65,6%) females (34,4%)
62 phenotypic 18 phenotypic 42 phenotypic
males (77,5%) females (22,5%) females (34,4%)

v

22,5% sex-reversed
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Figure S8: Numbers of gdf6b knockout generated by CRISPR-Cas9 method including the
number of fish injected, and the number and percentage of sex-reversed males obtained.
Out of the 200 micro-injected eggs (at 1 cell stage), 122 adult fishes were obtained including
80 genetic males and 42 genetic females. Among the 80 genetic males, we found 62 phenotypic
males (77,5%), and 18 phenotypic females (22,5%) displaying a 470 bp deletion on the exon 2
of gdf6b gene.

143



10 20 30 40 50 60 70 80 90 100
B EERRl REEE ERErl ERERl PEnnd EEErl BERrl RErrl EErel EERad PErEl EEEES PEEE] PEEEY EEEEl DRnkd Pontd & -1
Wild type ITGCTCCTCCRGCGGCTCCTClGCTTCTC'K’CTCCTCCTCCTGCTCCICCI‘CCTGCGCAGCTGCCCGGCGCTGAGC!CCGTGTCTC
M L L Q R L L § F §$ L L L L L L L L RS CUPA AL S SV S P E Q@ K S8
Mutant ATGCTCCTCCAGCGGCTCCTCAGCTTCTCTCTCCTCCTCCTGCTCCTCCTCCTGCGCAGCTGCCCGGCGCTGAGCTCCGTGTCTCCGGAGCAGAAGAGCT
M L L QR LIL S ¥ $ L L L L LLILULIZRZSTCUPALS SV S PEOQZK S

110 120 130 140 150 160 170 180 190 200
SN ot IOy (AN [Rtern] REOR] AVOPOrl Ryl [rictetol IO inprci PP AINVER cpprisnl FONint] IXeiess JEpapny LRRisoll [ FAcon |
Wild type CCTCAGCCACGCAGCTTCTCCCCG TCCCGGGGCCGCGEGCC CCCGGC vcscrcecscrcccrmemoc
S S ATGQTILLPAGTGS SRGRGIRVRETSGV VT PGRT RNT RDMNWNIERSV P
Mutant  CCTCAGCCACGCAGCTTCTCCCCGC TCCCGEEGCCGCGGCL rr'r'mﬂmmmrcscmecscmcmmcc
S S ATGQULULZPAGG G SRGRGIRTVRETGSGTV VTZPGRTU RINRDMNIBRSUVEFP
210 220 230 240 250 260 270 280 290 300
elocedloceclocoalovanloveclvneclorabosaeliceclorocbesaelovaclooaalomeclovonloacelooeelecseloaadl
wild type GCACGACTACATGCTCTCCATCTACAAGACCTTCTCCTCCGCAGAGAGACTCGGGCTCARCGCCACCTTCTTCCGCTCCTCCAAAGCCGCCARCACCATC
AT N L8 T ¥ X T E 88K ERLTGEL N KT RES S KAKNTI
Mutant GCACGACTACATGCTCTCCATCTACAAGACCTTCTCCTCCGCAGAGAGACTCGGGCTCAACGCCACCTTCTTCCGCTCCTCCARAGCCGCCARCACCATC
HeD i Mo L8 T K T IF 8 8 A E R L G L N ROTNF P R S8 I8 KK A NTT
310 320 330 340 350 360 370 380 390 400

REEEE) EEEry EEEEY R SRR EERE EEERE EErrl DErel PEEEY PEREY EREE) ERRES EEEES EERRS EEREY PErrd EREy Errey |
Wild type Accascn’cc'rm'rmcscccncGuemcc'r'rcmccrcrccecrcrscmcammmmsﬂmummcrmscmcrcr&mm
SE ¥Onms m pipENS I s P EIW i RIS DY S o DK A s
Mutant ACCAGCX‘TCG'IAGATACCGGCCACGATGACCCTTCGACCTCTCCGC’.I‘GTGGAMQGAGG‘I‘ATTCGTTTGATGTGTCTACGCTCTCTGATAAAGCGGAGC

T S FVDTGEHDODTZPSTSEPILWE RGO QRTYSTFDVSTTILSUDIE KA AE
410 420 430 440 450 460 470 480 490 500
0| EXTPTN PEOtol POt TN CTNPY IEGFUY Ao [Pt BONCOH] SRS TPt Kyt ol PRt RARERI] ol Rpur e o] RPRPLE
Wild type mmwm&nrmmmrammmqun‘ TTCAGCTTCATTCCTGCCAAACCCA
(U - S A Ve JU S U QA 2R I o Y O TRBG JEcRY JU R < Ao SO S I R o o LA

Mutant TGCTGGGAGCTGAMTGAGMTATACACGMGGTCTCTGGMGCTWI
G A. E L R T Y T K W '§ 6 S F Q E S E T .G

510 520 530 540 550 560 570 580 590 600

N PSR DTSN DU DN DRURE DU PUNUN DD DS DS PUDUE S DU DI DI BN DUREE PO PSR

Wild type camcnc'rmccmuccc'rccmcrmcmamrmnamc@cmmmcwmm
1 D, SR T L'D 1L E N S H K P R WLV LDV W DX F & EBE R R L H

610 620 630 640 650 660 670 680 690 700

B B B B B I e e B DRl PR r EE Ty P PETey PEreY PEErd Rrrl DT e |
Wild type chmmmcrmmmmwmmmmrrmwmm

G K HF CLEULJIKA AT KTLUDNEPEETZRTDUVD R DL GPF HRHGR
Mutant
710 720 730 740 750 760 770 780 790 800
elececlonaclociadenaliveclivaalocialocealocacloiealocialonnalavealeniilosealivaclicealonialoaasl
Wild type murcnmrsﬂmwmmmnﬂammmmﬂmmm
13 Q K KA ILVV F TR RS KU KU RO QSTLTFYETZ KT RET RTITIKTTW®WUDTEPD
Mutant
810 820 830 840 850 860 870 880 890 900

FETT RO PRRTY PRTTY PR PRURY PR PRETY PRTTY PRTTY PREEY PRRRE PRTRY PRTRY PRPEY PRPERE PRRRY PRPTY PReey PRe |
Wild type CTCTAAACCTCCTAAACTTCGGCGGAAGCGACGGACGGCTCAGAACAACCGGCACGGAAAGAGGCACGGTAGGAAGTCTAAAGCCAGGTGTAGCAAGAAG
S K P P KLRRIKUZ RRTA AU QNNIRESGI KR RIHEGR RIEK S XA ARTECS K K

Misbant

910 920 930 940 950 960 970 980 990 1000

RS RERRd RRSRd SERRS RS Rl FES Rl EERtl ROl ERRtd CERRl CERnl REnd SRRl REERS EEEEY EERl REitd DRRl Ratd
Wild type CCGCTACACGTCAACTTCAGGGAGCTGGGCTGGGACGACTGGATCATAGCCCCTCTGGATTATGAAGCTCACCACTGCGAGGGAATCTGCGACTTTCCCE
P‘L HVYVNERSBIIGCW DD W I T'APIL DY EA H BT EBGICDFE.P

Mutant TGGATCA' CCCTCTGGATTATGAAGCTCACCACTCCGAGGGAATCTGCGACTTTCCCC
G S B R R G S R R S, W S R e N A S
1010 1020 1030 1040 1050 1060 1070 1080 1090 1100

B BRI ERRRY ey PRTRY Frid PRRE FEEy PERE BT PR PR PR PRl PRRE PR PEPE PRy Prrey P |

Wild type 'rcmcmmcc'rccmcuccucuccccucummmmmocumccocmmccccemcmccmcmm

R S HLEPTNUHATILITILIGQTTLMNSMNZPGNMEPZPSCCUVZP S K

Mutant mmmmcrcmcccmmcmccumrmcrc TGAACTCCATGAACCCCGGCAACATGCCGCCCAGCTGCTGCGTGCCGTCCAR
ST W ON P P D PR R b Brc@rerp2rcrRPArArarncRrRE

1110 1120 1130 1140 1150 1160 1170 1180 1190
] P By ) rnial [yl b el (Epairs PRPPRil UES N (PRIl ooy (PO Ny DEUR] SRy el DRSNS (ol [l [
Wild type ACTCAGCCCCATCAGCATCCTGTACATTGACGCTGGGAATAACGTGGTTTACAAACAGTACGAGGACATGGTGCTGGAGTCGTGTGGGTGCAGCTGA
L S F I 5 I ) PR I DR G NNV Y KGO0 Y SRR DT NG Y W R S G @ o SR R
Mutant  ACTCAGCCCCATCAGCATCCTGTACATTGACGCTGGGAATAACGTGGTTTACAAACAGTACGAGGACATGGTGGTGGAGTCGTGTGGGTGCAGGTGA
N 8§ AP S A s c¢crTtorerTTn

Figure S9. Alignment of nucleotide (gdf6b-B) and translated protein sequences (Gdf6-B) in
wild type and mutant males showing the deletion of the 470 bp region in FO fish in the exon 2
encoding for the Pfam “TGF-f propeptide” (yellow) and the “TGF-B-like” (blue) domains. The
resulting fish displayed a frame-shifted and truncated Gdf6b-B protein with premature stop
codon (red).
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Publication N° 3 :

Evolution de la détermination du sexe chez les morphotypes et les populations

d'Astyanax mexicanus

Objectifs

Suite a la caractérisation du systeme de détermination du sexe chez la population de la grotte
Pachoén, nous avons étendu notre analyse sur d’autres morphotypes et populations de
laboratoire et sauvages d’A4. mexicanus afin de comprendre, si le systéme de détermination du

sexe de type “B-sexuel” était conservé chez les autres morphotypes et populations.

Contribution personnelle

J’ai d’abord exploré I’effet de la température sur la détermination du sexe chez la population
du Texas (manipulation de la température). Suite a [’identification de gdf6b-B comme
déterminant majeur du sexe chez la population de la grotte Pachdn, j’ai analysé sa liaison au
sexe phénotypique sur tous les animaux utilisés dans cette étude, dont le sexe phénotypique
¢tait précédemment identifié (histologie, design des amorces, extractions des ADNs
génomiques et séquencages). Pour confirmer les résultats des données génomiques, j’ai
quantifié¢ le nombre de copies de gdf6b chez les males et les femelles (dosages TagMan). Par
la suite, j’ai vérifi¢ la liaison de gdf6b-B au sexe male dans les populations sauvages
cavernicoles et de surface (contribution a une campagne d’échantillonnage dans les grottes
mexicaines, extractions des ADNs génomiques, génotypages, analyses de séquence). Enfin,

j’ai analysé I’ensemble des résultats présentés dans cette étude et rédigé le manuscrit.

Expérimentations en cours auxquelles j’ai participées

- Contribution aux prélévements, traitement et préparation des échantillons prévus pour
I’analyse histologique et moléculaire de la différenciation gonadique chez la population
Texane

- Séquengages de génomes d’animaux sauvages appartenant a différentes populations

(Pachon, Molino, Texas)
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ABSTRACT

Teleost fishes employ a high diversity of sex determination (SD) mechanisms ranging from
strict chromosomal control to environmental factors over this process. Comparative studies on
master SD genes and sex chromosomes evolution within distantly or closely related species
revealed that MSD genes and their associated sex chromosomes could display either a high
degree of conservation or a rapid evolution depending on the species groups. Following the
discovery of the “unusual” B-sex chromosome system and its gdf6b-B loci in A. mexicanus
inhabiting the Pachon cave, the main aim of this study is to explore whether this B-sex
chromosome and gdf6b-B are conserved in the different populations and morphotypes of this
species. Here we report the potential conservation of gdf6ob-B located on its B
microchromosome (gdf6b-B) in wild cavefish and Mexican surface fish populations of the El
Abra region. Moreover, we show that this MSD gene is either totally absent in the cavefish
populations of the Guatemala region or partially sex-linked in the laboratory surface fish stocks.
Altogether our results give a first insight to a novel case of an intra-population turnover of SD
systems suggesting transitions from a fixed and dominant B-sex chromosomal system to a

potential polygenic system relying only partially on male-dominant B-sex chromosome.
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INTRODUCTION

Among vertebrates, Teleosts species exhibit the most amazing variability in their sex
determination (SD) mechanisms. In gonochoristic fish species, sex is controlled either by
genetic factors (GSD), environmental factors (ESD) or a combination of both (Bachtrog et al.,
2014; Devlin & Nagahama, 2002; Heule et al., 2014). Most of the documented species have a
monofactorial GSD system either with XX/XY or ZZ/ZW sex chromosomes (Herpin & Schartl,
2015; Pan et al., 2018). In addition to simple monofactorial systems in which a unique master
sex-determining (MSD) gene is found in the heterogametic sex-chromosome, examples of
polygenic sex determination systems with several alleles on the same sex locus or multiple
alleles on several sex chromosomes have been also described in fish (Kikuchi & Hamaguchi,

2013; Mank & Avise, 2009; Moore & Roberts, 2013; Roberts et al., 2016).

Although all MSD genes characterized so far ae located on classical sex chromosomes known
as "A chromosomes", several reports have argued for a role of B chromosomes in sex
determination (Camacho et al., 2011; Clark & Kocher, 2019; Reed, 1993; Yoshida et al., 2011).
The first experimental and functional evidence for such a role comes from the case of the
Astyanax mexicanus Pachén blind cavefish, in which the MSD gene gdf6b-B (growth
differentiation factor 6b on B chromosomes) is harbored by the male-dominant B-sex
chromosomes, hence revealing an unusual sex chromosome system (Imarazene et al., in prep).
These findings highlight an additional dimension to the extraordinary complexity and diversity

of sex chromosomes in fish.

To date, most of the comparative studies carried out on MSD genes and sex chromosomes
evolution have focused on distantly or closely related species at a rather macro-evolutionary
scale, such as the Esociformes, medaka, salmonid, and cichlid groups (Gammerdinger &
Kocher, 2018; Myosho et al., 2015; Pan et al., 2020; Yano et al., 2013). However, studies on
sex chromosomes and MSD gene turnovers within a single species would provide a more
detailled picture of their potential rapid evolution. In this regard, the Mexican tetra, Astyanax
mexicanus is an attractive model species for micro-evolutionary studies and has become
popular for understanding adaptation to life underground. The species comprises fully-eyed
surface-dwelling morphs inhabiting the rivers of the southern United States and Central
America, as well as about 30 blind and depigmented cave-dwelling populations distributed in
northeastern Mexico (Elliott, 2019; Espinasa et al., 2018; Mitchell et al., 1977). The cave-

adapted populations are endemic to the caves of the Sierra de El Abra, Sierra de Guatemala
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and Sierra de Colmena located in the states of San Luis Potosi and Tamaulipas (Elliott, 2019;
Espinasa et al., 2018; Mitchell et al., 1977). Despite displaying morphological and behavioural
differences, surface and cave morphs can breed together giving rise to viable and fertile
offspring (Casane & Rétaux, 2016; Sadoglu, 1957). In fact, recent studies have suggested that
cave populations derived from surface-like ancestors colonized caves very recently, about
20,000 years ago (Fumey et al., 2018; Policarpo et al., 2020). Today, some cave populations
are still undergoing an introgression of the surface forms living in the nearby rivers.
Furthermore, the migration of cavefish between different caves using underground flows has
also been suggested. Moreover, some cave-dwelling populations have adapted to life
underground in a partly convergent manner, as their striking depigmented and blind phenotypes
are controlled by different gene sets or even different mutations fixed on the same genes
(Borowsky, 2008; Protas et al., 2006). Interestingly, it has been shown that crosses between
cavefish populations originating from geographically distant caves give rise to eyed-progeny,

suggesting their independent evolution in the subterranean environment (Borowsky, 2008).

All together, these data make Astyanax mexicanus an essential model for exploring the
evolutionary history of a B-sex chromosome from a micro-evolutionary point of view. In fact,
some reports have revealed some odd sex-ratios in different A. mexicanus populations (Elipot
et al., 2014; Wilkens & Strecker, 2017) suggesting possible evolutionary variations in their SD

mechanisms.

Following the identification of a B-sex chromosome and its gdf6-B duplicated gene in the
Pachon cavefish population inhabiting the sierra de ElI Abra, we sought to assess the dynamics
of B-sex chromosome and MSD gene at a micro-evolutionary scale in that species. Taking
advantage of the accessibility of various A. mexicanus populations, we expanded our
comparative analyses of SD to other wild and lab-raised surface fish and cavefish stocks. Our
results show the conservation of gdf6b located on its B microchromosome (gdf6b-B) in wild
cavefish populations of the El Abra region as well as in Mexican surface fish populations.
Conversely, this MSD gene seemed absent in the cavefish populations of the Guatemala region.
Furthermore, we provide evidence for a potentially polygenic SD system in the Texas surface
fish population, with the male-dominant B-sex chromosome and its gdf6b-B locus operating as
the sex determination system in some males, and another sex determinism acting in the other
males and females. This study highlights a novel case of an intra-population turnover of SD
systems suggesting transitions from a fixed and dominant B-sex chromosomal system to a

polygenic system relying only partially on male-dominant B-sex chromosome.
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RESULTS
Identification of a partial sex-linkage of gdf6b-B with male phenotype

We have recently characterized a monofactorial GSD system with gdf6b-B (growth
differentiation factor 6b on the B chromosome) as the potential master sex determining gene
in Astyanax mexicanus Pachon cavefish (Imarazene et al., in prep). Here, we investigated the
sex determination system(s) in a surface population of the species originating from San
Solomon spring (Texas, USA), raised in the laboratory since 2004. Deviated sex-ratios had
been reported in laboratory breedings of different populations of surface-dwelling A.
mexicanus (Wilkens & Strecker, 2017), suggesting the co-existence of different SD systems

and / or environmental effects on SD.

Based on that possibility, we first investigated a potential effect of temperature, i.e.,
environmental influence on SD. We carried out two independent experiments in order to
determine the sex-ratios of Texas surface fish reared under two different temperature
conditions (21 °C and 28 °C). Sex-ratios were found to be not different from a 1:1 sex-ratio at
21 °C in both experiments (Table 1). At 28 °C, sex-ratios were either not different from a 1:1
sex-ratio (first experiment), or significantly biased towards females (second experiment; Table
1). These findings confirmed that the SD system in surface fish seemed different from the

strictly monofactorial GSD system of the Pachon cave population.

