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contribuent & une meilleure connaissance de sa biologie. Pour les raisons citees
précédemment, le manuscrit de these est composé de trois articles sur le bar européen, et
d’un article sur le bar rayé. Les différentes experiences réalisées ont permis d’étudier 1’effet
des acides gras nutritionnels (via deux aliments expérimentaux) sur la plasticité
phénotypique des deux especes. Les deux aliments utilisés sont caractérisés par leur
richesse en acides gras a longue chaine polyinsaturée n-3 (voir Annexe | page 149 pour la
composition des aliments). Pour des raisons pratiques, dans le texte en francais AL est
I’aliment le moins riche, AL++ le plus riche en acide gras a longue chaine polyinsaturée n-
3. Dans les articles le nom des aliments a été determiné en fonction des spécificités des
journaux scientifiques vis€s, ainisi qu’en fonction des besoins de I’espeéce étudiée (se
référerer a la liste des abréviations pour trouver les correspondances). Quelques points de
comparaison entre les especes sont abordés dans la discussion générale. D’autres analyses
sont actuellement en cours parallélement au projet de thése afin d’enrichir cette

comparaison.

Cette thése débute par une mise en contexte portant sur I’impact des changements
climatiques globaux sur les écosystemes marins induisant une raréfaction des acides gras a
longues chaine polyinsaturée de type n-3 (oméga 3) a la base des réseaux trophiques
aquatiques. L’état de I’art est composé d’une revue de littérature définissant ce que sont les
lipides et leurs roles chez les poissons. Cette partie est suivie par une synthése des
connaissances concernant 1’adaptation homéovisqueuse et I’'impact des lipides sur les
performances physiologiques des poissons. Enfin, les modeles biologiques sont présentés et
la justification de leur utilisation est faite dans une derniére partie. Les chapitres de cette

these sont rédigés sous forme d’articles scientifiques.

Article 1: « Will global warming affect the functional need for essential fatty acids in
juvenile sea bass (Dicentrarchus labrax)? A first overview of the consequences of lower
availability of nutritional fatty acids on growth performance » soumis le 22 avril 2018 dans

Marine Biology, accepté le 10 aolt 2018.
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Avrticle 2: « Effect of thermal and nutritional conditions on fatty acid metabolism and
oxidative stress response in juvenile European sea bass (Dicentrarchus labrax) » soumis le

2 septembre 2018 dans Journal of experimental Biology.

Article 3: « Effects of dietary fatty acids on the plasticity of critical swimming speed

of european sea bass (Dicentrarchus labrax) juveniles » en préparation.

Article 4: « Seasonal response to salinity and nutritional fatty acids in juvenile

striped bass (Morone saxatilis) » en préparation.

La discussion genérale est présentée dans le dernier chapitre de cette these. Elle se
compose d’une premicre partie consistant en la mise en perspective de certains résultats, et

d’une seconde partie qui présente les conclusions de cette étude.
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RESUME

Une des questions cruciales dans le débat écologique actuel est de déterminer si la
plasticité phénotypique pourra permettre aux espéces de répondre au rythme rapide des
changements environnementaux en cours. L’objectif général de cette thése était d’étudier
les effets d’un appauvrissement en acide gras a longue chaine polyinsaturée (AGLPI) du
type n-3 sur la plasticité (tissulaire, moléculaire et individuelle) de deux especes, le bar
européen (Dicentrarchus labrax) et le bar raye (Morone saxatilis). L’effet combiné d’une
augmentation de la température et d’une réduction en disponibilit¢ des AGLPI n-3
nutritionnels chez les juvéniles de bar européen a entrainé une modification importante des
acides gras neutres musculaires ainsi qu’un taux de croissance et une masse hépatique plus
faibles. A température élevée, une croissance accrue a été observée avec les deux régimes,
suggérant une absence de carence. En revanche, 1’aliment n’a pas eu d’effet sur les facteurs
transcriptionnels hépatiques liés a la régulation de la bioconversion des AG. Les juvéniles
nourris avec le régime le plus faible en AGLPI n-3 présentaient une vitesse critique de nage
accrue en présence de contraintes hypoxiques et hypo-osmotiques. Chez le bar rayé, le
régime alimentaire modifie les profils en AG du muscle (fraction neutre) et du foie. Le
régime faible en AGLPI n-3 a été associé a une augmentation de la masse cardiaque, sans
effet sur la croissance en eau froide. Un niveau de stress plus élevé associé a des mortalités
a été observé en eau douce. Ces résultats contribuent a une meilleure compréhension de
I’impact des changements globaux sur les organismes aquatiques et ouvrent la voie a de
nouvelles perspectives de recherche.

Mots clés: besoin nutritionnel, acides gras, allométrie des organes, nage, croissance,
physiologie
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ABSTRACT

One of the major questions in the current ecological debate about global change is
whether phenotypic plasticity will enable species to respond to the rapid pace of ongoing
environmental change. The main objective of this thesis was to study the effects of n-3
polyunsaturated fatty acid (PUFA) depletion on the plasticity (molecular, tissular and
individual) of two species, the European sea bass (Dicentrarchus labrax) and the striped
bass (Morone saxatilis). In juvenile European sea bass, the combined effects of an increase
in temperature and of a reduction in availability of n-3 nutritional PUFA resulted in marked
modifications of the profile in neutral muscular fatty acids and a smaller liver mass. At high
temperature, growth was increased with the two diets which suggests an absence of
nutritional deficiency. Conversely, diet did not affect the hepatic transcriptional factors
involved in the regulation of FA bioconversion. Juveniles fed with the low n-3 PUFA diet
had a higher critical swimming speed in presence of hypoxic or hypo-osmotic constraints.
In striped bass juveniles, n-3 nutritional PUFA availability brought modifications of lipid
profiles both in muscle (neutral fraction) and in liver. Diet with low n-3 PUFA was
associated with a larger cardiac mass, but had no effect on growth in cold water. A higher
stress level was observed in fresh water which was associated to higher mortality. These
results contribute to a better understanding of the impact of global changes on marine
organisms and pave the way for new research perspectives.

Keywords: nutritional need, fatty acids, organ allometry, swimming, growth,

physiology
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INTRODUCTION GENERALE

CONTEXTE

Les changements climatiques

Les écosystemes marins ont une grande valeur socio-économique (Rogers et al.
2014). lls forment la premiere source de protéines pour une personne sur sept parmi la
population mondiale (FAO 2012) et régulent le climat de la Terre. Les variations
climatiques sont des éléments clés dans I’histoire de la Terre depuis sa formation (Huggett
2012). Ainsi, I’évolution des especes et I’extinction de certaines d’entre elles ont été¢ en
partie guidées par 1’équilibre et les déséquilibres que le systeme climatique a connu.
Aujourd’hui, I’origine anthropique du changement climatique a été établie de maniére
consensuelle (Cook et al. 2016). En effet, avec I’explosion démographique de la population
mondiale en cours et les révolutions industrielles successives, les émissions anthropiques
de gaz a effet de serre (GES) n’ont cessé d’augmenter et sont actuellement les plus élevées
jamais observées (Groupe d'experts intergouvernemental sur I'évolution du climat ; GIEC
2014). Les changements climatiques globaux ont été définis par la convention cadre des
Nations Unies sur les changements climatiques (Nations Unies 1992) comme étant les
changements du climat qui sont attribuables directement ou indirectement a une activité
humaine et qui viennent s’ajouter a la variabilité naturelle du climat observée au cours de
périodes comparables. Depuis les 30 dernieres années, la hausse de concentration en GES a
conduit a une augmentation de la température moyenne globale de ~0.2°C par décennie
(Hansen et al. 2006) et en 2013, c’est 10 gigatonnes de carbone qui ont été émises dans
I’atmospheére (Jones et al. 2008). Les océans du monde représentent 71% de la surface de la
Terre et ils jouent donc un réle primordial dans notre systeme climatique via 1’absorption et

le stockage de dioxyde de carbone atmosphérique (Parekh et al. 2006, Kwon et al. 2009).



Le réchauffement océanique constitue 1’essentiel de la hausse de la quantité d’énergie
(chaleur) emmagasinée au sein du systeme climatique. 1l représente plus de 90% de la
chaleur accumulée entre 1971 et 2010, tandis que le réchauffement atmosphérique
représente environ 1% (GIEC 2014). Quatre principaux facteurs du climat ont été
déterminés par le GIEC comme affectant la structure, le fonctionnement et la capacité
d’adaptation des écosystémes marins: le pH, la température, la concentration en oxygene et
la disponibilité en ressources alimentaires. Les futurs scenarios climatiques projettent
d’importantes perturbations de ces quatre facteurs (Gattuso et al. 2015, Sumaila et al.
2011).

De P’individu a I’écosystéme, les réponses face aux changements climatiques
globaux - survival of the fittest

Au-dela des projections, nombreuses sont les études qui relatent déja les effets des
changements actuels sur les écosystémes marins (Harley et al. 2006, Lehodey et al. 2006,
Brander 2007, Rijnsdorp et al. 2009, Gattuso et al. 2015) notamment concernant
I’augmentation de la température (Genner et al. 2010, Johansen et al. 2014), I’acidification
(Wittman et Portner 2013, Gaylord et al. 2015) et I’eutrophisation des eaux marines
(Rijnsdorp et van Leeuwen 1996, Wasmund et al. 1998). Des changements pour tous les
niveaux d’organisation des espéces (individuel a écosystémique) sont attendus en réponse a
ces variations (Cheung et al. 2008, Bellard et al. 2012, Cheung et al. 2013). L’ensemble de
ces réponses est résumé dans un schéma conceptuel simple proposé par Bellard et al. (2012;

Figure 1).



@ Ensemble des paramétres historiques
@ Ensemble des paramétres adaptés
Espace Nouvelles valeurs pour 2 paramétres

(ex. distribution) Nouvelle valeur pour chaque paramétre
r 3

> TEMPS
(ex. phénologie)

Organisme
(ex. physiologie)

Figure 1: Réponse des espéces face aux changements globaux (adaptée de Bellard et al.
2012). Trois directions possibles en réponse aux changements globaux a travers la
plasticité phénotypique ou les réponses évolutives: déplacement dans 1’espace
(déplacement avec la niche écologique), évolution des traits d’histoire de vie dans le temps
(ajustement du cycle de vie pour s’adapter aux nouvelles conditions climatiques), ou
modification des traits d'histoire de vie au niveau physiologique (plasticité) pour répondre
aux nouvelles conditions climatiques. Les especes, pour faire face aux changements
globaux peuvent se déplacer le long d’un ou plusieurs de ces axes.

Trois grands types de réponses sont mis en place par les
individus/espéces/populations: le déplacement, 1’acclimatation (plasticité phénotypique), ou
I’adaptation a travers le processus de sélection naturelle. Si aucune de ces réponses n’est

mise en place, 1I’individu/l’espéce/la population est voué a disparaitre. Alors que 1'évolution

est un processus lent se déroulant sur plusieurs genérations, la plasticité permet a un



organisme d'utiliser son patrimoine génétique et d’exprimer différents phénotypes dans des
environnements contrastes. Des décennies de recherches en écologie et en physiologie ont
établi que les variables climatiques étaient les principaux facteurs déterminant les
distributions (axe « espace ») et la dynamique (axe « temps ») des especes pélagiques
(Roessig et al. 2004, Hays et al. 2005). Les données planctoniques récoltées a 1’échelle
mondiales montrent des changements importants dans les communautés de phyto et de
zooplancton de concert avec les changements de régimes climatiques régionaux, ainsi que
dans leur calendrier d’efflorescence (Beaugrand et al. 2002, de Young et al. 2004, Edwards
et Richardson 2004, Richardson et Schoeman 2004, Hays et al. 2005). Suite a
I’augmentation de la température constatée en Mer du Nord, plus d’une soixantaine
d’espéces de poissons ont changé d’aire de répartition en latitude et/ou en profondeur
(Perry et al. 2005), alors que certaines communautés de copépodes ont migré jusqu'a 1000
km vers le nord (Beaugrand et al. 2002). Aujourd’hui un nombre croissant d’études illustre
I’ampleur de la plasticité (axe « organisme ») des organismes marins en termes de
comportement, de physiologie ou de morphologie (Schulte 2007) en réponse aux
changements climatiques globaux. Les traits d’histoire de vie tels que le taux de croissance
(Sandblom et al. 2016), I’age a la premiére maturité sexuelle (Auer et al. 2012), ou encore
les performances de nage (Johansen et Jones 2011) peuvent étre modifiés. Une des
questions cruciales dans le débat écologique concernant les especes face aux changements
globaux est de déterminer si la plasticité phénotypique pourra permettre aux espéces de
répondre au rythme rapide du changement climatique (Lavergne et al. 2010, Salamin et al.
2010). C’est pourquoi I’¢tude des relations trait-environnement, notamment via les
stratégies de vie des espéces, est une approche puissante pour révéler des mécanismes de
réponse généraux et améliorer notre capacité a prédire les réponses des communautés face

aux changements environnementaux (McGill et al. 2006, Mouillot et al. 2013).

Les stratégies de vie des espéces — Live fast, die young

L'histoire de vie d'une espéce est caractérisée par une série de traits phénotypiques

(taille, &ge, fécondité) et comportementaux (age a la maturité, calendrier des migrations



saisonniéres), plus ou moins plastiques, qui, collectivement, guident un individu durant
I’accomplissement de son cycle de vie (Waples et Audzijonyte 2016). Bien que le nombre
de combinaisons possibles de traits de vie au sein d’une espéce donnée soit illimité, seule
une fraction de ces combinaisons se trouve dans la nature (Waples et Audzijonyte 2016).
En effet, des compromis inhérents sont déterminés par la quantité finie d'énergie disponible
pour la croissance, le maintien et la reproduction. Dans ce jeu a somme nulle, la quantité
d’énergie allouée a la croissance ou au maintien réduit I'énergie disponible pour la
reproduction, et vice versa. L'existence de ces compromis a conduit a la théorie des
invariants d'histoire de vie, affirmant que seules certaines combinaisons de traits produisent
un organisme ayant une bonne valeur adaptative [fitness] (Charnov 1993). Le concept de
stratégie de vie a d’abord été développé en 1967 par MacArthur et Wilson (2001) qui ont
élaboré une premiére définition des traits caractérisant les stratégies de reproduction r et K.
Aujourd’hui, basé sur le méme concept, les especes peuvent étre placées sur le continuum
lent-rapide de I’histoire de vie (Gaillard et al. 1989, Jones et al. 2008). Les especes
caractérisées par un rythme de vie lent (stratégie K), investissent plus d’énergie dans leur
maintien, leur maturité est tardive, leur longévité est importante. A I’inverse, les espéces au
rythme de vie rapide (stratégie r) investissent plus dans la reproduction, elles sont

caractérisées par une reproduction précoce et une longévité courte (Figure 2).

Delayed reproduction, low growth rate
High level of parental care, low activity

4 e ‘o s

20 Low metabolism and sensitivity to oxidative stress

T

sow _—
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= Precocious reproduction, high growth rate
'5 Low level of parental care, high activity

a0 ligh metabolism and sensitivity to oxidative stress
c
i /

FAST

2 r-strategy

o .

— >

Slow Fast

Life history traits

Figure 2: Schéma intégrant les grands concepts de stratégie de vie r et K, et rythme de vie rapide-lent (adaptée de
Réale et al. 2010). En rouge: traits d’histoire de vie, en bleu: traits de comportement et en vert: traits physiologiques.



Ce compromis fondamental entre la mortalité et les parametres définissant la taille
maximale et le taux de croissance des poissons marins a déja éte illustré chez les poissons
(Figure 3A ; Gislason et al. 2010). Par exemple, dans le continuum lent-rapide de 1’histoire
de vie, les sébastes (rockfish), et les morues (cod) ont une maturité tardive et une longévité
importante, alors que les espéces ayant un rythme de vie rapide (anchois anchoveta et
maquereaux mackrel) ont une maturité précoce et une longévité faible. Un cycle de vie
rapide est essentiel si la mortalité naturelle est importante, car l'organisme doit pour
perpétuer ’espéce, se reproduire au moins une fois avant de mourir. Lorsque la mortalité
naturelle est faible, il est rentable d’investir plus d’énergie dans la croissance. Les individus
suivant cette stratégie d’évolution sont favorisés car étant plus gros lorsqu’ils atteignent
leur maturité, ils ont une meilleure capacité de reproduction. Le colt de reproduction est
alors plus faible chez les individus de grande taille que chez les petits individus, ce qui en

retour, permet d’accroitre la longévité.
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Figure 3: Mortalité et rythme de vie de plusieurs espéces marines (adaptée de Waples et Audzijonyte
2016). A) Relation entre la mortalité naturelle associée a une longueur et les paramétres de croissance de
Van Bertalanffy pour des espéces de poissons marines et estuariennes. Les espéces sont positionnées le
long du continuum lent-rapide de I’histoire de vie. B) Représentation schématique de la figure A).
L’ellipse noire représente la régression de la mortalité naturelle sur les paramétres de croissance de Van
Bertalanffy. La fléche noire représente la mortalité globale d’adultes appartenant a une population due a
une augmentation de la pression anthropique (changement climatique ou exploitation intensive des
ressources), causant un déplacement de la population dans la partie supérieure gauche (état A a B),
perturbant sa viabilité. Les fleches rouges représentent les trajectoires possibles de réponse. Dans tous
les cas, la population, pour retrouver sa viabilité se doit d’évoluer vers une histoire de vie « plus rapide ».



Un ensemble donné de conditions écologiques va privilégier une stratégie de vie
particuliére (rapide vs. lente), en affectant toute une série de traits d’histoire de vie
caractéristiques (Reale et al. 2010). En étudiant 1’évolution de I’histoire de vie d’espéces de
poissons a forte valeur économique face a la pression croissante de la péche depuis les
années 70, I’hypothése que I’impact de la péche pourrait étre comparable a celui du
changement climatique a ainsi été emise (Waples et Audzijonyte 2016). En effet, dans les
deux cas une pression forte est exercée sur les individus de grande taille. La pression de
péche se concentre sur les espéces de poissons de grande taille (Pauly et al. 1998, Jackson
et al. 2001), ces derniéres sont également les plus sensibles au changement climatique. Les
individus de grande taille ont une sensibilité importante a 1’augmentation de la température
a cause d’un rapport surface-volume réduit limitant 1’apport d’oxygene, et des taux
cataboliques versus anaboliques élevés (Kozlowski et al. 2004). Aujourd’hui, a cause des
pressions anthropiques, les taux de mortalités actuels dépassent les taux de mortalités
naturels (Darimont et al. 2009; Figure 3B). La mortalité causée par I’Homme ne joue pas
sur le taux de mortalité naturelle (ellipse noire), elle s’additionne. La population passe d’un
état A (taux de mortalité naturel) a un état B lorsque I’on ajoute les mortalités causées par
I’homme. La viabilité de la population est alors menacée. Afin de retrouver sa viabilité, la
population doit évoluer (fleche rouge) vers une histoire de vie « plus rapide » qui donne a
chaque individu une plus grande chance de se reproduire au moins une fois avant de mourir
(Waples et Audzijonyte 2016). Cette « accélération » du rythme de vie a également été
montrée chez d’autres especes ectothermes et a souvent €ét€ mise en corrélation avec
I’augmentation de la température (Houde 1989, Blaxter 1992, Benoit et al. 2000, Bestion et
al. 2015). En effet, la température corporelle des especes ectothermes, et donc leurs
fonctions physiologiques de bases, sont directement dépendantes des conditions
environnementales (Gillooly et al. 2001). Question de cinétique, si la température
extérieure augmente, cela va généralement de pair avec 1’augmentation du métabolisme de
ces especes. Les stratégies de vie et leurs traits associés sont donc susceptibles d'avoir une

forte incidence sur la fagon dont les especes vont répondre aux gradients abiotiques. De ce



fait, le rythme de vie contient beaucoup d'informations sur la capacité que vont avoir les

espéces a répondre aux changements environnementaux (Stoffels 2015).

Vers une raréfaction globale en oméga 3: le role du phytoplancton

Au cours des vingt dernieres années, plusieurs études ont montré que la
modification des parametres physico-chimiques de 1’océan liée aux changements globaux
(augmentation de la température, diminution du pH, diminution de la saturation en
oxygene) avait des répercussions directes sur la base des réseaux trophiques marins,
notamment au niveau de la physiologie des especes phytoplactoniques et de leur
assemblage (Gomez et Souissi 2008, Guschina et Harwood 2006, Pahl et al. 2010, Chen
2012). Le phytoplancton est constitué de nombreuses espéces considérées comme
producteurs primaires (production de matiére organique a partir de matiére minérale). Il
constitue un gisement majeur de lipides et d’acides gras (AG) représentant une source
d’énergie importante pour les organismes de niveau trophique supérieur (Sargent et al.
2002). Les AG sont également d’une importance vitale pour les espéces puisqu’ils sont les
constituants majoritaires des membranes cellulaires (Sargent et al. 2002). La composition
précise en AG des membranes est déterminante pour la structure ainsi que la fonction des
cellules et des tissus, et peut avoir des effets importants a différents niveaux écologiques et
biologiques (Arts et al. 2009, Parrish 2013). Les especes phytoplanctoniques produisent la
majeure partie des AG a longue chaine polyinsaturée du type n-3 (AGLPI n-3, aussi
appelés omégas 3) présents dans la biosphére, car les plantes ne sont pas capables de
synthétiser ces molécules, notamment les acides eicosapentaenoique (C20:5n-3, EPA) et
docosahexaenoique (C22:6n-3, DHA ; Arts et al. 2009).

Plusieurs études ont montré une corrélation négative entre température et richesse
en AGLPI du type n-3 des espéces phytoplanctoniques (Ackman et Tocher 1968,
Thompson et al. 1992, Renaud et al. 2002, Guschina et Harwood 2006). Par exemple, il a
été montre que le taux de croissance des diatomées et leur contenu en AGLPI n-3 diminuait

avec l’augmentation de la température de ’eau (Gomez et Souissi 2008, Guschina et



Harwood 2006, Pahl et al. 2010, Chen 2012). Cette raréfaction des AGLPI n-3 a été
démontrée a une échelle globale par Hixson et Arts (2016), lors de 1’étude de 6 groupes
majeurs d’espéces phytoplanctoniques marines et dulcicoles. Plus particulierement, cette
étude montre que la température est positivement corrélée aux contenus relatifs en oméga 6
(notamment en acide arachidonique, C20:4n-6) et acides gras saturés, et inversement
corrélée avec les contenus relatifs en EPA et DHA. Les mémes tendances ont éte rapportees
dans une étude plus compléte ou plus de 3000 profils d’acide gras d’organismes marins et
terrestres ont été analysés (Colombo et al. 2016). Au-dela de la modification de
I’assemblage des espéces phytoplanctoniques, cette raréfaction des AGLPI n-3 peut étre
expliquée a travers le concept d'adaptation homéovisqueuse (cf partie « Lipides et
température: 1’adaptation homéovisqueuse », page 15). Parmi les AGLPI n-3, le DHA et
I’EPA sont des AGLPI essentiels chez les espéces qui ne sont pas capables de les
synthétiser et qui dépendent de I'apport alimentaire pour satisfaire leurs besoins (cf partie «
Lipides nutritionnels et synthése de novo », page 12). Un appauvrissement en AGLPI n-3 a
la base des réseaux trophiques pourrait se propager aux niveaux trophiques supérieurs
puisqu’une partie de la composition en AG des organismes est dépendante de 1’apport
alimentaire (Bell et al. 1996, Leu et al. 2006), et avoir des conséquences sur la physiologie

et les performances de nombreuses especes.

ETAT DE L’ART

Les lipides: définitions et roles

Les lipides sont constitués de molécules organiques hétérogenes et peuvent étre classés
en fonction de leur solubilité dans les solvants organiques ainsi qu’avec la structure de leur
squelette carboné (Fahy et al. 2005). Chez les organismes marins, ils peuvent contribuer pour
plus de 20% du carbone organique (Rullkétter 2000) et jusqu’a 60% dans certaines cellules
phytoplanctoniques (Fernandez et al. 1994). lls sont utilisés par les organismes comme source
ou réserve de carbone et d’énergie, comme composants des membranes cellulaires (Sargent et

al. 1989) et comme précurseurs d’activité biologique (eicosanoides; Tocher 2003). Les AG sont
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présents dans différents groupes de lipides (sphingolipides, glycérides, phospholipides) et se
définissent comme des molécules comportant une chaine aliphatique de 4 a 28 atomes de
carbone (généralement en nombre pair) et se terminent par un groupement acide (Figure 4A).
Les AG a longue chaine sont composés d’une chaine carbonée comportant de 14 & 22 atomes
de carbone. Lorsque plus de 22 atomes de carbone sont présents, ils sont appelés AG a tres
longue chaine. Les AG peuvent étre saturés, c’est-a-dire qu’ils ne possedent pas de double
liaison, leurs atomes de carbone étant liés entre eux par des liaisons covalentes simples; ou
insaturés (Figure 4A). Dans ce cas, il y présence d’une (AG monoinsaturé) ou plusieurs doubles
liaisons (AG polyinsaturés) sur le squelette carboné. La nomenclature des acides gras utilisée
dans le manuscrit est la suivante: C:Xn-Y, ou C est le nombre d’atomes de carbone, X est le
nombre de doubles liaisons (aussi appelé insaturation), et ou n-Y représente la position du
premier carbone portant la premiére insaturation en partant du CH3 terminal. 1l existe trois

grandes familles parmi les AG: les omégas 3, 6 et 9 (notés aussi n-3, n-6, N-9 ou ®3, W6 et ®9).
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Figure 4: Les lipides. Représentations schématiques, définitions et nomenclatures des
acides gras (A), des lipides (B), et des membranes avec une illustration du processus
d’adaptation homéovisqueuse (C).

L’ensemble de ces molécules peut étre subdivisé en lipides neutres et polaires, en
référence aux méthodes chromatographiques de séparation des classes (Figure 4B).
Généralement, dans un organisme, la composition en AG des lipides neutres de réserve
refléte assez bien celle de 1’alimentation (Regost et al. 2003, Montero et al. 2005, Skalli et
al. 2006) alors que la composition en lipides polaires membranaires fait 1’objet d’une
régulation plus stricte. Les lipides polaires sont caractérisés par une téte polaire hydrophile
qui permet la constitution de bicouches lipidiques dans les membranes cellulaires (Figure
4C). La nature des tétes polaires et les caractéristiques des AG (longueur de chaine,
position et nombre de doubles liaisons) qui composent ces molécules vont étre
déterminantes pour la structure membranaire et vont directement influencer leurs propriétés
et fonctionnalités. Les phospholipides constituants les membranes cellulaires sont
généralement riches en AG a longue chaine polyinsaturée de type n-3 (Vaskovsky 1989)
tels que ’EPA (20:5n-3) et le DHA (22:6n-3) qui permettent d’augmenter la fluidité
membranaire et procurent un environnement favorable a 1activité des protéines
transmembranaires (Eldho et al. 2003). L’acide arachidonique (ARA, 20:4n-6) est
également un composant important des phospholipides membranaires. Chez les poissons,
EPA, DHA et ARA ont des roles déterminants dans 1’ontogenése, le développement et la
fonctionnalité du cerveau, de la vision et du systeme nerveux, la croissance, la survie, la

pigmentation et la résistance au stress et aux maladies (pour revue voir Sargent et al. 2002).

Lipides nutritionnels et synthése de novo

Chez les poissons, les AG fournis par 1’alimentation sont stockés sous forme de
lipides neutres (majoritairement comme triglycérides) ou insérés dans les membranes
cellulaires comme phosphoglycérides polaires (Sargent et al. 1999, Tocher 2003). Plus
exactement, 85% de leurs réserves énergétiques sont stockées sous forme de triglycérides

car les lipides constituent la source d’ATP la plus efficace par gramme comparé aux autres
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macronutriments (Weber 2011). En effet, les lipides apportent 39,5 kJ g™ par rapport aux
protéines et aux glucides qui fournissent respectivement 23,7 et 17,2 kJ g* (National
Research Council 1993). Selon les espéces de poissons, cette réserve d’énergie peut étre
stockée dans le foie, le muscle, le tissu adipeux péri-viscéral ou sous-cutané (Ando et al.
1993).

La lipogenese est le terme utilisé pour décrire les réactions de biosynthéses de novo
des lipides. Les acides gras polyinsaturés du type n-9 peuvent étre synthétisés a base d’AG
apportés par 1’alimentation ou de novo (lipogénése) a partir d’acides aminés et de glucides.
A T’opposé, les AG de la série n-6 et n-3 ne peuvent étre synthétisés qu’a partir d’AG
précurseurs, aussi appelés acides gras essentiels (AGE) fournis uniquement par voie
alimentaire. Les biotransformations (élongation, désaturation et B-oxydation) interviennent
uniquement au sein d’une méme famille d’acide gras (Figure 5). Deux familles d’enzymes
sont importantes dans la biosynthése des AG : les élongases qui permettent une élongation
des chaines carbonées par 1’ajout de 2 carbones et les désaturases qui ont pour role
d’introduire une double liaison entre deux carbones par déshydrogénation (perte d’atomes
d’hydrogéne). Les poissons, comme les vertébrés, ne possédent pas les désaturases
nécessaires pour former I’acide linoléique (LIN, 18:2n-6) et a-linolénique (ALA, 18:3n-3) a
partir de 1’acide oléique (AO, 18:1n-9), c’est pourquoi les AGLPI sont essentiellement
d’origine nutritionnelle (revu par Arts et al. 2009). Toutefois, LIN et ALA peuvent étre
désaturés et élongués, avec des rendements variables en fonction des especes, pour former
des AG a plus longue chaine y compris le DHA, EPA et ARA. L’efficacité de cette
synthése dépend de I’activité des acyl désaturases et des élongases, qui elle-méme peut

dépendre de la disponibilité en AGLPI nutritionnels.
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Figure 5: Représentation schématique de la voie métabolique des acides gras a longue
chaine polyinsaturée et des processus enzymatiques associés a chaque étape. La voie de
synthése des acides gras de chaque série, n-9 (magenta), n-6 (bleu) et n-3 (jaune), est
représentée. AO: acide oléique, LIN: acide linoléique, ALA: acide a-linolénique, ARA:
acide arachidonique, EPA: acide eicosapentaénoique, DHA: acide docosahexaenoique. D:
désaturase.

De grandes disparités existent entre les besoins en apport d’AG nutritionnels entre
espéces marines et dulcicoles (pour revue: Tocher 2010). Les poissons marins ont acces a
des quantités importantes d’EPA et de DHA via leur alimentation avec des proies riches en
ces 2 AG. A P'opposé, les proies naturelles de nombreux poissons d’eau douce sont bien
moins riches en AGLPI n-3, notamment en DHA (Arts et al. 2009). L’importante
disponibilité des AGLPI n-3 fournis par les especes phytoplanctoniques dans les réseaux
trophiques marins, pourrait expliquer I’absence de pression de sélection sur cette voie de
biosynthése chez plusieurs espéces de poissons marins, et notamment 1’inefficacité de cette
voie de synthese de novo chez certaines especes piscivores (Tocher et al. 2006). Avec un
régime plus pauvre en AGLPI du type n-3, les espéces d’eau douce possédent généralement

une voie de biosynthése de ces AG plus efficace. C’est en étudiant des hépatocytes de
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poissons dulcicoles tels que la truite arc-en-ciel (Oncorhynchus mykiss, Buzzi et al. 1996,
1997), la truite commune (Salmo trutta, Tocher et al. 2001a), le tilapia (Oreochromis
niloticus) et le poisson-zebre (Danio rerio, Tocher et al. 2001b) qu’il a été mis en évidence
que I’EPA et le DHA étaient produits a partir d’ALA. Les hépatocytes des espéces marines
possedent une faible activité de désaturation de I’ALA, qui ne permet pas d’aboutir a la
production d’EPA ou de DHA (Sargent et al. 2002, Tocher 2003). Ainsi, le turbot
(Scophtalamus maximus), le bar européen (Dicentrarchus labrax) et la daurade royale
(Sparus aurata) ne sont pas capables de produire du DHA a partir d’ALA en quantité
suffisante pour permettre de couvrir les besoins nutritionnels (Owen et al. 1975, Sargent et
al. 2002, Geay et al. 2010, Geay et al. 2012) a cause de déficiences dans une ou plusieurs
étapes de la voie de biosynthese (Ghioni et al. 1999, Tocher et Ghioni 1999, Santigosa et al.
2010). C’est pourquoi, EPA, DHA et ARA sont considérés comme des AGE chez les
espéces marines. Ces capacités de biosynthése ont notamment été beaucoup étudiées a des
fins aquacole afin d’optimiser les apports nutritionnels en huiles végétales et de poissons

pour des espéces commerciales dulcicoles et marines.

