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Introduccion

1.1. Acuicultura

1.1.1. Situacidén actual de la acuicultura

Los sistemas de produccién primaria tienen como gran desafio
proporcionar alimentos a una poblacién que superara los 9.000 millones
de personas a mediados del siglo XXI, al mismo tiempo que abordar los
problemas derivados del cambio climatico y de un uso mas sostenible de
los recursos disponibles. Por tanto, la pesca y en mayor medida la
acuicultura, jugaran un papel esencial para cubrir la demanda creciente de
alimentos a nivel mundial.

Las pesquerfas se han estabilizado en los ultimos 20 afios en
torno a los 90 millones de toneladas (t) anuales, habiéndose alcanzado
los niveles maximos de explotacién sostenible de los recursos pesqueros.
Por tanto, la estabilizaciéon de las capturas, junto con el aumento de la
demanda de productos acuaticos, debera impulsar mas si cabe el
desarrollo de la acuicultura. De hecho, con el estancamiento de la
actividad pesquera se ha disparado la produccién de la acuicultura,
alcanzandose un maximo histérico de 111,9 millones de t en 2017 (un
3,5% mas que el aflo anterior), lo que supera en mas de un 15% la
produccién derivada de la pesca. Es mas, como muestra la Fig. 1.1, a
partir de los afios sesenta, la producciéon mundial de la acuicultura ha
crecido de manera constante, aunque en los ultimos afos se ha
producido un ligero decaimiento en el ritmo de crecimiento. Sin
embargo, el sector sigue manteniendo una vigorosa tasa de crecimiento
del 6-8% anual, aunque cabe destacar que la mayor parte de la
produccién esta concentrada en Asia (91,9%) y el resto en América

(3,2%), Europa (2,7%), Aftica (2,0%) y Oceania (0,2%).
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PRODUCCION (milones de t.)

Figura 1.1 Evolucién de la produccién acuicola mundial (acuicultura mas

pesca) desde 1951 hasta 2017. Modificada de Informe APROMAR, 2019.

1.1.2. Demanda actual de productos de origen acuatico a

nivel mundial

Los océanos aportan casi el 50% de la biomasa animal y vegetal que se
produce en el planeta. Sin embargo, los alimentos procedentes del mar
solo constituyen el 2% de las calorfas y el 15% de las proteinas
consumidas (Informe “Alimentos procedentes de los océanos”;

disponible en http://bitlv/20WMzGP).

Entre 1961 y 2010, el consumo de pescado aument6 anualmente
en un 3,2% superando el crecimiento de la poblacion mundial (1,6%) y el
consumo de proteina animal terrestre (2,8%) (FAO, 2018). Por
consiguiente, el consumo per cdpita de pescado aumento6 de 9 kg en 1961
a 20,5 kg en 2017, con una tasa media de crecimiento anual del 1,5%.
Este incremento no solo se debe al aumento de la produccién, sino
también a otros factores como la mejora de las técnicas de conservacion
del pescado, la reducciéon de los desechos y a una distribucién y

comercializacion mas eficiente de un producto de elevado valor


http://bit.ly/2oWMzGP
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nutricional por su alto contenido en proteinas digestibles con un buen
aporte en aminoacidos esenciales (AAE), ademas de vitaminas, minerales
y acidos grasos esenciales (AGE) (omega-3; acido docosahexaenoico
(DHA) y eicosapentaenoico (EPA)). A pesar de ello, el margen de
mejora sigue siendo alto ya que, segun la FAO, en 2015 el consumo de
pescado tan solo representé el 17% de la proteina animal consumida. En
la medida que esta situaciéon se vaya revirtiendo, se conseguira una
mejora de los habitos alimentarios a la vez que una produccién de
proteina animal mas ética y sostenible con el medio ambiente. Como
prueba de ello, el consumo de agua para producir un kg de cerdo o
ternera varfa entre 5-10 m’, disminuyendo hasta 3-4 m’ para los huevos y
las aves y 1-2 m’en el caso de los productos licteos y el pescado (Fig.

1.2).

12 - Huella hidrica
&
§ 10 -
s 8 A
2
36
rﬁe 2 i

0

NS 46% 40% ¢ oejo &

S
&/@& S «2&@ \)60 Q¢ Q@,@q’

Figura 1.2 Consumo de agua para la produccién de carne y derivados en m3 de
agua por kg de carne. Datos de Pahlow et al., 2015 y Water Footprint Network
disponible en https://waterfootprint.org.
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1.1.3. Estado de la acuicultura en Espafia

La acuicultura europea representa una importante fuente de productos
acuicolas. Aun asi, solo constituye el 19,2% de la produccion, frente al
80,8% de la pesca extractiva. Sin embargo, en algunos paises de la Union
Europea, la relevancia econémica y social de la acuicultura ya supera la
de la pesca, tal y como ocurre en algunas Comunidades Auténomas
espanolas. De hecho, Espafia es el estado miembro de la Unién Europea
con una mayor producciéon en acuicultura (23% del total en 2017)
seguido a cierta distancia por Reino Unido (16,4%) y Francia (12,3%).
Sin embargo, cuando se normaliza por el valor de la produccién, el
Reino Unido ocupa el primer lugar y Espafia el cuarto (Informe
APROMAR, 2019).

En concreto, la cosecha de la acuicultura espafiola en 2018 fue de
348.395 t de acuerdo con el siguiente desglose: mejillon (273.600 t),
lubina (22.460 t), trucha arcoiris (18.856 t), dorada (14.930 t), rodaballo
(7450 t) y otras (11.099 t). En el caso de los peces marinos, el
incremento de la producciéon espafiola fue sostenido desde los afios 80
hasta el 2009, donde sufrié6 un estancamiento que comenzé a revertirse
en 2015 con la recuperacion tras la dltima crisis econémica (Fig. 1.3). A
pesar de todo, el consumo doméstico de pescado se ha reducido
progresivamente desde el 2010 en un 15,8%, siendo la merluza, la
sardina, el salmén, el lenguado, el bacalao y el atin los pescados mas
demandados por los espafioles. Sin embargo, hay cada vez una mayor
aceptacion de las especies tipicamente cultivadas, con un incremento del
consumo de lubina, dorada y rodaballo del 13,5%, 5,0% y 2,3% durante
el 2018 (Panel de Consumo del MAPA).
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Figura 1.3 Evolucién del cultivo de peces marinos (en toneladas) de
acuicultura en Espafia desde 1990 hasta 2019. Modificada del Informe
APROMAR, 2019.

1.1.4. Retos de la acuicultura

En un contexto de limitada disponibilidad de recursos naturales, el
progreso cientifico y la innovaciéon son herramientas imprescindibles
para poder aumentar la produccién de proteina animal y satisfacer las
necesidades de la poblaciéon en un mundo globalizado con grandes
desigualdades econémicas. La acuicultura es posiblemente la mejor
apuesta de futuro, aunque sigue siendo necesario incrementar el
rendimiento de la produccién de una manera sostenible y respetuosa con
el medio ambiente. Por tanto, las investigaciones en curso deben hacer
especial hincapi¢ en la mejora de los conocimientos sobre el estado
energético y la salud de los peces, asi como en la optimizacion de las

dietas y los métodos de seleccion genética y programacion nutricional.
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1.1.5. Evolucién de las dietas de peces en cultivo

1.1.5.1. Materias primas y disponibilidad. Posibles efectos

negativos

La acuicultura es actualmente el sector con una mayor demanda de
harinas y aceites de pescado (Tacon y Metian, 2008; Naylor et al., 2009)
con un consumo en 2012 del 68% y 74% del total de harinas y aceites
disponibles (Tacon y Metian, 2015). Ello es consecuencia de los altos
niveles de inclusion de ingredientes de origen marino en los piensos de
acuicultura para cubrir los requerimientos nutricionales tanto de
macronutrientes como de micronutrientes establecidos para las especies
cultivadas (NRC, 2011). No obstante, los requerimientos de proteina son
menores para los peces cultivados de agua dulce, que suelen ser
omnivoros o herbivoros, por lo que el contenido en proteinas de sus
dietas no supera el 25-35%. Por el contrario, los peces marinos
cultivados suelen ser carnivoros y tienen mayores requerimientos
proteicos (40-55%). Por tanto, teniendo en cuenta los datos de
producciéon y los requerimientos propios de cada especie, los mayores
consumidores de harinas de pescado son los camarones, el salmén y las
especies de peces tipicamente marinas (Tacon et al., 2011; Hasan, 2017).
Las mismas consideraciones son validas para los aceites, ya que las
especies marinas poseen una capacidad limitada para sintetizar EPA
(20:5n-3) y DHA (22:6n-3) a partir de acido linolénico (ALA, 18:3n-3)
(Bell y Tocher, 2009), al carecer de la A5 desaturasa y de la elongasa 2
(elovl2) (Fig. 1.4). Algunos autores han sugerido que la carencia de elov/2
puede paliarse en parte por la accion de la elongasa 4 (elovi4) (Monroig et

al., 2010; 2011), aunque los resultados en dorada muestran una expresion
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relativamente baja de esta enzima a nivel hepatico (Benedito-Palos et al.,

2014).
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Figura 1.4 Ruta de biosintesis de los acidos grasos poliinsaturados de cadena
larga a partir de los precursores de 18 carbonos, acido o-linolénico (ALA;
18:3n-3) y acido linoleico (LA; 18:2n-6). Modificada de Tocher, 2015.

De acuerdo con lo expuesto anteriormente, los peces de agua
dulce (pero no los marinos) son productores netos de EPA y DHA,
aunque su capacidad de sintesis y elongacion a partir de acidos grasos
(AGs) de 18 atomos de carbono es igualmente muy limitada una vez
cubiertos los requerimientos en AGEs de la especie. En otras palabras,
para que los peces de cultivo sigan siendo la fuente mas importante de
EPA y DHA en la dieta humana, tanto las especies marinas como
dulceacuicolas siguen requiriendo un aporte alto de EPA y DHA en la
fase finalizadora (Trushenski y Bowzer, 2013). En esta fase, los cambios
producidos en la composicion en AGs del filete siguen un modelo de
dilucién simple, que se ha evidenciado tanto en salmoénidos como en

dorada y rodaballo (Robin et al., 2003; Jobling 2004a; 2004b; Benedito-
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Palos et al, 2009). Es mas, la composiciéon del filete es altamente
predecible por un modelo de regresion “dummy”, con la composicion en
AGs de la dieta y el contenido graso del filete como variables
independientes (Ballester-Lozano et al., 2014). Este modelo predictivo
esta disponible para dorada, lubina y lenguado a través del siguiente
enlace (http://nutrigroup-iats.org/aquafat/index.php) (Fig. 1.5).

D TR =

4Qué es io que comemos? Herramienta interact! nep rediccion de la L c. grasos de peces

Presentacion Calcule su perfil

Dooe

v
ARRAINA

QN — == - csic e

BN S )

Figura 1.5 Vista de la pagina web que incluye la herramienta interactiva
de prediccion de la composicion en acidos grasos de peces.

En base a lo expuesto anteriormente, es necesario encontrar el
equilibrio adecuado que permita cubrir las necesidades del consumidor y
de la especie en cultivo, a la vez que un desarrollo sostenible del sector
basado en el respeto por el medio ambiente. Ello forma parte de la
estrategia para disminuir las emisiones de gases de efecto invernadero y
la dependencia de las materias primas finitas de origen marino (Tacon y
Metian, 2015; Hasan y Soto, 2017). En esta linea, las proteinas
alternativas mas usadas en los dltimos afios son las de origen vegetal,
especialmente las procedentes de semillas oleaginosas (Tacon et al., 2011;

Hasan y New, 2013; Little et al,, 2016; FAO, 2018). Sin embargo,


http://nutrigroup-iats.org/aquafat/index.php
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formulaciones inadecuadas o lotes con altos niveles de factores
antinutricionales pueden desencadenar efectos no deseados sobre la
ingesta, la acrecion proteica, la salud intestinal o la respuesta inmune en
sentido amplio (Francis et al., 2001; Krogdahl et al., 2010; Hajra et al.,
2013). Todo ello, junto con la competencia con otros sectores
(cosmética, alimentacién humana, ganaderia, producciéon de biodiesel,
etc.) (Gasco et al., 2018) esta promoviendo la busqueda de otras fuentes
alternativas basadas en hidrolizados proteicos (Martinez-Alvarez et al.,
2015), microalgas (Byreddy et al., 2019), macroalgas (Wan et al., 2019) o
proteinas de insectos (Henry et al., 2015) de acuerdo con los principios
de la economia circular tal y como se esta abordando en el proyecto
europeo GAIN “Green aquaculture intensification in Europe”.

La buena noticia es que la industria del salmén noruego ha
conseguido disminuir el uso de ingredientes marinos en piensos de
engorde hasta niveles de inclusién proximos al 30% (Ytrestoyl et al.,
2015; Shepherd et al., 2017), a pesar de la alta susceptibilidad de esta
especie a la enteritis de la soja (Booman et al., 2018). La trucha es menos
susceptible a este tipo de enteritis y peces alimentados con dietas
vegetales desde la primera ingesta presentan buenos datos de
crecimiento, en especial aquellas familias seleccionadas previamente para
este caracter productivo (Callet et al., 2017; Lazzarotto et al., 2018).
También se han obtenido resultados satisfactorios en lubina y dorada
con niveles de inclusién de ingredientes marinos del orden del 10-15%
(Benedito-Palos et al., 2016; Torrecillas et al., 2017). En el caso de la
dorada, estas nuevas formulaciones son capaces de soportar un alto
crecimiento -con valores récord para la especie- hasta completar la

madurez sexual en peces de 3-4 anos (Simé-Mirabet et al., 2018). Es mas,

11



12

Capitulo 1

estudios recientes demuestran que formulaciones con bajos contenidos
en harinas y aceites de pescado siguen siendo validas en un modelo de
“common garden” con familias seleccionadas por bajo o alto
crecimiento, lo que va acompanado de diferentes trayectorias de
crecimiento a lo largo del ciclo de produccion de caracter marcadamente
estacional (Perera et al., 2019). En cualquier caso, es interesante tener
presente que las harinas de pescado por si solas cubren los
requerimientos en aminoacidos, fosfolipidos, AGEs y otros
micronutrientes cuando sus niveles de inclusién estan por encima del
50%, por lo que la sustitucion total de aceites de pescado por aceites
vegetales es factible sin afectar aparentemente al crecimiento y la salud
del animal (Regost et al., 2003; Piedecausa et al., 2007; Benedito-Palos et
al., 2007; 2008; 2009; Bouraoui et al., 2011). Otros tipos de respuestas,
como es el caso del estrés, también estan reguladas nutricionalmente,
aunque los resultados existentes en la Dbibliografia suelen ser
contradictorios. Por ejemplo, el uso de dietas basadas en aceites vegetales
suele ir asociado a niveles altos de cortisol en la dorada (Montero et al.,
2003). Sin embargo, al disminuir el nivel de instauracion de la dieta con
aceites vegetales, también disminuye el riesgo de estrés oxidativo. Como
prueba de ello, la respuesta de marcadores mitocondriales tras un estrés
por confinamiento se ve mejorada en juveniles de dorada alimentados
con dietas vegetales que cubren los requerimientos en AGEs (Pérez-
Sanchez et al., 2013a).

Otro de los efectos negativos asociados al uso de dietas vegetales
es un estado proinflamatorio que se manifiesta especialmente a nivel
intestinal. Como se indica mas adelante este efecto negativo puede

paliarse mediante el empleo de prebidticos o probidticos que favorezcan
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la reversion, al menos en parte, al patron salvaje (Estensoro et al., 2011;

2016; Piazzon et al., 2016; 2017).
1.1.5.2. Seguridad y calidad alimentaria del producto final

El uso de piensos con harinas y aceites de pescado lleva asociado la
presencia de contaminantes organicos persistentes no polares (POPs)
que son facilmente acumulables debido a sus caracteristicas lipofilicas
(Berntssen et al., 2005). Estos compuestos se depositan en el filete a una
mayor tasa que los contaminantes polares como los pesticidas no
organoclorados (OCPs) y las micotoxinas (Nacher-Mestre et al., 2013;
2014; 2015), que suelen encontrarse en los ingredientes vegetales
terrestres. Por tanto, la sustitucion de ingredientes de origen marino por
ingredientes de origen vegetal ha reducido los niveles de POPs tanto en
el pienso como en los filetes (Berntssen et al., 2005; Nacher-Mestre et al.,
2009; Berntssen et al., 2010; Bell et al., 2012), aunque en contraposicién
el riesgo de bioacumulacién es mayor para las micotoxinas y los
pesticidas. Sin embargo, las concentraciones de estos compuestos suelen
mantenerse por debajo del nivel miximo de residuo establecido y/o
recomendado (MRL). Lo mismo ocurre con los hidrocarburos
policiclicos aromaticos (PAHs), aunque esta familia de compuestos,
también presente en los ingredientes de origen marino, es la que muestra
unos factores de transferencia mas altos (Nacher-Mestre et al., 2018).

En todo caso, el uso de materias primas de origen vegetal en las
formulaciones de piensos tiene importantes efectos sobre la calidad del
producto final (Benedito-Palos et al., 2009; Rosenlund et al, 2011;
Ballester-Lozano et al.,, 2016). De hecho, como ya se ha comentado

anteriormente, el valor nutricional del filete se ve comprometido por el
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uso de aceites pobres en EPA y DHA (Izquierdo et al., 2005; Benedito-
Palos et al.,, 2008). Todo ello, junto con el creciente interés por el
consumo de AGs poliinsaturados (AGPs) de cadena larga por sus
beneficios en la salud humana, comporta una alta demanda de aceite de
pescado, lo que se traduce en presiones directas sobre los productores
para que los productos derivados del mar sigan presentando niveles altos
de EPA y DHA. En todo caso, otras caracteristicas como la textura del
filete, la vida util del producto y sus propiedades organolépticas no se
ven afectadas en la carpa comun, la trucha o la dorada (Grigorakis et al.,
2018; Turchini et al., 2018) por los actuales niveles de sustitucion de las

dietas comerciales.
1.1.5.3. Aditivos, seleccion genética y programacion nutricional

Para conseguir formular piensos con bajos niveles de inclusiéon de
harinas de pescado, éstos deben estar suplementados con nutrientes
esenciales como aminoacidos, AGEs, vitaminas o minerales. Asimismo,
con la finalidad de mejorar la salud y la resistencia a enfermedades, los
antibiéticos se han usado de forma indiscriminada durante muchos afios
para prevenir, controlar y tratar enfermedades, al mismo tiempo que
como promotores del crecimiento. Con la prohibicién del uso
indiscriminado de los mismos en la Unién Europea y otros paises debido
a la apariciéon de resistencia cruzada, ha incrementado el interés por los
aditivos alimentarios naturales que presentan unos efectos negativos
minimos tanto en el pez como en los consumidores y el medio ambiente
(Meena et al,, 2013). De acuerdo con ello, algunos prebidticos y
probidticos han demostrado tener efectos beneficiosos sobre el estado

inmunitario, la tolerancia al estrés, la eficiencia alimentaria y el
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crecimiento en varias especies de peces. Concretamente, el butirato, un
AG de cadena corta, presenta efectos positivos sobre la salud intestinal
de varios modelos de animales de cultivo (Guilloteau et al., 2010).
También, en la dorada, la suplementaciéon con butirato ayuda a prevenir
la inflamacién del epitelio intestinal causado por las dietas vegetales,
preservando la integridad de la barrera epitelial del intestino (Estensoro
et al, 2016). Otro efecto beneficioso esta asociado a cambios en el
proteoma del mucus y el microbioma del intestino de doradas
alimentadas con dietas vegetales, mejorando de esta manera la progresion
de la enfermedad en animales retados con bacterias o parasitos
intestinales (Piazzon et al., 2017). Ademas, la suplementacién con
butirato revierte, al menos en parte, los cambios asociados a la
proporciéon de sexos en un hermafrodita protandrico como la dorada
(Simo6-Mirabet et al., 2018).

Por lo que se refiere a la seleccion genética, ésta se centra en
aspectos como la mejora del crecimiento y la conversion del alimento
entre otras caracteristicas de interés productivo. Asi, por ejemplo, se ha
demostrado que la habilidad para crecer con dietas basadas en vegetales
es genéticamente variable en trucha y lubina (Le Boucher et al., 2011;
2013), aunque doradas seleccionadas por distintas tasas de crecimiento
son capaces de crecer de manera eficiente con dietas vegetales con un
alto grado de sustitucion (Perera et al., 2019) en base a las formulaciones
del proyecto europeo ARRAINA “Advanced research initiatives for Nutrition
& Aquaculture, 7FP European Project”.

Otra estrategia para mejorar el uso de dietas con formulaciones
mas sostenibles es la programacion nutricional. Por un lado, los estudios

llevados a cabo en peces de agua dulce, como la trucha arcoiris, han
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permitido mejorar la aceptaciéon de las dietas vegetales tras la
programacion durante estadios tempranos (alevines) con este tipo de
dietas (Geurden et al., 2013; Balasubramanian et al., 2016). En especies
marinas, los estudios de programaciéon nutricional se han centrado en
aspectos relacionados con el metabolismo lipidico, actuando en los
primeros estadios larvarios o indirectamente sobre los reproductores.
Por ejemplo, en lubina, se ha observado un aumento persistente de la
expresion de la fads2 en juveniles alimentados durante el estado larvario
con dietas deficientes en AGPs omega-3 (Vagner et al., 2007; 2009; Geay
et al., 2010). En dorada se han observado resultados similares, pero con
una alta mortalidad, por lo que un protocolo de actuacién es dificilmente
estandarizable a nivel practico (Turkmen et al., 2017a). Es por ello que
de forma alternativa se ha prestado especial atencion a la programacion a
nivel de progenitores mediante el uso de dietas pobres en EPA y DHA,
con el objeto de inducir la expresion de la fads? y, en consecuencia,
aumentar el nivel de instauracion de los fosfolipidos de la membrana
citoplasmatica. No obstante, esta programacion tiene sus limitaciones y
dietas con un 80% de sustituciéon de aceite de pescado por aceites
vegetales reducen la fecundidad de los progenitores, asi como la calidad
de la progenie. Por el contrario, un nivel de sustitucién menor (60%)
mejora el crecimiento de la descendencia cuando ésta es expuesta meses
mas tarde a dietas vegetales (Izquierdo et al., 2015; Turkmen et al,
2017b). Ahora bien, cuando la programacioén esta basada en el aumento
de AGs de 18 carbonos (ALA) sin comprometer el aporte de EPA y
DHA, la expresién de la fads2 (A6 desaturasa) en la progenie es altamente
refractaria a dicha programacion nutricional (Turkmen et al, 2019);

mientras que la expresion de la sedla (A9 desaturasa), una enzima
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limitante en la formaciéon de AGs monoinsaturados (AGMs) se muestra
especialmente sensible a estos cambios (Fig. 1.6). Esta enzima lipogénica
disminuye los signos de deficiencias en AGPs estimulando la sintesis de
AGMs (16:1n-7, 18:1n-9). El riesgo asociado es un incremento
desproporcionado de la cantidad de depdsitos grasos principalmente a
nivel hepatico. Es por ello, que uno de los objetivos de la programacién
nutricional con dietas basadas en aceites vegetales es mantener regulada
la expresion de sedla, evitando una respuesta desproporcionada que a su
vez limite la deposiciéon grasa, disminuyendo el riego de esteatosis
hepatica. Estos cambios de expresion estin negativamente
correlacionados con el nivel de metilaciéon del promotor de la sed7a, lo
que demuestra la participaciéon de mecanismos epigenéticos en este tipo

de regulacion (Perera et al., 2020).
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Figura 1.6 Resumen de los avances en la programaciéon nutricional en los

progenitores.

1.1.6. ¢Por qué la dorada cémo objeto de estudio?

Actualmente la acuicultura es el sector alimentario que presenta un
crecimiento mas rapido, siendo a la vez el mas diverso en términos de
numero de especies, ambiente y tecnologia usada (Harvey et al.,, 2017).

Recientemente, algunos factores ambientales y sociales como la demanda
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de mercado, las oportunidades de financiacién, la disponibilidad de
recursos o emplazamientos, la reduccion de especies en el medio salvaje
o el cambio climatico han sido los principales impulsores de la
diversificacion de la acuicultura. Esto ha llevado al desarrollo proyectos
(p. ej. Diversify “Exploring the biological and socio-economic potential of
new/ emerging candidate fish species for expansion of the European aquaculture
industry”) donde se ha explorado el potencial biolégico y socioeconémico
de nuevas especies de peces con la finalidad de expandir la industria
acuicola europea, aumentando la oferta de productos y desarrollando
nuevos mercados. La diversificaciéon puede afiadir un valor econémico,
social o ecolégico a los sistemas de acuicultura, aunque los costes, retos y
riesgos asociados a la diversificacion son altos, dadas las actuales
limitaciones tecnologicas. En cualquier caso, la estrategia de
diversificaciéon debe contemplar aumentar el ndmero de especies
cultivadas, asi como la selecciéon de cepas o variedades que cumplan con
caracteristicas especificas de interés productivo, para lo que es necesaria
una vision integral de aspectos de economia de mercado, zootecnia y
biologia para resolver los problemas de las especies susceptibles de
cultivo. Entre ellas, se encuentra sin lugar a duda la dorada, dada su facil
adaptacion a las condiciones de cultivo intensivo y su elevada
valorizacion por parte del consumidor. Como prueba de ello, en 2018
(Informe APROMAR, 2019), la produccién acuicola de dorada fue de
246.839 t (un 10,7% superior a la de 2017), siendo los principales
productores Turquia (33,6% de la produccién total), Grecia (24,7%),
Egipto (14,6%) y Espafia (6,0%). A nivel global, esta produccién se

puede considerar modesta, al ocupar el puesto 62 dentro de las especies
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cultivadas, pero en Europa (95.390 t) y Espafia (14.930 t) su produccién
es relevante, al ocupar la tercera y cuarta posicion del ranking.

La dorada (Sparus anrata) es un pez teledsteo del litoral marino
que pertenece a la familia Sparidae del orden de los Perciformes (Fig.
1.7). Su habitat natural se distribuye a lo largo del mar Mediterraneo y de
las costas orientales del océano Atlantico, desde Gran Bretafia y el
estrecho de Gibraltar hasta Cabo Verde y las Islas Canarias. Estudios
sobre la estructura genética de la dorada, a través de distintos marcadores
moleculares (aloenzimas, microsatélites o amplificacion aleatoria de
ADN polimoérfico) han demostrado la existencia de subpoblaciones
geograficas. Por ejemplo, entre el océano Atlantico y el mar
Mediterraneo se ha observado una diferenciacion genética significativa,
aunque débil (Alarcon et al., 2004; De Innocentiis et al., 2004; Rossi et

al., 2006). Sin embargo, en areas mas reducidas se han observado

>
subdivisiones genéticas mas fuertes como ocurre a lo largo de las costas
de Tunez (Slimen et al., 2004) y entre Francia y Argelia (Chaoui et al.,
2009). En cualquier caso, la falta de barreras geograficas disminuye la
variabilidad genética, tal y como se ha puesto de relieve a lo largo de la
costa italiana (Franchini et al., 2012).

La dorada es una especie eurihalina y euriterma, por lo que puede
vivir en distintos ambientes, desde marinos o salobres hasta lagunas
costeras y zonas estuaricas. Se distribuye en zonas poco profundas (hasta
los 30 m) en el caso de los juveniles, mientras que los adultos se pueden
encontrar hasta los 150 m. Es una especie hermafrodita protandrica que
durante los dos primeros afnos es un macho funcional (Zohar et al., 1978;

1989) con espermatogénesis asincronica, que acaba desarrollandose

como hembra al alcanzar tallas superiores a los 30 cm. Sin embargo, el
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cambio de sexo no solo esta relacionado con el determinismo individual,
sino que puede depender de las condiciones sociales y ambientales
(Happe y Zohar, 1988). El desarrollo ovarico también es asincrénico y
las hembras pueden poner unos 20.000-80.000 huevos al dfa a lo largo de
los meses de octubre-diciembre, dependiendo de la latitud y las
condiciones ambientales. Las puestas se realizan en mar abierto y los
juveniles migran al principio de la primavera hacia aguas costeras donde

hay abundantes recursos y temperaturas mas templadas.

Figura 1.7 Dorada (Sparus aurata).

Todas estas caracteristicas hacen de la dorada una especie con
una gran capacidad de adaptaciéon a un ambiente cambiante, incluyendo
una alta tolerancia a cambios de salinidad del agua, concentracién de
oxigeno disuelto, temperatura y composicion de la dieta. En este sentido,
la dorada es una especie con una alta plasticidad que ha quedado
demostrada en una gran cantidad de estudios de nutricién (Benedito-
Palos et al., 2016; Sim6-Mirabet et al.,, 2018; Gil-Solsona et al., 2019),
cronobiologia (Mata-Sotres et al, 2015; Yufera et al, 2017),
comportamiento alimentario (Lopez-Olmeda et al., 2009; Sanchez et al.,
2009), estrés (Calduch-Giner et al., 2010; Castanheira et al., 2013; Pérez-
Sanchez et al., 2013b; Bermejo-Nogales et al., 2014; Magnoni et al., 2017;
Martos-Sitcha et al., 2017; 2019) y resistencia a enfermedades (Cordero et

al., 2016; Estensoro et al., 20106; Piazzon et al., 2018).
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1.2. Metabolismo energético

1.2.1. La mitocondria y la fosforilacién oxidativa

LLa demanda de energfa cambia a lo largo del desarrollo y con el estado
nutricional o las condiciones de salud y estrés. El 90% de la energfa en
forma de adenosin trifosfato (ATP) es producida por los organismos
aerobicos a través de la fosforilacion oxidativa, por lo que la regulacion
de la actividad y de la biogénesis mitocondrial es clave para una adecuada
funcién del metabolismo energético. En consecuencia, el nimero de
mitocondrias y su nivel de actividad varia a nivel celular y tisular
(Schaefer et al., 2013; Barbour y Turner, 2014), habiéndose demostrado
en la dorada que la biogénesis mitocondrial y la fosforilacion oxidativa
estan altamente reguladas a nivel transcripcional bajo diferentes
condiciones de estrés ambiental y nutricional (Bermejo-Nogales et al.,
2014; 2015; Silva-Marrero et al., 2017).

El estrés nutricional suele deberse a un aporte insuficiente de
nutrientes y energfa. Sin embargo, un exceso de energia también puede
desencadenar diferentes tipos de estrés celular, como consecuencia de un
aumento en la produccién de especies reactivas de oxigeno (ROS) a nivel
mitocondrial (Wellen y Thompson, 2010), lo que acaba inhibiendo la
ingesta voluntaria de alimento (Saravanan et al., 2012) y el crecimiento de
los peces en cultivo (Fernandez-Diaz et al., 2006; Rise et al., 2015). Por
consiguiente, se debe conseguir un equilibrio entre los mecanismos de
produccion y eliminaciéon de ROS para que la célula y el organismo en su
conjunto funcionen correctamente una vez alcanzado el nivel de
alostasis. Para ello, las llamadas proteinas desacoplantes (UCPs) actian

como valvulas de seguridad, activando ciclos futiles de energfa (Mailloux
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y Harper, 2011) que se desactivan rapidamente cuando el aporte de
nutrientes no excede la demanda energética (Nabben y Hoeks, 2008;
Bermejo-Nogales et al.,, 2011; 2014). Asimismo, el sistema de defensa
antioxidante que incluye, entre otras, las enzimas superéxido dismutasa,
glutation peroxidasa, glutatiéon reductasa, tioredoxina, tioredoxina
reductasa y catalasa (Martinez-Alvarez et al., 2005; Pacitti et al., 2014),
también se activa para eliminar el exceso de ROS y disminuir el riesgo de

estrés oxidativo.
1.2.2. Sistemas de regulacion

Tanto en levaduras como en vertebrados superiores, los principios
fundamentales del metabolismo energético son muy parecidos, estando
su regulacion sujeta a un estricto balance entre la energia ingerida, su
utilizacién y su almacenamiento. Es mas, en todos los organismos vivos,
la energfa celular es producida y usada mediante rutas altamente
conservadas, siendo la energfa almacenada y transferida a través del ATP
y el NADH, en base a un delicado balance entre el anabolismo y el
catabolismo (Fig. 1.8).

Las rutas clasicas de sefializacién de exceso de nutrientes utilizan
la. mTOR que es activada mediante aminoacidos ramificados (p. ej.
leucina) o la via de la insulina y del factor de crecimiento IGF-I. La
mTOR promueve el metabolismo mitocondrial, la sintesis proteica y el
crecimiento celular (Wellen y Thompson, 2010; Laplante y Sabatini,
2012). Otro de los mecanismos relacionados con la deteccion de
nutrientes incluye la ChREBP que responde a niveles altos de glucosa,
activando la glicdlisis y la lipogénesis (Filhoulaud et al., 2013). Asimismo,
la GOAT detecta AGs de cadena media (AGCM) y es una pieza clave
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para la activacion de la grelina que participa en la secrecién de la GH, la
estimulacion del apetito y la adipogénesis, asi como en la secrecion de
insulina y la homeostasis de la glucosa (Hougland, 2019). En
contraposicion, la restriccion calérica comporta niveles bajos de ATP,
con la consiguiente activacion de la AMPK que inhibe la proliferacion
celular. En paralelo, las SIRTS, al usar como cofactor el NAD", estin
implicadas en una gran variedad de funciones biologicas desde el
silenciamiento génico, pasando por el control del ciclo celular y la

apoptosis, hasta la homeostasis energética.

| EXCESO DE NUTRIENTES | RESTRICCION CALORICA
AGCM Aminoicidos ‘ Proteinas | | Glucosa 1Glucosa
ramificados
1 AMP/ATP

T Gox TG i | |7 R |

T AMPK - 1 NAD*/NADH

v

T Grelina

» 1 mTOR ‘Tth(Slisis

T Captacion glucosa

P — 1 Lipogénesis 1 Osidacion AGs 1 SIRTs
} Jél::u.to i 1 Proliferacion celular
iy Crecimiento
T Adipogénesis ] — L
Regula homeostasis 1 Sintesis proteica
energética 1 Crecimiento celular

Figura 1.8 Esquema de las rutas clasicas de sefializaciéon de exceso de
nutrientes (izquierda, en azul) y de restriccién calérica (derecha, en naranja).
Abreviaturas: AGCM, dcidos grasos de cadena media; AMP y ATP, adenosin monofosfato y
trifosfato; AMPK, proteina quinasa activada por AMP; ChREBP, elemento de respuesta a
carbobidratos; GH, hormona del crecimiento; GOAT, O-acetiltransferasa grelina; IGF-1, factor de
crecimiento insulinico tipo I, w’TOR, diana de rapamicina en células de mamifero NAD™ y NADH,
dinucledtido de nicotinamida adenina forma oxidadada y reducida; SIRTS, sirtuinas.
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1.2.3. Las sirtuinas

1.2.3.1. Filogenia y localizacién celular

Las SIRTs son una familia de proteinas altamente conservada a lo largo
de la evolucién, que presentan efectos pleiotropicos sobre la regulacion y
la funcién celular. El origen de su nombre proviene del primer miembro
de la familia descrito, la Sir2 de la levadura (“silent information regulator
27, homologa a la SIRT1 de vertebrados) que actia silenciando loci
especificos del genoma deacetilando histonas (Imai et al., 2000). Desde
su descubrimiento, el interés por las SIRTs aument6 exponencialmente
debido a su efecto positivo sobre la esperanza de vida en diferentes
modelos experimentales, habiéndose observado que la activacion de las
SIRTS ejerce efectos parecidos a los de la restriccion calérica, que hoy
por hoy es la forma mas eficiente que se conoce a nivel fisioloégico para
aumentar la esperanza de vida. Desde entonces, se han publicado un
gran numero de estudios referentes a las SIRTSs, destacando su
importante papel en respuesta a la restricciéon calérica y a las
enfermedades relacionadas con la edad y la homeostasis metabdlica
(Fiorino et al., 2014).

La familia de las SIRTSs esta presente en todos los seres vivos y el
namero de isotipos diferentes dentro de un mismo organismo va desde 1
en bacterias hasta 7 en vertebrados. El analisis filogenético de las SIRT's
de organismos procariotas y eucariotas ha llegado a establecer cinco
clases distintas (Frye, 2000; Vassilopoulos et al., 2011). La clase I incluye
la SIRT1, 2 y 3; la clase 1I la SIRT4; la clase I1I la SIRT5 y la clase IV la
SIRTG y 7. Finalmente, también existe la clase U que esta presente en

bacterias y que podria ser el precursor de la clase I y la clase IV. De
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acuerdo con esta clasificacion, se considera que las SIRTSs pertenecientes
a las clases II, III y U aparecen primero en la evoluciéon. Por eso, los
procariotas contienen solo estas 3 categorfas mientras que la mayorfa de
los eucariotas contienen las 4 clases de SIRTs (I-IV), aunque algunos
organismos como los insectos, nematodos y levaduras acaban perdiendo

alguna clase (Fig. 1.9).