We next explored sex-linkage of the gdf6b-B loci in this Texas surface fish population, as these
loci was found to be completely sex-linked in Pachon cavefish (Imarazene et al., in prep). To
do so, we amplified the exon 1 and exon 2 as well as the intron 1 of this gene, both in males
and females. We found an incomplete sex-linkage of gdf6b-B with the male phenotype. In fact,
all phenotypic females (n=615) presented a single PCR fragment (~1.1 kb) along with 45.8%
of the phenotypic males (n=231 over 504). All the other males (54.2%, n=273) displayed two
bands, including the ~1.1 kb band plus another one of ~600 bp. Males with a female PCR
genotype were named males- and the males with two bands were referred to as male” (Figure
IB). To clarify these genotypes, we sequenced these gdf6b genomic fragments and we
assembled the sequences to generate a consensus gene sequence in both sexes. Alignments with
Pachon cavefish sequences showed that the 1.1 kb band corresponds to the A chromosome
copy of the gdf6b gene (gdf6b-A), while the ~600 bp band amplified in 45% of the males
corresponds to its B chromosome gene copies (gdf6b-B) (Figure 1C). Of note, the surface fish
male-specific gdf6b-B gene and the previously characterized Pachon cavefish gdf6b-B gene
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shared some polymorphism in their coding sequence (CDS), i.e., at position 591 bp of the CDS,
further reinforcing its annotation as a potential gdf6b-B gene (Figure 1B). However, in the
surface fish gdf6b-B copy, an additional deletion of approximately 500 bp in the intron and
several other variations in the CDS were found. This included 2 synonymous variations (at
positions 120 and 591of the CDS), 3 nonsynonymous variations changing the amino acids of
the Gdf6b-B protein (at positions 233 bp in exon 1, and 868 and 1115 bp in exon 2), and a 18
bp deletion causing a deletion of 6 amino acids in the Gdf6b-B protein (Figures 1C).
Altogether, these results suggested a partial association of putative surface fish gdf6b-B gene
and the male phenotype, consistent with the hypothesis that the sex determination system in
Texas surface fish is different from a simple monofactorial GSD system driven by a B-sex

chromosome that we previously characterized in Pachon cavefish.
The presence of B microchromosomes correlates with gdf6b-B in Texas surface fish

To determine the relationship between the presence of B microchromosomes (Bs) and the
putative gdf6b-B copy, and to test whether these Bs could be only present in certain phenotypic
males in Texas surface fish, we performed cytogenetic analyses in females, males” and males-
. Like Pachon cavefish, Texas surface fish have a diploid number (2n) of 50 A chromosomes,
plus some additional B microchromosomes (Figure 2; Table 2) in agreement with previous
results (Kavalco & De Almeida-Toledo, 2007). Interestingly, B microchromosomes were
found in all males” (n=4/4), with all their metaphases (100%) carrying either one or two Bs
(Table 2). Conversely, B microchromosomes were found only in one female (n=1/6) and one
male- (n=1/2), in which they were detected only in a small proportion of metaphases (5% or
16%; Table 2). Altogether, these findings revealed a male’-dominant B microchromosome,
suggesting that when present in males this B microchromosome could also be a B-sex
chromosome in the Texas surface fish population. However, the fact that a large proportion of
phenotypic males do not have this B-sex chromosome also suggest the existence of an

additional sex determination mechanism.

Searching for additional sex-linked markers and sex-determining regions in Astyanax

mexicanus surface fish

Our results above strongly could suggest the existence of a multifactorial sex determination
system with a partial involvement of gdf6b-B triggering the sex in the Texas surface fish. We
then performed genome-wide association analysis using RAD-Seq data in surface fish

contrasting 30 females, 14 males” and 12 males-. We identified a total of 67 polymorphic
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markers that were found in all males” and that were completely absent in the males- and in all
phenotypic females (Figure 3). These 67 marker sequences were then blasted against the
Astyanax_mexicanus-2.0 female surface fish genome assembly (GCF_000372685.2) and one
of them returned an annotated gene corresponding to the gdf6b locus. Conversely to the 47
markers identified in males’, none of the RAD-seq markers from this analysis showed
significant association with the females nor the males-. These findings further support the
partial albeit very strong association of gdf6b-B with the sex determination in some Texas

surface fish males.

To decipher the SD system and potentially identify an additional sex locus with higher
resolution in our Texas surface fish population, we adopted a pool-seq strategy using three
gDNA pools from 66 females, 66 males” and 66 males- allowing whole genome comparison
in a pair-wise manner (Gammerdinger et al., 2014). The pool-seq reads were remapped on the
Astyanax_mexicanus-2.0 female surface fish genome assembly (GCF_000372685.2) and pool-
specific SNPs were computed in the different linkage groups (LGs) and unplaced scaffolds.
Results from these analyses showed a strong male’-biased pattern with a high number of
“apparent” male -specific indels and heterozygous sites distributed throughout 4 different LGs
(LG3, LG7, LGY, and LG14) (Figure 4A) and several unplaced scaffolds (Figure 4B). Such
multiple signals were previously reported in the Pachon cavefish population (Imarazene et al.,
in prep), and were interpreted as a false “apparent” remapping of the male-dominant B
microchromosome reads on the A chromosome segments of a female genome that does not
contain a B chromosome sequence. Therefore, the present results obtained for the Texas surface
population also suggested that these patterns could represent duplicated A segments
specifically on the B microchromosomes of the males’. Having localized gdf6b-B on scaffold
NW _019172904.1 in the Pachén cave population, we analyzed the genomic sequence of the
gdf6b locus by remapping the pool-seq data of the 3 groups i.e., Texas surface fish females,
males-, and males” on this scaffold (Figure 5A). The coverage comparison of the pool-seq reads
between these three groups clearly showed a high coverage in the gdf6b locus in males'. Such
a high coverage was also observed in Pachon cavefish where gdf6b-B is duplicated in two
copies on the B chromosomes of males (Imarazene et al. in prep). This suggests that the gdf6b-
B of Texas surface fish is also likely duplicated on the specific B microchromosomes of males’.
This was further supported by TagMan assays showing a significantly higher copy number of
2df6b in males” compared to males- and females (Figure 5B). Besides these strong male'-

specific signals, no clear sex-biased signal has been found between the female- and male- pools
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suggesting that if a secondary sex locus is present in the Texas surface population, this sex

locus is too small to be detected by RAD-seq or pool-seq approaches.
Gdf6b-B in wild cavefish and surface fish populations

Finally, to investigate whether sex-linkage is a general feature of gdf6h-B and B
microchromosomes in other A. mexicanus populations, we extended our study to wild cavefish
and surface fish populations. For that purpose, we analyzed tail fin clip samples from wild-
caught individuals covering the different regions in northeastern Mexico where the A.
mexicanus surface fish and cavefish populations are localized, and collected over the past 10
years. This included the cavefish populations of the El Abra group (Pachén, Los Sabinos,
Tinaja, Curva, Toro and Chica), the Micos group (Subterraneo), and the Guatemala group
(Molino, Jineo and Escondido) (Figure 6A). In addition, two different Mexican wild surface
fish locations were sampled in 2016, including the Arroyo Tampemole near the village of El
Barranco (Rio Guayalejo drainage) (and the Rio Gallinas near Rascon (Rio Tampaon drainage)
(Figure 6A). To screen for the presence of gdf6b-B and the B-sex chromosome in these
populations, we designed primers to amplify almost the entire exon 2 of gdf6b-B and its 3’
region that are B chromosome-specific. These specific primers were first tested and validated
in our laboratory Pachon cavefish population where all males (n=30) displayed a single band,
while all females (n=30) displayed no band, indicating the specificity of this genotyping test

and confirming the gdf6b-B locus as male sex-specific in our Pachdn laboratory stock.

For wild-caught cavefish samples, dissection and histological analysis to determine phenotypic
sex was not available as these specimens were fin-clipped and returned alive to their natural
habitat. Hence, morphologically unidentifiable individuals (based on presence/absence of anal
fin denticles; abdomen shape; eggs sometimes visible) were referred to as “undetermined”
(Figure 6B). A significant sex-linkage, with gdf6b-B present in 100% of males and 0% of the
females was found in the cave-dwelling and blind 4. mexicanus populations sampled in the
Pachon, Los Sabinos, Tinaja, and Curva caves. This was also true in the Toro natural hybrid
cave population which undergoes introgression with surface fish living in the nearby rivers
(Espinasa et al., 2020), and possibly in Chica, also a natural hybrid population, even though in
this case the phenotypic sex of individuals was unknown (Figure 6B). This indicates that sex
could be also determined by the B-sex chromosome harboring the gdf6b-B locus as a MSD
gene in these natural A. mexicanus populations, all localized in the El Abra region -the group

from which our laboratory Pachon cavefish is derived (Figure 6). In A. mexicanus native to the
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Subterraneo cave localized in the Micos region, which also contains natural hybrid fishes due
to frequent introgression events, the gdf6b-B gene was found in only 1 out of 16
“undetermined” individuals. Finally, in the Molino, Jineo, and Escondido blind cavefish
populations belonging to the Guatemala group, the gdf6b-B locus was not found, possibly
because of the conjunction of the small sampling sizes and unknown phenotypic sex (Figure
6). On the other hand, a complete sex-linkage with gdf6b-B was detected in 100% of male
samples and 0% of female samples in the wild surface river-dwelling populations native to the
Rio Gallinas in Rascon (N males = 26; N females = 10) and the Arroyo Tampemole (N males
= 9; N females = 29) rivers (Figure 6B). These findings strongly suggest that these wild
Mexican populations have a simple monofactorial GSD system ruled by a B-sex chromosome
and gdf6b-B as a master sex determining gene, conversely to what we found in our laboratory
surface fish strain native to the San Solomon Spring (Texas). Taken together, these results show
that the B-sex chromosome and its gdf6b-B locus are conserved features of SD system in wild
populations of A. mexicanus, at least in the cavefish populations from the El Abra (and possibly

Micos) region and in the wild Mexican surface fish investigated in this study.

DISCUSSION

Our previous work on the laboratory Pachon cavefish A. mexicanus revealed a monofactorial
GSD system, in which the sex of individuals is governed by an unusual sex chromosome i.e.,
a male-dominant B-sex chromosome harboring the gdf6b-B MSD gene (Imarazene et al., in
prep). Here, we extend this finding to wild A. mexicanus populations in Mexico including
several cave populations from the El Abra group i.e., Pachon, Los Sabinos, Tinaja, Curva, Toro
and Chica. In these populations, we found evidences for a conserved monofactorial GSD
system in agreement with the unbiased, 1:1 sex-ratios previously observed in the Pachon cave

laboratory-raised population originating from this region (Wilkens & Strecker, 2017).

However, this B-sex chromosome system and their gdf6b-B MSD genes may not be conserved
in all Astyanax cavefish populations. Indeed, we failed to detect gdf6b-B in cavefish
populations belonging to the Guatemala group. We cannot exclude that all sampled individuals
were females or that our primers failed to amplify the gdf6b-B locus in Molino, Jineo, and
Escondido, maybe, because of some population-specific sequence variations preventing a
specific PCR amplification with primers designed on other population-specific sequences. In

fact, the unbiased sex-ratios that have been reported in laboratory stock of the Molino cavefish
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population suggests a monofactorial GSD system (Wilkens & Strecker, 2017). The possibility
that this Molino population does not have a B-sex chromosome and the gdf6-B genes is also
attested by preliminary results (data not shown) of the remapping of some publicly available
whole genome Molinos datasets that did not show any signature of a potential conserved B-sex
chromosome in this population. Indeed, here also sex phenotypes were not recorded and we
cannot exclude that all these sequenced individuals were all females or eventually B minus
males. Of note, an incomplete association of the B microchromosome with the male phenotype
has been also reported in a commercial pet shop cavefish stock (Ahmad et al., 2020). Further,
in-depth investigations in the Guatemala group using fish with known phenotypic sex and
additional sequencing data of sex phenotyped individuals will be required to elucidate this

hypothesis of a rapid sex chromosome turnover at the population level.

For Mexican surface fish, our results also showed a complete association of the gdf6b-B with
the male phenotype in two wild surface fish populations originating from the Rio Gallinas and
the Arroyo Tampemole, SLP, Mexico. This is in line with our findings in Pachon laboratory-
raised cavefish (Imarazene et al., in prep) and in wild cavefish El Abra populations (current
study), hence suggesting that gdf6b genes on the B microchromosome could also operate as
MSD genes in these Mexican surface fish populations. In our laboratory stock of Texas surface
fish, however, the duplicated gdf6b-B displayed an incomplete sex-linkage with the male
phenotype. This could suggest a non-monofactorial SD system with the partial involvement of
a B-sex chromosome and its gdf6b-B genes that would act as a dominant male determining
factor in all Bs-carrying males. Again, these results are similar to what has been reported in a
commercial pet shop cavefish, in which B chromosomes were found in some males and totally
absent from others as well as in all the females (Ahmad et al., 2020). However, the lack of
information about the precise origin of the samples obtained in this study makes it difficult to
draw a clear scenario. Nevertheless, it appears obvious that the B microchromosomes were
totally absent in some males and all females in our laboratory Texas surface fish population
and that of Ahmad et al (Ahmad et al., 2020), demonstrating a more complex SD system in

some populations of A. mexicanus.

Biased sex-ratios towards females or males were also observed in different laboratory stocks
of surface fish populations, independently from their origin (Wilkens & Strecker, 2017),
supporting our hypothesis of population differences in sex determination in 4. mexicanus. To
date, it is widely shown that environmental cues (i.e., temperature, pH, or density) can modulate

the monofactorial GSD system in a number of fish species (Baroiller et al., 2009; Devlin &
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Nagahama, 2002), and even in species with a strong GSD like for instance in medaka (Cheung
et al., 2014; Sato et al., 2005). Temperature is likely the most described environmental factor
that is able to override the GSD system in some fish species (Baroiller & D’Cotta, 2016;
Ospina-Alvarez & Piferrer, 2008). In such cases, the effect of temperature occurs quite early,
during larval and post-larval stages (Baroiller et al., 1999; Devlin & Nagahama, 2002). In the
present study, we detected a biased sex-ratio towards females after raising Texas surface fish
at 28°C (but not at 21°C). However, we do not interpret it as a temperature effect since all
produced females had a genuine female genotype (all gdf6b-B negative). Other complex,

unknown mechanisms may have occurred to explain this result.

An interesting possibility would be that sex determination in our surface fish Texas laboratory
stocks relies on a polygenic SD: gdf6b-B would act as a male sex determinant on the B
microchromosome, together with another sex-determining gene harbored by another sex-
chromosome. However, we currently failed to detect any other sex-biased markers between
Texan surface females and B negative males using both RAD-seq and pool-seq approaches.
This suggests that if a secondary sex locus is present in this surface population it is too small
to be detected using these whole genome strategies. Re-analyses using for instance our new
Pachén cave genome assembly, could provide more precise results as this new genome
assembly is less fragmented. The question then remains unanswered whether a secondary and
potentially polygenic GSD system is present in this laboratory Texas surface fish population,
and potentially also in other populations (Ahmad et al., 2020; Wilkens & Strecker, 2017). Such
polygenic SD systems have been described in a few fish species (Kallman, 1984; Moore &
Roberts, 2013; Roberts et al., 2016). In zebrafish, wild strains have ZZ/ZW sex determination,
but laboratory strains lost their W chromosome after a few decades of breeding (Wilson et al.,
2014), and their SD system has evolved towards an unknown polygenic system (Liew et al.,
2012; Liew & Orban, 2014) which is subject to environmental effects (Ribas et al., 2017;
Santos et al., 2017). A similar hypothesis could be also proposed in the Texas laboratory surface
population as we cannot completely rule out the idea that the B-sex chromosomes may have
been introgressed from a B-sex carrying population during the early domestication phases of
what may have been an initial B-minus Texas surface laboratory population. In line with this
hypothesis many early genetic experiments in cavefish have used cross-populations breeding
strategies and the introgression of a B chromosome is probably a likely event. The exploration
of wild Texan populations of 4. mexicanus would be needed to confirm or infirm this

hypothesis. But the relatively high divergence between the gdf6h-B locus sequence of Pachon
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cave and its homologous region in Texas surface laboratory population tends to contradict this
hypothesis of a recent introgression of the Pachon cave B-sex chromosome in the laboratory

Texan surface population.

Sex chromosome turnover is thought to be caused by the emergence of a new MSD gene by
genetic drift (Bull & Charnov, 1977; Saunders et al., 2018), its linkage to sexually antagonistic
alleles (Doorn & Kirkpatrick, 2007; Doorn & Kirkpatrick, 2010), or deleterious mutational
load (Blaser et al., 2013). Sex chromosome turnovers could lead to the change of heterogamety
(Bull & Charnov, 1977). A scenario of the emergence of a new SD system with a new sex
chromosome and its interaction with environmental cues after a few years and generations of
rearing might be considered for laboratory A. mexicanus Texas surface fish. However, further
studies are needed to better characterize the complex sex determination system in laboratory

surface fish.

In terms of geography, it is interesting to note that the distant Texas surface fish population
(and maybe the northernmost Guatemala cave populations, to be confirmed) are different from
all other populations of Mexican surface fish and cavefish we have studied and in which gdf6b-
B is strongly or completely sex-linked. If any, the difference between Guatemala and EI Abra
caves can be attributed to the independent origins of 4. mexicanus populations in these two
groups (Borowsky, 2008; Bradic et al., 2012). Now regarding the established Mexico/Texas
difference, the sequence comparison between the Pachon cavefish and the surface fish (Texas)
gdf6b-B showed substantial differences in the non-coding region (e.g., intron) as well as the
coding sequence. In fact, the gdf6b-B CDS of surface fish accumulated several amino acid
changing nucleotide variations and a 6 amino acids deletion in the propeptide TGF-b domain
(Figure S1), but this gene is still sex-linked in at least 50% of males in this population. It would
therefore be interesting to investigate whether these mutations have a role in the rapid transition

of the SD system in this species.

In conclusion, our study provides a first insight to the quick evolutionary transition of SD
systems in 4. mexicanus populations, between what could be a complex and eventually
polygenic sex determination system in the laboratory Texas surface fish population and a

monofactorial GSD system in almost all the Mexican populations.
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MATERIAL AND METHODS
Statement of Ethics

All animal protocols were carried out in strict accordance with the French and European
legislations (French decree 2013-118 and directive 2010-63-UE) applied for ethical use and
care of laboratory animals used for scientific purposes. SR’s and CNRS authorizations for
maintaining and handling of 4. mexicanus in experimental procedures were 91-116 and

91272105, respectively.
Laboratory Astyanax mexicanus surface fish breeding and sampling

Laboratory stocks of 4. mexicanus surface fish endemic to Texas (USA) rivers were obtained
in 2004 from the Jeffery laboratory at the University of Maryland, College Park, MD, USA
and were since then reared in our experimental facilities (Gif sur Yvette, France). Fish
husbandry and tail fin clip sampling protocols were performed as described in (Imarazene et

al., 2020; in prep).
Animal sampling for karyotypic analysis

Six females, 4 genetic males” and 2 phenotypic males- of laboratory Texas surface fish,
Astyanax mexicanus were prepared for karyotypic analysis. For preparation, fish were first
anesthetized in a Eugenol bath (60 pl/L) during ~ 3 minutes. Animals were then injected with
yeast solution (20 pl/1g of weight) below the dorsal fin and kept individually in an oxygenated
water for 24 hours (h) at 28 °C or 48 h at 26 °C in the dark. The fish were anaesthetized a
second time with the same concentration of Eugenol and subsequently injected with 0.25%
colchicine (20 pl/1g of weight). Finally, male and female individuals were kept in their tanks

for one hour before being euthanized by a lethal dose of Eugenol (1.5 ml/L).