Lipides et température: I’adaptation homéovisqueuse

Dans le contexte des changements globaux et notamment de 1’augmentation globale
des températures, les especes aquatiques sont exposées a des conditions environnementales
variables et parfois extrémes qui peuvent induire des effets marqués sur leur physiologie,
notamment chez les especes poikilothermes qui sont totalement dépendantes de la
température de leur milieu. Dans certaines circonstances, les poissons sont capables de
modifier leur comportement (par exemple en passant d’une eau plus chaude a une eau plus
froide), ou de mettre en place des modifications biochimiques et physiologiques, en
particulier au niveau des membranes cellulaires. L’ajustement des propriétés physico-
chimiques des membranes est une réponse plus durable aux changements de température,
ce processus est aussi appelé adaptation homéovisqueuse (Sinensky 1974; Figure 4C). Ce
changement implique un remodelage des lipides membranaires entrainant une modification

de la longueur des chaines d’AG et de leur niveau d’insaturation (Figure 4C), dans le but de
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maintenir la fluidité souhaitée dans les membranes cellulaires (Sinensky 1974, Lande et al.
1995, Guschina et Harwood 2006). Les doubles liaisons des AGLPI améliorent la capacité
des AG a « se plier » et permettent plus de flexibilité, ce qui entraine une augmentation de
la fluidité membranaire (Eldho et al. 2003; Figure 4C). Chez les especes poikilothermes, y
compris les poissons, il a été montré qu’une augmentation de la proportion en AGLPI dans
les lipides membranaires permet de maintenir la membrane fluide sous des températures
froides (Hazel et al. 1992, Calabretti et al. 2003, Los and Murata 2004). A I’inverse, lors
d’une augmentation de température, les AGLPI sont remplacés par des AG saturés (Skalli
et al. 2006). Les lipides ont donc un réle primordial dans 1’adaptation des organismes aux
changements de température, mais I’impact d’une raréfaction globale en AGLPI n-3

nutritionnels sur la capacité de réponse de ces organismes n’a été que trés peu étudiée.

Lipides et performances: croissance et nage

Un aspect fondamental de I'histoire de vie et de I’écologie d’une espece réside dans
sa capacité a convertir les ressources disponibles en nutriments et en énergie pour les
utiliser pour son maintien, ses activités, et sa reproduction (Karasov et Martinez del Rio
2007). C’est pourquoi I’influence des lipides sur I’ontogénese d’espéces modéles,
notamment a caractére aquacole, a été largement étudiée dans des conditions contrdlées en
laboratoire (McKenzie 2001, Koven et al. 2003, Vagner et al. 2007b, Fountoulaki et al
2009, Torrecillas et al. 2017b). L’étude de la substitution des huiles de poissons (riches en
AGLPI n-3) par des huiles végétales (pauvres en AGLPI n-3) pour la nutrition des poissons
a également fait I’objet de nombreuses études. La plupart de ces études portent sur des
salmonidés (McKenzie et al. 1998, Tocher et al. 2000, Torstensen 2000, Caballero et al.
2002), des especes d’eau douce (Martino et al. 2002, Ng et al. 2003) et quelques especes
marines incluant le bar européen (D. labrax; Yildiz et Sener 1997, Montero et al. 2005,
Chatelier et al. 2006), le turbot (P. maxima; Regost et al. 2003), la dorade (S. aurata;
Kalogeropoulos et al. 1992, Caballero et al. 2003, Montero et al. 2003) et le pagre (Pagrus
auratus; Glencross et al. 2003). Ainsi chez le saumon atlantique (Salmo salar), la

substitution de 100% de 1’huile de poisson par de I’huile de colza dans 1’alimentation n’a
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pas eu d’effet sur la croissance sur une période de 17 semaines (Bell et al. 2001). De la
méme facon, une substitution totale, pendant 62 semaines, de I’huile de poisson par un
mélange d’huiles végétales (55% colza, 30% palme, 15% lin), n’a pas affecté la croissance
de la truite arc-en-ciel (Oncorhynchus mykiss, Drew et al. 2007). Chez le bar, selon les
études réalisées, 1’incorporation de lipides marins dans I’aliment a hauteur de 10 a 15% (par
rapport au % de matiere seche [MS]) permet d’optimiser la croissance. Chez les juvéniles
de bar européen (15 g), on estime le seuil minimal d’apports en AGLPI du type n-3 a 0.7%
par rapport a la matiére séche de 1’aliment (Skalli et Robin 2004, Skalli et al. 2006). En
dessous de ce seuil, la croissance diminue significativement car les besoins en AGLPI ne
sont pas satisfaits. Pour les poissons marins, les AGLPI sont donc déterminants pour la
croissance qui est un trait de performance tres recherché en aquaculture, mais également
essentiels pour la survie de I’espéce en milieux naturel. La croissance est un trait biologique
d’intérét car elle est considérée comme un trait intégrateur, ¢’est-a-dire qu’elle dépend d’un
ensemble de fonctions physiologiques. Qu’en est-il de I’effet des AGLPI sur un autre trait

de performance intégrateur, la nage ?

La nage est d’une importance écologique Vvitale chez les poisons (par exemple:
éviter la prédation, capture de proies, migrations, etc.) et, chez de nombreuses especes, elle
est considérée comme un facteur déterminant de la survie (Videler 1993, Reidy et al. 2000,
Armsworth 2001, Johnston et al. 2001, Plaut 2001, Fisher et Wilson 2004, Green et Fisher,
2004, Claireaux et al. 2006). De plus, la nage est un trait intégrateur de performance
puisqu’elle est tributaire d’un ensemble de processus et de fonctions physiologiques (par
exemple: la ventilation, le transport de 1’oxygene, le travail musculaire et I’homéostasie de
maniere générale). C’est la raison pour laquelle elle est souvent utilisée comme un indice
intégré de 1’état physiologique et de santé chez les poissons (Nelson 1989, Randall et
Brauner 1991, Plaut 2001). La quantité et la qualité des apports nutritionnels apparaissent
comme une source importante de diversité physiologique chez les poissons, notamment en
termes de performance de nage, en particulier via I’accumulation tissulaire de certains AG
(McKenzie 2001, Tocher 2003, Chatelier et al. 2006). En effet, la performance musculaire

dépend de 1’approvisionnement en carburants métaboliques. Lorsqu’un poisson nage, il
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utilise ses réserves énergétiques principalement stockées sous forme de triglycérides
(lipides neutres; Richards et al. 2002a, Magnoni et al. 2006, Weber 2011). Les poissons ont
différents modes de nage classés en fonction de la durée de I'effort fourni, des muscles
impliqués et des substrats énergétiques utilisés (Beamish 1978, Webb 1993, Shadwick et al.
1998). La performance de nage prolongée est estimée par la vitesse de nage que les
poissons peuvent maintenir avant d’atteindre I’épuisement (Beamish 1978). Lors d’une
nage prolongée, lorsque la demande métabolique aérobie des muscles rouges dépasse la
capacité en oxygene et en nutriments des systemes respiratoire et cardiovasculaire, les
muscles blancs qui fonctionnent en anaérobie sont sollicités. Par conséquent, a mesure que
la vitesse de nage augmente, il en est de méme pour le métabolisme anaérobie (Peake et
Farrell 2004). Afin de déterminer la performance de nage prolongée, la vitesse de nage
critique est calculée (Brett 1964, Beamish 1978, Hammer 1995, Plaut 2001). Seules
quelques études ont été réalisées sur les effets des lipides nutritionnels sur la vitesse de
nage critique. Les différences de formulation/composition des aliments et de protocoles de
nage rendent la comparaison directe de ces études difficile. Pour certains auteurs la vitesse
critique de nage est diminuée suite a la substitution partielle des huiles de poissons (riches
en AGLPI n-3) de I’aliment par des huiles végétales (pauvres en AGLPI n-3). C’est ce qui a
été observé chez ’omble chevalier (Salvelinus alpinus; Petterson et al. 2010) et le saumon
atlantique (S. salar; Wagner et al. 2004). A I’opposé, d’autre auteurs ont trouvé qu’un
régime pauvre en AGLPI n-3 favorisait de meilleures performances de nage, notamment
chez le saumon (S. salar; McKenzie et al. 1998), le bar (D. labrax; Chatelier et al. 2006) et
le mulet (Liza aurata; VVagner et al. 2014). Ces dernieres études ont montré que de faibles
niveaux nutritionnels en AGLPI n-3 (remplacés par une teneur élevée en AG
monoinsaturés) résulteraient en une utilisation préférentielle des AG monoinsaturés comme
source d’énergie pour soutenir 1’effort de nage. Ces résultats contrastés révélent
I’importance d’une meilleure compréhension de I’effet de la teneur en AGLPI n-3

nutritionnels sur les performances de nage des poissons.
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LES MODELES BIOLOGIQUES

Des deux cotés de 1’Atlantique Nord, les bars sont des espéces économiquement
importantes et a forte valeur patrimoniale. Bien que le bar européen et le bar rayé ne soient
pas du méme genre, ces especes appartiennent toutes les deux a la famille des Morinidae
(Tableau 1). Les genres Morone et Dicentrarchus formeraient une lignée monophylétique,
c’est-a-dire qu’ils seraient issus d’un méme ancétre commun (Williams et al. 2012).
L’hypothéese de la présence d’un ancétre commun anadrome, dont M. saxatilis, serait une
radiation évolutive plus récente que D. labrax a été avancée par différents auteurs (Leclerc
et al. 1999, Williams et al. 2012).

Tableau 1: Nomenclature des espéces

Bar européen Bar rayé

Classe Actinopterygii

Ordre Perciformes

Famille Moronidae

Genre Dicentrarchus Morone
Espéce D. labrax M. saxatilis

Au cours des 2 derniéres décennies, et a 1’image de nombreuses espéces de
I’ Atlantique Nord-Est, ’aire de répartition du bar européen s’est treés largement étendue
vers le nord (Figure 6). Alors que dans les années 90, la limite septentrionale de son aire de
distribution etait le sud de la Mer du Nord (Pickett et Pawson 1994), il est aujourd’hui trés
couramment péché dans les fjords norvégiens, d’Oslo a Tromsg. On retrouve le bar
européen dans les eaux cotieres mais aussi dans les eaux saumatres des zones estuariennes,
les lagunes cdtiéres, et parfois en rivieres. Cette espece est considérée comme eurytherme

et euryhaline, capable de tolérer une large gamme de températures (de 2 a 32°C; Hidalgo et
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Alliot 1988) et de salinités (de 0.5%0 a 40%o; Eroldogan et al. 2004). Depuis 2005, les
stocks de bars européens sont menacés par la surpéche et la pollution qui induisent un
déclin des populations (ICES 2018).
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Figure 6: Carte de distribution du bar rayé (Morone saxatilis) et du bar européen
(Dicentrarchus labrax). L’aire en jaune représente 1’aire géographique ou est présente
I’espéce (fonds de carte modifiés de Freytof et Kottelat 2008, NatureServe 2013).

Le bar rayé (M. saxatilis) est un poisson typique des estuaires et du littoral de la
cote Est de I’Amérique du Nord (Scott et Scott 1988). Son aire de distribution naturelle
couvre la cote Est de 'Amérique du Nord, de ’estuaire du Saint-Laurent & la riviere St.
Johns, dans le nord de la Floride (Figure 6). Poisson anadrome, le bar rayé doit se déplacer,
pour compléter son cycle vital, entre un habitat de reproduction en eau douce et des aires
d’alimentation en eau saumatre ou salée, en estuaire ou le long des cotes. Aux stades
d’immature et d’adulte, on retrouve ponctuellement le bar rayé dans les habitats cotiers et
les milieux estuariens (Bain et Bain 1982). En revanche, les populations canadiennes de bar
rayé sont caractérisées par une remontée automnale et un hivernage en eau douce ou
saumatre. Dans le passé, on dénombrait au Canada trois populations distinctes de bars
rayés, dont une au Québec occupant une partie du fleuve et de I’estuaire du Saint-Laurent
(Figure 6). La population de bars rayés du fleuve du Saint-Laurent a longtemps été
exploitée dans le cadre de péches commerciales et sportives, mais a disparu vers le milieu

des années 1960 (Pelletier et al. 2011). La surexploitation par la péche, les activités de
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dragage et d’entretien de la voie maritime, ainsi que le braconnage seraient les causes
probables de sa disparition (Beaulieu 1985, Beaulieu et al. 1990). Depuis lors, les travaux
de réintroduction de 1’espece ont débuté et sont toujours en cours pour essayer de rétablir

une nouvelle population dans le corridor fluvial du Saint-Laurent.

Le bar européen et le bar rayése situent a un niveau trophique similaire. Considérés
comme superprédateurs, le bar européen et le bar rayé sont adaptables et opportunistes, ce
qui leur permet de se nourrir avec les proies les plus abondantes (Boulineau-Coatanea
1969, Kennedy et Fitzmaurice 1972, Hartman et Brandt 1995, Sanchez VVazquez et Mufioz-
Cueto 2014). Les jeunes bars, de petite taille, se nourrissent d’invertébrés aquatiques et
deviennent majoritairement piscivores avec 1’age et 1’augmentation de leur taille (Boynton
et al.1981, Gardinier et Hoff 1982, Rulifson et McKenna 1987, Sanchez Vézquez et
Mufioz-Cueto 2014). En revanche, leur écologie trophique, notamment la nature des proies
consommeées différe en fonction de I’accomplissement de leur cycle de vie, et de 1’habitat
qu’ils occupent (Hartman et Brandt 1995). Issues d’un ancétre commun, et
morphologiquement proches, ces deux especes se différencient largement lorsque 1’on
étudie leurs traits d’histoire de vie (Secor 2002, Tableau 2). Les deux espéces n’évoluent
pas dans le méme habitat, leur écologie est différente: D. labrax se reproduit en mer alors
que son cycle de vie se déroule principalement dans les eaux coOtieres et parfois en
estuaires; M. saxatilis possede un cycle de vie majoritairement estuarien et fraye en eau
douce. A la lumiére des traits d’histoire de vie de chacune des especes (Tableau 2), on
observe que D. labrax et M. saxatilis possedent globalement une stratégie de reproduction
différente. En effet, la taille des ceufs (ray€ > européen), le taux de croissance larvaire (rayé
> européen), I’dge de maturité des femelles (rayé > européen), la longévité des femelles
(rayé > européen), le temps de génération des femelles (rayé > européen) ou encore la taille
maximale des femelles (rayé > européen) soulignent des différences marquées. Nous avons
donc choisi ces deux espéces, car elles semblent avoir un rythme de vie difféerent (voir
partie « Les stratégies de vie des especes », page 4): D. labrax posséderait un rythme de vie

rapide tandis M. saxatilis aurait un rythme de vie plus lent.
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Tableau 2: Traits d’histoire de vie du bar européen (Dicentrarchus labrax) et du bar rayé
(Morone saxatilis, inspiré de Secor 2002)

Bar européen Bar rayé
Traits
D. labrax M. saxatilis
Gonochorique Gonochorique
Ecologie de la reproduction Plusieurs pontes par an Ponte unique par an
Saison de ponte : 2-3 mois  Saison de ponte : 1-2 mois
] ) Eaux douces
Habitats de ponte Zones cotiéres )
Estuaires
Taille des ceufs 200 ug 1000 pg x5
) _ Zones cotieres )
Habitats larvaire ) Estuaires
Estuaires
Taux de croissance larvaire 0,13mm.j! 0,20mm.j"! x 1,5
Age a la maturité des femelles 2-3 ans 5-8 ans x2a3
Longévité des femelles 15 ans 31 ans x 2
Fécondité maximale des femelles 2,5 10° ovocytes 8,0 10° ovocytes x 3
Temps de génération des femelles 3 ans 10 ans %3
Masse maximale des femelles 12kg 57kg x5

Le bar européen est une espece dont la domestication est bien maitrisée en Europe,
car elle est depuis longtemps élevée en aquaculture et utilisée comme espéce modéle pour
la science. En revanche, il existe tres peu de données concernant le bar rayé. La plupart des
publications datent des années 70-90, ou un engouement certain s’est développé aux Etats-
Unis pour I’aquaculture du bar rayé hybride (croisement entre un bar rayé [M. saxatilis] et
un bar blanc [M. chrysops]), aussi appelé bar américain, palmetto bass (9 saxatilis x &
chrysops) ou sunshine bass (Q chrysops x & saxatilis; Hodson 1990). Le bar rayé hybride
présente une meilleure croissance que le bar rayé (Smith et al. 1985), ce qui explique
I’engouement pour sa production et les différentes études scientifiques portant sur cet
hybride. Par le passé, le bar rayé a suscité un intérét limité parmi la communauté
scientifique, mais les défis de protection et de réintroduction actuels nécessitent

I’acquisition de nouveaux savoirs scientifiques sur cette espéce.
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OBJECTIFS DU PROJET

Ce projet doctoral s’intégre dans un vaste projet qui propose d’examiner les
déterminants de la capacité de réponse de deux espéces issues d’un ancétre commun mais
ayant une histoire de vie divergente, face aux changements climatiques globaux. Au cours
de leur histoire évolutive ces espéces ont été soumises a des pressions de sélection
différentes, elles ont aujourd’hui une écologie qui leur est propre et il est donc probable
qu’elles répondront de maniére différente aux changements climatiques contemporains. De
nombreuses disciplines comme la physiologie, la génomique ou encore la nutrition ont été
mises a contribution dans le cadre de ce projet mené en collaboration par différents
laboratoires. L’objectif global de ce projet doctoral était d’étudier les effets de différents
niveaux en AGLPI n-3 sur la plasticité de ces deux espéces modéles, a plusieurs niveaux
fonctionnels. Dans le cadre de cette these, quatre objectifs spécifiques ont été identifiés.

Premier objectif de recherche

Le premier objectif de recherche était d’étudier D’effet combiné entre une
augmentation de la température de 1’eau et une réduction en disponibilité des AGLPI n-3
nutritionnels chez les juvéniles de bar européen. Nous avons testé 1’hypothése que 1) les
juveéniles ayant recu un apport moindre en AGLPI possédent un taux de rétention des AGE
plus important que ceux ayant recu un régime riche, 2) que les poissons élevés a une
température élevée présentent un contenu tissulaire moindre en AGE en lien avec le

concept d’adaptation homéovisqueuse et a cause de besoins énergétiques plus élevés.

Deuxiéme objectif de recherche

Un autre objectif de recherche était de caractériser les effets de I’augmentation de la
température de 1’eau et de la réduction en disponibilité des AGLPI n-3 alimentaires sur le
métabolisme des lipides et le stress oxydatif chez les juvéniles de bar européen. Les

hypothéses testées étaient que 1) un aliment pauvre en AGLPI stimule la biosynthese des
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AG, 2) un aliment riche en AGLPI peut engendrer un stress oxydatif aggravé lorsque la

température est élevée.

Troisieme objectif de recherche

Un troisieme objectif de recherche était d’établir de quelle maniére les acides gras et
la température pouvaient affecter la plasticité phénotypique chez les juvéniles de bar
européen. La plasticité a été étudiée via les capacités de nage en utilisant un protocole de
vitesse de nage critique dans différentes conditions environnementales contraignantes sur le
plan physiologique (salinité et hypoxie). Nous avons testé I’hypothése que 1) la richesse en
AG du muscle influence les performances de nage et 2) que les composés plasmatiques

(lactate, glucose et osmolarité) permettent d’expliquer les performances de nage.

Quatriéme objectif de recherche

Le dernier objectif de recherche était d’étudier I’effet combiné entre deux salinités
(eau douce vs. eau saumatre) et deux niveaux en AGLPI n-3 nutritionnels chez les juvéniles
de bar rayé en conditions hivernales. Les hypothéses étaient 1) qu’une croissance plus
importante serait observée avec 1’aliment riche en AGLPI n-3, 2) que les juvéniles en eau
saumatre auraient besoin de plus grandes réserves énergétiques pour faire face a des

besoins plus élevés.



CHAPITRE 1
LE RECHAUFFEMENT CLIMATIQUE AFFECTERA-T-IL LE BESOIN
FONCTIONNEL EN ACIDES GRAS ESSENTIELS CHEZ LES JUVENILES DE
BAR EUROPEEN (DICENTRARCHUS LABRAX)? UN PREMIER APPERCU
DES CONSEQUENCES DE LA FAIBLE DISPONIBILITE EN ACIDES GRAS
NUTRITIONNELS SUR LES PERFORMANCES DE CROISSANCE

Ce premier article intitulé « Will global warming affect the functional need for
essential fatty acids in juvenile sea bass (Dicentrarchus labrax)? A first overview of the
consequences of lower availability of nutritional fatty acids on growth performance » a été
publié dans Marine Biology (doi.org/10.1007/s00227-018-3402-3).

Les larves de bar européen ont été fournies par I’entreprise Aquastream (Ploemeur,
France). L élevage a été réalisé par Clémence Gourtay en étroite collaboration avec Patrick
Quazuguel (Ifremer) dans les locaux de I’Ifremer (Brest, France) et supervisé par Guy
Claireaux et José Zambonino. Les aliments expérimentaux ont été formulés par José
Zambonino et fabriqués par Frédéric Terrier (INRA) et Frédéric Vallée (INRA). Les
analyses biométriques et les échantillonnages ont été effectués par Clémence Gourtay avec
I’aide des permanents, vacataires et stagiaires: Cassandre Aimon, Laura Cadiz, Guy
Claireaux, Louise Cominassi, Loick Ducros, Laura Frohn, Sarah Howald, Christine
Huelvan, Nicolas Le Bayon, Lauriane Madec, David Mazurais, Ariana Servilli, Marie

Vagner, Dorothée Vincent, Patrick Quazuguel, José Zambonino.

La redaction ainsi que les analyses statistiques, les figures et tableaux ont été réalises
par Clémence Gourtay, qui a rédigé les premiéres versions et intégré au fur et a mesure les
corrections apportées par les co-auteurs. Elle a réalisé la soumission des articles et proposé
une premiere version du manuscrit révisé ainsi qu’une réponse aux arbitres. Cette derniere a

été amendée par les co-auteurs avant I’envoi final. Pour cet article la préparation des
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échantillons pour I’analyse des acides gras a été réalisée par Clémence Gourtay en
collaboration avec Hervé Le Delliou. L’analyse des chromatogrammes et 1’intégration des
analyses de lipides a été menée par Hervé Le Delliou sous la supervision de José

Zambonino.

Différents eléments de cet article ont été présentés au congres international de la «
Society for Experimental Biology » (Brighton, Angleterre, juillet 2016), a la réunion
annuelle de Ressources Aquatiques Québec (Québec, Canada, novembre 2017), et lors de la

journée de I’école doctorale des sciences de la mer (Brest, France, février 2018).
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1.1 RESUME

Les changements climatiques mondiaux ont entrainé une diminution des acides gras a
longue chaine polyinsaturée (AGLPI) du type oméga 3 contenus dans le phytoplancton
marin qui, suite aux transferts au sein de la chaine alimentaire, pourrait avoir un impact
négatif sur les performances des poissons. Le but de cette étude était d'évaluer I'effet d'une
réduction de la disponibilité alimentaire des AGLPI n-3 sur la performance de croissance,
I'allométrie des organes et la composition en AG chez les juvéniles de bar européen
(Dicentrarchus labrax) élevés a deux températures différentes: 15°C (condition naturelle)
et 20°C (scénario de réchauffement global). Les poissons ont été nourris pendant cing mois
avec deux régimes isoénergétiques et isoprotéiques: un régime de référence (AL++; AGLPI
n-3 = 1,65% de la matiere séche, MS) utilisé comme indicateur des réseaux trophiques ou
les AGLPI n-3 seraient abondants et un régime alimentaire contenant moins d’AGLPI n-3
(AL; AGLPI n-3 = 0,73% DM) concu pour simuler la diminution attendue en AGLPI n-3
dans les sources alimentaires résultant des changements climatiques globaux. Les résultats
ont montré une diminution des taux de croissance et de Iégeres modifications du profil des
lipides polaires dans le muscle des juvéniles de bar nourris avec AL, alors que les lipides
neutres ont été plus affectés a long terme. Les masses relatives du cceur et du systéme
gastro-intestinal étaient plus élevées a 20°C, tandis que la masse hépatique était plus élevée
a 15°C chez les juvéniles nourris avec 1’aliment AL. Cependant, la masse de gras
mésentérique des juvéniles nourris avec I’aliment AL++ était plus élevée a 15°C.
Globalement, les résultats suggéerent que les juvéniles de bar sont capables de mettre en
place des mécanismes physiologiques pour faire face a une diminution en AGLPI n-3
alimentaires et sont capables d’améliorer leur croissance lorsque la température est €élevée,
méme lorsque la disponibilité des AGLPI n-3 est réduite. Une augmentation de la
croissance a temperature plus élevee a egalement été observée avec le régime alimentaire
restreint en AGLPI n-3, accompagnée d'effets significatifs sur I'allométrie des organes et les
profils en acides gras. Ces observations peuvent indiquer la présence de certains co(ts

métaboliques qui restent a évaluer, mais qui montrent que 1’augmentation de la température
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combinée a la déplétion en AGLPI n-3 a des effets significatifs sur les traits d’histoire de

vie de cette espéce.

Mots clés : acides gras essentiels, croissance, allométrie des organes, température,

physiologie des poissons
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1.2  WILL GLOBAL WARMING AFFECT THE FUNCTIONAL NEED FOR ESSENTIAL FATTY
ACIDS IN JUVENILE SEA BASS (DICENTRARCHUS LABRAX)? A FIRST OVERVIEW OF
THE CONSEQUENCES OF LOWER AVAILABILITY OF NUTRITIONAL FATTY ACIDS ON
GROWTH PERFORMANCE
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1.3 ABSTRACT

Global climate changes have led to a depletion in omega-3 polyunsaturated fatty
acids (n-3 PUFA) in marine phytoplankton that—with food web transfers—could
negatively impact fish performance. The aim of this study was to assess the effect of a
reduction in the dietary availability of n-3 PUFA on growth performance, organ allometry,
and fatty acid composition in juvenile European sea bass (Dicentrarchus labrax) raised at
two different temperatures: 15°C (natural conditions) and 20°C (global warming scenario).
Fish were fed for five months with two isoenergetic and isoproteic diets: a reference diet
(RD; 1.65% n-3 PUFA on a dry matter basis, DM) used as a proxy of trophic networks
where n-3 PUFA were plentiful, and a lower n-3 PUFA diet (LD; 0.73% n-3 PUFA on
DM) designed to mimic the expected decrease in n-3 PUFA sources resulting from global
climate changes. Results showed decreasing growth rates and slight changes in the muscle
polar lipid profile in LD-fed sea bass juveniles, whereas neutral lipids were more affected
over the long term. The relative masses of the heart and gastrointestinal system were higher
at 20°C, while liver mass was higher at 15°C in LD-fed juveniles. However, the mesenteric
fat of RD-fed juveniles was higher at 15°C. Altogether, the results suggest that sea bass
juveniles are able to implement physiological mechanisms to cope with a decrease in
dietary n-3 PUFA and are able to improve growth at the higher temperature, even with a
decreased availability of n-3 PUFA. The temperature-driven increase in growth is also
observed under the restricted n-3 PUFA diet, and this is accompanied by significant effects
on organ allometry and FA profiles. This may indicate the presence of some metabolic
costs that remain to be evaluated, but which illustrate that the combination of warming

temperatures and n-3 PUFA depletion have significant effects on life history traits.

Key words: essential fatty acids, growth, organ allometry, temperature, fish

physiology
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1.4 INTRODUCTION

Oceans, which cover 71% of Earth’s surface, play a major role in regulating the
global climate (Reid et al. 2009). Over the past 30 years, rising atmospheric greenhouse gas
concentrations have increased global average temperatures by ~0.2°C per decade (Hansen
et al. 2006), with most of this added energy being absorbed by the oceans. The resulting
global climate changes have already had a large impact on ecosystems, and especially on
marine ecosystems (Harley et al. 2006, Lehodey et al. 2006, Brander 2007, Rijnsdorp et al.
2009, Gattuso et al. 2015) through increasing temperatures (Genner et al. 2010, Johansen et
al. 2014), acidification (Wittman and Portner 2013, Gaylord et al. 2015), and eutrophication
(Rijnsdorp and Van Leeuwen 1996, Wasmund et al. 1998).

Phytoplankton form the base of most marine food webs. They are a major source of
lipids, including fatty acids (FA) that represent an important source of energy for higher
trophic levels (e.g. Sargent et al. 2002). FA are crucial constituents of biological
membranes (e.g. Sargent et al. 2002). The lipid composition of cell membranes is critical
for the structure and function of cells and tissues, and thus has important effects at different
biological/ecological levels (Arts et al. 2009, Parrish 2013). It has been shown that water
temperature affects FA composition in phytoplankton species and that the omega-3
polyunsaturated fatty acid (n-3 PUFA) content generally decreases with warming (Ackman
and Tocher 1968, Thompson et al. 1992, Renaud et al. 2002, Guschina and Harwood 2006).
This conclusion has been confirmed for six major groups of marine and freshwater
phytoplankton (Hixson and Arts 2016): temperature is positively correlated with the
relative contents of omega-6 FA (n-6; notably arachidonic acid, 20:4n-6, ARA) and
saturated fatty acids (SFA), but inversely correlated with the relative contents of
eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid (22:6n-3, DHA). The
same trends were observed by Colombo et al. (2016) in a more comprehensive study,
where more than 3000 FA profiles from marine and terrestrial organisms were analyzed.
The relationship between water temperature and cell membrane FA content is generally

explained through the concept of homeoviscous adaptation: ectotherms are said to adjust
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membrane lipid and FA composition to preserve its viscosity, fluidity, and function when

faced with changes in ambient temperature.

DHA, EPA, and ARA are identified as essential fatty acids (EFA) in species that are
not able to synthesize them and depend on food intake to fulfill their needs (Sargent 1976).
Interestingly, phytoplankton produce most of the DHA and EPA present in the biosphere
since land plants are unable to synthesize these molecules (Arts et al. 2009). These two n-3
PUFA are of particular interest because they are biochemically important but scarce in
nature. They are largely produced by diatoms, cryptophytes, and dinoflagellates (Brett and
Muller-Navarra 1997) and are consumed and selectively retained while moving to higher
trophic levels (Kainz et al. 2004, Hixson and Arts 2016). Piscivorous marine fish consume
prey likely to be situated at lower trophic levels and, therefore, potentially richer in EPA
and DHA,; this may explain why they have lost the capacity for de novo synthesis of n-3
PUFA (Tocher et al. 2006). In most other fish species, pathways of de novo EFA synthesis
are present but their efficiency is reduced, making these species also highly dependent upon
dietary sources of n-3 PUFA (Ghioni et al. 1999, Tocher and Ghioni 1999). Despite their
scarcity in marine food webs, n-3 PUFA are key compounds involved in fish growth,
reproduction, behaviour, vision, osmoregulation, cell membrane structure (thermal
adaptation), and immune function (Higgs and Dong 2000, for reviews see Sargent et al.
2002, Glencross 2009, Tocher 2010, Kiron et al. 2011, Tian et al. 2014).

The European sea bass (Dicentrarchus labrax, Linnaeus 1758) is commercially
important along European coasts. It is typically a marine species that spends most of its life
in coastal and estuarine areas, although it is occasionally observed in rivers, particularly at
early life stages. Until now, the consequences of nutritional n-3 PUFA depletion have been
studied under aquaculture conditions and rarely in the field, with an ecological perspective.
For example, the substitution of dietary fish oil with vegetable oils (which lack n-3 PUFA)
has been extensively investigated in farmed fish. Most studies have concentrated on
salmonids (McKenzie et al. 1998, Tocher et al. 2000, Torstensen 2000, Caballero et al.
2002), freshwater fishes (Martino et al. 2002, Ng et al. 2003), and some marine fish species
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such as European sea bass (Yildiz and Sener 1997, Montero et al. 2005, Chatelier et al.
2006), turbot (Psetta maxima) (Regost et al. 2003), gilthead sea bream (Sparus aurata)
(Kalogeropoulos et al. 1992, Caballero et al. 2003, Montero et al. 2003), and red sea bream
(Pagrus auratus) (Glencross et al. 2003). In European sea bass juveniles, Skalli and Robin
(2004) showed that low dietary n-3 PUFA (0.2% of the diet on a dry matter [DM] basis)
significantly lowered growth compared to diets with at least 0.7% n-3 PUFA. Moreover,
the level of dietary n-3 PUFA modified FA composition in muscle neutral lipids, while
muscle polar lipid composition was less affected. Skalli et al. (2006) tested a crossed
factorial design combining two diets (0.4 and 2.2% DM n-3 PUFA) and two temperatures
(22°C and 29°C). One of the main outcomes of this study was that 0.7% DM was found to

be the minimal n-3 PUFA level necessary to sustain juvenile sea bass growth.

Studies that combine the effects of n-3 PUFA and temperature on fish growth and
physiology are scarce. The aim of this study, therefore, was to test the effect of a reduction
in n-3 PUFA dietary content on growth performance, organ allometry, and the FA profile in
juvenile European sea bass raised at two different temperatures, 15°C and 20°C. Two
experimental diets were tested: a reference diet (RD) that mimicked a trophic network
where n-3 PUFA are plentiful, and a lower n-3 PUFA diet (LD) that simulated the expected
decrease in phytoplankton sources resulting from ocean warming (Colombo et al. 2016,
Hixson and Arts 2016). We hypothesized that (1) juveniles fed the depleted diet will show
higher EFA tissue retention than those fed RD, and (2) that fish raised at the higher
temperature will retain a lower amount of EFA in tissues in accordance with the

homeoviscous adaptation concept and also because of higher energetic needs.