Eucariotas
recientes

Bacteria Primeros

eucariotas
Clase U

Clase 11 Clase I
s Clase II

Clase i Clase III

Clase III Clase ITI Clase IV

Vertebrados

Insectos

Nematodos Levadura
Clase IT Clase I Clase I
Clase III Clase IT
Clase IV Clase IV P
Clase III

Figura 1.9 Modelo hipotético para la evolucion y la distribucion de las 4 clases
de SIRT'S presentes en eucariotas. Modificada de Frye, 2000.

La diversificacion de las SIRTs esta acompanada por una amplia
compartimentalizacién  subcelular. La SIRT1 y la SIRT6 son
generalmente nucleares, mientras que la SIRT7 se encuentra
principalmente en el nucléolo. Sin embargo, la SIRT1 (Tanno et al.,
2007) y la SIRT6 también se pueden localizar en el citoplasma (asociada
a granulos de estrés) (Jedrusik-Bode et al., 2013; Simeoni et al., 2013). La
SIRT2 es mayoritariamente citoplasmatica, pero pasa al nucleo para
participar en el ciclo celular (North y Verdin, 2007). Las SIRT3, 4 y 5 se

localizan predominantemente en la mitocondria, aunque la SIRT3 parece
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tener funciones en el citosol y en el nucleo (Scher et al, 2007
Sundaresan et al., 2008; Huang et al., 2010) segun la longitud de sus
isoformas (Schwer et al., 2002; Scher et al., 2007; Iwahara et al., 2012). La
SIRT5 también se encuentra en compartimentos no mitocondriales
(citosol, nucleo y peroxisomas) (Matsushita et al., 2011; Park et al., 2013;
Chen et al., 2018), por lo que cada isoforma acaba presentando una

preferencia distinta por los diferentes compartimentos celulares.
1.2.3.2. Estructura y reaccion estequiométrica

Los distintos isotipos de SIRTs varfan en longitud, pero todos ellos
poseen un dominio catalitico central de unién al NAD" de unos 275
aminoacidos (Frye, 2000), que esta rodeado por secuencias N- y C-
terminales muy variables. Un analisis estructural de la region catalitica
muestra que dicha region esta formada por dos dominios: un dominio
grande que consiste en una estructura Rossman fold o/ que es
caracteristica de las proteinas de unién al NAD" y un dominio mas
pequefio y variable que incluye un médulo de unién al Zn** (Fig. 1.10).
Entre estos dos dominios se encuentran varios bucles que forman un
bolsillo donde se une el NAD" y los sustratos acilados, conformando el
lugar activo de la enzima (Sanders et al., 2010). La variabilidad entre los
dominios de Zn"? presentes en las distintas SIRTs es una de las razones
port la que algunos miembros de esta familia son capaces de llevar a cabo
diferentes actividades enzimaticas. Un ejemplo de ello es la SIRT5, que
presenta una baja actividad deacetilasa siendo mas eficiente como
desuccinilasa y demalonilasa (Du et al., 2011). Ademas, las regiones N-y
C- terminales, que difieren en longitud y en secuencia entre las distintas

SIRTS, son las principales dianas de las modificaciones postraduccionales
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(ver apartado 1.2.3.4.3), por lo que en gran medida condicionan la

localizacion celular y las funciones propias de cada uno de los miembros

de la familia (Flick y Luscher, 2012).

Moédulo
helicoidal

Moédulo de
unién al Zn*?2

Dominio de % Segmento
unioén al NAD™ regulador
C-terminal

Figura 1.10 Estructura tridimensional de la SIRT1 de humanos. Modificada
con PyMOL Molecular Graphics System, Version 2.2.3 Schrédinger, LLC.

La reaccion estequiométrica de las SIRTs combina tres reactivos
como sustratos-cosustratos: el NAD", el agua y un péptido o proteina
acilada (concretamente un residuo de lisina). Tras la reaccién se forman
productos como la NAM, la proteina deacilada y un nuevo compuesto
llamado AADPR (Fig. 1.11). Cuando la NAM se encuentra a altas
concentraciones inhibe la actividad de las SIRTs mediante
retroalimentacion negativa. EI AADPR ha sido menos estudiado, pero
parece actuar como molécula de sefializacion (Tong y Denu, 2010),
habiéndose relacionado con una disminucion de los niveles de ROS, con

el silenciamiento génico y con la activacion de canales idnicos.
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&
@

Proteina

acilada
Ruta de
recuperacion

Proteina

deacilada

Figura 1.11 La actividad enzimatica de las SIRTSs y la ruta de recuperacién del
NAD*.  Abreviaturas: AADPR, 2"-O-acetil-ADP-ribosa; NAM,  nicotinamida,
NAMPT, fosforibosiltransferasa de nicotinamida; NMIN, mononncledtido nicotinamida;
NMNAT, nicotinamida mononucledtido adenilil transferasa.

1.2.3.3. Especificidad a nivel de sustrato y actividad enzimatica

Las SIRTs son deacilasas de lisina dependientes de NAD". Los residuos
de lisina estan altamente presentes en los sitios activos o de unién de las
proteinas y debido a sus propiedades quimicas, su modificacién juega un
papel importante en la estructura proteica y sus interacciones. Ademas, la
lisina presenta una gran variedad de modificaciones postraduccionales
incluyendo la metilacién, ubiquitinacién y varios tipos de acilacion,
siendo la principal la acetilaciéon. Sin embargo, varios estudios
proteémicos han permitido identificar nuevos tipos de modificaciones
como la formilacién, propionilacién, butirilacién, crotonilacion,
malonilacién, succinilacion y glutarilacion (Houtkooper, 2016), muchas
de las cuales pueden ser eliminadas por las SIRTs. Varias de las
anteriores modificaciones postraduccionales han sido detectadas tanto en
histonas como en enzimas metabdlicas (Choudhary et al., 2014). Por este
motivo, y a pesar de su clasificacién inicial como deacetilasas de histonas

(HDAC:S), se ha demostrado que la mayorfa de los sustratos de las SIRT's



Introduccion

no son las histonas, sino otras proteinas que mayoritariamente son
enzimas del metabolismo intermediario. En definitiva, el hecho de que
algunas SIRTs se encuentren en compartimentos celulares donde las
histonas no estan presentes y la posibilidad de llevar a cabo otro tipo de
deacilaciones ademas de la deacetilacién, ha hecho que algunos autores
hayan sugerido que deberfan nombrarse deacilasas de lisina (KIDACs)
(Yang y Sauve, 2016).

En cualquier caso, la especificad a nivel de sustrato y de
localizacion celular, junto con las diferencias estructurales, confieren a
cada isotipo una actividad enzimatica especifica. En este sentido, ademas
de la acetilacion, hay otras acilaciones de residuos de lisina reversibles
(Lin et al., 2012) sobre las cuales cada SIRT muestra distintos niveles de
preferencia, aunque el mecanismo catalitico es el mismo que el de la
deacetilaciéon (Zhou et al, 2012). De hecho, aunque todas las SIRTS,
excepto la SIRT4, poseen actividad deacetilasa, la clase I (SIRT1-3) es la
que posee una mayor actividad deacetilasa para una gran variedad de
sustratos (Michishita et al., 2005). Estudios 7z vitro también han sefialado
que las SIRTs con una fuerte actividad deacetilasa son capaces de
catalizar otras reacciones de deacilacién como la decrotonilacion (Bao et
al., 2014), depropionilacién, debutirilacién (Smith et al., 2008) vy
demiristoilacion (He et al., 2014). Por el contrario, las SIRT' de las clases
II-IV presentan una débil o nula actividad deacetilasa. Por ejemplo, la
SIRT4 y la SIRTG, actian principalmente como ADP-ribosiltransferasas.
La SIRTG también presenta una eficiente actividad como deacilasa de
AGs de cadena larga (Jiang et al., 2013), a la vez que la SIRT4 posee un
amplio rango de actividades enzimaticas (Anderson et al., 2017). De

modo similar, la SIRT5 actia principalmente como demalonilasa,
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desuccinilasa (Du et al., 2011; Peng et al., 2011) y deglutarilasa (Feldman
et al, 2012; Tan et al, 2014). La SIRT7 también presenta otras

actividades enzimaticas a deacetilacién, como la

desuccinilaciéon y la deacilacion de AGs (Wu et al., 2018) (Tabla 1.1). En

parte de la

consecuencia, las SIRTs no son simplemente deacetilasas, sino que son
. . N
deacilasas dependientes de NAD" capaces de actuar sobre un gran

numero de sustratos acilo.

Tabla 1.1 Localizaciones celulares y actividades enzimaticas principales

descritas en las SIRTS.

SIRTs Localizaciéon Actividad enzimatica
SIRT1 Nucleo
Citoplasma Deacetilasa
SIRT2  Citoplasma Debutirilasa
Nucleo Decrotonilasa
SIRT3 Mitocondria Demiristoilasa
Citoplasma Depropionilasa
Nucleo
SIRT4 Mitocondria ADP-ribosiltransferasa
Debiotilnilasa
Dehidroximetilglutarilasa
Delipoilasa
Demetilglutaconilasa
Demetilglutarilasa
SIRTS Mitocondria Deacetilasa (débil)
Citoplasma Deglutarilasa
Nucleo Demalonilasa
Desuccinilasa
SIRTG Nucleo Deacetilasa (débil)
Citoplasma ADP-ribosiltransferasa
Demiristoilasa
Depalmitoilasa
SIRT7 Nucléolo Deacetilasa (débil)
Nucleo Debutirilasa
Demiristoilasa
Desuccinilasa
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1.2.3.4. Mecanismos de regulacion
1.2.3.4.1. Disponibilidad del NAD" como cosustrato

Las SIRTSs son capaces de llevar a cabo distintas actividades enzimaticas
que requieren especificamente el NAD" (Feldman et al.,, 2012), hecho
que las distingue de otras clases de deacetilasas de proteinas. En
consecuencia, esta familia de proteinas ha evolucionado para que la
disponibilidad de NAD", que a su vez informa del estado redox, sirva
para desencadenar una determinada respuesta biologica, proporcionando
una conexion directa entre la deacilacion de las proteinas y el
metabolismo intermediario. En otras palabras, el NAD" y su forma
reducida NADH, regulan y coordinan reacciones metabdlicas por su
participacion directa en vias metabdlicas que son sensibles a sefiales
nutricionales y ambientales (Imai, 2009a). En este sentido, debemos
especificar que los niveles intracelulares de NAD" son dindmicos y su
disponibilidad depende de su nivel de biosintesis, que puede ser: i) de
novo, a partir del aminoacido triptéfano (quinurenina); ii) a través de la
ruta Preiss-Handler, a partir del acido nicotinico (NA) y iii) a través de la
ruta de salvamiento o recuperacion a partir de NAM. Los cambios en los
niveles de NAD" también estin acoplados a rutas de degradacion,
incluyendo las actividades de los consumidores de NAD" como por
ejemplo las poli ADP-ribosa polimerasas (PARPs), las propias SIRTs y
las NAD" glicohidrolasas.

Segin Houtkooper et al. (2010), de todas las vias posibles de
biosintesis de NAD", la més importante es la de recuperacion (Fig. 1.11).
Esta ruta recicla el NAD" a partit de NAM, el producto derivado del
consumo de NAD". La sintesis de NMN desde NAM es catalizada por la
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enzima NAMPT. El NMN se adenila a través de NMNAT1-3 para
regenerar el NAD" (Canto et al.,, 2015). La interrupcion de las rutas de
sintesis de recuperacién del NAD™ lleva a una disminucién de sus niveles
y de la actividad de las SIRTs (Araki et al., 2004). El NAMPT es la
enzima limitante en esta ruta y sus niveles son cruciales para ajustar los
niveles de NAD" (Yang et al., 2007a), mientras que una mayor expresion
de otra enzima de esta ruta, NMNAT, no altera los niveles de NAD"
(Araki et al., 2004; Revollo et al., 2004). En base a todo ello, los factores
que afectan a la homeostasis del NAD" estan estrechamente relacionados
con diferentes respuestas metabolicas. Por ejemplo, la falta de nutrientes
y el ejercicio modifica el balance redox aumentando los niveles de NAD"
y potenciando la actividad de la SIRT1, al mismo tiempo que la
expresion de NAMPT (Fulco et al., 2008; Costford et al., 2010). Los
niveles celulares de NAD" también se pueden aumentar inhibiendo
farmacoldgicamente el consumo de NAD" por enzimas como la PARP-
1, lo cual puede tener fuertes implicaciones metabodlicas (Bai et al., 2011)
ya que es el principal consumidor de NAD" en la célula. Los efectos de
los cambios en los niveles de NAD" sobre la actividad de las SIRTS se
han demostrado especialmente en el caso de la SIRT1 y la SIRT3 (Imai,
2009b; Bai et al., 2011; Yoshino et al.,, 2011; Imai y Yoshino, 2013;
Brown et al., 2014).

1.2.3.4.2. Actividad transcripcional

A pesar de que existen numerosos estudios sobre los sustratos que
regulan las SIRTS, no existe tanta informacion sobre su regulacion a nivel
transcripcional, siendo la SIRT7 la mas estudiada. Asi, por ejemplo, se

sabe que determinados factores de transcripcion se unen al promotor de
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la SIRT7 regulando su expresion como respuesta a la restriccion caldrica
(CREB) o a la disponibilidad de nutrientes (ChREBP) (Noriega et al.,
2011), mientras que el FOXO3a lo hace mediante un mecanismo basado
en la interaccion proteina-proteina donde también participa el factor de
transcripcion p53 (Nemoto et al., 2004). Ademas, la familia de los
factores de transcripcion PPAR también participa en la regulacién
transcripcional de la SIRT7. Otros ejemplos son: el C/EBP-a, que
aumenta la expresion de la SIRT7 durante la adipogénesis y el complejo
C/EBP-B-HDACI, que reprime su expresion con el aumento de la edad
(Jin et al., 2010; 2011). También cabe destacar la regulacién de la SIRT7
por medio del factor de transcripcion CLOCK/BMAL1 que media las
variaciones circadianas, el metabolismo y la sensibilidad a la insulina
(Zhou et al, 2014). La SIRT7 también esta implicada en rutas
relacionadas con el estrés, que controlan su expresién al unirse a su
promotor varios factores de transcripcion como es el caso del NF-xB
(Zhang et al,, 2010; Katto et al, 2013), la proteina EGR1 (Pardo y
Boriek, 2012) y la proteina APE (Antoniali et al.,, 2014). Asimismo, la
SIRTT1 se ha relacionado con el cancer, pero su funcién es compleja, ya
que se ha demostrado que puede actuar como supresor o promotor de
tumores segun el tipo de cancer (Lin y Fang, 2013).

Segun la reciente revision de Buler et al. (2016), se sabe que en
respuesta al ejercicio o a la falta de nutrientes el receptor relacionado con
los estrogenos ERR-a se une al promotor de la SIRT3 y estimula su
transcripcion mediante la coactivacion con PGC-1a. La SIRTS, también
mitocondrial, esta regulada por factores de transcripcion comunes como
el PGC-1a y el AMPK, de manera positiva y negativa respectivamente.

Asimismo, el factor de transcripcion NK2 homeobox 2.2 se une al
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promotor de la SIRT2 y disminuye su expresion, mientras que CREB2
regula la expresion de la SIRT4. Varios factores de transcripcion regulan
la SIRT6, dependiendo del tipo celular y de la condicién fisiologica. Por
ejemplo, en células hepaticas, NRF1 y otros coactivadores inducen la
expresion de la SIRT6 en una situacion de falta de energfa, mientras que
c-Jun la reprime durante un estrés genotoxico. Otros activadores de la
expresion de la SIRT6 son PAX6, KLF2 mientras que C/EBP-3, CMYB,
y E2F1 son inhibidores de ésta (Hong et al., 2018). Finalmente, la SIRT7
esta regulada por varios factores de transcripciéon que aumentan (XBP1)
o reprimen (HDAC3 y C/EBP-u) su expresion.

Otra forma de regulacién de las SIRTs es mediante microARNs
(miARNS), que son ARNs no codificantes que se unen a la regién no
traducida 3’ del ARN mensajero diana para degradarlo o bloquear su
traduccion (Ambros, 2004). Hasta el momento se han descrito un gran
numero de miARNs que regulan la expresion y actividad de la SIRT7
(Buler et al., 2016). Entre ellos esta el miR-34a que también regula la
actividad de la SIRT6 y SIRT7. Otros miARNs que regulan la actividad
de la SIRT6 a nivel hepitico son el miR-33a/miR-33b (Elhanati et al.,
2013) y el miR-122 (Elhanati et al., 2016), que acaban controlando varios

aspectos de la fisiologia hepatica.
1.2.3.4.3. Modificaciones postraduccionales e interaccion proteina-proteina

Las actividades enzimaticas de las SIRTs pueden verse afectadas por
modificaciones postraduccionales, principalmente en los extremos N- y
C- terminales. De hecho, la SIRT1 presenta 15 lugares de fosforilacion
cuya modificacion afecta a la actividad de la enzima y a su abundancia a

nivel de proteina a través de procesos de degradacion dependientes o
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independientes del proteasoma (Hwang et al., 2013). Ademas, la SIRT1
esta sujeta a otros tipos de modificaciones postraduccionales como la
sumoilacion (Yang et al,, 2007b), la metilacion (Liu et al, 2011) y la
nitrosilacion (Kornberg et al., 2010).

Se sabe menos sobre el resto de SIRTSs, pero se han identificado
lugares de fosforilacion y de acetilaciéon (Musgrove, 2006; Pandithage et
al., 2008) en la SIRT2 que parecen estar afectando su actividad. En la
SIRT3, 4 y 6 se han encontrado lugares de fosforilaciéon que es posible
que modulen su actividad, pero éste no parece ser el caso de la SIRT5
(Flick y Lucher et al, 2012). Por el contrario, la SIRT7 puede ser
fosforilada por la AMPK en una situacién de estrés energético,
determinando su distribucién celular y su degradacién (Sun et al., 2016).
Ademas, la SIRT7 puede ser deubiquitinada por la proteina USP7,
disminuyendo su actividad 'y, en consecuencia, también la
gluconeogénesis (Jiang et al., 2017).

Las SIRTs presentan otro nivel de regulacion basado en la
formacion de complejos con otras proteinas. Por ejemplo, la proteina
AROS regula positivamente a la SIRT1 (Kim et al, 2007) y la
metiltranferasa de histonas LSD1 y la SIRT1 forman un complejo que
reprime genes regulados por la ruta de sefializacién Notch relacionada
con el desarrollo (Mulligan et al., 2011). Por otro lado, hay varios
reguladores negativos como NCoR1 y SMRT, que forman un complejo
con la SIRT1 y el PPARy durante el ayuno para prevenir la adipogénesis
(Picard et al., 2004). De la misma manera, la DBC1 forma un complejo

estable con la SIRT1 e inhibe su actividad (Kim et al., 2008).
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1.2.3.5. Funcion metabdlica

La importancia de la acetilacion de las lisinas en el estado de la cromatina
y en la expresion génica es bien conocida. Por otra parte, la mayoria de
las enzimas del metabolismo intermediario relacionadas con la glicdlisis,
la gluconeogénesis, el ciclo de Krebs, el ciclo de la urea, el metabolismo
de AGs y del glicégeno estan acetiladas (Zhao et al., 2010). Es mas, la
acetilaciéon de estas enzimas cambia en respuesta a alteraciones en la
disponibilidad extracelular de nutrientes y afecta directamente a su
actividad o estabilidad. Mas alla de la acetilaciéon proteica, se han
identificado nuevos tipos de modificaciones (acilaciones) de la lisina
como se ha descrito anteriormente. Estas modificaciones
postranscripcionales estan conservadas evolutivamente y varfan con el
estado celular en respuesta a diferentes factores estresantes y mutaciones
genéticas (Hirschey y Zhao, 2015). De hecho, estudios proteémicos han
permitido identificar varios tipos de acilaciones en un gran nimero de
proteinas mitocondriales que participan en diferentes rutas metabolicas
(Colak et al., 2013; Park et al., 2013; Rardin et al., 2013; Weinert et al.,
2013; Tan et al., 2014; Yang y Gibson, 2019).

En todo caso, estudios funcionales, especialmente centrados en la
SIRT1, han demostrado que la expresién/actividad de esta enzima
aumenta bajo restriccion calérica o con el ejercicio (Guarente, 2013;
Radaka et al., 2013), en respuesta a un incremento en los niveles de
NAD". Ademis, el sensor metabdlico AMPK también regula (y estd
regulado por) la SIRT1 para controlar la funcién mitocondrial a través de
PGC-1a (Canto et al., 2009; Price et al., 2012). Esta accién sobre la
funcién mitocondrial cobra especial relevancia en las SIRT3-5 que estan

codificadas por el ADN nuclear, pero que se localizan mayoritariamente



Introduccion

en la mitocondria, por lo que contribuyen activamente en los procesos
de envejecimiento, la respuesta al estrés oxidativo y la estabilidad del
genoma (Carafa et al., 2010).

La SIRT3 es sin duda el isotipo mitocondrial mas estudiado, ya
que ademas de participar en la regulacion del ciclo de Krebs (Finley y
Haigis, 2012), también regula de manera directa o indirecta todos los
complejos mitocondriales y la ATP sintasa, demostrando su amplio
control en la regulacién de la capacidad de la fosforilacion oxidativa.
Contrariamente a la SIRT3, la expresion de la SIRT4, vy
consecuentemente su actividad, estd reducida en condiciones de
restriccién calérica (Guarente, 2013), lo que sugiere una funcién y
regulacion diferente de cada isotipo. En particular, la SIRT4 regula el
metabolismo de la glutamina, la homeostasis lipidica y el ciclo de Krebs
en respuesta a dafos en el ADN (Jeong et al., 2013; Laurent et al., 2013).
Ademas, la SIRT5 participa en el ciclo de la urea deacetilando y
activando la CPS1 (Nakagawa et al, 2009) y también desuccinila
proteinas mitocondriales responsables de la regulaciéon de la produccién
de cuerpos cetonicos y de la oxidacion de AGs (Rardin et al., 2013).

Por dltimo, la SIRT2 (mayoritariamente citoplasmatica) participa
en el control del ciclo celular y bajo condiciones de estrés puede jugar un
papel importante en la apoptosis y en la senalizaciéon oxidativa,
disminuyendo los niveles de ROS (Nie et al.,, 2014; Cao et al., 2010).
También esta implicada en la homeostasis metabdlica participando en la
sefializacion insulinica (Ramakrishnan et al., 2014) mediante el control de
la AKT, la cual también esta controlada por la SIRT1 (Sundaresan et al,,
2011; Ramakrishnan et al., 2014), lo que sugiere un estricto control de las

distintas funciones de las SIRT's con varios sustratos comunes. La SIRT?2
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también deacetila enzimas relacionadas con la glicolisis, la glicogénesis y
la gluconeogénesis, procesos que también regula la SIRT6 (Kuang et al,,
2018). Segun parece, la SIRT7 también puede aumentar la expresion de
genes mitocondriales (Ryu et al., 2014) y controla el metabolismo
hepatico (Yoshizawa et al., 2014), por lo que todo ello es un claro
ejemplo de una compleja regulacién y coordinaciéon de las funciones de

las SIRT's en el metabolismo energético.
1.2.3.6. Participacion en mecanismos de regulacion epigenética

En las células eucaridticas, la cromatina es una estructura bien organizada
y dinamica susceptible a procesos epigenéticos que modifican su
arquitectura, regulando la actividad génica sin implicar cambios en la
secuencia de ADN. La modificacion covalente del ADN, las histonas o
la asociacion de proteinas no histonicas regulan la transiciéon entre la
heterocromatina, altamente condensada e inhibida transcripcionalmente,
y la eucromatina, mas accesible a los factores de transcripcion y por tanto
transcripcionalmente activa (Richards y Elgin, 2002). Las modificaciones
postraduccionales que ocurren en los aminoacidos del extremo N-
terminal de las histonas incluyen la acetilacién, la ADP-ribosilacién, la
metilacion, la fosforilacion y la ubiquitinacién. Estas modificaciones
regulan fuertemente el empaquetamiento de la cromatina y la expresion
génica. Una de las modificaciones postraduccionales mas estudiadas es la
acetilacion de los residuos de lisina de las histonas. Esta reaccion es el
resultado de un balance entre las acetiltransferasas de histonas (HATSs) y
las HDACs, que reducen e incrementan respectivamente el
empaquetamiento de la cromatina, regulando la accesibilidad de los

factores de transcripciéon y la ARN polimerasa II afectando asi a la
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transcripcion génica (Fig. 1.12). De este modo, como se sefiala en la
revision de Jing y Lin (2015), las SIRT1, 2, 6 y 7 son las que han
demostrado tener una importante funciéon a nivel epigenético. La SIRT1
regula la estructura de la cromatina mediante la deacetilacién de histonas,
especialmente las histonas H3 y H4 (especialmente en las lisinas H3K9 y
H4K16; y en menor medida sobre las H3K14, H4K8 y H4K12).
Ademas, el papel de la SIRT1 en la represion de la transcripcién incluye
la regulacion de la actividad de otras enzimas epigenéticas como HATS,
metiltransferasas de histonas (HTMs) y de ADN (DNMTs). La SIRT1
también puede deacetilar numerosos factores de transcripciéon como p53,
PGC-1a, FOXOs, HIF-1a, HIF-2a, NF-xB y MYC. En cuanto al resto
de SIRTSs, también se ha demostrado que deacetilan histonas (SIRT2:
H4K16, H3K18 y H3K56; SIRT6: H3K9 y H3K56; SIRT7: H3K18) y
factores de transcripcién (SIRT2: p300, FOXOs, HIF-1a, PGC-1a, NF-
kB; SIRT6: GCN5, FOXO1). Todo esto muestra claramente la

participacion de las SIRT's en procesos de regulacion epigenética.

Heterocromatina \_j Eucromatina

Transcripcion inhibida Transcripeién activa

Activacién de enzimas
del metabolisma
intermediario

Figura 1.12 Las sirtuinas actian sobre las histonas inhibiendo la transcripcién

génica y sobre varias enzimas del metabolismo energético activindolas.
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1.2.3.7. Conocimiento actual en peces

Desde su descubrimiento, las SIRTs se han estudiado ampliamente en
diferentes modelos experimentales, desde la levadura hasta vertebrados
superiores, principalmente roedores y humanos. Estos estudios se han
centrado en su habilidad para regular la esperanza de vida y la
homeostasis energética, pudiéndose usar como potenciales nutracéuticos
en distintas enfermedades metabdlicas o disfunciones asociadas a la
edad, como la obesidad, el cancer o el Alzheimer. Sin embargo, los
posibles beneficios que este tipo de estudios pueden comportar sobre la
produccién animal, y en concreto sobre la acuicultura y especies de peces
modelo, son limitados (Ghinis-Hozumi et al.,, 2013). A pesar de ello,
estudios recientes en pez cebra (Danio rerio) muestran los efectos
nutracéuticos de distintos compuestos como el resveratrol, un activador
de las SIRTS, para tratar con éxito los glaucomas (Sheng et al., 2018). Las
disfunciones relacionadas con la angiogénesis postnatal, el crecimiento
vascular (Potente et al., 2007) o la esteatosis hepatica (Schneider et al.,
2017) son otros procesos fisiologicos en los que se ha estudiado la accién
de la SIRT1 como diana de nuevos tratamientos terapéuticos en pez
cebra. Otra especie de pez modelo es el Notho de cola roja
(Nothobranchius guentheri), que es especialmente util para el estudio del
envejecimiento y de la acciéon de las SIRTs en tal proceso (Kabiljo et al.,
2019). Otros estudios con esta misma especie han mostrado que el
resveratrol presenta efectos positivos, mediante la regulaciéon de la
actividad de las SIRTs, sobre la fertilidad de las hembras (Lee et al,
2018), la esperanza de vida y el estrés oxidativo (Liu et al, 2015).
Asimismo, minimiza los efectos de la edad sobre el metabolismo

hepatico (Liu et al., 2017) y la salud intestinal (Liu et al., 2018).
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Otros estudios recientes demuestran que la suplementaciéon con
resveratrol mejora la utilizacion de dietas de alto contenido en
carbohidratos en la carpa (Megalobrama amblycephala), mediante la
activaciéon del mecanismo AMPK-SIRT1-PGC-la y la regulaciéon de
genes relacionados (Shi et al., 2018). De hecho, algunos efectos de este
tipo de dietas sobre el metabolismo glucolipidico estan regulados, en
parte, por el miARN-34a, que tiene como diana la w77 (Miao et al,,
2019). Por otro lado, la activacién de la sir#7 ha resultado tener efectos
beneficiosos sobre metabolismo lipidico y glucidico de la carpa tras
alimentar los peces con dietas ricas en grasas (Zhang et al., 2018).

Las SIRTs también parecen facilitar la adaptacion a cambios
medioambientales. La disminucién de la 772 en medios de baja
concentracion de oxigeno se ha relacionado con una estrategia adaptativa
de los mugilidos que viven en estuarios con altos niveles de
contaminantes (Ekambaram et al., 2017). Distintas sz también
responden a la aclimatacion al frio en el espinosillo (Gasterosteus aculeatus),
aumentando la expresion de si#1 y sir/2 en el higado y la de sirtl en el
musculo pectoral, mientras que disminuye la de s7#3 tanto en higado
como en musculo, manteniéndose invariable la expresion de sir#4 (Teigen
et al., 2015). También se ha identificado la s776 como un biomarcador a
la exposicion al amonio en el eperlano de estanque (Hypomesus
transpacificus) (Connon et al., 2011).

Por dltimo, estudios en trucha han revelado cambios en la
expresion de la si#1, que funciona como un sensor de nutrientes,
concretamente de glucosa (Otero-Rodino et al., 2016) y han demostrado
su participacion en el sistema circadiano y en la respuesta al estrés

(Naderi et al., 2018; 2019; Hernandez-Pérez et al., 2019). Por el
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contrario, no se ha observado ninguna respuesta de la 577 en musculo
rojo y blanco durante la natacién sostenida (Magnoni et al., 2014) y
tampoco a nivel hipotalimico como respuesta a un tratamiento con la
preproteina grelina-obestatina (Velasco et al., 2017). Sin embargo, la sirt1
participa en la activacion de cascadas de sefializacion relacionadas con la
capacidad cognitiva del carpin dorado (Carassius auratus) (Rajan et al.,

2015).
1.2.3.8. Uso potencial de las sirtuinas como biomarcadores

Los biomarcadores se usan como indicadores de distintas condiciones
biolégicas como el crecimiento, la salud o cualquier otra caracteristica de
valor productivo. Desde un punto de vista funcional dichos marcadores
se pueden clasificar en tres grandes categorias: de valor prondstico
(prediccién sobre posibles problemas), diagnéstico (evaluaciéon de los
problemas en un caracter de interés) y terapéutico (indicativo de la
correccion de un problema después de tratarlo). Algunos de estos
marcadores estan regulados nutricionalmente y uno de los objetivos del
proyecto europeo ARRAINA “Adpanced research initiatives for Nutrition &
Agquacnlture, 7FP Eurgpean Project” ha sido la identificacion y validacion
mediante técnicas bioquimicas, histologicas y moleculares de un
complejo set de biomarcadores relacionados con el crecimiento, la
capacidad reproductora, el estado nutricional y la salud y bienestar

animal, accesibles a través del siguiente enlace (www.nutrigroup-

iats.org/arraina-biomarkers). Las si/s son candidatos para formar parte

de esta lista de biomarcadores por su estrecha relacion con el nivel de
ingesta y el estado de demanda energética del organismo, que puede

desencadenar determinadas respuestas encaminadas a preservar la masa
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muscular en diferentes estados de demanda energética o crecimiento a lo
largo del ciclo bioldgico.

Las aproximaciones epigenéticas merecen especial mencion al
proporcionar un nexo entre el ambiente y el fenotipo. La epigenética se
refiere a cualquier proceso que resulte en un cambio fenotipico sin que
ello implique cambios en la secuencia de ADN (Jablonka y Lamb, 2002).
Los mecanismos epigenéticos incluyen: i) cambios en la metilacién del
ADN; i) modificaciones  postraduccionales de las histonas
(principalmente acetilacion, fosforilacion y metilacién) y iii) cambios en
la expresion de ARNs no codificantes. L.a metilacion del ADN es la
marca epigenética mejor estudiada (Gavery y Roberts, 2017), estando
metiladas el 70-80% de las posiciones CpG de los genomas de
vertebrados, cuyo numero es limitado debido a las propiedades
mutagénicas de la metilcitosina (Coulondre et al., 1978). En cualquier
caso, las regiones ricas en C+G, llamadas islas CpG (CGls), se
encuentran normalmente hipometiladas y estan asociadas con el 70% de
los promotores de vertebrados (cercanas al lugar de inicio de la
transcripcion o TSS), siendo ésta una caracteristica altamente conservada
a nivel evolutivo (Saxonov et al., 20006).

En las CGls, los nucleosomas se ensamblan de forma inestable
(Ramirez-Carrozzi et al, 2009), atrayendo proteinas que estan
relacionadas con la modificaciéon de la cromatina lo que permite la
activacion del promotor (Fig. 1.13). Asi pues, la metilaciéon del ADN a
nivel de promotor suele estar negativamente correlacionada con la
expresion génica. Hs mas, los patrones de metilaciéon pueden cambiar en
funcién de los tipos celulares, el estadio del desarrollo, la edad y la

interaccion del organismo con el medio. De acuerdo con ello,
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practicamente la mitad de las CGls estan localizadas en regiones
promotoras de genes ampliamente expresados (genes constitutivos). La
otra mitad, correspondiente a las CGIs huérfanas, se localiza tanto en
regiones intragénicas como intergénicas (Fig. 1.13); actuando muchas de
estas CGIs huérfanas como promotores alternativos, al estar localizadas
en lugares de inicio de la transcripcién de transcritos alternativos o de

ARNSs no codificantes (Mendizabal y Yi, 2016).

o1l e 207 I e

CGI no CGI
metilada Cuerpo del gen 1 CGI huérfana metilada Cuerpo del gen 2
en el TSS intergénica en el TSS

Figura 1.13 Representaciéon de CGIls en dos genes hipotéticos. Una CGI
metilada y la otra no metilada en el promotor del gen (cercanas al TSS) y una

huérfana entre los dos genes.

La metilacién de las CGIs tiene un papel especialmente
importante a lo largo del desarrollo embrionario como mecanismo de
silenciamiento génico a nivel de tejido (Shen et al., 2007; Ehrlich y Lacey,
2013; Lim et al,, 2019). No obstante, la adquisicién de modificaciones
epigenéticas a lo largo de la vida es posible y algunas pueden ser
potencialmente reversibles (Bishop y Ferguson, 2015). Es mas, en peces
hay evidencias de la existencia de Therencias epigenéticas
transgeneracionales (Shao et al, 2014; Knecht et al., 2017), lo que
raramente ocurre en mamiferos. No obstante, son pocos los estudios que
asocian modificaciones epigenéticas con caracteristicas de interés
comercial en acuicultura. En este sentido, cobran especial importancia la
familia de las SIRTs, ya que al deacetilar histonas, factores de

transcripcién y enzimas epigenéticas actian como moduladores
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epigenéticos. Esta regulaciéon que tedricamente esta mediada, al menos
en parte, por cambios en el nivel de metilacion de los genes diana,
también es extensible a las propias SIRTSs, aunque este tipo de estudios
queda reducido a humanos y roedores (Silva et al., 2008; Furuya et al.,
2012; Sahin et al., 2014; Zullo et al., 2018).

A nivel metodolégico, frente a los cambios de metilaciéon del
genoma a nivel global (Fig. 1.14, 1 y 2), también son factibles
aproximaciones dirigidas a establecer el nivel de metilacién de regiones o
genes especificos (Fig. 1.14, 3 y 4). Dentro de los métodos destinados a
detectar cambios en la metilacion de genes especificos, la
pirosecuenciaciéon (Fig. 1.14, 3.3) es un método cuantitativo de uso
rutinario para el analisis de la metilacion de varios sitios CpG
consecutivos. Dicho método es facil y rapido de llevar a cabo, es
econémicamente asequible y ofrece una mayor capacidad de
procesamiento comparado con otras tecnologfas alternativas. El
principio del analisis se basa en la conversion del ADN con bisulfito y su
posterior amplificacién por PCR. En el primer paso del proceso, el ADN
genémico es tratado con bisulfito y el resultado es que la citosina (C) no
metilada se convierte en uracil (U), mientras que la citosina metilada
(mC) no sufre ninguna modificacién. El segundo paso es la amplificacion
por PCR, donde el U es amplificado en timina (T) y la mC sigue siendo

una C.

45



46

Capitulo 1

¢Se conocenlos genes
candidatos?