Wild cavefish and surface fish sampling

Several sampling campaigns were carried out in the field between 2013 and 2019 resulting in
a collection of tail fin clips of several cavefish and surface fish populations. In the field, the
phenotypic sex of animals was determined by checking the presence or absence of denticles on
the anal fins as described previously in (Elipot et al., 2014). The presence/absence of denticles

was verified independently by 3 researchers. In addition, pictures of each individual sampled
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were taken to confirm the phenotypic sex in the laboratory based on the morphological criteria
described previously (Elipot et al., 2014). The permits for field sampling (02241/13, 02438/16,
05389/17 and 1893/19) were delivered by the Mexican authorities (Mexican Secretaria del

Medio 16 Ambiente y Recursos Naturales) to Sylvie Rétaux and Patricia Ornelas-Garcia.
DNA extraction

For fish genotyping, gDNA was obtained from tail fin clips stored in ethanol 90%, after lysis
in 5% chelex and 10 mg Proteinase K at 55°C for 2 h, followed by 10 min at 99°C (Gharbi et
al., 2006). Following extraction, samples were centrifuged and the supernatant containing the
gDNA was transferred in clean tubes and stored at -20°C. For pool-sequencing (pool-seq) and
RAD-sequencing (RAD-seq), gDNA was extracted using NucleoSpin Kits for Tissue
(Macherey-Nagel, Duren, Germany) according to the supplier’s recommendations. The DNA
concentrations for both pool-seq and RAD-seq were quantified with Qubit3 fluorometer

(Invitrogen, Carlsbad, CA).
Primer and probe designing

All primers used in this study including PCR genotyping and TagMan assays were designed

using Primer3web software version 4.1.0 (Kdressaar et al., 2018) and are listed in Table S1.
Sex-specific genotyping PCR test

For laboratory surface fish, the genetic sex of individuals was determined by a PCR test using
primers designed to amplify specifically the gdf6b intron 1 using the Jumpstart™ Taq DNA
Polymerase (Sigma-Aldrich). PCRs were performed in a total volume of 50 pl containing 0.5
uM of each primer, a final concentration of 20 ng/ul gDNA, 10 uM dNTPs mixture, 1X of
Jumpstart™ buffer (10X), and 2.5U/reaction of Jumpstart™ Taq DNA polymerase. Cycling
conditions were as follows: 95°C for 2 min, then 35 cycles of (95°C for 30 seconds (sec) +
60°C for 30 sec + 72°C for 1 min and 30 seconds (sec)), and 72°C for 5 min. For wild surface
fish and cavefish populations, specific primers (Table S1) were designed to amplify only the
gdf6b-B copy based on the sequence of gdf6b on the B microchromosome of Pachdon cavefish
A. mexicanus. PCRs were carried out in a total volume of 50 pl containing 0.5 pM of each
primer, a final concentration of 20 ng/ul gDNA, 10 pM dNTPs mixture, 1X of Jumpstart™
buffer (10X), and 2.5U/reaction of Jumpstart™ Taq DNA polymerase. Cycling conditions were
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as follows: 95°C for 2 min, then 35 cycles of (95°C for 30 seconds (sec) + 60°C for 30 sec +
72°C for 2 min), and 72°C for 5 min.

Chromosome preparation and conventional cytogenetics

Mitotic or meiotic chromosome spreads were obtained by direct preparation from the cephalic
kidney. The quality of chromosomal spreading was enhanced by a dropping method described
by (Bertollo et al., 2015). Chromosomes were stained with 5% Giemsa solution (pH 6.8)
(Merck, Darmstadt, Germany) for a conventional cytogenetic analysis, or left unstained for
other methods. Constitutive heterochromatin was visualized by C-banding according to (Haaf
& Schmid, 1984), with chromosomes being counterstained by 4',6-diamidino-2-phenolindole

(DAPI) at 1.5 pg/mL in antifading medium (Cambio, Cambridge, United Kingdom).
Microscopy and image analysis

At least 50 metaphase spreads per individual were analyzed to confirm the diploid chromosome
number (2n) karyotype structure. Giemsa-stained preparations were analyzed under Axio
Imager Z2 microscope (Zeiss, Oberkochen, Germany), equipped with automatic Metafer-
MSearch scanning platform. Photographs of the chromosomes were captured under 100%
objective using CoolCube 1 b/w digital camera (MetaSystems, Altlussheim, Germany). The
karyotypes were arranged using lkaros software (MetaSystems, Altlussheim, Germany).
Chromosomes were classified according to their centromere positions according to (Levan et
al., 1964), but modified as metacentric (m), submetacentric (sm), subtelocentric (st), or

acrocentric (a).

Restriction-site association sequencing (RAD-seq) and male-marker discovery

RAD-seq library was constructed from Genomic DNA of 30 phenotypic females and 26
phenotypic males according to the standard protocols (Amores et al., 2011; Baird et al., 2008).
Briefly, for each sample, 1 pg of DNA was digested with the restriction enzyme ShfI and then
purified using AMPure PX magnetic beads (Beckman Coulters). Subsequently, each sample
was ligated to one indexed P1 adapter using concentrated T4 DNA ligase (NEB) followed by
a second purification step using AMPure XP magnetic beads. Before pooling in equal amounts,
samples were quantified using microfluorimetry (Qubit dsSDNA HS assay kit, Thermofisher).

Following this step, the pool was fragmented on a Biorputor (Diagenode) and purified using a
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Minelute column (Qiagen). Sonicated DNA was size selected on an 1,5% agarose cassette
aiming for an insert size of 300 bp to 500 bp, extracted from the gel using the Qiaquick gel
extraction kit (Qiagen), repaired using the End-It DNA-end repair kit (Tebu Bio) and finally
adenylated on its 3’ ends using Klenow (exo-) (Tebu-Bio). P2 adapter was ligated using
concentrated T4 DNA ligase (NEB) and 50 ng of the ligated product was engaged in a 12 cycles
PCR followed by AMPure XP beads purification. The library was checked on a Bioanalyzer
(Agilent) using the DNA 1000 kit and quantified by qPCR using the KAPA Library
quantification kit (Roche, ref. KK4824). The library was sequenced on one lane of Hiseq2500
in single read 100 nt mode using the clustering and SBS v3 kit following the manufacturer’s
instructions. The RAD-seq reads were analyzed using the RADSex pipeline (Feron et al.,
2020).

Pool-sequencing libraries preparation and data analysis

DNA was collected from 66 males’, 66 males-, and 66 phenotypic females (laboratory Texas
surface fish) and was pooled as male”, males’, and female pools separately. Before pooling, the
DNA concentration was normalized in order to obtain an equal amount of each individual
genome representation in the final pool. Pool-sequencing libraries were prepared with the same
protocol as the one used for the Pachén cavefish A. mexicanus (Imarazene et al., in prep).
Sequencing produced 116 839 236 of read pairs for the males’, 84 099 466 of read pairs for the
males-, and 129 639 149 of read pairs for the females’ pool libraries. The pool-seq reads
obtained from the three groups were mapped onto the Astyanax mexicanus-2.0 female surface
fish genome assembly (GCF_000372685.2) and the analyses were processed as described for

the Pachon cavefish A. mexicanus (Imarazene et al., in prep).
TagMan probe assay

TagMan probe-based qPCR was used to determine the quantity of gdf6b in both sexes using
dmrtl as an autosomal reference gene. The specific primers and probes are listed in Table S1.
qPCRs were carried out in a total volume of 10 pl containing 4 pl of 20 ng/ul gDNA, 10 uM
of each forward and reverse primer, 10 pM of each TagMan probe, and 5Sul of 2X TagMan®
Fast Advanced Master Mix (Applied Biosystem, carlsbad, USA). We used 40 cycles of
amplification on a StepOne machine (Applied Biosystem, carlsbad, USA) following cycling
conditions: a first denaturation step at 50 °C for 2 min, polymerase activation at 95 °C for 2

min, 40 cycles of denaturation (95 °C for 1 sec) and annealing/extension (60 °C for 20 sec).
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Copy number variation was defined as gdf6b/dmrtl ratios of the mean quantity of three

technical replicates for each sample.
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FIGURE LEGENDS

Figure 1. The incomplete sex-linkage of gdf6b-B with the male phenotype in A. mexicanus
Texas surface fish. (A) PCR amplifications of the gdf6 intron. A ~1.1 kb band is detected in all
individuals, while an additional ~600 bp band is amplified in about half of phenotypic males.
(B) gdf6b-B genotyping in males and females Texas surface fish. (C) Schematic representation
of the variations between the Texas surface fish and Pachdn cavefish gdf6b copies, i.e., gdf6b-
A and gdf6b-B (total 2,108 bp from the first ATG on exonl to the stop codon in exon 2,
including intron 1 in its version with the 500 bp deletion). The dark blue box and line indicate
specific gdf6b-B indels on the exon 1 and intron 1 in surface fish, respectively. Dark vertical
lines indicate variable positions. The specific variations in gdf6b-B in surface fish males” (dark
triangle; highlighted in yellow) and cavefish males (red triangles; highlighted in blue) or shared
variation (green triangle; highlighted in green) are indicated on alignments. Each variable site
for surface fish and cavefish is magnified to show the nucleotide sequence and the

corresponding amino acids changes in both gdf6b-A and gdf6b-B.

Figure 2. Karyotypes and C-banded mitotic metaphases of Astyanax mexicanus Texas surface
fish. (A,B,C) karyotypes arranged for mitotic chromosomes (from cephalic kidney). (A’,B’,C’)
C-banding patterns; B chromosomes are indicated by arrows. Note the lack of C-bands on B

chromosome(s). Scale bar = 10 pm.

Figure 3. RAD-seq haplotypes distribution and male"-specific markers in A. mexicanus Texas
surface fish. (A) Heatmap showing the distribution of haplotypes between males (n=26) and
females (n=30). Each square in the heatmap indicates the number of haplotypes presented in
N1 phenotypic males (horizontal axis) and N2 phenotypic females (vertical axis). Haplotypes
found in about 13-15 males” and absent from all females and males are highlighted by a red
box. (B) Heatmap showing individual depth for the sex-polymorphic RAD-seq markers
(vertical axis) present only in 14 males’ and totally absent from all females and males
(horizontal axis). Each line represents one sex-polymorphic marker, and each column

represents an individual.

Figure 4. Pool-seq data mapped onto a female genome surface fish assembly
(GCF_000372685.2) illustrating the “apparent” male -specific SNPs (blue) across the different
LGs and unplaced scaffolds. SNPs were counted using a 50 kb sliding window with an output
point every 500 bp. Female- and male’- specific SNPs as well as male’- specific SNPs are

indicated by red, blue and yellow color, respectively. (A) The “apparent” male -specific SNPs
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on different LGs (LG03, LG07, LG09, LG14). (B) The “apparent” male -specific SNPs on
unplaced  scaffolds  NW_019171094.1, NW_019171635.1,  NW_019172868.1,
NW _019172881.1, NW_019172890.1, and NW_019172904.1. The regions corresponding to
the high density of “apparent” male -specific SNPs obtained by contrasting the pool-seq data

in pairs are indicated by arrows on the different LGs and unplaced scaffolds.

Figure 5. The specific duplication of gdf6h in male” compared to males” and females. (A)
Integrative genomics viewer (IGV) visualization of the male’, male” and female pooled-reads
around the gdf6b locus (2,857 bp), showing a much higher coverage in the male” pool
compared to the male” and female pools and many “apparent” male-specific heterozygous sites
(Het) and male-specific indels (Msl). (B) Copy number variation of the gdf6b was quantified
using specific TagMan PCR assays normalized using the single copy autosomal gene dmrtl.
Results are presented as boxplots of the ratio of gdf6b over dmrtl in males’ (White) and males’
(light grey), and females (dark grey), with individual copy number values displayed as dots,
the copy number median as a line and the box displaying the first and third quartiles of copy
number variation. Statistical significance between males and females were tested with the

Wilcoxon Rank Test (**** =P < 0.001).

Figure 6. gdf6b-B sex-linkage in wild cavefish and surface fish populations. (A) Localization
of the 4. mexicanus caves and surface populations from the North-East of Mexico (San Luis
Potosi) to the south of USA (Texas). Boxes in red, brown and green show locations of Astyanax
caves (Internal colored circles) in the Sierra de El Abra, de Guatemala, and Micos, respectively.
(B) Table showing the gdf6b-B sex-linkage in the wild. The caves belonging to the different

groups are indicated with the same color code as on the map. “*”’: significant sex-linkage
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TABLES

Table 1: Sex-ratios in Surface fish 4. mexicanus (Texas) at different rearing temperatures

Experiment Temperature Number Number X-squared p-value  Significance

ID of of
males females
1 28 °C 143 131 0.52555  0.4685 ns
21°C 207 204 0.021898  0.8824 ns
2 28 °C 44 182 86.817 <2.2e-16 otk
21°C 95 98 0.046632  0.829 ns

Table 2: The number of metaphases containing B chromosomes in Surface fish A. mexicanus

(Texas) males and females

Individual Total NM Total Total NM Total NM Total NM % M with
Sex NMOB 1B 2 Bs with Bs Bs
Male" 1 6 0 0 6 6 100
Male 2 8 0 8 0 8 100
Male" 3 8 0 8 0 8 100
Male" 4 5 0 5 0 5 100
Male 1 12 10 2 0 2 16,66
Male 2 21 21 0 0 0 0
Female 1 53 50 3 0 3 5,66
Female 2 23 23 0 0 0 0
Female 3 10 10 0 0 0 0
Female 4 4 4 0 0 0 0
Female 5 45 45 0 0 0 0
Female 6 21 21 0 0 0 0
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Figure 1. The incomplete sex-linkage of gdf6b-B with the male phenotype in A. mexicanus

Texas surface fish.
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SUPPLEMENTARY DATA

Table S1. Primer names, sequences, target genes, and their corresponding experiments

Primer name: Sequence Target | Experiment
Forward (Fw) and gene
Reverse (Rv) and
TaqMan probes
Gdféb_Intron Fw | CATCACCAGCTTCGTAGATACCG Gdfob | gdfob Intron
for surface
fish
Gdféb _Intron Rv | GAAGCTTCCAGAGACCTTCGTGT Gdf6b | genotyping
Gdfob-B_Fw CGTTTGATGTGTCTACGCTCTCTGA | Gdf6b-
B Wild
populations
Gdfeb-B_Rv GAGGGAGGGTATTTTCAGCAGGT Gdf6b- | genotyping
B
dmrtl TagMan Fw | AGGCCAACTCTGATTCTGGA dmrtl
TagMan
assay
dmrt]l_TagMan Prob | GGATTCCATCATAGAGGGAGCGGCC | dmrtl | (autosomal
e reference
gene)
dmrtl TagMan Rv | TGGCTCTCAGATACGTCACT dmrtl
gdfeb TagMan Prim | CTTCAGCTTCATTCCTGCCA Gdfo6b-
er Fw B
gdféb_TagMan_Prob | CCCACAAGCTTCTAGACTCCAGAAC | Gdféb- | TaqMan_
e CcC B |assay (gdf6b)
gdfob TagMan Prim | ATCGTGGTTTGTGGGAGTTC Gdf6b-
er Rv B
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Figure S1. Alignment of nucleotide and protein sequences of the gdf6b-A and gdf6b-B
genes. Sequences were aligned with BioEdit 7.2. The gdf6b-B variation sites are boxed (green
for nonsynonymous sites and red for synonymous sites). Regions highlighted in yellow and
blue indicated the Pfam “TGF-b propeptide” and “TGF-b-like” domains (El-Gebali et al.,

2019). “.”: Identical nucleotides; “*”: stop codon.
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DISCUSSION / PERSPECTIVES

Le tétra mexicain, Astyanax mexicanus fait partie des 258 espéces connues de poissons

cavernicoles vivant dans 1’obscurité totale et permanente (www.cavefishes.org.uk). Sa

particularité par rapport a toutes ces especes troglomorphiques, réside dans 1'existence de deux
morphotypes qui sont aujourd’hui toujours accessibles : morphotype cavernicole et
morphotype de surface (probablement trés proche de 1’ancétre commun a partir duquel les deux
morphotypes actuels ont évolué). Cette particularité représente un avantage majeur et fait d’A4.
mexicanus un “modele” quasi-unique pour des études comparatives a une échelle micro-
évolutive des aspects biologiques en lien avec un changement drastique de 1’environnement.
De plus, il offre la possibilit¢ d'explorer ces processus dans un contexte d’évolution
convergente, parallele et répétée grace a I’existence d’une trentaine de populations cavernicoles
qui semblent avoir des origines, en partie au moins, indépendantes et trés récentes. Ainsi, la
question majeure de mes travaux de thése a été d’explorer le ou les systémes de déterminisme
du sexe chez les populations de surface (poissons originaires du Texas) et les populations

cavernicoles, en I’occurrence celle de la grotte Pachon.

Dans cette section, nous discuterons les principaux résultats obtenus et proposerons des
perspectives pour les travaux futurs sur les mécanismes de détermination du sexe des

différentes populations d’Astayanax mexicanus.
La différenciation sexuelle chez Astyanax mexicanus de la grotte Pachon

La démarche scientifique menée pour répondre a cette question nous a conduit a
explorer, en absence de données préalables sur le sujet, la différenciation sexuelle male et
femelle d’un point de vue cellulaire, morphologique et moléculaire chez la population de la
grotte Pachon (Article 1). Ainsi, nous nous sommes intéressés au suivi de la trajectoire
migratoire des cellules germinales primordiales (CGPs), 1'une des étapes précoces de la
formation des gonades, et ce dés les premiers stades de développement embryonnaire jusqu’a
leur arrivée dans le territoire présomptif des gonades. Cette détection des CGPs s’est faite dés
le stade 80 % épibolie chez A. mexicanus grace a ’injection de I’ARN messager de la partie
3’UTR du gene nanosi du poissons zebre couplé a la GFP (Herpin et al., 2007, 2008). Dans la
littérature, il a été rapporté que le chemin migratoire des CGPs est spécifique a chaque espece
(Coelho et al., 2019; Kurokawa et al., 2006; Saito et al., 2006), méme si les mécanismes
controlant leurs mouvements et leur spécification semblent étre trés conservés dans le régne

animal (Xu et al., 2010). Or, contrairement a ce qui a été rapporté chez d’autres especes, 1’une
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des particularités d’A. mexicanus réside dans 1’augmentation du nombre de CGPs détectées
entre le stade neurula précoce et les stades 8-9 somites. Cette augmentation marque une
premicre étape de prolifération, et trés probablement de spécification, suggérant que la
prolifération des CGPs pourrait avoir lieu avant la colonisation des crétes génitales chez
certaines especes dont I’ Astyanax. Toutefois, cette étude devrait Etre complétée par une analyse
plus fine de I’expression d’autres marqueurs moléculaires qui sous-tendent la migration et la
prolifération des CGPs afin de confirmer ou d’infirmer cette hypothése. En ce sens, plusieurs
marqueurs moléculaires sont connus pour étre impliqués dans le processus migratoire e.g., sdf!
(stromal cell-derived factor 1) et son récepteur transmembranaire couplé aux protéines G, cxcr4
ou encore vasa qui est un marqueur spécifique des cellules germinales (Braat et al., 1999;

Herpin et al., 2008; Knaut et al., 2003).

Dans un second temps, nous avons caractéris¢ la fenétre de différenciation gonadique par
I’association d’approches histologique et moléculaire. D’un point de vue histologique, nos
résultats ne montrent aucun signe de différenciation gonadique avant 65 jours post-fécondation
(pf) chez les femelles et 90 jpf chez les males. Néanmoins, a 45 jpf et 65 jpf, respectivement
chez les femelles et les males, le nombre de cellules germinales (CGs) augmente dans les
ovaires et les testicules indifférenciés. Cette augmentation du nombre de CGs pourrait étre un
signe de prolifération des cellules germinales, qui est souvent associ¢ au début de la
différenciation sexuelle. A ce stade, il nous semble évident que des expérimentations
supplémentaires seraient nécessaires entre 23 jpf et 65 jpf afin de mieux préciser la période a
laquelle les cellules germinales entrent activement dans le processus de division conduisant

ainsi a la différenciation gonadique.