1.5 MATERIALS AND METHODS

1.5.1 Fish origin and maintenance

Adult European sea bass were captured in winter 2013 by fishermen in the Gulf of

Morbihan (Plomeur, France) and brought to the Aquastream hatchery (Lorient, France).
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After three years in captivity, four females and 10 males were bred in the facility. At day 2
post hatching (d-2), sea bass larvae were transferred to the Ifremer rearing facility in Brest
(France), where experiments were conducted. Larvae were divided among three conical
tanks (230 L, 10 pm filtered seawater, UV, salinity 35%o, initial density 10000 larvae
tank ). Water temperature in the tanks was progressively increased from 14°C to 20°C
within six days. Larvae were fed with Artemia from mouth opening (d-8) to d-39. To
condition the larvae to more readily accept the manufactured diet at the end of the live-feed
period, they were co-fed with both Artemia and a microparticulate diet (Marinstart, Le
Gouessant, Lamballe, France) for four days starting at d-40. Larvae were then fed
exclusively with the microparticulate diet until d-74. After d-74, juveniles were fed with
larger pellets for ornamental fish (EPA + DHA = 1.5%; Le Gouessant, Lamballe, France)

until the beginning of the experiment at d-93

1.5.2 Environmental and nutritional conditioning

At d-93, juveniles (mass = 0.75 £ 0.02 g; standard length = 3.57 + 0.02 cm; mean +
SD) were divided among 12 indoor 500 L tanks supplied with filtered and aerated natural
seawater, six of which were maintained at 15°C and the other six at 20°C. Each tank
contained 300 fish, representing a mean biomass of 263.93 + 0.28 g. During the following
150 days, fish were fed one of two experimental diets: a reference n-3 PUFA diet (RD;
EPA+DHA = 1.65% DM) and a low n-3 PUFA diet (LD; EPA+ DHA = 0.73% DM).
Feeding took place for 7 h during daytime (08:00 to 15:00) using an automatic distributor
(2 cm h'h). Each diet x temperature combination was replicated in three tanks.

1.5.3 Experimental diets
The two diets tested were identical except for the FA source. LD contained only colza

oil as a source of FA (essentially oleic acid [18:1n-9], linoleic acid [18:2n-6], and linolenic
acid [18:3n-3]), while RD contained 50% colza oil and 50% fish oil, the latter being richer
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in EPA and DHA (20:5n-3, 22:6n-3). Diets were isoenergetic and contained the same
percentages of proteins and lipids (Table 3).

Table 3: Composition of experimental diets

LD RD
Mean Mean
% of dry mass
Dry matter 94.84 95.12
Proteins 50.48 50.23
Total lipids 21.98 21.63
Triglycerides 16.99 17.05
Phospholipids 4.70 4.71
% of total lipids in diet

18:1n-9 5.69 4.65
18:2n-6 2.50 2.16
18:3n-3 0.97 0.77
18:3n-6 0.00 0.01
18:4n-3 0.08 0.14
20:4n-6 (ARA) 0.03 0.07
20:5n-3 (EPA) 0.28 0.94
22:5n-3 0.03 0.07
22:6n-3 (DHA) 0.45 0.71
SFA 2.18 2.97
MUFA 7.32 6.48
n-3 1.93 2.68

n-6 2.65 2.28

n-9 6.56 5.46
EPA+DHA 0.73 1.65

For dry matter, proteins, total lipids, triglycerides, and phospholipids, data are presented as
% of dry mass. Data for specific fatty acid (FA) categories are presented as % of total
lipids. LD: low n-3 polyunsaturated fatty acid (PUFA) diet, RD: reference n-3 PUFA diet,
SFA: saturated FA, MUFA: monounsaturated FA, ARA: arachidonic acid, EPA:
eicosapentaenoic acid, DHA: docosahexaenoic acid.
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1.5.4 Experimental time line

For the growth survey, seven samplings were done at intervals of 200 degree-days
(dd, day x exposed temperature). Fish were not fed 24 h prior to sampling. A total of 30
fish, randomly sampled in each tank (n = 90 per diet—temperature treatment), were lightly
anaesthetized with tricaine methanesulfonate (MS-222; dose adapted to water temperature
and fish body mass [BM]), weighed, and their standard length (SL) measured. After

recovery, individuals were returned to their original tanks.

Mass gain (Amass, €g.1), specific growth rate (SGR, eq.2), and thermal growth
coefficient (TGC, eq.3 which is a thermal unit approach; for reviews see Dumas et al. 2010)

were calculated as follows:

Amass (g) = BMfinal — BMpitia eq.1
_1~ _ In(BMfina)-In(BMipitiar)

SGR (%BM days™") = days of feeding X 100 eq.2

TGC (g degree days™) = 1000 x (BM2;5%, — BM{y35,) / Y(degree days) eq.3

At 720 dd (d-129 and d-141 at 20°C and 15°C, respectively) and 1660 dd (d-176 and
d-204 at 20°C and 15°C, respectively), eight fish per tank were randomly sampled,
euthanized with an overdose of MS-222 (200 mg L), and a piece of white epaxial muscle
located under the first dorsal fin was dissected out. Muscle samples obtained from the same

tank were pooled and stored at —80°C until analyses (n = 3s per experimental treatment).

At the end of the experiment (d-243), 10 fish per tank (30 per diet-temperature
combination) were euthanized as described above. After fish were weighed and measured,
heart, liver, gastrointestinal system, and mesenteric fat were sampled and weighed for the

organ allometry study.
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155 Fatty acids

White muscle samples were ground in liquid nitrogen using a mixer (MM 400,
Retsch). Lipids were then extracted following a procedure derived from that of Folch et al.
(1957). Muscle powder was homogenized in Folch solution and stored at —20°C until polar

and neutral lipids were separated.

Samples were sonicated for 5 min at 4°C then centrifuged for 2 min (4°C, 1482 g).
Lipids were fractionated into neutral lipids (including triglycerides, free FA, and sterols)
and polar lipids (including phospholipids and glycolipids). An aliquot of total lipid extract
(1 mL) was evaporated to dryness under nitrogen, recovered with three (0.5 mL) washings
of chloroform:methanol (98:2, v:v), and deposited at the top of a silica gel micro-column
(40 mm x 5 mm i.d. Pasteur pipette plugged with glass wool and filled with silica gel 60
that had been heated for 6 h at 450°C and deactivated with 6% water by weight). Neutral
lipids were eluted with 10 mL of chloroform:methanol (98:2, v:v), and polar lipids were
eluted with 15 mL of methanol. Tricosanoic acid (23:0, 200 pg) was added as an internal

standard.

Each lipid fraction was vacuum dried and directly transesterified under nitrogen
using 0.5 mL of 2M methanolic potash (KOH-MeOH) for 3 min at 90°C. A total of 0.5 mL
of 6N hydrochloric acid was added and vortex mixed. Before gas chromatography analysis,
2 mL of hexane was added and centrifuged for 10 min at 630 g to collect the organic phase
containing fatty acid methyl esters (FAMESs). FAMEs were washed three times with 1 mL
of hexane. The organic phase was finally transferred to tapered vials and stored at —20°C.

FAMEs were analyzed in a CLARUS 500 gas chromatograph (Perkin-Elmer)
equipped with a split/splitless injector and a flame ionization detector. FAMES were
identified using two different capillary columns (BPX70 30 m x 0.25 mm i.d., 0.25 um
thickness; SGE Analytical Science) using a standard 37 component FAME mix (Sigma)
and other known standard mixtures (i.e. 18919-1AMP FAME Mix, C4-C24 and 18918-



38

1AMP FAME Mix, C8-C24; Sigma). The FA were expressed as the molar percentage of
the total FA content.

1.5.6 Statistical and data analysis

Data normality and homoscedasticity were tested using Shapiro-Wilk and Levene
tests, respectively. Growth rate in BM and SL was regressed against time. The effects of
diet and temperature were tested by comparing regression slopes; when slopes were
homogeneous, an ANCOVA was run to compare intercepts. Two-way ANOVASs were used
to test for significant differences among diets and temperatures for Amass, SGR, and TGC.
Scatter plots between organ mass and BM for each temperature did not overlap due to a
large difference in BM because of the temperature differences. For this reason, the effect of
diet on organ allometry was tested separately for each temperature by comparing slopes and
using ANCOVA if required. In order to meet normality, BM, SL, and organ mass were
logio transformed. Because the response at 1660 dd could be considered as dependent on
the response at 720 dd, two-way ANOVAs were performed for each sampling period to
assess the effects of diet and temperature on muscle FA content and the muscle/dietary FA
ratio. When required, pairwise comparisons (Tukey tests) were performed (the
homoscedasticity condition was respected). Differences were considered significant at o =

0.05. Statistical analyses were conducted in R (ver.3.3.3; R Development Core Team).

1.6 RESULTS

Only a few mortalities occurred during the experiment (less than 0.2%), therefore this

effect was not considered.

1.6.1 Growth performance and organ allometry

BM and SL differed according to time and temperature (higher slopes at 20°C than at
15°C, Figure 7; BM: Fp7e) = 222.23, P < 0.001; SL: Fp7) = 211.46, P < 0.001;
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Supplementary Table 16 in Annexe Il). Diet composition also had a significant effect on
growth, which was similar at both temperatures: growth was faster in RD-fed fish than in
LD-fed fish (BM: Fp,76) = 19.40, P < 0.001; SL Fp1,76) = 27.48, P < 0.001). In addition, the
Amass was about 20% higher in the juveniles fed RD than in those fed LD independent of
temperature, while Amass was about twice as high at 20°C than at 15°C (Table 4). The
same pattern was observed for TGC, whereas only temperature affected SGR, which was
35% higher at 20°C (Table 4). Linear regressions showed that fish fed RD at 20°C were
14.5% heavier (Figure 7A) and 34.1% longer (Figure 7B) at the end of the experiment
compared to fish fed LD. The difference was less pronounced at 15°C, with RD-fed fish
being 12.8% heavier (Figure 7A) and 5.7% longer (Figure 7B) than LD-fed fish.

Table 4: Effect of temperature and diet on growth indices

15°C 20°C Two-way ANOVA
RD LD RD LD Temperature Diet  Interaction
Amass
2.5+£0.51 1.9+£0.07 56 £0.11 47 £049 P<0.001 P<0.01 —
()
TGC

0.36+0.06 030001 061£0.02 055+004 P<0.001 P<0.01 —
(g degree-days™)

SGR

134018 1.1£002 194007 184010 P<000l . .
(%BM d'!)

Amass: mass gain, TGC: thermal growth coefficient, SGR: specific growth rate, RD:
reference n-3 polyunsaturated fatty acid (PUFA) diet, LD: low n-3 PUFA diet; BM: body
mass, d: day. Values are means + standard deviations.
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Figure 7: Effect of diet and temperature on A) body mass (g) and B) standard length (mm)
in logarithmic scale. LD: low omega-3 polyunsaturated fatty acid (n-3 PUFA) diet; RD:
reference n-3 PUFA diet. Values are means + standard deviations

Differences in the relationship between organ masses and BM were examined at
each rearing temperature. At 20°C, RD-fed fish had lower heart (Figure 8A; ANCOVA:
Fri54 = 6.82, P < 0.05) and gastrointestinal (Figure 8B; ANCOVA: Fi154 = 4.52, P < 0.05)
masses, but no differences for liver or mesenteric fat were observed. At 15°C, liver mass
was lower in RD-fed juveniles (Figure 8C; ANCOVA: Fpi54 = 8.73, P < 0.01), while the
quantity of mesenteric fat relative to BM increased more in juveniles fed RD (Figure 8D;
slopes significantly different, logio [BM] X diet: Fri541 = 9.90, P < 0.01). There were no
differences for heart or gastrointestinal mass. Allometric regression parameters are

available in Supplementary Table 17 (Annexe Il, pages 150-51).
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Figure 8: Effect of diet (LD, low omega-3 polyunsaturated fatty acid [n-3 PUFA] diet; RD,
reference n-3 PUFA diet) on organ allometry of fish raised at 20°C: A) heart; B)
gastrointestinal system; and for fish raised at 15°C: C) liver; D) mesenteric fat

1.6.2 Fatty acids

At 720 dd, significant effects of both temperature and diet were observed in the
white muscle FA composition. Both temperature and diet affected polar ZSFA levels and
proportions, which were significantly higher at 20°C than at 15°C and with RD compared
to LD (Table 5A). Temperature (20°C > 15°C) but not diet significantly affected white
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muscle polar EMUFA (monounsaturated FA) and ZPUFA. The ZPUFA to XSFA ratio was
significantly higher in fish fed LD and raised at 15°C. Polar Xn-3 and Xn-6 both
significantly increased with temperature. However, independently of the temperature
conditions, ¥n-3 was higher in juveniles fed RD while Xn-6 dominated in juveniles fed LD
in the polar fraction (Table 5A). Consequently, polar Xn-3/Zn-6 ratios were higher in RD-
fed juveniles. In LD-fed juveniles, the ratio was higher at 15°C than in those reared at 20°C
(Table 5A). At both temperatures, the percent content of 18:2n-6 was significantly higher in
juveniles fed LD, but the difference between the two diets was larger at 20°C than at 15°C.
On the contrary, the 18:3n-3 content was higher in juveniles fed RD, although juveniles
contained overall more 18:3n-3 at 20°C than at 15°C. The ARA and DHA levels were
significantly higher in juveniles reared at 20°C, while there was no effect of temperature on
DHA present in the polar fraction. A significant diet effect was only present for ARA and
EPA, with higher levels in juveniles fed RD than in those fed LD. The lowest DHA/EPA
ratios were observed in fish fed RD at both temperatures. Juveniles reared at 20°C and fed
LD had a higher DHA/EPA ratio than those raised at 15°C (Table 5A). Changes in the
neutral fraction were clearly less pronounced at 720 dd. No effect of either temperature or
diet was observed for Xn-3, ¥n-6, Xn-3/Xn-6, ESFA, XMUFA, XPUFA, or the percent
content of 18:2n-6 and 18:3n-3. The ARA and EPA contents were significantly lower in
juveniles fed LD, while the DHA/EPA ratio was significantly lower in juveniles fed RD.

The ratio was also generally lower at 15°C than at 20°C.



Table 5: Effect of temperature and diet on muscle fatty acid (FA) profiles

A POLAR
15°C 20°C Two-way ANOVA
0
FA % DM RD LD RD LD Temperature Diet  Interaction
18:2n-6 1.29°+0.06 1.82°+0.06 1.44°+0.09 2.19°+0.05 — — P<0.05
P<0.05 P<0.001
ARA 029+0.02 02+001 034x003 021001 o 0. 5 ep —
. P<0.001 P<0.001
18:3n-3 033+001 0494002 038+002 06+002 0. 07, —
P <0.001
EPA 1.94+0.12 141+0.04 2.03+0.1 1.3+£0.04 — ID<RD —
P<0.05
DHA 313£026  299+£0.19 35503  334£011 070, — —
DHA/EPA 1.61°£0.05 2.12°+0.11 1.75£0.09 2.57°+0.1 — — P<0.05
P<0.05 P<0.0l
2n-3 576041  522+£0.24 634+044 556+£014 0 0 —
P<0.001 P<0.001
Xn-6 1.68£0.09 2.13+£006 1.89=0.13 255+006 .. rn.ip -
Zn-3/Zn-6 3.42¢£0.06 2.45°+0.05 3.34°£0 2.18°+0.03 — — P <0.01
P<0.001 P<0.001
LSFA 333£0.16  3.07+£0.09 373027 3.62+£011 0. 0 e —
P<0.05
ZMUFA 3.33+0.21 37+£0.02 4.12+0.28 488+0.05 15°C < 20°C — —
P<0.01
XPUFA 744£05 7344029 823+£056 81102 "0 — —
P<0.001 P<0.001
XPUFA/ZSFA 223£0.12 2394011 221001 224+002 , 7~ 070 —
2PUFA/EMUFA  223+0.03 1.98+0.07 2.00+£0.03 1.66+0.02 — — —
P <0.001
ZTotal 141+0.82 14.12+0.34 1607=1.11 16.62+0.36 . " .. — —
NEUTRAL
15°C 20°C Two-way ANOVA
0,
FA% DM RD LD RD LD Temperature Diet  Interaction
18:2n6 214162 2.03+£1.34 299+051 299+1.14 — — —
P<0.01
ARA 0.05+£0.04 0.02+0.01 0.08+0.01 0.02+0.01 — 1D <RD —
18:3n3 0.69+052 07+047 097+0.17 1.06£042 — — —
! P<0.05
EPA 0.6+044 0224013 0.84+015 0.27+0.11 — 1D < RD —
DHA 0.65+046 033+0.14 0.99+0.16 0.57+0.26 — — —
P<0.05 P<0.001
DHA/EPA 1.09£0.04  1.6+031 1.18+0.04 2.12+016 . "~ 0" 0 —
Zn-3 2.16+1.56 139+081 3.1+0.53 2.08+0.85 — — —
Zn-6 23+1.75 212+1.4 32+£055  3.11+1.18 — — —
Tn3/En-6  096£0.04 068+£005 097£0.01 0.66=002 —  Peoool
LSFA 3.58+26 244139 516+077 3.7+1.71 — — —
EMUFA 7.43+£557 6.53+4.18 1056+1.52 9.85+4.16 — — —
XPUFA 446+331 3524221 634107 5.18+2.03 — — —
P<0.001 P<0.001
XPUFA/XSFA 1.23£0.06  1.44+0.08 1.22£0.05 143010 70 "0 0 —
ZPUFA/EMUFA  0.60+0.02 0.54+0.00 0.66+0.03 0.53+0.00 — — —
XTotal 1547+11.47 1244+7.77 22.02+335 1873+£7.9 — — —
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B POLAR
15°C 20°C Two-way ANOVA
FA % DM RD LD RD LD Temperature Dict  Interaction
18:2n-6 161002 183"+050 122° 0.1 227°+031 — — P<005
ARA 0389+ 001  0.18°+0.05 03°+£003 0.19°=0.03 _ . P<005
18:3n-3 043720 0.5%+0.12  034°£001 0.62°+0.08 — —  P<005
EPA 204£007  097+033  1.54+034  1.07=0.13 — P<0001  —
LD<RD
DHA 4410723 338+09 312061  3.15=053 — — —
DHA/EPA 2174012 3554041 2054026  3.05+028 — — —
Tn-3 734027 514+ 14 5314095  505+084 - — —
*n-6 214+£0.03 2164058  1.61+£0.14  246+049 _ — —
P<005 P<0001  —
$n-3/En-6 3424007 237£002 328031 206=013 D<003 000
TSFA 4.6+ 029 3234092 345404 3774075 — — —
SMUFA 429 +0.02 391408 362402 474085 — — —
SPUFA 9.44 + 023 73+198  692+1.09  7.51+132 - — —

P<0.01 P<0.01 —
20°C < 15°C  RD<LD

P<0.05 — —
20°C < 15°C

ZPUFA/ZSFA 206+0.17 227+£0.07 2.00+0.08 200+0.12

XPUFA/EMUFA 2.2040.08 1.85+0.14 1.91 £0.20 1.60+0.09

ETotal 1833£026 1443+£369 1399+ 1.68 1598 2.89 _ — —
NEUTRAL
15°C 20°C Two-way ANOVA
FA % DM : .
RD LD RD LD Temperature Diet Interaction
18:2n-6 276+047 5384274  397+054 599205 — P<0.05 .
RD< LD
ARA 0.07°£0.01  0.04°£0.02 011°£001  0.0°+0 _ _ P <0.05
. P<0.05
18:3n-3 0.91+0.16 187+ 1 144007 2.18+0.17 _ oo _
EPA 0.68%+£0.14  042°=02  1.14"+008 0487+0.05 _ . P<0.05
P<001 P<0.05
DHA 1.06+0.2 063024 1344009 113x01s P00 PO _
DHA/EPA  20.09°+3.56 32.41"4 1436 29.87°+1.72 35.95°45.53 _ . P<0.001
Tn-3 288051  3.19+156 4254012  3.92+069 — — —
P<0.05
=n-6 297405 5624281 4254056  5.91+0.88 — o O —
Tn-3/Zn-6 097+001  057+001  1.01+011  0.66=0.02 — ke 2-2%1 —
TSFA 428+0.82 50417 696+003 683+114  PT005 —
13°C = 20°C
SMUFA 995+1.74  177+829 1441103 19.29+288 — f;;ffg —
SPUFA 586+1.02  881+437  85+:067  9.82+157 — — —
SPUFA/SSFA 137+ 0.03 1424040 1224009 144+009 P <001 P=<001 -

20°C < 13°C  RD<LD

SPUFASMUFA  0.594001 0494002 059001  0s1=002 00 = — -

ZTotal 2.88+£0.51 319+ 1.56 425+£0.12 392+0.69 — — —

Values are given as % of dry matter (DM) in the neutral and polar lipid fractions at A) 720 degree-days
(DD) and B) 1660 DD. LD: low n-3 polyunsaturated FA (PUFA) diet, RD: reference n-3 PUFA diet.
When factor interactions were significant, groups were compared with a posteriori tests (o = 0.05). For
temperature x diet interactions, significantly different groups were assigned different letters. Xn-3
includes 18:3n-3, 18:4n-3, 20:3n-3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3; ~n-6 includes 18:2n-6, 18:3n-6,
20:2n-6, 20:3n-6, 20:4n-6; XSFA (saturated FA) includes 20:0s, 22:0s, 24:0s; XMUFA
(monounsaturated FA) includes 14:1n-9, 18:1n-11, 18:1n-7, 20:1n-7, 22:1n-9, 24:1n-9; XPUFA includes
18:3n-6, 18:4n-3, 20:2n-6, 20:3n-3, 20:3n-6, 20:4n-3. Values are means + standard deviations.
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At 1660 dd, polar ZSFA, EZMUFA, XPUFA, Xn-3, and Xn-6 percentages were
similar regardless of the rearing conditions (Table 5B). However, the £n-3/n-6 ratio was
8.4% lower when temperature increased and 51.2% lower in juveniles fed LD compared to
those fed RD (Table 5B). As observed at 720 dd, the 18:2n-6 content was the highest in
juveniles fed LD, but only at 20°C. A similar response was observed for the 18:3n-3
content. The EPA content was significantly higher in juveniles fed RD, whereas DHA and
the DHA/EPA ratio were similar among treatments. However, the ARA content was lowest
in juveniles fed LD at both temperatures, while those fed RD at 20°C had the highest
proportion (Table 5B). In contrast to what was observed at 720 dd, more pronounced
effects of diet and temperature were observed in the neutral fraction at 1600 dd. Indeed, the
YSFA content was 26.2% higher at 20°C than at 15°C, while the XMUFA was 34.1%
higher in juveniles fed LD than in those fed RD (Table 5B). The ZPUFA to XSFA ratio was
significantly higher in fish fed LD and raised at 15°C, while the ZPUFA to ZMUFA ratio
was higher at 20°C. The Xn-6 was significantly higher in juveniles fed LD and,
consequently, the ¥n-3/Zn-6 ratio was significantly higher in juveniles fed RD compared to
those fed LD (Table 5A, B). Both 18:2n 6 and 18:3n-3 contents were lower in juveniles fed
RD. Interestingly, the ARA content was extremely low in juveniles fed LD at both 15°C
and 20°C. EPA was significantly higher in juveniles fed RD at 20°C compared to the three
other treatments, while DHA was overall significantly lower at 15°C and in juveniles fed
LD. At 20°C, RD-fed fish had the lowest DHA/EPA ratios, while LD-fed fish had the
highest.

The muscle/dietary FA ratios suggest that the retention of EFA was more
pronounced in the polar fraction than in the neutral fraction (Figure 9). A stronger selective
retention of polar ARA, DHA, and EPA was observed in juveniles fed LD compared to
those fed RD. Retention of ARA, DHA, and EPA was significantly higher at 20°C than at
15°C, but only at 720 dd (Figure 9A). At 1660 dd, the temperature effect was no longer
evident. It should be noted that even though the muscle/dietary 18:2n-6 ratio was higher

than one in the neutral fraction, it decreased below one in polar lipids (Figure 9B). No
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effect of diet, except for DHA at 1660 dd, and no effect of diet, except for EPA at 1600 dd,

was observed in neutral fraction (Figure 9B).
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Figure 9: Effect of diet on muscle/dietary lipid ratios for linoleic acid (18:2n-6),
arachidonic acid (ARA, 20:4n-6), eicosapentaenoic acid (EPA, 20:5n-3), and
docosapentenoic acid (DHA, 22:6n-3) in A) the polar fraction and B) the neutral fraction.
When factor interactions were significant, groups were compared with a posteriori tests (o
= 0.05). For temperature x diet interactions, significantly different groups were assigned
different letters. *: P < 0.05; **. P < 0.01; *** P < 0.001. LD: low omega-3
polyunsaturated fatty acid (n-3 PUFA) diet, RD: reference n-3 PUFA diet, d: diet, t:
temperature. Values are means + standard deviations
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1.7 DISCUSSION

Diet and temperature both induced different growth trajectories. After 720 dd, diet
clearly modified the FA composition of muscle; this effect was modulated by temperature
for ARA, linolenic acid, and DHA, whereas the FA profiles were more alike at 1660 dd.

Diet also influenced organ allometry at both 20°C and 15°C, although with some variations.

1.7.1 Growth performance

As expected, increased water temperature significantly improved the growth of
juvenile sea bass fed both diets, with the differences in body length and mass increasing
with time. Both Amass and TGC were higher at 20°C than at 15°C, and higher in RD-fed
than in LD-fed fish, which is consistent with the growth trajectories obtained by a linear
model. Several indices have been developed to determine the daily growth increment in
fish. The most commonly used is SGR (Ricker 1979). SGR may be affected by both the
fish’s body size (Jobling 1983, Iwama et al. 1997) and environmental temperature (Tidwell
et al. 1999, Person-Le Ruyet et al. 2004); to avoid such bias, the thermal unit growth
coefficient was proposed by lwama and Tautz (1981). Even though this estimate is thought
to be less sensitive to body size and temperature (Azevedo et al. 1998, Cho and Bureau
1998, Kaushik 1998), TGC and SGR of sea bass were affected by temperature in a similar
way in our study. Such a result was also reported for the Eurasian perch (Perca fluviatilis;
Strand et al. 2011).

Skalli and Robin (2004) defined the minimal n-3 PUFA levels necessary to sustain
juvenile sea bass growth at 0.7% DM, and they observed no improvement with higher n-3
PUFA content. However, we observed better growth with 1.65% DM (RD), indicating that
n-3 PUFA in excess of 0.7% DM may increase growth further under certain circumstances.
This different requirement may also result from the fact that our fish were younger than
those used by Skalli and Robin (2004). RD allowed better growth than LD, and this diet-
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related effect was observed at both temperatures. Consequently, the low dietary levels of n-

3 PUFA did not impair the temperature-related growth-promoting effect.

1.7.2 Organ allometry

From the perspective of evolutionary biology, the functional capacity of an organ
should match the demands imposed upon it (Starck 1999). Therefore, individuals ought to
respond to changes in actual demands by adjusting their functional capacities (Diamond
and Hammond 1992, Elia 1992, Diamond 1998, Weibel 1998), including organ size. In
ectotherms, temperature has a direct effect on metabolism. In the sea bass, Claireaux and
Lagardére (1999) showed that when temperature was increased from 15°C to 20°C,
standard metabolism and active metabolism increased by 37% and 125%, respectively. This
implies that more oxygen and nutrients are needed to cover the energetic demand. In sea
bass, energy costs related to digestion mobilize a great proportion of the cardiac output
(Farrell et al. 2001, Axelsson et al. 2002, Altimiras et al. 2008). In our study, the LD-fed
fish reared at 20°C had higher heart and gastrointestinal masses. The change in fatty acids
may have induced a thickening or an elongation of the gastrointestinal tract. Our
hypothesis, is that this increase in heart mass relative to BM may result from a greater
energetic demand due to the simultaneous increase in gastrointestinal mass. It has also been
established in vitro that tissues and organs have mass-specific metabolism (Krebs 1950,
Schmidt-Nielsen 1984). An evaluation of the heart’s working capacity—and, for instance,
of the stroke volume—would be necessary to know if the increased heart mass also implied

better performance.

Why did the gastrointestinal mass increase more in juveniles fed LD? One
explanation could be that offering a diet that minimally meets nutritional needs of juveniles
may require an optimization of the nutrient assimilation processes, thus increasing the
overall energy demand. Indeed, previous studies have shown that size and activity of the
gastrointestinal tract are phenotypically plastic and respond strongly to consumption and
food availability (Starck 1999, Armstrong and Bond 2013). Here, we showed that the type
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of FA provided in the diet affects the gastrointestinal mass. It seems reasonable to speculate
that the higher values of gastrointestinal mass could be explained either by an elongation of
the gut or by modifications of the brush border epithelium of the small intestine induced by
the necessity to improve FA assimilation. In addition, Torrecillas et al. (2017a) showed that
fish oil replacement by vegetable oil increases the lipid deposition in anterior gut lamina

propria in sea bass, which could also explain the largest viscera mass obtained with LD.

Knowing that the optimum temperature for European sea bass growth was reported
to be about 22°C to 25°C (Barnabé 1991), colder temperatures represent an additional
constraint on juvenile metabolism. The liver has a major role in energy storage, and it is the
first site for lipid storage in a number of benthic and demersal species (Drazen 2002,
Hoffmayer et al. 2006, Lloret et al. 2008). Another important storage site is the mesenteric
fat that surrounds the gastrointestinal tract. It is much more labile than other fat stores, such
as muscular fat, and therefore mesenteric fat is likely to be the first fat store to be
mobilized. In our study, liver mass was higher in fish fed LD than RD at 15°C. This result
corroborates the findings of Mourente and Bell (2006), who found that the liver mass of
juvenile sea bass fed vegetable oil was higher than that of fish fed fish oil. As n-3 PUFA
were scarcer in LD, further experiments will be needed to assess if the higher liver mass

could be explained by greater FA storage.

1.7.3 Fatty acids

Muscle/diet ratios greater than 1 mean that the muscle is richer in FA than the diet
IS, suggesting that retention occurred. After 720 dd, fish were already showing the effects
of their diet, with muscle/dietary ratios > 1. At 720 dd, both temperature and diet had
significant effects on most of the FA in polar lipids. At 1660 dd, however, the differences
in the FA profiles among dietary treatments were smaller in the polar than in the neutral
lipid fraction. This suggests that, over time, fish regulated their phospholipid composition,
possibly membrane phospholipids, in order to maintain tissue functionality; this agrees with
previous work (Sargent 1976, Skalli and Robin 2004). It should be noted that a high
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retention rate, approximately six times higher than the diet content, was observed for polar
EFA (EPA, DHA, and ARA) in LD-fed fish, but this high retention rate did not compensate
for the low EFA contents induced by this diet.

The main representatives of the n-3 and n-6 FA in the dietary lipids were linolenic
(18:3n-3) and linoleic (18:2n-6) acids, respectively. In fish, these FA are accumulated
without transformation due to the reduced capacity of these species for chain elongation
and desaturation (Bell et al. 1986, 1994). However, n-3 intermediates in the desaturation
elongation pathway such as 20:5n-3 (EPA), 22:5n-3, and 22:6n-3 (DHA) were found in
both lipid fractions at higher values than those present in the diets. This may indicate a
certain biochemical capacity to elongate or to selectively preserve specific EFA, even
though the conversion rates are probably extremely low (Mourente and Dick 2002,
Mourente et al. 2005). It should be noted that polar EPA and DHA were high in juveniles
fed RD; these two FA are eicosanoid precursors involved in several physiological functions
such as stress response or osmoregulation (Sargent et al. 2002). One could then wonder
whether low dietary EPA and DHA levels could impair stress response capacity, and this
would justify examination of fish response to specific challenge tests. As previously
reported, a significant decrease in n-3 PUFA content in fish tissues was observed when fish
oil was replaced by vegetable oil (Bell et al. 2001, Mourente et al. 2005, Torstensen et al.
2005, Pettersson et al. 2009, Sanden et al. 2011). This was confirmed in the present study,

where we observed the same overall tendencies.