Y

1L1HPLC-UV 2.1 Secuenciacion con 3.1%“Bead array”

1.2 Espectometria de bisulfito 3.2PCR +

masas 2.2 “Microarray” y secuenciacién
1L3IELISA “bead array™ 3.3 Pirosecuenciacion
1.4 BC+ PCR de LINE-1 2.3MSCC 3.4 PCR especificade
+ pirosecuenciacion metilacién

1.5 RFLP; AFLP 3.5 HRM

1.6 LUMA 3.6 PCR fria

Figura 1.14 Los distintos métodos para llevar a cabo analisis de metilacién del
ADN. Modificada de Kurdyukov y Bullock, 2016. _Abreviaturas: AFLP,
polimorfismo de longitud de los fragmentos amplificados; BC, conversion con bisulfito;
ELISA, ensayo por inmunoabsorcion ligado a enzimas; HPL.C-UV/, cromatografia liguida
de alto rendimiento; HRM, fusion de alta resolucion; LINE, elemento nuclear largo
intercalado; LUMA, ensayo de metilacion luminométrico; MSCC, contaje de cortes sensibles
a la metilacion; PCR, reaccion en cadena de la polimerasa; RELP, polimorfismo de longitud
de los fragmentos de restriccion.

Por tanto, la medida del nivel de C es igual al grado de metilacién
de cada sitio CpG (Fig. 1.15). Después, la pirosecuenciacion cuantifica la
ratio C/T mediante la incorporaciéon secuencial de nucleétidos a la
cadena molde simple de ADN. Usa un sistema de cascada que consiste
en 4 enzimas y sustratos especificos y cuando se forma una pareja de
bases con la base complementaria de la cadena molde de ADN se emite
luz. La intensidad de la luz es proporcional al nimero de nucleétidos
incorporados. El resultado es un pirograma que es una representacion

grafica donde se muestran las incorporaciones de los nucleétidos en

relacion con la intensidad de la luz resultante. El pirograma muestra la
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secuencia de nucleétidos (como picos) y también la representacion
cuantitativa de la incorporacion de éstos (altura de los picos). El grado de
metilaciéon se calcula a partir de la altura de los picos de las

incorporaciones de Cy T.

GGTCAGTGAC/MCG

& mC
Conversién
l con bisulfito l
U mC
GGTUAGTGAU/MCG
1 Amplificacién mlc
por PCR
¥ €
GGTTAGTGAT/CG

Analisis de
pirosecuenciacion

1

Figura 1.15 Un ejemplo de la conversion con bisulfito de una secuencia de

ADN vy su posterior amplificacién por PCR y pirosecuenciacién. Modificada de
Biotage AB, Sweden.

6 T CTAG TG AT
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Objetivos y plan de trabajo

El objetivo principal de la presente Tesis Doctoral ha sido la

caracterizacion molecular y la validacion de las sirzs como indicadores del

estado energético y del crecimiento a lo largo del ciclo biolégico y de

producciéon de la dorada, como especie modelo de la acuicultura

mediterranea, haciendo especial hincapié en los ultimos avances

cientificos encaminados a promover un desarrollo sostenible del sector.

Los objetivos especificos relacionados con los indicadores del estado

energético y metabodlico de doradas en cultivo incluyen:

i)

ii)

1i1)

1v)

Caracterizar molecularmente a nivel de transcrito y de
estructura génica (exon-intron) las sirzs de la dorada.
Determinar el patrén de expresion génica de las sirts en
tejidos metabdlica e inmunoldgicamente activos.

Analizar la regulaciéon funcional de las sir#s de la dorada en
respuesta al uso de aditivos en la dieta y diferentes modelos
experimentales de demanda energética (ayuno, potencial de
crecimiento y edad).

Mapear las islas CpG (CGlIs) en las regiones promotoras de
las sirts de dorada.

Analizar la correlacion entre la expresion de las sirss y el nivel
de metilacion de las CGIs de sus regiones promotoras,

usando como variables la edad y la estacion o época del afio.
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Plan de trabajo
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Objetivos y plan de trabajo

Tras los dos capitulos preliminares, los resultados obtenidos de acuerdo

con el plan de trabajo se muestran en los capitulos 3-6:

Capitulo 3: Caracterizaciéon molecular y analisis funcional de la
regulacion de las sirts en peces. Se describe la caracterizacion
molecular de las 7 de sirts de dorada, su patrén de expresion en un
amplio rango de tejidos y su diferente regulaciéon en un modelo de

ayuno.

Capitulo 4: Regulacion de la expresion génica de las sirts en dos
cepas de dorada con diferente potencial de crecimiento. Se describe
el diferente patrén de crecimiento de dos cepas de dorada genéticamente
distintas, en base a parametros de crecimiento, marcadores bioquimicos y
moleculares, analizando la expresion de las sir#s junto con otros
marcadores del metabolismo energético y lipidico (en higado, musculo,
tejido adiposo) y de la funcién y salud intestinal (en intestino anterior y

postetior).

Capitulo 5: Descripcion de los efectos de determinados aditivos
sobre el estado metabdlico, la salud intestinal y las sirts. Se
muestran los efectos de la suplementacion de la dieta con dos aditivos de
diferente naturaleza (un acido organico de cadena media y un probiotico)
en juveniles de dorada. Se analizan e integran datos de crecimiento,
bioquimica de la sangre, histologia y expresion génica de las sirzs y otros
marcadores de la funcién y la arquitectura intestinal en el intestino

anterior y posterior.
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Capitulo 6: Organizacion génica de las 7 sirts de dorada y la
correlacion entre los cambios de metilacion y expresion de las sirts
en funciéon de la edad y la estacion. Se describe la estructura exon-
intrén de las 7 sirts de dorada y la presencia de CGIs en la region
promotora. Se muestran los perfiles de expresién de las sirzs y otros
marcadores relacionados con el metabolismo oxidativo y el desacople de
la respiracion en higado y musculo de peces de 1y 3 afios en condiciones
estivales e invernales, correlacionando los patrones de metilacién de las

CGls de la sirt y sirt3 con sus niveles de expresion.

Los capitulos 3-6 se corresponden con las cuatro publicaciones

cientificas que han constituido la base de la presente Tesis Doctoral:

Capitulo 3: Sim6-Mirabet P, Bermejo-Nogales A, Calduch-Giner JA,
Pérez-Sanchez J. 2017. Tissue-specific gene expression and fasting
regulation of sirtuin family in gilthead sea bream (Sparus aurata).
Journal of Comparative Physiology B 187:153-163. IF: 2.517 (Physiology
Q3/Zoology Q1).

Capitulo 4: Sim6-Mirabet P, Perera E, Calduch-Giner JA, Afonso JM,
Pérez-Sanchez J. 2018. Co-expression analysis of sirtuins and related
metabolic biomarkers in juveniles of gilthead sea bream (Sparus
aurata) with differences in growth performance. Frontiers in Physiology
9:608. IF: 3.201 (Physiology Q2).

Capitulo 5: Sim6-Mirabet P, Piazzon, MC, Calduch-Giner, JA, Ortiz A,
Puyalto M, Sitja-Bobadilla A, Pérez-Sanchez J. 2017. Sodium salt
medium-chain fatty acids and Bacillus-based probiotic strategies
to improve growth and intestinal health of gilthead sea bream

Sparus aurata). Peer| 5:¢4001. IF: 2.118 (Multidisciplinary Sciences Q2).
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Capitulo 6: Simo-Mirabet P, Perera, Calduch-Giner JA, Pérez-Sanchez J.
Local DNA methylation helps to regulate muscle sirtuin 1 gene
expression across season and advancing age in gilthead sea bream

(Sparus aurata). En revision en Frontiers in Zoology.

Nota: los capitulos 3-6 mantienen los requisitos de uniformidad de las revistas en las
que se publicaron, aunqgue se han editado para facilitar su lectura y adaptarlos al

Jformato de la presente Tesis Doctoral.

Finalmente, el capitulo 7 incluye una discusiéon general, abordando
globalmente las cuestiones planteadas a lo largo del desarrollo de la
presente Tesis Doctoral y su relaciéon con los trabajos adicionales en los
que la Doctoranda ha participado activamente durante los ultimos cinco
aflos:

o Benedito-Palos L, Ballester-Lozano GF, Simé P, Karalazos V,
Ortiz A, Calduch-Giner JA, Pérez-Sanchez J. 2016. Lasting
effects of butyrate and low FM/FO diets on growth
petformance, blood haematology/biochemistty and molecular
growth-related markers in gilthead sea bream (Sparus anrata).
Agquacnlture 454:8-18.

e DPérez-Sanchez |, Terova G, Simé-Mirabet P, Rimoldi S,
Folkedal O, Calduch-Giner JA, Olsen RE, Sitja-Bobadilla A.
2017. Skin mucus of gilthead sea bream (Sparus anrata 1..). Protein
mapping and regulation in chronically stressed fish. Frontiers in
Physiology 8:34.

e DPiazzon MC, Calduch-Giner JA, Fouz B, Estensoro I, Simé-
Mirabet P, Puyalto M, Karalazos V, Palenzuela O, Sitja-
Bobadilla A, Pérez-Sanchez J. 2017. Under control: how a dietary
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additive can restore the gut microbiome and proteomic profile,
and improve disease resilience in a marine teleostean fish fed
vegetable diets. Microbiome 5:164.

Simé-Mirabet P, Felip A, Estensoro I, Martos-Sitcha JA, De las
Heras V, Calduch-Giner J, Puyalto M, Karalazos V, Sitja-
Bobadilla A, Pérez-Sanchez J. 2018. Impact of low fish meal and
fish oil diets on the performance, sex steroid profile and male-
female sex reversal of gilthead sea bream (Sparus aurata) over a
three-year production cycle. Aguaculture 490:64-74.

Martos-Sitcha JA, Simé6-Mirabet P, Piazzon MC, De las Heras
V, Calduch-Giner JA, Puyalto M, Tinsley J, Makol A, Sitja-
Bobadilla A, Pérez-Sanchez . 2018. Dietary sodium heptanoate
helps to improve feed efficiency, growth hormone status and

swimming performance in gilthead sea bream (Sparus aurata).
Agunaculture Nutrition 24:1638-1651.

Pérez-Sanchez J, Simo6-Mirabet P, Naya-Catala F, Martos-Sitcha
JA, Perera E, Bermejo-Nogales A, Benedito-Palos L, Calduch-
Giner JA. 2018. Somatotropic axis regulation unravels the
differential effects of nutritional and environmental factors in
growth performance of marine farmed fishes. Frontiers in
Endocrinology 9:687.

Perera E, Simé-Mirabet P, SukShin H, Rosell-Moll E, Naya-
Catala F, De las Heras V, Matos-Sitcha JA, Karalazos V, Armero
E, Arizcun M, Chaves E, Berbel C, Manchado M, Afonso JM,
Calduch-Giner JA, Pérez-Sanchez J. 2019. Selection for growth is

associated in gilthead sea bream (Sparus anrata) with diet
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Tissue-specific and fasting regulation of sirzs

Abstract

The seven sirtuin (SIRT) counterparts of higher vertebrates were
identified and molecularly characterized in a farmed fish of the Sparidae
family, order Perciformes. These proteins are NAD'-dependent
deacetylases that couple protein deacetylation with the energy status of
the cell via the cellular NAD'/NADH ratio with a strict conservation of
the characteristic catalytic domain surrounded by divergent N- and C-
terminal regions. Phylogenetic analysis showed three major clades
corresponding to SIRT1-3, SIRT4-5, and SIRTG6-7 that reflected the
present hierarchy of vertebrates and the accepted classification of SIRTs.
Transcriptional studies revealed a ubiquitous SIRT gene expression that
was tissue-specific for each SIRT. This was evidenced by multivariate
analyses, which established two main clusters corresponding to SIRT's
with relatively high (SIRT1, 2, and 5) and low (SIRT3, 4, 6, and 7) gene
expression levels. A nutritional regulation was also evidenced in 10-day
fasted fish, and SIRT2—4 exhibited an overall downregulated expression.
SIRT1, 5, 6, and 7 were mostly upregulated, although clustering analyses
evidenced a highly regulated response that was different for each SIRT
according to the different tissue metabolic capabilities. These findings
supported the use of SIRTs alone or in combination with other
biomarkers for the metabolic phenotyping of farmed fish and gilthead

sea bream in particular.

Keywords: Biomarkers; Energy sensing; Fasting; Gilthead sea bream;

Oxidative phosphorylation; Sirtuins.
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3.1. Introduction

Sirtuins (SIRTs) are NAD'-dependent deacetylases/deacylases/ ADP-
ribosyltransferases that couple protein deacetylation of histone and non-
histone substrates with the energy status of the cell via the cellular
NAD'/NADH ratio (Schwer and Verdin 2008). This yields a highly
regulated proteome with more than 4000 acetylated proteins in rat
tissues (Lundby et al. 2012). Thus, nearly all enzymes of glycolysis,
gluconeogenesis, glycogen metabolism, fatty acid oxidation, nitrogen
metabolism, the tricarboxylic acid (TCA) cycle, and oxidative
phosphorylation (OXPHOS) are abundantly acetylated (Zhao et al. 2010)
with a frequent conservation of acetylation sites across diverse organisms
(Choudhary et al. 2014). Indeed, SIRTs are virtually ubiquitous
throughout all kingdoms of life with a number of distinct sirtuins that
range from only one in bacteria to seven in vertebrates (Greiss and
Gartner 2009). This feature offers the possibility of a complementary but
also non-redundant tissue-specific energy sensing mechanisms,
exhibiting SIRT1-3 a strong deacetylase activity, whereas the other
SIRTSs have weak (SIRT5—7) or undetectable (SIRT4) protein deacetylase
activity (Newman et al. 2012). In this sense, other enzymatic activities
have been reported for SIRT4 and SIRTO6, which act as ADP-
ribosyltransferases. Moreover, SIRT5 is primarily a protein with
demalonylase and desuccinylase activity (Houtkooper et al. 2012). This
functional diversification of SIRTs is also illustrated by their different

cellular location. Thus, SIRT1, SIRTO, and SIRT7
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generally reside in the nucleus. Conversely, SIRT2 is primarily
cytoplasmic, whereas SIRT3-5 are mostly located in the mitochondria
(Greiss and Gartner 2009).

SIRTs were first linked to aging by studies in yeast, in which the
life span of yeast mother cells was proportional to the SIR2 gene dosage
(Kaeberlein et al. 1999). In this line, studies in C. elegans and Drosophila
indicated that SIRT2 orthologs can extend life span when overexpressed
(Hoffmann et al. 2013; Schmeisser et al. 2013). Transgenic mice for
SIRT1 did not display extension of life span, but showed slower aging as
measured by symptoms of metabolic decline, indicative of diabetes
prevalence, bone loss or neurodegenerative/pro-inflaimmatory/
cardiovascular diseases (Guarente 2013). SIRT1 actions on metabolism
have also been evidenced to be mediated by regulating the role of
multiple hormones implicated in energy balance (as reviewed in
Quifiones et al. 2014). Other works also point out the interaction of
SIRT1 with molecular regulators of the circadian rhythms (clock genes).
In this sense, the activity of SIRT1 is regulated in a circadian manner,
and SIRT1 physically associates with CLOCK and contributes to the
acetylated state of CLOCK targets (Nakahata et al. 2008). Other clock
regulators, such as BMAL1 and PER2, are also targets of SIRT1 action
(Asher et al. 2008; Nakahata et al. 2008). These features show the ability
of SIRTs to influence metabolism, circadian rhythms, and potentially life
span through their function as protein deacetylases.

It is also well known that natural (resveratrol) or novel synthetic
SIRT activators protect mice against metabolic decline (Camins et al.
2010) and elicit transcriptional changes that largely overlap with changes

induced by caloric restriction (Barger et al. 2008). Similar results have
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been reported in many other organisms, including zebrafish (Pereira et
al. 2011; Schirmer et al. 2012). However, SIRTs are not yet widely
studied in livestock animals (Ghinis-Hozumi et al. 2013), specifically in
farmed fish, although SIRTG6 was identified as a biomarker of sub-lethal
responses to ammonia exposure in delta smelt (Connon et al. 2011).
More recently, experimental evidence showed that cold acclimation
increased the expression of SIRT1-2 in stickleback (Teigen et al. 2015),
whereas SIRT1 could contribute to the activation of signaling cascades
involved in synaptic plasticity and memory formation in goldfish (Rajan
et al. 2015). A lack of response has also been reported, and SIRT1
expression did not change in the red or white skeletal muscles of
swimming rainbow trout (Magnoni et al. 2014). However, SIRTs are,
with no doubt, a family of proteins of arising interest in many research
areas. Thus, the aim of this study was to underline in a successfully
cultured fish, such as gilthead sea bream (Sparus aurata), the molecular
identity, and tissue-specific gene expression pattern of each member of
the SIRT family, addressing their different responsiveness under a

negative energy balance induced by short-term fasting as well.

3.2. Materials and methods

3.2.1. Sequences and phylogenetic analysis

The wupdated transcriptomic database of gilthead sea bream
(http:/ /www.nutrigroup-iats.org/seabreamdb) was used to identify SIRT
transcripts. First, this database was term-searched for automatically
annotated SIRT genes. Next, SIRT-coding genes were identified by

BLAST queries using SIRT-sequences and predictions from mammals



Tissue-specific and fasting regulation of sirzs

and fish model species, respectively. When multiple gilthead sea bream
sequences were identified, they were manually curated for frame-shifting
errors, and a PCR approach was used to confirm that the constructs
belonged to the same gene transcript. The edited sequences were then
blasted for searching conserved domains, and mitochondrial target
peptides were identified by means of the online CBS prediction services.
Multiple sequence alignments were carried out with ClustalW
version 2.1 and edited using GeneDoc software version 2.7. The
phylogenetic tree was constructed on the basis of amino acid differences
(p distance method) with the neighbor-joining algorithm (complete
deletion) in MEGA version 6.0. A total of 49 SIRT sequences from
seven representative species (human, chicken, alligator, turtle, frog,
zebrafish, and gilthead sea bream) were used in the analysis. Reliability of
the tree was assessed by bootstrapping, using 1000 bootstrap

replications.
3.2.2. Experimental setup

Juveniles of gilthead sea bream of Atlantic origin were raised from early
life stages with commercial standard diets (INICIO Forte 824/EFICO
Forte 824; BioMar, Palencia, Spain) in the indoor experimental facilities
of the Institute of Aquaculture Torre de la Sal IATS—CSIC) under
natural photoperiod and temperature conditions (40°5'N; 0°10'E). The
oxygen content of water was always higher than 85 9% saturation,
unionized ammonia remained below toxic levels (<0.02 mg/l), and
rearing density was maintained lower than 15 kg/m’.

Tissue screening for SIRT gene expression was carried out in 2-

year-old fish (approximately 300 g body weight) before the male-sex
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reversal of this protandrous fish. Three randomly selected fish from the
IATS stock were sampled and 14 target tissues (brain, head kidney, gills,
liver, skin, adipose tissue, red and white skeletal muscle, heart,
esophagus, stomach, and anterior, middle, and posterior intestine
segments) were rapidly excised and deep frozen in liquid nitrogen as
reported below.

Samples for analyzing the effect of fasting on SIRT gene
expression came from an earlier study (Benedito-Palos et al. 2014).
Briefly, fish of 86 g average body weight were allocated in summer in 500
1 tanks in two groups of 30 fish each. One group of fish continued to be
fed to visual satiety (CTRL group), whereas the second group remained
unfed for 10 days with a loss of 6—8 % of body weight mass and a
significant reduction of hepatosomatic index (0.64 vs. 2.10) and
viscerosomatic index (5.41 vs. 8.52), calculated as the percentage of the
organ weight to body weight. At the end of this 10-day fasting period,
eight fish per experimental condition were randomly taken for tissue
sampling (brain, head kidney, liver, adipose tissue, skin, white muscle, red
muscle, heart, and intestine).

All lethal samplings were performed in overnight fasted fish
between 10.00 and 11.00 a.m. to reduce the biologic variability due to
circadian rhythms and postprandial-mediated changes. Fish were
decapitated under anesthesia with 3-aminobenzoic acid ethyl ester (100
pg/ml). Target tissues were rapidly excised, frozen in liquid nitrogen in
less than 10 min, and stored at —80 °C until RNA extraction and gene
expression analysis. All procedures were carried out according to the

national (IATS-CSIC Review Board) and present BEuropean animal
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directive (2010/63/EU) and Spanish laws (Royal Decree RD53/2013)

on the handling of experimental animals.
3.2.3. Gene expression analyses

Total RNA was extracted using a MagMax-96 total RNA isolation kit
(Life Technologies, Catlsbad, CA, USA). Synthesis of cDNA was
performed with the High-Capacity cDNA Archive Kit (Applied
Biosystems, Foster City, CA, USA) using random decamers and 500 ng
total RNA in a final volume of 100 pl. Reverse transcriptase (RT)
reactions were incubated 10 min at 25 °C and 2 h at 37 °C. Negative
control reactions were run without RT. Quantitative realtime PCR
(qPCR) was performed using an iCycler IQQ Realtime Detection System
(Bio-Rad, Hercules, CA, USA). Diluted RT reactions were conveniently
used for PCR reactions in 25 pl volume in combination with an SYBR
Green Master Mix (Bio-Rad) and specific primers for SIRT1-7 (Table
3.1) at a final concentration of 0.9 pM. The 96-well PCR-array layout was
designed for the simultaneous profiling under uniform cycling conditions
of all SIRT genes in a given sample tissue. The program used for PCR
amplification included an initial denaturation step at 95 °C for 3 min,
followed by 40 cycles of denaturation for 15 s at 95 °C and
annealing/extension for 60 s at 60 °C. All the pipetting operations were
made by means of an EpMotion 5070 Liquid Handling Robot
(Eppendorf, Hamburg, Germany) to improve data reproducibility. The
efficiency of PCRs (>90 %) was checked, and the specificity of reactions
was verified by analysis of melting curves (ramping rates of 0.5 °C/10 s
over a temperature range of 55-95 °C) and linearity of serial dilutions of

RT reactions. Reactions were performed in triplicate, and the
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fluorescence data acquired during the extension phase were normalized
by the delta—delta Ct method (Livak and Schmittgen 2001) using B-actin
as the housekeeping gene. For multigene analysis, data on gene
expression were in reference to the expression level of SIRT1, for which
a value of 1 was arbitrarily assigned in the corresponding tissue (CTRL
fish in the case of fasting experiment). When gene expression values in
the fasting experiment were individually analyzed, fold-change
calculations from each gene were in reference to the expression ratio
between fasted and CTRL fish (values >1 indicate fasting upregulated

genes; values <1 indicate fasting downregulated genes).

Table 3.1 Forward (F) and reverse (R) primers for real-time PCR.

Gene Accession Primer sequence Position
number
SRTL KEvisess & ST AT MO NAT snse
SRT2KrOis6sT & SRMIEGNOTNe
SIRT3  KFO18668 1 CloCia AcT cCTCatcec 597-649
SRT4 Kromse & Secrececicteacie
SIRTS KROISGT0 & G Ao
SIRT6  KFO18671 & ER R E AT e 995-1062
SIRTTKROtse2h OGNS

3.2.4. Statistics

Multivariate analysis (principal component analysis, PCA; hierarchical
clustering, HCL) to assess SIRT gene expression across different tissues
at a given time or nutritional condition was carried out by means of

Genesis software (Sturn et al. 2002). More specifically, the SIRT gene
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expression pattern in a given tissue was analyzed by one-way analyses of
variance followed by Student—Newman—Keuls test. Fasting-mediated
effects upon a specific-tissue and SIRTs were analyzed by Student # test.

The significance level was set at P < 0.05.

3.3. Results

3.3.1. Molecular characterization

Searches in the gilthead sea bream transcriptomic database recognized
(E-value = 0) seven contigs (6120 clones in depth) as complete
codifying sequences of 307—697 amino acids in length (Table 3.2).
These new gilthead sea bream sequences were uploaded to GenBank
with accession numbers KF018666 (SIRT1), KF018667 (SIRT2),
KF018668 (SIRT3), KF018669 (SIRT4), KF018670 (SIRT5), KF018671
(SIRTO), and KF018672 (SIRT7).

Table 3.2 Classification of identified genes according to BLAST-X searches.

Contig Fa Size (nt)  Annotation®  Best match® Ed CDSe
C2.11708 48 3316 SIRT1 XP_010732868 0  39-2132
C2.5566 120 2356 SIRT2 XP_010754755 0  156-1307
C2.14108 26 2052 SIRT3 KKF16986 0 2811627
C2.35254 6 1804 SIRT4 XP_003454623 0 79-1011
C2.6042 71 1660 SIRTS ACQ58544 0 67-990
C2.43421 8 1384 SIRTG XP_008289713 0 136-1149
C2.37007 9 1457 SIRT7 KKF28658 o 91275

“®Number of reads composing the contig.

bGene identity determined through BLAST-X searches.
“Best BLAST-X protein sequence match.

dExpectation value.

“Codifying sequence.
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Schematic representation of gilthead sea bream SIRT family with
data of sequence identity/similarity is shown in Fig. 3.1. A conserved
catalytic domain of about 250 amino acids in length was identified,
containing a Rossman fold with many of the hallmarks of a typical
NAD"-binding site, and a smaller conserved domain consisting of a
tetrad of cysteine residues. Mitochondrial peptide targets of 32, 17, and
18 amino acids in length were recognized in SIRT3, 4, and 5,
respectively. Amino acid sequence identity and similarity for all the full
gilthead sea bream sequences ranged from 7 to 32 % and from 14 to 44
%, respectively. Overall, the highest degree of conservation was found
between SIRT1-3; SIRT4 and 5; and SIRTG6 and 7. For sequence details
and multiple sequence alignments, see Fig. 3.2.

Phylogenetic analysis evidenced three major nodes (SIRT1-3,
class I; SIRT4-5, classes 1I and III; and SIRT6-7, class IV), according to
the present hierarchy of vertebrate species and the current SIRT
classification of Frye (2000) (Fig. 3.3). Thus, all branches of the tree
were recognized as monophyletic clusters and SIRT sequences of fish
(zebrafish and gilthead sea bream) were closely grouped with the
exception of SIRT3 sequences. In this case, gilthead sea bream was more
related to frog rather than zebrafish, which was clustered with the other

species in the analysis (human, chicken, alligator, and turtle).
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SIRTS: 307 [ o———
18
SIRT6: 337 I - — - —
STRT7: 406 Y I S I
B

SIRT2  SIRT3  SIRT4 SIRT5  SIRT6  SIRT?
SIRTL 16(25) 17(27) 8(16) 9(14) 7(16) 7(17)

SIRT2 32(44) 13(27) 13(25) 14(25)  12(24)
SIRT3 12(23) 10(18) 14(25) 11(23)
SIRT4 2035 14(26) 13 (24)
SIRT5 15(27)  11(21)
SIRT6 21 (33)

Figure 3.1 A Graphical representation of gilthead sea bream SIRTs with
varying open reading frames (307—-697 amino acids). The enzymatic core
domain is labeled in green. Mitochondrial target peptides of SIRT3, 4, and 5
(boxed in red) are labeled in yellow. B Percentages of identity and similarity (in
parentheses) between gilthead sea bream SIRTS.
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Figure 3.2 Amino acid alignment of gilthead sea bream SIRTs. Black and grey
scale shading corresponds to 100%, =70%, 240% and < 40% sequence identity
and similarity. Capital letters of the consensus sequence indicate 100% identity.
Small letters of the consensus sequence indicates 70-85% identity. Numbers of
the consensus sequence indicate the type of amino acids similarity. Boxes
indicate special residues: blue for the core domain, green for the hallmarks of
the NAD*-binding region and red for zinc-binding cysteines.
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Figure 3.3 Phylogenetic analysis of SIRTs. GenBank accession numbers are
provided in parentheses for each sequence. SIRT classes (I-IV) defined by Frye
(2000) are indicated.
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3.3.2. Gene expression analysis

The expression pattern of gilthead sea bream SIRTs was tissue-specific
for each SIRT, and all data on relative gene expression were referred to
SIRT1 in each tissue (Table 3.3). The two first components of PCA
explained 90.50 % of total variance (Fig. 3.4A). The first component
counted for the highest variation (76.27 %) grouping along the X-axis
two main groups, corresponding to SIRTs with high (SIRT1, 2, and 5)
and low (SIRT3, 4, 6, and 7) gene expression levels. HCL analysis
highlighted deviations of this cluster association for SIRT2 and 5 in gills,
head kidney, posterior intestine, and adipose tissue; and for SIRT3 in
head kidney and posterior intestine (Fig. 3.4B).

Data on gene expression in CTRL and fasted fish are shown in
Table 3.4. From these data, PCA of fold-changes calculated as the ratio
of fasted/CTRL fish explained the 70.94 % of total variance (Fig. 3.5A).
The first component counted for 54.47 % of variance, differentiating
two main groups corresponding to upregulated (SIRT1, 5, 6, and 7) or
downregulated (SIRT2, 3, and 4) SIRTs in fasted fish, although, in the
case of liver, this downregulation was extensive to SIRT5-6. HCL
classification revealed a graded-tissue response that ranged from a
significant or weak downregulation in tissues with energy-storage
capacity (liver, skin, and adipose tissue) to a consistent upregulation in
tissues with a high energy demand (red muscle, brain, head kidney, and
heart) (Fig. 3.5B). As a corollary (Fig. 3.5C), SIRT2-6 were significantly
downregulated by fasting in the liver tissue. SIRT2 was also
downregulated in adipose tissue, skin, and anterior intestine, whereas
SIRT3 and 7 were downregulated in medium intestine and adipose

tissue, respectively. The upregulated response was exemplified by SIRT1
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in brain, adipose tissue, head kidney, intestine, and muscle tissues.
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SIRT5-7 were upregulated through all the intestine. The same pattern
was found for SIRT5 in white muscle, whereas SIRT6 was specifically

upregulated in head kidney and heart.
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Figure 3.4 A Principal component analysis of the tissue-specific gene
expression pattern of SIRTSs in gilthead sea bream. SIRT's encircled in green were
expressed at relatively low levels. SIRTs encircled in red were expressed at
relatively high levels. B Hierarchical clustering of the gene expression pattern of
SIRTs according their expression profile in the 14 analyzed tissues (Al anterior
intestine, AT adipose tissue, HK head kidney, MI middle intestine, PI posterior
intestine, RM red muscle, and WM white muscle).
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Figure 3.5 A Principal component analysis of the nutritionally-regulated
expression pattern of SIRT's in 10-day fasted fish. Data are expressed as a fold-
change of fasted vs. CTRL fish. SIRTSs encircled in green were downregulated by
fasting. SIRTs encircled in 7ed were upregulated by fasting. B Hierarchical
cluster of the gene expression pattern of SIRTSs according their different
regulation in tissues with different metabolic capabilities (Al anterior intestine,
AT adipose tissue, HK head kidney, MI middle intestine, PI posterior intestine,
RM red muscle, and WM white muscle). C Fold-changes of SIRT' significantly
regulated by fasting (*P < 0.05; **P < 0.01; ***P < 0.001).
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3.4. Discussion

SIRTs are part of a regulatory and evolutionarily conserved energy
sensing system, which responds to changes in nutrient intake, use and
storage, contributing the results presented herein to demonstrate that
they play an important role in the regulation of energy homeostasis in
farmed fish. Seven SIRTs, corresponding to class I-IV of the
classification of Frye (Frye 2000), have been described in higher
vertebrate species, and the present study highlighted their conservation
in a modern fish that belongs to family Sparidae, order Perciformes.
Therefore, SIRT1-7 are ancient in animal evolution, which contrasts
with the selective and extensive loss of SIRT genes in insects,
nematodes, and plants (Greiss and Gartner 2009). The molecular
characterization of gilthead sea bream SIRTSs also highlighted a highly
conserved catalytic domain with the Rossman fold domain, which is
commonly found in proteins that bind NAD" or NADP" (Sauve et al.
2006). The cysteine tetrad within the Zn'*-binding domain is also
conserved in all gilthead sea bream SIRTs. Other structural features that
are variable within the SIRT family are the N- and C-terminal regions
surrounding the catalytic domain. In this sense, our results corroborate
the fact that SIRT1 is consistently the longest SIRT through vertebrate
evolution, whereas SIRT4-5 are regularly the shortest. This explains the
relative low conservation of different SIRTs within a given organism, but
importantly the range of amino acid similarity of gilthead sea bream
SIRTs (14-44 %) is of the same order of magnitude than those
calculated for the SIRT sequences of amphibians (14-53 %), reptiles
(17-51 %), birds (12-51 %), and humans (12—49 %) used by us in the
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phylogenetic analysis. This rendered clear monophyletic clusters, as
reported elsewhere in more large-scale phylogenetic studies with more
than 50 species of all kingdoms of life (Costantini et al. 2013).

Most of the changes induced by SIRT activation are related to
the increase of mitochondrial metabolism and antioxidant protection.
However, the specific regulation of each SIRT is far to be completed
within and among different tissues and animal models. In this regard, it
must be noted that all SIRTs were found at detectable levels in pig (Jin et
al. 2009) or human (Michishita et al. 2005) tissues. SIRT2 expression was
not detectable in kidney and spleen of zebrafish, and the same pattern
was found for SIRT4 in spleen and SIRT7 in gills and skeletal muscle
(Pereira et al. 2011). However, our results clearly indicated that all SIRT's
were expressed at detectable levels in the 14 analyzed tissues of gilthead
sea bream, evidencing the multivariate analysis higher expression levels
of SIRT1, 2 and 5. Importantly, SIRT1 appeared ubiquitously expressed,
whereas SIRT2 and 5 showed higher expression levels in liver, a pattern
that was the same for the mitochondrial SIRT5 in aerobic muscle tissues
(heart, skeletal red muscle). The emerging role of SIRTs in skeletal
muscle regeneration and survival under catabolic stress has been recently
reviewed by Sharples et al. (2015), and current research is underway to
determine if bioenergetics of muscle tissues is specifically mediated or
not by SIRTS5 in gilthead sea bream.

Conversely to SIRT5, SIRT3 was categorized as an SIRT with
relatively low expression levels in gilthead sea bream, but importantly
SIRT3 shared high expression levels in head kidney and posterior
intestine, which are now recognized as immune-relevant tissues in fish

(Rombout et al. 2011; Secombes and Wang 2012). However, the
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expression of SIRT3 in these tissues was not regulated by fasting,
whereas both SIRT1 and 6 were upregulated by nutrient scarcity in the
head kidney and posterior intestine of our experimental fish. Whether
these animals benefit from the anti-inflammatory properties of caloric
restriction described in rodents, and other species (Johnson et al. 2007;
Gonzalez et al. 2012; Youm et al. 2015) remains to be established.
However, it is noteworthy that SIRT1 overexpression downregulated
pro-inflammatory genes in mice (Pfluger et al. 2008; Yoshizaki et al.
2010), whereas obesity with chronic inflammation was associated with
reduced levels of SIRT1 (Vachharajani et al. 2016). Likewise, other
studies suggest the involvement of SIRT6 on the immune response of
mammals, although its precise role in inflammation and immunity
remains to be elucidated (Bruzzone et al. 2009; Lee et al. 2013). Less
evident is the immunoregulatory role of SIRT5, although its
desuccinylase activity seems to be an important factor of immune
response (Tannahill et al. 2013).

Changes in nutrient scarcity due to caloric restriction or fasting
induce other important adaptive responses that were substantiated in our
10-day fasting model by a loss of body mass and fat depots, followed by
a pronounced downregulation of hepatic lipogenic enzymes, including
fatty acid elongases and desaturases (Benedito-Palos et al. 2014).
Experimental evidence also indicates that these fasting-mediated effects
on lipid metabolism were related to a consistent downregulated
expression of all the five-complex enzyme units of the mitochondrial
respiratory chain (Bermejo-Nogales et al. 2015). This metabolic feature is
explained by a reduced energy demand due to the fasting inhibition of

hepatic lipogenesis, which is considered a major energy-demanding
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process in the liver tissue (Rui 2014). This was encompassed in the
present study by a reduced hepatic expression of five out of the seven
SIRTSs. Among them was included SIRT2, which was also downregulated
in other tissues (mesenteric adipose tissue and skin submucosa) with fat
storage capacity in gilthead sea bream. Indeed, it appears likely that
SIRT2 is mostly under a negative control in both hepatocytes and
adipocytes of mesenteric adipose tissue and skin submucosa. In the case
of liver, the downregulation of SIRT2 was encompassed by the three
mitochondrial SIRTSs, which is indicative of a consistent response
involving more than one SIRT, as previously reported in other
experimental models of humans and rodents (Lai et al. 2013; Ghiraldini
et al. 2013). Conversely, both SIRT1-2 were upregulated by fasting in
gilthead sea bream brain, a tissue with high metabolic activity that should
be protected from oxidative stress during highly energy demand process,
as has been reviewed during neurodegenerative disease or metabolic
decline in mammals (Calabrese et al. 2008).