Par ailleurs, cette étude de la différenciation histologique a été accompagnée par la
caractérisation des profils d’expression de marqueurs moléculaires qui sont connus pour
contrdler ce processus chez les vertébrés. Nous avons étudié notamment 1’expression des génes
dmrtl (doublesex and mab-3 related transcription factor 1), gsdf (gonadal somatic cell derived
factor) et amh (anti-Mullerian hormone) impliqués dans la différenciation testiculaire et des
genes cypl9ala (cytochrome P450, family 19, subfamily A, polypeptide 1a), fox/2a (forkhead
box L2a) et wnt4b (Wnt Family Member 4b) jouant un role crucial dans la différenciation
ovarienne (Bertho et al., 2016; Guerrero-Estévez & Moreno-Mendoza, 2010; Guiguen et al.,
2010; Herpin et al., 2013; Ljiri et al., 2008; Sreenivasan et al., 2014). Nos données montrent
clairement I’implication de dmrtl, gsdf et de I’amh dans la différenciation testiculaire puisque

ces génes sont exprimés plus fortement chez les males que chez les femelles avant les premiers
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signes de différenciation histologique. En revanche, et de manicre assez intrigante, aucun des
marqueurs femelles que nous avons étudié e.g., cypl9ala, foxI2a, et wnt4b n’est exprimé de
manicre dimorphique chez les femelles. Des résultats similaires chez d’autres especes ont
rapporté 1’expression non-dimorphique de ces trois marqueurs e.g., fox/2 chez Acipenser
stellatus (Burcea et al., 2018), cyp19ala chez Colossoma macropomum (Lobo et al., 2020) ou
encore chez Astyanax altiparanae (Martinez-Bengochea et al., 2020) et enfin wnt4b chez
Oncorhynchus mykiss (Nicol et al., 2012). Ces résultats renforcent I’hypothése selon laquelle
le controle moléculaire de la différenciation gonadique n’est pas si conservé qu’on le pensait
chez les vertébrés (Herpin et al., 2013). En lien avec cette hypothése, ce travail ajoute de
maniére inattendue une autre dimension a cette non-conservation en montrant que ces
marqueurs femelles sont, chez Astyanax mexicanus, tous exprimés plus fortement dans les

testicules adultes que dans les ovaires.

Outre ces données discutées dans (Imarazene et al., accepted; Article 1), nous avons
récemment élargi notre analyse (données non présentées) a d’autres génes qui jouent également
un role dans la différenciation male : sox3 (SRY-box 3) et sox9 (SRY-box 9) (Jiang et al., 2013;
Nakamoto et al., 2005, 2009)mais aussi dans la voie ovarienne: rspol (R-spondin 1), wnt4a
(Wnt family member 4 a), fsta (Follistatin a) et fstb (Follistatin b) (Chassot et al., 2008; Chassot
et al., 2012; Nicol et al., 2012, 2012, 2013; Yao et al., 2004). Bien qu’il serait probablement
nécessaire de les confirmer, nos premiers résultats montrent une surexpression de 1’ensemble
de ces marqueurs dans les testicules matures par rapport aux ovaires matures. De plus, sox3,
sox9 et wnt4a ne présentent aucune expression dimorphique au cours de la différenciation
gonadique (données non présentées). A notre connaissance, A. mexicanus est la seule espéce
chez qui, non seulement aucun de ces marqueurs “classiques” de la différenciation femelle
n’est impliqué dans la différenciation ovarienne, mais qui exprime de plus trés fortement ces
marqueurs “femelles” dans les testicules (adultes et en différenciation). Au vu de ces résultats,
il nous parait primordial de caractériser les acteurs moléculaires responsables de la
différenciation gonadique, en particulier celle des ovaires chez 4. mexicanus. Pour cela, il
existe des approches méthodologiques plus puissantes voire "exhaustives", qui ont été utilisées
chez d’autres especes, permettant de quantifier de manic¢re simultanée 1’expression de
nombreux genes a différents stades gonadiques telles que les microarray (Depiereux et al.,
2015; Douglas, 2006) ou encore les techniques de séquengage type RNA-seq (Bohne et al.,
2014; Lobo et al., 2020; Tao et al., 2018; Zhang et al., 2019). L utilisation d une telle démarche

serait tres intéressante afin de valider nos résultats surprenants avec une autre approche, et aussi
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Figure 9. Représentation schématique illustrant les facteurs moléculaires et les principaux
changements morphologiques au cours du développement des gonades chez Astyanax
mexicanus de la grotte Pachdn entre 10 jours post-fécondation (jpf) et 150 jpf (fleche noire
graduée). Les parties supérieure et inferieure de la fleche représentent respectivement le
développement testiculaire et ovarien. Les lignes verticales pointilléees délimitent les stades
analyses. Les fléeches horizontales pointillées délimitent les principales phases de la
différenciation gonadique (indiquées au-dessus pour les males et en dessous pour les femelles)
en fonction des profils d'expression des genes et des changements morphologiques. Les
changements morphologiques a chaque phase sont indiqués en caractéres rouges. Les profils
d'expression des genes impliqués dans la differenciation sexuelle male et femelle sont illustrés
par des fleches de couleur : gsdf (marron), dmrtl (bleu), amh (violet), vasa (gris), foxl2a
(orange), cypl9ala (jaune), wntdb (vert). Les fleches droites correspondent aux génes qui ne
présentent aucune expression différentielle entre les males et les femelles, et les fleches non-
linéaires illustrent les stades a partir desquels I'expression des genes correspondants est régulée
a la hausse chez les males (gsdf, dmrtl, amh et vasa), chez les femelles (vasa). Les profils
d'expression de gsdf, dmrtl, amh et vasa sont illustrés chez les males, et ceux de vasa, foxI2a,
cypl9ala et wntdb chez les femelles. Les étoiles rouges indiquent les stades a partir desquels
I’expression de vasa augmente chez les males et les femelles, marquant respectivement la
prolifération des cellules germinales. Les lignes blanches a l'intérieur des fleches colorées
indiquent les stades ou I'expression du gene correspondant est plus élevée chez les males ou les
femelles. Les zones verticales colorées en bleu et en beige indiquent les fenétres de la
différenciation gonadique précoce chez les males et les femelles, respectivement.



d’établir une liste de genes candidats potentiellement impliqués dans la différenciation
gonadique. Cette identification pourrait étre complétée par des analyses quantitatives type
qPCR et de I’hybridation in situ afin de caractériser aussi bien d’un point de vue quantitatif que

spatial I’expression de ces génes.

Notons tout de méme que malgré ces divergences observées par rapport aux autres especes de
vertébrés, I’ensemble de nos résultats (Article 1) nous ont permis de proposer un schéma
illustrant les grandes étapes de la différenciation histologique male et femelle ainsi que
I’expression concomitante des principaux marqueurs moléculaires explorés dans la présente

¢tude (Figure 9).
La détermination du sexe chez Astyanax mexicanus originaire de la grotte Pachon

Comme nous venons de le voir dans les sections précédentes, les mécanismes de
détermination génétique du sexe chez les vertébrés, et les poissons téléostéens en particulier,
sont extrémement diversifiés (Bachtrog et al., 2014; Heule et al., 2014; Moore & Roberts,
2013). Cette diversité est caractérisée a la fois par des changements rapides des geénes
déterminants majeurs du sexe et de leurs chromosomes sexuels associés (Herpin & Schartl,
2015; Kikuchi & Hamaguchi, 2013; Schartl, 2004). A ce jour, la quasi-totalité des systémes et
des génes SD décrits reposent sur des chromosomes sexuels “classiques” (XX/YY et ZZ/ZW)
d'autosomes standards qui sont des chromosomes de type A (Kitano & Peichel, 2012; Pan et
al., 2018). Cependant, certaines études ont rapporté I’éventuelle implication de chromosomes
Bs dans la détermination du sexe chez les poissons (Clark & Kocher, 2019; Yoshida et al.,
2011). Les hypothéses avancées sur le role des chromosomes B dans la détermination du sexe
sont, soit fondées sur une présence des Bs restreinte a un sexe, soit sur I’origine putative de
chromosomes sexuels qui pourraient dériver d’anciens chromosomes Bs (Camacho et al., 2011;
Mizoguchi & Martins-Santos, 1997; Pansonato-Alves et al., 2014; Serrano-Freitas et al., 2020;
Utsunomia et al., 2016; Vujosevi¢ et al., 2018; Yoshida et al., 2011; Zhou et al., 2012).

Notre étude apporte, pour la toute premicre fois chez les poissons, des preuves fonctionnelles
de I'implication directe de ces chromosomes B dans la détermination du sexe male. En effet,
par la combinaison de plusieurs approches, génomiques, moléculaires et cytogénétiques, nous
avons caractérisé et localisé un potentiel géne déterminant majeur du sexe, gdf6b-B porté par
les chromosomes B des males chez Astyanax mexicanus de la grotte Pachoén. Nous avons
montré également une association compléte de gdf6b-B au sexe male et une absence totale de

liaison avec le sexe femelle sur des centaines d’individus suggérant que ce géne pourrait étre
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le déterminant majeur du sexe. L’ensemble de nos données montrent la duplication de gdf6b-
B sur les chromosomes B avec au moins deux copies supplémentaires a la copie autosomale
(gdf6b-A). Chez Nothobranchius furzeri, le paralogue de gdf6b, gdf6a-Y a été supposé étre le

potentiel déterminant majeur du sexe chez cette espece (Reichwald et al., 2015).

Contrairement a ce qui a été rapporté chez une autre population cavernicole d’origine
commerciale et inconnue d’A. mexicanus (Ahmad et al., 2020), nos données montrent la
présence dominante de chromosomes B chez les méles par rapport aux femelles (Article 2).
Cette présence de chromosomes B chez les femelles, qui devra étre vérifiée par ’analyse de
métaphases ovariennes, pourrait étre restreinte aux tissus somatiques uniquement. Un tel
mécanisme a été décrit précédemment chez les plantes ou les Bs sont éliminés spécifiquement
des racines trés précocement, tandis que les autres tissus contiennent jusqu’a 8 copies de Bs
(Ruban et al., 2020). D’un autre coté, des séquencgages de génomes de plusieurs males et de
femelles avec des fréquences variables en chromosomes B (de 0 a 2 Bs par individu) sont en
cours. Ces données devraient permettre de caractériser la séquence des chromosomes Bs et de
déterminer si oui ou non les chromosomes Bs spécifiques des males et ceux des femelles sont
différents. Grace a ces séquencages, nous serons en mesure de vérifier si les gdf6b-B localisés
sur les chromosomes B des femelles sont des copies tronquées du fait de leur non-liaison au

sexe male.

Les chromosomes Bs sont connus pour étre riches en séquences répétitives telles que les ADNs
ribosomaux et satellites ou encore les éléments transposables (ETs) (Houben et al., 2019).
Ainsi, I’annotation fine de la séquence des chromosomes B chez A. mexicanus permettra
¢galement d’estimer sa teneur en séquences répétitives et particulicrement celle des ETs.
Certains de ces ETs pourraient d’ailleurs étre les moteurs des mécanismes de duplications /
insertions du chromosome B. L’une des caractéristiques de l'évolution des chromosomes
sexuels est la suppression de la recombinaison méiotique pour ne pas transférer les génes SD
sur d’autres chromosomes, I’accumulation d’éléments transposables et la fixation de geénes
spécifiques au sexe (Bachtrog et al., 2008; Charlesworth et al., 2005; Natri et al., 2013). A cet
¢gard, les chromosomes B ont souvent ét¢ comparés aux chromosomes sexuels de par leur
comportement méiotique ainsi que du fait de leur accumulation de séquences répétitives dont
les ETs (Camacho et al., 2011; Camacho et al., 2000). De plus, plusieurs études ont avancé
I’hypotheése selon laquelle les éléments transposables joueraient un rdle important dans
I’émergence de nouveaux genes déterminant du sexe (Faber-Hammond et al., 2015; Herpin et

al., 2010; Lubieniecki et al., 2015; Marshall Graves & Peichel, 2010; Yano et al., 2013). En ce
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sens, nos résultats montrent le non-appariement des chromosomes B avec les chromosomes A
chez les males lors de la prophase de la premiére division méiotique et plus précisément au
stade pachytene. Une évaluation plus précise de la teneur en ETs de A. mexicanus sur les
chromosomes B et plus particulierement autour du locus gdf6b-B serait d’une importance
majeure afin de conclure sur le role de ces éléments transposables dans 1'émergence de gdf6b-

B mais aussi de sa duplication sur les Bs.

Chez de nombreuses espéces, les chromosomes B sont partiellement ou totalement
hétérochromatiques (Burt & Trivers, 2006; Camacho et al., 2000). Or, chez Astyanax
mexicanus, nos observations montrent clairement que les Bs sont largement euchromatiques et
comportent des dizaines de genes entiers (séquences codantes entiéres) et des génes tronqués
dont les séquences codantes sont partielles. Des résultats similaires ont été observés chez
d’autres especes ou les Bs portent plusieurs génes intacts mais aussi des pseudogeénes
(séquences tronquées) (Makunin et al., 2018; Navarro-Dominguez et al., 2017; Valente et al.,
2014) y compris chez A. mexicanus (Ahmad et al., 2020). En plus des séquences génomiques,
certaines études ont montré que de nombreux genes localisés sur les Bs sont exprimés, ouvrant
ainsi la perspective d’un rdle fonctionnel des chromosomes B dans divers processus
physiologiques, alors qu’ils sont souvent considérés comme inertes et sans fonction propre
(Dalla Benetta et al., 2019). Les banques transcriptomiques sur différents tissus adultes ainsi
que sur des stades embryonnaires d’A. mexicanus dont nous disposons (Hinaux et al., 2013;
Pasquier et al., 2016), devront permettre une annotation fine des geénes exprimés sur le
chromosome B et & moyen terme de mieux comprendre le(s) role(s) fonctionnel(s) de ces
chromosomes B chez notre espéce modele. D’un autre coté, différentes hypotheses indiquant
que les Bs pourraient étre dérivés soit d’un seul ou de plusieurs chromosomes A ont été
avancées (Hanlon et al., 2018; Martis et al., 2012; Ruban et al., 2020; Valente et al., 2014).
Nos analyses, en accord avec celles d’Ahmad et al (Ahmad et al., 2020) montrent plutot que
ces Bs partagent de nombreux segments avec plusieurs chromosomes A, suggérant ainsi que
les Bs sont probablement constitués d’une mosaique de nombreux fragments autosomaux. De
facon intéressante, les chromosomes B de Drosophila melanogaster et d’Astatotilapia
latifasciata auraient la structure d’un isochromosome constitué¢ de deux bras identiques ce qui
pourrait étre une indication de la duplication du contenu de ces Bs (Hanlon et al., 2018; Valente
et al., 2014). La aussi, des études supplémentaires sur I’analyse approfondie et I'annotation du
chromosome B chez A. mexicanus, devraient aider a savoir si oui ou non la structure du B

ressemble a celle d’un isochromosome. Cette analyse est actuellement en cours et permettra
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d’esquisser de nouvelles hypothéses quant a 1’origine et la formation du B, mais aussi de
comprendre le processus évolutif a I’origine de la duplication de gdf6b-B sur les chromosomes
B.

Parmi les caractéristiques classiques d’un geéne déterminant majeur du sexe, son expression
specifique durant les phases précoces de la différentiation de la gonade du sexe
hétérogametique est un critére important a évaluer. Nos résultats de profils d’expression de
gdf6b, en accord avec ceux de gdféaY rapportés chez Nothobranchius furzeri (Reichwald et al.,
2015), vont dans le sens de cette hypothése puisqu’il est exprimé trés précocement et plus
fortement chez les males que chez les femelles. Notons toutefois, que vu la trés forte homologie
entre gdféb-A et gdféb-B, nous n’avons pas pu quantifier I’expression spécifique de ces deux
copies de gdféb lors du développement gonadique. Des expérimentations supplémentaires
(gPCR) sont en cours afin de quantifier spécifiquement les deux copies de gdféb et confirmer
leurs profils d’expression durant le développement gonadique. Notons également que 1’analyse
de I’expression spatiale de gdf6b par hybridation in situ dans les gonades de poissons agés de
16, 23 et 30 jpf (Annexe 2) est initiée et ces résultats pourraient apporter une preuve
supplémentaire d'une expression restreinte de ce gene dans des testicules en cours de

différenciation.

Nous avons aussi apporté des premieres preuves fonctionnelles qui sous-tendent 1’hypothése
que gdf6b soit bien le déterminant majeur du sexe chez A. mexicanus. Ainsi, nos résultats
d’inactivation par la méthode CRISPR-Cas9 de gdf6b montrent clairement que ce géne est bien
nécessaire a la différenciation testiculaire et ce des la génération fondatrice GO (Article 2). Des
fondateurs ont été sélectionnés parmi les mutants positifs et une 1lére génération (F1) a été
générée résultant en 23,5 % de femelles phénotypiques qui sont génétiquement males (données
non présentées). Ces résultats apportent une preuve solide de la nécessité de gdf6b-B et renforce
notre hypothese selon lagquelle ce géne est potentiellement le déterminant majeur du sexe.
Cependant, il est important de noter que nous n’avons pas pu caractériser les mutations
spécifiques a gdféb-B apres I’inactivation. La présence de plusieurs copies de chromosomes B
chez les males mutants inversés en femelles (1 a 3 Bs) ainsi que la duplication de gdféb-B sur
chacune des copies des Bs rend I’identification des mutations obtenues par CRISPR-Cas9 plus
complexe. Néanmoins, nous essayons activement de trouver une methode efficace qui pourrait
nous permettre d'identifier ces mutations plus facilement. Une autre option, mais plus longue,
consisterait a effectuer des croisements des animaux GO ou F1 avec des animaux sauvages pour

ségréger ces différentes mutations et réduire la complexité du géenotypage.
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Par ailleurs, maintenant que nous connaissons mieux la structure des loci gdf6b, des approches
plus ciblées pourraient peut-étre étre mises en place pour effectuer des inactivations ciblées sur
les copies du chromosome B. Cette technique a été mise au point au laboratoire sur le médaka
(Schartl et al., 2018) mais aussi chez notre modéle d’étude par Torres-Taz et al., (Torres-Taz
et al., non publi¢). Cette approche serait particulicrement intéressante dans le cas du
polymorphisme nucléotidique sur gdf6b-B ayant abouti a une transition d’une sérine (Ser227)
présente uniquement sur la copie autosomale (gdf6b-A) des A. mexicanus de la grotte Pachon,
par une glycine (Gly227) qui elle, est conservée chez I’ensemble des gdf6 de vertébrés. Chez
Takifugu rubripes et Oreochromis niloticus, des mutations ponctuelles respectivement dans
I’amhr2Y et ’amhY, ont été décrites comme étant directement responsables de la détermination
du sexe male (Kamiya et al., 2012; Li et al., 2015). Ainsi, il serait important d’envisager une
édition de génome spécifique de cette variation nucléotidique chez les males (gdf6b-B) ou son
remplacement sur gdf6b-A de fagon a y intégrer la variation qui code pour la glycine. Une telle
approche permettrait d’examiner les conséquences fonctionnelles d’une telle modification en
faisant la connexion entre la causalité¢ de cette variation et le phénotype male. De plus, elle
permettrait de confirmer ou d’infirmer notre hypothése d’une fonction hypoactive de gdf6b-A
qui pourrait conduire a la féminisation des animaux qui n’ont pas de chromosome B et les loci

gdf6b-B associés.