Fish, as ectothermic species, do not control their body temperature. The relationship
between water temperature and cell membrane FA content is generally explained through
the concept of homeoviscous adaptation (Sinensky 1974). For instance, the proportion of
unsaturated acyl chains in membrane lipids is generally increased under cold conditions to
maintain membrane fluidity (Los and Murata 2004). Changes in the proportions of polar
Y>PUFA to XSFA and/or XMUFA were already present at 720 dd but were more
pronounced at 1660 dd. At 720 dd, XSFA, XPUFA, and XMUFA polar contents were higher
at 20°C than at 15°C. However, the ZPUFA/XSFA ratio was similar at both 15°C and 20°C
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(respectively 2.31 and 2.22), while a higher proportion of XPUFA to ZMUFA was observed
at 15°C than at 20°C (respectively 2.10 and 1.83). Such a change in the ZPUFA/XMUFA
ratio would be consistent with adjustments related to homeoviscous adaptation. At 1660 dd,
both polar XPUFA/EZSFA and ZPUFA/XMUFA ratios were higher at 15°C than at 20°C.
Ratios remained very stable in the neutral lipid fraction over time and between temperature
conditions. The ZPUFA/ZSFA ratio was about 1.34, while the ZPUFA/ZMUFA ratio was
around 0.56. These results clearly indicate remodelling in polar lipids (mostly represented
by membrane phospholipids) with temperature changes, while storage lipids remained
stable regardless of temperature or time. In marine fishes, n-3 PUFA (EPA + DHA) tend to
decrease with increasing temperature, while n-6 PUFA (ARA and linolenic acid) and SFA
increase (Hixson and Arts 2016). In salmonids, a classical thermal response is a higher
proportion of PUFA at low temperatures (Hazel et al. 1992, Calabretti et al. 2003). Similar
effects of temperature were observed in European sea bass, with lower SFA and conversely
higher n-3 PUFA contents at 22°C than at 29°C (Skalli et al. 2006). In our study,
temperature affected both relative FA contents and the muscle/dietary FA ratio of most
polar FA at 720 dd, whereas temperature only affected polar Xn-3/%n-6 at 1660 dd. The fact
that n-3 and n-6 PUFA showed an inverse relationship with regard to temperature is
coherent from a biosynthesis perspective, since synthesis depends on the activities of the
same enzymes (desaturases and elongases). Competition for enzymes, in the context of
increasing ambient water temperature, tends to favour n-6 over n-3 production (Hixson and
Arts 2016). This hypothesis remains to be tested.

1.8 CONCLUSIONS

Depletion of n-3 PUFA and a decreased temperature contributed to the decrease in
sea bass growth rate while only slightly altering the muscle polar lipid profile. Neutral lipid
profiles were more affected than polar ones. However, regarding the PUFA/SFA and
PUFA/MUFA ratios, a higher proportion of PUFA at low temperature was present in polar
lipids. This effect increased with time. These results are consistent with the homeoviscious

adaptation theory. Higher contents of SFA and MUFA compared to PUFA were present in
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the storage lipids, but ratios remained stable regardless temperature and time. A depleted n-
3 PUFA diet induced low EFA contents in muscle even though a higher retention of EFA
was noted in fish fed this diet. For the first time in fish, the allometry of several organs has
been shown to respond to the type of dietary FA acid provided. This topic has been little
investigated in fish even though it is easily achievable and inexpensive, and can reveal
valuable information on key organs like the heart, liver, and gastrointestinal system. We
also showed that the allometric organ response depends on temperature conditions. Dietary
n-3 PUFA affected organ allometry of the heart and gastrointestinal system at the higher
temperature (20°C), while liver and mesenteric fat were affected at the lower temperature
(15°C). Juvenile sea bass are able to implement rapid phenotypic change in response to
dietary FA. This is interesting from the point of view of global warming, where fish species
are faced with rapid changes in mean temperature. More broadly, these results open up new
perspectives in the study of seasonal adaptations. Altogether, these results suggest that
juvenile sea bass are able to implement compensatory mechanisms to cope with a reduced
availability of dietary n-3 PUFA. Because of this, the temperature-driven increase in
growth is still observed under a restricted diet. However, the fact that this was accompanied
by significant effects on organ allometry and FA profiles may indicate the presence of
some metabolic cost, although this physiological adjustment remains to be evaluated.
Further studies should be conducted to assess the impacts of these modifications of FA

profiles on sea bass life history traits.



CHAPITRE 2
EFFET DES CONDITIONS THERMIQUES ET NUTRITIONNELLES SUR LE
METABOLISME DES ACIDES GRAS ET LA REPONSE AU STRESS
OXYDATIF CHEZ LES JUVENILES DE BAR EUROPEEN (DICENTRARCHUS
LABRAX)

Ce second article, intitulé « Effect of thermal and nutritional conditions on fatty acid
metabolism and oxidative stress response in juvenile European sea bass (Dicentrarchus

labrax) » a été soumis dans Journal of Experimental Biology.

Tous les co-auteurs ont participé au processus de rédaction selon le processus décrit
dans le chapitre précédent. Pour cet article les analyses d’expression de génes ont été
réalisées par Lauriane Madec sous la supervision de David Mazurais. Les analyses
enzymatiques ont été réalisées par Clémence Gourtay en étroite collaboration avec Loick

Ducros et avec ’aide de Christine Huelvan.
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2.1 RESUME

Les zones de nourricerie en milieu cOtier sont soumises a une grande variété de
facteurs de stress d’origines anthropique et naturelle, incluant le réchauffement climatique,
qui influence indirectement les réseaux trophiques. Une raréfaction globale des acides gras
a longue chaine polyinsaturée (AGLPI) du type n-3 dans les réseaux trophiques est en
cours. Le but de cette étude était d’évaluer ’effet d’une réduction de la disponibilité en
AGLPI n-3 sur le métabolisme des lipides et la réponse au stress oxydatif chez des
juvéniles de bar européen (Dicentrarchus labrax) élevés a deux températures (15°C et
20°C). Les poissons ont été nourris pendant cing mois avec un aliment de référence (AL++;
AGLPI n-3: 1.65% de la matiere seche, MS) utilisé comme le proxy d’un réseau trophique
ou les AGLPI n-3 sont abondants, et un aliment avec un niveau plus bas d’AGLPI n-3 (AL;
n-3 AGLPI: 0.73% MS) destine @ mimer un déclin en AGLPI n-3, résultant des
changements globaux. Les résultats ont montré que 1’aliment n’affectait pas les facteurs
transcriptionnels hépatiques impliqués dans la régulation des voies métaboliques en lien
avec la bioconversion des acides gras. Ces résultats suggérent la présence d’un seuil
nutritionnel d’AGLPI au dessus duquel ces voies métaboliques ne sont pas actives. En
revanche, la température a induit une augmentation de I’expression génique de la plupart
des génes testés. Malgré un indice de peroxydation élevé chez les poissons nourris avec
I’aliment AL++, de tres faibles modifications de la réponse au stress oxydatif ont été
associées a l’effet de I’aliment. La température a augmenté la réponse des enzymes
antioxydantes, sans qu’elle puisse étre corrélée a I’indice de peroxydation ou a la

malondialdéhyde.

Mots clés : temperature, nutrition, acides gras, expression de gene, métabolisme des

acides gras, indice de peroxydation
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2.3 ABSTRACT

Coastal nursery areas are subjected to a wide range of anthropogenic and natural
stressors, including global warming, which indirectly influences trophic food webs. A
global rarefaction of n-3 polyunsaturated fatty acids (PUFA) in trophic networks is in
progress. The aim of this study was to assess the effect of a reduction in the dietary
availability of n-3 PUFA on lipid metabolism and the oxidative stress response in juvenile
European sea bass (Dicentrarchus labrax) raised at two temperatures (15°C and 20°C).
Fish were fed for five months with a reference diet (RD; 1.65% n-3 PUFA on a dry matter
basis, DM) used as a proxy of trophic networks where n-3 PUFA is plentiful, and a lower
n-3 PUFA diet (LD; 0.73% n-3 PUFA DM) designed to mimic a decrease in n-3 PUFA,
resulting from global changes. Results showed that diet did not affect hepatic
transcriptional factors involved in the regulation of the metabolic pathways related to fatty
acid bioconversion. This suggests the presence of a threshold in nutritional supply of PUFA
above which the activation of these pathways does not occur. However, temperature
induced an increase of gene expression for most of the genes tested. Despite the high
peroxidation index in fish fed RD, very few modifications of the oxidative stress response
were associated with diet. Temperature also increased the enzymatic antioxidant response,

but there was no correlation with the PI index or malondialdehyde products.

Key words: temperature, nutrition, fatty acids, gene expression, fatty acid

metabolism, peroxidation index



57

2.4 INTRODUCTION

Many fish species have life history strategies in which successive ontogenetic stages
occupy different habitats. In those characterized by the production of large amounts of
small pelagic eggs and the lack of parental care, the survival of eggs, larvae, and juveniles
strongly depend on abiotic and biotic environmental factors acting on their habitats
(Cushing 1995, Sogard 1992, 1997, Juanes 2007, Houde 2008). Coastal zones and estuaries
are productive nursery grounds for a large number of marine species because they provide
refuge from predators together with high food availability and enhancement of survival,
development, and growth of early stages (Beck et al. 2001, Able et al. 2013). However,
coastal and estuarine nursery areas are subjected to a wide range of anthropogenic and
natural stressors. Coastal habitats particularly face anthropogenic activities including global
warming, which indirectly influences trophic food webs (Harley et al. 2006, Lehodey et al.
2006, Brander 2007, Rijnsdorp et al. 2009, Gattuso et al. 2015, Hixson and Arts 2016).

Lipids represent an important supply of energy and play a crucial role as major
components of cell membranes (Sargent 2002). In marine trophic networks,
polyunsaturated fatty acids (PUFA) are mainly supplied by the dominant phytoplankton
species, such as diatoms and dinoflagellates (Hu et al. 2008, Lang et al. 2011). The n-3
PUFA (also known as omega 3), particularly eicosapentenoic acid (EPA) and
docosahexaenoic acid (DHA), are naturally abundant for primary consumers. However, it
has been shown that phytoplankton growth and biochemical composition, including fatty
acids (FA), are affected by temperature (e.g., Arts et al. 2009). An increase of water
temperature results in a decrease in the omega 3 content of phytoplankton species (Ackman
and Tocher 1968, Thompson et al. 1992, Renaud et al. 2002, Guschina and Harwood 2006).
At least, two recent studies have shown a global decline of n-3 PUFA in trophic networks
while n-6 tends to be more abundant (Colombo et al. 2016, Hixson and Arts 2016). The
high availability of n-3 PUFA in phytoplankton may explain the lack of selection pressure
on its biosynthesis pathway in several marine fish species and thus why piscivorous fish

have lost the capacity for de novo synthesis of n-3 PUFA (Tocher et al. 2006). In most
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other fish species, the n-3 PUFA biosynthesis pathway is present but its efficiency is
reduced, making these fishes highly dependent upon dietary sources of n-3 PUFA (Ghioni
et al. 1999, Tocher and Ghioni 1999). To what extent n-3 PUFA decline induced by global
climate change may impact species that depend on phytoplankton to fulfill their needs

whether as primary or secondary consumers is not yet known.

Saturated short-chain fatty acids (SFA) are biosynthesized by the fatty acid
synthetase complex (fas). This enzyme catalyzes the key lipogenesis pathway in fishes
(Sargent et al. 2002). The main products of fas are the saturated 16:0 (palmitic acid) and
18:0 (stearic acid) FA. In the carnivorous fishes blackspot seabream (Pagellus bogaraveo;
Figueiredo-Silva et al. 2009), sea bass (Dicentrarchus labrax; Dias et al. 1998), and
gilthead sea bream (Sparus aurata; Gomez-Requeni et al. 2003), dietary fat intake inhibits
fas activity. Because of their low capacity to bioconvert 18-carbon-atom fatty acids
(linoleic 18:2n-6 and alpha-linolenic 18:3n-3) into PUFA with 20 or 22 carbon atoms
(arachidonic 20:4n-6; EPA, and DHA), marine fishes require the presence of preformed
PUFA in their diet (Mourente and Tocher 1994). The extent to which fish species can
convert C18 PUFA to C20/22 PUFA varies according to their complement of FA
desaturase and elongase enzymes. Marine fish species such as turbot (Scophtalamus
maximus), sea bass (D. labrax), and gilthead seabream (S. aurata) are unable to produce
DHA from 18:3n-3 to fulfill their nutritional needs (Owen et al. 1975, Sargent et al. 2002,
Geay et al. 2010, 2012) due to apparent deficiencies in one or more steps in the pathway
(Ghioni et al. 1999, Tocher and Ghioni 1999, Santigosa et al 2010). The first step of this
bioconversion pathway requires the presence of the delta 6-desaturase gene (fads2;
Sprecher, 2000). PUFA are known to bind and directly influence the activity of a variety of
transcription factors including peroxisome proliferator activated receptors (ppars), which in
turn have been shown to be regulators of many genes involved in lipid homeostatic
processes (Jump 2002). In mammals, ppars and sterol regulatory element binding protein-1
(srebp-1) are the main transcription factors regulating the gene expression of FA elongase

and desaturase (Nakamura and Nara 2002, 2003), and their expression is regulated by
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dietary FA (Lindi et al. 2003, Juliano et al. 2004, MacLaren et al. 2006). Similar results
have been reported by Geay et al. (2010, 2012) in sea bass.

Biological membranes rich in PUFA are highly sensitive to oxidation due to their
high level of unsaturation (Pamplona et al. 2000, Hulbert 2005); this oxidation can lead to
the production of reactive oxygen species (ROS). ROS are generated as by-products of
cellular metabolism, primarily in mitochondria (Barja 2007). The effects of ROS are dose
dependent (Gechev et al. 2006, Quan et al. 2008): at low levels, they act as important
signaling molecules (Finkel 1998, Rhee 1999, Thannickal and Fanburg 2000); when ROS
production overwhelms antioxidant capacity, damage to cellular macromolecules such as
lipids, proteins, and DNA may occur (Chen et al. 2007, Halliwell and Gutteridge 2007,
Hulbert et al. 2007). In addition, warming may promote ROS production especially in
organisms rich in membrane PUFA. Indeed, owing to the presence of PUFA double bonds,
cellular membranes are putative targets for free radical propagation causing peroxidative
damage that may induce several cellular and tissular dysfunctions (Kawatsu 1969,
Watanabe et al. 1970, Murai and Andrews 1974, Sakai et al. 1998). The in vitro rate of
oxygen consumption during peroxidation has been measured for DHA, and the damage rate
was eight times higher than for linoleic acid and 320 times higher than oleic acid (Holman,
1954). These relative rates of peroxidation of different acyl chains have been used to
convert the fatty acid composition of a particular membrane into the peroxidation index (PI;
see Hulbert et al. 2007, for details). The PI indicates the theoretical susceptibility of
membrane lipid composition to lipid peroxidation, and it appears to be homeostatically
regulated with respect to the dietary PI. In practice, malondialdehyde (MDA) is one lipid
peroxidation product that can be measured (Frankel 2005). Under most physiological states,
ROS production is closely matched by the antioxidant response. Antioxidant enzymes, such
as superoxide dismutase (SOD), catalase (CAT), and peroxidases, form an important part of

the antioxidant response (Lesser 2006).

European sea bass migrate offshore to spawn, and the developing larvae drift to

sheltered coastal or estuarine nurseries where they will spend their first few years of life
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(Holden and Williams 1974, Kelley 1988, Vinagre et al. 2009). During that period, juvenile
sea bass will exhibit rapid growth and will be faced with a broad spectrum of
environmental constraints and feeding conditions, making it an attractive model organism
to examine the regulatory response of the PUFA biosynthesis pathway. The aim of this
study was therefore to test the effects of two levels of n-3 PUFA dietary contents on FA
metabolism in European sea bass juveniles raised at two different temperatures: 15°C and
20°C. We hypothesized that a diet poor in n-3 PUFA would stimulate lipid metabolism
while a diet richer in n-3 PUFA would lead to oxidative stress and that this would worsen

under higher temperature conditions.

2.5 MATERIALS AND METHODS

2.5.1 Feeding experiment

The protocols for fish maintenance, diet composition, and nutritional conditioning are
detailed in Gourtay et al. (2018). They are summarized here to facilitate understanding of
the experimental protocol. Adult European sea bass were captured in winter 2013 by
fishermen in the Gulf of Morbihan (Plomeur, France) and brought to the Aquastream
hatchery (Lorient, France). After three years in captivity, a batch of four females and 10
males were bred in the facility. At day 2 post hatching (d-2), sea bass larvae were
transferred to the Ifremer rearing facility in Brest (France), where experiments were
conducted. Larvae were divided among three conical tanks (230 L, 10 um filtered seawater,
UV, salinity 35, initial density 10000 larvae tank—1). Water temperature in the tanks was
progressively increased from 14°C to 20°C within six days. Larvae were fed with Artemia
from mouth opening (d-8) to d-39. Larvae were fed with microparticulate (Marinstart, Le
Gouessant, Lamballe, France) until d-74. After d-74, juveniles were fed with larger pellets
for ornamental fish (EPA + DHA = 1.5%; Le Gouessant, Lamballe, France) until the

beginning of the experiment at d-93.
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The two diets tested were identical except for the FA source. The low n-3 PUFA diet
(LD) contained only colza oil as a source of FA (essentially oleic acid [18:1n-9], linoleic
acid [18:2n-6], and linolenic acid [18:3n-3]; EPA + DHA = 0.73% DM), while the
reference diet (RD) contained 50% colza oil and 50% fish oil, the latter being richer in EPA
and DHA (EPA + DHA = 1.65% DM). Diets were isoenergetic and contained the same

percentages of proteins and lipids (Table 6).

At d-93, juveniles (0.75 £ 0.02 g; 3.57 = 0.02 cm; mean £ SD) were divided among
12 indoor 500 L tanks supplied with filtered and aerated natural seawater, six of which
were maintained at 15°C and the other six at 20°C. Each tank contained 300 fish,
representing a mean biomass of 263.93 + 0.28 g. During the following 150 days, fish were
fed one of the two experimental diets. Feeding took place for 7 h during daytime (8 PM to 3
AM) using an automatic distributor (2 cm h1). Each diet x temperature combination was

replicated in three tanks.
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Table 6: Composition of experimental diets

LD RD
Mean Mean
% of dry mass
Dry matter 94.84 95.12
Proteins 50.48 50.23
Total lipids 21.98 21.63
Triglycerides 16.99 17.05
Phospholipids 4.70 4.71
% of total lipids in diet

18:1n-9 5.69 4.65
18:2n-6 2.50 2.16
18:3n-3 0.97 0.77
18:3n-6 0.00 0.01
18:4n-3 0.08 0.14
20:4n-6 (ARA) 0.03 0.07
20:5n-3 (EPA) 0.28 0.94
22:5n-3 0.03 0.07
22:6n-3 (DHA) 0.45 0.71
SFA 2.18 297
MUFA 7.32 6.48
n-3 1.93 2.68

n-6 2.65 2.28

n-9 6.56 5.46
EPA+DHA 0.73 1.65

For dry matter, proteins, total lipids, triglycerides, and phospholipids, data are presented as
% of dry mass. Data for specific fatty acid (FA) categories are presented as % of total
lipids. LD: low n-3 polyunsaturated fatty acid (PUFA) diet, RD: reference n-3 PUFA diet,
SFA: saturated FA, MUFA: monounsaturated FA, ARA: arachidonic acid; EPA:
eicosapentaenoic acid, DHA: docosahexaenoic acid.
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2.5.2 Tissue sampling

At 720 degree-days (dd, d-129 and d-141 at 15°C and 20°C, respectively) and at 1660
dd (d-176 and d-204 at 15°C and 20°C respectively), 32 fish were randomly sampled from
each tank (three tanks per treatment, N = 96 per treatment), anesthetized (lethal dose of
MS-222, 200mg L), and their livers excised. Because livers were small, the livers of eight
juveniles were pooled for a total of four pools per tank, 12 per experimental condition.
Pools were stored at —80°C. Two pools per tank were used for molecular biology analysis
(N = 6 per experimental treatment for a total of 24), one pool was used for enzyme activity,
and the fourth was used for malondialdehyde (MDA) analysis (N = 3 per experimental

condition).

2.5.3 Peroxidation index, enzyme activity, and malondialdehyde assay

The peroxidation index (PI) was calculated (eg.4) for total dietary lipids and the polar
fraction of muscle lipids (see Gourtay et al. [2018] for details of fatty acid content)

following the equation provided by Hulbert et al. (2007):

PI = (0.025 X % monoenoics) + (1 X % dieonics) + (2 X % trienoics) +

(4 X % tetraenoics) + (6 X % pentaenoics) + (8 X % hexaenoics) eq.4

Liver samples were reduced to powder using a mixer mill (MM 400, Retsch, 30 Hz,
30 s) with liquid nitrogen. To extract total proteins, 100 mg of liver powder was diluted in 1
mL lysis buffer (150 mM NaCl, 10 mM Tris-HCI, 1 mM EDTA, 1 mM EGTA, 1% Triton
X100, 0.5% Igepal, 1% phosphatase inhibitor cocktail 11, 2% NaPPi, and 1 tablet EDTA-
free protease inhibitor cocktail, pH adjusted to 7). Samples were then homogenized on ice
using a polytron (PT-MR 2100, BioBlock). For protein extraction, samples were left on ice
for 40 min and then centrifuged (3-30K Sigma, 6000 g, 1 h, 4°C). The middle phase
containing the protein extract was recovered with a Pasteur pipette and centrifuged (3-30K

Sigma, 10000 g, 45 min, 4°C). The middle phase containing the protein extract was
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recovered with a Pasteur pipette, separated into aliquots, and stored at —80°C for the

enzyme activity assay.

Total protein concentrations of the liver homogenates were assayed in triplicate
according to the Bio-Rad DC Protein Assay (5000116, Bio-Rad), based on the Lowry assay
(Lowry et al., 1951).

Specific CAT activity was measured in triplicate according to Aebi (1984) by
observing the decomposition of H202 into oxygen and water. The reaction mixture
consisted of 20 mM phosphate, pH 7, and 10 mM H202. We used a Multiskan GO
(Thermo Scientific) plate reader with GREINER UV-Star 96 (ref: M3812, Sigma). The
kinetics of the colouring solutions were monitored at 22°C by readings of the absorbance at

240 nm every 10 s for 4 min.

The specific enzyme activity of superoxide dismutase (SOD, combined Cu, Zn-SOD,
and Mn-SOD) was determined in triplicate using a commercial kit (ref: 19160, Sigma),
using a NUNC F-bottom 96-well (Thermo Scientific) with Multiskan GO (Thermo
Scientific) plate reader. Final absorbances were read at 450 nm after 20 min incubations at
37°C.

The specific enzyme activity of cytochrome ¢ oxidase (COX) was measured in
triplicate using a commercial kit (ref: CYTOCOX1, Sigma) combined with Evolution 21
UV-Visible Spectrometer (Thermo Scientific). The kinetics of colouring solutions were

monitored at 25°C by readings absorbance at 550 nm every 0.25 s for 1 min.

The specific enzyme activity of citrate synthase (CS) was measured in triplicate
according to Srere (1969) and Bergmeyer et al. (1974). The assay medium contained 100
mM Tris-HCI (pH 8), 10 mM DTNB, and 2 mM acetyl-CoA. Liver homogenates and assay
media were protected from light and incubated for 5 min in NUNC F-bottom 96-well plates
(Thermo Scientific); 5 mM oxaloacetate solution was added to initiate the reaction. The
kinetics of colouring solutions were monitored at 25°C by reading absorbance at 412 nm

every 10 s for 4 min.
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The lipid peroxide assay was adapted from the thiobarbituric acid reactive substances
(TBARS) protocol (Uchiyama and Mihara, 1978). Liver samples were ground on ice using
a polytron (PT-MR 2100, BioBlock) with distilled water containing 1% BHT in methanol,
50 mg of liver for 1 mL of grinding solution. A total of 500 pL of 1% TBA, and 1.5 mL of
1% phosphoric acid were added to 500 pL of liver homogenate. This mixture was heated
for 30 min at 100°C and cooled for 30 min on ice, at which point 2 mL of butanol were
added and the mixture vortexed. Protein precipitates were removed by centrifugation at 800
g. The absorbance of the supernatant was read in NUNC F-bottom 96-well plates (Thermo

Scientific) with a Multiskan GO spectrophotometer (Thermo Scientific) at 532 nm.

2.5.4 Gene expression analysis

Liver samples were reduced to powder using a mixer mill (MM 400, Retsch, 30 Hz,
30 s) with liquid nitrogen. Samples (50—100 mg) were placed in 1 mL of extractall reagent
and homogenized using a polytron (PT-MR 2100, BioBlock) tissue disruptor for 30 s.
Potential contaminating DNA was removed using an RTS DNase™ Kit (MoBio
Laboratories Inc.) according to the manufacturer’s recommendations. Total RNA was
extracted following the manufacturer’s instructions. The quantity and purity of RNA were
assessed using a NanoDrop spectrophotometer (ND-1000, Thermo Scientific Inc.). The
RNA integrity was determined by electrophoresis using an Agilent Bioanalyser 2100
(Agilent Technologies Inc.). All samples had an RNA integrity number higher than seven
and could thus be used for real-time quantitative polymerase chain reaction analysis. RNA

samples were stored at —80°C until use.

After extraction, total RNA was reverse transcribed into cDNA using an iScript™
cDNA Synthesis kit (Bio-Rad Laboratories Inc.) following the manufacturer’s instructions.
Briefly, 500 ng total RNA was reverse transcribed into cDNA in a volume of 20 pL that
was composed of 15 pL of sample; 4 pL 5 x iScript™ Reaction Mix containing oligo,
random primers, and RNaseA inhibitor; and 1 pL of iScript™ reverse transcriptase.

Reverse transcription (RT) negative controls were also performed on each sample using the



66

same reaction mix except for the reverse transcriptase (substituted by water).The cDNA
synthesis reaction was incubated for 5 min at 25°C followed by 30 min at 42°C and
terminated by incubation for 5 min at 85°C to inactivate the enzyme. RT was performed
using a T 100 Thermal-cycler (Bio-Rad Laboratories Inc.). cDNA samples were stored at
—20°C until use.

The analysis of gene expression in liver tissue of European sea bass was carried out
by qPCR using the primers listed in Table 7. Primers were designed using Primer3plus
(http://primer3plus.com/) based on sequences available from the Genbank database
(https://www.ncbi.nlm.nih.gov/genbank/). Gene expression was quantified using a C1000
touch thermal cycler (CFX96 system, Bio-Rad Laboratories Inc.). For each primer pair,
gPCR efficiencies were estimated through standard curves performed using serial dilutions
(from 1/10 to 1/270) of a pool of cDNA. In the present study, gPCR efficiencies for each
primer pair ranged from 95 to 100%, with R? > 0.99. Samples were then analyzed in

triplicate.



Table 7: Specific primers used for quantitative PCR with Genbank accession numbers

Gene name (abbreviation)

Accession number

Forward primer sequence (5'-3")

Reverse primer sequence (5'-3')

28S ribosomal RNA (285)
Elongation factor 1 a (ef7a) *
Fatty acid synthase (fas)
Delta-6-desaturase (fads2)
Peroxisome proliferator activated receptors alpha (ppar a)
Peroxisome proliferator activated receptors beta (ppar )
Peroxisome proliferator activated receptors gamma (ppar y)

Sterol regulatory element binding protein 1 (srebp-1)

CBXY010007006

AJB66727.1

MF566098.1

EU439924.1

AJ880087.1

AJB80088.1

AY 590303

FN677951

TTTCCCATGAGAGAGCAGGT

GCTTCGAGGAAATCACCAAG

CCTCTGAACCTGGTCTGGTG

AGCATCACGCTAAACCCAAC

ACCTCAGCGATCAGGTGACT

GCTCGGATCTGAAGACCTTG

CAGATCTGAGGGCTCTGTCC

TCAGATGCGCTTCTTAGGATGT

CAACCTTCCATCCCTTGAAC

ATTGGAGAGAGCCTCCACGA

CAAGCCAGATCCACCCAGTC

AACTTCGGCTCCATCATGTC

TGGCTCCATACCAAACCACT

CCTGGGTGGGTATCTGCTTA

CTGGAGCCAAAACAGAGGAG GACAGGAAGGAGGGAGGAAG

*Used as housekeeping gene

L9
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The final well volume was 15 pL, containing 5 uL cDNA (1/30 dilution) and 10 pL
of reaction mix (0.5 uL of each primer [10 uM]), 1.5 uL RNase/DNase-free water, 7.5 uL
iQ™ SYBR® Green Supermix (Bio-Rad Laboratories Inc.) containing antibody-mediated
hot-started iTag DNA polymerase, dNTPs, MgCI2, SYBR® Green | dye, fluorescein,
stabilizers, and enhancers. In each plate, negative controls (RT negative controls) were
systematically included to ensure the absence of residual genomic DNA contamination.
Non-template controls (H2O) were also analyzed. The gPCR thermal cycling contained an
initial activation step at 95°C for 2 min, followed by 39 cycles of 5 s at 95°C and 20 s at
60°C. A melting curve was performed at the end of the amplification phase to confirm the

amplification of a single product in each reaction.

The corresponding Cq (quantification cycle) value was determined automatically for
each sample using the Gene Expression Module of CFX Manager software (Bio-Rad
Laboratories Inc.). Cq is the number of cycles required to yield a detectable fluorescence
signal. CFX Manager Software was used to normalize the relative quantity of messenger
with the AACt method. The elongation factor 1 (efla) and ribosomal (28S) genes were
tested to correct for loading differences or other sampling variations present in each sample.
The efla gene was used as a reference gene in the liver tissue of juvenile fish since it did

not show any significant variation of expression among experimental conditions (P > 0.05).

2.5.5 Statistical and data analysis

Relative gene expressions and enzyme activity data were log10 transformed to obtain
normal distributions. The effects of time, temperature, and diet were tested for peroxidation
index, relative genes expression (ppara, pparfs, ppary, fas, srebp-1, fads2), enzyme activity
(CAT, SOD, CS, COX), and MDA content using three-way ANOVAs. Normality and
homoscedasticity of data were tested using Shapiro-Wilk and Levene tests, respectively.
When appropriate, Tukey mean comparison tests were done because homoscedasticity was
respected. Differences were considered significant at a = 0.05. Statistical analyses were

conducted in R (ver.3.3.3; R Development Core Team).
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2.6 RESULTS

2.6.1 Liver mass and protein content

After 720 dd of feeding, liver mass was significantly higher (+48%) in juveniles
reared at 20°C than at 15°C, and diet had no significant effect (Table 8, Figure 10A). At
1660 dd, the increase in liver mass was higher for juveniles reared at 20°C (+67%) than for
those reared at 15°C (+59%; Table 8, Figure 10A). Again, no diet effect was detected
(Figure 10A). Liver protein concentration decreased significantly over time (0.12 £ 0.01
mg proteins mg liver?® at 720 dd vs. 0.10 + 0.00 mg proteins mg liver? at 1660 dd; Table

8), and no significant effect of diet or of temperature was observed.
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Table 8: Effect of diet, temperature, and time on liver lipid metabolism (N = 6) and
oxidative stress (N = 3)

Three-way ANOVA

Diet Temperature Time Interactions
Liver mass _ B B Diet x Time x Temperature: P <0.05
P <0.001
- 1660dd < 720dd -

Liver protein content

Lipid metabolism

fads2 _ B Diet x Temperature x Time: P < (.05
P <0.001 P<0.001

fas - 15°C < 20°C  720dd < 1660dd -

ppara. B B Temperature x Time: P <0.01
pparf _ _ _ _
. P <0.05 P<0.001
ppary - 15°C < 20°C 720dd < 1660dd -
srebo.| P<0.05 P <0.001
P - 15°C < 20°C  720dd < 1660dd -
Oxidative metabolism and antioxidant response*
CAT _ _ _ Diet x Time x Temperature: P <0.01
SOD P<0.05 P <0.01 P<0.01
RD<LD 15°C<20°C 1660dd < 720dd -
o B B _ B
Time x Temperature: P < 0.01
X
o - - - Diet x Time: P < 0.001
COX/CS P<0.05 Time » Temperature: P < 0.001
RD < LD - - perature: =1
P<0.05
MDA - - 720dd < 1660dd -
P<0.01 .
‘P<
PI LD < RD B B Time x Temperature: P < 0.05

*: per mg prot (specific enzyme activity)
Italics indicate the presence of significant differences, RD: reference n-3 polyunsaturated
fatty acid (PUFA) diet, LD: low n-3 PUFA, dd: degree-days.
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Figure 10: Effect of diet, time (in degree-days [dd]), and temperature on A) liver mass and
B) specific activity of catalase (CAT). Results of two-way ANOVAs: effect of diet and
time on C) specific activity of cytochrome c oxidase (COX). Results of two-way ANOVAs:
effect of temperature and time on D) specific COX activity, E) COX/citrate synthase (CS)
ratio, and f) peroxidation index. Significantly different groups were assigned different
letters following Tukey post-hoc tests (o = 0.05). Values are means * standard deviations,
N=3.