Nutrient availability by itself is a major factor driving switches in
muscle protein turnover and mitochondrial activity, as reported earlier in
gilthead sea bream by microarray gene expression profiling of glycolytic
and aerobic muscle tissues in fish fed to maintenance ration (Calduch-
Giner et al. 2014). This is consistent with the upregulation of OXPHOS,
although both in gilthead sea bream (Bermejo-Nogales et al. 2015) and in
previous studies in pigs (da Costa et al. 2004) and mice (Suzuki et al.
2002), the response of skeletal and cardiac muscle tissues to feed
deprivation or restriction is not only opposite, but also weaker than in
the liver. The physiological significance of these findings is far from

being fully established, although it can be viewed as a different metabolic
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plasticity of glycolytic and highly oxidative muscle tissues, which was
encompassed herein by the upregulation of SIRT1 in all muscle tissues,
whereas the upregulation of SIRT5 and 6 was specific of white skeletal
muscle and heart, respectively. In this context, SIRT1 has been shown to
be necessary for the switch of glucose utilization to fatty acid oxidation
during nutrient deprivation states in mice (Gerhart-Hines et al. 2007),
which is largely mediated in skeletal muscle of rodents by the SIRT1-
regulated deacetylation of proliferator-activated receptor gamma
coactivator 1 alpha (Dominy et al. 2010). The protective role of SIRT1
against oxidative stress has been also proved during heart ischemia (Hsu
et al. 2010) and muscle cardiac hypertrophy (Planavila et al. 2011).
Likewise, SIRT6 protects rodent cardiomyocytes from a hypertrophic
response through the suppression levels of the pro-inflammatory nuclear
factor NF-kappa-B (Yu et al. 2012). In contrast, the specific involvement
of SIRT5 on the regulation of muscle energy sensing is poorly
documented in both humans and rodents, although its role in amino acid
catabolism, TCA cycle, and fatty acid metabolism has been studied in
different experimental models (Park et al. 2013; Yu et al. 2013).

In summary, seven SIRT sequences of gilthead sea bream have
been unequivocally identified and molecularly characterized in gilthead
sea bream. The tissue expression pattern was specific of each SIRT with
relatively high levels of expression of SIRT1, 2, and 5 in comparison
with SIRT3, 4, 6, and 7. Overall, SIRT1 and SIRT5-7 were upregulated
by fasting, whereas SIRT2—4 were mostly downregulated, which was
especially evident for SIRT1 and 2, respectively (see Fig. 3.6 as a

corollary). Current studies are underway to underline their tissue-specific
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regulation by nutrient deficiencies or fish-strain differences in growth

and energy demand.

SIRTs Tissue Up-regulated DownT-I::::Iate d
SIRT1 Brain, HK, AT, WM, RM, Heart, Al, M, PI -

SIRT2 Brain, HK Liver, AT, Skin, Al
SIRT3 - Liver, MI
SIRT4 - Liver
SIRTS WM, Al, MI, PI Liver
SIRT6 HK, Heart, Al, MI, PI Liver
SIRT7 Al, MI, PI AT

Figure 3.6 Corollary of the tissue-specific regulation by fasting of SIRT gene
expression in gilthead sea bream target tissues (Al anterior intestine, AT
adipose tissue, HK head kidney, MI middle intestine, PI posterior intestine, RM
red muscle, and WM white muscle). For each SIRT, the degree of upregulation
or downregulation in the analyzed tissues is expressed in red and green,

respectively.
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Sirtuins and fish metabolic phenotyping

Abstract

Sirtuins (SIRTSs) represent a conserved protein family of deacetylases that
act as master regulators of metabolism, but little is known about their
roles in fish and livestock animals in general. The present study aimed to
assess the value of SIRTs for the metabolic phenotyping of fish by
assessing their co-expression with a wide-representation of markers of
energy and lipid metabolism and intestinal function and health in two
genetically different gilthead sea bream strains with differences in growth
performance. Fish from the fast-growing strain exhibited higher feed
intake, feed efficiency and plasma IGF-I levels, along with higher
hepatosomatic index and lower mesenteric fat (lean phenotype). These
observations suggest differences in tissue energy partitioning with an
increased flux of fatty acids from adipose tissue toward the liver. The
resulting increased risk of hepatic steatosis may be counteracted in the
liver by reduced lipogenesis and enhanced triglyceride catabolism, in
combination with a higher and more efficient oxidative metabolism in
white skeletal muscle. These effects were supported by co-regulated
changes in the expression profile of SIRTs (liver, szr#7; skeletal muscle,
sirt2; adipose tissue, sir#5-6) and markers of oxidative metabolism (pge7a,
¢tla, cs, nd2, coxT), mitochondrial respiration uncoupling (#¢p3) and fatty
acid and triglyceride metabolism (pparx, ppary , elovls, scdla, Ipl, atgl) that
were specific to each strain and tissue. The anterior intestine of the fast-
growing strain was better suited to cope with improved growth by
increased expression of markers of nutrient absorption (fabp2), epithelial
barrier integrity (¢dhl, cdh17) and immunity (:/18, cd8b, lgals1, lgalss, sIgT,
mlgT), which were correlated with low expression levels of st and

markers of fatty acid oxidation (¢#74). In the posterior intestine, the fast-
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growing strain showed a consistent up-regulation of sir22, sirf3, sirt5 and
sirt7 concurrently with increased expression levels of markers of cell
proliferation (pena), oxidative metabolism (#d2) and immunity (sIgT,
mlgT). Together, these findings indicate that SIRTs may play different
roles in the regulation of metabolism, inflammatory tone and growth in
farmed fish, arising as powerful biomarkers for a reliable metabolic

phenotyping of fish at the tissue-specific level.

Keywords: Fish; Feed efficiency; Lean phenotype; Elongase 5; Delta 9-

desaturase; Triacylglycerol lipase; Lipoprotein lipase; Immunoglobulin T.
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4.1. Introduction

The capacity of aquaculture to meet the future demand for seafood will
largely depend on the use of highly efficient domesticated animal stocks.
Currently, less than 10% of the aquaculture production comes from
genetically improved animals (Olesen et al., 2015); however, different
selective breeding programs are in progress for most farmed European
fish species, including the gilthead sea bream (Sparus anrata 1..), a highly
cultured perciform fish in all the Mediterranean basin. The main trait
goals for gilthead sea bream breeding companies are growth
performance, morphology, disease resistance and product quality with
expected improvements in growth performance of 10-15% per
generation (Gjedremand Baranski, 2009; Janssen et al., 2015). However,
the application of genomic tools in aquaculture is in its infancy
(McAndrew and Napier, 2011), and few gilthead sea bream companies
are currently using marker-assisted selection (MAS) (Janssen et al., 2015).
The identification of new candidate genes for MAS, particularly for
productive traits that are not easy to measure (e.g., feed efficiency, redox
homeostasis, intestinal health), can be fueled using wide or targeted
transcriptomic approaches (Chen et al., 2011; Cardoso et al., 2014; Choi
et al,, 2015). The interplay between nutrition and immune system is well
recognized; however, the true integration of research on fish nutrition,
growth, chronobiology, energy status, immune function and intestinal
health is still far from clear despite recent and important advances in this
field (Calduch-Giner et al., 2016; Estensoro et al., 2016; Martin and Krol,
2017; Piazzon et al., 2017; Yufera et al., 2017).
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Fish exposed to sub-optimal rearing conditions are hampered
with respect to health and growth, and genes known as master regulators
of energy sensing are of special relevance for disclosing these types of
metabolic disturbances. Most organisms have evolved to efficiently
transition between anabolic and catabolic states, allowing them to
survive in an environment in which nutrient availability is variable
(Houtkooper et al., 2012; Laplante and Sabatini, 2012). Nutrient stress is
generally considered from the standpoint of how cells detect and
respond to an insufficient supply of nutrients (Wellen and Thompson,
2010). However, cells and organisms also experience stress with nutrient
excess as a major readout of nutrient uptake is the level of reactive
oxygen species (ROS) produced by mitochondria (Wellen and
Thompson, 2010), which limit voluntary feed intake (Saravanan et al,
2012) and growth (Fernandez-Diaz et al,, 2006; Rise et al., 2015) in
farmed fish. Different mechanisms operate within cells to balance ROS
production and scavenging to keep ROS within physiological levels. The
mitochondrial uncoupling proteins (UCPs) act as a highly conserved
safety valve that activates futile cycles of energy to alleviate ROS
production (Mailloux and Harper, 2011). These cycles become rapidly
inactive when the oxidative capacity of the tissue is improved, or the
supply of metabolic fuels does not exceed the tissue energy demand in a
wide range of experimental models, including fish (Nabben and Hoeks,
2008; Bermejo-Nogales et al., 2011, 2014). Moreover, the antioxidant
defense system relies mostly on superoxide dismutase, glutathione
peroxidase, glutathione reductase, thioredoxin, thioredoxin reductase and
catalase, operating as ROS scavengers (MartinezAlvarez et al., 2005;

Pacitti et al.,, 2014). As part of this complex regulatory system, nutrient
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and energy availability are sensed at multiple levels. AMP-activated
protein kinase (AMPK) inhibits proliferation and growth in response to
ATP depletion, while the mammalian target of rapamycin (mTOR) is
activated by nutrients and signaling growth factors to promote
mitochondrial metabolism, protein synthesis and cell growth (Wellen and
Thompson, 2010; Laplante and Sabatini, 2012). In addition, protein post-
translational modifications such as O-GlcNAcylation, glycosylation and
acetylation/deacetylation play key roles in the adaptation to metabolic
stress produced by elevated levels of intracellular metabolites, including
ROS (Wellen and Thompson, 2010).

Among protein post-translational modifications, deacetylation is
particularly sensitive to metabolic states through the action of
deacetylases, first represented by NAD'-dependent  sirtuin
deacetylases/deacylases/ ADP-tibosyltransferases (SIRTs). Most SIRTS
couple protein deacetylation of histone and non-histone substrates with
the energy status of the cell via the cellular NAD"/NADH ratio (Schwer
and Verdin, 2008; Houtkooper et al,, 2012; Schmeisser et al., 2013;
Masri, 2015). Proteomic studies following the initial discovery of histone
acetylation have also revealed that thousands of proteins are abundantly
acetylated (Zhao et al., 2010; Guan and Xiong, 2011; Choudhary et al.,
2014), and their deacetylation commonly leads to increased stability and
catalytic activity in the case of metabolic enzymes (Verdin et al., 2010;
Houtkooper et al.,, 2012). In contrast, deacetylation of histones is an
epigenetic mechanism associated with repression of gene expression
(Lundby et al, 2012). These mechanisms yield a highly regulated
proteome with key roles played by SIRTS, at both the transcriptional and

post-translational levels, in the maintenance of energy homeostasis
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(Schwer and Verdin, 2008; Zhao et al., 2010; Houtkooper et al., 2012) as
well as in muscle growth through negative regulation of IGF-I and
mTOR signaling (Ghosh et al., 2010; Sharples et al., 2015). Accordingly
with this central role in metabolism regulation, SIRTs are virtually
ubiquitous throughout all kingdoms of life, ranging in abundance from
one type in bacteria to seven types in vertebrates (Greiss and Gartner,
2009). This feature offers the possibility of complementary but also non-
redundant and tissue-specific energy sensing mechanisms, which is
reflected by the different cellular locations of different SIRTs. SIRT1,
SIRTG6, and SIRT7 generally reside in the nucleus; SIRT2 is primarily
cytosolic, although it is shuttled to the nucleus duting the G2/M
transition of the cell cycle (Gomes et al., 2015); and SIRT3-5 are
mitochondrial proteins (Jing and Lin, 2015).

Most research on SIRTs has been carried out in humans and
rodents, which limits our understanding of the evolution of SIRT
regulation and function. However, the seven SIRT counterparts of
higher vertebrates have been moleculatly characterized in gilthead sea
bream (Simé6-Mirabet et al,, 2017a). The sequence analysis of these
counterparts has revealed a strict conservation of the characteristic
catalytic domain, and phylogenetic analysis has revealed three major
clades corresponding to SIRT1-3, SIRT4-5, and SIRT6-7 that reflect the
accepted classification of SIRTs (Frye, 2000). Gene expression profiling
has also demonstrated that the molecular signatures of fish SIRTs in
gilthead sea bream are strongly influenced by nutrient availability and
tissue-specific metabolic capabilities (Simo6-Mirabet et al., 2017a). In this
scenario, changes in the SIRT gene expression pattern contribute to

triggering the metabolic switch from adipogenesis to lipolysis with the
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increased demand of metabolic fuels by peripheral tissues during fasting
or caloric restriction. Other studies in fish have related SIRTs to
ammonia levels (Connon et al., 2011), cold exposure (Teigen et al.,
2015), spatial learning (Rajan et al., 2015), changes in blood glucose
(Otero-Rodino et al., 2016) and adipocyte maturation during hypoxia
(Ekambaram and Parasuraman, 2017). Nevertheless, SIRT function and
regulation remain poorly studied in fish and in livestock animals in
general (Ghinis-Hozumi et al., 2013).

The present study aimed to assess the gene expression pattern of
SIRTs in fish under non-restricted feeding and the value of their gene
expression profile as a new tool for metabolic phenotyping of farmed
fish. This was accomplished by measuring SIRTs’ co-regulated
expression with markers of intermediary metabolism, immunological
status, and intestine function and integrity in two gilthead sea bream
strains with known differences in growth performance. The rationale of
the study was that differences in key performance indicators necessarily
reflect different uses of nutrients and energy, being voluntary feed intake
and growth limited by the capacity of fish to preserve redox balance
(Saravanan et al., 2012; Rise et al., 2015; Danzmann et al, 20106).
Accordingly, the working hypothesis was that fish with higher growth
rates would be able to grow efficiently in a cellular milieu with an
enhanced risk of oxidative stress, contributing the differential regulation

of SIRTS to readjust and preserve metabolic homeostasis at each tissue.
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4.2. Material and methods

4.2.1. Fish

The gilthead sea bream is highly cultured in Europe, with several
hatcheries operating mostly, but not exclusively, in the Mediterranean
basin (Janssen et al., 2015). In the present study, we used fish from two
geographically distant hatcheries (henceforth called strains 1 and 2),
which have regularly performed differently under the same growout
conditions in our experimental facilities.

For the genotyping of these two populations, thirty fish of each
strain were characterized for specific microsatellite markers. Both fish
populations were recognized as genetically different, with 3.5% of
genetic differentiation (Fst = 0.0351), by SMsal multiplex PCR of 10 loci
(A5, C3, C12, D4, E1, E4, F6, 19, L11, M5) (Lee-Montero et al., 2013)
(Table 4.1). Briefly, DNA was extracted from the fin by using the
BioSprint 96 DNA Blood Kit (QIAGEN®) operated by a Biosprint 96
robot. The concentration of extracted DNA was measured by using a
NanoDrop 8000 spectrophotometer v.3.7 (Thermo Fisher Scientific) and
normalized to 80 ng/pl prior to PCR amplification. PCR reactions wete
carried out by using a TECAN robot Freedom Evo (Tecan Schweiz AG,
Switzerland), and Freedom Evowar® Standard v.2.5 software following
the manufacturer’s instructions. Genotypes were estimated by
GENEMAPPER v.3.7 software using the SMsal-kit created by Lee-
Montero et al. (2013).
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4.2.2. Feeding trial

Gilthead sea bream juveniles of strain 1 and strain 2 were acclimatized
for 6 weeks to the indoor experimental facilities of the Institute of
Aquaculture Torre de la Sal (IATS-CSIC). Then, 13-15 g fish from both
strains were distributed among 90 L tanks in triplicate groups of 25 fish
each. The trial was conducted under natural photoperiod and
temperature conditions at the latitude of the IATS (40°5’N; 0°10’E) from
May to July (8 weeks), increasing the water temperature from 20° to
25°C. The oxygen content of water was consistently higher than 75%
saturation, and unionized ammonia remained below toxic levels (<0.02
mg/L). Fish were fed with a standard diet (EFICO YM 568; BioMar,
Spain) twice a day until visual satiety.

At the end of the trial, 12 fish per strain (four randomly selected
fish per tank) were anesthetized with 3-aminobenzoic acid ethyl ester
(MS-222, 100 pg/mlL) and blood was quickly taken from caudal vessels
with heparinized syringes. One aliquot was used for hemoglobin
measurements. The remaining blood was centrifuged at 3,000 X g for 20
min at 4°C, and the plasma was stored at —80°C until biochemical assays.
Liver, white skeletal muscle, adipose tissue, and anterior and posterior
intestine sections were rapidly excised from 12 fish per strain, frozen in
liquid nitrogen and stored at —80°C until RNA extraction.

All procedures were carried out according to present IATS-CSIC
Review Board and European (2010/63/EU) animal directives and
Spanish laws (Royal Dectee RD53/2013) on the handling of

experimental animals.
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4.2.3. Blood biochemistry

Hemoglobin (Hb) concentration was determined using a HemoCue B-
Hemoglobin Analyser® (AB, Leo Diagnostic, Sweden). Plasma glucose
was measured by the glucose oxidase method (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). Total plasma cholesterol was

determined using cholesterol esterase/cholesterol dehydrogenase reagent
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(Thermo Fisher Scientific). Plasma soluble proteins were measured with
the Bio-Rad protein reagent (Hercules, California, USA), with bovine
serum albumin as a standard. Plasma growth hormone (GH) was
determined by a homologous gilthead sea bream radioimmunoassay
(RIA) as previously detailed (Martinez-Barbera et al, 1995). The
sensitivity and midrange (ED50) of the GH RIA assay were 0.15 and 1.8
ng/ml, respectively. Plasma insulin-like growth factors (IGFs) were
extracted by acid-ethanol cryoprecipitation (Shimizu et al., 2000), and the
concentration of IGF-I was measured by a generic fish IGF-I RIA
validated for several Mediterranean perciform fish (de Celis et al., 2004).
The sensitivity and midrange of the IGF-I RIA assay were 0.05 and
0.7—0.8 ng/ml, respectively. Plasma cortisol levels were analyzed using
an EIA kit (kit RE52061, IBL, International GmbH, Germany). The
detection limit of the cortisol assay was 50 pg/mlL, with a midrange of
700 pg/mL. All commercial kits were used according to the

manufacturers’ instructions.
4.2.4. Gene expression profiling

RNA was extracted using the MagMAX-96 total RNA isolation kit (Life
Technologies, Carlsbad, CA, USA). RNA yield was 50-100 pg, with
260:280 nm absorbance ratios (A260/280) of 1.9-2.1. RNA integrity
number (RIN) values of 8-10 (Agilent 2100 Bioanalyzer) were indicative
of clean and intact RNA. Reverse transcription (RT) of 500 ng total
RNA was performed with random decamers using a High-Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA).
Negative control reactions were run without reverse transcriptase. Two

different 96-well PCR-arrays of 28-39 markers of metabolic and
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intestinal health condition were designed for the simultaneous gene
expression profiling of liver/white skeletal muscle/adipose tissue and
intestine, respectively (Table 4.2). A housekeeping gene (B-Actin) and
controls of PCR performance were included in each array. Briefly, 660
pg of total cDNA was used in 25 pl. PCR reactions. PCR wells
contained 2x SYBR Green Master Mix (Bio-Rad, Hercules, CA, USA)
and specific primers at a final concentration of 0.9 pM (Table 4.3 and
4.4). All pipetting operations for the PCR-arrays were performed by an
EpMotion 5070 Liquid Handling Robot (Eppendorf, Hamburg,
Germany) to improve data reproducibility. Real-time quantitative PCR
was carried out in an Eppendorf Mastercycler Ep Realplex (Eppendortf,
Germany). The PCR amplification program consisted of an initial
denaturation step at 95°C for 3 min, followed by 40 cycles of
denaturation for 15 s at 95°C and annealing/extension for 60 s at 60°C.
The efficiency of the PCR reactions was consistently higher than 90%
and similar among all the genes. The specificity of the reactions was
vetified by melting cutve analysis (ramping rates of 0.5°C/10 s over a
temperature range of 55-95°C). Negative controls without a template
were routinely performed for each primer set. Gene expression was
calculated using the delta-delta Ct method (Livak and Schmittgen, 2001).
For multi-gene analysis, all values for a given tissue were referenced to
the expression level of si#7 in strain 1 fish, for which a value of 1 was
arbitrarily assigned. Fold-changes in gene expression were calculated as
the expression ratio between strain 1 and strain 2. A value > 1 indicates
higher expression levels in strain 1, and values < 1 indicate lower

expression levels in strain 1.
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Table 4.2 Genes included in the intestine (1) and liver/muscle/adipose (¥)

tissue pathway-focused PCR arrays.

Gene name/category  Symbol

Energy sensing

Sirtuin 1 sirtl *t
Sirtuin 2 sirt2 ¥
Sirtuin 3 sirt3 *t
Sirtuin 4 sirtd *t
Sirtuin 5 sirt5 *t
Sirtuin 6 Sirt6 *t
Sirtuin 7 sirt7 *t

Proliferator-activated

receptor gamma pacla *f
coactivator 1 alpha

Carnitine

palmitoyltransferase 1A pilat
Citrate synthase o
NADH-ubiquinone

oxidoreductase chain 2 72
Cytochrome ¢ oxidase coxct #

subunit 1

Mitochondrial respiration uncoupling

Gene name/category Symbol

Cell differentiation and
proliferation

Proliferating cell nuclear
antigen

pena T

Intestinal epithelial barrier

Occludin ocln T
Claudin-15 cldn15%
Cadherin-1 cdhl +
Cadherin-17 cdh17 t

Enterocyte mass and nutrient
absorption

Intestinal-type alkaline

phosphatase apiy
Liver type fatty acid-

binding protein Jabpl t
Intestinal fatty acid-

binding protein Jabp2 t
Ileal fatty acid-binding a6 +

protein

Mucus production and Goblet cell
differentiation

Uncoupling protein 1 ugpl *f Mucin 2 mne2 t

Uncoupling protein 2 uep2 * Mucin 13 mnel 3+

Uncoupling protein 3 uip3 * f_rgnscripdon factor HES- 104
(Continued)
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Table 4.2 Continued

Lipid metabolism

Peroxisome proliferator-

Immunological/inflammatory

status

Tumor necrosis

*
activated receptor o ppara factor-alpha fat
Peroxisome proliferator- « . .
activated receptor y ppary Interleukin-1 beta itbt
Blongation of very long elovld * Interleukin-6 6+
chain fatty acids 4
Elo.n gation ofvery long elovl5 * Interleukin-8 U8t
chain fatty acids 5
Elop gaton O.f very long elovle * Interleukin-10 710t
chain fatty acids 6
Fatty acid desaturase 2 Jads2 * CD4 cd4 +
?;earoyl—CoA desaturase sedla * CDS8 alpha dSa
?;earoyl—CoA desaturase dlh * CD8 beta dSh+
Phosphatidylethanolamin - .
e N-methyltransferase pemt Galectin-1 loalsT T
Hepatic lipase bl * Galectin-8 lgals8
. L Secreted
*
Lipoprotein lipase ipl Immunoglobulin M slgM +
o Secreted
*

Hormone sensitive lipase hsl Immunoglobulin T slgT t
Adipose triglyceride « Membrane
lipase atg/ Immunoglobulin M Mt

Membrane

Immunoglobulin T el
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Table 4.3 Forward and reverse primers of the liver/skeletal muscle/adipose

tissue pathway-focused PCR array.

Gene name Symbol Primer sequence
Sirtuinl sirtl F GGT TCC TAC AGT TTC ATC CAG CAG CAC ATC
R CCT CAG AAT GGT CCT CGG ATC GGT CIC
Sirtuin? Sirt2 GAA CAA TCC GAC GAC AGC AGT GAA G
R AGG TTA CGC AGG AAG TCC ATC TCT
Sirtuin3 sirt3 CIG CCA AGT CCT CAT CCC
CIT CAC CAG ACG AGC CAC
Sirtuind it GGC TGG CGG AGT CGG ATG
TCC TGA ATA CAC CTG TGA CGA AGA C
Sirtuin5 it CAG ACA TCC TAA CCC GAG CAG AG
CCA CGA GGC AGA GGT CAC A
SirtuinG 5irt6 ACT CCA CCA CCA CCG ATG TCA A
R CIC CIC CTC CIT CAC CTT TCG CIT TG
Sirtuin7 sirt7 CTG GAG CAA CCT CTA AAC TGG AA
R CACCTT CAG ACT GGA GCC TAA
Proliferator-activated pecla F CGT GGG ACA GGT GTA ACC AGG ACT C
receptor gamma R ACC AAC CAA GGC AGC ACA CTC TAA TTC T
coactivator 1 alpha
Citrate synthase 5 F TCC AGG AGG TGA CGA GCC
GTG ACC AGC AGC CAG AAG AG
NADH-ubiquinone nd? TAG GTT GAA TGA CCA TCG TA

oxidoreductase chain 2

GGC TAA GGA GTT GAG GTT

(Continued)
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Table 4.3 Continued

Cytochrome c oxidase subunit
1

Uncoupling proteinl

Uncoupling protein2

Uncoupling protein3

Peroxisome proliferator-
activated receptor a

Peroxisome proliferator-
activated receptor y

Elongation of very long chain
fatty acids 4

Elongation of very long chain
fatty acids 5

Elongation of very long chain
fatty acids 6

Fatty acid desaturase 2

Stearoyl-CoA desaturase 1a

cox1

uepl

p2

ugp3

ppara

ppary

elovi4

elovl5

elovle

Sads2

scdla

[ss]

GTC CTA CTT CTT CTG TCC CTT CCT GTT CT

AGG TTT CGG TCT GTA AGG AGC ATT GTA ATC

GCA CACTAC CCAACATCACAAG

CGC CGA ACG CAG AAA CAA AG

CGG CGG CGT CCT CAG TTG

AAG CAA GTG GTC CCT CTT TGG TCA' T

AGG TGC GACTGG CTG ACG

TTC GGC ATA CAA CCT CTC CAA AG

TCT CTT CAG CCC ACC ATC CC

ATC CCA GCG TGT CGT CTCC

CGC CGT GGA CCT GTC AGA GC

GGA ATG GAT GGA GGA GGA GGA GAT GG

CGG TGG CAATCA TCT TCC

TCA ACT GGC TGT CTG TGT

CCT CCT GGT GCT CT ACA AT

GTG AGT GTC CTG GCA GTA

GTG CTG CTC TAC TCC TGG TA

ACG GCATGG ACCAAGTAG T

GCA GGC GGA GAG CGA CGG TCT GTT CC

AGC AGG ATG TGA CCC AGG TGG AGG CAG AAG

CGG AGG CGG AGG CGT TGG AGA AGA AG

AGG GAG ACG GCG TAC AGG GCA CCT ATATG

(Continued)
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Table 4.3 Continued

Stearoyl-CoA desaturase 1b  sed1b

Phosphatidylethanolamine  pemt

N-methyltransferase

Hepatic lipase bl

Lipoprotein lipase pl

Hormone sensitive lipase hsl

Adipose triglyceride lipase  azg/

B-Actin acth

GCT CAATCT CAC CAC CGC CTT CAT AG

GCT GCC GTC GCC CGT TCT CTG

TTG GTG CCA GTC CTG TTG GTC'TC

TGA TAG ATC AGT CCA GTG AAT GGT CCT TC

TTG TAG AAG GTG AGG AAAACT G

GCT CTC CAT CAG ACCATCC

CGT TGC CAA GTT TGT GAC CTG

AGG GTG TTC TGG TTG TCT GC

GCT TTG CTT CAG TTT ACC ACC ATT TC

GAT GTA GCG ACC CTT CTG GAT GAT GTG

GTG CTT CAG TCC TGG ATG TCT TC

AGC CTT GCA GGT CCATGT TGA

TCCTGCGGAATCCATGAGA

GACGTCGCACTTCATGATGCT

Table 4.4 Forward and reverse primers of the intestine tissue pathway-focused

PCR array.

Gene name Symbol Primer sequence

Sirtuinl sirtl GGT TCC TAC AGT TTC ATC CAG CAG CAC ATC
CCT CAG AAT GGT CCT CGG ATC GGT CTC

Sirtuin? sirt2 GAA CAA TCC GAC GAC AGC AGT GAA G

AGG TTA CGC AGG AAG TCC ATC TCT

(Continued)
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Table 4.4 Continued

Sirtuin3

Sirtuin4

Sirtuinb

Sirtuin6

Sirtuin7

Proliferator-
activated receptor
gamma coactivator 1

alpha

Carnitine
palmitoyltransferase

1A

Citrate synthase

NADH-ubiquinone
oxidoreductase
chain 2

Cytochrome ¢
oxidase subunit I

Uncoupling proteinl

Proliferating cell
nuclear antigen

sirt3

sirtd

sirt5y

Sirt6

sirt7

pecla

ptla

(A}

nd2

cox1

ucpl

pena

s}

CTG CCA AGT CCT CAT CCC

CTT CAC CAG ACG AGC CAC

GGCTGG CGG AGT CGG ATG

TCC TGA ATA CAC CTG TGA CGA AGA C

CAG ACA TCC TAA CCC GAG CAG AG

CCA CGA GGC AGA GGT CAC A

ACT CCA CCA CCA CCG ATG TCA A

CTC CTC CTC CTT CAC CTT TCG CTT TG

CTG GAG CAA CCT CTA AACTGG AA

CAC CTT CAG ACT GGA GCC TAA

CGT GGG ACA GGT GTA ACC AGG ACT C

ACC AAC CAA GGC AGC ACA CTCTAATICT

GTG CCT TCG TTC GTT CCATGA TC

TGA TGC TTA TCT GCT GCC TGT TTG

TCC AGG AGG TGA CGA GCC

GTG ACC AGC AGC CAG AAG AG

TAG GTT GAA TGA CCATCG TA

GGC TAA GGA GTT GAG GTT

GTC CTA CTT CTT CTG TCC CTT CCT GTT CT

AGG TTT CGG TCT GTA AGG AGC ATT GTA ATC

GCA CAC TAC CCA ACATCA CAA G

CGC CGA ACG CAG AAA CAAAG

CGT ATCTGC CGT GACCTG T

AGA ACT TGA CTC CGT CCT TGG

(Continued)
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Table 4.4 Continued

Occludin

Cadherin-1

Cadherin-17

Intestinal-type
alkaline phosphatase

Intestinal fatty acid-
binding protein

Tleal fatty acid-
binding protein

Mucin 2

Mucin 13

Transcription factor
HES-1-B

Tumor necrosis
factor-alpha

Interleukin-1 beta

Interleukin-6

ocln

cdhl

cdhl7

alpi

fabp2

fabpts

mne2

el 3

hesT-b

mfa

il18

6

lss]

s}

GTG TCA GAA CCT CTA CCA GAC CAG CTA CTC

GAA AGC CTC CCA CTC CTC CCATCT

TGC TCC ATA CAG CGT CAC CTT ACA

CTC GTT CAT CCT AGC CGT CCA GTT

GAT GCC CGC AAC CCA GAG

CCG TTG ATT CACTGC CGT AGA C

CCG CTATGA GTT GGACCGTGA T

GCT TTC TCC ACC ATC TCA GTA AGG G

CGA GCA CAT TCC GCA CCA AAG

CCC ACG CACCCG AGACTTC

ACC CAG GAC GGC AAT ACC

CGA CGG TGA AGT TGTTGG T

ACG CTT CAG CAATCG CAC CAT

CCA CAACCACACTCCTCCACAT

TTC AAA CCC GTG TGG TCC AG

GCA CAA GCA GAC ATA GTT CGG ATA'T

GCC TGC CGA TAT GAT GGA A

GGA GTT GTG TTC ATG CTT GC

CAG GCG TCG TTC AGA GTCTC

CTG TGG CTG AGA GCT GTG AG

GCG ACC TAC CTG CCA CCT ACA CC

TCG TCC ACC GCC TCC AGATGC

TCT TGA AGG TGG TGC TGG AAG TG

AAG GAC AAT CTG CTG GAA GTG AGG

(Continued)
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Table 4.4 Continued

Interleukin-10

CD4

CD8 alpha

CD8 beta

Galectin-1

Galectin-8

Secreted
Immunoglobulin M

Secreted
Immunoglobulin T

Membrane
Immunoglobulin M

Membrane
Immunoglobulin T

B-Actin

10

cd4

cd8a

cd8b

lgals?

lgals8

slgM

slgT

mIg

mlgT

acth

AAC ATC CTG GGC TTC TAT CTG

GTG TCC TCC GTCTCATCT G

TCCTCCTCCTCGTCCTCGTT

GGTGTCTCATCTTCCGCTGTCT

GCA GCA ACG GTA ACA CGA ACG

CCAGTATGAGCGGAGTACAGAACA

CCG AAATGT GGA AGA CTG GAA CTC

CTTTGGAGGTAAGGTTGGAGGGAT

GTG TGA GGA GGT CCG TGA TG

ACT GTA GAG CCG TCC GAT AGG

GGC GGT GAA CGG CGG TCA

GCT CCA GCT CCA GTCTGT GTT GAT AC

ACCTCA GCG TCC TTC AGT GTT TAT GAT GCC

CAG CGT CGT CGT CAA CAA GCCAAG C

GCT GTC AAG GTG GCC CCA AAAG

CAA CAT TCA TGC GAG TTA CCCTTG GC

GCTATGGAGGCGGAGGAAGATAACA

GCAGAGTGATGAGGAAGAGAAGGATGAA

AGA CGA TGC CAG TGA AGA GGA TGA GT

CGA AGG AGG AGG CTG TGG ACC A

TCCTGCGGAATCCATGAGA

GACGTCGCACTTCATGATGCT
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4.2.5. Statistical analyses

Data pertaining to growth performance, blood biochemistry and gene
expression of the two fish strains in liver, white skeletal muscle and
adipose tissue were analyzed by Student’s t-test. Two way analysis of
variance (ANOVA) was carried out to analyze intestinal gene expression,
with both the intestine segment and the fish strain as sources of
variation. The significance level was set to P < 0.05 in all tests
performed. These analyses were conducted using SigmaPlot version 13.0
(Systat Software, San Jose, CA).

To confirm the genetic differentiation between both fish strain
used, the following log-linear model was used in SPSS software (IBM
Corp., Armonk, N.Y., USA) for statistical analysis when both
populations were compared for different microsatellite markers (referred

as factors A and B):

In f; = p + o+ B + ofy, where

f

ij

ip»
= is the expected frequency in row 7 column ; of the two-way
contingency table

n = is the mean of the logarithms of the expected frequencies

o, = is the effect of category 7 of factor A

B, = is the effect of category ; of factor B

af; = is the interaction term indicating the dependence of category 7 of
factor A on category j of factor B.

The genetic flow between populations was estimated through Fst (Nei,
1973), by using the GENEPOP software (Raymond and Rousset, 1995;
Rousset, 2008).
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4.3. Results

4.3.1. Growth performance and blood biochemistry

Data pertaining to growth performance and blood biochemistry of the
two genetically different (3.5% of genetic differentiation) strains are
shown in Table 4.5. Fish of strain 1 showed higher feed intake and grew
faster than fish of strain 2 with specific growth rates of 2.1 and 1.6,
respectively. Feed efficiency (FE) was also significantly improved (1.2-
fold higher) in fish of strain 1. Organosomatic indexes were determined
for viscera, liver and mesenteric fat as tissue to body weight ratios. The
resulting viscerosomatic (VSI) and mesenteric fat (MFI) indexes were
significantly lower in fish of strain 1, whereas the opposite was observed
for the hepatosomatic index (HSI). Regarding blood biochemistry,
significant effects of fish strain on circulating levels of hemoglobin,
glucose, GH and cortisol were not found. However, plasma levels of
cholesterol, proteins and IGF-I were higher in strain 1 fish than in strain

2 fish.
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Table 4.5 Growth performance and blood biochemistry of two different
gilthead sea bream strains fed to satiety over the course of 8-weeks (May-]July)
under natural light and temperature conditions. Data on body weight, feed
intake, and growth indices are the mean + SEM of triplicate tanks (25
fish/tank). Data on blood biochemistry, viscera, liver and mesenteric fat
weights are the mean = SEM of 12 fish (4 fish/tank; 12 fish/strain).

STRAIN 1 STRAIN 2 pr

Initial body weight (g) 151+£0.04  13.2%0.03 <0.001
Final body weight (g) 50.5+£0.60  32.3+0.03 <0.001
Feed intake (g DM/ fish) 4211020  27.5%£0.70 <0.001
SGR (%)? 2111002 157 %0.01 <0.001
FE (%)3 0.84 £0.01  0.69 £0.02 0.006
Viscera (g) 495%+0.17 397 %022 0.002
Liver (g) 1.06 £0.15  0.68 £ 0.03 <0.001
Mesenteric fat (g) 0.74+0.07 091 £0.10 0.181
VSI (Yo)* 9.28£0.18  10.1 £0.31 0.037
HSI (%)5 1.98+0.07 1.76 £ 0.07 0.05
MFT (%)° 138+ 0.12 229+ 022 0.002
Blood biochemistry

Haemoglobin (g/dL) 6.19+0.11 590 £ 0.24 0.281
Glucose (mg/dL) 438+ 147  442%213 0.431

Total cholesterol (mg/dL) 148.2 £8.46 100.2 £ 20.5 0.001

Total proteins (g/L) 454 + 1.41 39.0 + 0.86 <0.001
GH (ng/mL) 490+ 210  6.85%2.06 0.130
IGF-I (ng/mL) 575+ 412  28.8+3.88 <0.001
Corttisol (ng/mL) 122+ 3.01 14.1 £ 7.40 0.788

IResult values from t-test.