Pour confirmer le role de gdf6b-B dans la détermination du sexe, la preuve fonctionnelle de sa
surexpression chez les femelles qui conduirait au phénotype male serait également importante.
Depuis quelques années, la transgénese additive a été mise au point chez Astyanax mexicanus,
ce qui fait de cette espéce, un modele attractif pour envisager des études fonctionnelles (Elipot
et al., 2014). A cette fin, nous avons d’ores et déja généré quatre lignées transgéniques
d’Astyanax mexicanus (voir la démarche méthodologique en Annexe 3). Ces constructions ont
pour objectif de surexprimer différentes combinaisons de promoteurs et cDNA de gdf6b-B et
gdfob-A e.g., : 1) promoteur-gdf6b-B + cDNA-gdf6b-B; 2) promoteur-gdf6b-A + cDNA-gdf6b-
A; 3) promoteur-gdf6b-B + cDNA-gdf6b-A; 4) promoteur-gdf6b-A + cDNA-gdf6b-B. Ainsi,
l'analyse de ces lignées devrait apporter des ¢éléments de réponse quant au contrdle de la
détermination du sexe par les séquences codantes (cDNA), la régulation par des régions
promotrices (promoteurs) ou 1’action combinée des deux a la fois. De plus, en tenant compte
de la duplication de gdf6b-B sur les chromosomes B, la surexpression des différentes
combinaisons permettrait de déterminer, si oui ou non gdf6b agirait par un effet de dosage sur

la détermination du sexe chez 4. mexicanus.
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Enfin, il nous semble important de comprendre I’impact de ’ensemble des changements
d’acides aminés détectés sur gdf6b-B par une approche de modélisation de la structure de ces
deux protéines Gdf6b-A et Gdf6b-B. En effet, la modélisation de la structure 3D de gdf6aY et
gdf6aX chez N. furzeri a révélé que les changements d’acides aminés observés sur gdf6aY
pourraient affecter potentiellement l'interaction de la protéine au niveau de son récepteur ou
pendant la phase de dimérisation. Il a été suggéré que ces variations alléliques pourraient
modifier de maniére globale la fonction de la protéine Gdf6aY en lui conférant le rdle de

déterminant majeur du sexe chez cette espeéce (Reichwald et al., 2015).

L’ensemble de nos résultats apportent donc, pour la toute premiére fois, des premicres preuves
fonctionnelles sur I’existence de microchromosomes B sexuels que nous avons baptisés “B-
sex chromosomes” chez les poissons. Chez A. mexicanus, ces B-sex contiennent des copies
dupliquées du géne gdf6b (gdf6b-B), qui agiraient comme un potentiel géne SD pour contrdler
la détermination du sexe. Ce résultat constitue un second cas de I’implication des génes gdf6
dans la détermination du sexe chez les poissons, mais aussi un exemple supplémentaire de
recrutement récurrent et indépendant des membres de la famille des TGF-f3, dont I’importance
dans la voie SD est de plus en plus mise en évidence. En outre, en apportant des arguments
forts sur leur role dans la détermination du sexe chez A. mexicanus, nos travaux apportent un
changement conceptuel important sur la biologie des chromosomes B qui sont souvent qualifiés
d'inertes, de non-essentiels ou encore de chromosomes accessoires. Nos données, ajoutent aussi
une dimension supplémentaire a la diversité étonnante des systemes de détermination du sexe
chez les vertébrés en particulier celle des chromosomes sexuels. Elles ouvrent aussi de
nombreuses perspectives pour explorer 1’origine des chromosomes B et les mécanismes
évolutifs qui sont a 1’origine de leur émergence en tant que chromosomes sexuels par
I’acquisition d’un géne candidat a la SD. De plus, notre étude pourrait servir de base pour
explorer ’implication des chromosomes B dans la détermination du sexe dans d’autres groupes
de poissons, particulierement les especes chez lesquelles une liaison compléte ou partielle des

Bs avec le sexe avait déja été¢ montrée.

Evolution des systémes de détermination du sexe chez les populations et morphotypes d’A.

mexicanus

Suite a I’identification de I’implication potentielle du chromosome B et de ses loci gdf6b-B
dans la détermination du sexe chez la population d’A. mexicanus de la grotte Pachon, nous

avons ¢élargi nos investigations a des populations sauvages cavernicoles et de surfaces du Nord-
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Est du Mexique ainsi qu’a la population de laboratoire originaire de San Solomon Spring au
Texas (Sud des Etats Unis) (Article 3). Les résultats obtenus chez les populations sauvages
cavernicoles et de surface de la région de El Abra et de ses environs montrent une liaison forte
entre le sexe male et le gdf6b-B putatif, suggérant ainsi un systéme de détermination génétique
du sexe. Cette méme hypothése a été avancée chez les populations de laboratoire originaires
de certaines grottes de cette région (Wilkens & Strecker, 2017). Ces résultats, bien qu’ils ne
confirment en aucun cas la présence de chromosomes B ni de gdf6b-B, suggerent néanmoins,
I’existence d’un “gdf6b-B putatif”’ qui serait li¢ au sexe male dans les populations cavernicoles
de Pachon, Los Sabinos, Tinaja, Curva, Toro et Chica et les deux populations de surface

d’Arroyo Tampemole et de Rio Gallinas.

Cependant, dans les populations de la région de Guatemala (Molino, Jineo et Escondido), nous
n’avons pas pu détecter la présence de gdf6b-B chez 1’ensemble des individus analysés. Il est
important de souligner que pour les populations cavernicoles sauvages analysées, les
¢chantillonnages sont trés réduits et constitués d’individus dont le sexe phénotypique n’est pas
identifi¢ soit majoritairement ou partiellement (Pachon, Los Sabinos, Tinaja, Curva, Toro and
Chica), voire totalement (Subterraneo, Molino, Jineo et Escondido). Nous ne pouvons donc pas
exclure que cette absence de détection du gdf6h-B, soit liée au fait que tous les individus
¢chantillonnés soient de sexe femelle, mais cette hypothese qui reste possible a 1’échelle d’une
grotte n’est cependant que peu probable pour I’ensemble de nos prélévements. Bien qu’un
systtme GSD ait déja été suggéré pour cette population (Wilkens & Strecker, 2017), les
analyses des re-séquencages de 14 individus originaires de la grotte Molino (données publiques
NCBI) ne montrent aucun signal au niveau du locus gdf6b-B qui serait li¢ au sexe (données
non présentées). Ces données soutiennent donc 1’hypothése d’une absence compléte de gdf6b-

B et peut-étre du chromosome B chez cette population de Molino.

La difficulté de travailler sur des populations cavernicoles sauvages protégées réside dans le
fait que les poissons ne peuvent pas étre prélevés enticrement pour des analyses au laboratoire.
Du fait des tailles réduites estimées de certaines populations (de quelques dizaines a quelques
centaines de poissons) (Bradic et al., 2012; Fumey et al., 2018), il est strictement interdit de
prélever des poissons sauvages. Depuis quelques années (2013), Sylvie Rétaux et son équipe
organisent des campagnes d’échantillonnages dans les grottes mexicaines afin de constituer
une “banque de fin-clips” avec toutes les informations relatives a chacun des individus
¢chantillonnés telles que le poids, la taille, et le sexe lorsqu’il est identifiable selon les critéres

décrits précédemment (Elipot et al., 2014). Grace a ces échantillonnages, des s€quengages de
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génomes d’individus dont le sexe est identifi¢ dans I’ensemble des grottes y compris celle de
Molino (échantillons obtenus par un collaborateur de S.R) sont prévus a court terme. Les
données des séquengages devraient nous aider a caractériser les loci gdf6b chez les méles et les
femelles, afin de tenter d’établir si oui ou non, il existe un lien entre le phénotype male et un

ou des loci gdf6b-B chez I’ensemble de ces populations.

Par ailleurs, dans la population de surface élevée en laboratoire depuis 2004 (originaire du
Texas), nos données indiquent ’existence de microchromosomes B avec au moins un locus
gdf6b-B, qui présentent une liaison partielle (~50 %) au sexe male. L’ensemble de ces résultats,
suggerent fortement que la détermination du sexe de certaines populations d’A4. mexicanus de
la région de Guatemala au Mexique et du Texas soit différente de la détermination GSD

monofactorielle chez les populations cavernicoles de la région de El Abra.

Bien que nos données sur un éventuel effet de la température sur la détermination du sexe ne
soient pas concluantes chez la population Texane (2 réplicats d’expérimentation avec des effets
différents), nous ne pouvons pas complétement exclure que la température ou un autre facteur
environnemental pourrait influencer la SD chez cette population. D’autres facteurs
environnementaux tels que le pH, le comportement social, le taux d’oxygene et la densité ont
été décrits comme pouvant avoir un effet sur la détermination du sexe chez de nombreuses
especes de poissons (Baroiller et al., 2009; Cheung et al., 2014; Devlin & Nagahama, 2002;
Sato et al., 2005). Nos données pourraient aussi suggérer une détermination du sexe de type
polygénique comme cela a déja été décrit chez certaines especes de poissons (Kallman, 1984;
Moore & Roberts, 2013; Roberts et al., 2016). Des évolutions rapides des systémes de
détermination du sexe entre des populations sauvages et des populations de laboratoire
nouvellement domestiquées ont été également rapportées. C’est le cas par exemple chez le
poisson zebre, ou les populations sauvages auraient un systéme hétérogamétique femelle
(ZZ/ZW), tandis que celles du laboratoire auraient perdu leur chromosome W (Wilson et al.,
2014) et auraient évolué vers un systéme plus complexe combinant un déterminisme
polygénique (Liew et al., 2012; Liew & Orban, 2014) avec une influence environnementale
(Ribas et al., 2017; Santos et al., 2017). Une perte partielle des chromosomes B en lien avec la
domestication pourrait étre aussi envisagée dans notre population de surface. Un tel événement
aurait pu également faire évoluer le systtme SD d’un systéeme monofactoriel simple vers un
systtme plus complexe (une combinaison environnementale et polygénique de manicre
simultanée). Cependant, nos premicres analyses ne nous ont pas permis de détecter un signal

additionnel de celui du chromosome B et de son gdf6b-B qui pourrait supporter cette hypothese.
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Pour tenter de décrypter ce systeme complexe chez la population Texane, il serait intéressant
dans un premier temps d’échantillonner des A. mexicanus sauvages au Texas afin de vérifier si
I’on confirme ou infirme les résultats que nous avons obtenus sur une population de laboratoire.
Pour cela, nous travaillons activement avec nos collaborateurs aux Etats Unis (Manfred
Schartl) afin d’obtenir des individus entiers qui pourront étre identifiés et analysés au
laboratoire. De plus, avec un nouveau génome (male de la grotte Pachon) de meilleure qualité
en termes de continuité, nous sommes maintenant en mesure de réanalyser toutes nos données
de pool-seq et de RAD-seq pour tenter d’identifier le ou les loci sexuels dans la population de
laboratoire. Pour comprendre si oui ou non I’environnement pourrait influencer la
détermination du sexe, des croisements entre males et femelles de génotypes différents, avec
un focus sur d’autres facteurs environnementaux, pourraient apporter des éléments de réponse

quant au rdle de la composante environnementale.

Dans I’ensemble, nos données révélent des différences majeures dans I’implication des
microchromosomes B et de leurs loci gdf6b-B dans la détermination du sexe entre les
populations cavernicoles d’El Abra et celles se trouvant dans la région de Guatemala et plus au
nord au Texas. Ces différences sont également reflétées par les variations substantielles
observées dans les séquences de gdf6b-B, par exemple chez la population Texane et la
population de la grotte de la grotte Pachon. Des séquencgages de génomes de méles texans avec
des génotypes différents seraient d’'une importance primordiale. La comparaison des séquences
des microchromosomes B ainsi que des loci gdf6b-B chez les différentes populations de surface
et cavernicoles explorées dans mes travaux de theése permettra de proposer des scénarios sur la
dynamique évolutive des chromosomes B décrits dans notre étude comme des potentiels
chromosomes sexuels a une échelle micro-évolutive trés courte d’environ 20 000 ans. Ces
¢tudes supplémentaires pourraient nous aider a comprendre le / les mécanisme (s) ayant abouti
a la fixation de différentes mutations sur le locus sexuel au sein de la méme espéce tout en

gardant la fonction de déterminant majeur du sexe.

Enfin, notre étude met en évidence un nouveau cas de renouvellement intra-populationnel des
systémes de détermination du sexe chez 4. mexicanus. Elle donne un premier aper¢u d’une
transition évolutive rapide entre un systéme de type B-sex chromosome a dominance male fixe
vers un systeme plus complexe (probablement polygénique) ne reposant que partiellement sur
le B-sex chromosome. Cette premiere étude devrait servir de base pour des futures

investigations afin de mieux caractériser cette transition rapide.
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Abstract: Animals in many phyla are adapted to and thrive in the constant darkness of subterranean
environments. To do so, cave animals have presumably evolved mechano- and chemosensory
compensations to the loss of vision, as is the case for the blind characiform cavefish, Astyanax mexicanus.
Here, we systematically assessed the olfactory capacities of cavefish and surface fish of this species in the
lab as well as in the wild, in five different caves in northeastern Mexico, using an olfactory setup specially
developed to test and record olfactory responses during fieldwork. Overall cavefish showed lower (i.e.,
better) olfactory detection thresholds than surface fish. However, wild adult cavefish from the Pachén,
Sabinos, Tinaja, Chica and Subterraneo caves showed highly variable responses to the three different
odorant molecules they were exposed to. Pachén and Subterraneo cavefish showed the highest olfactory
capacities, and Chica cavefish showed no response to the odors presented. We discuss these data with
regard to the environmental conditions in which these different cavefish populations live. Our
experiments in natural settings document the diversity of cave environments inhabited by a single species
of cavefish, A. mexicanus, and highlight the complexity of the plastic and genetic mechanisms that underlie
cave adaptation.

Keywords: fieldwork; wild fish; comparative biology; behavior; troglomorphism; olfactory test; infrared
movies; amino acids; chondroitin; plasticity

1. Introduction

A very broad diversity of fauna (micro-organisms, insects, vertebrates) lives in underground
environments in a more or less permanent manner. Among various niches in the subterranean milieu, caves
are emblematic and attractive to human exploration. Species living there permanently display striking
phenotypic convergences in their morphology, physiology, or behaviors, with the hallmarks of
troglomorphism being the loss of eyes and pigmentation [1]. Caves are often considered as an extreme
environment. In the absence of photoautotrophic production, the quantity of food available is limited or
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irregular, the space available is finite, and reproduction seems difficult. Finding food and mates in the
absence of vision are the two main challenges faced by cave animals and must limit cave colonization and
survival. The evolutionary forces at play during cave adaptation and the respective contributions of natural
selection and genetic drift, along with the evolutionary mechanisms, are still a matter of debate [2].
Biologists currently aim at disentangling the roles of genetic mutations and phenotypic plasticity, or
epigenetics, in the process. Finally, the observation that some species or lineages have repeatedly adapted
to the cave environment while some others never did may support the questioned idea of “pre-adaptive
traits” that might favor adaptation to permanent darkness (e.g., [3,4]).

During evolution, most epigean representatives of species that became cave-adapted have become
extinct, leaving the underground lineages the only representatives of their taxon, which hampers
comparative or genetic studies. The teleost fish Astyanax mexicanus is one of the few exceptions to this rule
[5,6]. Therefore, the surface-dwelling and cave-dwelling morphs of this species are increasingly used in
evolutionary studies to address the developmental, genetic, or genomic mechanisms of morphological
evolution and behavioral adaptation [2,7-9]. The surface form (SF) lives in the rivers of the southern United
States and Central America, while the blind and depigmented cave form (CF) is endemic to caves in a karst
region located in the states of San Luis Potosi and Tamaulipas in Mexico. There, 30 identified caves host
Astyanax mexicanus cavefish populations. They are distributed into three geographically distant groups
located, respectively, in the Sierra de El Abra, the Sierra de Guatemala, and the Sierra Colmena [5,10,11].
All populations of cavefish and surface fish are interfertile, indicating that they are conspecific [12,13]. In
nature, the hybridization phenomenon has also been observed and documented [14]. In addition, crosses
between geographically distant populations of cavefish can lead to eyed F1 offspring [13], indicating that
different mutations are involved in ocular regression in different cave populations and suggesting that some
of these populations have evolved independently. However, the evolutionary history of A. mexicanus cave
populations is still poorly understood because of the geographic dispersion of caves, the lack of knowledge
on the underground aquifer network, and the possibility of surface fish introgressions into caves as well as
cavefish migrations between caves using underground flows. Recent studies have indicated that initial cave
colonization by A. mexicanus surface-like ancestors occurred very recently, less than 20,000 years ago [15,16],
prompting evolutionary biologists to revise some views about the (rapid) mechanisms of cave adaptation.
Like most cave-adapted animals, A. mexicanus cavefish present sensory specializations to life without vision.
The brains and sensory systems of surface fish and cavefish differ (reviewed by the authors of [7]), along
with their sensory systems: Cavefish have more taste buds [17], more neuromasts [18], and larger olfactory
epithelia [14,19,20]. From a behavioral point of view, these mechano- and chemosensory specializations are
associated with vibratory attraction behavior to locate moving objects [18] and to an excellent sense of smell
to detect low concentrations of food-related odors [20], respectively.

Most of the results described above were obtained in the laboratory, often on one or two lab-raised
cave population(s). It is therefore important to extend the studies to other populations, and to validate the
results on wild animals in order to avoid possible misinterpretations. Going to the field to observe the
natural environment of fish, taking samples, and filming behaviors can help answer questions or revise
preconceived ideas [21,22]. For instance, it is often stated that caves are a food-poor environment. However,
analysis of stomach contents of wild individuals from the Pachén cave has shown that juveniles feed on
small arthropods, and adults on decaying materials and bat guano. Overall and contrary to common belief,
Pachon cavefish seemed relatively well fed [23]. Another study revealed that growth curves and age/size
relationship are comparable in wild surface fish and wild cavefish, again indicating that cave environment
is probably not as food-poor as it may seem [24]. In fact, depending on the location of the cave, its
topography, and the hydraulic regime, the amounts of carbon flux can sometimes be of the same order as
those reported for surface rivers [1] and, most importantly, the carbon content in the mud sampled from
different Astyanax caves can show up to three-fold variation [24]. Energy sources can come from percolating
water, animals entering caves and depositing their excrement or dead bodies, or rivers that overflow during
the rainy season and carry organic matter. These energy sources are both spatially and temporally variable
[1]. During several cave expeditions, our team noticed the diversity of local environments between caves —
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and also between pools within a single cave —reinforcing the idea that field comparisons on fish biology
between different caves can be as interesting as the comparison between cavefish and surface fish.

During a field trip in 2013, we carried out, for the first time, experiments of olfactory behavior in situ,
in the Subterraneo cave [14]. We had the idea to use a small, light, compact, inflatable children’s plastic
pool, which was easy to bring on the field. With a rudimentary perfusion system and an infrared camera,
we showed that only fish with eyeless phenotype and large olfactory epithelia swam toward an odor source
consisting of a food extract. Thanks to this experience and after visits to many other caves, we set up a more
complex behavioral experiment, with the aim of systematically assessing olfactory skills and responses of
A. mexicanus cavefishes inhabiting different Mexican caves. During expeditions in 2016, 2017, and 2019, we
performed olfactory tests in the Pachdn, Sabinos, Tinaja, Chica, and Subterraneo caves. We found that wild
adult cavefish from these five caves showed very variable responses to the three different odorant molecules
they were exposed to, with Pachdn and Subterraneo cavefish showing the highest olfactory capacities, and
Chica cavefish showing no olfactory responses to the odors presented. We discuss these data with regard
to the environmental conditions in which these different cavefish populations live.

2. Materials and Methods

2.1. Field Experimentation in Five Different Caves: Constraints and Criteria for Choice

Caves chosen to carry out olfaction experiments had to fulfill several criteria: (1) Reasonably easy
access and climbing challenges, as the total weight of experimental equipment was approximately 25 kg
carried in backpacks and each location had to be visited twice on two consecutive days. (2) Sufficient space
inside the cave to install three experimental plastic pools near the water. Thanks to our field experience, we
excluded some caves. For example, Curva’s ceiling is too low, Chiquitita’s entrance is too narrow, as it is
located in a big tree’s root [10], Toro is a fault in the rock, and Molino and other Guatemala caves are too
challenging in terms of climbing ([11] and team observations). (3) Caves already known and visited by the
team in the past were preferred to plan the precise place where to install plastic pools and to anticipate
troubleshooting. (4) Good representative sampling of diverse local environments (e.g., rocky and muddy
caves). (5) Good representative sampling of diverse cavefish population histories (e.g., with or without
surface gene flow, or mountain range in which the cave is located). (6) Possibility to compare with our lab
studies performed on Pachon cavefish.