2.6.2 Peroxidation index and MDA

The PI of the RD diet was 34% higher than the LD diet (15.86 + 1.78 vs. 10.52 +
0.50). Accordingly, PI in the polar lipids of juveniles fed RD was significantly higher
(+18%) compared to fish fed LD (45.36 £ 6.96 vs. 38.50 + 5.45; Table 8). The temperature
x diet interaction was significant (Table 8), while no difference was detected with the post-
hoc test (Figure 10F). Surprisingly, MDA content was not affected by diet or temperature
(Table 8). However, MDA content increased with time (2.06 + 0.48 vs. 2.77 £ 0.45 nmol
mg proteint; Table 8).
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2.6.3 Oxidative metabolism and antioxidant response

CS activity remained stable regardless of the experimental treatment, while COX
activity varied depending on diet x temperature and degree-days x temperature interactions
(Table 8, Figure 10C, D). There was no temperature effect on COX activity at 720 dd,
while fish raised at 20°C exhibited a higher COX activity at 1660 dd than fish reared at
15°C (Table 8, Figure 10D). The COX activity was significantly lower in fish fed RD at
720 dd while the diet effect was no longer present at 1660 dd (Table 8, Figure 10C). The
COXI/CS ratio was higher (+15%) in juveniles fed LD than in those fed RD (6.01 + 1.21 vs.
5.09 + 1.80; Table 8). In addition, the COX/CS ratio remained stable over time for fish
raised at 15°C, while it increased at 20°C (Figure 10E, Table 8). CAT activity increased
slightly but significantly over time both at 15°C and 20°C (70 £ 7.93 vs. 105 = 27.01 mU
mg proteins™; Table 8, Figure 10B). At 20°C, however, juveniles fed the RD diet displayed
CAT activity that was more than twice the activity measured in LD-fed fish. At 1660 dd,
the diet effect was no longer present. The SOD activity was significantly lower (8%) in
juveniles fed RD compared to those fed LD (3.94 + 0.36 U mg proteins™ vs. 4.25 + 0.43 U
mg proteins™, Table 8). SOD activity significantly decreased (—8%) with time (4.25 + 0.31
U mg proteins™? at 1660 dd vs. 3.95 + 0.47 U mg proteins™ 720 dd; Table 8). There was
also a significant increase in SOD activity (+10%) with the rise in temperature (3.91 + 0.43
U mg proteins? at 15 °C vs. 4.29 + 0.33 U mg proteins™ at 20°C; Table 8).

2.6.4 Relative gene expression

At 720 dd, the relative expression of fads2 was highest at 20°C in juveniles fed RD,
while it was lowest at 15°C in juveniles fed LD (Table 8, Figure 11A). After 1660 dd of
feeding, there was no significant increase of fads2 in juveniles fed RD at 15°C or LD at

20°C; however, the expression was approximately 1.5 times higher in juveniles fed LD at



Figure 11: Effect of diet, temperature and time on lipid metabolism. A) Interaction between diet, time (in degree-days [dd]),
and temperature for fads2. B) Effect of time (dd) and temperature on relative gene expression for fas, ppara, pparfs, ppary,
and srebp-1. When factor interactions were significant, groups were compared with Tukey post-hoc tests (a = 0.05);
significantly different groups were assigned different letters. Values are means + standard deviations, N = 6.
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15°C and RD at 20°C (Table 8, Figure 11A). The expression of other genes showed no
difference according to diet. Expressions of fas, ppary, and srebp-1 were significantly
lower (158%, 29%, and 24%, respectively) for fish raised at 15°C than at 20°C (Table 8,
Figure 11B). These expressions were respectively 630%, 91%, and 118% lower at 720 dd
than at 1660 dd (Table 8, Figure 11B). The highest relative gene expression for pparo. was
observed at 1600 dd for fish raised at 20°C (Table 8, Figure 11B), while no treatment effect

was observed for the expression of pparf (Table 8).

2.7 DiIsSCUSSION

In a previous study, we showed that the depletion of n-3 PUFA and a low temperature
(15°C) contributed to a decreased growth rate in sea bass: the depleted n-3 PUFA diet
resulted in lower contents of essential fatty acids (EFA; ARA, DHA, EPA) in muscle even
though a higher retention of those FA was noted in fish fed this diet (Gourtay et al. 2018).
The aim of the present work was to examine to what extent these diets and temperature can
affect lipid metabolism and antioxidant response in liver. Diet had no effect on lipid
metabolism, but development and temperature effects were observed: mRNA levels for
ppara, ppary, fas, fads2, and srebp-1 increased over time, and we showed—for the first
time—that temperature affects mRNA levels of ppara, ppary, fas, and srepb-1.
Surprisingly, however, diet marginally increased the expression of fads2 in the LD
treatment. No clear pattern of oxidative stress response occurred in relation to diet based on
the specific activity of the studied enzymes. MDA, which is an indicator of lipid
peroxidation, remained stable while the activity of antioxidant enzymes increased with

higher temperature conditions.

2.7.1 Lipid metabolism

Because the n-3 PUFA-depleted diet induces lower growth and low EFA muscle
content despite a higher retention of EFA (Gourtay et al. 2018), modifications within the
lipid bioconversion pathway were expected relative to the diet. Indeed, it has been reported
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that a nutritional regulation of several actors of this pathway (notably of fads2) occurred in
several fish species, some of which were strictly marine (for review see Vagner and
Santigosa 2011). Considering the greater EFA muscle content in LD juveniles, we
hypothesized that the biosynthesis pathway was activated in LD juveniles based on the
greater EFA muscle content. This hypothesis was not verified at the molecular level
because no effect of diet on fas, ppara, pparf, ppary, or srebp-1 expression was observed,
suggesting that no regulation of these transcriptional factors occurred at the dietary PUFA
levels tested here. Comparable conclusions were drawn by Yilmaz et al. (2016) in juvenile
sea bass and by Tocher et al. (2006) in cod. However, our results contrast with those
obtained on sea bass by Vagner et al. (20073, b, 2009), who showed that fads2 activity was
higher in larvae fed the low PUFA diet (0.5% or 0.7% EPA + DHA, % DM) compared to
those fed a high PUFA diet (1.7% or 3.7% EPA + DHA, % DM). Gonzélez-Rovira et al.
(2009) also showed a significantly higher fads2 mRNA level in the liver of sea bass fed
with linseed and rapeseed oils compared to those fed fish oil, while it remained stable in
individuals fed a diet based on olive oil. Because sea bass studies were based on different
dietary formulations and different developmental stages, it is difficult to pinpoint why our
results would differ from theirs. As mentioned above, previous studies reporting
modulation of the elongation and desaturation pathways used diets that were highly
deficient in EPA + DHA content (Vagner et al. 2007a, b, 2009); in consequence, one may
hypothesize that it possibly exists a nutritional supply threshold in PUFA above which the

activation of these pathways does not occur.

The activities of fas, ppary, and srebp-1 increased over time and with temperature.
The fads2 expression tended to increase over time, but not significantly due to the high
inter-individual variability within experimental treatments at 1660 dd. This may indicate
changes in expression of the lipid regulation pathway with age or with temperature
conditions. Generally, and within the limits of thermal tolerance of ectotherm species,
increasing temperature accelerates all biochemical processes, including growth
performance. Indeed, a significantly higher growth was observed in juveniles fed the same

experimental diets at 20°C compared to 15°C (Gourtay et al. 2018). It then seems
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reasonable to speculate that a higher growth rate should be accompanied by a higher
metabolic demand, especially of FA, leading to an increase in the expression of involved
genes. Despite a temperature-driven stimulation of the PUFA bioconversion pathway, only
polar DHA and ARA contents were higher at 720 dd for fish reared at 20°C compared to
those reared at 15°C, and at 1660 dd only the neutral DHA content was higher at 20°C
(Gourtay et al. 2018). Temperature may simply accelerate a process occurring through time
and resulting to a rise in polar lipids followed by a rise in the neutral fraction. Obviously,
the results showed more than just a general metabolic increase with temperature rise since a
selective effect of the different fatty acids is also present. However, we do not have the data

to investigate further on this aspect.

2.7.2 Aerobic metabolism and oxidative stress response

There is growing evidence that inclusion of high levels of PUFA in fish diet, due to
their high degree of unsaturation, can induce lipid oxidative damage (Alvarez et al. 1998;
Luo et al. 2012). The RD-fed juveniles had the highest PI, which is coherent with the
PUFA content in the two diets. However, MDA content remained stable regardless of the
diet fish were fed, which does not match an enhanced level of lipid peroxidation. In
addition, the antioxidant enzyme activities also did not vary according to diet except for
SOD, which was higher in juveniles fed LD than in those fed RD. This seems to indicate
that the PI did not provide a good evaluation of the need to regulate ROS via the diet. Pl is
calculated with in vitro oxidation rate values (Holman 1954, Cosgrove et al. 1987, Hulbert
et al. 2007). It does not take into account all the in vivo processes that occur to deal with

ROS production. It seems that MDA was a better indicator of lipid peroxidation.

Increased environmental temperature has been associated with oxidative stress in fish
(Parihar and Dubey 1995, Heise et al. 2006a, b, Lushchak and Bagnyukova 2006,
Bagnyukova et al. 2006, 2007). Vinagre et al. (2012) studied the impact of temperature on
oxidative stress in sea bass juveniles. They found that lipid peroxidation and catalase

activity were very sensitive to environmental temperature. Accordingly, the SOD activity
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was higher at 20°C than at 15°C, and the highest CAT activity was observed at 720 dd in
fish fed LD at 20°C. In several organisms including fish, it has been shown that COX and
CS activities are adjusted to maximum aerobic metabolism capacity (Childress and Somero
1979, Thuesen and Childress 1993, 1994). Elevated temperature stimulates metabolic
processes in ectotherms, increasing ATP demand and, therefore, electron transfers along the
mitochondrial respiratory chain, possibly explaining the highest COX activity and COX/CS
ratio recorded at 20°C. Such circumstances are also likely to enhance ROS production as a
side product, resulting in oxidative stress. It should be noted that we analyzed the activity
of specific enzymes, and that liver mass increased with time and temperature. With the
increase in liver mass, total enzyme activity (per whole liver) should be higher and thus
enable fish to cope with oxidant stress. The absence of change with temperature in the
MDA content, which is one of the products of lipid peroxidation (Frankel 2005), again did
not match the original hypothesis. Knowing that the effects of ROS are dose dependent
(Gechev et al. 2006, Quan et al. 2008), the ROS production in our study probably remained

under the trigger point of antioxidant defense.

2.8 CONCLUSIONS

Dietary depletion PUFA did not affect hepatic transcriptional factors (except fads2)
involved in the regulation of metabolic pathways related to FA bioconversion at the
molecular level. This suggests that the n-3 PUFA level in juvenile sea bass cannot be
modified through an increased capacity of liver fatty acid bioconversion. Despite the high
peroxidation index in fish fed RD, very few modifications in the oxidative stress response
were associated with diet, suggesting that P1 did not represent a status perceived as stressful
from a physiological point of view. Temperature affected the fatty acid bioconversion
capacity, possibly through metabolic processes already present in fish. However, we were
not able to match this increase with specific outcomes regarding the biosynthesis pathway.
Temperature also increased the enzymatic antioxidant response, but there was no

correlation with the PI index or MDA products.
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CHAPITRE 3
EFFETS DES ACIDES GRAS NUTRITIONELS SUR LA PLASTICITE DE
VITESSE DE NAGE CRITIQUE DE JUVENILES DE BAR EUROPEEN
(DICENTRARCHUS LABRAX)

Ce troisiéme article, intitulé « Effects of dietary fatty acids on the plasticity of critical
swimming speed of European sea bass (Dicentrarchus labrax) juveniles » est actuellement

en cours d’échange avec les co-auteurs.

Tous les co-auteurs ont participé au processus de rédaction selon le processus décrit
dans le premier chapitre. Pour cet article les expériences de nage ont été réalisées par
Clémence Gourtay sous la supervision de Guy Claireaux, les prélevements sanguins ont été
réalisés par Clémence Gourtay en collaboration avec Cassandre Aimon, Nicolas Le Bayon
et Guy Claireaux.

Différents éléments de cet article ont été présentés au congres de la Société
canadienne de zoologie (Terre-Neuve, Canada, mai 2018).
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3.1 RESUME

Dans le contexte des changements globaux, comprendre comment les organismes
réagiront aux nouvelles conditions environnementales est d’une grande importance. Le but
de cette étude était d’établir de quelle maniére les acides gras et la température pouvaient
affecter la plasticité phénotypique chez le bar juvénile (Dicentrarchus labrax). Les
poissons ont été élevés a deux tempeératures (15 et 20° C) et ont été nourris pendant cing
mois avec des régimes isoénergétiques et isoprotéiques dont le profil en acides gras différe:
un régime de type marin (AL++: 1,65% d'acides gras polyinsaturés [AGLPI] n-3 sur une
base de matiere seche [MS]) et un régime alimentaire de type estuarien (AL: 0,73%
d’AGLPI n-3 de MS). Nous avons émis I’hypothese que 4 phénotypes différents avaient été
créés suite a 1’élevage, et que leur plasticité et leur abilités régulatoires pourraient étre
distinguées avec un protocole de vitesse de nage critique (Ucrit). Les capacités
homéostasiques de ces phénotypes ont été testées en exposant les juvéniles a plusieurs
combinaisons d’oxygéne (de 100% a 40% de saturation en oxygene) et de salinités (S = 30
a 55) contraignantes sur le plan physiologique. Les résultats ont montré que les poissons
nourris avec AL présentaient de meilleures performances que ceux nourris avec AL++ et
que I’hypersalinité était plus contraignante que 1’hypoxie. Les juvéniles élevés a 20°C
avaient une plasticité intra-phénotypique plus importante, alors que la plasticité inter-
phénotypes était clairement affectée par les régimes alimentaires. De maniére surprenante,
lactate, glucose et osmolarité plasmatique ont peu contribué a expliquer les différences
d’Ucrit observées. Cette étude révele I'importance du régime alimentaire et de la
température comme facteurs environnementaux capables de générer une diversité
phénotypique significative, avec des impacts potentiels sur les traits d'histoire de vie des

especes.

Mots clés : plasticité, Ucrit, salinité, hypoxie, lactate, glucose, osmolarité
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3.3 ABSTRACT

In the context of global changes, understanding how organisms will respond to new
environmental conditions is of great importance. The aim of this study was to establish how
fatty acids and temperature may affect phenotypic plasticity in juvenile sea bass
(Dicentrarchus labrax). Fish were raised at two temperatures (15°C, 20°C) and fed for five
months with isoenergetic and isoproteic diets that differed in their fatty acid profiles: a sea-
profile diet (SP: 1.65% n-3 polyunsaturated fatty acid [PUFA] on a dry matter basis [DM])
and an inland-profile diet (IP: 0.73% n-3 PUFA on DM). We hypothesized that four
different phenotypes would be produced, and that their plasticity and integrated regulatory
abilities could be distinguished with a critical swimming speed (Ucrit) protocol. The
homeostatic ability of these phenotypes was tested by acutely exposing juveniles to
combinations of oxygen (ranging from 100 to 40% air saturation) and salinity levels (S =
30 to 55). The results showed that IP-fed fish performed better than SP fish, and that
hypersalinity was more constraining than hypoxia. Fish reared at 20°C had higher intra-
phenotype plasticity while inter-phenotype plasticity was clearly affected by dietary
regimes. Surprisingly, lactate, glucose, and plasma osmolality contributed little to
explaining differences in Ucrit results. This study reveals the importance of dietary regimes
and temperature as crucial environmental factors that may generate significant phenotypic

diversity, with potential impacts on the life history traits of species.

Key words : plasticity, Ucrit, salinity, hypoxia, lactate, glucose, osmolality
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3.4 INTRODUCTION

Swimming capacity is of high ecological relevance in fishes (e.g., predator
avoidance, prey capture, distribution, and migration), and it is considered a determining
factor of individual fitness in numerous species (Videler 1993, Reidy et al. 2000,
Armsworth 2001, Johnston et al. 2001, Plaut 2001, Fisher and Wilson 2004, Green and
Fisher 2004, Claireaux et al. 2006). Because it combines the performance of a number of
physiological processes and functions (e.g., ventilation, respiration, oxygen transport,
muscular work, and general homeostasis), swimming ability has been used as an integrated
index of physiological performance and health (Nelson 1989, Randall and Brauner 1991,
Plaut 2001, Mauduit et al. 2016, Zhang et al. 2016).

Individuals are developmentally, functionally, and phenotypically complex units
(Olson and Miller 1958, Schlichting and Pigliucci 1998, Pigliucci and Preston 2004,
Valladares et al. 2007, Piersma and van Gils 2011). Depending on environmental
conditions, a single genotype may become one of many possible phenotypes, which is
called phenotypic plasticity. This has long been recognized as a key strategy enabling
organisms to respond to varying environments (Bradshaw 1965). In the context of global
changes, understanding the adaptation potential of organisms to their environment is
crucial, and studying the effects of environment on swimming performance becomes a key

tool to reach that goal.

One environmental factor that is emerging as a significant source of phenotypic
plasticity in fish is diet quality, and particularly the relative intake and subsequent tissue
accumulation of certain fatty acids (FA; McKenzie 2001, Tocher 2003, Chatelier et al.
2006). Dietary FA are either stored as neutral triacylglycerol (TAG) or inserted into
membranes as polar phosphoglycerides (Sargent et al. 1999, Tocher 2003). More than 85%
of fish energy reserves are stored as TAG, mainly because lipids can yield more ATP per
gram than any other fuel source (Weber 2011). Fish make predominant use of these large
reserves to support swimming (Magnoni et al. 2006, Richards et al. 2002a). However, fats
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are scarce in nature and their quality can be highly variable since considerable fluctuations
in FA composition of natural food sources occur in both space and time. Consequently,
available dietary FA can heavily influence the nature of FA being stored by consumers
(Ayre and Hulbert 1996, Huang et al. 2005, Pierce and McWilliams 2005), with
consequences on disease resistance, aging, general health, and physiological performance
(Pond 1998, Hulbert et al. 2005, Simopoulos 2007, Weber 2009, Valencak and Azzu 2014).

Only a few studies have examined the effects of dietary lipids on maximum
swimming speed (Ucrit). McKenzie et al. (1998) found that salmon fed a diet rich in n-3
polyunsaturated FA (PUFA) (29.5% on a total lipids basis) had a significantly lower Ucrit
than those fed a diet enriched with canola oil, and therefore poorer in n-3 PUFA. These
authors also found a negative correlation between dietary n-3 PUFA content and Ucrit, and
a positive correlation between muscle n-3/n-6 ratio and Ucrit. In seabass (Dicentrarchus
labrax), swimming performance was found to be correlated with a high level of oleic acid
(OA) and linoleic acid (LA) in muscle tissues (Chatelier et al., 2006), and in the golden
grey mullet (L. aurata), increased swimming efficiency was observed when fish were fed a
diet poor in n-3 PUFA (0.2% on a dry matter [DM] basis) (Vagner et al., 2014). On the
contrary, Arctic charr (Salvelinus alpinus) fed a diet in which 75% of the fish oil was
replaced by vegetable oil had lower swimming performance than individuals fed with fish
oil (Petterson et al. 2010 ). A similar pattern was observed by Wagner et al. (2004) in
Atlantic salmon (Salmo salar): maximum swimming speed (Ucrit) of salmon was higher in
fish fed a diet rich in polyunsaturated FA of the n-3 series (n-3 PUFA, 0.2%), namely
eicosapentaenoic (EPA, 20:5n-3) and docosahexaenoic (DHA, 22:6n-3) acids. On the
contrary, swimming performance was lower in fish fed a diet with low n-3 PUFA /
saturated FA (SFA) and n-3 PUFA/ arachidonic acid ratios. These contrasting results reveal
the importance of better understanding the effects of n-3 PUFA dietary content on the

swimming performance of fish.

The European sea bass (D. labrax), a marine species that spends most of its life in

coastal areas and estuaries, is commercially important along European coasts. Coastal
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environments are characterized by high environmental variability, which in turn induces
variability in phytoplankton assemblages and the biochemical composition of
phytoplankton, and thus directly affects FA quality and availability patterns (Pohl and
Zurheide 1979). It has been shown that the fatty acid composition of muscle in European
sea bass is altered by temperature and diet (Chatelier et al. 2006, Skalli et al. 2006, Gourtay
et al. 2018).

The aim of the present study was to establish how the FA composition of food can
affect phenotypic plasticity in juvenile sea bass. Using a crossed factorial design combining
two dietary regimes and two temperatures, four phenotypes were constructed and their
integrated regulatory ability was compared using a Ucrit protocol. The homeostatic abilities
of the phenotypes were tested by acute exposition of juveniles to combinations of oxygen
(ranging from 100 to 40% air saturation; air sat. hereafter) and salinity levels (S = 30 to 55).
Acclimation temperature (15°C versus 20°C) was used as a co-factor. Two sets of
experiments were conducted. In the first set, fish swimming capacity (Ucrit) was
determined; in the second set, blood samples were collected at predetermined times during
the trials and plasma glucose, lactate, and osmolality were examined in relation with the
homeostatic abilities of phenotypes. The experimental diets had similar compositions
except that one contained 1.65% of EPA+DHA (sea profile, SP) while the other contained
only 0.73% (inland profile, IP) on a DM basis.

3.5 MATERIALS AND METHODS

3.5.1 Fish acclimation and diet

Details on fish origin, rearing, and nutritional conditioning are given in Gourtay et
al. (2018). Briefly, sea bass juveniles (mean mass £ SD: 0.75 + 0.02 g; standard length:
3.57 £ 0.02 cm) were assigned to one of 12 rearing tanks supplied with natural seawater
(500 L; > 95% air sat.; n = 300 per tank). Fish were fed one of two experimental diets: SP
(EPA+DHA = 1.65% DM) and IP (EPA+ DHA = 0.73% DM), and were raised at either
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15°C or 20°C. Each diet x temperature combination was tested in triplicate tanks for a total
of 12 experimental tanks. The two diets were isoenergetic and contained the same amounts
of proteins and lipids (Gourtay et al., 2018). The IP diet contained only colza oil as an FA
source (essentially OA, 18:1n-9; LA, 18:2n-6; and linolenic acid, 18:3n-3), while the SP
diet contained half colza oil and half fish oil, the latter being richer in EPA (20:5n-3) and
DHA (22:6n-3).

3.5.2 Muscle fatty acid composition

To assess muscle fatty acid profiles, eight fish per tank were randomly sampled at
the end of the feeding experiment (day 176 and 204 post hatching at 20°C and 15°C,
respectively, 1660 degree days at both temperatures). They were euthanized with an
overdose of MS-222 (200 mg L1), and a piece of white epaxial muscle located under the
first dorsal fin was dissected out. Muscle samples obtained from the same tank were pooled
and stored at —80°C until fatty acid analyses (n = 3 per experimental treatment). FA were
expressed as percentage of DM. The diet effect on FA content was assessed with a Student
T-test at each temperature since the Ucrit swimming protocol differed for fish held at the

two temperatures (Table 9).
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Table 9: Effects of diet (sea profile [SP] or inland profile [IP]) on muscle fatty acid (FA)
profiles of experimental groups prior to challenges.

Neutral lipids
15°C 20°C
SP 1P T-test SP 1P T-test

14:0s 043+£005  0.52+0.08 — 0.79+0.01 0.55+0.04 P<0.01

16:0s 3.02+034  4.13+0.69 — 4.85+0.02 5.07+£0.23 -

18:0s 064006 095+0.13 — 1.02 +£0.03 1.18 £ 0.07 —

SFA 428+ 047 5.9+0.98 — 6.96 + 0.02 6.83 £ 0.66 -
16:In9  0.65+0.08 0.73+0.09 — 1.01 +0.03 0.7+ 0.04 P<0.01
18:In7 0.63+0.07  0.94+0.23 — 0.89 +0.05 1.03 £ 0.05 -
18:In9 7.84+0.81 1441+401 — 1141 +046 1699+0.73 P<0.01
20:In9  0.63+£0.06 1.01 £0.27 — 0.84 £ 0.06 1.12 = 0.06 P<0.05
MUTFA  9.95+1.00 17.7+4.78 — 1441 £ 0.6 19.29 = 1.66 —
18:2n6  2.77+0.27  538+1.58 - 3.97+0.31 5.99+0.29 P<0.01
18:3n3  0.91+£0.09 1.87 +£0.58 — 1.44+0.04 2.18£0.10 P<0.01
20:4n6  0.07 £0.01 0.04 £0.01 - 0.110 0.04+£0.00 P<0.001
20:5n3  0.68+0.08 042+0.12 - 1.14 £ 0.05 0.483+0.03 P<0.001
22:6n3  1.06+0.11 0.63+0.14 — 1.34 £ 0.05 1.13 £ 0.09 —
PUFA  586+0.59 8.81+2.52 — 8.5+0.39 9.82+0.90 —
n-3/m-6  0.97+0.01 0.57+£0.01 — 1.01 £ 0.06 0.66 = 0.01 —

Values are given as percent of dry matter in the neutral lipids at 15°C and 20°C. Values are
means = s.e., N=3. Only significant results are reported.

3.5.3 Set 1: Critical swimming speed

Swimming tests were conducted after 160 days of acclimation. Because fish reared
at 15°C and 20°C differed significantly in body size (Gourtay et al. 2018), the swimming
protocol used for these two groups was slightly different in terms of the rate at which water
velocity was increased during the first 10 min of the swimming challenge tests. As a result,

direct comparison between temperature treatments was not possible.

Swimming performance was assessed using a 30 L swimming tunnel (Loligo
system, Tjele, Denmark). The section of the tunnel where fish were held was 55 cm x 14
cm x 14 cm (length, width, height). The section was placed in an outer tank that was
supplied with temperature- (cooling/heating system, Tr10, TECO, lItaly) and oxygen-
controlled seawater. The oxygen level was regulated manually by bubbling nitrogen or air

in a water tank situated upstream of the swim tunnel. Water oxygen level was monitored
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continuously in the swimming tunnel using an oxymeter (Firesting, PyroScience,
Germany). Water salinity was measured using a salinometer (WTW LF 325, Bioblock

Scientific, Germany) and adjusted using aquarium marine sea salt (Tetra).

To establish the influence of dietary conditioning on the integrated performance of
the four phenotypes, fish critical swimming speed (Ucrit) was measured in six
combinations of dissolved oxygen (DO) and salinity conditions. Three DO levels (100, 60,
and 40% air sat.) were combined with two salinity levels (30 and 55). For each DO x
salinity combination, two groups of 15 fish were tested. These fish were selected at random
from the rearing tank and were starved 24 h before the swimming trials. Fish were
transferred from the rearing tank to the swim tunnel without emersion, and water
temperature in the tunnel was identical to that in the rearing tank. Following transfer, fish
were allowed to habituate at the minimum speed of 7 cm s? for 1 h when exposed to
oxygen depletion and for 2 h when exposed to the salinity treatments. Following the
habituation period, water velocity in the swim chamber was gradually increased (over 10
min) to 4.5 body lengths (BL) s?, i.e., 25 cm s, at 15°C (fish BL: 6.16 = 0.03 cm) and to 6
BL s?, ie., 47 cm s?, at 20°C (8.04 + 0.04 cm). At that time, water velocity was
incrementally increased by 2.78 c¢cm s every 5 min until fish were exhausted. When
exhausted, fish were removed from the swim tunnel, measured (SL), weighed, and returned
to their rearing tank. Critical swimming speed was calculated following the equation of
Brett (1964; eq.5):

t
] ui+ (g wit)
Ucrit = n

L eg.5
Ucrit is the critical swimming speed (body lengths s),
ui is the highest velocity at which the fish swam the during the time period (cm s),
uii is the incremental speed increase (cm s2),

t is the time spent swimming at the final velocity increment (s),

ti is the time interval (s), and

SL is the standard length (cm).
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3.5.4 Set 2: Plasma glucose, lactate and osmolality

Another set of swimming challenge tests was performed using 20°C-acclimated fish
to reveal the metabolic basis of the homeostasis ability of two phenotypes. Two
environmental conditions were tested, i.e., a moderate hypoxic condition (60% air sat.)
combined with normal salinity (30) and a moderate hypersaline condition (45) in normoxia
(100% air sat.).

The same habituation and swimming protocol as described above were followed.
Four samplings were done (nine fish per sampling): the first sampling took place directly in
the rearing tank (TO) while the next samplings occurred in the swimming chamber at mid-
habituation (T1), at the end of habituation (T2), and after the swimming challenge (T3).
The swimming protocol was not interrupted until the sampling time, so that means that the

swimming protocol was repeated for each sampling time with nine different fish each time.

To collect blood samples, fish were removed from the swimming chamber and
anaesthetized with MS-222 (200 mg L™). Blood was drawn via the caudal vein using
heparinized syringes. Four operators performed the operation simultaneously and blood
samplings were completed within 7 min. Blood samples were pooled (three pools of three
fish each), centrifuged (1000 g, 4 min, 4°C), and the plasma was stored at —-80°C until
assayed. Osmolarity was measured with a Milliosmol Osmometer (Roebling). Lactate and
glucose were respectively measured with a colorimetric L-lactate assay kit (13815
AmpliteTM, AAT Bioquest, USA) and a colorimetric glucose quantitation kit (40004
AmpliteTM, AAT Bioquest, USA).

3.5.5 Statistical and data analysis

Data normality and homoscedasticity were tested using Shapiro-Wilk and Levene
tests, respectively. Three-way ANOVAs were performed to assess significant differences
among diet, oxygen, and salinity for Ucrit independently at 15°C and 20°C. Glucose,
lactate, and osmolality were analyzed with two-way ANOVAs to test for significant
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differences between diets and times in fish raised at 20°C for each scenario (moderate
hypoxia and moderate hypersaline condition). In order to meet normality, Ucrit and lactate
concentration data were log10 transformed. When appropriate, Tukey pairwise comparison
tests were done since the assumption of homoscedasticity was met. Differences were
considered significant at o = 0.05. Statistical analyses were conducted in R (ver. 3.3.3; R

Development Core Team).

3.6 RESULTS

3.6.1 Effects of dietary FA, DO, and salinity on Ucrit

At 20°C, diet as well as water oxygen and salinity levels significantly influenced the
swimming ability of phenotypes (Ucrit) independently (interactions between factors were
not significant, P > 0.05). No significant interaction between these factors was found.
Under normoxia (100% air sat.) and normal salinity (30), IP-fed fish had 8% higher Ucrit
than those fed the SP diet (Fj1,3481 = 40.79, P < 0.001; Figure 12A). With depletion of
oxygen, Ucrit decreased significantly in all groups (F1,34g1 = 104.04 P < 0.001, Figure 12A).
On average, compared to normoxia, Ucrit decreased by about 10% and 22% at 60% and
40% air sat., respectively (Figure 12B). When swimming under normal salinity, fish
displayed 13% higher Ucrit than when swimming under hypersaline conditions (Fi1, 34g) =
98.44, P < 0.001).
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Figure 12: A) Diet (IP: inland profile diet, SP: sea profile diet), salinity and dissolved
oxygen (DO) effects on critical swimming speed (Ucrit) in body length (BL) s for fish
raised at 20°C. B) Oxygen effect on mean Ucrit. Different letters indicate significant
differences among means (Tukey test, o = 0.05).*: P < 0.05; **: P <0.01; ***: P <0.001.
N = 30. Values are means + standard errors.

The same pattern was observed in 15°C-acclimated fish. Ucrit was again
significantly higher (8%) in IP-fed than in SP-fed fish (Fj13471 = 59.15, P < 0.001, Figure
13A) while there was a significant interaction between oxygen and salinity (Fp,3477 = 5.22,
P < 0.01; Figure 13B). In normoxia, salinity had no significant effect on Ucrit. At S =55,
Ucrit decreased significantly, by 8%, in the presence of mild hypoxia (60% air sat.), and by
a further 12% at 40% air sat. At S =30, Ucrit was only significantly different from
normoxia at 40% air sat. (—11%).



92

A
Diet ***
10 - IP > SP
Salinity x DO **
9-

\—A 8'
|
[>]
|
o
S 7l
S 7
6-
Salinity  Diet
e 30 — SP
5 A 55 P
40 60 80 100

Dissolved Oxygen
(% air saturation)

101

B
Salinity x DO **

Salinity
- 30%
-4 55%

40 60 80 100
Dissolved Oxygen
(% air saturation)

Figure 13: A) Diet (IP: inland profile diet, SP: sea profile diet), salinity and dissolved
oxygen (DO) effects on critical swimming speed (Ucrit) in body length (BL) s for fish
raised at 15°C. B) Interaction between dissolved oxygen (DO) and salinity effect on mean
Ucrit. Different letters indicate significant differences among means (Tukey test, a = 0.05).
*: P <0.05; **: P <0.01; ***: P <0.001. N = 30. Values are means + standard errors.

3.6.2 Plasma glucose, lactate, and osmolality under moderate hypoxia and

hypersaline conditions

In the moderate hypoxia scenario, no significant change in plasma glucose was

observed during the acclimation period or swimming trials (Figure 14A, upper). However,
a significant increase in plasma lactate (Fis16 = 1.54, P < 0.05, Figure 14A, middle) and

osmolality (Fpz.16) = 3.99, P < 0.05, Figure 14A, lower) compared to the control (measured
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in tank) was observed 30 min after fish had been introduced into the mild hypoxic
swimming chamber. This difference was no longer significant half an hour later. Fish diet
had no significant effect on these responses. No significant interaction between time and

diet was present (P > 0.05).