2Specific growth rate = 100 x (In final body weight - In initial body
weight/days).

3Feed efficiency = weight gain/dry feed intake.

4Viscerosomatix index = (100 x viscera weight)/fish weight.

SHepatosomatic index = (100 x liver weight)/fish weight.

tMesenteric fat index = (100 x mesenteric fat weight)/fish weight.
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4.3.2. Transcriptional profiling of liver, adipose tissue,

and skeletal muscle

Data regarding relative gene expression in liver, adipose and white
skeletal muscle tissue are shown in Table 4.6. To simplify the
visualization of the results, only fold-changes (calculated as the ratio
strain 1/strain 2) of differentially expressed genes are represented in Fig.
4.1. The exception is afg/, which is included in the graphical
representation of all tissues, although it’s overall increased expression in
fish of strain 1 was only statistically significant in skeletal muscle.

In liver (Fig. 4.1A), sir#7 and mitochondrial genes related to
oxidative metabolism, including markers of mitochondrial biogenesis and
glucose/fatty acid (FA) metabolism (pge7a), tricarboxylic acid (TCA)
cycle (), oxidative phosphorylation (OXPHOS; #d2, coxT),
mitochondrial FA transport and B-oxidation (¢#7a), were expressed at a
lower rate in fish of strain 1. The expression of the lipogenic ppary was
also lower in fish of strain 1. Conversely, the FA elongase e/ov/5 and the
delta 9-desaturase seda exhibited higher expression levels in the liver of
fish of strain 1. The same trend was observed for the intracellular
triacylglycerol lipase azg/, although the observed changes were not
statistically significant. In adipose tissue (Fig. 4.1B), sirt5, sirt6, and ppar
exhibited higher expression rates in strain 1 fish than in strain 2 fish. The
same trend was observed for afg/, although it was not statistically
significant. In the white skeletal muscle (Fig. 4.1C), higher /2
transcript abundance in fish of strain 1 occurred along with higher gene
expression levels of key genes of mitochondrial biogenesis (pgr/a), tissue

FA uptake (p)), lipid catabolism (afg/, pparn) and metabolism of



monounsaturated FAs (sed7a). Conversely, the expression rate of the

mitochondrial respiration uncoupling protein of skeletal muscle tissues
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(ugp3) was lower in fish of strain 1.

sirt1
pgcla
cptia
CcSs
nd2
cox1
ppary
elovl5
scd1a
atgl

sirt5

sirt6 -

ppara

atgl -

sirt2 -

pgcla

ucp3 -
ppara

scd1a

Ipl -

atgl

Figure 4.1 Fold-changes (strain 1/strain 2) of differentially expressed genes in
liver tissue (A), adipose tissue (B) and white skeletal muscle (C). The asterisks
indicate statistically significant differences (*P < 0.05, **P < 0.01) between
strains. Values >1 indicate up-regulated genes in fish of strain 1; values <1

Energy sensing
Oxidative metabolism

Mitochondrial respiration

uncoupling
Lipid metabolism

-2 -1 2 3

White skeletal muscle fold-change (strain 1/strain 2)

indicate down-regulated genes in fish strain 1.
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4.3.3. Transcriptional profiling of intestine

Results regarding the intestinal expression of genes related to
intermediary metabolism and intestine function and integrity are shown
in Table 4.7. The two-way ANOVA indicated that most genes included
in the intestine PCR-array were spatially regulated, with 30 genes out of
39 being differentially expressed along the intestine. A fish strain effect
was also observed for 19 genes in at least one intestine segment. In the
anterior intestine (Fig. 4.2A), the expression of sir#4 and ¢pt1a was lower
in strain 1 fish, but the opposite trend was found for the other
differentially expressed genes, including markers of enterocyte mass and
intracellular FA transport (fabp?2), epithelial barrier integrity (¢dhi, ¢dh17),
mucus production and Goblet cell differentiation (muc2, hes1-b) and
immunological/inflammatory status (i/15, cd8b, lgals1, lgals8, slgT, mlgT).
In the posterior intestine (Fig. 4.2B), the transcript abundance of
different SIRTs (sirt2, sirt3, sirt5, sirt7) was significantly higher in fish of
strain 1. This higher abundance occurred in combination with increased
expression of markers of OXPHOS (#d2), cell proliferation (pena) and
immunity (slgT, mIgT).
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Table 4.7 Relative mRNA expression of selected markers of intermediary
metabolism and intestine function and integrity in two different gilthead sea
bream strains. Values ate the mean * SEM of 6-9 fish. P-values are the result of
two-way analysis of variance. The asterisks indicate statistically significant
differences (* P<0.05, ** P<0.01, *** P<(.001) between strains in a given
intestine segment. All data values for each tissue were in reference to the
expression level of sir/7 of STRAIN 1 in the anterior intestine segment with an
arbitrary assigned value of 1.

Anterior intestine Posterior intestine P-value

STRAIN 1 STRAIN 2 STRAIN 1 STRAIN 2 Int. Section Strain Interaction
sirt] 1.02 + 0.09 0.97 £ 0.08 1.30 £ 0.09 1.12 £ 0.06 0.019 0.174 0.432
sirt2 1.17 £ 0.06 1.01 £ 0.04 1.31 £0.07¢  1.02 +0.07 0.233 0.003 0.301
sirt3 0.28 + 0.02 0.28 + 0.04 0.37 £0.03*  0.24 £0.03 0.453 0.046 0.061
sirtd 0.19 £ 0.01%+¢ 0.30 £ 0.03 0.14 £ 0.02 0.14 £ 0.01 <0.001  <0.001 <0.001
sirt5 0.87 £ 0.07 0.79 £ 0.07 1.24£0.14*  0.77 £ 0.06 0.070 0.008 0.047
Ssirt6 0.17 £ 0.01 0.16 £ 0.01 0.21 £ 0.02 0.18 £ 0.01 0.047 0.148 0.635
sirt7 0.26 £ 0.01 0.26 £ 0.02 0.41 £0.03*  0.31 £0.01 <0.001 0.013 0.018
pgcle 3.18 £0.19 3.24 047 2.66 £ 0.17 223 +0.20 0.007 0.442 0.333
cptla 6.36 = 0.40%* 8.43 £ 0.32 4.82+0.19 431+ 045 <0.001 0.037 0.002
cs 3311+£223 37.7%1.65 153 £ 1.75 13.3£0.90 <0.001 0.475 0.088
nd2 1181 +6.11 1167 £9.02 1125+ 11.7% 73.8 £5.35 0.012 0.031 0.042
coxl1 279.5+242 281.7+22.6 463.9%372 3831%51.6 0.001 0.277 0.253
ucpl 6.41+0.78 437 +£1.03 276 £1.19 2.95+0.91 0.024 0.375 0.288

5.63 £0.39 523 +0.30 5.08 £ 0.58%  2.64 £ 0.46 0.003 0.006 0.038
ocln 473+ 0.63 4.34+0.48 9.08 £1.73 114 £1.33 <0.001 0.409 0.247
cldnl5 29.0 £ 3.70 26.0 £ 2.72 54.8 £10.8 60.7 £9.81 <0.001 0.843 0.562
cdhl 16.2£1.52¢ 125+ 0.99 121 +£222 15.0 £ 1.41 0.606 0.786 0.043
cdhl7 57.5%6.76* 3941316 28.11£955 27.8+1.68 0.001 0.124 0.136
alpi 119.6 £ 132 1063 +£175 194+ 6.24 234+ 1.89 <0.001 0.699 0.473
fabpl 67.4 £5.48 75.0 £5.98 2021128 19.5 £ 6.25 <0.001 0.674 0.609
fabp2 306.4 £ 49.2% 1592+ 327 83.8+ 474 97.6 = 29.0 0.001 0.103 0.051
fabp6 - - 2491.5 £ 995.1 1744.5 + 331.7 <0.001 0.460 0.460
muc2 39.1 £4.97%  26.8 £2.66 39.6+12.8 323+3.23 0.6601 0.162 0.716
mucl3 82.6 + 7.89 95.0 £ 24.3 925+ 274 76.6 = 5.89 0.822 0.925 0.460
hes1-b 294 £0.34* 1.88+0.17 3.11 £ 0.61 3.93 £ 0.64 0.029 0.802 0.061
tnfx 0.12 £ 0.02 0.08 = 0.01 0.18 £ 0.05 0.16 £ 0.02 0.014 0.355 0.619
g 0.03 £ 0.01*  0.02£0.0 0.05 £ 0.01 0.06 = 0.01 <0.001 0.672 0.070
i6 0.01 £ 0.0 0.02 £ 0.0 0.02 £ 0.01 0.02 £ 0.00 0.134 0.486 0.725
8 0.21 £ 0.03 0.22 £ 0.05 0.37 £ 0.09 0.31 £0.03 0.046 0.679 0.563
10 0.12 £ 0.01 0.11 £ 0.01 0.36 £ 0.12 0.22 £ 0.03 0.004 0.192 0.242
cd4 0.26 = 0.04 0.22 £ 0.03 0.71 £ 0.15 0.60 = 0.05 <0.001 0.363 0.653
cd8a 0.54 + 0.09 0.36 = 0.04 0.95+0.23 0.79 £ 0.13 0.004 0.233 0.956
cd8b 0.07 £ 0.01*  0.04 £ 0.01 0.13 £ 0.04 0.11 £ 0.03 0.006 0.275 0.915
lgals1 5.68 £ 0.44%%% 249 + 0.49 12.0 + 2.44 12.8 £ 1.64 <0.001 0.428 0.210
Igals8 397 £ 0.34% 281 %021 5.70 £ 0.95 6.38 = 0.81 <0.001 0.721 0.168
slgM 1.71 £ 0.67 1.60 + 0.53 3.69+£1.53 327 £ 0.84 0.069 0.786 0.872
slgT 0.04 £ 0.01*  0.02£0.0 0.07 £0.03*  0.01£0.0 0.335 0.004 0.152
migM 0.13 £ 0.03 0.11 £ 0.02 0.52£0.13 0.37 £ 0.05 <0.001 0.235 0.412
mlgT 0.20 £0.02¢*  0.12+0.03 0.90 £0.20%  0.32+0.05 <0.001 0.002 0.013
slgM/ mIgT 102 % 3.71 12.9 £ 2.89 3.51+1.93 8.32+2.18 0.050 0.186 0.706
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Figure 4.2 Fold-changes (strain 1/strain 2) of differentially expressed genes in
the anterior (A) and posterior (B) intestinal segments. The asterisks indicate
statistically significant differences (*P < 0.05, **P < 0.01, **P < 0.001)
between strains. Values >1 indicate up-regulated genes in fish of strain 1; values
<1 indicate down-regulated genes in fish strain 1.
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4.4. Discussion

It is now recognized that SIRT' protect cells from ROS-induced damage
across a wide range of biological systems, although the fine regulation of
their expression and activity in maintaining cellular homeostasis is not
fully understood (Santos et al., 2016). The ultimate mechanisms driving
these processes at the cellular level were not addressed in this fish study.
However, the integration of transcriptomic profiles from two genetically
different gilthead sea bream strains with differences in growth
performance contributes to linking the molecular signature of SIRTSs to
downstream markers of energy and lipid metabolism and
immunological/inflammatory status, which allows for improvement in
intestinal health and more efficient nutrient utilization. Certainly, in our
experimental model, the highest feed intake and FE of fish from strain 1
was related to changes in blood-biochemical indicators of nutritional
condition, such as total plasma protein and cholesterol levels, as
previously reported for this (Sala-Rabanal et al., 2003; Peres et al., 2013)
and other fish species (Congleton and Wagner, 2006; Chatzifotis et al.,
2010). The same relationship held true for markers of the GH/IGF axis,
and we found that plasma level of IGF-I closely reflected differences in
growth potentiality between fish strains, as previously observed when
comparing the growth performance of gilthead sea bream with that of
the stress sensitive common dentex (Bermejo-Nogales et al., 2007).
Experimental evidence regarding the gilthead sea bream also indicates
that IGF-I is highly responsive to changes in growth performance due to
biotic and abiotic factors, including season and developmental stage

(Mingarro et al., 2002; Saera-Vila et al., 2007), ration size (Pérez-Sanchez
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et al., 1995), crowding and handling stress (Rotllant et al., 2001), physical
activity (Vélez et al., 2016), hypoxia (Martos-Sitcha et al., 2017) and
dietary protein and lipid source (Gémez-Requeni et al., 2004; Benedito-
Palos et al., 2007; Ballester-Lozano et al., 2015; Sim6-Mirabet et al.,
2017b). Most of these changes in circulating levels of IGF-I are inversely
correlated with plasma levels of GH due to the IGF-I feedback
inhibition of pituitary GH synthesis and secretion (Pérez-Sanchez, 2000).
The same trend was observed herein, although it was not statistically
significant. However, it is noteworthy that the trend occurred along with
changes in organosomatic indexes, which suggests an enhanced flux of
lipids from mesenteric adipose tissue toward the liver and perhaps
skeletal muscle. This flux would be mediated, at least in part, by the
lipolytic action of GH, which protects tissues from excessive lipid
deposition when energy is largely available (Pérez-Sanchez, 2000).

The liver is a key metabolic organ with a remarkable capacity for
regeneration based on the assumption that hepatocytes sense changes in
metabolic loads and react to buffer them, counteracting, for instance, the
risk of hepatic steatosis (Hohmann et al, 2014). Certainly, in our
experimental model, different anti-steatosic mechanisms could be
triggered with the increase in HSI and feed intake in the fast-growing
fish strain. First, the FA elongase ELOVLS5 is known to control hepatic
triglyceride (T'G) storage in higher vertebrates, and a modest increase in
hepatic ELOVL5 activity in obese mice dramatically reduced hepatic
TGs (Tripathy et al.,, 2014), whereas knockouts of this gene promoted
fatty livers (Moon et al., 2009). In obese mice, the effects of this enzyme
on TG metabolism are linked to the increased activity of adipocyte TG

lipase without affecting FA B-oxidation (Tripathy et al, 2014). This
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metabolic situation is similar to that emerging from our gene expression
profiling in livers of fish from strain 1, with increased elov/5 and atg/
expression in combination with low expression of ¢p#7a, a key step in the
mitochondrial uptake of FAs for B-oxidation. Concurrently, these fish
showed a reduced expression of the lipogenic transcription factor ppary
(Schadinger et al.,, 2005). Because lipogenesis is considered the most
energy-demanding process in liver tissue (Rui, 2014), the probable
inhibition of this metabolic pathway was also substantiated by a reduced
expression of 1) master regulators of mitochondrial biogenesis and
activity (pgelo), ii) key enzymes (es) of the TCA cycle and iii) enzyme
subunits of Complexes 1 (#d2) and IV (cox7) of the mitochondrial
respiratory chain. In previous gilthead sea bream studies, pgr/a has been
targeted as a gene showing a high hepatic response to thermal and
husbandry stressors (Bermejo-Nogales et al., 2014). Moreover, the
down-regulation of pgrfa during the fasting inhibition of hepatic
lipogenesis has been related to a marked down-regulation of nearly all
the components of the OXPHOS pathway (Bermejo-Nogales et al.,
2015), several FA elongases (elov/, elovl5, elovl6), and FA desaturases with
A6 (fasd2) and A9 (sed1a and sed1b) activities (Benedito-Palos et al., 2014).

In the present study, we also observed that the expression of
hepatic scd7a was higher in fish of strain 1, which would prevent the
lipotoxic effect of saturated FAs by favoring their conversion to more
safely stored mono-unsaturated FAs (Li et al., 2009; Silbernagel et al.,
2012). Therefore, at the liver tissue level, different adaptive mechanisms
might act in concert to mitigate the detrimental metabolic effects of
enhanced feed intake and tissue lipid storage. How this mechanisms are

coupled to SIRT regulation remains unclear; however, the co-regulated
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down-regulation of sr#1 and pgelo in the liver tissue of fish of strain 1 is
noteworthy, as it could be indicative of a reduced energy demand,
oxidative metabolism and oxidative stress, as widely demonstrated in
rodents (Gerhart-Hines et al., 2007; Austin and St-Pierre, 2012; Santos et
al., 2016). The hepatic SIRT profile in response to the enhanced growth
of fish of strain 1 (low sr#1 expression with no changes in the expression
of the other sirts) was clearly opposite to that found during short-term
fasting (no changes in si7#7 expression in combination with an overall
down-regulation of sir#2 to sirt6) (Simo6-Mirabet et al., 2017a). This effect
might reflect the complementarity rather than the redundancy of SIRT
actions when organisms are facing different types of increased energy
demand (i.e., fasting vs. fast growth).

Adipose tissue plays a central role in regulating whole body lipid
and energy homeostasis, and it undergoes continuous lipid trafficking to
different metabolically active tissues, mostly liver and muscle (Hodson
and Fielding, 2010). In our experimental model, the number of
differentially expressed genes at the adipose tissue level was relatively
low. However, the low MFTI of fish of strain 1 suggests an increased flux
of FAs from adipose tissue toward liver and muscle rather than low lipid
deposition rates. Certainly, ATGL encodes for an intracellular TG lipase
that is a key enzyme for both lipid storage and mobilization (Schweiger
et al., 2006; Hodson and Fielding, 2010), and its increased expression at
the adipose tissue level is typical of a lean phenotype in mice (Shimizu et
al,, 2015). In the present study, we only found a modest up-regulation of
atg/ in the adipose tissue of fish of strain 1, but this up-regulation
occurred in association with the up-regulation of sir#6. Fat-specific Sirt6

KO mice promoted high fat-diet induced obesity by impairing ATGL
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expression inhibiting the lipolytic activity. In addition, adipose SIRT6
level is decreased in obese human patients (Kuang et al., 2017). Our fast-
growing fish also exhibited other lipolytic features such as a high pparx
expression, which prevents obesity in mice (Guerre-Millo et al., 2000)
and chickens (Ji et al., 2014). Then, the lipolytic state of fish of strain 1
could be mainly orchestrated by the up-regulation of s7#5 and sirf6,
whereas short-term fasting up-regulated si7#7 and down-regulated sir72
and sirt7 (Simo6-Mirabet et al., 2017a). Because most lipolytic factors,
including PPARa (Delerive et al., 2001; Wahli and Michalik, 2012) and
SIRT5-6 (Kuang et al., 2017; Wang et al., 2017) have anti-inflammatory
effects, the lean phenotype is largely recognized as a healthy condition in
a wide range of animals. Certainly, measures of lean fish based on gross
measurements of body fat are currently used in breeding selection
programs to produce more efficient fish (Kause et al., 2016); we consider
that such approaches can be refined and improved by the gene
expression profiling of SIRTs and other metabolic biomarkers of adipose
tissue.

White skeletal muscle accounts for up to 60% of the body weight
of fish (Johnston et al., 2011) and is a high energy consumer during
growth. In the present study, the differences observed in gene expression
pattern of white skeletal muscle between strains suggest that the fast-
growing strain was metabolically more active and efficient than fish of
strain 2. Notably, the muscle of fast-growing fish exhibited high
expression levels of pgrfa, a well-recognized marker of increased
mitochondrial activity and thereby aerobic oxidative capacity (Austin and
St-Pierre, 2012; Wenz, 2013). This finding is in contrast to the

observations of Robledo et al. (2017) in turbot indicating the up-
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regulation of the glycolytic pathway in the muscle of selected fast-
growing fish, which could reflect changes in energy demand as well as in
swimming and feeding behavior. While the increased pge/o expression in
fast-growing fish did not occur along with changes in OXPHOS gene
expression, it is known that PGCla-mediated enhance of oxidative
capacity may result from an increase in the number of mitochondria
(Srivastava et al., 2009) or from the effects of PGCla on the activity of
the enzymes (Austin and St-Pierre, 2012) without altering OXPHOS
gene expression. In accordance with the suggested increased oxidative
capacity of strain 1, we observed indication of enhanced FA oxidation,
such as higher expression of genes coding for enzymes (/p/ and a#g) and
transcription factors (pparx) involved in lipoprotein metabolism, tissue
FA uptake and TG catabolism. The up-regulation of this lipolytic
machinery is a well-known process in both gilthead sea bream and
European sea bass during fasting (Benedito-Palos et al., 2014; Rimoldi et
al., 2016), which supports the notion that both fasting and enhanced
growth are highly demanding energy processes for skeletal muscle.
Moreover, the better performance of fish of strain 1 was associated to a
down-regulation of the muscle-specific uncoupling protein 3 (#¢p3). Both
in fish and other vertebrates, nutrient and energy overflow activates UCP
for protecting mitochondria against oxidative stress (Bermejo-Nogales et
al., 2011). Our results may indicate higher metabolic efficiency through a
more coupled respiration in this strain, and agree with a higher oxidative
capacity. Improved oxidative capacity in higher vertebrates (e.g., through
endurance training) down-regulates UCP3 (Schrauwen-Hinderling et al.,
2003). Experimental evidence in humans and rodents indicates that

SIRT2 integrates changes in energy demand, lipid oxidation and redox
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homeostasis by increasing FAs oxidation via activation of PGCla
(Krishnan et al., 2012) and activating ROS-scavenging enzymes (Austin
and St-Pierre, 2012). Physiological studies in humans also reveal a
regulatory role of SIRT2 in muscle stem cell proliferation and
differentiation (Dryden et al., 2003; Wu et al., 2014; Stanton et al., 2017).
Single nucleotide polymorphism of SIRT2 has also been associated with
different body size traits in Quinchuan cattle (Gui et al, 2015).
Importantly, we herein found that the expression of muscle w722 was
markedly up-regulated in the fast-growing fish strain, whereas it remains
mostly unaltered during short-term fasting (Simo6-Mirabet et al., 2017a).
All of these findings provide further evidence of a differential regulation
of cell energy sensors depending on the intensity and type of the energy-
demanding stimuli.

The intestinal tract is involved not only in digestion and feed
absorption but also in water and electrolyte balance, nutrient sensing and
immunity (Cain and Swan, 2010). This diversity is now starting to be
elucidated, and microarray gene expression profiling of European sea
bass intestine revealed pronounced spatial transcriptional changes with
an over-representation of nutrient transporters and mucosal
chemosensors of intestinal motility and secretion in anterior-medium
intestine segments, whereas immunity markers are highly over-expressed
in the posterior intestine segment (Calduch-Giner et al., 2016). This
expression pattern has also been inferred for gilthead sea bream in both
this and previous studies (Pérez-Sanchez et al., 2015; Estensoro et al.,
2016; Simo6-Mirabet et al., 2017b) using intestinal PCR-arrays of selected
markers of intestinal architecture and function. Moreover, the expression

pattern of the fast-growing strain appears to be better suited to cope
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with enhanced feed intake and growth rates, as inferred by the up-
regulated expression in the anterior intestine segment of genes involved
in cell adhesion and epithelial integrity («h! and «dh17), mucus
production (mu¢2), Goblet cell differentiation (bes7-b) and FA transport
(fabp2). Intriguingly, this molecular feature is concurrent with the down-
regulation of si7#4. Unlike other SIRT family members, SIRT4 exhibits
no deacetylation activity, and this novel regulator of lipid homeostasis is
active in nutrient replete conditions for repressing FA oxidation while
activating lipogenesis (Laurent et al., 2013). Accordingly, SIRT4
knockdown leads to increased FA oxidation in liver and muscle tissues
(Nasrin et al., 2010), and low circulating levels of SIRT4 mirror attempts
to increase FA oxidation in obese humans (Tarantino et al., 2014). To
our knowledge, few studies have addressed the regulation of SIRT4 at
the intestine level. However, the intestinal down-regulation of sir# in
fast-growing fish with enhanced feed intake might indicate a protective
mechanism for avoiding the damaging effects of excessive accumulation
of lipid droplets in enterocytes, which would be counter-regulated by the
reduced expression of ¢p#1a, a key limiting enzyme of mitochondrial FA
uptake and [-oxidation. Together, these results highlight the potential
use of intestinal SIRT4 as a biomarker of diagnostic as well as predictor
of growth potentiality and nutritional condition, particularly when used
in combination with other nutritionally regulated biomarkers of blood
biochemistry and tissue histopathological data scoring (Ballester-Lozano
et al., 2015).

Regarding markers of cell proliferation and immunity, we also
observed different gene expression patterns across the intestine of fish

with differences in growth performance. A significant increase in the
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expression of both secreted and membrane Igl" was observed in fast-
growing fish. I¢I" is the key mucosal immunoglobulin in teleost fish
(Zhang et al., 2010), and the importance of its fine regulation upon
infection has been recently described in fish with different nutritional
backgrounds (Piazzon et al., 2016). There is also evidence of enhanced
expression of IgT in the intestine of fish fed with the probiotic Bacillus
amyloliguefaciens CET 5940 (Simo6-Mirabet et al., 2017b), leading to better
disease outcomes in fish challenged with the intestinal parasite
Enteromyscum leei (Plazzon et al., 2016). Because anti-inflammatory action
has been reported in rodents and humans for most SIRT isotypes,
including SIRT2 (Wang et al., 2016), SIRT3 (Liu et al., 2012, 2015),
SIRT5 (Tannahill, 2013; Qin et al., 2017) and SIRT7 (Vakhrusheva et al.,
2008), their enhanced expression in the posterior intestine of gilthead sea
bream can be considered a preventive response to keep regulated the
immune system of fish with a pre-stimulatory condition, as determined
by the enhanced expression of markers of OXPHOS pathway (#d2) and
cell proliferation (pena). Likewise, in the intestine of gilthead sea bream,
the anti-inflammatory action of the Bacillus probiotic was related to an
overall decrease in SIRT gene expression for sirtl, sirt2, sirt3, and sirt7
(Sim6-Mirabet et al., 2017Db).

In summary, as shown in Fig. 4.3, this study illustrates the
metabolic crosstalk among different tissues, identifying metabolic
features that led to a lean, fast-growing and feed-efficient fish phenotype.
These metabolic features are accompanied by tissue-specific mechanisms
that would protect the organisms against possible lipotoxicity, oxidative
stress and inflammation, processes that are related to a particular tissue-

specific SIRTs expression pattern. Accordingly, in our model of fast-
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growing fish, several SIRT isotypes may play anti-inflammatory roles in
the intestine (sz7#2, 3, 5, and 7) and adipose tissue (sz7#5 and 6), also
favoring an increased flux of lipids from adipose tissue toward the liver
and perhaps skeletal muscle. At the same time, high expression levels of
sirt2 may play a role in accelerated muscle growth in combination with an
enhanced FA oxidative capacity and reduced hepatic lipogenesis, which
might be sensed by reduced hepatic 77 expression. As is typical in
terrestrial livestock animals, lean farmed fish appear to be highly efficient
and visceral fat content is currently used for indirect selection of
improved feed conversion ratio in salmonids (Kause et al., 2016). The
advantage of using SIRTs and SIRT-related biomarkers has been
discussed to improve and refine the genetic selection programs of
farmed fish to finely discriminate among low fat measurements that may
arise from reduced feed intake, nutritional imbalances or any other
metabolic dysfunction. However, further research is still needed to
clarify whether differences in the SIRT profile between fish strains
results from genetic or epigenetic sources of variation affecting the
regulation of SIRTSs at the transcriptional or protein level, or from the

action of other genes leading to different pathways upstream of SIRTS.
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INTESTINE: Improved functionality and health
V sirt4 (Al), P sirt2, sirt3, sirt5, sirt7 (Pl)
M Nutrient absorption and mucosal integrity (fabp2, cdh1, cdh17) (Al)
N Mucosal immunity (il1b, cd8b, Igals1, Igals8) (Al), (sigT, migT) (Al and PI)
/M Cell proliferation (pcna) and oxidative metabolism (nd2) (P1)

LIVER (high HSI): Anti-

steatosic features .
et ADIPOSE TISSUE (low MFI): | [ WHITE SKELETAL MUSCLE:
1 Oxidative metabolism Lipid mobilization iffs'fr’;"t PR
(pgcla, cptla, cs, nd2, cox1) M sirt5, sirt6 i i . _— X
U Lipogenesis (ppary) 4 Lipolytic status (ppara, atgl) ™ Mllolcondnal acm;l;y a’ruli (»;udlauve capacity
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Figure 4.3 Tissue-specific expression patterns of SIRTs and the inferred
metabolic features leading to a fast-growing and lean phenotype in gilthead sea
bream. Arrows indicate the direction of change in metabolic processes and
expression of the indicated genes. Only the genes that are the most informative
about these metabolic features are shown in parentheses. HSI, hepatosomatic
index; MFI, mesenteric fat index; FI, feed intake; SGR, specific growth rate;
FE, feed efficiency; IGF-1, plasma insulin growth factor-1; FA, fatty acid; Al,
anterior intestine; PI, posterior intestine; TG, triglyceride. For gene names, refer
to Table 4.1.
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Feed additives and sirtuins

Abstract

Background. The increased demand for fish protein has led to the
intensification of aquaculture practices which are hampered by
nutritional and health factors affecting growth performance. To solve
these problems, antibiotics have been used for many years in the
prevention, control and treatment against disease as well as growth
promoters to improve animal performance. Nowadays, the use of
antibiotics in the European Union and other countries has been
completely or partially banned as a result of the existence of antibiotic
cross-resistance. Therefore, a number of alternatives, including enzymes,
prebiotics, probiotics, phytonutrients and organic acids used alone or in
combination have been proposed for the improvement of
immunological state, growth performance and production in livestock
animals. The aim of the present study was to evaluate two commercially
available feed additives, one based on medium-chain fatty acids
(MCFAs) from coconut oil and another with a Bacz//us-based probiotic, in
gilthead sea bream (GSB, Sparus anrata), a marine farmed fish of high
value in the Mediterranean aquaculture.

Methods. The potential benefits of adding two commercial feed
additives on fish growth performance and intestinal health were assessed
in a 100-days feeding trial. The experimental diets (D2 and D3) were
prepared by supplementing a basal diet (D1) with MCFAs in the form of
a sodium salt of coconut fatty acid distillate (DICOSAN®™; Norel,
Madrid, Spain), rich on C-12, added at 0.3% (D2) or with the probiotic
Bacillus amyloliguefaciens CECT 5940, added at 0.1% (ID3). The study

integrated data on growth performance, blood biochemistry, histology

171



172

Capitulo 5

and intestinal gene expression patterns of selected markers of intestinal
function and architecture.

Results. MCFAs in the form of a coconut oil increased feed intake,
growth rates and the surface of nutrient absorption, promoting the
anabolic action of the somatotropic axis. The probiotic (D3) induced
anti-inflammatory and anti-oxidant effects with changes in circulating
cortisol, immunoglobulin M, leukocyte respiratory burst, and mucosal
expression levels of cytokines, lymphocyte markers and immunoglobulin
T.

Discussion. MCFA supplementation showed positive effects on GSB
growth and intestinal architecture acting mainly in the anterior intestine,
where absorption takes place. The probiotic B. amyloliquefaciens CECT
5940 exhibited key effects in the regulation of the immune status
inducing anti-inflammatory and anti-oxidant effects which can be
potentially advantageous upon infection or exposure to other stressofs.
The potential effects of these feed additives in GSB are very promising

to improve health and disease resistance in aquaculture.

Keywords: Medium-chain fatty acid; Teleost; Probiotic; Intestinal
health; Bacillus amyloliquefaciens; DICOSAN.
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5.1. Introduction

Aquaculture is an expanding industry with 73.8 million tonnes produced
globally in 2014 (FAO, 2016). The increased demand for fish protein has
led to the intensification of aquaculture practices increasing the risk of
infectious diseases (Segner et al., 2012). In this regard, the growth of the
aquaculture industry is hampered by nutritional and health factors which
affect growth performance. To sort out these problems, antibiotics have
been used for many years in the prevention, control and treatment
against disease as well as growth promoters to improve animal
performance (Done, Venkatesan & Halden, 2015). However, due to the
occurrence of antibiotic cross-resistance, the European Union and other
countries have completely or partially banned their use for growth and
disease prevention purposes (January 2006; Regulation 1831/2003/EC).
Hence, a number of alternatives, including enzymes, prebiotics,
probiotics, phytonutrients and organic acids used alone or in
combination have been proposed for the improvement of host immunity
or animal growth and production (Seal et al., 2013).

The use of organic acids as feed additives has been in progress
for over four decades, and several studies have proved their
antimicrobial and growth-promoting action in swine and poultry
(Suiryanrayna & Ramana, 2015; Khan & Igbal, 2016). Currently, there is
also commercial and research interests in the use of organic acids in
aquafeeds to improve growth performance, nutrient utilization and
disease resistance in commercially important farmed fish. Many studies
have reported that some short-chain fatty acids (SCFAs) and their salts

or mixtures can significantly enhance growth performance and health
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status of fish (Ng & Koh, 2016) or be beneficial in reverting detrimental
effects produced by low inclusion levels of fish meal and fish oil
(Benedito-Palos et al., 2016; Estensoro et al., 2016). Another type of
organic acids often used as nutritional supplements are medium-chain
fatty acids (MCFAs), which are highly abundant in oil distillates from
coconut oil, palm kernels and milk. MCFAs have been suggested to have
a role in immunological regulation (Wang et al., 20006), antibacterial
activity (Bergsson et al., 2001; Skfivanova et al., 2009) and can also
improve gut development, enhancing performance in piglets
(Hanczakowska et al, 2016). The physiological consequences of
supplementing fish aquafeeds with medium-chain triglycerides are pootly
studied. However, a recent study in GSB demonstrated the up-regulation
of different immune-related genes in skin of fish feed with a palm oil-
supplemented diet, which could be considered a good mechanism to
enhance humoral immunity in fish skin (Cerezuela et al., 2016). In the
same way, stimulation of several immune parameters has been detected
in Buropean sea bass (Duentrarchus labrax) ted with a diet enriched with
extracts obtained from the date palm fruits (Guardiola et al., 2016).
Another potential strategy to replace antibiotics is the use of
probiotics. Although the first application of probiotics in aquaculture
feeds was more than three decades ago, their use has recently regained
considerable attention due to their ability to act as growth promoters and
their positive effects in disease control, nutrient digestion, reproduction,
stress tolerance as well as in the improvement of water quality
(Zotrriehzahra et al., 2016). Among probiotics, the genus Bacillus has been
used in humans and animals due to their ability to produce antimicrobial

substances and their sporulation capacity, conferring them a double
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advantage in terms of survival in different habitats (Abriouel et al., 2011).
Specifically, the spores of Bacillus ampyloliquefaciens have been used as
probiotics in poultry feeds, because they reduce the effect of pathogenic
bacteria such as Clostridium perfringens, Escherichia coli and Yersinia and thus
decrease poultry mortality (Diaz, 2007; Commission Regulation (EC)
No. 1292/2008). Among the few studies addressing the use of B.
amyloliguefaciens in aquafeeds, improved growth performance (Ridha &
Azad, 2012) and enhanced immune status and disease resistance (Selim
& Reda, 2015) have been described in Nile tilapia (Oreochromis niloticus).
Similar results have also been reported for FEuropean eel (Anguilla
anguilla) (Lu et al., 2011), catfish (Ietalurus punctatus) (Ran et al., 2012) and
Indian major carp (Catla catla) (Das et al., 2013).

The aim of the present study was to evaluate the potential
benefits of two commercially available feed additives, one based on
MCFAs from coconut oil and another a Baci//us-based probiotic, in GSB,
a marine farmed fish of high value for the Mediterranean aquaculture. To
pursue this issue, we assessed their effects on growth performance and
intestinal health in a 14-weeks feeding trial. To our knowledge, this is the
first report addressing in the same study the effects of MCFAs with great
growth-promoting action, and a Bacillus-based probiotic with promising

effects on immune maintenance and disease resistance in a farmed fish.

5.2. Material and methods

5.2.1. Experimental diets

The basal control diet (D1) and two different experimental diets (D2,

D3) were formulated and delivered by SPAROS LDA (Portugal) (Table
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5.1). D1 diet (45% protein and 18% fat) contained fish meal, blood
proteins and poultry meal as the main source of dietary proteins. Plant
ingredients as a blend of soy protein, wheat gluten, corn gluten, soybean
meal, rapeseed meal, wheat meal and pea starch were included at 42%.
Fish oil (SAVINOR, Portugal) was added at 13.9%. The experimental
diets (D2 and D3) were prepared by supplementing D1 diet with two
different commercial preparations: (i) medium-chain fatty acids in the
form of a sodium salt of coconut fatty acid distillate (DICOSAN®,
Norel) rich on C-12 was added as a powder to D2 diet at 0.3%; (ii) the
probiotic Bacillus amyloliquefaciens CECT 5940 was added “top coated” to
D3 diet, being mixed with oil and sprayed at the appropriate rate to
match the final dose at 0.1%. All diets were supplemented with
antioxidants, a mineral-vitamin mix and DL-methionine.