Consequently, we decided to perform experiments in four caves: Pachén and Sabinos (fully
troglomorphic fish morphotypes in muddy caves), Chica (introgressed fish population in “dirty” cave), and
Subterraneo (introgressed population in rocky cave). We also performed some preliminary experiments in
Tinaja (fully troglomorphic fish morphotypes in rocky or muddy cave ponds).

2.2. Cavefishes in the Wild

Olfactory behavior tests were carried out during three field trips to San Luis Potosi and Tamaulipas
States, Mexico, in March 2016, March 2017, and March 2019, in five cave localities. Fieldwork Mexican
permits 02438/16, 05389/17 and 1893/19 (to SR and Patricia Ornelas-Garcia) were delivered by the Secretaria
de Medio Ambiente y Recursos Naturales. The history of the discovery and precise descriptions of Astyanax
caves are given by the authors of [5,11].

The Pachén cave is located in altitude near the village of Praxedis Guerrero (22°37’ N latitude and
99°01" W longitude, about 16 km SW of Ciudad Mante), in the north Sierra de El Abra, and is easy to access
[11]. The cave is small, and the water is stagnant on a muddy bottom. Fish from the Pachén cave (named
here CF-Pachon) present a fully troglomorphic type.

The Sabinos cave is located near the village of El Sabino, in the central Sierra de El Abra (22°06" N
latitude and 89° 56" W longitude, about 13 km NNE of Ciudad Valles) [11]. Villagers installed a padlock
grid to exploit this cave and the access is chargeable. The entrance is majestic and the succession of two pits
involves bringing harnesses and ropes to abseil down. Fish from the Sabinos cave (CF-Sabinos) are also
fully troglomorphic.
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The Chica cave is located at the south Sierra de El Abra, on the property of a farmer, at about 21°52" N
latitude and 89° 56’ W longitude, near the village of El Pujal. It is easy to access, and the entrance and the
tirst cavity are wide. Fish from the Chica cave (CF-Chica) are phenotypically diverse because of surface fish
introgression and hybridization. We worked on cavefish from the Chica superficial pool, which are the most
troglomorphic/least introgressed among the three natural pools of this cave.

The Subterraneo cave is located in the Micos region, in the Sierra de Colmena (22°03" N latitude and
99°14’ W longitude, about 10 km SSW of Micos). Access to this cave is not difficult and the entrance is easy,
at the level of the polje or sugar cane field. Fish from the Subterraneo cave (CF-SubT) also occasionally
hybridize with surface fish. Hence, they show variable levels of eye regression and pigmentation.

The Tinaja cave is very close to the Sabinos cave, also located in the territory of El Sabino (entrance is
free). The cave is located at 22°05" N latitude and 89°57” W longitude, about 10.5 km NE of Ciudad Valles
on the Rancho de La Tinaja. Access is via a sugar cane field and permission must be obtained from the
owner before crossing it. The cave entrance is accessible after a 2-h hike through a thorny tree forest and a
dry canyon covered with jungle. According to Eliott, 2016 [6], the underground hydraulic systems of Tinaja,
Sabinos and Sétano de Soyate caves are connected. It has been suggested indeed that the cavefish
populations of Tinaja and Sabinos are genetically close [25,26]. The cave entrance is majestic. Climbing
equipment is not needed but hiking is difficult due to a very slippery mud covering a stony soil. The air is
charged with CO: and renders physical effort somewhat difficult. Fish from the Tinaja cave (CF-Tinaja)
show a full cave morphotype.

2.3. Fishes from the Lab Facility

Laboratory Astyanax mexicanus surface fish (origin: San Salomon spring, Reeves County, TX, USA) and
cavefish (Pachon population) were obtained in 2004 from the Jeffery laboratory at the University of
Maryland, College Park, Prince George's County, MD, USA. Here, we also used F1 hybrids, which were the
progeny of a cross between a Pachon female and a surface fish male. Colonies were maintained at 22 °C
(cavefish and F1 hybrids) or 26 °C (surface fish) on a 12:12 h light:dark cycle. In the present paper, lab-raised
fish are named Lab-Pachon, Lab-SF, and Lab-Hyb, respectively. SR’s authorization for use of Astyanax
mexicanus in research is 91-116 and the Paris Centre-Sud Ethic Committee protocol authorization number
related to this work is 2017-04#~8545. The animal facility of the Institute received authorization 91272105
from the Veterinary Services of Essonne, France, in 2015.

2.4. Sampling and Photography

Wild and lab fish were caught with a net (hand net or seine). In order to record their phenotypes after
the behavioral tests, wild cavefish were photographed individually in a small aquarium or a plastic support
with a graduated ruler and immediately returned to their pond of origin. Total body lengths were measured
from these pictures using the Image]J software. In the Pachén and Sabinos caves, we also weighed the fish
using a portable balance. Taring of the balance was carried out with a glass of water, and each fish was
weighed inside the glass of water.

2.5. Odor Choice

The general principle of the experiment was to place eight fish in an experimental square plastic pool,
and to successively perfuse three odorant compounds, each in a different corner of the pool (Figure 1). Each
odor perfusion was preceded and followed by a perfusion of water, and a water counterflow flowed
permanently from the corner opposite to the perfusion of odor. The odors used were L-alanine and L-serine
amino acids, and chondroitin (all from Sigma). They correspond to degradation products of organic
compounds assimilated to food odors and serve as attractants to fish.

The rationale for choosing alanine and serine as odorant molecules were: (i) To compare them with the
results already obtained in the laboratory [19,20]); (ii) due to the fact that attraction and food-searching
behavior are easier to identify than repulsion behavior; (iii) because finding food is a matter of survival for
these fish and the sense of smell probably plays a major role in this quest. Indeed, previous experiments
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performed in the lab had shown that responses to alanine and serine are olfactory-mediated in Astyanax
larvae [20].

We chose working concentrations of 107 M for alanine and serine because it is intermediate between
the detection threshold for larvae of surface fish (105 M) and Pachén cavefish (10710 M) in the lab. We also
reasoned that it would be “risky” to use a very low concentration close to the cavefish detection threshold
in non-controlled cave/field experimental conditions (in particular, water cleanliness, more or less charged
with natural odors).

As chondroitin induces freezing in zebrafish [27], we tested this molecule in the lab assuming that A.
mexicanus would also adopt a freezing behavior [28,29]. Surprisingly, both surface fish and Pachén cavefish
instead showed a pronounced and persisting foraging behavior (see Video 5S1). Preliminary tests in the lab
showed that Pachon cavefish have a chondroitin detection threshold at 10~ M.

2.6. Setup Design

With the conditions for setting up and carrying out the experiments in situ being difficult, the setup
was meant to be light, easy to assemble and dismantle, and not too bulky. Plastic pools (Intex, 85 cm x 85
cm x 23 cm; thoroughly rinsed several times in the lab before use to eliminate inorganic volatile odors) were
inflated and placed on the ground after adjusting for horizontality with mud or rocks if necessary. They
were filled with 40 L of local cave pond water where cavefish swim. Before pouring into the plastic pools,
water was filtered on a coffee filter paper to remove large suspended particles and to ensure cleanliness and
good video quality.

A tripod was placed near the corner #1 of the plastic pool. Two infrared lamps (IR Torch 850nm,
(Maketheone, LA, USA) and the syringe holder were attached to the tripod at a height of 110 cm. The pool
was enlightened from above to reduce shadows and filmed from the top to avoid blind spots. For the 2016-
2017 campaigns, we built our own infrared camera using a Raspberry pi 3 model B and a Pi-NolR V2.1
camera. We used a 5-V power bank to supply electricity to this camera, which was controlled from a
computer connected in ethernet via a SSH connection. Using Python 2.7.9 and the PiCamera V1.12 package,
we wrote two scripts (available at https://github.com/julienfumey/PiCaveRecord) to frame on the pool and
to record the video. Videos were converted from h264 to mp4 with VLC software [30]. In 2019, to avoid
having to use a computer in caves and to save time, we opted for an infrared hunting camera (nature camera
Full HD WK-590, VisorTech, Nairobi, Kenya) which records films in AVI format.

For each plastic pool, we constructed a set of four tubing lines consisting of four 50-mL syringes
connected to a 180-cm-long medical solution administration tubing (Infusion device, Intrafix® SafeSet; B.
Braun; inside volume of 20 mL) and terminated by a 0.6-mm-diameter needle (protected by a plastic cap to
avoid wounding the fish). The opening of the perfusion was controlled by a Luer stopper and the perfusion
rate was regulated by the needle. The end of the tubing was attached to a metal guide (which did not touch
the water) to hold the needle in the corner of the plastic pool. Each perfusion line was guided to its respective
corner.

A set of three pools was installed in the visited cave, with eight cavefish in each (n = 24 total). The
installation of three experimental setups was completed in ~4 h by four people. Fish were left for a 20-h
habituation period (from approximately 5 p.m. day 1 to 1 p.m. day 2). The next day, behavioral tests were
carried out in the dark (IR recordings) and in silence, in parallel, by three experimenters.

2.7. Procedure

Chemicals were weighed in the laboratory on the day before field trip departure. In a hermetically
closed 50-mL tube, 10 mg of L-alanine (CAS 56-41-7, Sigma-Aldrich, Saint-Quentin Fallavier, France), 10 mg
of L-serine (CAS 56-45-1, Sigma-Aldrich), and 5 mg or 110 mg of chondroitin (CAS 9082-07-9, Sigma-
Aldrich) were each placed (a series of three tubes of powder per cave were thus prepared in advance).
Solutions were prepared extemporaneously by adding 50 mL of filtered cave water to each tube.
Chondroitin concentration was 10*M and 103 M, respectively. For alanine and serine working solutions, a
second dilution (3 pL in 50 mL) was prepared to obtain 107 M solutions. For experiments performed in the
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lab with surface fish, we prepared a different dilution (300 pL in 50 mL) to obtain 10-°M alanine or serine
solutions.

The experimenter seated near the pool took care not to move and not to speak during the whole
experiment. To start the experiment, filtered water (= control) was perfused from tubing #1 and #3 (i.e.,
opposite corners), and then from tubing #2 and #4 (i.e., opposite corners), for 6 min each. The aim of this
step was to accustom fish to flow and possible vibrations of perfusions and to reduce subsequent
nonspecific responses. Indeed, thanks to their lateral line, fish perceive and are attracted by vibrations [18].

Then, water was perfused for 6 min from tubing #1 and #3. Solution flow from the two syringes was
initiated simultaneously. When syringes emptied, 50 mL of alanine solution was added to syringe #1 and
water was added again for counter-flow in syringe #3 (Figure 1, left panel, orange for alanine). After
completion of alanine perfusion, the test continued with a new water perfusion from corners #1 and #3.
Experimenters took care to ascertain a continuous flow by filling syringes with water or odor solutions
before they were completely empty to avoid the introduction of air bubbles into the system.

The same principle was then applied for the perfusion of water, serine or water, and water at corners
#2 and #4 (Figure 1, middle panel, green for serine). Finally, water, chondroitin or water, and water, were
perfused at corners #3 and #1 (Figure 1, right panel, blue for chondroitin).

With the exact same setup and procedure, we performed series of experiments in the lab, in a dark and
soundproof room, using animals from our breeding facility.

Perfusion of alanine Perfusion of serine Perfusion of chondroitin

IRcamera

Water 6 Alanine6 Water6 Water 6 Serine 6 Water6'  Chondroitin 6 Water 6

Figure 1. Establishment of a behavioral setup and protocol to test cavefish olfaction in the field. The setup allows
testing olfactory responses of eight adult fish in inflatable plastic pools in the dark under infrared recordings.
Three different odors were perfused sequentially by gravity flow at different corners of the plastic pool,
according to the indicated timeline. See Methods and the first paragraph of Results for details.

2.8. Video Scoring

A total of ~60 h of infrared videos was recorded. We first attempted to analyze them with an automatic
multiple tracking video software [31], which unfortunately did not detect the fish correctly. The reasons
were probably numerous: There were eight fish in the pool, the film was in infrared, the contrast of fish on
white background was not strong enough, the lamps sometimes produced lighting reflections on the water
surface, and the pool edges generated blind spots. Thus, we could not satisfactorily extract the time spent
by each fish in each zone and turned to manual scoring.

We first established that, after perfusion of 50 mL of blue-colored water (with a counterflow), the blue
color occupied roughly half of the arena, i.e., a triangle formed by the corner from which the perfusion
arrived and the diagonal of the plastic pool (Figure S1A). We therefore considered this half of the pool as
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the “odorant area” and its opposite half as the “water/control area.” Videos were tracked manually through
frame-by-frame analysis using Windows Media Player. The number of fish present in each half of the pool
was counted every 15 s during the whole experiment. The odor Preference Index (PI) was calculated for
each odor using the formula: (Fish count (odor area) — Fish count (water area) / Total fish count (Figure S1B).
When all fish were in the odorant area, PI =1 (suggesting attraction effect); when all fish were in the opposite
corner, PI = -1 (suggesting repulsion effect); and when fish were distributed evenly/randomly in the two
parts of the pool, PI =0 (suggesting no effect).

2.9. Data Analyses and Statistics

When the odorous solution was poured into the syringe, 20 mL (= dead volume contained inside the
180 cm long tubing) of water flew out before the actual odorant solution entered the pool. For each
perfusion, we calculated the speed of the flow to determine odor (or water) perfusion duration. Although
tubing were the same length and volume perfused by gravity flow was always 50 mL, the perfusion
duration (theoretically 6 min) was appreciably variable both between the four perfusion lines, between the
successive water/odor/water perfusions, and between the three plastic pools in a given cave. To overcome
this problem, we normalized time and calculated PI means over periods corresponding to 25% of the total
perfusion time for each sequence. Thus, we obtained four PI means for each perfusion duration. To
determine the statistical significance of the behavioral responses, we used Friedman nonparametric test by
ranks for repeated measures in order to compare PI variations along time, during water perfusion before
odor, during odor perfusion, and during water perfusion after odor. We also used Wilcoxon Mann-Whitney
tests to determine the statistical significance of each PI distribution against PI = 0 (no effect) for each time
segment.

Fish sizes and weights were also compared using a nonparametric Wilcoxon-Mann-Whitney test.

Statistical analyses were performed using R 3.6.1 [32] in Rstudio environment [33] with rstatix package,
version 0.5.0 [34]. Plots were generated using ggplot2 package [35] from tidyverse open-source R packages
[36].

3. Results

3.1. Methodological Considerations: Testing Olfactory Responses in the Lab versus in the Wild

Our previous analyses of olfactory skills and behaviors in A. mexicanus were mostly performed on
larvae, in small 9- x 13-cm U-shaped “olfaction boxes” containing 150 mL of water, and under laboratory-
controlled conditions and standards [19,20]. We had also performed a preliminary experiment on adult fish
in the Subterraneo cave but the insights were limited because, among other difficulties, a single “odor”
consisting of crushed food pellets was tested as odorant cue [14]. Here, to reach our goal of testing several
relevant odors on adult cavefishes inhabiting several caves, we developed a novel setup and a novel
experimental procedure adapted to the field.

First, we carried out laboratory experiments to establish and validate the experimental setup (Figure 1
and see Methods) and to study adult fish olfactory behavioral responses. We reasoned that such results
would also help us interpreting data obtained in caves. Cavefish from our animal facility originated from
the Pachon cave but have been raised under markedly different conditions (food, light, water quality) for
several generations [37], and they might have been affected by captivity and environment.

Moreover, laboratory experiments were the only option we had to study surface fish olfactory
responses. In our experience, it has been impossible to test wild surface fish in the field. Besides the difficulty
and time needed for catching wild fish in rivers, they are highly sensitive to manipulations and stress and
do not behave “normally,” displaying most signs of their stress repertoire [25]. In addition, due to daylight,
setting up an experimental test near the river is complex, with a risk of predation on fish by wild animals
during the habituation period or destruction/stealing of the equipment.

Finally, we also carried out tests on lab-generated F1 Hybrids. We previously showed that F1 Hybrids
larvae have a relatively poor odor detection threshold, similar or even below surface fish skills [19]. In the
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Subterraneo and Chica caves, wild fish present a wide variety of intermediate hybrid-like phenotypes. It
was therefore interesting to perform tests on adult F1 Hybrids in the lab to compare with result obtained
on larvae and on wild cavefish populations where hybridization occurs.

3.2. Responses to Odors in Laboratory-Raised A. Mexicanus

The results of laboratory experiments are presented in Figure 2 (n = 8 plastic pools averaged for each
graph, hence 64 fish were tested for each morphotype).

A | Pachén cavefishin the lab | B Surface fish in the lab | C| F1hybrids in the lab |
Alanine 10°M Alanine 107°M Alanine 10°M Alanine 107M
Wikcox test, * e 05 Wikon test. o pr0 05 Wikcox wst. * 90 05 Wik
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Figure 2. Testing olfactory skills in the laboratory; Olfactory responses of Pachon cavefish (A), Surface fish
(B) and F1 hybrids (C) to the indicated odors at the indicated concentrations using the described olfactory
setup in laboratory conditions (n = 8 for each); The preference index (PI; positive values suggest attraction)
is shown as a function of time. Time intervals corresponding to odor perfusion are shaded. Asterisks on
graphs indicate significance as compared to no response (i.e., PI = zero) for a given time interval (Wilcoxon
Mann-Whitney test). The results of Wilcoxon and Friedman tests to probe the significance of the response
across time with repeated measures are also indicated.

In agreement with previous experiments on larvae, only Lab-Pachén showed a positive attractive
response to the low concentration of alanine 10-7M (Figure 2A, orange). A modest but significant response
was observed during the first quarter of alanine perfusion time (PI = 0.22; Wilcoxon test, p = 0.008; but
Friedman test, NS), suggesting that Lab-Pachén detected the odor as soon as it arrived in the arena but were
not attracted for more than a few minutes. On the other hand, Lab-SF did not respond to alanine 10"M but
were significantly attracted by the higher concentration of 10 M alanine during the second quarter of
perfusion time (Figure 2B, orange; PI = 0.32; Wilcoxon test, p = 0.008; but Friedman test, NS). These data
suggest that, like larvae, adult Lab-Pachén have a better olfactory detection threshold than Lab-SF for
alanine. Finally, Lab-Hyb did not respond to the low (107 M) alanine concentration, and were not further
tested for a higher concentration (Figure 2C, orange).

Serine elicited very little, if any, response on surface and cave adult Astyanax (Figure 2A-C, green;
Wilcoxon tests and Friedman tests, all NS). Of note, Lab-Pachon were present in the odor perfusion zone in
a delayed manner, i.e., when water was subsequently perfused from that corner (PI = 0.16; Wilcoxon test, p
= 0.008), suggesting that the response to serine may have different kinetics compared to the response to
alanine. Surprisingly, transiently negative PIs were observed for both Lab-SF (10 M serine, PI = -0.2;
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Wilcoxon test, p = 0.008) and Lab-Hyb (107 M serine, PI =-0.07 and -0.03; Wilcoxon test, p = 0.008 and 0.02),
which was an unexpected result (see Discussion).