In the moderate hypersaline scenario, plasma glucose did not change significantly
during the acclimation and swimming trials (Figure 14B, upper). Lactate significantly
increased (Fp3.16) = 3.90, P < 0.05; Figure 14B, middle) after 1 h in the swimming tunnel
while osmolality reached a peak after 2 h (Fpz16; = 7.43, P < 0.05, Figure 14B, lower). Fish
diet had no significant effect on the glucose or lactate responses. However, SP-fed fish had
a higher plasma osmolality (+3%) than the IP-fed fish (F3.16) = 5.06, P < 0.05, Figure 14B,
lower). At the end of swimming, the osmolality of IP-fed fish was similar to that of fish in
the rearing tank, while the osmolality of SP-fed fish was 8% higher than in IP-fed fish.
Again, the observed diet and time effects were independent since no significant interaction

was present (P > 0.05).
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Figure 14: Diet effect on plasma glucose, lactate, and osmolality in A) the moderate
hypoxia scenario and B) the moderate hypersaline scenario. When the time effect was
significant, groups were compared with a posteriori tests (o = 0.05); significantly different
groups were assigned different letters. When there is one letter for two points, the letter
applies to the average of those points. In the shaded areas, fish were in the swimming
chamber. VValues are means + s.e., N=3.

3.7 DISCUSSION

We used swimming capacity as an integrated gauge of homeostatic condition, to
establish how dietary FA and temperature acclimation may affect the physiological
performance of European sea bass faced with different combinations of oxygen and salinity
conditions. In a first set of experiments, we showed that fish fed an inland-like diet (IP; low

n-3 PUFA) displayed higher swimming capacity (Ucrit) than fish fed a sea-like diet (SP;
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high n-3 PUFA). This difference was observed at both experimental temperatures.
Although hypoxia and hypersaline conditions tended to reduce fish swimming
performance, this diet effect remained discernable. In the second set of swimming trials, we
found that diet did not affect plasma glucose or lactate responses. However, SP-fed fish

exhibited a higher osmolality under hypersaline condition.

3.7.1 Swimming plasticity

In fish, lipid oxidation is the primary fuel used to power locomotion (Richards et al.
2002b). Aerobic activities are primarily fueled by neutral FA released by lipolysis through
mitochondrial B-oxidation (Richards et al. 2002a, Tocher 2003, Magnoni et al. 2006, Frayn
2010). It has been reported in several species that the rate of FA oxidation decreased from
12-carbon to 22-carbon molecules (Hryb and Hogg 1979, Neat et al. 1981, Bronfman et al.
1979), including fish (Henderson and Sargent 1985). Dietary regimes induced clear
phenotype divergences, significantly affecting the swimming capacity of sea bass, with IP-
fed fish having a better swimming capacity than SP-fed fish. Since the muscle of IP-fed
fish contained higher levels of oleic acid, one could expect that this fatty acid would be
selectively B-oxidized in vivo since in vitro experiments showed that oleic and linoleic
acids are preferred substrates for B-oxidation over other FA, especially PUFA (Sidell and
Driedzic 1985, Henderson and Sargent 1985, Egginton 1996, Henderson 1996). Higher
levels of these preferred substrates in the tissues might allow the animal to achieve higher
rates of aerobic work (McKenzie 2001, Vagner et al. 2014).

Different phenotypes induced by dietary regimes were observed at both acclimation
temperatures with higher Ucrit in SP-fed fish compared to IP-ones; however, a stronger
effect on Ucrit was observed in fish reared at 20°C than at 15°C. This corroborates the
presence of a diet effect seen in the muscle FA profile of 20°C-reared fish whereas no diet
effect was seen in 15°C-reared fish. Larger differences in neutral 18-carbon FA content
were observed in fish reared at 20°C independent of their diet, indicating that the metabolic

substrate was high enough to sustain the energy demand. It has been shown in sea bass that
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improved swimming performance was accompanied by a higher maximum cardiac output
and net cardiac scope as well as a higher active metabolic rate and aerobic scope (Chatelier
et al. 2006). IP-fed juveniles raised at 20°C exhibited a higher heart mass than the SP-fed
fish (Gourtay et al. 2018). Assuming that a larger heart provides greater cardiac output, this
could partially explain why these fish had higher Ucrit. It is important to note that in 15°C-
acclimated fish, no difference in heart mass was observed between the two diets (Gourtay
et al. 2018). Yet, IP-fed fish performed better than SP-fed ones, suggesting that cardiac
mass alone does not explain the enhanced swimming performance of IP-fed fish.

Acclimation to both temperature and dietary regimes induced phenotypic responses.
To find out if these phenotypes have the same capacity, Ucrit was tested under oxygen and
salinity conditions. As expected, Ucrit decreased with the depletion of oxygen saturation,
regardless of diet or salinity. This result is consistent with the limiting oxygen level curve
theory (Neill and Bryan 1991, Neill et al. 1994), which describes the gradual limitation
imposed by progressive oxygen depletion upon the capacity of a fish for aerobic activities.
In experimental conditions, several studies showed that hypoxic conditions resulted in a
significant decrease in aerobic scope, i.e., the active metabolic rate that is correlated to a
lower critical swimming speed for several fish species (Fitzgibbon et al. 2007, Petersen and
Gamperl 2010, Pang et al. 2015). Hypersalinity was used as an additional constraint on
aerobic scope to bring juvenile sea bass to their physiological limits, even if the conditions
tested were not ecologically relevant. When facing changes in environmental conditions,
fish make regulatory adjustments allowing them to perform better under the new
conditions. The two levels of salinity tested here did succeed in decreasing swimming
performance in normoxia in 20°C-aclimated fish, while a significant difference was seen
only from 60% air sat. in 15°C-acclimated fish. It has been shown that the Ucrit of several
species decreased in hyperosmotic conditions (Kolok and Sharkey 1997, Randall and
Brauner 1991). In this case, the increase in acclimation temperature made fish more

sensitive to salinity.



97

When salinity levels were combined with DO levels, our results suggested that the
diet effect was still present even in the most constraining case. When fish swam in
hypersaline conditions and at the lowest DO level, the IP-fed fish performed better than SP-
fed fish; however, the Ucrit pattern observed was modulated by the temperature
acclimation. In 20°C-aclimated fish at normal salinity, Ucrit was higher than their
counterparts performing in the hypersaline condition. The advantage of the IP diet observed
in normoxia was still present at 60% air sat., but Ucrit decreased and was similar for both
diets at 40% air sat., indicating that the advantage associated with FA profile was not
sufficient to account for higher resistance in these conditions. However, when these fish
swam in the hypersaline condition, the difference between SP and IP diets was similar
among DO levels. In 15°C-aclimated fish, differences in Ucrit between fish swimming at
normal salinity vs. the hypersaline condition was less evident, with the salinity effect
appearing significant from 60% air sat. Nevertheless, the diet effect was present at each
salinity treatment and among DO levels. These results suggest that such hypersaline
conditions combined with hypoxia was more deleterious to the aerobic scope of juvenile
sea bass acclimated at 20°C than at 15°C.

3.7.2 Intra and inter-phenotype plasticity

The violin plot representations enable a more specific visualization of how
environmental conditions may affect intra- and inter-phenotypic plasticity. Regarding intra-
phenotypic plasticity, i.e., the range between good and poor swimmers in phenotypes, our
results indicate that 20°C-acclimated fish at S = 30 exhibited higher intra-phenotypic
plasticity than 15°C-acclimated fish (Figure 15A, B). In the hypersaline condition, this
higher intra-specific plasticity was clearly reduced for 20°C-acclimated fish, dropping to
near that of the 15°C-acclimated fish. However, DO levels did not seem to have any effect
on intra-phenotypic plasticity. Concerning inter-phenotypic plasticity, the SP-phenotypes
performed better than IP-phenotypes at S = 30, although this advantage was lost in the
hypersaline condition. These results confirm that there is an added energetic cost for

hypersaline conditions, and that the cost appears high relative to the energetic demands of
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swimming since it affects both intra-phenotypic and inter-phenotypic plasticity in 20°C-

acclimated fish. The SP-phenotype advantage was lost in the hypersaline condition.
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Figure 15: Box plots and violin plots of the distribution of critical swimming speed (Ucrit;
body lengths [BL] s) at salinities of 30 or 55 in fish raised at A) 20°C or B) 15°C. The box
plots show the median (solid horizontal bands), the first through the third interquartile
range (open vertical bands), the outlier (solid dots), and the density estimator (coloured
vertical curves) of Ucrit in each group. N=30.

3.7.3 Plasma glucose, lactate, and osmolality

Globally, the plasma indicators that were measured in this study were not affected
by diet. Only a time effect was observed most of the time, with a similar pattern in the
moderate hypoxia and moderate hypersaline scenarios. However, in the moderate
hypersaline scenario, diet significantly affected fish osmolality: IP-fed fish were able to
maintain a lower osmolality than the SP ones. At the end of the trial, IP-fed juveniles were
back to normal osmolality levels, while a plateau was maintained in the SP fish.




99

Considering that plasma osmolality is a good secondary stress indicator (Mugnier et al.
1998, Lowe and Davison 2005, Vargas-Chacoff et al. 2009), these results indicate a higher

level of stress in SP-fed juveniles.

3.8 CONCLUSIONS

Different temperature and feeding regimes allowed us to produce four different
phenotypes of juvenile European sea bass that respond to environmental constraints in
different ways. The IP-fed fish characterized by higher contents in oleic and linoleic acids
had better swimming capacity compared to those fed SP when submitted to hypersaline and
hypoxia constraints. The plasma indicators investigated in this study showed that these
factors were not responsible for the observed responses. The fatty acid profile of the diet
was found to have significant effects on the ability of sea bass juveniles to cope with
environmental modifications, but further study is needed to try to find the mechanism

explaining this plasticity.
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CHAPITRE 4
REPONSE SAISONNIERE A LA SALINITE ET AUX ACIDES GRAS
NUTRITIONNELS CHEZ LES JUVENILES DE BAR RAYE (MORONE
SAXATILIS)

Ce quatrieme article, intitulé « Seasonal response to salinity and nutritional fatty
acids in juvenile striped bass (Morone saxatilis) » est actuellement en discussion avec les

Co-auteurs.

La station piscicole de Baldwin (Coaticook, Canada) a fourni les juvéniles de bar
rayé. L’élevage a été réalisé a la station aquicole de Pointe-au-Péere (Rimouski, Canada)
avec le soutien technique de Nathalie Morin (Université du Québec a Rimouski, UQAR),
sous la supervision de Céline Audet. Les analyses biométriques et les échantillonnages ont
été effectués par Clémence Gourtay avec 1’aide des permanents, vacataires et stagiaires :

Céline Audet, Denis Chabot, Stéphanie Coté, Renée Gagné et Emeline Romelus.

Tous les co-auteurs ont participé au processus de rédaction selon le processus décrit
dans le premier chapitre. Pour cet article, la préparation des échantillons pour 1’analyse des
lipides a été réalisée par Clémence Gourtay en collaboration avec Jean-Bruno Nadalini.
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4.1 RESUME

Les zones etuariennes sont des nourriceries productives pour un grand nombre
d’espéces, elles offrent un refuge contre les prédateurs, une disponibilité alimentaire élevée
et des conditions favorables a la survie, au développement et a la croissance des stades
précoces. Depuis 2002, le gouvernement du Québec a lancé un important programme de
réintroduction visant a rétablir les bars rayés disparus dans le fleuve Saint-Laurent. Afin de
relever les défis associés aux efforts de réintroduction, une meilleure connaissance de la
biologie de cette espéce est nécessaire. Nous avons testé 1’hypothése selon laquelle la
variabilité de la salinité et 1’origine des apports alimentaires (source terrestre ou marine)
auraient une incidence majeure sur la physiologie des juvéniles de bar rayé. Les juvéniles
ont été élevés en conditions hivernales & deux salinités (salinité [S] = O et 14) et nourris
avec un aliment de référence (AL, 0.73% an acides gras & longue chaine polyinsaturé
[AGLPI] sur base de la matiere seche [MS]) utilisé comme proxy d’un réseau trophique
dulcicole et un aliment plus riche en n-3 AGLPI (AL++, 1.65% n-3 AGLPI MS) proxy
d’un réseau trophique marin. Les résultats montrent que les effets de la salinité étaient
moins prononceés compares a ceux des régimes alimentaires sur les profils en acides gras
(AG) totaux du foie des lipides neutres du muscle, alors que les AG polaires du muscle
étaient faiblement affectés. Nous proposons un nouvel indice — 1’indice nutritionnel
environnemental (INE) — pour estimer I’impact de conditions environnementales
spécifiques sur les besoins en AG, indépendamment des régimes alimentaires utilisés.
L’utilisation de cet indice a révélé que les besoins en AG essentiels (acides
eicosapentaénoique et docosahexaénoique) étaient plus importants en eau douce.
Globallement, les résultats suggerent que 1’eau douce représentait une condition stressante
pour les juvéniles de bar rayés, cela a eté corroboré par une valeur plus élevee

d’hématocrite et une survie plus faible.

Mots clés: salinité, survie, acides gras, allométrie des organes, 1’indice nutritionnel

environnemental
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4.3 ABSTRACT

Estuarine zones are productive nursery grounds for a large number of species; they

provide refuge from predators, high food availability, and conditions favourable for
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enhanced survival, development, and growth of early stages. Since 2002, the Québec
government has undertaken a major reintroduction program to re-establish striped bass,
which have disappeared from the St. Lawrence River. In order to meet the challenges posed
by restocking efforts, a better knowledge of the biology of this species is needed. We tested
the hypothesis that variable salinity and food source (terrestrial vs marine source) would
markedly impact the physiology of striped bass juveniles. Juveniles were raised in winter
conditions at two salinities (salinity [S] = 0 and 14) and fed with a reference diet (RD;
0.73% n-3 polyunsaturated fatty acid [PUFA] on a dry matter [DM] basis) used as a proxy
of an estuarine trophic network, and a lower n-3 PUFA diet (MD; 1.65% n-3 PUFA DM)
used as a proxy of a marine trophic network. Results showed that salinity effects were less
pronounced compared to those of dietary regimes on total liver and muscle neutral fatty
acid (FA) profiles, while muscle polar FA were slightly affected. We proposed a new
index—the environmental nutritional index (ENI)—to estimate the impact of specific
environmental conditions on specific FA requirements regardless of the dietary regime
used. The use of this index highlighted that nutritional needs in essential FA
(eicosapentanoic and docosahexaenoic acid, EPA and DHA respectively) were higher when
fish were in fresh water (FW). These results suggested that FW represented a stressful
condition for juvenile striped bass, and this was corroborated by the higher hematocrit

value and the lower survival observed in FW.

Key words : salinity, survival, fatty acids, organ allometry, environmental nutritional

index
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4.4 INTRODUCTION

The striped bass (Morone saxatilis, Walbaum 1792) is an anadromous fish typical
of estuaries and shorelines of the east coast of North America (Scott and Scott 1988), with a
natural range from the St. Lawrence Estuary (Québec, Canada) to the St. Johns River in
northern Florida. In the past, there were three distinct populations of striped bass off the
east coast of Canada: Bay of Fundy, the southern Gulf of St Lawrence, and the upper
estuary of the St. Lawrence River between Sorel and Kamouraska (COSEPAC 2012). Due
to habitat alterations and heavy exploitation by sport and commercial fishing, the upper
estuary population was extirpated in the late 1960s (Beaulieu 1985, Beaulieu et al. 1990).
Starting in 2002, the Québec government launched a major reintroduction program aiming
to re-establish striped bass in this area. Breeders originating from the Southern Gulf of St.
Lawrence population (Miramichi River, New Brunswick, Canada) were used, considering
the proximity and the nordicity of this population, with the hope of eventually obtaining a
population in the St. Lawrence River that will perpetuate itself in a sustainable fashion

(Comiteé aviseur sur la réintroduction du bar rayé 2001).

Little is known about these three populations and more generally about this species
in North America. Most of the research efforts were made in the 1970s to 1990s, when a
growing interest for the aquaculture of reciprocal hybrids between striped bass (M.
saxatilis) and white bass (M. chrysops), such as the American bass, also known as the
palmetto bass (9 saxatilis x & chrysops) or the sunshine bass (Qchrysops x & saxatilis;
Hodson 1990). These hybrids showed better growth than native species (Smith et al. 1985),
which explains the large amount of scientific literature related to their production.

However, ecological and physiological studies on striped bass remain scarce.

To meet the challenges associated with reintroduction efforts, better knowledge of
the biology of this species is required. The survival of juvenile fish strongly depends on the
biotic and abiotic characteristics of their habitats (Cushing 1995, Sogard 1992, 1997,
Juanes 2007, Houde, 2008). It is known that estuarine zones are productive nursery grounds
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for a large number of species because they provide refuge from predators together with
high food availability, which enhances the survival, development, and growth of early
stages (Beck et al. 2001, Able et al. 2013). Since the beginning of these reintroduction
efforts, the Riviére du Sud and the harbour of Québec City were identified as breeding sites
(Valiquette et al. 2018). Young-of-the-year (YOY) fish were found between Lévis and
Riviere-du-Loup on the south shore of the St. Lawrence system, and between Neuville and
Petite-Riviére-Saint-Francois on the North Shore (all locations in Québec, Canada)
(Valiquette et al. 2018). During the first years of their life, striped bass juveniles are
therefore exposed to a wide range of salinity (0-15) and trophic sources. The possible
physiological consequences of such natural changes in salinity for striped bass juveniles
have not yet been studied. Furthermore, there is no information on the specific nutritional
needs, especially lipid requirements, to cope with these environments and to allow growth
and survival (see Sargent et al. 2002 for a review, Tocher et al. 2010). Thus, we tested the
hypothesis that variable salinity and food source (terrestrial vs marine source) strongly
impact the physiology of striped bass juveniles. Nutritional needs, notably in lipids, are
crucial for growth and survival (see Sargent et al. 2002 for a review, Tocher et al. 2010).
Dietary lipids determine the lipid composition of cell membranes, which are critical for the
structure and function of cells and tissues. Thus the availability of dietary lipids can have
marked effects at different biological/ecological levels (Arts et al. 2009, Parrish 2013). The
aim of this study was therefore to examine the effects of two dietary regimes characterized
by different fatty acid (FA) contents on survival, growth, organ allometry, hematocrit level,
lipid accumulation, and membrane FA profile in striped bass exposed to two salinities (O
and 14).

4.5 MATERIALS AND METHODS

45.1 Fish

Adult striped bass were captured in the Miramichi River (New Brunswick, Canada)
and brought to the Baldwin-Coaticook Fish Station (Coaticook, Québec, Canada). The F2
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generation was produced in this facility: 11 females were crossed with 33 males. At day
105 post-hatching (September), striped bass juveniles were transferred to the ISMER
rearing facilities in Rimouski (Québec, Canada), where experiments were conducted.
Juveniles were divided among four tanks (230 L, initial density 4 kg tank™) filled with
brackish water ([BW], i.e., fresh water [FW] mixed with filtered St. Lawrence water, S = 5,
temperature 15°C) for stress and disease prevention. After a 10-day period, salinity was
lowered by 1 per day until S =0. Fish were then split among four tanks (70 L, 192 fish per
freshwater tank). Water temperature and photoperiod followed natural seasonal variations

(September to February) at this latitude and were monitored daily throughout the trial.

4.5.2 Feeding regimes

The two diets tested were identical except for the FA source. A marine diet (MD)
contained 50% colza oil and 50% fish oil, the latter being richer in eicosapentaenoic (EPA,
20:5n-3) and docosahexaenoic (DHA, 22:6n-3) acids, whereas a diet low in essential FA
(RD) contained only colza oil as a source of FA (essentially oleic acid [18:1n-9], linoleic
acid [18:2n-6], and linolenic acid [18:3n-3]). The two diets were isoenergetic and contained

the same percentages of proteins and lipids (Table 10).
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Table 10: Composition of experimental diets

RD MD
Mean Mean

% of dry mass

Dry matter 94.84 95.12
Proteins 50.48 50.23
Total lipids 21.98 21.63
Triglycerides 16.99 17.05
Phospholipids 4.70 4.71
% of total lipids in diet
SFA 2.18 2.97
MUFA 7.32 6.48
n-3 1.93 2.68
n-6 2.65 2.28
n-9 6.56 5.46
EPA+DHA 0.73 1.65
18:1n-9 5.69 4.65
18:2n-6 2.50 2.16
18:3n-3 0.97 0.77
18:3n-6 0.00 0.01
18:4n-3 0.08 0.14
20:4n-6 (ARA) 0.03 0.07
20:5n-3 (EPA) 0.28 0.94
22:5n-3 0.03 0.07
22:6n-3 (DHA) 0.45 0.71

For dry matter, proteins, total lipids, triglycerides, and phospholipids, data are presented as
percent of dry mass. Data for specific fatty acid (FA) categories are presented as percent of
total lipids. RD: reference n-3 polyunsaturated fatty acid (PUFA) diet, MD: marine n-3
PUFA diet; SFA: saturated FA; MUFA: monounsaturated FA; ARA: arachidonic acid,;
EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.

Upon their arrival at the ISMER rearing facilities, juveniles were fed with Nutra XP
(Skretting) for two days and then with a mixture of Nutra XP and the low n-3 PUFA
experimental diet (RD; EPA+ DHA = 0.73% DM) for the next week. From that time on,
juveniles were exclusively fed with the RD diet for 10 days. This diet was chosen as a
reference diet because it is more representative of a freshwater food source. At the end of
this 10-day period, two of the four tanks were switched to the high DHA and EPA diet
(MD; EPA+DHA = 1.65% DM) while the other two were maintained on the RD diet. Fish
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were fed ad libitum each morning (manual distribution in three meals), survival was

monitored, and dead fish were removed.

4.5.3 Salinity acclimation

After two weeks of diet acclimation, fish from each tank were randomly divided
among two replicate tanks (70 L). There were four FW tanks and the other four tanks were
progressively supplied with increasing proportions of estuarine salt water to increase the
salinity by 2 per day, up to S =14 (each diet x salinity combination was duplicated). The
initial density varied from 68 to 72 fish tank™, respectively, for RD and MD. The average
initial body mass (BM) was similar among treatments (BM = 5.54 + 019 g). However, there
was a small difference in initial standard length (SL) between the two salinity treatments
(Fiz.4 = 8.30, P < 0.05; FW: 69.70 £ 0.86 mm; BW: 65.73 £ 1.01 mm), even though
juveniles were randomly distributed among the experimental tanks. The experiment lasted
102 days, including 20 days of acclimation. Water temperature followed natural variations
(Table 11).

Table 11: Timeline analysis summary

Experimental day Date Temperature Analysis
FW: 13°C
Day 0 16 Oct 201 Biomet
ay October 2017 BW: 13°C lometry
Fw: 11°C Hematocrit
Day 25 10 November 2017 BW: 10°C HST
FW: 8°C .
Day 56 11 December 2017 BW: 7°C Biometry
Biometry
Hematocrit
FW: 5°C
Day 102 26 January 2018 HSI
BW: 4°C .
Fatty acids
Organ allometry

FW: fresh water, BW: brackish water, HSI: hepato-somatic index.
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454 Biometry

Growth rate was determined with three growth measurements done on day 0 (N =
30 for all conditions), day 56 (N = 60 for all conditions, except for RD-fed fish N = 58),
and day 102 (N =57 for FW fish and N = 60 for BW fish; Table 11). Fish were not fed 24 h
prior to sampling. Fish were randomly sampled in each tank (about half of the total sample
size per combination of salinity and diet), lightly anaesthetized with tricaine
methanesulfonate (MS-222; dose adapted to BM and temperature), weighed, and measured
(SL). After recovery, individuals were returned to their original tanks. The mass gain / loss
(Amass, eg.6), length increment (Alength, eq.7), and the Fulton index (eq.8) were calculated

as follows:
Amass (g) = BMginq — BMipitial eq.6
Alength (mm) = SLfing; — SLinitiai eq.7
Fulton index = ?TIZ eq.8

455 Samplings

At days 25 and 102 (Table 11), eight fish per tank were randomly sampled,
euthanized with an overdose of MS-222, and a blood sample taken. Hematocrit (red blood
cell volume/total serum) was determined after centrifugation (Fisher Scientific, 3000 g, 3
min). The liver was also dissected out for hepato-somatic index (HSI, eq.9) determination

as follows:
Hepato — somatic index = 100 X Liver Mass X BM™! eq.9

At the end of the experiment (day 102; Table 11), four fish per tank were randomly
sampled, euthanized with an overdose of MS-222, and a piece of white epaxial muscle
located under the first dorsal fin was dissected out and stored at —80°C until analyses (N =

8 per experimental treatment). Fifteen additional fish per tank (30 per diet—salinity
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combination) were euthanized as described above and used for organ allometry
measurements. Fish were weighed and measured, then heart, liver, gastrointestinal system,

and mesenteric fat were sampled and weighed.

45.6 Fatty acids

Total lipids were extracted following a modification of the procedure of Folch et al.
(1957) proposed by Parish (1987). White muscle samples were ground in a conical tissue
grinder with a glass pestle (CanadaWide) in 4 ml of dichloromethane—methanol (2:1, v:v).
Lipids from muscle tissue were fractionated into neutral lipids (including triglycerides, free
FA, and sterols) and polar lipids (including phospholipids and glycolipids) using a silica gel
micro-column (40 mm x 5 mm i.d. Pasteur pipette plugged with glass wool and filled with
silica gel that had been heated for 2.5 h at 450°C and deactivated with 6% water by
weight). Neutral lipids were eluted with 10 ml of chloroform:methanol (98:2) and polar
lipids with 10 ml of methanol (Marty et al. 1992). Total lipids for liver tissues and each
lipid fraction for muscle was methylated under nitrogen by the addition of 2 ml of sulfuric
acid:methanol (2:98) and 0.8 ml of toluene. Samples were heated for 10 min at 100°C, then
4 ml of distilled water and 0.8 ml of hexane were added to recover the organic phase
containing fatty acid methyl esters (FAMES). Finally, samples were purified to remove
remaining sterols. FAMEs were analyzed using a full scan mode (ionic range: 50-650 m/z)
on a Polaris Q ion trap coupled to a Trace GC ultra gas chromatograph (Thermo Scientific)
equipped with an autosampler (Triplus), a PTV injector, and a mass detector model ITQ900
(Thermo-Scientific). FAMEs were identified using capillary columns (DB-23 60 m x 0.25
mm i.d., 0.25 pm thickness; Agilent Technologies) with a standard 37 component FAME
mix (Supelco 37 Component FAME Mix, Supelco). Data were analyzed using Xcalibur
v2.1 software (Thermo Scientific). Total FA were expressed as the percentage of tissue dry
matter, while relative percentages were used for specific FA composition. Retention ratios
were calculated by dividing the relative FA percentage of tissue by the relative FA

percentage of diet.
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45.7 Statistical and data analysis

Data normality and homoscedasticity were tested using Shapiro-Wilk and Levene
tests, respectively. Survival analysis started from day 0, when salinity 14 was reached.
Survival curve comparisons were performed with a Kaplan-Meier analysis followed by a
log-rank test (Kaplan and Meier, 1958; Mantel, 1966) for diet (RD vs MD) and salinity (O
vs 14). Because temperature was season dependent and the different samplings were not
truly independent (same tank), two-way ANOVA were performed for each sampling day to
assess the effects of diet and salinity on BM, SL, and Fulton index. Two-way ANOVA

were also used to test for differences among diets and salinities for Amass and Alength.

For lipid analysis, two-way permutational multivariate ANOVA (PERMANOVA)
were used on the relative percentage of FA to assess the effects of diet and salinity on FA
composition in liver (total FA) and muscle (polar and neutral). The homogeneity of
multivariate dispersions was evaluated for each factor using the permutation analysis of
multivariate dispersion (PERMDISP) routine before each PERMANOVA (Anderson,
2001). SIMPER analysis was performed to determine the contribution of FA responsible
for the dissimilarities between treatments. For FA categories accounting > 2% of
dissimilarities, a T-test was run to assess differences between salinities (FW vs BW) or
between diets (RD vs MD). T-tests were also performed on XSFA, XMUFA, XPUFA, Xn3,
2n6, n3/En6, XPUFA/EMUFA, XPUFA/XSFA, and on total FA concentration (%DM) as
well as on FA retention ratios.

Diet and salinity effects on organ allometry were assessed by comparing slopes.
When slopes were homogeneous, an ANCOVA was run to compare intercepts. In order to
meet normality, BM and organ mass were log10 transformed. Differences were considered

significant at o = 0.05. Statistical analyses were conducted in R (ver. 3.5.0; R Development

Core Team) or with PRIMER software (ver. 7.0.11; PRIRD-E Ltd).
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4.6 RESULTS

4.6.1 Survival

Diet did not affect survival (MD: 0.86 survival probability vs RD: 0.89 survival

probability; Figure 16A). A significantly higher survival probability was observed for fish
exposed to BW (97%) than for those exposed to FW (78%; Figure 16B).
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Figure 16: Kaplan—Meier plots showing 95% confidence intervals for the log-rank test on
A) diet effect and B) salinity effect. RD: reference n-3 polyunsaturated fatty acid (n-3
PUFA); MD: marine n-3 PUFA diet; FW: fresh water, S = 0; BW: brackish water, S = 14.

4.6.2 Growth and condition index

Dietary regimes and salinity did not significantly affect BM, SL, or Fulton index at
day O (except for SL when fish were randomly split into experimental groups), 56, or 102
(P > 0.05), and no interaction effect was present. Hereafter, the result is not mentioned
when the interaction effect was not significant. During the fall, day 0 (13°C) until day 56
(8°C), the increments in mass (Amass) and length (Alength) did not differ among treatments
(1.29 £ 0.25g and 2.40 £ 1.47 mm, respectively). During winter, day 56 (8°C) until day
102 (5°C), fish lost mass similarly in every treatment (P > 0.05). Between days 56 and 102,



114

length increment was greater in FW than in BW juveniles (3.54 £ 1.76 mm vs —1.33 = 1.06

mm; Fp14; = 13.38; P < 0.05) and greater in RD than in MD juveniles (3.21 + 1.76 mm vs —
1.00 = 1.47 mm; F14 = 10.00, P < 0.05). The mean Fulton index increased in fall from

1.35 + 0.44 to 1.63 £ 0.46, while a slight decrease was observed in winter (1.53 £ 0.43).

The hepato-somatic index significantly decreased by 28.4% over time in fish reared

in BW, while it remained stable for those reared in FW (time x salinity, Fj1g = 6.48, P <

0.05; Figure 17A). At day 25, hematocrit was significantly higher in juveniles raised in FW
than in those raised in BW. At day 102, the hematocrit had significantly increased by
12.6% in fish raised in BW, while it remained stable in FW juveniles (time x salinity, Fiig
=10.88, P < 0.05; Figure 17B).
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Figure 17: Interaction effect of time and salinity on A) hepato-somatic index and B)
hematocrit (%). Significantly different groups were assigned different letters following
Tukey post-hoc tests (a = 0.05). FW: fresh water, S = 0; BW: brackish water, S = 14.
Values are mean = s.e.
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4.6.3 Organ allometry

Heart mass was significantly affected by diet, with RD-fed fish having a lower heart
mass than those fed MD (ANCOVA: Fp,115) = 6.93, P < 0.0; Figure 18A). No diet effect
was observed for the liver mass, but juveniles raised in FW had higher liver masses than
those raised in BW (ANCOVA: Fp1,115) = 8.44, P < 0.01, Figure 18B). No effect of diet or

salinity was observed for visceral and mesenteric fat masses.

A B
_ _ Q
3.0 An ,‘(
-1.0+
"B. —
B 3.5 &
© — J
= g 1.5
T o)
3 = a
T 40 5 -20
~— 0 G
= 2" % 3 aw = -
o " o omm o Dietary o Salinity
|| o] || H _2_5-
-1
. o regimes ., o EVY
- L ]
»- MD . — BW
" -~ RD —3.01 o
15 2.0 25 1.5 2.0 25
Log10 (Body Mass) Log10 (Body Mass)

Figure 18: Effect of dietary regime (RD: reference n-3 polyunsaturated fatty acid [n-3
PUFA] diet; MD: marine n-3 PUFA diet) on organ allometry of A) heart, and effect of
salinity (FW: fresh water, S = 0; BW: brackish water, S = 14) on B) liver.

4.6.4 Fatty acid profiles

Liver total FA composition was significantly affected by diet (PERMANOVA: F
(1,28), P < 0.05) and salinity (PERMANOVA: F (1,28); P < 0.01) without significant
interaction. Palmitic (C16:0) and oleic (C18:1n9) acids were dominant in liver FA profiles
(Table 12), with stearic (C18:0) and linoleic (C18:2n6) acids accounting for 94% of the
dissimilarities observed for both diet and salinity. The content of saturated FA (XSFA) in

liver, including palmitic and stearic acids, was significantly higher in MD-fed fish, and
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there were significantly lower levels of ETMUFA, LPUFA, Xn6, XPUFA/ XSFA, oleic, and
linoleic acids in MD- than in RD-fed fish (Table 12). The same pattern was observed for
salinity effect, with significantly higher liver contents of XSFA (plamitic, stearic) and lower
levels of oleic and linoleic acids in FW compared to BW juveniles (Table 12). However,
BW juveniles also had higher EMUFA, LPUFA, Zn3, £n6, and XPUFA/ZMUFA and
YPUFA/XZSFA ratios than FW juveniles (Table 12).