Table 5.1 Experimental diet composition. Ingredients of basal/control diet
(D1). Experimental diets were formulated on the same composition of D1 with

0.3% DICOSAN for diet D2 or 0.1% probiotic (Bacillus amyloliguefaciens) for diet
D3.

Ingredient (%) D1
Fishmeal LT Diamante 7.5
Fishmeal 60 20
CPSP 90 2.5
Porcine blood meal 5
Poultry meal 65 7
Soy protein concentrate 5
Wheat Gluten 6
Corn gluten 5
Soybean meal 48 9
Rapeseed meal 5
Wheat meal 7
Pea starch 5
Fish oil - SAVINOR 13.9
Vit & Min Premix 1
Binder (Kieselghur) 0.5
Antioxidant powder (Paramega) 0.2
Sodium propionate 0.1
DI-Methionine 0.3
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5.2.2. Fish, feeding trial and sampling collection

Juvenile GSB of Atlantic origin (Tina Menor, Santander, Spain) of 4-5 g
initial body weight (May 2015) were acclimatized for more than two
months to the indoor experimental facilities of the Institute of
Aquaculture Torre de la Sal (IATS-CSIC, Spain). During this initial
period, fish were fed with standard diets (Inicio Forte 824 1.9 mm;
BioMar, Duefias, Spain). Then, fish of 29.6 = 0.32 g initial mean body
weight (ESEM) were distributed in 500 1 tanks in triplicate groups of 50
fish each. Each experimental diet was offered to visual satiety (one time
per day) six days per week from June to August and five days per week
from September to October in a 100-days feeding trial. Feed intake was
recorded weekly and fish were counted and group-weighed every 4-6
weeks. Oxygen content of outlet water remained higher than 75%
saturation, and day-length and water temperature followed the natural
changes at IATS latitude (40°5°’N; 0°10’E), varying from 24 °C in later
June to 22 °C in early October with a maximum peak of 28 °C at the end
of July.

At the end of the trial, overnight fasted fish (6 fish per tank, 18
per experimental condition) were randomly sampled and anaesthetized
with 3-aminobenzoic acid ethyl ester (MS-222, 0.1 ¢/1; Sigma, St. Louis,
MO, USA) for blood and tissue collection. Blood was quickly drawn
from caudal vessels with heparinized syringes. One aliquot was directly
used for measurements of leukocyte respiratory burst and
hematocrit/hemoglobin determinations. The remaining blood was
centrifuged at 3,000 x g for 20 min at 4 °C, and plasma samples were
frozen and stored at -80 °C until biochemical and immunological assays

were done. Prior to tissue collection, anaesthetized fish were killed by
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cervical section, and liver, viscera and mesenteric fat were weighed.
Intestine was taken for weight and length measurements. Representative
portions of anterior and posterior intestinal segments were rapidly taken,
frozen in liquid nitrogen and stored at -80 °C until RNA isolation.
Additional samples of liver and intestinal segments were taken for
histological processing.

All procedures were approved by the Ethics and Animal Welfare
Committee of the Institute of Aquaculture Torre de la Sal according to
national (Royal Decree RD53/2013) and EU legislation (2010/63/EU)

on the handling of experimental animals.

5.2.3. Hematological, biochemical and immunological

blood analyses

Hemoglobin concentration was determined with a HemoCue B-
Hemoglobin Analyser® (Aktiebolaget Leo Diagnostics, Helsigborg,
Sweden), which uses a modified azide methemoglobin reaction for Hb
quantification. The hematocrit (Hc) was measured after centrifugation of
blood in heparinized capillary tubes at 13,000 x g for 10 min. Plasma
glucose was determined by the glucose oxidase method (ThermoFisher
Scientific, Waltham, MA, USA) according to manufacturer’s instructions.
Plasma triglycerides (TGs) were determined using lipase/glycerol
kinase/glycerol-3-phosphate oxidase reagent (ThermoFisher Scientific,
Waltham, MA, USA). Total cholesterol was measured using cholesterol
esterase/cholesterol dehydrogenase reagent (ThermoFisher Scientific,
Waltham, MA, USA). Total plasma proteins were measured using
BioRad protein reagent (Hercules, CA, USA) with bovine serum albumin

as standard. Total antioxidant capacity was measured as Trolox activity
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using a microplate assay kit (709,001, Cayman Chemical, Ann Arbor, MI,
USA).

Induction of the respiratory burst (RB) activity of blood
leukocytes was measured directly from heparinized blood as previously
reported (Saera-Vila et al., 2009). Briefly, 4 ul of heparinized blood were
diluted with 96 ul Hank’s balanced salt solution pH 7.4 with calcium and
magnesium (HBSS++; Gibco, ThermoFisher Scientific, Waltham, MA,
USA) in duplicates in white 96 well plates (NUNC). One hundred ul of a
luminol (Fluka, Sigma, St. Louis, MO, USA) solution 2 mM in borate
buffer (0.2 M pH 9.2) with 2 pg/ml phorbol myristate acetate (PMA,
Sigma, St. Louis, MO, USA) were added to each well and the
luminescence was measured immediately every 3 min for 1 h at 25 °C in
a microplate luminescence reader (Ultra Evolution; Tecan, Minnedorf,
Ziurich, Switzerland). The integral luminescence in relative light units
(RLU) was calculated using HBSS++ as a blank.

Plasma lysozyme was measured by a turbidimetric assay as
previously described (Sitja-Bobadilla et al., 2005). Briefly, 5 pl of serum
were diluted with 5 pl of 50 mM sodium phosphate buffer pH 6.2 (PB)
and incubated with 200 ul of a 0.3 mg/ml Micrococcus lysodeikticus (Sigma,
St. Louis, MO, USA) suspension in PB. The reduction of the absorbance
at 450 nm was determined in a microplate reader (Ultra Evolution;
Tecan, Minnedorf, Zirich, Switzerland) after 0.5 and 4.5 min and a unit
of lysozyme activity was calculated as the amount of enzyme that caused
a decrease in absorbance of 0.001 per min.

The alternative complement pathway (ACP) activity was
determined using a modification of the method described in Sitja-

Bobadilla et al., (2005) using sheep red blood cells (SRBC; Durviz,
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Valencia, Spain) as a target. Briefly, 25 ul of a suspension of 2.85 x 10°
SRBC/ml in 10 mM EGTA, 10 mM Mg>" HBSS (without calcium and
magnesium; Gibco, ThermoFisher Scientific, Waltham, MA, USA) were
incubated with 100 pl of different dilutions of serum (1:5, 1:10, 1:20,
1:40, 1:80 and 1:100) in duplicates for 1 h at 20 °C with constant shaking.
After spinning down the remaining SRBC, 75 ul of supernatants were
transferred to a new 96 well plate and the absorbance at 415 nm was
measured. Finally, the dilution of serum that caused 50% hemolysis
(CH50) was calculated.

Serum immunoglobulin M (IgM) was analyzed using an ELISA
assay. ELISA plates were coated with 50 pl of a 1:6,000 dilution of
sertum in carbonate/bicatbonate buffer 0.1 M pH 9.6, incubated
overnight at 4 °C and, after washing, blocked with 200 ul Tris 20 mM 0.5
M NaCl pH 7.4 (ITBS) 5% non-fat dry milk (BioRad, Hercules, CA,
USA) for 1 h at 37 °C. Then, plates were washed, incubated with 50 pl of
rabbit polyclonal anti-GSB IgM (Palenzuela, Sitja-Bobadilla & Alvarez
Pellitero, 1996) diluted 1:20,000 in TBS, 0.05% Tween 20 and 3% non-
fat dry milk (3% TTBS) for 1 h at 37 °C, washed again and incubated for
another hour with 50 pl of a 1:1,000 dilution of goat anti-rabbit-
horseradish peroxidase (HRP) (Sigma, St. Louis, MO, USA) in 3%
TTBS. After careful washing, the reaction was developed using the TMB
substrate kit (BioRad, Hercules, CA, USA) following the manufacturer’s
instructions, the reaction was stopped after 20 min with 1 N H,SO, and
the absorbance was measured at 450 nm. Each serum was tested in
triplicates and a blank with no serum was included as a background

control.
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Plasma growth hormone (GH) levels were determined by a
homologous GSB radioimmunoassay (RIA) (Martinez-Barbera et al,
1995). The sensitivity and midrange (ED50) of the assay were 0.15 and
2.5-3 ng/ml, respectively. Plasma insulin-like growth factors (IGFs) were
extracted by acid-ethanol cryoprecipitation and the concentration of
IGF-I was measured using a generic fish IGF-I RIA wvalidated for
Mediterranean perciform fish (Vega-Rubin de Celis et al., 2004). The
sensitivity and midrange of the assay were 0.05 and 0.7-0.8 ng/ml
respectively. Cortisol levels were analyzed using an EIA kit (kit
RE52061, IBL International GmbH, Hamburg, Germany) following the
manufactutret’s instructions. The limit of detection was 50 pg/ml with an

assay midrange of 700 pg/ml.
5.2.4. Histological analyses

For histological examination, pieces of liver, anterior (immediately after
the pyloric caeca) and posterior (immediately before the rectum)
intestinal segments were fixed in 10% buffered formalin, embedded in
paraffin, 4 pm-sectioned and stained with hematoxylin-eosin (H&E),
Giemsa and periodic acid-Schiff (PAS) following standard procedures.
For each dietary group, a total of 9 fish were examined (three fish per

tank replicate).
5.2.5. Immunohistochemical analyses

In order to further characterize the observations performed in the
histological analyses, 4 pum thick paraffin sections of anterior and
posterior intestine samples were collected on Super-Frost-plus

microscope slides (Menzel-Glaser, Braunschweig, Germany) and dried
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overnight. To stain histamine positive cells we used the protocol
described in Estensoro et al. (2014) with some modifications. Briefly,
samples were deparaffinized and hydrated and the endogenous
peroxidase activity was blocked by incubation in methanol:hydrogen
peroxide 0.3% v/v in a 9:1 proportion for 40 min. All incubations were
performed in a humid chamber, at room temperature and the washing
steps consisted of 5 min immersion in TTBS (20 mM Tris-HCI, 0.5 M
NaCl, 0.05% Tween 20, pH 7.4) and 5 min immersion in TBS (without
Tween 20) unless stated otherwise. Slides were washed and blocked
twice for 30 min, first with TBS 5% bovine serum albumin (BSA) and
secondly with 1.5% normal goat serum (Vector Laboratories,
Burlingame, CA, USA). After washing, they were incubated with a rabbit
anti-histamine antibody (Sigma, St. Louis, MO, USA) 1:50 in TBS
overnight at 4 °C, washed again and incubated with a biotinylated goat
anti-rabbit antibody 1:200 in TBS (Vector Laboratories, Burlingame, CA,
USA) for 1 h. The slides were subsequently washed, incubated for 1 h
with the avidin-biotin-peroxidase complex (ABC, Vector Laboratories,
Burlingame, CA, USA.), washed and developed by incubating with 3,3’-
diaminobenzidine tetrahydrochloride chromogen (DAB; Sigma, St
Louis, MO, USA) for 2 min. The reaction was stopped with deionized
water and the slides were counterstained for 5 min with Gill’s
hematoxylin before being dehydrated and mounted for light microscopy

examination.
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5.2.6. RNA extraction, reverse transcription and gene

expression analyses

RNA from anterior and posterior intestine samples was extracted using a
MagMAX-96 total RNA isolation kit (Life Technologies, Madrid, Spain)
as described before (Bermejo-Nogales, Calduch-Giner & Pérez-Sanchez,
2015). The RNA yield was 50-100 mg and RIN (RNA integrity number)
values were 8-10 with the Agilent 2100 Bioanalyzer. Reverse
transcription (RT) of 500 ng total RNA was performed with random
decamers, using the High-Capacity cDNA Archive kit (Applied
Biosystems, Foster City, CA, USA) following manufacturer’s
instructions. Negative control reactions were performed excluding the
reverse transcriptase.

A 96-well PCR array layout was used for the simultaneous
profiling under uniform cycling conditions of 35 selected markers of
intestinal epithelial barrier, enterocyte mass and nutrient absorption,
mucin production and goblet cell differentiation and immunological
status (Table 5.2). The primers were designed to obtain amplicons of
50-150 bp in length (Table 5.3). Each PCR reaction of 25 ul contained
the equivalent of 660 pg of total input RNA, 12.5 pl of 2 x SYBR Green
Master Mix (BioRad, Hercules, CA, USA) and 0.9 uM of specific
primers. The pipetting and liquid manipulations required to construct the
arrays were performed by use of an EpMotion 5070 Liquid Handling
Robot (Eppendorf, Hamburg, Germany), and the real-time quantitative
PCR was carried out on an Eppendorf Mastercycler Ep Realplex Real-
Time PCR Detection System (Eppendorf, Hamburg, Germany). The

PCR amplification program consisted of an initial denaturation step at
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95°C for 3 min, followed by 40 cycles of denaturation for 15 s at 95 °C
and annealing/extension for 60 s at 60 °C. The efficiency of PCRs
(>90%) was checked, and the specificity of reactions was verified by
analysis of melting curves (ramping rates of 0.5 °C/10 s over a
temperature range of 55-95 °C) and linearity of serial dilutions of RT
reactions. Fluorescence data acquired were analyzed using the delta-delta
Ct method (Livak & Schmittgen, 2001). Ct values of 3 actin were
consistent among groups (with a minimum of 21.88 = 0.14 and a
maximum of 22.21 * 0.19) in spite of the dietary treatment or the
intestine section, and it was used as housekeeping gene. To compare
mRNA expression levels, all values were referenced to the expression
level of sirt1 (with a Ct value corresponding to the median of Ct values
from all genes analyzed) in the anterior intestine of D1 fish, for which a

value 1 was arbitrarily assigned.
5.2.7. Statistical analyses

Data on growth performance and blood biochemistry of the different
experimental diets were analyzed by one-way analysis of variance
followed by Holm-Sidak test. Two-way analysis of variance, followed by
the Student-Newman-Keuls (SNK) test, was carried out to analyze the
effect of dietary treatment on the intestine gene expression (with
intestine segment and diet as variable factors). The significance level was
set at P < 0.05. All analyses were made using the SigmaPlot version 13.0
(Systat Software, San Jose, CA, USA). Hierarchical Clustering to assess
the gene expression pattern across intestine between experimental diets
was carried out by means of Genesis software (Sturn, Quackenbush &

Trajanoski, 2002).
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Table 5.2 Genes included in the PCR-array.

Category Gene name Symbol Accession
No.

Energy sensing Sirtuin 1 sirt1 KF018666
Sirtuin 2 sirt2 KF018667
Sirtuin 3 sirt3 KF018668
Sirtuin 4 sirtd KF018669
Sirtuin 5 sirt5 KF018670
Sirtuin 6 Sirt6 KF018671
Sirtuin 7 sirt7 KF018672

Intestinal epithelial  Occludin ocln KF861990

barrier Clandin-12 cldn12 KF861992
Clandin-15 cldnl5 KF861993
Cadberin-1 cdh1 KF861995
Cadberin-17 cdh17 KF861996

Enterocyte mass Intestinal-type alkaline alpi KIF857309

and nutrient phosphatase

absorption Liver-type fatty acid-binding Sfabpl KF857311
protein
Intestinal fatty acid-binding Sfabp2 KF857310
protein
leal fatty acid-binding protein Jfabp6 KF857312
Mucin 2 muc2 JQ277710

Mucus production  Muin 13 el 3 JQ277713

and goblet cell . . .
differentiation Intestinal mucin -mne JQ277712
Transcription factor hes-1-b bes1-b KI'857344
Krueppel-like factor 4 ki KF857346
(Continued)
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Table 5.2 Continued

Immunological/inf  Tumor necrosis factor-alpha tnfa AJ413189

lammatory status Interleutin-1 beta i1p AJ419178
Interlenkin-6 6 EU244588
Interlenkin-8 8 JX976619
Interleukin-10 #10 JX976621
Ci4 cd4 AM489485
CdS alpha cd8o EU921630
Cd8 beta cd8p KX231275
Galectin-1 lgals1 KF862003
Galectin-8 lgals§ KIF862004
Secreted Immunoglobulin M sLeM JQ811851
Secreted Immunoglobulin T slgT KX599200
Membrane Immunoglobulin M mIghl KX599199
Membrane Immunoglobulin T mlgT KX599201

Table 5.3 Forward and reverse primers used for real-time qPCR.

Gene name Symbol Primer sequence
F  GGTTCCTAC AGT TTC ATC CAG CAG CAC ATC
Sirtuinl sirtl
CCT CAG AAT GGT CCT CGG ATC GGT CTC
F  GAA CAATCC GAC GAC AGC AGT GAA G
Sirtuin2 sirt2
AGG TTA CGC AGG AAG TCC ATC TCT
F  CTG CCA AGT CCT CAT CCC
Sirtuin3 sirt3
CTT CAC CAG ACG AGC CAC
F  GGCTGG CGG AGT CGG ATG
Sirtuin4d sirtd
TCC'TGA ATA CAC CTG TGA CGA AGA C
F  CAG ACA TCC TAA CCC GAG CAG AG
Sirtuin5 sirt5

CCA CGA GGC AGA GGT CACA

(Continued)
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Table 5.3 Continued

Sirtuin6

Sirtuin7

Occludin

Claudin-12

Claudin-15

Cadherin-1

Cadherin-17

Intestinal-type
alkaline
phosphatase

Liver type fatty
acid-binding
protein

Intestinal fatty
acid-binding
protein

Ileal fatty acid-

binding protein

Mucin 2

Mucin 13

$irt6

sirt7

ocln

cldn12

cldn15

cdhl

cdh17

alpi

Jabp1

fabp2

fabpt

mne2

el 3

1l

ACT CCA CCA CCACCG ATG TCA A

CTC CTC CTC CTT CAC CTT TCG CTT TG

CTG GAG CAA CCT CTA AACTGG AA

CAC CTT CAG ACT GGA GCC TAA

GTG TCA GAA CCT CTA CCA GAC CAG CTA CTC

GAA AGC CTC CCA CTC CTC CCATCT

CTC TCA GGG CTA CAC ATC TAC CTA TGC
ACA TTC GTG AGC GGC TGG AG

CCG ATT GTG GAA GTA GTG GCT CTG GT
CAG CAT CAC CCA ACC GAC GAA CC

TGC TCC ATA CAG CGT CAC CTT ACA
CTC GTT CAT CCT AGC CGT CCA GTT

GAT GCC CGC AAC CCA GAG
CCG TTG ATT CACTGC CGT AGA C

CCG CTATGA GTTGGACCGTGAT

GCT TTC TCC ACC ATC TCA GTAAGG G

GTC CTC GTC AAC ACC TTC ACC AT

CGC CTT CAT CTT CTC GCC AGT

CGA GCA CAT TCC GCA CCA AAG
CCCACG CACCCGAGACTTC

ACC CAG GAC GGC AAT ACC
CGA CGG TGA AGTTGTTGG T

ACG CTT CAG CAATCG CAC CAT
CCA CAACCACACTCCTCCACAT

TTC AAA CCC GTG TGG TCC AG
GCA CAA GCA GAC ATA GTT CGG ATAT

(Continued)
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Table 5.3 Continued

Intestinal mucin

Transcription
factor HES-1-B

Krueppel-like
factor 4

Tumor necrosis
factor-alpha

Intetleukin-1 beta

Intetleukin-6

Intetleukin-8

Intetleukin-10

CD4

CDS8 alpha

CD8 beta

Galectin-1

Galectin-8

F-minc

hes1-b

kit

i

i1

6

8

#10

o4

cd8o

cd8p

loals1

lgals8

GTG TGA CCT CTT CCG TTA

GCA ATG ACA GCA ATG ACA

GCC TGC CGA TAT GAT GGA A

GGA GTT GTG TTC ATG CTT GC

ACA TCA CCG CAC GCA CAC

AAC CAC AGC CCT CCCAGT C

CAG GCG TCG TTC AGA GTCTC
CTG TGG CTG AGA GCT GTG AG

GCG ACCTAC CTG CCA CCT ACA CC
TCG TCC ACC GCC TCC AGA TGC

TCT TGA AGG TGG TGC TGG AAG TG
AAG GAC AAT CTG CTG GAA GTG AGG

CAG CAG AGT CTT CAT CGT CAC TAT TG
AGG CTC GCT TCA CTG ATG G

AAC ATC CTG GGC TTC TAT CTG
GTG TCC TCC GTC TCAICT G

TCCTCCTCCTCG TCCTCGTT
GGTGTCTCATCTTCCGCTGTCT

GCA GCA ACG GTA ACA CGA ACG
CCAGTATGAGCGGAGTACAGAACA

CCG AAA TGT GGA AGA CTG GAA CTC
CTTTGGAGGTAAGGTTGGAGGGAT

GTG TGA GGA GGT CCG TGA TG
ACT GTA GAG CCG TCC GAT AGG

GGC GGT GAA CGG CGG TCA
GCT CCA GCT CCA GTCTGT GTT GAT AC

(Continued)
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Table 5.3 Continued

Secreted sIgM F  ACCTCA GCG TCC TTC AGT GTT TAT GAT GCC

Immunoglobulin

M R CAG CGT CGT CGT CAA CAA GCC AAG C

Secreted slgT F  GCT GTC AAG GTG GCC CCA AAA G

Immunoglobulin

T R CAA CAT'TCA TGC GAG TTA CCC TTG GC

Membrane mlgM F  GCTATGGAGGCGGAGGAAGATAACA

Immunoglobulin

M R GCAGAGTGATGAGGAAGAGAAGGATGAA

Membrane mlgT F  AGA CGA TGC CAG TGA AGA GGA TGA GT

Immunoglobulin

T R CGA AGG AGG AGG CTG TGG ACC A
TCCTGCGGAATCCATGAGA

B-Actin acth

R GACGTCGCACTTCATGATGCT

5.3. Results

5.3.1. Growth performance

To assess the effects of experimental diets on growth performance, data
on feed intake, body weight and organo-somatic indexes were calculated
(Table 5.4). Fish fed D1 and D3 diets showed equally good growth
performance across the feeding trial, growing from an initial body weight
of 29.66 £ 0.49 g to 146.56 * 1.11 g with overall feed efficiencies of
0.82-0.84 that were not significantly altered by dietary treatment.
Conversely, fish fed D2 diet showed increased feed intake and grew
significantly faster when compared to the fish fed D1 with a final body
weight (167.7 £ 2.26 g) and weight gain (468 * 6.10%) that were
significantly improved by a 12% and 15%, respectively. This yielded
specific growth rates that increased significantly from 1.61 = 0.01 (D1)
and 1.58 = 0.04 (D3) to 1.74 £ 0.01 in fish fed D2 diet.
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Table 5.4 Effects of experimental diets on growth performance and

organo-somatic indexes. Effects of dietary treatment on growth performance

of gilthead sea bream juveniles fed to visual satiety with different experimental

diets for 14 weeks. Data on body weight, feed intake and growth indices are the

mean * SEM of triplicate tanks. Data on liver and viscera weight are the mean

* SEM of 18 fish. Data on intestine indexes are the mean = SEM of nine fish.

Different superscript letters in each row indicate significant differences among
dietary treatments (Holm-Sidak test P < 0.05).

D1-CTRL D2-DICOSAN  D3-Probiotic p!
Initial body weight (g) 29.2+0.41 29.5+0.14 30.1+0.88 0.149
Final body weight (g) 147.9+195%  167.7+226° 1458+1.82*°  0.003
Final fork length (cm) 17.7+0.17 17.9+0.22 17.4+0.22 0.148
Feed intake (g DM/fish) ~ 148.7 +3.48  163.3+3.29° 139.9+3.26°  0.003
CF? 2.84 +0.07 2.99+0.01 2.87 +0.07 0.326
Weight gain (%)® 400.0 £3.24°  468.8+6.10° 384.6+182°  0.010
SGR (%)* 1.61+0.01° 1.74 £0.01° 1.58 +0.04° 0.014
FE (%)° 0.82 +0.01 0.85+0.01 0.84 +0.01 0.207
Liver weight (g) 2.74+0.11° 351+0.13° 269+015°  <0.001
Viscera weight (g) 10.5 +0.38° 11.9+047° 10.1+0.35° 0.008
Mesenteric fat (g) 1.85+0.21 2.30 £0.25 2.21+0.32 0.438
Intestine weight (g) 2.65+0.34 2.60+0.19 2.32+0.23 0.631
Intestine length (cm) 11.0+0.81 10.0 £ 0.46 11.6 £0.86 0.264
HSI (%)° 1.70 +0.06° 2.03 £0.06° 1.77 £0.072 0.004
VSI (%)’ 6.62 +0.15 6.92 +0.25 6.78 +0.25 0.648
MSI (%)® 1.18+0.14 1.36+0.15 1.2240.12 0.652
IWI (%)° 1.59+0.15 1.57+0.09 1.53+0.15 0.951
ILI 10.9+1.78° 19.9+2.12° 12.3+2.78%® 0.029

Values resulting from one-way analysis of variance.
2Condition factor = (100 x body weight) / fork length3.
3Weight gain (%) = (100 x body weigh increase) / initial body weight.

4Specific growth rate = 100 x (In final body weight - In initial body weight) / days.
SFeed efficiency = wet weight gain / dry feed intake.
¢Hepatosomatic index = (100 x liver weight) / fish weight.
"Viscerosomatix index = (100 x viscera weight) / fish weight.

8Mesenteric fat index = (100 x mesenteric fat weight) / fish weight.

ntestine weight index = (100 x intestine weight) / fish weight.
0]ntestine length index = (100 x fish weight) / intestine length3.
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Organo-somatic indexes calculated as the ratio of tissue to body weight
were determined for liver, viscera, mesenteric fat and intestine (Table
5.4). The resulting viscerosomatic (VSI) and mesenteric (MSI) indexes
were not altered by dietary treatment, whereas hepatosomatic index
(HSI) of fish fed D2 (2.03 £ 0.06) was significantly higher than those of
D1 (1.70 + 0.06) and D3 (1.77 £ 0.07) fed fish. Dietary intervention did
not alter the intestine weight index calculated as the ratio of organ weight
to fish weight (IWI). However, when it was determined as the quotient
of fish weight to intestine length (ILI), this relative intestine length index
was significantly increased from 10.9 * 1.78 in D1 fish to 19.9 £ 2,12 in
fish fed D2. Intermediate ILI values (12.3 £ 2.78), that did not differ

significantly from D1 values, were achieved in fish fed D3 diet.
5.3.2. Blood biochemistry and immunological parameters

Different biochemical and immunological analyses were performed on
fish blood to assess the effects of experimental diets (Table 5.5). Dietary
intervention did not alter the measured hematological parameters
yielding values in the range of 39-43% for Hc and 9.6-10.3 g/dl for Hb
concentration. Likewise, plasma levels of triglycerides, cholesterol and
proteins were not altered by diet, whereas plasma glucose concentration
was significantly increased in fish fed D2 in comparison to D1. Plasma
total antioxidant capacity remained unaltered by dietary treatment. A
significant diet effect was not found on circulating levels of growth
factors (GH, IGF-I), although the highest IGF-I/GH ratio was
coincident with the enhanced feed intake and growth found in fish fed

D2.
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Table 5.5 Effects of experimental diets on blood biochemistry and
immunological parameters. Gilthead sea bream juveniles were fed to visual
satiety with different experimental diets for 14 weeks. Data are the mean *
SEM of nine fish. Different superscript letters in each row indicate significant
differences among dietary treatments (Holm-Sidak test P <0.05).

DI-CTRL D2-DICOSAN  D3-Probiotic P!

Haemoglobin (g/dl) 103 +0.24 103 +0.35 9.6+ 0.26 0.198
Haematoctit (%) 4354135 39.6 4 1.47 38,5+ 1.82 0.072
Glucose (mg/d]) 36.9 +1.38 437+ 2210 42,5+ 1.940b 0.049
Triglycerides (mM) 6.95 +1.30 473+ 1.00 3.48+0.70 0.084
Total cholesterol

ota) cholestero 1885 +10.2 191.6 + 6.48 169.9 + 6.22 0.130
(mg/dl)
Total proteins (g/1) 405+ 1.12 403 £1.22 38.9% 1.39 0.629

ndoxidant capacity ) g 4 ) 0.88 + 0.03 0.86 % 0.02 0.446
(Trolox mM)
GH (ng/ml) 114+ 130 10.9 + 0.99 13.8 + 1.36 0.157
IGE-I (ng/ml) 83.7 + 3.4 94.4 + 6.9 827+ 7.8 0.101
IGF-1/GH 773+ 0.62 8.97 +0.56 6.73 + 0.89 0.250
Respiratory burst " . i b " b
RIL) 14622 £239.80 10325+ 197.50  686.6 + 182.2>  0.044
Lysozyme (Units/ml)  93.7 % 49.7 292+ 11.1 134495 0.153
Alternative complement

+ + +

ety (ACHE0) 25.8 + 5.37 245 + 8.84 291 + 518 0.886
IeM (OD 450 nm) 1.27 + 0,040 1.17 40,06 1.04 % 0.09b 0.024
Cortisol (ng/ml) 8.27 + 0.964 6.92 4 0,673 4744103 0.038

Values resulting from one-way analysis of variance.

Regarding blood immunological parameters, D3 fed fish showed
an anti-inflammatory profile characterized by significantly decreased
respiratory burst on PMA stimulated leukocytes and reduced levels of
circulating IgM and cortisol when compared to D1 diet. D2 diet yielded
intermediate values in all cases. Serum lysozyme values were not
significantly different among groups. The alternative complement

pathway (ACH50) was completely unaffected by the different diets.
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5.3.3. Histological observations

The effect of the different diets was evaluated by histology. Liver and
intestinal samples of all groups were observed to determine differences
in general appearance, tissue integrity and cell types present. The liver did
not show any pathological effect or significant difference among groups
(Fig. 5.1A-1C). Fat accumulation was similar in the three groups and no
steatosis was observed in hepatocytes. Glycogen deposition was similar
and moderate in all groups.

In the intestine, goblet cells showed similar histochemical
characteristics in all groups and their abundance was slightly higher in
the anterior intestine of D3 fed fish (Fig. 5.1G-1L). Interesting
differences were observed in the intestinal architecture of the different
dietary groups (Fig. 5.1D-1F). Anterior intestines of D3 fed fish showed
clearly higher intestinal folds or villi, whereas D2 diets induced denser
and more complex folds. Another remarkable difference was the
presence of eosinophilic granulocytes in the submucosa of the different
groups. The irregular shape and size of these cells make exact
quantification difficult, thus we only refer to abundance based on overall
observations. Eosinophilic granulocytes appeared in almost double
amounts in the submucosa of the anterior intestine of fish fed with D2
and were clearly less abundant in the posterior intestine of the D3 group,

when compared to the other two groups (Fig. 5.1G-1L).
5.3.4. Immunohistochemistry

The presence of a differential number of eosinophilic granulocytes in the

intestinal submucosa of fish from the different dietary challenges
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required a further characterization of the cell types. Fish granulocytes
differ from those of mammals in their staining properties, which also
vary among fish species (Reite & Evensen, 2006). GSB eosinophilic
granulocytes can be either acidophils or mast cells, and from these two,
only mast cells contain histamine (Mulero et al.,, 2007). Thus, an anti-
histamine antibody was used to further characterize these cells. This
allowed detecting histamine-positive cells with similar shape, size and
location to those of the observed eosinophilic granulocytes in Fig. 5.1G-
1L (Fig. 5.2), and therefore we conclude that at least part of the
observed eosinophilic granulocytes were histamine-positive mast cells.
As stated before, reliable quantification of these cells could not be
performed, thus we only refer to significant changes that can be
observed by microscopic observation. The anterior intestine of D1 and
D2 fed fish had large numbers of mast cells, whereas at least half the
amount was found in D3 fed fish (Fig. 5.2A-2C). In the posterior
intestine, mast cells were more abundant in D2 fed fish and clearly lower
in D3 fed fish when compared to the control animals (Fig. 5.2D-2F).
Although the presence of another type of eosinophilic granulocytes
(acidophils) cannot be discarded, it is clear that, at least, the mast cell
population in the intestinal submucosa is affected by the different dietary

treatments.
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D1 5 Control D2 DICOSAN D3 - Probiotic

Figure 5.1 Histological effects of experimental diets. Photomicrographs of
liver (A-C), anterior (D-I) and posterior (J-L) intestinal segments of gilthead sea
bream fed with D1 (control) (A, D, G, J), D2 (supplemented with DICOSAN)
B, E, H, K) or D3 (supplemented with the probiotic Bacillus amyloliquefaciens)
(C, F, I, L)). Staining, scale bars: A-F D H&E, 100 um; G-L = Giemsa, 10 um.
White arrows point to goblet cells. Black arrowheads point to submucosa with
abundant eosinophilic granulocytes (pink cells). Inset in | (scale bar = 10 pm)
shows the characteristic irregular and granular shaped eosinophilic granulocytes.
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D1 - Control D2 - DICOSAN D3 - Probiotic

Figure 5.2 Effects of experimental diets on mast cell abundance in the
intestinal submucosa. Representative photomicrographs of anterior (A-C)
and posterior (D-F) intestinal segments of gilthead sea bream fed with D1
(control) (A, D), D2 (supplemented with DICOSAN) (B, E) or D3
(supplemented with the probiotic Bacillus amyloliquefaciens) (C, F) and stained
with an anti-histamine antibody. Histamine positive cells are located in the
submucosa and appear brown. All pictures were taken using the same
magnification (40x) and the scale bars are 10 pm. White arrows point to some
representative mast cells in the submucosa. Inset in D (scale bar = 10 um)
shows a typical histamine positive cell with irregular shape and cytoplasmic
granules.

5.3.5. Gene expression profiles

The gene expression profile of selected markers was studied in samples
of anterior and posterior intestines of fish fed the different experimental
diets in order to characterize the general intestinal status of these fish.
For most studied genes, a clear expression pattern across intestinal
segments was found, regardless of the diet. The structural genes b7,
¢dh17, had higher expression in anterior intestine, whereas ¢/dn15, ocln and
¢ldn12, were mostly expressed in posterior intestine (as indicated by the

low P values in the intestinal segment column of Table 5.6). Markers of
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enterocyte mass and nutrient absorption were also differentially
expressed across the intestine, with higher expression of a/pi in the
anterior intestine and fzbp6 in the posterior intestine. Some markers of
mucus production (mucl3, i-muc) also showed a pronounced spatial
pattern. Markers of immunological status (/1 g, il8, il10, cd4, cd8 o, cd8 p,
lgals1, mIgM and mlgl) were significantly higher expressed in posterior
intestine.