Chondroitin provoked strong positive responses in all lab-raised fish, as shown by statistical
significance with both Wilcoxon tests and Friedman tests (Figure 2A—C, blue). Lab-Pachon showed intense
response to 10#M chondroitin and were present in the perfusion zone as soon as the odor arrived, with
very high PIs (PI=0.6 /0.7 / 0.6 / 0.5; Wilcoxon test, p = 0.0004 at all times). The attraction was persistent,
since fish remained in the odor zone during the water perfusion that followed. Lab-SF showed a
comparatively more modest response to 10*M chondroitin (PI = 0.27; Wilcoxon test, p = 0.008), but a strong
attraction for the higher chondroitin concentration of 10 M (PI = 0.52; Wilcoxon test, p = 0.0004). Finally,
the Lab-Hyb were present in the odor zone during the first half of the chondroitin perfusion (PI =0.29 and
0.1; Wilcoxon test, p = 0.0004 and 0.008) but then seemed to avoid the area (PI = —-0.17; Wilcoxon test, p =
0.0004). Thus, all morphotypes/genotypes were attracted by chondroitin, but persistence and intensity of
the response was particularly spectacular with Lab-Pachén (Video S1). Overall, these laboratory
experiments showed that our setup allowed us to measure olfactory responses on adult A. mexicanus in a
reliable manner.

3.3. Responses to Odors in Caves, in Wild A. Mexicanus Cavefish Populations

B Paéhon main pdel P g “

i

March 2017

Figure 3. Sampling cavefish olfactory skills in their natural environment; (A) Simplified map of the region of
Ciudad Valles, Mexico. Mountain ranges are in grey. The locations of visited caves are indicated by colored
circles. The color code indicates the geographical group where they belong; (B) Fieldwork in the Pachén cave.
The main pool was muddy and the water level was low. Note that in March 2017 and March 2019, the three
plastic pools were installed and processed in the best possible reproductive manner, on the “beach” along
the main pool. Close-ups show the Luer-lock perfusion system and the eight fish installed in one of the
experimental plastic pools; (C) Work in pool 2 of the Subterrdneo cave, located just after the 3-m pit. This
pool offers a rocky substrate. There, we repeatedly observed the presence of crayfishes (predators on adult
cavefish). The bottom right panel shows the infrared, hunting-type camera, used in our 2019 campaign; (D)
Work in Los Sabinos cave. Pool 1 of this cave had crystal-clear water. Again, note that olfactory setups were
installed in the same place in March 2017 and 2019, respectively, i.e., on a rocky plateau just above pool 1. A
close-up shows the Raspberry Pi camera used during our 2017 campaign. (E) Testing olfaction on fish from
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the Chica superficial pool. The top photos show the guano slope leading to the superficial pool, which was
very rich in organic material (decomposing bat cadaver). On the bottom left panel, note the large size of the
eight fish (compare with the equivalent picture in Pachén, and see Figure 4).

3.3.1. Pachén Cave

Despite the thick mud, it was easy to install three plastic pools near the natural main pool (Figure 3B).
CF-Pachdn were of relatively small size (mean: 4.6 cm) compared to other caves studied (Figure 4A, purple)
and they were all eyeless and depigmented (Figure 4D). Fish used for olfaction experiments came from the
small lateral pool in 2017 and from the main pool in 2019. These two pools communicate with each other
when the water level is high and the fish can swim and mix between these two pieces of water. There was
no difference in size (or phenotype) between the fish tested during the two expeditions (Figure 4B, purple),
suggesting that the local conditions have been stable across the years in the cave. The fauna encountered
there and the feeding habits of the CF-Pachén have been described by Espinasa et al., 2017 [23].
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Figure 4. Cavefish sizes and phenotypes in different caves; (A) Sizes (left graph) and body mass indexes
(BM, right graph) of the cavefish individuals tested for olfactory responses in the Pachoén (purple), Sabinos
(brown), Subterraneo (red), and Chica (grey) caves. Asterisks indicate significant differences (Mann-Whitney
test); (B) Comparison of sizes of the cavefish tested for olfactory responses in different field campaigns, in
2017 and 2019, showing that the condition of the fish tested did not vary; (C) Comparison of sizes of cavefish
in different water ponds in a same cave locality, showing that fish condition varied, probably due to local
trophic, environmental and/or genetic parameters; (D) Fish phenotypes are fully troglomorphic in the
Pachén and Sabinos caves, whereas hybrid-type fish with small eyes (arrowheads) and some pigmentation
can be seen in Subterraneo (pool 2) and Chica (superficial pool) caves. They result from hybridization with
introgressed surface fish. Of note, in Subterraneo, surface fish enter by the cave entrance at the polje level,
whereas, in Chica, surface fish enter the cave by the bottom. Hence, in both caves, the most troglomorphic

fish are larger.

Despite fair conditions for installation of the olfactory setup, CF-Pachon from two experimental pools
out of the six recorded presented an obvious place preference behavior (one in 2017 and one in 2019), for
unknown reasons (Figure 5). These data were thus discarded from the analyses shown in Figure 6A.
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Contrary to Lab-Pachon, CF-Pachén did not respond to alanine 107 M. Even more so, the preference index
reached negative values during the perfusion. Conversely, CF-Pachdn were strongly and significantly
attracted by serine 107 M (PI = 0.41) and by chondroitin 10-*M (PI = 0.55), as shown both by Friedman and
Wilcoxon statistical tests (Figure 6A, green and blue). Moreover, the type of behavioral response elicited by
chondroitin in the field was similar to the food-seeking behavior recorded in the lab (Video S2). Although
slightly surprising because the alanine and serine responses seem divergent between the Lab-Pachén and
the CF-Pachon, these data confirm, in the field, that CF-Pachén have excellent olfactory detection skills.

[ Pachon cavefish in the cave I

Senne side Chondroitin side
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Figure 5. The place preference problem during cave experimentation. Graphs showing the position of the
fish along the whole ~1 h protocol for the n = 6 experiments performed in the Pachén cave. The bars represent
the preference of fish toward the serine perfusion side (left column) or the chondroitin perfusion side (right
column). In theory, the eight fish should swim across the arena and distribute or explore randomly except
for the response to the considered odor. However, in some instances (here, plastic pools 2 and 6), it was not
the case: The fish remained in the same part of the plastic pool throughout the experiment, showing place
preference for unknown reasons. These data were excluded from analysis.

3.3.2. Sabinos cave.

The first fish pool encountered, i.e., the upper pool, lies under a large arch and contains shallow water
that disappears under the rock (Figure 3D). Exploration there revealed a large (20-30 m), continuous body
of water under a low ceiling, hosting a significant cavefish population. The water was clear with a muddy
substrate. Juvenile cavefish (size 1-2 cm) were observed, indicating that reproduction occurs. Large isopods
and numerous mysid shrimps were present. Just above this natural pool, a natural rocky stage allowed us
to install three plastic setups in the same place in 2017 and 2019 (Figure 3D). From there, a corridor led into
a large and relatively low room where a second fish pool, or bottom pool, was encountered. Bats were
numerous (observed in 2013, 2017, and 2019). The air was loaded with spores and the soil was covered with
patches of microorganism covered with insects. CO2 was not measured but was probably high.

All fish in the Sabinos cave had a fully troglomorphic phenotype (Figure 4D). Fish used in the
experiments were sampled from both the upper and the bottom pools. Like in the Pachdn cave, their size
and body mass index was modest (Figure 4A, brown; mean: 4.7 cm) and did not vary between 2017 and
2019 samplings (Figure 4B, brown), suggesting that the two experimental series were performed on fish of
similar condition. We noted that CF-Sabinos found in the deeper pool were significantly larger (Figure 4C,
brown) and more corpulent (Body Mass Index, Wilcoxon test, p = 0.006) than those fished in the upper pool,
suggesting that they were older [24] and/or better fed. However, this observed difference in condition could
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not be correlated to their olfactory responses. As in the Pachdn cave, we observed a strong place preference
bias in two experiments out of six, hence these data were discarded (Figure S2). When tested for olfactory
responses, CF-Sabinos were attracted neither by alanine nor by serine (Figure 6B). However, they did spend
time in the odorous part of the arena after chondroitin perfusion (PI values between 0.46 and 0.28; Wilcoxon
test, p = 0.02; but Friedman test, NS), suggesting that they were, although moderately, attracted to this
molecule (Figure 6B).

3.3.3. Subterraneo Cave

A 20 min descent in a boulder tunnel filled with organic waste (including of very large size like trees)
carted inside during the rainy season leads to a first small fish pool, where almost all individuals are surface-
like (A. mexicanus, poecilids, some cichlids, presumably washed in during flooding) and where
troglomorphic fish are rare (see Simon et al., 2017 [24]). Then, the tunnel continues and leads to a small 5-m
pit which descends directly into the natural pool 2, with clear water on a rocky substrate, where CF-SubT
swim. All fish used and measured in 2013 [14], 2016, and 2019 came from this room (Figure 3C). The ground
of the cave at this level was relatively horizontal but it was covered with pebbles. As there was no mud to
flatten the ground, we installed plastic pools on small flat mounds (Figure 3C).

As we previously described [14], CF-SubT presented mixed phenotypes in terms of eye size and
pigmentation as a result of hybridization with introgressed surface fish, and most of them were not fully
troglomorphic (Figure 4D). We found that CF-SubT were significantly larger than CF-Pachon and CF-
Sabinos (Figure 4A, red; mean: 6 cm), suggesting that they may have been overall slightly older [24] and/or
in better nutritional condition. In addition, the CF-SubT tested in 2017 and 2019 were of similar sizes (Figure
4B, red). During the olfaction tests, the CF-SubT were present in the 107 M alanine perfusion area
approximately 2 min after the odor arrived and they remained in this zone during the entire perfusion time
(PI'=0.25/0.26/0.19; Wilcoxon test, p = 0.007/0.118/0.025) (Figure 6D). Conversely, they did not significantly
respond to serine. Finally, CF-SubT were attracted by chondroitin (but note that the concentration perfused
was higher than in other caves: 10-* M), since they stayed in the odorous area with high preference indexes
(PI between 0.48 and 0.33; Wilcoxon test, p = 0.025/0.007). Thus, overall, CF-SubT showed significant
olfactory skills and responses in their natural settings. Of note, in videos, it was impossible to make any
correlation between olfactory responses and the degree of troglomorphism exhibited by individual CF-
SubT.

3.3.4. Chica Cave

The Chica superficial pool (or pool 1) hosting cavefishes is a large body of water with a guano slope
bank, probably very rich in organic content due to a large bat colony and influx of organic materials from
the surface during the rainy season (decaying bats, vegetal debris were observed; Figure 3E). A corridor
with a flat rocky floor allowed us to set up experiments just above this superficial pool (Figure 3E). Further
down, Chica pool 2 could be reached by following the underground river, which cascaded after a pit [11],
and also contained fish that were phenotypically less troglomorphic and more surface-like or hybrid-like
than the fish in superficial pool 1 (not shown).

The superficial pool CF-Chica tested were not fully troglomorphic, i.e., some individuals showed some
degree of pigmentation and had tiny to small eyes (Figure 4D), probably as a result of hybridization with
surface fish. CF-Chica were, by far, the largest and most corpulent fish that we tested among the different
caves visited (Figure 4A, grey and 4D). The individuals fished for the olfaction experiments originated from
the superficial pool, where the most extreme sizes (mean: 8.1 cm, max: 9 cm) were encountered (compare
with CF-Chica from pool 2; mean: 6.8 cm, Figure 4C, grey). In this cave, olfaction experiments were
performed once, in 2017. Hence, only n = 3 plastic pools were recorded. For the CF-Chica, Friedman tests
indicated that the Preference Indexes did not vary between the perfusions of water and amino acids, and
the Wilcoxon tests indicated that they were not different from 0 (Figure 6C). A video problem at the end of
one recording resulted in n = 2 for chondroitin, for which we could not perform statistical tests. However,
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for chondroitin, the pattern was flat along the whole perfusion sequence, and there was no such behavioral
foraging response as visually observed in other caves. These results showed that CF-Chica did not respond
to the odors used in our tests, including chondroitin that elicited strong responses in all other cavefishes
tested as well as in Lab-SF and Lab-Hyb.

Al Pachén cavefishin the cave | Bl Sabinos cavefish in the cave | C lfhica cavefishin the cave | D| Subterraneo cavefishin the cave
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Figure 6. Olfactory responses of cavefishes in natural cave settings; (A), (B), (C), (D) Olfactory responses
recorded in the Pachén (A), Sabinos (B), Chica (C), and Subterraneo (D) caves; Odors and concentrations are
indicated, as well the number of replicates. The preference index (PI; positive values suggest attraction) is
shown as a function of time. Time intervals corresponding to odor perfusion are shaded. Asterisks on graphs
indicate significance as compared to no response (i.e., PI = zero) for a given time interval (Mann-Whitney
test). The results of Wilcoxon and Friedman tests to probe the significance of the response across time with
repeated measures are also indicated.

3.3.5. Tinaja Cave

The first, very small, Tinaja “perched pool” was encountered after a 20-min walk and consisted of a
small piece of crystal-clear water retained between rocks (Figure 7A). We found fully troglomorphic CF-
Tinaja there (approximately n = 20-30) in two consecutive years (2016 and 2017). After another 20 min of
hiking down, the tunnel narrows before reaching a fault, at the bottom of which lies Traverse Lake (or Tinaja
pool 1) (Figure 7B). A small natural beach allowed for experimental installation, but the space was small
and inconvenient (~3 m wide). Drops of water constantly falling from the ceiling generated a very thick and
sticky layer of mud. The water was cloudy. In such conditions, it was difficult to install the olfaction setup.
This was partly achieved in March 2016, with only 7 =2 plastic pools and with video recordings performed
in the light (Figure 7B). The size of the fish was 6.1 cm on average (n = 12 measured). In 2017, we aimed to
complete the Tinaja study and we performed n = 1 additional olfactory test directly in the small natural
“perched pool 1.” Although we cannot provide statistical support (1 =2 and n =1, respectively), the video
analyses suggest that that CF-Tinaja were not attracted by any of the three perfused odors (data not shown).
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Figure 7. Experimentation in the Tinaja cave; (A) single test was “manually” performed in Tinaja perched
pool, a very small (~3—4 m?) and shallow natural pool where water is retained between rocks. There, over the
years, we repeatedly observed 20-30 fully troglomorphic fish, presumably trapped there during the rainy
season. The water is crystal clear; (B) Preliminary experiments were performed in March 2016 in Tinaja pool
1 (called Traverse Lake), a relatively large and muddy water reservoir. At the time, films were recorded in
the light (instead of in the dark with infrared) and the perfusion system and the odorant molecules perfused
were still under tuning. This type of expedition was of paramount importance to improve and establish the
final experimental setup and design we used successfully in 2017 and 2019 in other caves.

4. Discussion

4.1. Testing Cavefish Olfaction in the Field: A Challenge

To our knowledge, this is the first study reporting systematic, precise, and quantified olfactory
responses to specific odorant molecules in behavioral tests with subterranean animals in their natural
environment (but see [14,22]). The trip organization, transport of equipment, and difficulties of access,
together with the struggle of setting up experiments in “natural laboratories” which were different each
time and handling the unexpected, means that few researchers risk of this kind of experimentation. The
interpretation of the results must also be approached with caution because the experimental parameters are
far from being fully mastered or even known. Of note, we found that establishing and pretesting of
protocols in the lab are mandatory steps, and the comparison between lab and field results can help reach
conclusions. Finally, this type of field behavior work needs to extend over the long term, with continuous
improvements and feedbacks. For example, the difficulties we encountered in Tinaja in 2016 allowed us to
improve the setup. From that expedition, we concluded that the plastic pools needed to be perfectly clean
and the cave water needed to be filtered before being poured into the arena or else the videos would be
difficult to interpret, that we should not use rechargeable batteries for infrared lamps because the Mexican
electrical network sometimes fluctuates, that we should systematically include a water counterflow at the
corner opposite to odor perfusion to remove biases of lateral line driven behaviors, and that we should not
plan for 2-day-long experiments in a cave where access is difficult. Hence, our Tinaja 2016 experiments (n =
2 only) were not performed in the dark, did not have the same perfusion sequence nor the same odor
concentrations, and were not included in the main results of the present paper, but they ended up being
very instructive for improving the setup and protocols, and they allowed us to draw preliminary
conclusions (see Figure 7).

4.2. Alanine, Serine and Chondroitin Elicit Variable Behavioral Responses in Wild and Lab-Raised Adult A.
Mexicanus.
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The choice of odors presented to fish was critical. Whereas alanine and serine amino acids are
“classically” used in fish olfaction experiments because they correspond to food degradation products and
therefore serve as food-related attractive cues (e.g., [38—40]), the use of chondroitin is more novel.

Chondroitin sulfate is a glycosaminoglycan composed of a chain of alternating sugars and a component
of the cartilage matrix. It is also present in zebrafish skin mucus, where it was recently discovered to serve
for the long-searched active molecule of the alarm substance [27,41]. Indeed, zebrafish strongly react to
chondroitin with a typical alarm behavior, including erratic swimming and freezing, and the activated brain
regions are the same as those activated after presentation of skin extracts [27]. In A. mexicanus, it was
therefore unexpected that chondroitin would elicit (1) attraction and (2) foraging, and even more so, (3) the
same response in the two morphs. Along with the idea that the alarm substance is species-specific [42], our
findings suggest that its composition in zebrafish and Astyanax must be markedly different. Moreover, early
studies have suggested that alarm reaction is indeed present in surface fish but mostly lost in cavefishes, at
least those originating from the Pachdn and Chica caves [28,29,43]. Here, surface fish and Pachdn cavefish
strongly reacted to chondroitin, but Chica cavefish did not, further suggesting that this molecule is not part
of the alarm substance in the species. Rather, it seems to correspond to a foraging cue, which is in line with
Astyanax being carnivorous, eating carcasses and responding to cartilage odors. In fact, we ended up
considering chondroitin as a sort of positive control: All types of fish tested, in the lab and in the field (except
CF-Chica, see below), adopted an intense food search behavior, almost leaking or sucking the extremity of
the tube where chondroitin flew in (Supplementary videos). Of note, chondroitin was the third and last
odor presented in the protocol because we reasoned that the more modest responses elicited by amino acids
may be lost after the strong stimulation caused by chondroitin. Finally, response to chondroitin also
validated, in a way, the whole test, and we were confident that absence of response to amino acids
sometimes observed was true because fish reliably and repeatedly responded to chondroitin at the end of
the behavioral assay (Table 1).

Table 1. A summary of the results obtained in all the cave and laboratory olfaction experiments.
Attractive response (+) or no response (0) is summarized for each cavefish or surface fish
population, when recorded in the field or in the lab (as indicated in the different columns) for the
3 different odors studied (as indicated in the different rows; orange/alanine, green/serine,
blue/chondroitin). Light and dark colors indicate response to the high concentration (light color,
lower detection capacities) or the low concentration (dark color, better detection capacities) of the
odor considered. The last line (grey shades) indicates to how many odors, out of the 3 tested, the
fish have responded.