In white muscle, neutral and polar FA were both significantly affected by diet
(PERMANOVA: respectively Fpi6) = 4.42, P < 0.01; F1281 = 2.76, P < 0.05), but not by
salinity. No significant interactions were obtained for any lipid fraction analysis. Overall,
93% of the difference between muscle neutral FA composition was explained by eight FA,
particularly by oleic acid, DHA, and palmitic acid, which accounted for 74% of the
dissimilarities (Table 13A). T-tests revealed that MD-fed fish had higher relative contents
of ZSFA (mostly represented by palmitic acid), EPA, and DHA than RD-fed fish. Zn6 were
significantly higher in RD-fed fish, explaining why the £n3/Zn6 ratio was greater in MD-
fed fish. However, this difference was only related to the variability of 18:2n6. The RD-fed
fish were also characterized by higher contents of linoleic acids (C18:3n6 and C18:3n3) as
well as a higher ZPUFA/ZSFA ratio than MD-fed fish.

Almost all—98%—of the differences in the polar FA composition of the muscle
tissue were explained by six FA, including palmitic acid and DHA (Table 13B). Significant
differences between diets were observed for oleic, linoleic, XMUFA, and Xn6, which were
significantly higher in RD-fed fish (Table 13B).



Table 12: Effect of diet and salinity on liver total fatty acid (FA) composition
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Total fatty acids in liver

FA (%)

C14:0
C15:0

Cle:0

C17:0
C18:0

C20:0
C22:0

ZSFA
Cl6:1

Cl18:1n9

C20:1n9
C22:1n9
C24:1n9

IMUFA

C18:2n6

C18:3n3
C20:2n6
C20:4n6
C20:5n3
C22:6n3

ZPUFA
zn3

znb
n3/Zn6
YPUFA/XMUFA

ZPUFA/ZSFA

Total FA % DM

Fw BwW T-test
MD RD MD RD Diet Salinity
3.68+024 338+£034 4.12+047 2.84=+0.34
0.86+£0.06 084+£0.08 084+0.12 0.55+0.09
(44%%) (44%)
3388+226 2424+£237 2549+209 18.73+23 P<0.01 P<0.05
MD > RD FW=>BW
0.76 £0.05 0.75+0.07 072+0.11 0.46 + 0.08
(6%) (7%)
1246 +£0.68 992+0.69 R8.53+097 63108 P<0.05 P<0.001
MD>RD  FW>BW
125+032 091+036 0.68+035 0.72+0.16
054+021 012+012 04+022 0.33+0.16
P<0.01 P<0.01
53.42+2.89 40.16+3.24 40.77+3.17 2993+3.29 MD>RD  FW> BW
598+0.55 548+043 7.35+0.55 6.34 +0.27
(38%) (35%)
269+1.35 3477+241 3224+204 40.28=24 P<0.01 P<0.05
RD>MD  BW>FW
7.54+0.61 7.89+045 7.08+0.8 6.78 = 0.39
011£0.11 061£031 017017 0.63+0.19
029+£02 0.13+£0.13 049+0.22 0.62+0.15
P <0.01 P <0.05
40.82+2.04 4888+2.56 4732+1.66 5465+225 D> MD  BW > FW
(6%) (8%)
2.73+047 534+0.62 6141098 9.16 £1.05 P<0.05 P < 0,001
RD>MD  BW>FW
045+025 138+034 1.15+032 1.61 £0.28
204039 285+027 224+047 22+021
047+£02 072024 077£02 0.68+0.12
0.09+0.09 0.69+023 0.73+£0.25 0.82=+0.15
0+0 0+0 0.88 +0.38 0.95+0.23
. . P<0.05 P<0.01
5.77+£1.1 1097135 1191+£2.06 1542+1.66 RD>MD  BWS> FW
P<0.01
0.53+029 207+0.51 276+086 3.38 £0.63 NS B > FIV
P<0.05 P<0.01
523+0.89 89+£0.92 915+13 12.04+1.05 RD>MD  BW> FW
008004 022£0.06 025007 0.26 £ 0.04 NS NS
P<0.05
0.14+002 023+0.03 025+0.04 0.28+0.03 NS BW > FW
P<0.01 P<0.01
0.12+£0.03 03+0.05 0.33+£0.07 0.58 £ 0.09 RD>MD  BW> FW
381086 771134 16.13+£959 [456+£252 NS NS

FA in unshaded rows accounted for the main dissimilarities observed with the SIMPER test, and dissimilarity
percentages are indicated in parentheses. FA in shaded rows explained < 2% of the dissimilarity. FA values are
given in relative percent except for total FA, which is expressed in percent of dry matter (DM). MD: marine n-3
polyunsaturated FA (n-3 PUFA) diet; RD: reference n-3 PUFA diet; FW: fresh water, S = 0; BW: brackish
water, S = 14; NS: not significant. Values are presented as mean * s.e.
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Table 13: Effects of diet on the muscle fatty acid (FA) composition in the A) neutral and B)

polar lipid fractions

A Neutral fatty acids in muscle
0 Fw BW T-test
FA (%) MD RD MD RD Diet
C14:0 2.74+£0.16 2.63+0.13 3.1+£0.17 2274+0.09
C15:0 0.37+0.07 057+0.04 049+0.07 034+0.06
(7%%)
C16:0 1458 +£0.37 1323+042 14.73+0.52 12.74+032 P<0.001
MD > RD
C17:0 0.34+0.06 037+0.06 035+0.06 0.19+0.04
C18:0 2.9 +£0.38 283009 253+£0.18 247+0.13
C20:0 071 +£0.18 091=+0.3 0.68+0.16 0.66+0.17
P<0.01
ZSFA 21.63+0.73 20.53+0.58 21.88+0.88 18.67+0.44 MD > RD
(3%)
Cl16:1n7 535036 495+£026 605035 451=+0.16 P<0.01
MD > RD
. (62%)
CI18:1n9 3984+1.9 3976=£1.19 3838+1.84 43.79+0.88 NS
0
C20:1n9 5.29+0.28 554025 482+036 436+0.65 (iIg))
C22:1n9 1.04+£0.16  1.32=0.22 1.09 £ 0.2 1.16 £0.17
C24:1n9 1.28 £0.29 1.37+0.3 1.07+£033 1.15+0.18
EIMUFA 52.79+1.24 52.89+0.87 51.39+1.22 5497+1 NS
5%
C18:2n6 1227+ 031 13.04+045 1254+0.54 1411 £0.17 P(<O.2)1
RD > MD
(2%)
C18:3n3 3.02+0.16 3.61+024 288+0.28 402+0.15 P<0.001
RD > MD
C20:2n6 1.38+0.19 1.84=0.14 1.23+0.28 1.5+0.18
C20:4n6 0.92+0.1 1.1+0.07 1.09 +0.14 0.84+0.1
(2%)
C20:5n3 3+£0.28 281+£031  343+£033 233+014 P<0.05
MD > RD
(7%)
C22:6n3 5+£0.39 4.19£0.56 5.57+0.46 3.56+£0.3 P<0.01
MD > RD
ZPUFA 2559 +0.58 2658051 26.74+£0.52 2636=0.7 NS
n3 11.01+£0.62 10.61+0.72 11.88£0.69 9.91=+0.54 NS
P <0.001
Zn6 1457+03 1597+045 1485+0.26 1645+0.25 RD > MD
P<0.05
En3/Znb 076 £0.05 068=0.07 0.81£0.06 0.6 +£0.03 MD > RD
YPUFA/EMUFA 0.49+0.02 051=+0.02 052+0.02 048+0.02 NS
P < 0.001
YPUFA/ESFA  1.19+0.03 1.3+£0.04 1.23+0.04 1.41+0.03 RD > MD
Total FA% DM 10.56+3.2 834+23 562+1.6 844 +2.7 NS
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B Polar fatty acids in muscle
FW BW T-test
0
FA (%) MD RD MD RD Diet
Cl14:0 1.04 £ 0.1 0.89 £ 0.03 1.03 +£0.1 1.08 £0.11
C15:0 038+0.04 031+£0.02 038+0.04 041+0.05
0
Cl6:0 3525429  264+1.57 31.77+3.84 30.26+245 (4]\7[;)
C17:0 0.37+0.04 028+0.01 037+0.03 039+0.04
0
C18:0 9.58 +£0.73 7.3+032 991+1.11  932+0.62 (4N/SO)
C20:0 0.81+0.11  072+0.07 0.86=0.11 1.09 £ 0.14
C22:0 1.12+0.2 1.51£0.1 1.22+0.24 1.26+£0.19
XSFA 48.54 £3.76 3742+1.61 45551487 43.8+£3.07 NS
Cle:1 1.23+£0.07 1.07+£0.02 1.21+0.06 1.24 £ 0.1
(6%)
C18:1n9 11.1£093 11.99+£095 1136064 1475+£1.04 P<0.05
RD>MD
C20:1n9 3.14+£0.26 2.88+0.23 3.15£0.15 4.1£0.33
C24:1n9 278 £0.5 3214024 29+0.44 239+£04
P <0.05
ZMUFA 1824+ 0.82 19.15+£1.03 18.61+£0.66 22.49+0.99 RD > MD
(8%)
C18:2n6 892+0.66 12.89+0.89 837+094 1137+1.15 P<0.001
RD > MD
Cl18:3n3 1.39+£0.08 207+£022 131+£0.16 2.05+0.17
C20:2n6 1.25+0.11 1.23 +£0.1 1.23+0.12 1.57+0.12
C20:4n6 225+£0.28 261017 291+041 223+£0.23
0
C20:5n3 5.1+0.94 6.51+0.62 555+0.79 448+0.63 (i\I/SO)
(1)
C22:6n3 1432+£3.13 1811142 1647+255 12.01£2.15 GNOS/’O)
PUFA 33.22+4.14 4343x1.61 3584+£456 33.71=+3.65 NS
¥n3 20.8+4.08 267+£193 2334+341 18.55+2.86 NS
P<0.01
Xn6 1242+ 058 16.74+0.86 1251+129 15.17=+1.16 RD > MD
¥n3/En6 1.7+0.36 1.67+0.23 1.76+0.23 1.19+0.19 NS
YPUFA/EMUFA  1.89+£0.29 234+£023 1924025 1.55+0.2 NS
YPUFA/ESFA 076 £0.15 1.18+0.08 0.89+0.14 0.83+0.13 NS
Total FA% DM 557+084 561045 634+0.72 517+0.54 NS

FA in unshaded rows accounted for the main dissimilarities observed with the SIMPER test, and dissimilarity
percentages are indicated in parentheses. FA in shaded rows explained < 2% of the dissimilarity. FA values are
given in relative percentage except for total FA, which is expressed in percent of dry matter (DM). MD: marine
n-3 polyunsaturated FA (n-3 PUFA) diet; RD: reference n-3 PUFA diet; FW: fresh water, S = 0; BW: brackish
water, S = 14; NS: not significant. Values are presented as mean * s.e.
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In liver, the liver/dietary lipid ratios were not significantly affected by diet in
contrast to salinity. Stearic (P < 0.001), oleic (P < 0.01), and linoleic (P < 0.001) ratios
significantly differed among juveniles reared in FW and BW (Figure 19A). FW juveniles
retained 1.5 times more stearic acid than those reared in BW. However, their oleic and
linoleic ratios were respectively 1.2 and 2 times lower (Figure 19B). In muscle tissue, the
muscle/dietary lipid ratio of palmitic acid (C16:0) was twice as high in RD-fed fish (P <
0.001; Figure 19B). Those fish also had a significantly higher muscle/dietary lipid ratio in
EPA (2.6 times; P < 0.001), while MD-fed fish exhibited a higher ratio in oleic (2 times; P
< 0.001) and linoleic (1.2 times; P < 0.01) acids (Figure 19B). In the polar fraction,
retention of EPA (P < 0.001) and DHA (P < 0.05) was significantly higher, by 3.3 and 1.4
times, respectively, in RD-fed fish (Figure 19C).
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Figure 19: Tissue/dietary lipid ratios in A) liver total fatty acids (FA), B) muscle neutral
FA, and C) muscle polar FA. Significantly different groups were assigned different letters.
MD: marine n-3 polyunsaturated fatty acid (n-3 PUFA) diet; RD: reference n-3 PUFA diet;
FW: fresh water, S = 0; BW: brackish water, S = 14.
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4.7 DISCUSSION

Striped bass juveniles showed a better survival rate in BW than in FW. During
winter conditions, neither dietary regime nor salinity affected growth or loss of mass. This
higher survival rate could be related to the nutritional need induced by environmental
conditions, which showed that the nutritional needs of BW fish were fulfilled for overall
dominant neutral muscle FA, while those of FW fish were not. Salinity was found to
influence liver allometry, with FW-reared juveniles having a higher liver mass than BW
juveniles. Our results suggested that FW represents a stressful condition for this species
since fish in this environment exhibited higher hematocrit levels, which is a secondary

stress indicator.

4.7.1 Diet effects

Liver total FA and neutral muscle FA compositions were closely related to diet
composition while differences in polar muscle FA were smaller. The liver provides a short-
term picture of lipid storage since this organ is the main site of FA, triglyceride, and
phospholipid synthesis, while muscle lipid composition results from a longer physiological
pathway. Palmitic and oleic acids, in addition to being the dominant FA in liver, explained
the most dissimilarities between dietary regimes and salinities, and contributed to the high
levels of SFA and MUFA that were observed. Storage lipids can act as a reserve of
metabolic energy that may be used for ATP production (Sargent et al., 2002). For this
reason, the increased presence of 18:1n-9 in liver may be related to energy storage since
this FA is the preferred substrate for f-oxidation in fish (Henderson and Sargent, 1985;
Torstensen et al., 2000). Interestingly, significant accumulations of stearic acid were
indicated by the liver tissue/dietary lipid (TD) ratio: it was greater in FW fish, suggesting
higher energy needs for those fish. In muscle neutral FA, only oleic acid remained
dominant while SFA content decreased. Polar muscle FA were less affected, suggesting
that regulation occurred in phospholipid composition, possibly in membrane phospholipids,
to maintain tissue functionality; this agrees with previous work (Sargent, 1976; Skalli and
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Robin, 2004; Gourtay et al., 2018). EPA and DHA were dominant in polar muscle,
although no effect of diet was observed, suggesting that these FA are preserved because of

their functional role.

In fish nutrition, it has been widely recognized that EPA, DHA, and ARA
requirements are essential considering that these essential FA (EFA) are required for a
number of crucial physiological pathways (see Sargent et al., 2002, for review; Tocher,
2010). In striped bass and its hybrids, several studies have shown that diets deficient in n-3
PUFA resulted in high mortality or low growth rates at the larval stage (Webster and
Lovell, 1990; Tuncer and Harrel, 1992). Although striped bass tolerate a wide range of
salinities, it has been demonstrated that larval FA requirements were similar to those of
marine species (Webster and Lovell, 1990; Tuncer and Harrell, 1992). EPA was found to
be essential for striped bass larvae at levels higher than 5% of total fatty acids (Webster and
Lovell, 1990). It has been shown that in juvenile (4 g) sunshine bass (M. saxatilis hybrid
with saxatilis male), n-3 highly unsaturated FA such as EPA and DHA were essential for
maximum growth, feeding efficiency, and survival (Nematipour and Gatlin, 1993). Hybrid
striped bass are also unable to synthesize de novo adequate amounts of long-chain PUFA
(Nematipour and Gatlin, 1993; Trushenski, 2009), even when fed substantial amounts of
18:3 n-3 or 18:4 n-3 as biosynthetic precursors (Bharadwaj et al., 2010); this result appears
to be true for other Moronidae taxa (Tuncer and Harrell, 1992; Harel and Place, 2003; Geay
et al., 2010, 2012) and more broadly for marine fish species (Sargent et al., 2002).
Surprisingly, EPA and DHA did not account for much of the dissimilarities observed
between FA profiles in our study. Despite higher contents in EPA and DHA in the MD diet,
no difference was seen in liver total FA composition, while DHA and EPA respectively
accounted for 7% and 2% of the dissimilarity in neutral muscle FA, with MD-fed fish
having the higher content. However, DHA played a major role in muscle polar FA,
accounting for 30% of the dissimilarity observed while EPA accounted only for 3%.
Considering that the tissue FA composition reflected that of the dietary regime, we
calculated the tissue/dietary lipid ratio (TD ratio) for the main FA as revealed by the
PERMANOVA analysis. A TD ratio greater than 1 for one FA indicates that the tissue is
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richer in this FA than the diet, demonstrating that a specific retention occurred. By
examining the TD ratio for EPA and DHA in muscle polar FA, we observed that RD- and
MD-fed fish selectively retained DHA (ratio > 1), but only RD-fed fish selectively retained
EPA. Interestingly, the RD-fed fish had higher ratios than the MD fish. This seemed to
allow them to compensate for the low EPA and DHA dietary content since no difference
was observed in relative muscle polar FA composition. This was not the case in muscle
neutral FA: even though RD-fed fish had a higher ratio of EPA than MD-fed fish, this was
enough to compensate for the low level of EPA in their diet, and a lower content in EPA

was observed in the muscle neutral FA of those fish.

In some cases, it is necessary to analyze the concept of nutritional requirements
considering a specific abiotic environmental condition. In such a specific situation, the
nature and composition of the feed will directly influence the retention ratio, which in turn
can complicate the determination of the specific nutritional need induced by the
environment. This type of determination could be made by standardizing the effect of the
nature and composition of the dietary regime by calculating the new index that we propose

here—the environmental nutritional index (ENI).

FA; TD ratio Diet B /FA; TD ratio Diet A  eq.10

ENI =
FA; Diet A content/FA; Diet B content eq.11

In the conceptual scheme, fish are fed two diets: diet A with a higher content in FAI
than diet B (Figure 20A). The difference in this FA between the two dietary regimes
(dashed arrows) can be estimated by calculating the diet ratio (Figure 20B; FA; Diet A / Aj
Diet B; eqg. 11). In this example, we fix the TD ratio of diet A at 1 and consider three
different scenarios for the TD ratio of diet B (Figure 20B), the latter always remaining
higher than the TD ratio of diet A. By calculating eq. 10 (FAi TD Diet B / FA; TD Diet A)
and dividing it by eq. 10, (Figure 20C), we can estimate whether the initial proportion of
FAIi between the two dietary regimes (eq.10) has been preserved between their two
corresponding TD ratios. In the first case, the difference in FAI diet composition was

higher than in TD FA ratio, so ENI is < 1 and fish nutritional needs are probably not met. In
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the second case, the same range was observed between the two ratios, so ENI = 1 and

nutritional needs are met. In scenario 3, ENI > 1, so the nutritional needs are exceeded

considering the specific needs related to the environment.

A B
T A>B «---» DietFA ratio eq.11 A<B
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Figure 20: Calculation of the environmental nutritional index. A: content in fatty acids (FA)
of two dietary regimes; B: tissue / dietary (TD) FA, ratio provided by the dietary regimes
according to three case studies; C: environmental nutritional index according to the same
scenarios. Dashed arrows represent the difference between diets in FA; content (eq. 11),
solid arrows indicate the difference between TD FA; content.cases (eq.10).

We calculated the ENI for the dominant FA as revealed by PERMANOVA in
muscle energy reserves (neutral lipids) for each salinity condition (Figure 21). The
nutritional needs for EFA (EPA and DHA) were fulfilled (ENI > 1); this was also the case
for palmitic acid for BW fish, while adequate quantities of oleic, linoleic, and linolenic
acids were not provided (ENI < 1). Interestingly, the ENI indicated that the EFA needs of
BW fish were better met than were those of FW fish. The greatest difference was between
palmitic acid, which was far below the minimum requirements of FW fish. This difference

likely reflected a strong involvement of this FA in energy metabolism. Once again, this
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shows that the FW condition was stressful for this species since they need to invest more

energy to satisfy their nutritional needs.
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Figure 21: Effect of salinity (FW: fresh water, S = 0; BW: brackish water, S = 14) on the
environmental nutritional index in muscle neutral fatty acids.

This is the second study showing that environmental parameters can greatly
influence organ allometry. It has been shown that relative organ masses were affected by
diet and temperature in juvenile European sea bass (Gourtay et al., 2018). In that study,
when fish were reared at 20°C, the RD-fed fish exhibited lower heart and gastrointestinal
masses while RD-fed at 15°C had higher liver mass. In our study, even if temperature was
not fixed, the RD dietary regime also induced higher heart mass. Contrary to Gourtay et al.
(2018), we were not able to correlate this increased of heart mass with an increased

gastrointestinal mass.
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4.7.2 Salinity effects

The liver plays a major role in energy storage, and it is the first site for fat storage in
a number of benthic and demersal species (Drazen, 2002; Hoffmayer et al., 2006; Lloret et
al., 2008). HSI is associated with liver energetic reserves, and this index indicates
differences according to the salinity of the rearing environment that may indicate a greater
use of energy reserves in BW (Eliassen and Vahl, 1982). However, we were not able to
confirm that it was solely due to salinity or if the prolonged exposition to a temperature
difference of 1°C between FW and BW mattered.

The optimal temperature for juveniles has been reported to be about 24-28°C
(Kellogg and Gift, 1983; Secor, 2000; Duston et al., 2004; Cook et al., 2010), so colder
temperatures represent an additional constraint on juvenile metabolism. This constraint
seemed to be accentuated in FW fish, which exhibited a higher relative liver mass
compared to BW fish. Survival and hematocrit data indicated that FW was a stressful
condition for striped bass, and this could explain the increased lipid storage in liver to try to
compensate stress. However, the trend (not significant) observed for total lipid content
showed that liver lipid content in FW fish was lower than in BW fish. The higher liver
mass observed in FW fish could be explained by higher glycogen accumulation while BW

fish could exhibit enhanced glycogenolysis.

Survival data obtained in the present study are consistent with those already
published on YOY striped bass. In the past decades, it was reported that abundances peaked
near fresh—brackish water interfaces, indicating better physical (Albrecht, 1964; Otwell and
Merriner, 1975; Morgan et al., 1981; Winger and Lasier, 1994) and biological (Jassby et
al., 1995) conditions for survival. Indeed, BW (S = 14) seemed more suitable since BW
juveniles had a higher and stable survival rate compared to observations in FW, while
dietary regime had no effect. These results corroborate the findings of Hurst and Conover
(2002), who studied the effects of winter temperature and salinity conditions in YOY
striped bass. These authors monitored survival rates at salinities of 15 and 30 in
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overwintering conditions (temperature declined from 13 to 2°C) and found a better survival
rate (87 to 100%) for fish exposed to S = 15 than for fish at S = 30 (0 to =90% survival). In
additional experiments, they showed that fish were intolerant of low temperatures in FW,

dying at significantly higher temperatures than fish held at intermediate salinity.

The effects of temperature for Morone saxatilis have been documented by several
studies, for example, small striped bass juveniles (< 5-40 g) of several strains grew
optimally at 24-28°C (Kellogg and Gift, 1983; Secor, 2000; Duston et al., 2004; Cook et al.
2010) while larger juveniles and sub-adults preferred temperatures closer to 20°C (Cheek et
al., 1985; Duston et al., 2004; Lapointe et al. 2014). In our study, fish were reared below
the thermal optimum for growth, and this could explain why neither salinity nor dietary
regime affected growth. Better growth was observed with MD regimes in juvenile sea bass
(Dicentrachus labrax), a related species, when reared at fixed temperatures of 15°C and
20°C (Gourtay et al., 2018). Our study showed that the minimal growth temperature was
not reached during fall because growth was still observed, but that this temperature must be

between 8°C to 5°C since we did observe weight loss during winter.

4.8 CONCLUSIONS

For future research concerning juvenile striped bass, salinity and dietary regimes
can be addressed separately since no interaction was observed in this cross-factorial design
on physiological parameters measured in winter conditions. Salinity effects were less
pronounced compared to those of dietary regimes on total liver and neutral muscle FA
profiles, while polar muscle FA were slightly affected. We developed a new index to
estimate the impact of environmental conditions on specific FA requirements: the ENI. The
use of this index has highlighted that nutritional needs in EFA were higher when fish were
in FW, and that requirements for palmitic acid were not fulfilled. The ENI results agreed

with the higher hematocrit value and the lower survival observed in FW.
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DISCUSSION GENERALE

L’objectif principal de ce projet doctoral était d’étudier I’effet des AGLPI n-3 sur la
plasticité de deux espéces de Moronidés: le bar européen (D. labrax) et le bar rayé (M.
saxatilis) dans des contextes différents. Afin de réaliser cet objectif, des juvéniles de ces
deux especes ont recu deux aliments expérimentaux isoénergétiques et isoprotéiques
caractérisés par leur quantité relative en AG. Le premier aliment avait un contenu en
AGLPI n-3 égal aux besoins nutritionnels connus pour le bar européen (AL; EPA + DHA =
0.73% MS) et les acides oléique (18:1n-9), linoléique (18:2n-6), et linolénique (18:3n-3)
représentaient une part importante des AG composant 1’aliment; le second aliment était
caractérisé par un contenu relatif élevé en EPA et DHA (AL++; EPA + DHA = 1.65% MYS),
environ deux fois supérieur aux besoins nutritionnels du bar européen. L’étude du bar
européen a été réalisée dans un contexte de changement climatique, les poissons ont été
¢levés a 15°C (température naturelle de 1’espece) et 20°C (augmentation attendue a la fin
du siecle). En milieu marin, la hausse des températures pourrait étre associée a une
raréfaction des AGLPI n-3 impliquant une modification des lipides des especes de
phytoplancton, premier niveau de la chaine trophique. L’aliment AL++ correspond aux
niveaux actuels présents dans les farines et les huiles de poissons sauvages, alors que
I’aliment AL représente un scénario de raréfaction. L’étude du bar rayé a été réalisée dans
un contexte d’écophysiologie, les poissons ont été élevés selon les variations thermiques
saisonnieres et en eau douce et saumétre, salinités représentant les limites de 1’aire de
répartition des juveniles de la population du Saint-Laurent. Le bar rayé étant une espece
anadrome, I’aliment AL a été utilisé comme aliment de réference. Dans cette expérience,
les aliments ont permis d’acquérir de nouvelles connaissances sur les besoins nutritionnels

et la physiologie de cette espece qui sont encore aujourd’hui mal connus.
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La thése étant présentée sous forme d’articles, chaque chapitre comprend déja un
résumé et une discussion ciblée sur les résultats présentés dans ce chapitre. Cette discussion
générale a surtout pour objectif de mettre en évidence la portée de 1’étude ainsi que de tisser
le fil conducteur existant entre les différents chapitres. Elle se subdivise ainsi : nouvelles
connaissances acquises sur le bar européen, comparaison des deux modeéles biologiques
utilisés, I’intérét d’utiliser 1’allométrie des organes dans ce type d’études, une remise en
perspective des besoins nutritionnels définis en aquaculture et se termine par les

perspectives mises en lumiere par cette these.

ACQUISITION DE NOUVELLES CONNAISSANCES SUR LE BAR EUROPEEN

Croissance: de nouvelles données pour une nouvelle approche

I existe de nombreuses maniéres d’étudier la croissance d’un organisme. Elle peut
étre analysée via le gain de masse ou de longueur, ces données permettent alors de
construire des modeles de croissance (par exemple: VVon Bertalanffy 1938 et ses variantes),
d’estimer leurs paramétres, de calculer des taux de croissance ou encore des indices de
croissance (delta masse, coefficient thermique de croissance, taux spécifique de croissance ;
revus par Dumas et al. 2010). Généralement ces méthodes sont basées sur les jours
calendaires. Les expériences de longue durée sont souvent colteuses en matériel, en temps
et en main d’ceuvre, ce qui rend difficile I’obtention de séries temporelles de qualité.
Lorsque les données sont disponibles, les plans expérimentaux et les méthodes utilisées
divergent de telle maniere que toute comparaison directe est rendue difficile. Il existe une
méthode peu usitée dans I’élevage de poisson et qui pourtant est utilisée depuis plusieurs
centaines d’années en agriculture et plusieurs dizaines en entomologie : les degrés-jour de
croissance (DJC ou « growing degree-day »; Gilmore et Rogers 1958, Cross et Zuber 1972,
Klepper et al. 1984, Russelle et al. 1984, McMaster et Smika 1988, McMaster 1993). Le
calcul de cette méthode nécessite une bonne connaissance de la gamme thermique de

croissance de I’espéce étudiée afin d’appliquer 1’équation suivante (eq.12):



131

GDD = —Tm“x;Tm"“ — Thase eq.12

Tmax : température maximum journaliere
Tmin : température minimale journaliére

Thase : température de base en dessous de laquelle le processus d’intérét ne progresse pas

Les DJC sont représentatifs du temps thermique et sont fréquemment utilisés pour
déterminer 1’apparition d’événements phénologiques clés pendant la croissance et le
développement. Chaque stade de développement se déroule en fonction d’une accumulation
d’énergie sous forme de chaleur, on peut alors estimer leur durée en sommant les degrés
jour accumulés dans la gamme thermique de croissance de I’organisme. Cette méthode de
calcul est basée sur le fait que I’ensemble des processus physiologiques déterminant la
croissance (taux métabolique, échanges gazeux, demande en oxygene, etc.) sont tributaires
de la température extérieure (Atkinson 1994, van der Have et De jong 1996) chez les
espéces ectothermes (Claireaux et Lagardére 1999, Person-Le Ruyet et al. 2004). Ainsi, en
agriculture, I’émergence (cotylédons complétement dépliés) du blé a lieu entre 125-160°C
jour, celle de I’avoine entre 760-947°C jour, alors que celle du lin a lieu entre 104-154°C
jour (Miller et al. 2001). Ce concept a également été appliqué aux poissons (Lange et Greve
1997, Neuheimer et Taggart 2007, Venturelli et al. 2010, Neuheimer et Grgnkjer 2012,
Chezik et al. 2013). Chez le saumon quinnat (Oncorhynchus tshawytscha), 516 + 40°C jour
sont nécessaires a 1’éclosion des ceufs, les ceufs de truite fario (Salmo fario) ont besoin de
493 + 48°C jour, alors que ceux de la limande a queue jaune (Limanda ferruginea) éclosent
a 52 = 3°C jour (Neuheimer et Taggart 2007). Dans I’é¢tude de Neuheimer et Taggart
(2007), 41 séries de données obtenues sur le terrain et en laboratoire, incluant 9 espéces de
poissons dulcicoles et marines, vivants dans des climats tempéres et tropicaux, exposes a
des régimes de températures constants et variables ont été analysées. La fonction linéaire
consistant a exprimer la longueur en fonction des DJC explique plus de 92% des données.
Les auteurs ont également montré que la méthode des DJC était applicable pour différents

stocks et différentes populations d’une méme espéce, ce qui ne peut étre fait lorsque les
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données sont exprimées en fonction des jours calendaires. Les DJC apparaissent comme
une estimation fiable et essentielle permettant de comparer des variations ontogéniques a

travers une constante thermique.

Seuil max

Seuil min (T base)

Température

v

Figure 22: Accumulation des degrés-jour en fonction des seuils thermiques (minimum et
maximum) de croissance. La ligne noire représente la variation de température temporelle,
la droite en pointillée bleue est le seuil minimal thermique au-dessus duquel la croissance
est possible, la droite magenta est le seuil maximal au-dessus duquel la croissance n’est
plus possible. L’aire en bleu représente 1’intégration d’énergie disponible pour la croissance
en °C.

Méme si la température est un facteur qui a été largement étudié chez le bar
européen (Hidalgo et Alliot 1988, Claireaux et Lagardere 1999, Person-Le Ruyet et al.
2004, Besson et al. 2016, Gourtay et al. 2018), la température de base (Thase, température
minimale a laquelle on observe de la croissance) de cette espéce n’a jamais été déterminée
et aucune étude n’a été faite en utilisant les DJC de croissance. Grace aux nombreuses
mesures de croissance réalisées lors de ce projet, la Thase du bar européen a été estimée a
11°C (pour voir la méthode en détail, voir Annexe Ill: Figure supplémentaire 26, pages
152-53). En analysant les données en fonction des jours calendaires, on observe un taux de

croissance (pente) différent entre chacun des quatre traitements (AL++ 20°C > AL 20°C >
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AL++ 15°C > AL 15°C, Figure 23A). En revanche, lorsque 1’on représente la longueur
standard en fonction des DJC (Figure 23B), une réponse différente est mise en évidence
(Figure 23A). En effet, I’utilisation des DJC permet de normaliser I’effet de la température
et d’expliquer la variation longueur standard-age observée avec les jours calendaires. Cette
représentation met en évidence, seulement deux taux de croissance (pentes) différents
induits par la disponibilité en n-3 AGLPI (Figure 23B). Cette méthode permet de
s’affranchir de I’effet de la température et de mettre en évidence ’effet d’autres variables.
On observe que pour une méme quantité d’énergie emmagasinée (DJC), les juveéniles
élevés a 15°C et 20°C possédent une longueur équivalente. En revanche, cette longueur
dépend de I’aliment regu et la différence entre les deux aliments augmente plus la quantité

d’énergie emmagasinée est grande.
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Figure 23: Effet de I’apport nutritionnel en acides gras a longue chaine polyinsaturee
(AGLPI) sur la longueur standard en fonction a) des jours calendaires, b) des degrés-jours
de croissance. GDD: growing degree-days, AL: aliment faible en AGLPI n-3, AL++:
aliment riche en AGLPI n-3.