Regarding the diet effect, fish fed D2 and D3 diets showed a
reduced expression of energy sensing molecules (sirt1, sirt2, sirt3), cdhl,
¢cd4 and /gals§ in anterior intestine, compared to fish fed D1 diet. Fish fed
D2 diet showed the highest expression of afpi, significantly in the
anterior intestine when compared to D3 fed fish. The expression of fabp2
was higher in D2 than in D1 fish in both anterior and posterior intestinal
segments, whereas intermediate values were found in D3 fish. Overall,
the expression level of mucin genes was not significantly altered by diet,
although the diet x intestine section interaction was statistically
significant for mucl 3, and its expression was significantly down-regulated
in D3 fish in comparison to D1 fish. Regarding the named 7-»uc gene, a
diet effect was not statistically significant for this exclusive fish gene that
was mostly expressed in the posterior intestine of GSB. D2 induced a
significant down-regulation of 78 in anterior intestine, and both D2 and
D3 diets down-regulated the expression of ¢#4 and /fgals§ in the anterior
intestine segment. D3 diet did not modify significantly the expression of
membrane and secreted IgM isoforms, although this diet significantly
increased the expression of the membrane IgT (wIg]l) in posterior

intestine.
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Feed additives and sirtuins

Globally across the intestine, the dietary-mediated effects
affected the expression of 15 out of the 35 genes studied (43%). The
heatmap in Fig. 5.3 was constructed with the expression values of those
differentially regulated genes in order to obtain a visual overview of the
changes. Fish fed D2 diet revealed an overall down-regulation of genes
related to intestinal integrity (¢dh7) and energy sensing (sirt7-3) mainly
affecting the anterior intestine. Fish fed D3 diet showed more prominent
effects on posterior intestine with up-regulation of genes related to

immune response (IgT; i/6).
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Figure 5.3 Effects of experimental diets on genes related to intestinal
architecture, absorption and immune response. Hierarchical heatmap of
fold-changes (experimental group (D2, D3) vs. control (D1)) for differentially
expressed genes in at least one of the intestinal sections. Al, anterior intestine;
PI, posterior intestine.
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5.4. Discussion

Evidence in mammals indicates that the metabolic utilization of ingested
nutrients determines satiety and feeding behavior (Scharrer & Langhans,
1986). Since MCFAs can enter directly in the portal vein and their
transport across the mitochondrial membrane does not require carnitine
palmitoyltransferase-1, their final tissue uptake and oxidation is
accelerated, acting as satiety factors. Hence, in comparison to long-chain
triglycerides, preloading of oral emulsions of medium-chain triglycerides
decreased feed intake in rats (Ooyama et al., 2009). High dietary
inclusion levels of medium-chain triglycerides (15-30%) also decreased
feed intake in polka-dot grouper (Cromileptes altivelis)y (Williams et al.,
2000), and a strong inverse relationship between dietary medium-chain
triglycerides (0.4-15%) and feed intake was found in Atlantic salmon
(Salmo salar) (Nordrum et al., 2003). By contrast, feed intake was not
affected by medium-chain triglyceride supplementation (5-15%) in
sunshine bass (female white bass Morone chrysops x male striped bass
Morone saxatilis) (Trushenski, 2009) and rainbow trout (Oncorhynchus
mykiss) (Figueiredo-Silva et al., 2012), which indicates that other factors,
besides metabolic fuel availability, regulate feed intake in fish. Indeed,
our results showed that dietary supplementation with MCFAs in the
form of a sodium salt of coconut fatty acid distillate (D2 diet) was able to
enhance the overall feed intake and growth rates of GSB with no signs
of histopathological damage in liver and intestine tissues. This growth-
promoting action was supported by histological and gene expression data
at the intestine level (see below) and by a slight, although non-significant,

increase of the circulating IGF/GH quotient, which can be viewed as an
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increased liver GH-responsiveness to the anabolic action of GH. This
agrees with the observation that dietary medium-chain triglycerides act in
young and growing pigs via stimulation of somatotropic endocrine
pathways, minimizing weaning-associated disorders such as slow growth
and diarrthea (Miller et al., 2016). Other potential benefits could be
mediated by changes in the intestinal microbiota (Lai et al., 2014),
although the therapeutic potential of MCFAs and their potential benefits
on feed intake and key performance indicators seems to be highly
dependent on the intake dose and age of piglets (Lai et al., 2014; Zhang
et al., 20106). In this regard, it is noteworthy that the gene expression of
several sirtuins was down-regulated in the anterior intestine of fish fed
D2 or D3 diets. Since sirtuins are NAD"-dependent deacetylases that act
as energy sensors, it can be argued that both D2 and D3 diets regulate
energy metabolism at the intestinal local level by means of epigenetic-
related mechanisms. Recently, the tissue-specific regulation of the seven
mammalian sirtuin counterparts of GSB has been described (Simo-
Mirabet et al., 2017). The present study provides further evidence for a
functional regulation of sirtuins at intestinal level in farmed fish, which
can be viewed as a consequence of a reduced energy demand in fish with
an increased feed intake (D2 diet) or as a part of an adaptive hypo-
metabolic conditioning (D3 diet) in fish with a slight reduction of feed
intake.

Absorption of lipids occurs mostly in the first segments of fish
intestines, where bile salts are secreted to hydrolyze triglycerides to free
fatty-acids and glycerol (Sundell & Ronnestad, 2011) resembling
mammalian small intestines. In accordance, expression of fzbp6, involved

in reabsorption of bile acids and exclusively expressed in mammalian
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leums (Besnard et al., 2002), can only be found in the posterior intestinal
segment of GSB and other fish species (Alves-Costa et al., 2008; Pérez-
Sanchez et al., 2015; Calduch-Giner, Sitja-Bobadilla & Pérez-Sanchez
2016). FABP2, involved in regulation of the intracellular concentration
of free fatty acids, preferentially binds long-chain fatty acids (ILCFAs)
(Lowe et al., 1987), but can also bind MCFAs (Huang et al., 2002).
Several studies in mammals associated FABP2 expression or genetic
variants to insulin resistance and type 2 diabetes in individuals fed
different sources of MCFAs or LCFAs (Rubin et al., 2012). Our results
show a clear up-regulation of fzbp2 and an increase in plasma glucose
levels upon MCFA intake (D2 diet). In agreement with the current
results, rainbow trout fed high levels of coconut oil also showed
increased plasma glucose levels (Figueiredo-Silva et al., 2012). Thus,
there is a clear relationship among lipid source, fabp2? expression and
glucose tolerance both in mammals and teleost fish, and the underlying
mechanisms deserve further study.

In our study, additional changes associated to coconut oil
supplementation are the increase in intestinal complexity and gene
expression of alpi in anterior intestine, which are related to intestinal
architecture and nutrient absorption. In fish, a decrease in Alpi activity
has been linked to malnutrition (Bakke-McKellep et al., 2000; Ducasse-
Cabanot et al., 2007). Conversely, unchanged Alpi activity or gene
expression levels in intestine were related with good growth performance
values (Estensoro et al., 20106). In the current study, MCFAs (D2 diet)
increased alpi gene expression which, together with the increased
complexity of intestinal folds in the main absorptive intestinal segment,

can be directly related to the increased intake and growth performance of
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this dietary group. Moreover, the intestine of D2 fed fish was shorter
than that of the other two experimental groups. This trend was also
found when comparing carnivorous with omnivores and herbivorous
fish, since the total intestinal surface required for the absorption of
nutrients is directly linked to digestive efficiency, increasing gut length
allometrically with the body length (Karachle & Stergiou, 2010).

A recent study performed in mice also showed that MCFA
addition to fish oil formulations is able to induce an anti-inflammatory
profile, decreasing the host response to inflammatory challenge (Carlson
et al., 2015). In view of these results, MCFA supplementation has been
proposed as a candidate to formulate optimized diets to be used as
therapeutic intervention for diseases derived from chronic inflammation.
Coconut oil as a source of MCFA in GSB (D2 diet) induced no
significant changes in serum lysozyme, complement activity, IgM levels
or respiratory burst of stimulated blood leukocytes. However, significant
down-regulation of ¢, S and /[gals§ was observed in the intestine,
hinting to some anti-inflammatory effects on GSB intestinal immunity.
By contrast, an increase in eosinophilic granulocytes, particularly in mast
cells, was observed in these intestines. Nonetheless, the lack of any
prototypical pro-inflammatory signal, such as #f « or 7/1 § up-regulation,
suggests that these cells have been recruited and reside inactive in the
intestinal submucosa as a kind of surveillance machinery ready to be
activated in case of threat. Although in the present study no challenge
was performed to evaluate the readiness of the immune system of GSB
upon pathogen exposure, there is evidence that coconut oil
supplementation can increase survival of catfish upon _Aeromonas

hydrophila challenge (Vargas et al., 2013).
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Probiotics modulate the gastrointestinal microbial communities
having diverse effects, such as inhibition or suppression of pathogen
growth, improvement of stress tolerance, stimulation of growth or
modulation of the host immune status (Balcazar et al., 2006; Wang, Li &
Lin, 2008). Accordingly, oral administration of B. amyloliguefaciens in mice
showed a protective effect against Clostridium difficile and has been
proposed to be used in humans (Geeraerts et al., 2015). It also showed
alleviating effects on immune stress induced by lipopolysaccharide (LPS)
challenge in broilers, by ameliorating the growth performance and
inducing an anti-inflammatory shift down-regulating pro-inflammatory
gene expression and increasing I1.70 expression (Li et al., 2015). Its use
in aquaculture has also been proposed, and B. amyloliquefaciens showed
potential to control vibriosis in turbot (Scophthalnus maxima) (Chen et al.,
2016a) and other fish pathogens (Chen et al., 2016b). The present study
does not deal with any pathological challenge, but aims to define the
effect of this probiotic administration on the basal health of GSB in
order to assess their readiness to face a threat. In addition, the Bacillus-
based probiotic-supplemented diet (D3) did not induce negative effects
on the growth performance of GSB. Likewise, beneficial effects upon
infection, but no interference with growth, have been documented in
similar trials with different Bacillus species in Nile tilapia (Aly, Mohamed
& John, 2008) and rainbow trout (Raida et al., 2003). Many studies have
demonstrated the beneficial effects of B. amyloliguefaciens on broiler
performance parameters (Sanchez et al.,, 2006; Mallo et al., 2010), but in
some cases, probiotics supplementation might not affect growth
parameters, and a protective effect on growth can only be observed

upon challenge (Li et al., 2015).
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Our results with fast growing juveniles of GSB also showed clear
interesting outcomes of the Bacillus-based probiotic (D3 diet) on
intestinal architecture and mucus production. Anterior intestine showed
higher intestinal folds in agreement with the results obtained in Nile
tilapia fed the same probiotic bacteria (Silva et al., 2015). In addition, D3
diet correlated with low numbers of goblet cells and down-regulation of
the expression of the transmembrane muc13, a major enterocyte
component of GSB (Pérez-Sanchez et al., 2013). It must be argued that
muc13 does not contribute significantly to the extended glycocalyx of
GSB when the mucin secretion from goblet cells remains high.
Otherwise, studies on Mucl3 -/- mice suggest that this mucin has an
anti-inflammatory function and anti-apoptotic effects in epithelial cells
(Sheng et al., 2011; Sheng et al., 2013). In this regard, in our experimental
model, the down-regulation of z#c13 could be viewed as a consequence
rather than a cause of an overall anti-inflammatory status, which
comprised a decrease in /ga/s§ and ¢d4 transcripts in anterior intestine, a
lower respiratory burst activity of blood leukocytes, lower amounts of
circulating IgM and cortisol, and lower numbers of eosinophilic
granulocytes, in particular mast cells, in the intestinal submucosa.

The anti-inflammatory effects of B. amyloliguefaciens as a probiotic
have been already reported in birds and mammals. This probiotic
ameliorated the damage caused by inflaimmation in dextran sulphate
sodium (DSS)-induced colitis in mice (Hairul Islam et al., 2011) and LPS-
induced stress in broilers (Li et al., 2015) by down-regulating expression
of pro-inflammatory cytokines such as TINF o, II.7 f and II.2 and up-
regulating the anti-inflammatory cytokine II.70 upon exacerbated

inflammation. In addition, a decrease in neutrophil myeloperoxidase and
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an increase in antioxidant molecules (superoxide dismutase and catalase)
was observed (Hairul Islam et al., 2011). In the present study, superoxide
dismutase and catalase were not measured, but the observed decrease in
oxidative radicals measured with the respiratory burst assay indirectly
reflects this antioxidant effect. A similar decrease in respiratory burst was
observed in European sea bass fed a different probiotic, which also
induced an anti-oxidant status (Guardiola et al., 2016). Opposite to the
decrease in circulating levels of IgM, a significant up-regulation of #[gT’
expression was observed in posterior intestine. IgT is the key mucosal
immunoglobulin in teleosts (Zhang et al., 2010) and the importance of its
fine regulation upon infection in GSB intestines has been recently
described (Piazzon et al., 2016). The presence of higher number of #IgT
transcripts can be related to higher numbers of IgT" B cells. The
availability of this larger pool of IgT" B cells can be critical upon
infection or any other threat, as these cells are already in the local
environment ready to be activated and exert their function as effector
cells. In fact, when the transcription of [T in GSB intestines is impaired,
as it happens when fish are fed diets with high plant ingredient
substitution, the disease outcome upon parasitic infection is worse
(Piazzon et al., 2016). The results of the current study with B.
amyloliguefaciens CECT 5940 supplementation as a probiotic (D3 diet)
point to a fine-tuning of the mucosal immunity by increasing the number
of resident mucosal related IgT" B cells to improve the surveillance
mechanisms in the posterior intestine, where intestinal immune

responses mainly take place.
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5.5. Conclusions

Altogether, we observed differential beneficial effects induced by these
dietary supplements that are related to their different nature. MCFAs
induced positive effects on GSB growth and intestinal architecture
mainly affecting the anterior intestinal segment where absorption mostly
takes place. Conversely, B. amyloliguefaciens CECT 5940 supplementation
had key effects in the regulation of the immune status inducing anti-
inflaimmatory and antioxidant effects that can potentially be
advantageous upon infection or stressful situations. Separately, the two
additives showed interesting effects posing a promising way to improve

health and disease resistance in aquaculture.
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Epigenetic regulation of sirtuins

Abstract

Background. Sirtuins (SIRTSs) are master regulators of metabolism and
their expression patterns in gilthead sea bream (GSB) disclose different
tissue-metabolic capabilities and changes in energy status. Since little is
known on their transcriptional regulation, the aim of this work was to
study for the first time in fish the effect of age (one- and three-year-old)
and season (winter and summer) on s/ gene expression, correlating
expression patterns with local changes of DNA methylation in liver and
white skeletal muscle (WSM).

Methods. The genomic organization of the seven members of the sir
gene family was analyzed by blat searches in the IATS-CSIC genomic

database (www.nutrigroup-iats.org/seabreamdb/). The presence of CpG

islands (CGlIs) was mapped by means of the MethPrimer software. DNA
methylation analyses were made by bisulfite pyrosequencing. A PCR-
array was designed for the simultaneous gene expression profiling of sirzs
and related markers (es, gpt1a, pgela, ugpl, ugp3) in liver and WSM of one-
and three-year-old fish during winter and summer.

Results. The occurrence of CGls in close association with SP1 binding
sites was evidenced in /777 and sir/3 promoters. This latter CGI remained
hypomethylated regardless of tissue, age and season. Conversely, the
methylation signature of si#1 varied with age and season in the WSM.
Methylation at CpG positions containing SP1 binding sites was
negatively correlated with sz7#7 expression, which was lower in younger
fish. DNA methylation of sz7#7 promoter at six CpG positions negatively
correlated with the summer decrease of si7#7 expression. These changes

in szl regulation match well with variations in feed intake and energy
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metabolism, as judged by the concurrent changes in the analyzed
markers. This was supported by discriminant analyses, which identified
sirtl as a highly responsive element to energy changes imposed by age
and season in WSM.

Conclusions. The genomic organization of SIRTs is highly conserved
through vertebrate evolution, and the presence of CGls agrees with a
more highly regulated expression of sir#7 and sirt3 across GSB tissues,
especially in the case of 1. Correlation studies highlighted the
involvement of epigenetic mechanisms in the regulation of i1

expression, which reinforces its value as a fish biomarker.

Keywords: Fish; Sirtuins; DNA methylation; Epigenetic marks; Skeletal

muscle; Age; Season.
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6.1. Introduction

Aquaculture is a fast growing food production sector [1], but the current
growing trend will rely on a deeper understanding of genetic and
downstream physiological mechanisms affecting productive  traits.
Biomarkers that identify and follow up desired traits are, thereby,
especially appropriated for the selection of environmental conditions and
genotypes that promote or exhibit better physiological performances [2-
4]. This is of particular relevance for productive traits related with
intermediary metabolism that are not easy to measure (e.g. feed
efficiency, energy status, redox homeostasis). Thus, gene expression
patterns of growth-promoting factors, antioxidant markers or lipid- and
energy-metabolism related markers become highly informative to
disclose different metabolic features in challenged fish and higher
vertebrates [5-7], but in parallel, there is a growing interest for
epigenetics markers as they are relatively stable and provide information
about gene function and environment interactions [8, 9].

Epigenetic mechanisms include changes in DNA methylation,
histone modifications and non-coding RNAs regulation that collectively
affect chromatin architecture and accessibility of the transcriptional
machinery to genetic loci [10, 11]. Concretely, DNA methylation at
promoter regions reduces gene expression by impairing the binding of
transcriptional activators, whereas histone acetylation generally provides
a permissive environment for transcription [12, 13], also as part of the
DNA demethylation machinery [14]. As a consequence, differentiated
cells develop a stable and unique DNA methylation pattern that regulates

tissue-specific gene transcription and the precise tuning of different
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biological ~processes, particularly under conditions where the
environment can be manipulated or natural variation exists through life
cycle or livestock production [15]. In fish, good examples of this are sex
determination in European sea bass [16] and tongue sole [17], early
maturation [18] and muscle development in Atlantic salmon [19], larvae
metamorphosis in the sea lamprey [20], growth traits and osmotic
regulation in the tongue sole [21, 22], migration propensity in rainbow
trout [23], as well as the adaptive plasticity to freshwater and marine
conditions in stickleback [24].

Sirtuins (SIRTSs), a conserved family of enzymes that couple
protein deacylation with the energy status of the cell via the cellular
NAD'/NADH ratio, are part of this complex puzzle linking nutrition
and energy status with epigenetic regulation [25-27]. Thus, it is known
that SIRT1, 2, 6 and 7 exert different epigenetic actions via deacetylation
of histones, transcription factors (TFs) or other enzymes with epigenetic
roles, whereas the involvement of mitochondrial SIRTs (SIRT3-5) in
epigenetic mechanisms remains still under debate [27]. Particularly in
gilthead sea bream (Sparus awrata) (GSB), the patterns of st gene
expression are powerful metabolic biomarkers at the tissue-specific level,
as they disclose different energy status resulting from nutrient availability
or growth potentiality [4, 28, 29]. In this fish, there is also abundant
literature showing the effects of temperature over different aspects of
intermediary metabolism, including changes in the expression of TFs,
membrane translocases, molecular chaperones, and rate limiting enzymes
of fatty acid B-oxidation and the tricarboxylic acid cycle [30, 31]. It is also
known that the methylation level of genome is higher in polar fish than

in temperate and tropical fish [32]. However, how temperature and other
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biotic and abiotic factors affect the local DNA methylation of sir#s or
other key regulatory genes of energy metabolism remains poorly studied
in fish. In contrast, in humans and rodents, there is abundant literature
on the aging-mediated effects of DNA methylation and SIRT regulation
and function [33]. Since methylated cytosines are found primarily at CpG
dinucleotides, and CpG-rich regions (the called CG islands, CGIs) span a
number of promoters of annotated genes in higher vertebrates [34], the
double aim of the present study was: i) to map CGIs across the genomic
sequences of GSB sis, and 1i) to correlate changes in gene expression
and CGI methylation signatures, using as experimental model one- and
three-year-old fish sampled in winter and summer. Liver and white
skeletal muscle (WSM) were chosen as target tissues, providing this
survey new insights in the regulation and action of si7#s in the protandric
hermaphroditic GSB, which is now highly cultured through the

Mediterranean region.
6.2. Material and methods

6.2.1. Experimental fish, husbandry conditions and

sampling

One- (+1) and three- (+3) year-old GSB of Atlantic origin (‘strain 1’ in
[4]) were reared at the indoor experimental facilities of the Institute of
Aquaculture Torre de la Sal (IATS-CSIC) in 3,000 L tanks under natural
photoperiod and temperature conditions at the IATS-CSIC latitude
(40°5°N; 0°10’E). Water temperature ranged from 10°C in winter to 27°C
in summer. Water oxygen concentration was always higher than 75%

saturation, and unionized ammonia remained below toxic levels (< 0.02
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mg/L) irrespective of season. Fish were fed with a standard commercial
diet (EFICO YM 568; BioMar, Duefas, Spain) once a day until visual
satiety (3, 5 or 6 times per week depending on season and fish size). In
winter and summer sampling points, 10 fish per each class of age (class
+1, 50-115 g body weight; class +3, 1 kg body weight) were anesthetized
with 3-aminobenzoic acid ethyl ester (MS-222, 100 pg/mL), and liver
and WSM were rapidly excised, frozen in liquid nitrogen and stored at -

80°C until RNA and DNA extraction.
6.2.2. In silico analyses

The genomic organization of GSB sirfs was analyzed by blat searches in
the IATS-CSIC genomic database of GSB (http://nutrigroup-
iats.org/seabreamdb/). The retrieved sequences were manually curated
by aligning genome sequences (Clustal X) with GSB szr#s transcripts [28],
using the online tool FGENESH from softberry for predicting gene
structure [35]. For comparative purposes, the seven human and zebrafish
SIRT counterparts were obtained from ENSEMBL database
(http/ /www.ensembl.org). Graphical representations were cartied out
with the online tool Exon-Intron Graphic Maker
(http:/ /wormweb.org/exonintron). Polyadenylation sites were identified
by means of the Softberry POLYAH (http://www.softbetry.com).
Predictions of putative transcription start sites (TSSs) were done by
means of Promoter 2.0 (http://www.cbs.dtu.dk/setvices/Promoter/)
[36]. Core promoter regions were predicted by using two complementary
approaches: Fasy Promoter Prediction Program (EP3), which uses GC
content and structural features of DNA to identify promoter regions [37]

and Matlnspector (www.genomatrix.de), which searches transcription
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factor binding sites (TFBSs) and TFBSs containing-promoter modules.
In addition to TFBSs retrieved from Matlnspector, searches in a ~1 kb
region upstream TSS, and in the first exon, for TFBSs known to be
present in SIRTs promoters of higher vertebrates were done by ConTra
v3  (http://bioit2.irc.ugent.be/contra/v3/#/step/1) [38] wusing the
TRANSFAC database, with sensitivity and accuracy set at core match =
0.95 and matrix match = 0.85. Predictions of CGlIs through the entire
gene, including a 2 kb region upstream TSS, were done by means of
MethPrimer softwate (http://www.urogene.org/methprimer/). Search
parameters used were: length = 200, C+G content = 50%, ratio of

observed/expected CpGs = 0.60 and window size = 100.
6.2.3. DNA isolation and bisulfite conversion

DNA was extracted using the Quick-DNA™ Miniprep Plus Kit (Zymo
Research, Irvine, CA, USA), following the manufacturer’s instructions.
Quantity and quality of DNA were assessed by NanoDrop 2000c
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and
DNA integrity was analyzed in a 1% agarose gel. Extracted DNA was
bisulfite converted using the EZ DNA Methylation Gold bisulfite
conversion kit (Zymo Research, Irvine, CA, USA) following the

manufacturet’s instructions.
6.2.4. PCR of bisulfite-converted DNA

Primers were designed using the PyroMark Assay Design 2.0.01.15
(Qiagen, Hilden, Germany) to hybridize CpG-free sites at the highest
melting temperature (Table 6.1). Reverse primers were labelled with

biotin at the 5-end and bisulfite-converted DNA was amplified by PCR,
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using the Invitrogen™ Platinum™ Taq Hot-Start DNA Polymerase
(Thermo Fisher Scientific, Waltham, MA, USA) with forward- and
reverse-specific primers at 1 uM each in a total volume of 25 uL. The
reaction was performed in a Touchgene Gradient Thermal Cycler
(Techne, Cambridge, UK) as follows: 95°C for 5 min, followed by 35
cycles of 95°C for 45 s, 60°C for 45 s, and 72°C for 1.5 min with a final
extension at 72°C for 5 min. PCR products were checked by 1% agarose

gels to ensure specificity before pyrosequencing.
6.2.5. Pyrosequencing and DNA methylation analyses

Pyrosequencing analysis was performed as described before [39]. Briefly,
primers for pyrosequencing (Table 6.1) were designed using the
PyroMark assay design 2.0.01.15. The Vacuum Prep Tool (Biotage,
Uppsala, Sweden) was used to prepare single-stranded PCR products
according to manufacturer’s instructions. Pyrosequencing reactions were
performed in a PyroMark Q24 System version 2.0.6 (Qiagen, Hilden,
Germany). Data were analyzed using PyroMark Q24 software and the
quantification of methylation was attained from the average of individual

CpGs included in the analyzed sequence.
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Table 6.1 Forward and reverse PCR primers, pyrosequencing primers and

sequence to analyze.

Gene

name

Primers

Sequence

CpGs

sirtl

sirt3

Forward outer

Reverse outer

Forward inner
1p1 (nested)
Reverse inner
1p1 (nested)
Pyrosequencing
left

Sequence to
analyze left
Pyrosequencing
right

Sequence to
analyze right
Forward inner
1p2 (nested)
Reverse inner
1p2 (nested)
Pyrosequencing
left

Sequence to
analyze left

Pyrosequencing
right

Sequence to
analyze right

Forward outer

Reverse outer
Forward inner
(nested)
Reverse inner
(nested)
Pyrosequencing
Sequence to
analyze

AGGGATGTATTTATAAAGTTTATATGTTGT
TTAATAAAACAAACAATTCCCACTC

TGTTTTATGTAAATGAGTTAGTTGT

CTCCCAACTCTCAATAACCCC *BIOTIN

GAGAGGAAGGATTTGTTTA

GYGGTTTTGY GGGTTGAAGA TGGYGGAYGG
AGAGAGTAGT TTYGGAAYGG TTTTTTTAGG

AAAAAGGTRGAAAATTAG

TTYGTTGATT AATTAYGGAT TTAAAGTYGT
TAAAGYGGAT TAGTTATTAG GTTTT1

GGGTTATTGAGAGTTGGGAGG

TAATAAAACAAACAATTCCCACTCC *BIOTIN

TTGAGAGTTGGGAGG

YGGYGGTGGA TTGTGYGTAG TTAGYGGAGA
AGGAAGYGAA GTYGGTGATG GYGGTAGAGT

AGGTTTTAG

GTATAAATTAGTAGTGAAATTAGA

YGAYGGYGTT GTGTTYGGGA TAATYGAGGA
GGGTGTTGGT ATGTAAAGAG

ATTGTTGAAATGTATTTTTTGTTGGT
CCTCACCTACCTAACTCTCCAATTA

AGAAAGAAGTTAAGTGAAGTATAAATATTT

CATAAACTCCAACAACAATAAAAAC *BIOTIN

GTGATAGTTTTGTTTTTTAAAGT

TTTYGGTTTT AGGTYGTTGY GTGTAGATAA
AGTTYGTGTT TTTTAGGAGA AGGAGA

(@}

[S8)

*Biotinylated and HPLC purified.
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6.2.6. Gene expression analyses

RNA was extracted using the MagMAX-96 total RNA isolation kit (Life
Technologies, Carlsbad, CA, USA). RNA yield was 50-100 pg, with
absorbance ratios (A260/A280) of 1.9-2.1. RNA integrity number (RIN)
values of 8-10 (Agilent 2100 Bioanalyzer; Agilent, Santa Clara, CA, USA)
were indicative of clean and intact RNA. Reverse transcription of 500 ng
total RNA was performed with random decamers using a High-Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA).
Negative control reactions were run without reverse transcriptase. A 96-
well PCR-array of 11 markers of metabolic condition was designed for
the simultaneous gene expression profiling of liver and WSM. Two
housekeeping genes (B-Actin and rRNA 18S) and controls of PCR
performance were included in each array. Briefly, 660 pg of total cDNA
was used in 25 uL. PCR reactions. PCR wells contained 2x SYBR Green
Master Mix (Bio-Rad, Hercules, CA, USA) and specific primers at a final
concentration of 0.9 puM (Table 6.2). All pipetting operations for the
PCR-arrays were performed by an EpMotion 5070 Liquid Handling
Robot (Eppendorf, Hamburg, Germany) to improve data reproducibility.
Real-time quantitative PCR was carried out in an Eppendorf
Mastercycler Ep Realplex (Eppendorf, Hamburg, Germany). The PCR
amplification program consisted of an initial denaturation step at 95°C
for 3 min, followed by 40 cycles of denaturation for 15 s at 95°C and
annealing/extension for 60 s at 60°C. The efficiency of the PCR
reactions was consistently higher than 90% and similar among all the
genes. The specificity of the reactions was verified by melting curve

analysis (ramping rates of 0.5°C/10 s over a temperature range of 55-
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95°C). Negative controls without a template were performed for each
primer set. Gene expression was calculated using the delta-delta Ct
method [40]. For multi-gene analysis, all values for a given tissue were
referenced to the summer expression level of sr#7 in +3 fish, for which a
value of 1 was arbitrarily assigned. Fold-changes in gene expression were
calculated as the expression ratio between +3/41 fish. A value > 1
indicates higher expression levels in +3 fish, and values < 1 indicate

lower expression levels in +3 fish.
6.2.7. Statistical analysis

Normality and equal variance of data were tested by Shapiro-Wilk and
Levene tests, respectively. Changes in DNA methylation at individual
CpG sites were analyzed by Student’s t-test. The effect of age and season
on gene expression of sirts and related markers in liver and WSM was
analyzed by Student’s t-test and two-way analysis of variance. The
relationship between site-specific DNA methylation and gene expression
was assessed by Pearson correlation analysis. The significance level was
set to P < 0.05 for all tests performed. These analyses were made using
SigmaPlot version 13.0 (Systat Software, San Jose, CA, USA). Supervised
multivariate analysis partial least-squares discriminant analysis (PLS-DA)
was applied using EZ-INFO® v3.0 (Umetrics, Umed, Sweden) to depict
the contribution of analyzed genes to the group discrimination. The
quality of the PLS-DA model was evaluated by the parameters R2Y
(cum) and Q2 (cum), which indicate the fit and prediction ability,
respectively. To discard the possibility of over-fitting of the supervised
model, a validation test consisting in 500 random permutations was

performed using SIMCA-P+ v11.0 (Umetrics, Umea, Sweden). The
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relative relevance of genes in the discriminant functions was assessed by
the Variable Importance in the Projection (VIP) values. A VIP score > 1
was considered to be an adequate threshold to determine discriminant

variables in the PLS-DA model [41-43].

Table 6.2 Forward and reverse primers for liver and white skeletal muscle

pathway-focused qPCR array.

Gene name Symbol Primer sequence
GGT TCC TAC AGT TTC ATC CAG CAG CAC
Sirtuin1 sirtl ATC

R CCT CAG AAT GGT CCT CGG ATC GGT CTC

F GAA CAATCC GAC GACAGCAGT GAA G

Sirtuin2 sirt2
AGG TTA CGC AGG AAG TCC ATC'TCT
F CTG CCA AGT CCT CAT CCC
Sirtuin3 sirt3
CTT CAC CAG ACG AGC CAC
F GGC TGG CGG AGT CGG ATG
Sirtuing sirtd
TCC TGA ATA CAC CTG TGA CGA AGA C
F CAG ACA TCC TAA CCC GAG CAG AG
Sirtuinb sirt5
CCA CGA GGC AGA GGT CAC A
F ACT CCA CCA CCA CCG ATGTCA A
Sirtuin6 Sirt6
CTC CTCCTC CTIT CACCTITTCG CTTTG
F CTG GAG CAA CCT CTA AACTGG AA
Sirtuin7 sirt7
CAC CTT CAG ACT GGA GCC TAA
Proliferator- F  CGT GGG ACA GGT GTA ACC AGG ACT C
activated receptor pacla
gamma coactivator R ACC AAC CAA GGC AGC ACACTCTAATICT
1 alpha

(Continued)
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Table 6.2 Continued

Citrate synthase

Uncoupling proteinl

Uncoupling protein3

Carnitine
palmitoyltransferase

1A

rRNA 18§

B-Actin

2}

ugpl

ugp3

ptla

rRINA
188

acth

lss|

TCC AGG AGG TGA CGA GCC
GTG ACC AGC AGC CAG AAG AG

GCA CACTACCCAACATCACAAG
CGC CGA ACG CAG AAA CAA AG

AGG TGC GACTGG CTG ACG
TTC GGC ATA CAA CCT CTC CAA AG

GTG CCT TCG TTC GTT CCATGA TC
TGA TGC TTA TCT GCT GCCTGT TTG

GCATTT ATC AGA CCC AAA ACC
AGT TGA TAG GGC AGA CAT TCG

TCC TGC GGA ATC CAT GAG A
GAC GTC GCA CTT CAT GAT GCT

6.3. Results

6.3.1. Sirtuin gene structure and regulatory elements

The seven sirt gene sequences of GSB were uploaded to GenBank with

accession numbers MN123792-MN123798. These genes have a variable

number of exons that ranges from 3 in wr# to 16 in sir/2 (Fig. 6.1A).

When comparisons were made within and among the seven SIRT

orthologous genes of human, zebrafish and GSB, the entire gene length

varies from 1.4 kb to 48.3 kb, with the exception of 776 of zebrafish,

which contains several long introns that increase the gene length from
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the start to the stop codon up to 136.5 kb. Despite this, the number and
length of exons seems to be highly conserved for each SIRT gene
through vertebrate evolution (Fig. 6.1B).