Fishes Cave fishes Surface fishes

Attraction : (+)
No response : (0) Lab-Pachdn CF-Pachén  CF-SubT  CF-Sebines CF-Chica Lab-SF Lab-SF Lab-Hyb

. Nenne .
E
o'm |G i
++

Olfactory performance summary

Regarding amino acids, the results we obtained with adult fish in the lab globally corroborate what has
already been observed with 1-month-old larvae [20]: The adult Lab-SF had a lower olfactory detection
threshold than the Lab-Pachon (Table 1). The results confirm that older and larger adult fish do not have a
better detection threshold than 1 month-old-larvae [19], reinforcing the idea that olfactory detection
threshold is not directly or exclusively linked to the size of the olfactory organs, or to the intrinsic properties
of the olfactory system. The results also confirm that the olfactory system of the 1-month-old larvae tested
in our previous studies was functionally mature.
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For reasons explained earlier, adult surface fish (and F1 hybrids) could only be tested in the lab. We
considered their olfactory performance to be poor (Table 1). They did respond to chondroitin-albeit
less intensely than Lab-Pachdn, but barely responded to amino acids, even at high concentrations.
An explanation to this mitigated result might be that the olfactory response is slightly blurred by
schooling behavior, even in the dark [25,44]. Indeed, for these fish, we observed transient statistically
significant PI scores (positive or negative) before or after odor perfusion (see Figure 2B-C) that cannot
correspond to true and specific olfactory responses, and that probably resulted from the grouping of
all eight fish in the same area of the arena at some time points of some experiments. These
observations further confirm the appropriateness of using 1-month-old surface fish—which do not
yet school intensely —for olfactory tests with these morphotypes. Of note, such an interference of
schooling in olfactory responses is irrelevant in the case of cavefish who have lost schooling behavior,
as first observed by Parzefall in the field [22].

Finally, the comparative responses of Pachon cavefish from the lab and from the field to amino
acids is also worth discussing. Lab-Pachén responded positively (= attraction, like larvae) to alanine,
whereas CF-Pachon responded negatively (= repulsion). Moreover, Lab-Pachdn response to serine
was weak or delayed (if any), whereas CF-Pachon response was strong and immediate. Thus, both
lab-raised and wild animals originating from the Pachén cave seem able to detect very low
concentrations of amino acids (here, 107 M), thereby confirming their excellent olfactory skills.
However, unexpectedly, their responses to a given odor can differ in nature or intensity. The first
hypothesis we can draw relates to the distinct environment in which the lab and wild fish were grown
and live, e.g., the water parameters or diet could be at the origin of their difference in reaction. Indeed,
the water used in the lab tests (tap water bubbled for 24 h) is “cleaner” than the water used in the
field, which, although filtered, is loaded with dissolved organic compounds. It has also been
proposed that fish move toward or away from a given amino acid depending on the concentration
as well as the age and the species of fish. For example, cysteine acts as a repellant for 1-month-old
juvenile zebrafish (3 x 105 M; [45]) but as an attractant for rainbow trout (10-¢M; [39]). Moreover,
olfactory conditioning or learning seems to play an important role in the expression of behavioral
responses [46,47]. In the Pachoén cave, juveniles feed on micro-arthropods and adults feed on
decomposing organic debris and mud [23]. Conversely, in the lab, larvae are fed with micro-worms
and artemia nauplii, and juveniles and adults are fed with granules that contain by-products of fish,
cereals, vegetables, and crustaceans. Lab-raised fish eat very little decomposing food since they finish
their meals in a few minutes. Such differences in feeding experience and odor exposure might explain
the differential responses of Lab-Pachén and CF-Pachon. The repulsive behavior after alanine
perfusion in the natural cave may suggest that CF-Pachon are exposed to an unpalatable organic
matter that gives off alanine. We do not know the amino acids compositions of different organic
materials found in this cave. It is therefore difficult to determine which one might be the source of
this repulsion. Overall, the sometimes-contrasting responses that we observed in the lab and in the
wild reinforce the interest and necessity to assess behavioral repertoires in the natural environment
to discuss ecological or evolutionary relevance.

4.3. Not All Cavefish Respond the Same

Our field observations in five different caves lead to one main conclusion: Cavefish from
different caves showed very distinctive responses when presented with exogenous odor cues at low
concentrations (Table 1). For those that did respond (CF-Pachon, CF-SubT), we can propose that they
have augmented olfactory skills when compared to their surface conspecifics, which confirms our
previous studies [14,20]. For those which did not respond as well (CF-Sabinos) or did not respond at
all (CF-Chica, CF-Tinaja), several questions arise. Is the lack of response due to local environment,
previous experience and/or fish condition and nutritional status? Or is it due to experimental
conditions?

(1) Let us start with the latter —perhaps less biologically interesting —hypothesis. We cannot rule
out that CF-Chica did not respond because the cave water used (although filtered) was so loaded
with debris and dissolved organic materials and endogenous olfactory cues that their olfactory
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system was saturated and could not detect the low concentrations of amino acids or even chondroitin
perfused (see Figure 3E). The same holds true in the Tinaja cave, where carbon content in the mud is
high (32%, to be compared to 9.2% in the main pool of Pachdén) [24], and, maybe to a lesser extent, in
the Sabinos cave (see description in Results). A way to test directly this hypothesis would be to
transport “clean” tap water into the caves to perform the experiments. However, we feel that the
interest of such experiments would be rather limited, as we anticipate that they would be flawed with
other problems and quite demanding in terms of logistics. Nevertheless, future studies examining
the physicochemical parameters and the exact nature of compounds present in the water will be
important to answer these questions.

(2) The environment-dependent and experience-dependent hypothesis is more scientifically
exciting to discuss adaptation to the environment. It implies that the expression of olfactory skills
depends on local environment, such as the configuration and ecological parameters of the cave and
previous olfactory experiences of the fish related to these local environmental parameters, including
possible interactions with other sensory systems and fish nutritional status and motivation to find
food.

Indirect support for this hypothesis comes from our finding that CE-Pachon and CF-SubT, which
do not belong to the same geographical group of caves and correspond to independently evolved
cavefish populations [5,11,48], both show significantly augmented olfactory skills. Thus, this trait
most probably corresponds to an evolutionary convergence. This result further suggests that the
evolution of food-related (and maybe pheromonal, not addressed here) odor sensing is of paramount
importance for cavefish life, adaptation, and survival in the dark. On the other hand, population
genetic studies have shown that El Abra cave populations (Pachdén, Sabinos, Tinaja, Chica) are
genetically close and share many polymorphisms [25,48,49], suggesting that CF-Sab or CF-Tinaja
probably carry all or part of the mutations in “olfaction genes” that genetically determine CF-Pachén
olfactory skills. However, they do not necessarily express these skills as a consequence of plasticity,
with expression depending on the environmental conditions at the precise time and location where
we measured olfactory responses. The most striking pieces of evidences in favor of this possibility
are discussed below.

CF-Pachon were the smallest among all fish assayed in this study, in agreement with previous
measurements [24]. They live in a low-carbon cave (9.2% in the mud), with limited influx of organic
matter from the surface. There, foraging must be challenging and strongly olfactory-driven.
Conversely, CF-Chica were the largest and biggest among the cavefish that we tested and measured.
The very large bat colonies in this “dirty” cave probably render foraging easy, together with fast
growth and a long lifespan. CF-Tinaja are also large and old [24] and live in a carbon-rich (31.9%)
environment [23]. Strikingly, and in line with these very different trophic environmental conditions,
CF-Pachon and CF-Chica (and CF-Tinaja, according to preliminary results) were at the two ends of
the spectrum of olfactory responses that we observed.

Vibration attraction behavior (VAB) is thought to help cavefish locate food droppings or
vibrating objects at the surface of the water [18,50]. VAB is mediated by neuromasts, and therefore
corresponds to a mechanosensory modality. In the field, VAB responses are variable in different caves
and even in different ponds of a single cave [51]. In cave ponds where insects are numerous or where
percolating water drops are abundant, food search is probably strongly guided by VAB, and less so
by the chemosensory olfactory modality. Our results fit well with this idea. Indeed, in the Tinaja cave,
where it literally “rains,” or in the Sabinos cave, where we personally witnessed abundant water
drops over pool 1 to which the CF-Sab were systematically attracted (SR and A. Alié, pers.obs.), the
olfactory sense and skills may not be solicited as much as in the Pachén or Subterraneo caves, where
vibrating objects are much rarer and food must be found by the nose. Thus, we propose the possibility
of a balanced use of different sensory modalities and expression of sensory skills depending on local
conditions. Of note, fish may preferentially use one or the other (or both) sense across their lifespan
to find a proper diet and to adapt to different locations where they can swim in a cave, or even across
seasonal fluctuations of local ecological conditions.



Diversity 2020, 12, 0395 18 of 21

Finally, cavefish genetics and the hybridization with introgressed surface fish is also a parameter
to consider. Whereas Pachdn, Sabinos, and Tinaja cavefish are fully troglomorphic (see Figure 4), CF-
SubT and CF-Chica correspond to “hybrid-like” populations and carry surface fish alleles (see [14]).
Interestingly, the entrance of surface individuals into these two caves does not proceed by the same
end: In Subterraneo, surface fish are washed inside the cave from the surface by flooding, whereas,
in Chica, surface fish enter the cave by a bottom resurgence. This probably explains why, in Chica,
the pool 2 (deeper) fish, which carry more surface alleles, are smaller than the pool 1 (upper) fish,
which are less hybridized and more troglomorphic and cave-adapted. In any case, we cannot exclude
that the important gene flow from the surface that exists in Chica [25,48] might counteract the effects
of cave alleles, favoring the evolution of augmented olfactory skills. Hence, the absence of olfactory
responses in CF-Chica might correspond to truly modest olfactory capacities. Deciphering the effects
of genetics (presence of surface alleles) from the effects of environmental parameters on plasticity
(food-rich cave) or from experimental conditions (odor-saturated water during test) is impossible at
this stage. However, it must be noted that the CF-SubT, which also carry surface alleles, responded
much better than CF-Chica to the odors we presented: They strongly responded to both alanine and
chondroitin. Therefore, in this later case, the effects of hybridization and introgression of surface
alleles appears very limited on the behavioral phenotype.

5. Conclusion

Almost 80 years have passed since the first descriptions of ecological conditions in which Chica
cavefish live by Charles Breder [52]. Since then, fieldwork in Astyanax caves has continuously brought
novel information on caves topography, population genetics, and cavefish biology in general.
Recently, important examples of insights on the evolution of cavefish behaviors or the evolution of
their immune system started from field observations [53,54]. Here, by bringing the “behavior room”
into the field, we highlighted the diversity and complexity of the mechanisms that underlie cave
adaptation and documented the diversity of cave environments inhabited by a single species of
cavefish, A. mexicanus. Our data confirm the classical proposal of sensory compensations to the
absence of vision in the dark. Indeed, overall cavefish showed lower (i.e., better) olfactory detection
thresholds than surface fish. However, the picture appears more complicated than simply “cavefish
smell better.” The next challenge will be to disentangle the effects of genetics, plasticity, environment,
and their interactions in the evolution of cavefish olfactory system. Then, of course, more fieldwork
will be needed to refine behavioral observations and to further describe the diverse natural ecological
conditions in which cavefish live.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Rationale
for olfactory scoring. Figure S2: Place preference problem in the Sabinos cave. Video S1: Behavioral response of
Pachon cavefish to chondroitin in laboratory settings. Video S2: Behavioral response of Pachén cavefish to
chondroitin in natural settings.
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Annexe 2

gdféb expression in fish gonads using in situ hybridization

cDNA cloning

Total RNA was extracted from different staged Pachon cavefish embryos using TRIzol
(Invitrogen, Carlsbad, USA) and chloroform, purified with isopropanol and 70% ethanol, and
finally treated with DNase (Invitrogen, Carlsbad, USA). Following purification, total RNA
concentration was measured with a NanoVue Spectrophotometer and stored at —80°C.
Subsequently, 2 pg of RNA supplemented by 10 mM dNTP were reverse transcribed with
random hexamer primers using AMV reverse transcriptase (Promega, Madison, USA) during
60 minutes at 37°C. gdf6b transcript sequence in A. mexicanus was identified by aligning
sequences collected from Ensembl database (http://www.ensembl.org/index.html, release 93,
July 2018) and Phylofish database (http://phylofish.sigenae.org/index.html) used with BLAST-
based search (Pasquier et al., 2016). A 634 bp fragment was amplified in A. mexicanus and
purified with Nucleospin Gel and PCR Clean-up (Machery-Nagel, Diren, Germany).
Subsequently, PCR products were cloned into pGEM-T Easy Vector (Promega, Madison,
USA) and purified using NucleoSpin plasmid DNA purification kit (Machery-Nagel, Duren,
Germany) according to the supplier's indications. PCR products were sequenced by Sanger
method  before  probe synthesis  (https://www.eurofinsgenomics.eu/en/custom-dna-

sequencing/gatc-services/).
Whole-mount in situ hybridization

For in situ hybridization (ISH), Pachén cave A. mexicanus of 16, 23, and 30 days post-
fertilization (dpf) stage were collected. They were fixed in 4% paraformaldehyde (PFA) and
phosphate buffer 0.12 M (PBS, pH7.4) at 4°C for 24 hours (h). Following fixation, specimens
were thoroughly washed 5 times (10 min each) at room temperature in 1X PBS, then gradually
dehydrated in increasing methanol concentration baths for 10 minutes (min) each (75%
PBS/25% MeOH, 50% PBS/50% MeOH, 25% PBS/75% MeOH, and 100% MeOH), and
finally stored in methanol 100% at -20°C until use. The expression patterns of gdféb were
analyzed in 16, 23, and 30 dpf fishes. A gdféb RNA probe of 634 bp was obtained with the
digoxigenin (Dig) RNA labelling mix kit from Roche from cDNA template with T7 polymerase
and purified using Nucleospin RNA purification (Machery-Nagel, Diiren, Germany). Cavefish
specimens were progressively rehydrated by graded baths of PBS solution mixed with

decreasing concentrations of MeOH and permeabilized by proteinase K concentrated at 100
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ug/ml (Sigma) during 40 min followed by a post-fixation step in 4% PFA. They were incubated
overnight during 16 hr at 65 °C in a hybridization buffer containing the probes at 60 ng/ul.
After stringent washes, the hybridized probes were detected by immunohistochemistry using
an alkaline phosphatase-conjugated antibody against digoxigenin diluted at 1/6000 (Roche)
and a NBT/BCIP chromogenic substrate (Roche).
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Annexe 3

Additive transgenesis with gdf6b constructs

Based on the pool-seq data, we reconstituted the consensus sequences of gdf6éb-B (containing
2231 bp of the proximal promoter and 1328 of the cDNA + 3'UTR) and gd6b-A (encompassing
2144 bp of the proximal promoter and 1328 of the cDNA + 3'UTR). For both sequences, we
added two restriction sites on both ends of the cDNA+3'UTR (Kpn1lto the 5'UTR end and Notl
to the 3'UTR end). Two meganuclease sites (IScel) were also added on both ends of the whole
construction (5'UTR and 3'UTR) (Figure 1). Both constructs were then synthesized separately
and cloned in a pUC18 vector (GenScript).

Following these steps, both constructs were double digested in separate tubes containing 10 ug
of each plasmid, 1X multiCore buffer (10X), 1.5 ul of Kpnl (Promega), 2 ul of Notl (Promega)
and finally g.s to 60 pl total volume of nuclease-free water. The tubes were then incubated
overnight at 37 °C. Subsequently, digestion products were electrophoresed in a 1.6 % agarose
gel and resulting bands (cDNAs and pUC18+promoters) were purified separately using a
NucleoSpin Gel and PCR clean up purification kit (Machery-Nagel, Duren, Germany)
according to the supplier's indications. Following the purification step, gdf6b-B-cDNA +
gdféb-A-promoter and gdf6b-A-cDNA + gdféb-B-promoter were ligated in two separate tubes
containing 1 ng of DNA plasmids, 3 ng of each cDNA and 1ul of T4 DNA Ligase Buffer (10X),
1ul of T4 DNA ligase and g.s to 10 pl total volume of nuclease-free water, and finally incubated
overnight at 4 °C. After ligation, plasmids were transformed into One Shot Top10 chemically
competent cells (Invitrogen) according to the supplier's indications. After transformation,
colonies with plasmid construct were selected on LB agar plates and purified using a
NucleoSpin plasmid purification kit (Machery-Nagel, Diren, Germany) according to the
supplier's indications. Cavefish embryos were microinjected at the one-cell stage with a
mixture containing each construct at a concentration of 10 ng/ul, 2 ul 1Scel buffer (Promega),

1 ul IScel enzyme and 16 pl nuclease-free water.
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A Kpn1 Not1
gdf6b-B_cDNA: 3'UTR %

IScel 2231 bp ) 1328 bp ] IScel
B Kpn1 Not1
( gdf6b-A_cDNA: 3'UTR %

IScel ) 2231 bp ] ) 1328 bp ] IScel
C Kpn1 Not1
gdf6b-A_promoter ( gdf6b-B_ cDNA: 3'UTR %

IScel ) 2144 bp ] ) 1328 bp ] IScel
D Kpn1 Not1
gdf6b-A_promoter —L gdféb-A cDNA: 3'UTR %

IScel ) 2144 bp ] ’ 1328 bp ] IScel

Figure 1. gdf6b constructs
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Microévolution des déterminismes sexuels chez le poisson Tétra Mexicain, Astyanax mexicanus

Mots clés : Evolution, détermination du sexe, chromosomes B, chromosomes sexuels, Astyanax mexicanus, gdf6b-B

Résumé : L’évolution des mécanismes de
détermination du sexe (SD), qui a souvent été
abordée principalement dans un contexte macro-
évolutif chez les poissons, montre une variabilité
saisissante des génes SD et de leurs
chromosomes sexuels associés. En plus des
chromosomes de type A, certaines especes de
poissons téléostéens contiennent des
chromosomes B (Bs), qui sont parfois
considérés comme des chromosomes sexuels. A
ce titre, mon projet de these avait pour objectif
d’explorer 1’évolution des systémes SD en lien
avec les Bs chez le tétra Mexicain, Astyanax
mexicanus, qui comporte de nombreuses
populations cavernicoles (CF) ayant évoluées a
partir d'une population ancestrale de surface
(SF) il y a moins de 20 000 ans.

Nos travaux apportent des  preuves
fonctionnelles de 1’existence d’un systeme de
SD “original” reposant uniquement sur des
chromosomes “B-sexuels” a dominance male
avec gdféb-B  comme  potentiel géne
déterminant majeur du sexe chez les CF de la
grotte Pachdn. En paralléle, nous apportons des
résultats qui suggerent qu’il pourrait exister une
transition évolutive rapide entre un systéme de
type B-sex chromosome a dominance male fixe
chez certaines populations vers un systeme plus
complexe (probablement polygénique) ne
reposant que partiellement sur le chromosome
“B-sexuel” et ses loci gdféb-B chez d’autres
populations.

Microevolution of sex determining mechanisms in the Mexican tetra, Astyanax mexicanus

Keywords: Evolution, sex determination, B chromosomes, sex chromosomes, cavefish, gdféb-B

Abstract: Sex determining (SD) mechanisms in
teleost fishes have been investigated mainly at a
macro-evolutionary scale highlighting a high
turnover of master SD genes and their associated
sex chromosomes. Interestingly, in addition to
the A chromosomes, supernumerary B
chromosomes (Bs) have been detected in a
number of species and even associated as sex
chromosomes in some of them. As such, my
thesis project aimed to investigate SD
mechanisms evolution with respect to these Bs
in the Mexican tetra, Astyanax mexicanus, in
which many blind cave populations (CF) are
known to have evolved from a surface ancestral
population (SF) less than 20,000 years.

Our results provide functional evidences for the
existence of an "unusual” SD system relying
solely on male-dominant "B-sex" chromosomes
with the gdféb-B gene as a potential MSD gene
in the Pachén CF. Furthermore, we also
provide results suggesting a rapid evolutionary
transition from a fixed male-dominant B-sex
chromosome-type system in some populations
toward a complex (probably polygenic) SD
system relying only partly on the B-sex
chromosome and their gdféb-B loci in other
populations.