134

Une capacité osmorégulatoire a toute épreuve

Le bar européen est genéralement retrouve dans les eaux cotiéres, il peut également
pénétrer dans les eaux saumatres des zones estuariennes, des lagunes cotiéres et également
occasionnellement dans les riviéres (Pickett et Pawson, 1994). Il a donc été considéré
comme un poisson euryhalin capable de tolérer une large gamme de salinités (0.5%o a
40%o ; Eroldogan et al. 2004). Plusieurs travaux ont d’ailleurs confirmé la grande capacité
de cette espéce a maintenir son homéostasie sur le plan de son osmolarité plasmatique et de
son equilibre hydrique tissulaire suite a des modifications majeures de la salinité de son
milieu (Varsamos et al. 2001, Eroldogan et al. 2004, Chatelier et al. 2005, Sinha et al.
2015). Par exemple, aucune différence de pression osmotique n’a été observée lorsque des
juvéniles ont été exposés a une salinité de 39.5%o ou 5.3%o, celle-ci demeurant stable aux
environs de 350 mosm (Varsamos et al. 2001). Dans le cadre de cette étude, des juvéniles
de bar européen ont été exposés a une salinité de 55%o pendant plusieurs heures et soumis a
des mesures de vitesse de nage donc a une dépense énergéetique importante. Aucune
mortalité n’a été observée pendant ce challenge de nage, ni durant les jours qui ont suivi.
Ces résultats corroborent 1’idée que les juvéniles de bar européen posseédent une grande
capacité osmorégulatoire. En conditions normales, soit dans les bacs d’élevage, la pression
osmotique (PO) des juvéniles était environ d’environ 350 mosm. A la fin de I’acclimatation
a une salinité de 45%o dans le tunnel de nage, une augmentation de 20 mosm a été mesurée.
De plus, cette expérience a montré un effet significatif de 1’aliment sur la PO, les poissons
nourris avec AL, ont conservé une PO inférieure a ceux ayant recu AL++. Des études plus
poussées demeurent cependant nécessaires pour essayer de mieux comprendre les

implications mécanistiques et métaboliques de tels résultats.

Les téléostéens, qui habitent des environnements aux salinités diverses, possédent
des mécanismes complexes et sophistiqués d'osmorégulation permettant de maintenir
I'homéostasie ionique et osmotique interne, afin d’assurer un fonctionnement normal des
processus cellulaires et physiologiques assurant la survie (Evans et al. 2005, Hwang and

Lee 2007). L’osmorégulation est un champ d’étude controversé, car des résultats tres
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contradictoires ont été publiés (pour revue: Tseng et Hwang 2008) c’est pourquoi les
mécanismes osmorégulatoires sont encore mal définis. Des mesures de consommation
d’oxygéne auraient pu étre réalisées afin de caractériser les colts énergétiques associés a
I’exposition aux conditions d’hypersalinité. En effet, plusieurs travaux ont reporté un
changement de cette consommation chez plusieurs espéces lors d’un changement de salinité
(Plaut 2000, Sardella et al. 2004, Gracia-Lopez et al. 2006, Wagner et al. 2005). Le
métabolisme des carbohydrates semble jouer un role majeur dans 1’approvisionnement en
énergie dédiée a I’osmorégulation, et le foie semble étre I’organe source permettant de
fournir ces carbohydrates (Tseng et Hwang 2008). Dans le cadre de notre étude, le contenu
du foie en glycogéne aurait pu étre un autre €elément explicatif des capacités
osmorégulatoires observées. Les auteurs de la revue dédiée au métabolisme énergétique de
I’osmorégulation chez les poissons, soulignent que le role des lipides et des protéines

comparé aux carbohydrates reste encore ambigu (Tseng et Hwang 2008).

DIFFERENCES ET SIMILITUDES CHEZ LES MORONIDES

Elevage et prophylaxie

L’élevage du bar européen a été réalisé au début du projet et celui-ci s’est déroulé
sans probleme majeur. En effet, cette espece est domestiquée en Europe et les conditions
d’¢levage sont maitrisées depuis plusieurs années au laboratoire ARN (Ifremer, Brest).
Bien que les juvéniles utilisés pour les expérimentations étaient issus de parents sauvages
reproduits dans les locaux d’Aquastream (Lorient, France), les juvéniles se sont montrés
résistants aux manipulations et aux expérimentations et trés peu de mortalités ont été
observées. Avant le début du nourrissage avec les deux aliments expérimentaux, les
poissons ont été triés a deux reprises. Un premier tri dans une eau sursalée a permis
d’éliminer les poissons qui n’avaient pas développé de vessie natatoire, un second tri par

classes de taille a eté réalisé afin de former des lots expérimentaux homogenes.
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A I’inverse, les données existantes concernant la domestication du bar rayé sont rares
et cette espece n’est pas produite en aquaculture. Les juvéniles obtenus pour nos travaux,
ont été fournis par la station piscicole de Baldwin (Coaticook, Canada), une station de
production gouvernementale québécoise. Cette production de bar rayé est essentiellement
destinée au réensemencement de cette espéce dans le corridor fluvial du Saint-Laurent dont
elle avait complétement disparu depuis quelques décennies. Actuellement de nombreux
tests sont menés de front a la pisciculture afin de déterminer les conditions optimales
d’¢levage de cette espece (besoins nutritionnels des différents stades de 1’espéce, Stratégie
de sevrage, niveau optimum de salinité en fonction des stades de développement). Nous
n’avons recu confirmation que nous pourrions avoir des juvéniles qu’a la fin de 1’été, car en
2017 les mortalités ont été telles que les autorités de la pisciculture devaient étre certains
que les quotas nécessaires aux activités d’ensemencement seraient atteints avant de pouvoir
nous donner des surplus. Nous avons donc hérité de survivants d’une année difficile sur le
plan de la production. Lors de 1’élevage des juvéniles a la station piscicole de I'ISMER
(Pointe-au-Pere, Canada), un ajustement rapide a €té nécessaire, car les juvéniles étaient
extrémement fragiles et sensibles aux manipulations, ces derniéres induisant des mortalités
importantes. De ce fait le schéma expérimental a été ajusté afin de minimiser au maximum
les manipulations et le stress chez les poissons. Un tri visuel rapide a été réalisé et les
poissons ayant des malformations ont été éliminés avant de débuter la période

expérimentale (Figure 24).
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Figure 24: Juvéniles de bar rayé présentant des difformités. A) Déformations du corps, B)
individu ne présentant pas de signe de déformation, C) I’individu du haut a une déformation
de la téte, celui du bas présente bas une déformation de la colonne.

I1 est possible que les morts subites observées lors de 1’élevage soient en lien avec
ce qui a été décrit comme le « Stress Shock Syndrome » par Castell et al. (1972a). Ce
syndrome pourrait également avoir un lien avec 1’observation de myopathie qui a déja été
faite sur les animaux de la pisciculture de Baldwin (communication personnelle). La
myopathie est un terme générique désignant toutes les maladies affectant les fibres
musculaires. Un syndrome de myopathie cardiaque, aussi appelé « insuffisance cardiaque
aigué » ou « rupture cardiaque » a été reporté a plusieurs reprises chez le saumon
Atlantique (S. salar; Amin et Trasti 1988, Ferguson et al. 1990, Rodger et al. 1991, Bruno
et Poppe 1996, Rodger et Turnbull 2000). Cette maladie a également été rapportée chez le
mérou (SP; Nagasawa et Cruz-Lacierda 2004), cette fois la myopathie concernait les
muscles squelettiques. Il a ét¢ démontré que 1’origine de certaines des myopathies et du «

Stress Shock Syndrome » était liée a 1’alimentation, particuliérement a une déficience en
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vitamine E et sélénium (Poston et al. 1976), ou encore en acides gras essentiels (Castell et
al. 1972a; Bell et al. 1991). Les signes de cette déficience sont aigus, les poissons
deviennent hypersensibles au stress et aux manipulations ce qui peut aboutir a une perte
d’équilibre et causer jusqu’a la mort de 1’organisme (Castell et al. 1972a, b, Millikin 1982,
Watanabe 1982). Chez le mérou les poissons atteints présentaient un assombrissement de la
couleur du corps, des pétéchies a la base de I'opercule et une déformation occasionnelle de
la moelle épiniére (Nagasawa et Cruz-Lacierda 2004). Des signes cliniques similaires ont
été observeés lors de 1’¢levage du bar rayé. La période larvaire est une période critique qui
est fortement dépendante de la qualité de la nutrition (Izquierdo 1996, Cahu et al. 2003,
Kolkovski et al. 2009). D’apres les informations obtenues, les aliments utilisés par la
station gouvernementale sont tout a fait équilibrés en termes de composition (Nutra XP et
Gemma micro de Skretting, Aglonorse de Tromsg Fiskeindustri AS) et auraient dd
satisfaire les besoins nutritionnels de I’espece. Toutefois I’ Aglonorse (Tromse Fiskeindustri
AS) posséde un taux d’humidité élevé et requiert donc une conservation rigoureuse
(environnement sec et frais). Que les causes soient nutritionnelles ou environnementales,
les animaux utilisés présentaient une grande sensibilité au stress, dont nous avons da tenir
compte. Cependant, compte-tenu du fort taux de mortalité observé en élevage larvaire, du
stress de transport (plus de 500 Km) et d’acclimatation, on peut aussi supposer que les

animaux utilisés pour nos expériences étaient parmi les plus résistants de cette cohorte.

Des réponses similaires interspécifiques: allométrie des organes et
performances physiologiques

Une comparaison entre les deux especes de Moronidés peut étre réalisée a la
lumiere des chapitres 1 et 4. Bien que les schémas expérimentaux aient été différents, des
réponses similaires ont été observées chez les deux espéces. C’est le cas de 1’allométrie des
organes, qui s’est révélée étre un trait plastique. Dans le chapitre 1, il a été¢ mis en évidence
gue la masse cardiaque des juvéniles de bar européen était plus élevée chez les animaux
ayant recu AL. La méme réponse a été observée chez le bar rayé. Il semble donc que la

quantité relative en AG soit capable d’induire une réponse plastique de la masse cardiaque
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chez ces deux espéces de Moronidés. Ce résultat souleve un grand nombre de questions.
Est-ce que cette réponse est propre aux Moronidés? Est-ce une réponse qui concerne un
plus grand nombre d’espéces? Comment I’alimentation peut agir sur la taille des organes?
Par quels mécanismes? Quelques pistes de réflexion sont proposées dans la section suivante

« L’allométrie des organes, un domaine de recherche prometteur », page 140.

L’alimentation a également eu un impact important sur les performances de nage
chez le bar européen (chapitre 3). Une plus grande vitesse de nage critique a été observée
chez les animaux ayant recu AL (chapitre 3). Des résultats similaires ont également été
observés chez la méme espece (Chatelier et al. 2006), chez le saumon atlantique (S. salar,
McKenzie et al. 1998) et chez le mulet (Liza aurata, VVagner et al. 2014). En parrallele du
projet doctoral, un test de performance a également été réalisé sur les juvéniles de bar rayé
¢levés en eau douce afin d’examiner ’effet de 1’aliment sur la résistance a un stress
thermique aigu. Cette étude est menée dans le cadre des travaux de recherche de maitrise
d’Emeline Durand. C’est pourquoi les résultats préliminaires de cette étude sont présentés
en annexe. Briévement, 1’expérience a consisté a exposer les juvéniles a une augmentation
progressive de la température de I’ecau (Annexe 1V: Figure Supplémentaire 27A, page 154).
Ce challenge permet de séparer les individus sensibles et résistants au stress thermique,
ainsi que d’observer la cinétique a laquelle les poissons perdent leur équilibre (proxy de la
mort). Malgré que ce test de performance soit différent du test de nage, la méme réponse a
été observée: les juvéniles de bar rayé nourris avec AL ont montré une meilleure
performance que ceux nourris avec AL++ (Test du Log Rank sur les courbes de Kaplan
Meier, Annexe IV: Figure Supplémentaire 27B, page 154). La performance est considérée
comme un trait intégrateur d’une espéce, c’est-a-dire que la réponse de ce trait dépend de
nombreuses fonctions physiologiques (osmorégulation, ventilation, etc.). Une fois encore

ces résultats soulévent les mémes questions que celles posées dans le paragraphe précedent.
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L’ALLOMETRIE DES ORGANES, UN DOMAINE DE RECHERCHE PROMETTEUR

L’allométrie des organes reste un domaine peu €tudié chez les organismes vivants
alors qu’elle peut apporter de nombreuses informations sans obligation de procéder a des
analyses complexes. Elle peut étre un indice utile pouvant guider les decisions analytiques
et orienter les travaux vers une étude plus approfondie sur certains organes clés, certaines

voies métaboliques ou encore certains éléments de physiologie.

L’allométrie, dans son sens le plus large, décrit comment les caractéristiques des
étres vivants changent avec la taille. Pour les caractéristiques morphologiques, la variation
de la taille de chaque organe/partie de I’organisme relative a sa taille globale peut étre
étudiée (Huxley et Tessier 1936). Dans la littérature, il existe trois types d’allométries:
ontogénique, évolutive et statique (Cheverud 1982, Schlichting et Pigliucci 1998). Dans le
cadre des chapitres 1 et 4, 1’étude des organes se limite au domaine de 1’allométrie statique.
Cette derniere décrit la taille relative de différents organes (ou traits) chez des individus au
méme stade de développement et au sein d’'une méme espéce. La masse relative des
organes a été mesurée pour chacune des espéces a la fin de leur élevage. Les juvéniles
utilisés étaient issus des mémes parents, ils ont donc la méme information génétique. Pour
chacune des deux espéces, I’ensemble des juvéniles partagent une « méme histoire », ¢’est-
a-dire qu’ils ont subi la méme procédure d’élevage que leurs congéneéres avant d’étre
soumis aux procédures expérimentales. On peut donc conclure que les différences dans
I’allométrie des organes observeées au sein de chaque espece ont été induites par les
conditions expérimentales. La présence de plusieurs phénotypiques en regard de ces traits
allométriques indique que certains organes présentaient un caractere plastique. Cette
plasticité a notamment été révélée par I’aliment et la salinité (ordonnées a I’origine
différentes, pentes similaires) en fonction des conditions expérimentales auxquelles ont été

exposées chacune des espéces (Tableau 14).
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Tableau 14: Effet des conditions environnementales sur I’allométrie des organes du bar
européen et du bar rayé

Organes Bar européen Bar raye
Ceeur AL > AL++ (20°C) AL > AL++
Foie AL > AL++ (15°C) ED > ES

Visceres AL > AL++ (20°C) _

Gras mésentérique

AL: aliment avec faible en acides gras longue chaine polyinsaturée (AGLPI) n-3, AL++:
aliment riche en AGLPI n-3, ED: eau douce, ES: eau saumatre.

Plusieurs hypothéses peuvent étre émises pour expliquer la relation allométrique
observée chez les bars européens élevés a 20°C entre le cceur et les viscéres. Cette derniere
peut étre la conséquence d’une réponse indépendante de chaque organe a I’aliment/salinité.
De maniére alternative, ’aliment/salinité n’a pu influencer uniquement la réponse au
niveau des visceres, alors que la variation de la masse du cceur pourrait étre une
conséquence secondaire, soit une réponse mécanistique a la variation de la masse des
visceres. L’inverse est aussi possible. Plusieurs travaux portent sur I’étude de la corrélation
entre les normes de réactions (Schlichting 1986, Schlichting et Pigliucci 1998, Scheiner et
al. 1991). En revanche, les mécanismes génétiques et physiologiques sous-jacents qui sont
a l’origine de ces « corrélations plastiques » restent a ce jour toujours mal connus. Chez les
insectes, il semblerait que les hormones jouent un réle important dans la régulation de
I’allométrie des organes, ainsi que dans la réponse spécifique des organes a ces hormones
(Shingleton et al. 2007). L’allométrie des organes est un vaste champ d’études, comprendre
comment I’environnement peut la modifier reste un enjeu majeur, car cela pourrait
permettre de mieux comprendre comment les espéces ont pu évoluer au cours du temps et

au fil des contraintes environnementales qu’elles ont rencontrées (allométrie évolutive).

D’un point de vue mécanistique, I’allométrie des organes est souvent reliée au taux
métabolique standard. En effet, le taux métabolique standard refléte les colts de maintien

nécessaires a la machinerie métabolique (tissus et organes) afin d’accomplir un mode de vie
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particulier (Killen et. al 2010, Piersma et Van Gils 2011). Les tissus et organes différent
grandement dans leur activité métabolique via leur role et donc également leurs codts de
maintenance (Gallagher et al. 1998). Les organes associées a la croissance (par exemple le
foie, le pancréas, les reins, le tube digestif) ou la respiration (cceur) ont des taux
métaboliques spécifiques a la masse tres élevés par rapport au muscle squelettique ou aux
tissus conjonctifs (Oikawa et Itazawa 1984, 1993, Elia 1992, Wang et al. 2001, 2012).
Plusieurs études ont montré que la proportion de tissus ayant un codt énergétique important
vs. ceux ayant un faible colt pouvait entrainer des changements dans le taux métabolique
standard de 1’organisme entier (Itazawa et Oikawa 1986, Mueller et Diamond 2001, Muller
et al. 2011, Wang et al. 2012). D’autres travaux ont montré que I’intensité métabolique des
tissus varierait en fonction de plusieurs parametres incluant le nombre de doubles liaisons
présentes dans les acides gras composant les membranes cellulaires (Brzek et al. 2007,
Hulbert et al. 2005). Notre étude a révélé chez le bar européen une augmentation de la
masse relative du cceur, des visceres et du foie lorsque moins d’AGLPI n-3 étaient présents
dans I’aliment (Tableau 14). Chez le bar rayé, le méme résultat a été observé sur la masse
relative du cceur, alors que la masse relative du foie était plus élevée en ED (Tableau 14).
En revanche, les colts métaboliques et physiologiques associés a ces changements restent

cependant étudier.

BESOINS NUTRITIONNELS EN ACIDES GRAS: AQUACULTURE VS NATURE

Selon les projections, la population mondiale devrait atteindre 9.3 milliards
d’habitants en 2050 (United Nation 2017). La péche a elle seule, ne parviendra pas a
subvenir au besoin de cette population croissante. D’ici 2050, il est prévu que la majorité
des produits de la mer consommés proviennent de 1’aquaculture (Diana 2009, Tacon et
Metian 2013). Les bénéfices d’une alimentation riche en poissons sont basés sur
I’abondance des omégas 3 a longue chaine, ainsi que de la qualité des proteines, des acides
aminés, des vitamines et des minéraux caractéristiques aux poissons (Tacon et Metian
2013). En effet, le poisson représente la premiére source d’oméga-3 a longue chaine (EPA

et DHA) pour I’'Homme (Arts et al. 2009). Les bienfaits de ces acides gras sur la santé
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humaine ont été démontrés par de nombreuses études (pour revue: Riediger et al 2009).
C’est pourquoi les autorités sanitaires de plusieurs pays recommandent une augmentation
de la consommation des omégas-3 a longue chaine par la population (pour revue voir:
Salem et Eggersdorfer 2015). Dans un contexte ot un déclin d’oméga 3 est en cours au plus
bas des réseaux trophiques aquatiques (phytoplancton), ou la majorité des stocks de
poissons sont surexploités (Jackson et al. 2001, Pauly et al. 2002), la nutrition des poissons
est un enjeu crucial pour relever les défis de I’aquaculture de demain et valoriser au mieux
I’utilisation des omégas 3 a longue chaine EPA et DHA. A noter qu’en paralléle la
recherche sur des sources alternatives d’EPA et DHA durables est en pleine expansion
(AGLPI n-3 d’origine algale [Ryckebosch et al. 2014], végétaux génétiquement modifiés
[Petrie et al. 2012, QI et al. 2004, Venegas- Caleron et al. 2010], huile de krill [Olsen et al.
2006]).

Ces dernicres années, d’énormes progres ont été réalisés dans le domaine aquacole
concernant la nutrition des poissons. En aquaculture, le but est d’obtenir un taux de
croissance important pour assurer une certaine rentabilité, tout en s’assurant que 1’animal
est en santé et qu’il ait une bonne qualité nutritionnelle finale. C’est pourquoi une partie
importante des recherches s’est concentrée sur la détermination du besoin nutritionnel en
AG, plus particulierement AGLPI n-3 et n-6 et de leurs impacts sur la physiologie des
poissons. Chez plusieurs especes il a été démontré qu’une déficience en AGLPI ou un
désequilibre entre les voies n-3 et n-6, pouvait affecter les fonctions immunitaires et ainsi
induire une réponse inflammatoire (Henderson et al. 1985, Sheldon Jr. et al. 1991, Lie et al.
1992, Ashton et al. 1994, Kiron et al. 1995, Bell et al. 1996, Montero et al. 2003, Ganga et
al. 2005). Les AGLPI sont également impliqués dans la résistance au stress et aux maladies
(pour revue, voir Sargent et al. 2002). Ces AG ont un role essentiel en tant que précurseurs
des eicosanoides qui sont des médiateurs cellulaires agissant sur le systeme nerveux,
I’excrétion rénale et branchiale et 1’osmorégulation (Bell et al. 1996, Tocher 2003). Tres
peu d’informations sont disponibles concernant les besoins nutritionnels du bar rayé. En
revanche pour le bar européen le besoin en EPA + DHA, en condition d’élevage piscicole,

a été établi a 0.7% n-3 AGLPI de la MS (Skalli et Robin 2004).



144

En étudiant la composition lipidique des aliments commerciaux couramment utilisés
pour le bar européen, notamment leur contenu en EPA et DHA on peut observer que ces
contenus sont 4 a 5 fois supérieurs aux besoins qui ont été definis par Skalli et Robin
(2004 ; cf la gamme Néo Start, Le Gouessant). Ces données expliquent pourquoi les bars
issus d’¢élevage sont souvent plus gras et plus riches en EPA et DHA que les bars sauvages
(Bhouri et al. 2010, Orban et al. 2003). Notre étude sur le bar européen montre qu’avec
AL++ (richesse équivalente aux aliments commerciaux), la croissance est ameliorée par
rapport a AL (richesse équivalente au besoin de 1’espéce). Pour rappel, la croissance est un
trait intégrateur, c’est-a-dire qu’elle est dépendante de nombreuses fonctions
physiologiques. C’est le trait le plus recherché et donc étudié en aquaculture. En revanche,
ce bénéfice peut ne pas étre profitable a I’ensemble des traits d’une espéce. Comme 1’a
montré notre étude, les poissons nourris avec AL présentaient de meilleures performances
de nage (bar européen) et de résistance au stress thermique (bar rayé) sans pour autant
montrer de signe clinique physiologique (bar européen). Ces résultats montrent donc
I’importance d’avoir une approche multi-traits lors de la définition du besoin chez une
espece particulierement lorsque les études se situent dans un contexte écologique, avec des
conditions environnementales pas toujours trés favorables contrairement au contexte
piscicole. Cette observation pose clairement la question d’une redéfinition du besoin tel que

celui établi actuellement.

Un nouvel indice a été calculé dans le cadre de cette thése et pourrait permettre de
mieux appréhender le besoin nutritionnel des espéces en lien avec les conditions d’élevage
ou environnementales: 1’indice nutritionnel environnemental (INE). Cet indice a été
construit en se basant sur le postulat que la composition en AG des tissus (notamment
muscle et foie) chez les poissons refléte celle de ’alimentation (Person-Le Ruyet et al.
2004, Gourtay et al. 2018). L’INE permet de recalculer les besoins nutritionnels en AG en
fonction d’une condition environnementale, afin d’évaluer comment cette condition
impacte le besoin en lui-méme. Non seulement cet indice permet de s’affranchir de la
composition en AG des aliments utilisés, des conditions expérimentales/ environnementales

testées mais permet également une comparaison inter-espéces. Dans le cadre des travaux
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réalisés sur le bar ray¢, la condition physiologique des poissons a pu étre reliée a I’INE.
Pour ce qui est de 1’étude du bar européen, on peut observer que les besoins des poissons
élevés a 15°C et ayant recu AL, étaient les moins bien couverts en AG, excepté en EPA
(ENI > 1, Figure 25), ce qui pourrait peut-étre expliquer le faible taux de croissance
observé. De maniére surprenante, au second temps d’échantillonnage, les poissons ont di
mettre en place des mécanismes compensatoires car leur ENI était semblable aux juvéniles
¢élevés a 20°C. L’ENI des poissons a 20°C est resté stable, en revanche seuls les besoins en
AGE étaient couverts. L’ENI corrobore 1’idée que ces poissons, ¢levés a 15°C étaient a un
stade physiologique plus précoce, dans ce cas on observe une « dynamique » du besoin
nutritionnel. Pour ces poissons, I’indice souligne également que le DHA est fortement
préserve, voire synthétisé (ce qui pourrait confirmer la tendance [non significative]
observée pour I’expression du géne fads2 dans le chapitre 2, expression la plus élevée chez
les RD 15°C a la fin de I’expérimentation). Chez nos deux espéces, cet indice met en
évidence I’importance de 1’acide palmitique comme indicateur d’une situation

physiologique inconfortable, surement du fait de son réle énergétique.
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CONCLUSIONS GENERALES ET PERSPECTIVES

Cette these a mis en évidence que les facteurs environnementaux, respectifs au plan
expérimental mis en place pour chaque espéce, étaient capables d’induire une plasticité
phénotypique et physiologique. 1l a été montré que les AG jouaient un rdle considérable
dans cette plasticité. En revanche, une approche mécanistique plus approfondie est
nécessaire afin d’observer comment I’aliment est capable de générer cette plasticité.
Quelques perspectives de recherches sont proposées ci-apres, elles pourraient permettre de

mieux comprendre et d’expliquer les résultats obtenus dans le cadre de ce projet.

L’¢étude du bar européen a permis de déterminer la température de base de 1’espéce,
et ouvre donc la voie de I’utilisation des DJC pour de prochaines études. Le principe
fondateur justifiant cette méthode est que la température est le facteur qui influence le plus
I’ensemble des processus physiologiques d’un organisme. Dans le cadre de notre étude, il
aurait été intéressant d’étudier les paramétres physiologiques des poissons en fonction des
DJC. 1l aurait alors été¢ possible de déterminer si les individus d’une méme condition
(méme aliment) mais exposés a des températures différentes présentaient des
caractéristiques physiologiques similaires (effet température en fonction des DJC), ainsi
que de déterminer I’effet d’autres paramétres environnementaux en fonction des DJC (par
exemple I’aliment). De plus, si le méme schéma expérimental avait été utilisé pour le bar
rayé, les DJC auraient peut-étre présentés des avantages permettant une comparaison
originale des deux espéces. Finalement les DJC peuvent étre un outil utile dans un contexte
aquacole comme écologique, permettant de prédire, plutét que de décrire, des réponses

physiologiques/écologiques.

L’expérience réalisée sur les juvéniles de bar rayé a été réalisée sur les survivants

d’une génération extrémement sensible. Réaliser une nouvelle expérience a partir
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d’individus issus d’une cohorte en meilleure santé pourrait permettre d’avoir une vision
plus réaliste des capacités de 1’espéce. Un tri préalable des poissons permettrait de travailler
sur des lots de poissons homogenes, ce qui pourrait peut-étre permettre d’obtenir des
réponses plus contrastées que celles que nous avons observées. En temps normal, cette
espéce aurait été capable d’étre élevée dans les mémes conditions expérimentales que celles
qui ont été utilisées pour le bar européen. Une comparaison interspécifique plus aisée
pourrait alors étre réalisée et la dimension de rythme de vie de ces deux especes serait alors

pertinente.

Finalement, pour compléter les résultats obtenus dans le cadre de ce projet doctoral,
il serait pertinent de faire des recherches concernant 1’aspect énergétique de nos animaux.
En effet la plasticité observée pourrait s’expliquer par une gestion et/ou une sélection de
réserves énergétiques divergente. En utilisant des techniques comme la respirométrie, il
serait possible de déterminer la consommation d’oxygéne de nos animaux, et de déterminer
leur taux métabolique. Le lien entre le taux métabolique de nos animaux et 1’allométrie des
organes, ou encore les performances (nage et résistance thermique) observées pourrait étre
caractérisé. De plus, il pourrait également étre intéressant d’examiner le fonctionnement
mitochondrial des deux especes afin d’obtenir une indication plus fondamentale de la
production énergétique de nos especes. Dans ce cas-ci, la dimension de rythme de vie des

deux especes pourrait également prendre tout son sens.
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Tableau 15: Composition des aliments expérimentaux

BASE ALIMENT

Farine de Poisson 32,09
Protéines % 21,3
Lipides % 3,8
Dont EPA+DHA % 0,7
Farine lupin 34,09
Protéines % 12,8
Lipides % 3,2
EPA+DHA % 0,0
CPSP 90 12,09
Protéines % 9,7
Lipides % 0,8
EPA+DHA % 0,1
ADDITIFS
Lécithine de colza 3,09
Amidon 8,09
Vitamines 1,0g
Minéraux 1,09
Bétaine 1,09

FORMULATION
Aliment  Aliment

mer terre

Huile de poisson 4,09 0,09

EPA+DHA % 1,0 0,0

Huile de colza 4,09 8,09

EPA+DHA % 0,0 0,0
Protéines % 43,749
Lipides % 17,563

EPA+DHA % 1,854 0,854
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ANNEXE |1

Supplementary Table 16: Regressions for the logarithm 10 of body mass (BM, g) and
standard length (SL, mm) on time (days, D), n =3

Temperature  Diet Regression R?

RD BM=0.025D - 2.136 0.96

20°C SL=0.008 D +2.994 0.96
LD BM =0.023 D - 2.055 0.96

SL=0.007 D +3.039 0.96

RD BM=0.012 D -1.091 0.95

15°C SL=0.004 D+3.321 0.95
D BM=0.011 D—-0.935 0.97

SL=0.003 D +3.386 0.97

LD: low n-3 polyunsaturated fatty acid (PUFA) diet, RD: reference n-3 PUFA diet.
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Supplementary Table 17: Allometric regressions and R? values

Temperature  Diet Allometric regression R?
Logio (Heart Mass) = 0.9757 logio (BM) — 6.1386 0.73

RD Logio (Liver Mass) = 0.9861 logio (BM) — 3.8864 0.48

Logio (Gastrointestinal Mass) = (0.8708 logip (BM) — 3.4709 0.81

20°C Logio (Mesenteric Fat Mass) = 0.9144 logio (BM) — 2.6372 0.52
Logio (Heart Mass) = 0.9305 logio (BM) — 5.8434 0.46

D Logio (Liver Mass) = 1.1802 logio (BM) — 4.3872 0.66

Logio (Gastrointestinal Mass) = 0.8198 logig (BM) — 3.2503 0.71

Logio (Mesenteric Fat Mass) = 1.1400 logio (BM) — 3.4005 0.58

Logio (Heart Mass) = 0.9593 log10 (BM) — 5.9868 0.56

RD Logio (Liver Mass) =1.1203 logio (BM) — 4.1891 0.42

Logio (Gastrointestinal Mass) = 1.0066 logio (BM) — 3.7108 0.54

1590 Logio (Mesenteric Fat Mass) fat = 1.9780 logio (BM) —4.9006 0.66
Logio (Heart Mass) = 0.9304 logio (BM) — 5.8888 0.32

b Logio (Liver Mass) = 1.2170 logjo (BM) —4.1127 0.46

Logio (Gastrointestinal Mass) = 0.8037 logio (BM) — 3.2768 0.47

Logio (Mesenteric Fat Mass) = 0.7833 logio (BM) — 2.7958 0.25

LD: low n-3 polyunsaturated fatty acid (PUFA) diet, RD: reference n-3 PUFA diet, BM:
body mass. n = 30 for each allometric regression.
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ANNEXE 111

Afin de determiner la température seuil de croisance (Twase) du bar européen, les
données de croissance acquises aux différentes temperatures ont été utilisées. Les
températures journaliéres ont été sommées en fonction du nombre de jour d’exposition (par
exemple 10 jours a 20°C, réprésentent 200 °C jours) pour chaque préléevement et pour
chaque aliment (Figure Supplémentaire 26A). Ensuite, les températures journalieres (15°C
ou 20°C) ont été soustraite a une Thase (eq.12) avant d’étre sommées. De maniere
exploratoire, la gamme de Thase testée était de 0°C a 14°C. Dans la Figure Supplémentaire
26B, 10°C représente une Thase trop basse; dans la Figure Supplémentaire 26D, Thase €St trop
élevée car les pentes des taux de croissance (représentés par les regressions linéaires) ne
sont pas similaires. La Trase du bar européen a été déterminée graphiquement a 11°C car les
poisons éleves a 15 et 20°C possédaient des taux de croissance (pentes) similaires (Figure

Supplémentaire 26C).
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Figure Supplémentaire 26: Recherche de la température seuil de croissance (Trase) pour le bar européen. Température seuil
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ANNEXE 1V
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Figure Supplémentaire 27: Challenge thermique. A) Cinétique thermique (T°C:
temperature en °C), B) Effet de I’aliment (AL++: aliment riche en acides gras longue
chaine polyinsaturée [AGLPI] n-3, AL: aliment pauvre en AGLPI n-3) sur la résistance a
un stress thermique aigu chez les juvéniles de bar rayé.
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