The occurrence of CGIs close to TSSs of GSB sirfs was
evidenced in the case of wr#7 and sirt3. The CGI of GSB sirt1 is 473 base
pairs (bp) in length, comprising 100 bp of the 5 untranslated region
(5’UTR), 349 bp downstream the ATG start codon and 24 bp from the
first intron (Fig. 6.2A). The GSB /3 have a shorter CGI (229 pb),
which comprises 118 bp from the 5’flanking region and 111 bp
downstream the TSS, corresponding to the first non-coding exon (Fig.
6.3A). Further analysis highlighted a s7#7 gene structure with an open
reading frame (ORF) of 2093 bp and a 3’UTR of 1583 bp until the
predicted canonical polyadenylation signal. Likewise, 773 contains an
ORF of 1355 bp and a 3’UTR of 411 bp until the predicted canonical
polyadenylation signal. Searches for regulatory elements in the promoter
region of sirt1 (~1 kb upstream TSS) and in the first exon, predict a
wide-range of multiple - regulatory elements (i.e., HIF1, P53, C/EBP-
o, GATA2, MYOD, FOXO1, AML1, PPARy, GATA1, HNF1, NFxB,
ETS, SP1, OCTAMER, PIT1, XBP1, MYC and CHREBP) (Fig. 6.2B).
Some of them were also retrieved in the promoter region of wir#3 (i.e.,
GATA1, GATA2, OCTAMER, HNF1, AML1, NFxB, MYC, SP1),
while others seem to be exclusive of w773 (i.e., TBP, AP1, PBX1, CREB,
NRF2, HTF, CHREBP, ZF5, SOX6, ERR-«, and MYF) (Fig. 6.3B).
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HUMAN 9(31.9) 16(203) 7(198) 3(95) 8(27.8) 8(7.9)  10(57)

ZEBRAFISH 9(174) 16(19.8) 8(235) 3(4.9) 9(13.8) 8(138.5) 10(10.4)

Figure 6.1 Gene organization of gilthead sea bream sirts. A Schematic
representation of the exon-intron structure of the seven 77 genes of gilthead
sea bream. White and black boxes represent the non-codifying and codifying
exons, respectively. Introns are shown as connecting lines. Numbers show
total length of the sequences in our database. Scale bars are 100 bp. B
Number of coding exons and gene size (in kb) from ATG to stop codon in
brackets.
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A

sirt1
-i-‘s“ls

ATG Gl CGi length: 473
] CGi location: -101 o 371
[T Analyzed CpGs: 22

-39 348 ) 85

gttaataatatgaatagactatcatgttataatacgtatcattataggtgtggacgtgttgaggaagggattattgaagacaaatgctgcag
HIF1  HIF1/P53
caaccatcagtcgctggatgacgcacgtataggtoctetgacatet tttgetgaagoatcaacaggtectetgttggttcagactaacctet
C/EBP-a

ggagcaaagtccatgaatctgatggetgaagcaactgacagtttgetggtegtetgeatacatacaccattttatgtgactttetacttegga
GATA2 MYOD

actcctaaaccagagegttttggtttgtagatgtagacaaccatgaggetatcacceageaaataggetgatecttacagacgeacagacea

GATA2 GATA2
Caacttaccgacgacagttcatcacatcctaatagaccgtagtaatcectecaagtectetggtttgeagttcaaaacageatecatgaaate
FOXO1

tgatttgtgtgtaacgttagtttctggttgeggagecagctictgetate l:tgg:atcacagctg_gg_ttcaagagtcgctga_tggﬂgtccac

GATA2 C/EBP-a GATAZ2 MYOD AML1

ctecgctgetge tgl:.tgctgtqﬂtcactuactcactatatcctcaaagutgaar::tttttttaaaatgat:tﬂ::agctagctttgcgtcaa
PPARY GATA2 PPARY C/EBP-a

taattgattaac tg:gaactggttaaagta.atcaamagatctctcctgactgactcgtggggsasagtcagcgctccct tcactgtatg

GATAl HNF NFKB GATA2
acgcatgctgcattcaagtgccgaactaaaa tcacactecgget cgaaatttccagcattcacggogtacnaggcaaamaggt [tatt
ETS
ggaacacatgatacattagtctgacataaaaaaaaatgatgtetttgatgacaaggttgtgt, qqcatatgtggcr_aaatr_aa\:qtaar_acag
GATA1/2 GATA2

ttgeaagaggeatgeaattaaggetttcattaaaattgeaacgtettegtgtattttaaacgttataaaagggatgtattcacaaagetea

C/EBP-a Octamer/P53 C/EBP-ua GATA2

catgctgttatca aaaagttttccctatgcgtttga_tgcataattgtttgcagttattcatgagchtcacctttgccaaaattaatcugac
ETS GATA2 FOXO01 PIT1 C/EBP-a

agcgt ttgaagg:agcaatatit gttatggttttatgtgatagapgttagaaggmLctcotc tgactactggtggagaacgagte
TSS GATAL/2 CpG3

acgtgetctatgeaaatgagegcagetygtec] glglgglaggatcchtcag.gctctqlggctqaaM.GAGAGAGCAGTC

XBP1/HIF1 C/EBP-a MYOD ETS GATA2 GATA2 SP1

/MYC/CHREBP

T.GAA.GCCTTCTCAGGCGCC'I‘CCGAAATGGAAGAACCAGCCGCAAMAGGTCGAAAATCAGTC-I‘TGACTAACTA. rmc;r.

mcms-anccncﬂmcz\csccTcCCGGGGGCCACTGAGAGCTGGGAMTGGAMG.CAGCCAG.@AGAAGGMG-AA
SP1 GATAL/2
GCEBCTGATGERECT AGAGCAGGCCCCAGC GECAG GCTAGGCGEGAGACAACAAT GEACTGGGAAT GCTGETCTCCGAGTCGCACARACCAG
PPARy GATA2 SP1 CpG19 SP1 SP1
TacTGARRCTAGANNABEGEECT GTGCTINGGACAACHAGGAGGGTGOTE (intron 1, 484 bp) ATTTTCTTGGACATGACGATCTC
SP1

Figure 6.2 CpG islands and regulatory elements in sirt] of gilthead sea
bream. A Schematic representation of CpG island (CGI) in 77 of gilthead sea
bream. Yellow lines represent CpG sites. Numbers indicate the position of the
putative transcription start site (I'SS, black arrow) and the start and the end of
the first exon and intron respect to the start codon (ATG, red). B Regulatory
elements in sir#1 of gilthead sea bream. First intron sequence was replaced by
indication to their length. Lower case letters indicate a 2 kb sequence upstream
the translational start site ATG, and includes the 5' UTR and the 5' flanking
region. Predicted core promoter region is flanked by brackets. Putative TSS is
shaded in black. Predicted regulatory elements are indicated in bold, undetlined,
and lower case italics. CGI is shaded in grey. The analyzed CpG positions are
shaded in red. This CGI spans the first exon and expands into the first intron

(not shown).
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aaacaaaaagataaaagtaacaacaggccatggcagaataagagaatacaaaataaaatgaatacatatatattagtgacagactctcottca
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OCTAMER PBX1
tcacaataaaggtacagaagettgaatgattgt gtagcdgaacaCaggtqratgadum ttetgtatgtaatataataaateaagtttacat
PBX1
gcaatcaaaattcttaaagtcgctgtattcgacta [ttaattaattcagttattcattttqagtgtagtcacacagt:gtatctgtatatgc
HNF1
actgttgggtagtttatttttatttaaagaaaaaaaacaacaaatacatttcacaagcttttctttgttttgecatgecaaccaaaaaaatgtg
TBP
taaagttgcctaacaagccaccacagetgtctgatatctcagatatttccctotgagaaaaatgtetegeageagaagtagaaagaagteaa
GATALl GATAL

gtgaagtacaaatacctcacatttgtatacaagtgcagtac ttgtagragatgtactiacgtgatgggargctmcgwﬂaaat
CREB/AP AML1 NRF2 NFkB

acacacceacgtga c.'tgcagctctgt:ttcccgcr:cgtatgttaatgagttattgaggacccggaaacaal cagcagagtgacagctctgte
MYC/HTF APl TSS AP1 ERR-a

/CHREBP
ctctaaagetotlloctecaggclictolilitgcagacaaagt tilltot ttttcaggagaaggagacgettttactgotgotggagetcatgs
ZF5 SOX6
tagagctgcggggtgatacactcacagettaaaggtteaagaageteccgagttoceccotetttttttgttttttggatgtggageatece
GATAL
gagtggctgaacgaagtecaccgecgtotgetoagecattcaaaaggtcegecaactggagagecaggt (intron 1, 29968 bp)attgg
ERR-a MYF

aATGAACAGGTCCAGGTCCAGCTGCGATARARARGCCGCCCAGCCTCCAGTCACCAGGTTARCTCGCAGCTCCAGCAGCACCCAGAGCAG

Figure 6.3 CpG islands and regulatory elements in sirt3 of gilthead sea
bream. A Schematic representation of CpG island (CGI) in /773 of gilthead sea
bream. Yellow lines represent CpG sites. Numbers indicate the position of the
putative transcription start site (I'SS, black arrow) and the start and the end of
the first exon and intron respect to the start codon (ATG, red). B Regulatory
elements in sir73 of gilthead sea bream. First intron sequence was replaced by
indication to their length. Lower case letters indicate a 2.37 kb sequence
upstream the translational start site ATG, and includes the first exon and the
first intron, as well as the 5' UTR and the 5' flanking region. Putative TSS is
shaded in black. Predicted regulatory elements are indicated in bold, undetlined,
lower case italics. CGI is shaded in grey. The analyzed CpG positions are
shaded in red.
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6.3.2. Sirtuin 1 and 3 promoter methylation

Up to 4 CpG sites at the CGI of w73 promoter were chosen for
methylation analyses of liver and WSM in fish of two classes of age at
two critical windows along the production cycle (winter and summer).
These CpGs remained in general hypomethylated regardless of age,

tissue and season (Fig. 6.4).
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Figure 6.4 Age and seasonal changes in DNA methylation of gilthead sea
bream sirt3. Site-specific-DNA methylation (%) of sir/3 in liver (A, B) and
white skeletal muscle (WSM) (C, D) of fish with different ages (+3, three-year-
old; +1, one-year-old) in winter and summer. Data are the mean = SEM of 8-
10 fish. CpG position with a circle means statistical differences between ages by
t-test (P < 0.05). Dashed lines indicate the mean methylation of all individuals

and positions.

However, analyzing individual positions, the CpG2 site consistently
showed the highest methylation level though it did not match with key
TEBSs (Fig. 6.3B). The CGI of sirt1 promoter was also hypomethylated
without a clear pattern of methylation at individual CpG sites for the 22

analyzed positions in liver and WSM (Fig. 6.5). Moreover, this CGI
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remained hypomethylated in all the CpG sites when comparisons are
made at the hepatic level between the two groups of age in both winter
and summer (Fig. 6.5A, B). The same was found in the WSM for fish
sampled in winter (Fig. 6.5C). However, in the summer sampling point,
15 out of 22 CpG sites (69%) shared an increased methylation in young
fish (Fig. 6.5D). This observation was more evident for the first three
CpG sites, reaching CpG2 and CpG3 sites the highest level of
methylation (~ 4%).
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Figure 6.5 Age and seasonal changes in DNA methylation of gilthead sea
bream sirtl. Site-specific-DNA methylation (%) of sir#! in liver (A, B) and
white skeletal muscle (WSM) (C, D) of fish with different ages (+3, three-yeat-
old; +1, one-year-old) in winter and summer. Data are the mean = SEM of 8-
10 fish. CpG position with a circle means statistical differences between ages by
t-test (P < 0.05). Dashed lines indicate the mean methylation of all individuals

and positions.
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The methylation level of CpG19 and CpG20 sites was also reduced by
age, being SP1 binding sites close or within all these responsive
positions. This observation was reinforced by regression and Pearson
correlation analyses, which showed across individuals a statistically
significant negative correlation between WSM sir#1 gene expression and
the methylation level of w77 CGI promoter at CpG3 (R = -0.66; P =
0.01) (Fig. 6.6). A negative correlation was also found at CpG19 (R = -
0.74; P = 0.004) site despite of its lower methylation level. When
comparisons were made on a seasonal basis, the DNA methylation was
increased in summer (Fig. 6.7A). This was especially evident in class +1,
and a consistent negative correlation was found between /7 gene
expression and the averaged methylation level of CpG2, 3 sites (R = -
0.658; P = 0.008) (Fig. 6.7B). The same trend with a lower level of
methylation was reported for CpG12-14, 16 sites (R = -0.679; P =

0.002), being these positions close or within SP1 binding sites.
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Figure 6.6 Summer correlation of local DNA methylation and sirt gene
expression in gilthead sea bream muscle. Correlation between DNA
methylation at CpG3 in sirt! gene promoter region and sirt1 gene expression in
white skeletal muscle (WSM) of gilthead sea bream during summer. Green and
red points represent data from +3, three-year-old and +1, one-year-old,
respectively.
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Figure 6.7 Seasonal local DNA methylation and correlation with sirtl
gene expression in muscle of one-year-old fish. A Site-specific-DNA
methylation (%) of sir#7 in white skeletal muscle (WSM) of one-year-old fish in
winter (black bars) and summer (grey bars). Data are the mean = SEM of 8-10
fish. CpG position with a circle means statistical differences between seasons
by t-test (p < 0.05). B Correlation between mean DNA methylation of SP1-
related CpG sites (CpG2, 3) in sirtl gene promoter region and st gene
expression in white skeletal muscle (WSM) of one-year-old fish. Red and green
points represent data from winter and summer, respectively.

239



240

Capitulo 6

6.3.3. Gene expression profiling

Gene expression profiling of all members of the s gene family in
combination with related markers of energy metabolism is summarized
in Table 6.3. A statistically significant effect of season (two-way
ANOVA) was found in both liver and WSM for almost all the analyzed
genes, with the exception of sz7#7 and pgelo in liver and si722 in WSM.
However, the age effects became more evident for s/ genes in WSM
rather than in liver. Conversely, markers of fatty acid 3-oxidation (¢#7a)
and mitochondrial uncoupling respiration (#p7) were more responsive to
age-mediated changes in liver than in WSM. Also, as a general feature,
most genes included in the array were down-regulated by age at the
hepatic level (Fig. 6.8A, 6.8B). This was especially evident for sirt1, sirt2,
sirt5, ¢ptla and wuepl, which were consistently down-regulated in class +3
in both winter and summer. In contrast, in WSM, most of the genes
included in the array were up-regulated by age in winter (Fig. 6.8C). This
also applied in summer to sirt1, sirt2, sirt5, sirt6 and sirt7, but the opposite
was found for ¢pt1a and up3 (Fig. 6.8D). Of note, most of these age-
mediated changes in gene expression were accentuated in winter as
indicates the statistically significant interaction of age and season in the

two-way ANOVA (Table 6.3).
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Figure 6.8 Age and seasonal gene expression changes of sirts and related
markers in gilthead sea bream. For cach season (winter and summer), fold-
changes (+3, three-year-old/ +1, one-year-old) of expression in liver (A, B) and
white skeletal muscle (WSM) (C, D) is shown. Asterisks indicate statistically
significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) between ages.
Values > 1 indicate up-regulated genes in +3 fish; values < 1 indicate down-
regulated genes in +3 fish.
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Table 6.3 Relative gene expression of liver and white skeletal muscle
(WSM) of gilthead sea bream. Data are the mean = SEM of 10 fish of
different ages (+3, three-year-old; +1, one-year-old) sampled in winter (W) and
summer (S). P-values are the result of two-way analysis of variance.

Winter Summer Two-way ANOVA
W+3 W+1 S+3 S+1 Season  Age Interaction

LIVER

sirt1 2531024 3221021 1.02 £ 0.08 1.52 + 0.11 <0.001  0.002 0.597
sirt2 4151033  6.20 +0.46 5211027 6991027 0.012  <0.001 0.697
sirt3 1.54+£0.16 1.60 £0.12 0.81 = 0.04 0.82 + 0.04 <0.001  0.762 0.799
sirtd 0.59 £0.06  0.64 £0.07 0.34 £ 0.02 0.48 £ 0.03 <0.001  0.081 0.406
sirt5 6.86+£0.54 10.31+0.52 5471021  6.831+0.26 <0.001 <0.001 0.014
Sirt6 0.69 £0.08 0.72 £ 0.05 0.42 £ 0.03 0.51 £ 0.05 0.001 0.531 0.935
sirt7 1.07 £0.08 1.17 £0.07 1.11 £ 0.06 1.20 + 0.04 0.177 0.385 0.795
peela 3.29£0.90 5.03%0.63 4141033 4.75+0.32 0.633 0.058 0.350
ptla 20.1 £321 287+ 237 3.94+0.48 8.57 £ 0.98 <0.001 0.004 0.357
s 301 £195 279+ 1.18 16.3 + 1.84 19.9 + 1.32 <0.001  0.666 0.077
uepl 261.4 £16.1 496.2 = 44.8 603.2 £ 459 1228.3 £ 105.9 <0.001 <0.001 0.003
WSM

sirt1 3.90£030 1.78 +0.17 1.04 £ 0.09 0.77 £ 0.05 <0.001 <0.001 <0.001
sirt2 3231027 210+0.14 3.44 £ 0.39 1.96 + 0.08 0.884  <0.001 0.488
sirt3 0.65£0.06 0.58 + 0.06 0.35+0.06  0.22%0.01 <0.001  0.081 0.548
sirtd 0.60 £ 0.06 0.31 £0.03 0.39 + 0.04 0.29 £ 0.03 0.017 <0.001 0.044
sirt5 129 £ 1.37 5191043 5.48 £1.02 2.72+0.31 <0.001 <0.001 0.011
Sirt6 0.55+0.03 0.31 £0.03 0.32 +0.03 0.18 £ 0.02 <0.001 <0.001 0.092
sirt7 1.77 £0.16  1.00 + 0.07 0.71 £ 0.04 0.43 +0.03 <0.001 <0.001 0.014
el 6.32£0.83 440+ 0.80 2.82+0.27 2.55+0.25 0.002 0.050 0.500
ptla 71.6 £858 4921578 4.69 +0.48 9.78 £ 1.17 <0.001  0.112 0.020
s 23521194 1520+ 12.8 63.9 £3.11 64.9 £ 4.01 <0.001  0.002 0.006
uep3 173.0 £33.1 165.1 £10.8 251%1.74 461 %238 <0.001  0.794 0.498

This temporal and tissue-specific regulation of gene expression is
reinforced by multivariate analysis. In liver tissue, #pl, ¢ptla and s
loadings predicted most of the observed variance, with a poor
contribution of sir#s, which was reduced to sir#5 after considering five
components in the PLS-DA (Fig. 6.9). In contrast, in WSM, the first
three components showed cumulative values for R2Y (explained
variance) and Q2 (predicted variance) of 69% and 59%, respectively
(Fig. 6.10A). With this dataset, the separation along the first component

explained 28% of total variance separating groups by season (winter us
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summer), whereas component 2 explained 27% of variance separating
groups by age in both winter and summer (Fig. 6.10B). In this scenario,
genes with a contribution to VIP > 1 in component 1 are a total of 6
with a main contribution of s, sirt5, sirt6 and sirt7. When the second
component was also considered, a total of 4 genes (522, sirt4, ucp3 and

¢ptla) showed VIP values > 1 (Fig. 6.10C).

A c
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Figure 6.9 Discriminant analysis (PLS-DA) of molecular signatures in
liver of gilthead sea bream. Data consist of relative expression of the 11
genes included in the array from fish of different ages (3, three-year-old; 1, one-
year-old) in two seasons (summer, S, and winter, W). A Cumulative coefficients
of goodness of fit (R2Y, white bars) and prediction (Q2, grey bars) by each
component. B PLS-DA score plot of acquired data from fish of +3 and +1
years in summer and winter along the two main components, explaining 49.6%
of total variance. C Ordered list of markers by variable importance (VIP) in the
projection of PLS-DA model for group differentiation.
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Figure 6.10 Discriminant analysis (PLS-DA) of molecular signatures in
white skeletal muscle of gilthead sea bream. Data consist of relative
expression of the 11 genes included in the array from fish of different ages (3,
three-year-old; 1, one-year-old) in two seasons (summer, S, and winter, W). A
Cumulative coefficients of goodness of fit (R2Y, white bars) and prediction
(Q2, grey bars) by each component. B PLS-DA score plot of acquired data
from fish of +3 and +1 years in summer and winter along the two main
components, explaining 55% of total variance. C Ordered list of markers by
variable importance (VIP) in the projection of PLS-DA model for group
differentiation.
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6.4. Discussion

6.4.1. Genomic organization of vertebrate SIRTs is highly

conserved

SIRTSs are widely conserved among living organisms with a number that
ranges from one in bacteria to seven in vertebrates [44], evidencing this
gene expansion the important role of SIRTs as key components of
energy metabolism in all the studied living organisms. Certainly, the
seven GSB counterparts of mammalian SIRTs have a conserved
Rossman fold domain, commonly found in proteins that bind NAD" or
NADP" [45]. Furthermore, phylogenetic analysis of GSB Sirts rendered
monophyletic clusters [28] according to the four SIRT classes described
by [46]. This conserved feature across vertebrate evolution is also
extensive to genomic organization as it was illustrated herein by the
comparisons made among GSB, zebrafish and human SIRTs, with an
exon length that is within the averaged size (170 nt) for the annotated
genes in higher vertebrate species [47, 48]. In contrast, the size of introns
for the members of the SIRT gene family is highly variable within and
among species probably due to the less functional constraints of non-
codifying DNA regions [49]. Of note, the recognized top TFBSs for
human SIRT7 (C/EBP-o, MYOD and MYC) and SIRT3 (AML1, CREB,
HTF, NRF2, PBX1, TBP) [50] were also retrieved in GSB close to the
predicted TSS of st and sir#3. Furthermore, in different models of
human and rodent metabolic homeostasis, it has been proven that
SIRT1 deacetylase activity modulates the function of most
transcriptional regulators (e.g. NF-»B, p53, FOXO1, PPARy, CHREBP,
HIF1 and C/EBP-a) forming negative-feedback loops [51] which
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probably also occurs in fish. This notion is reinforced by the large
number of enzymes of intermediary metabolism (more than 4,000
acetylated proteins in rat tissues) that are susceptible to SIRT
deacetylation [52, 53], making possible the complex crosstalk between

SIRTSs and a wide-range of biological processes [54].

6.4.2. CGIs in SIRT promoters appeared early through

vertebrate evolution

The number and location of CGls is very similar in humans and mouse
[55], acting most “orphan” CGIs (far from annotated promoters) as
alternative promoters for novel transcripts (e.g. miRNAs) that might
have regulatory significance [56]. In contrast, the number and density of
CGls is highly variable among fish genomes [57, 58], though interspecies
experiments in human, mouse and zebrafish demonstrate that classical
CGI sequences can be interpreted as an evolutionary conserved
mechanism that protects DNA for methylation to shape the usual
epigenome during development [59]. This notion fits well with the early
appearance of CGls during vertebrate evolution, being associated this
feature with an increased concentration from cold-blooded vertebrates
to warm-blooded vertebrates of CGIs close to TSSs [60]. To the best of
our knowledge this general trend has not been assessed in SIRT genes,
but interestingly the occurrence of CGlIs has been reported in SIRT
promoters of humans [61-65], mouse [66] and ruminants [67-69]. In
contrast, in GSB, the occurrence of CGls, in close association with SP1
binding sites, was only found in the case of sir#7 and sir#3. With the same
search criteria, CGIs were also retrieved in the w1 promoter of fugu

(Gene ID: 101061405), zebrafish (Gene ID: 797132), tilapia (Gene ID:
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100700447), Atlantic salmon (Gene ID: 106576833) and Australian
ghostshark (Gene ID: 103181092), which has a basal position in
vertebrate evolution respect to bony fish. However, the CGI of GSB
sirt3 promoter did not appear to be conserved in all fish species, which
can evidence a different regulation of energy metabolism through the

fish lineage.
6.4.3. CGls allow differential sirt gene regulation in GSB

CGIs allow promoter function by destabilizing nucleosomes and
attracting proteins that create a transcriptionally permissive chromatin
state [55]. Indeed, CGIs co-localize with a lot of promoters in both the
human and mouse genomes, which is compatible with the idea that CGI
promoters support a transcriptionally permissive state [55, 70, 71].
According to this, CGIs should be appropriate for modulating genes that
are required to be expressed ubiquitously irrespective of cell type. In
contrast, promoters without CGIs should be more suitable for mounting
responses to external/internal cues, because their transcriptional on/off
status could be more strictly controlled depending on the situation [60].
However, this feature is more complex than initially expected because
sirts with/without GGI promoters apparently co-exist in GSB to assure a
ubiquitous and perhaps highly regulated activity in different tissues and
cellular locations. Certainly, all si7#s are expressed at detectable levels in
14 analyzed GSB tissues [28], and multivariate analysis highlighted a
higher expression level not only of si7#7 but also of sir#2 and szrt5 (without
a CGI promoter). However, sir#1 appeared as one of the most ubiquitous
and highly expressed isotype when considering as a whole the entire set

of analyzed tissues [28]. Conversely, 773, as well as sirt4, 6 and 7, was
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categorized as a szt isotype with a relatively low expression level, though
it is able to achieve a high expression in immune relevant fish tissues
(e.g. head kidney, posterior intestine) [28, 29]. Of note, the human SIRT3
shares a bidirectional promoter with PSMD73 (Proteasome 26S Subunit,
Non-ATPase 13), being this head-to-head organization conserved in
birds, rat, mouse, dog and chimpanzee as a transcriptional mechanism
that would facilitate the co-regulated expression of SIRT3 and PSMD73
[72]. How fish genomes and s genes in particular benefit of
bidirectional promoters remains intriguing in fish [73]. In any case, both
in this and other previous study [4], a high expression level of 5773 is not
substantiated in metabolically active tissues of GSB (e.g. liver and WSM).
It must be argued that this tissue-specific dualism in 773 expression
might be favored by CGI promoters, which might also contribute to
enable Sirt abundance at different cellular locations (Sirtl, nucleus; Sirt3,

mitochondria) as part of the functional Sirt diversification in fish.

6.4.4. Local DNA methylation contributes to regulate

sirt] gene expression

The connection between metabolism and epigenetics through the action
of SIRTs has been widely demonstrated in higher vertebrates [26]. In
fact, the deacylase activity of SIRTs over histones, TFs and epigenetic
enzymes, and their requirement of NAD" as a co-substrate, makes
SIRTs to transduce energy metabolic signals into the epigenetic
regulation of gene expression, chromatin biology and genome stability
[25]. However, the epigenetic regulation of SIRTY is less understood and
contradictory results have been reported in different experimental

models, with no correlation between SIRT expression and local DNA
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methylation of CGIs in both humans [61-65] and mouse [60]. In
contrast, a clear negative correlation between gene expression and CGI
hypermethylation has been reported for human SIRT7 [62], and
demethylation of bovine JSIRT4-6 promoters enhanced their
transcriptional activity favoring the binding of specific TFs to their
promoters [67-09]. Likewise, in the present study, the analyzed CpG sites
of sirt3 were hypomethylated irrespective of tissue, age and season,
which may indicate that the observed changes in sz7#3 expression (mainly
related to season) were not regulated in this fish species by changes in
DNA methylation at the analyzed CpG sites. At the hepatic level, the 22
examined CpG sites of CGI g7 were also highly refractory to
methylation. The same for WSM in winter, but importantly, slight but
consistent changes in DNA methylation were found in summer when
fish of class +1 and class +3 were compared. It is known that
intermediate DNA methylation levels are fine-tuned, and the association
of DNA methylation with an observed phenotype can occur through
small differences in the methylation level, often only 1-5% [74]. Indeed,
less than 1% changes in methylation affect the binding of NRF1 and
E2F1 to SIRTG6 promoter in bovine adipocytes [69)].

In mammals, there is a growing body of literature supporting an
age-specific drift of methylation patterns, which includes global
hypomethylation and region-specific hypermethylation [75, 76]. The
nature of local hypermethylation changes is complex, but it has been
shown that some of them co-occur near tumor suppressor genes with
functional effects that might be linked to cell cycle regulation. Hence, the
difference between DNA methylation age and chronological age is a

promising tool in predicting disease risk and longevity potential in early
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life [77], being associated the accelerated increases in DNA methylation
at particular local sites with the early onset of most age-related diseases
in humans [78]. Although there is so far no proof that changes in specific
DNA methylation patterns of SIRTs can extent lifespan, it is noteworthy
that SIRT1 (the orthologous counterpart of Sir2 in higher vertebrates) is
a master regulator of aging, inflaimmation and metabolism [79, 80],
mediating most of the healthy and anti-aging effects related with caloric
restriction and the resveratrol induced SIRT activation in humans and
rodents [81]. However, whereas alterations of the epigenome in adult
somatic tissues might reflect aging-associated deleterious events,
developmental and seasonal changes of the epigenome are necessary and
fine-tuned by environmental cues. In our experimental model, this
observation fits well with the summer age-related changes in g7
expression at the WSM, resulting in a close negative association between
sirtl expression and DNA methylation at CpG3 and CpG19 positions,
which is considered adaptive to adjust the changing metabolic needs and
feed intake that normally occurs with advancing age and growth
deceleration (see below).

Interestingly, our results also indicate that the summer decrease
of sirt1 expression was concurrent with the increased DNA methylation
of sirtl promoter, which was especially evident at CpG positions
containing SP1 binding sites (CpG2, 3 and CpG12-14, 16). Since this
observation was particularly evident in young fish, one possible
explanation is that the epigenetic program resulting in a tissue-specific
methylome is reset with advancing age as part of the overall
hypomethylation program of aged animals. The ultimate mechanisms

remain unexplored, but it seems that it occurs via SP1 interactions with
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other TFs as reported for PPARJ for the enhanced expression of human
SIRTT [82].

6.4.5. sirt gene expression enables changes in lipogenic

and growth energy demanding processes

The combined gene expression profiling of biomarkers of energy
demand (pget o, ¢ptla, cs, np1/3) and energy status (sir#1-7) helps to better
discriminate phenotypes with different growth potentiality in GSB [4].
Such approaches are also highly informative of the metabolic status of
animals across season and normal development. Certainly, in the present
study, the hepatic expression of almost all the analyzed markers of
energy metabolism was down-regulated by age, especially in the cold
season. Indeed, differences in feed intake between young and less active
growing fish are exacerbated in our latitude from November to March,
with the practical feeding stop in adult fish [83]. As a consequence,
catabolic states resulting of short-term fasting [28] or natural starvation
during winter are sensed by a wide range of energy sensors, including sirzs
that reflect the energy status rather energy demand. In fact, the most
energy demanding process of liver is the lipogenic activity [84], and
reduced lipid biosynthetic capabilities during fasting or temperature
drops are linked with a pronounced down-regulated expression of the
enzyme subunits of mitochondrial respiration chain (oxidative
phosphorylation pathway, OXPHOS) [30, 85]. This contrasts with the
up-regulated expression of markers of OXPHOS in the WSM of fasted
or feed-restricted GSB [85, 806], which reflects an increased tissue-energy
demand to preserve the protein muscular mass when fish facing a

reduced supply of nutrients or an enhanced energy demand for growth
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of the still fast growing individuals during the summer season [83]. This
metabolic feature was illustrated herein by an increased expression in
young fish of markers of fatty acid B-oxidation (¢#72) and muscle
respiration uncoupling (#¢p3), which evolved to protect mitochondria
against oxidative stress in a highly oxidative cellular milieu [87, 88].
Certainly, SIRT1 acts as a major repressor of UCP3 in muscle tissues of
rodents [89], also inhibiting the progression of different antioxidant
responses mediated by NF-«B and NRF2 [51]. Conversely, the down-
regulation of SIRT7 enhances the myogenic gene program to adjust it to
energetic demands driven by changing growth, nutrient availability or
increased muscle activity [90]. Human studies also indicate that SIRT2
enhance myoblast proliferation [91] and differentiation [92], being related
the enhanced muscle expression of 772 in juvenile fish of GSB with a
higher growth potentiality [4]. Since these findings are apparently
contradictory with the observed up-regulated expression of sir2 with
advancing age, we consider that this age-mediated response highlights
additional s functions related in other animal models to genome
maintenance and the avoidance of cell senescence in general [89, 93, 94].

As a corollary of this complex and sometimes controversial
puzzle, the multivariate analyses of gene expression patterns indicated
that changes in /77 gene expression at the level of WSM are particularly
responsive to physiological changes mediated by age and season.
Certainly, six sir#s out of seven collectively have a discriminant role (in
particular sz7#7) to disclose the seasonal-related changes in feed intake
and growth performance, as well as the switch of metabolism from
glucose utilization to fatty acid oxidation [95]. However, further studies

are needed to cope changes in environmental cues and epigenetic
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modifications as a promising tool to fully exploit the growth potentiality
of currently farmed fish. In any case, collectively our results point out an

important role of sir#1 in the adjustment of energy metabolism in GSB.
6.5. Conclusions

This study demonstrates that the gene structure of si#s is highly
conserved through vertebrate evolution in the fish lineage. In silico
analyses also highlighted the presence of common regulatory elements in
sintl and sir13 promoter regions in fish and higher vertebrates, being
associated the presence of CGls in the promoter region of these two sirzs
with a fine adjustment of gene expression across metabolically active
and/or immunologically relevant tissues. Correlation analysis of s# gene
expression and local DNA methylation was done for the first time in a
marine fish, revealing the increase of local DNA methylation a less
permissive condition for sir#1 gene expression at the level of WSM. In
particular, we showed that the methylation level of CpG positions
containing SP1 binding sites contributes to explain either seasonal and
age related changes in sir#1 expression. The functional significance of
changes in sz#7 methylation deserves further investigation, but
importantly it appears that not all the changes in /777 gene expression are
mediated by epigenetic DNA methylation mechanisms. This is not
surprising given that most changes in energy metabolism require a fast
response for fish to cope with a poorly predictable environment.
Collectively, all these findings confirm and extend the idea that sirzs are
good markers of metabolic condition in farmed fish, contributing to
define the ideal gene expression pattern at a tissue-specific level (see Fig.

6.11).

(O8]



254

Capitulo 6

+ . -

Winter Summer

0Old fish Young fish

SP1
m

\"‘II

B

| CATABOLIC STATE ANABOLIC STATE |

Figure 6.11 Integrative scheme of DNA methylation and gene expression
of sirtl Different energy status induces changes in methylation and gene
expression of sir#1 in muscle of young and old gilthead sea bream in winter and
summet.
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A lo largo de las dos dltimas décadas se han conseguido notables avances
en el cultivo de peces a escala industrial, por lo que la produccién de
muchas especies ha pasado en pocos afos de unos pocos cientos a miles
de toneladas. Sin embargo, el disponer de unas infraestructuras de
referencia para evaluar diferentes condiciones de cultivo de forma fiable
y facilmente reproducible sigue siendo un reto a la hora de establecer el
maximo potencial de crecimiento o el grado de domesticacion de las
especies susceptibles de cultivo. De hecho, el mantener a los peces en
unas condiciones distintas a las de su medio natural comporta unos
estados de riesgo que requieren el establecimiento de programas de
prevencion y tratamiento de enfermedades, asi como procedimientos
apropiados de gestiéon, nutricién, manipulaciéon y sacrificio que
garanticen el bienestar animal, al igual que la calidad y seguridad
alimentaria del producto final destinado al consumo. Es por todo ello,
que para para poder cumplir los objetivos de la agenda 2030 es necesario
el establecimiento de estandares de calidad, basados en buenas practicas
de alimentacién y cultivo, asi como en un uso adecuado del
conocimiento generado a partir de las investigaciones en curso. Por
consiguiente, a lo largo de este dltimo capitulo de la Tesis Doctoral se
han intentado mostrar algunos de los dltimos avances en el cultivo de la
dorada y el impacto a corto-medio plazo que puede tener el
conocimiento generado sobre la estructura, funcién y regulacion de las
sirts como marcadores del estado metabdlico y bienestar de los peces en

cultivo.
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7.1. Ultimos avances en el cultivo de la dorada

7.1.1. Las dietas basadas en ingredientes vegetales no
limitan el potencial de crecimiento en condiciones

experimentales de cultivo

La industria del salmén noruego ha disminuido hasta un 30% los niveles
de inclusion de ingredientes marinos en los piensos de engorde
(Ytrestoyl et al.,, 2015; Shepherd et al., 2017) y resultados similares o
incluso mejores se han obtenido a escala experimental en dorada, como
especie modelo de la acuicultura mediterranea. En gran parte, ello ha
sido posible gracias al esfuerzo investigador de los ultimos 15-20 afios en
el marco de diferentes proyectos europeos (PEPPA, AQUAMAX,
ARRAINA) en los que se han abordado, primero por separado y luego
conjuntamente, la sustitucion de harinas y aceites de pescado por
ingredientes  vegetales. Todo ello ha permitido disminuir
progresivamente la dependencia de las pesquerias al ir reduciendo, sin
efectos negativos sobre el crecimiento, el nivel minimo de inclusién de
harinas y aceites de pescado desde un 35% (Gémez-Requeni et al., 2004)
hasta un 7,5-10% (Benedito-Palos et al., 2016) (Fig. 7.1). Para ello, se
han llevado a cabo toda una serie de engordes de corta-larga duracion en
condiciones naturales de fotoperiodo y temperatura en las instalaciones
de cultivo del Instituto de Acuicultura Torre de la Sal (IATS).

En cualquier caso, las formulaciones mas extremas requieren un
periodo inicial de adaptacion o de programacién nutricional que, si no se
contempla, comporta una ligera merma del crecimiento (6-7%) que se

arrastra a lo largo de todo el ciclo de produccién, aunque con
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posterioridad el patrén de expresion génica de marcadores seleccionados
de crecimiento a nivel hepatico y muscular no muestra diferencias
relevantes entre el grupo control (D1), con un 25% de harina de pescado
y 15% de aceite de pescado, y los grupos experimentales (D2-D4) con
tan solo un 5% de harinas y una sustituciéon progresiva del aceite de
pescado (6,5%-2,5%) por una mezcla de aceites vegetales (Fig. 7.2A). Es
mas, después de completar un ciclo de producciéon de 3 afios, nuestros
resultados muestran que todos los grupos experimentales (D1-D4)
crecen de forma eficiente y con altas tasas de crecimiento para los
estandares de la especie. De acuerdo con ello, y con independencia de la
dieta, la eficiencia de conversiéon global del alimento es de 1, 0,8 y 0,7
para doradas de 300 g, 1 kg y 1,5 kg (Sim6-Mirabet et al., 2018, Fig.
7.2B).

Desde un punto de vista practico, estos valores pueden ser
considerados como referencia para la especie, aunque la extrapolacion a
la industria no es facil dada la heterogeneidad de las poblaciones
actualmente en cultivo, ademas del mayor nivel de estrés asociado a las
practicas de cultivo a escala industrial (Bermejo-Nogales et al., 2014).
Ahora bien, cabe destacar que los buenos resultados con las nuevas
formulaciones del proyecto ARRAINA se han visto reiteradamente
corroborados en otros engordes. Es mas, cuando se combina el uso de
ingredientes vegetales con el de hidrolizados proteicos, los resultados de
los parametros de crecimiento pueden ser incluso mejores que los
obtenidos con formulaciones estandar o comerciales basadas en harinas
y aceites de pescado (Martos-Sitcha et al., 2018), lo que indica que el
nivel maximo de sustituciéon de los ingredientes tipicamente marinos en

dietas de engorde de peces marinos carnivoros es mayor del inicialmente
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esperado. De forma indirecta, ello facilita el uso de otro tipo de
ingredientes basados en proteinas microbianas, de insectos u otros
subproductos de proteinas animales, siguiendo al mismo tiempo los
principios de economia circular y deshechos cero. En esta linea ya se han
conseguido importantes avances dentro del proyecto europeo GAIN,
aunque el conocimiento generado no esta todavia suficientemente

maduro para ser transferido a la industria.

ARRAINA, 2012-
2016
ADVANCED
AQUAMAX, RESEARCH
2006-2010 INITIATIVES
FOR NUTRITION
SUSTAINABLE &
AQUAFEEDS AQUACULTURE
PEPPA, 2001- TO MAXIMISE 50, HP
2004
THE HEALTH 2.5% AP
PERSPECTIVES BENEFITS OF .
OF PLANT FARMED FISH Benedito-Palos et al,
PROTEIN USE FOR 2016
IN CONSUMERS
AQUACULTURE
15-20% HP
15-20% HP 50, AP
12-15% AP

Gdmez-Regueni et al.,
2003. 2004

Benedito-Palos et al.,
2007, 2008, 2009

Figura 7.1 Avances en los niveles sustituciéon de ingredientes marinos por
vegetales de las dietas de dorada. En la figura se indican los proyectos donde se
han desarrollado las dietas y los articulos resultantes. Abreviaturas: AP, aceite de
pescado; HP, harina de pescad.
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Figura 7.2 A Composicién en harinas y aceites de pescado de las dietas
experimentales D1-D4. B Rendimiento del crecimiento de la dorada alimentada
con estas dietas desde estadios tempranos hasta la madurez sexual en un ciclo
de producciéon de 3 afos. Modificada de Simo-Mirabet et al., 2018. Abreviaturas:
AP, aceite de pescado; AV, aceite vegetal; BW, peso corporal; FE, eficiencia alimentaria;
HP, harina de pescado; MS, materia seca; SGR, tasa especifica de crecimiento.

269



270

Capitulo 7

7.1.2. Las dietas vegetales alteran la proporcion de sexos

como consecuencia de un falso efecto feminizante

Los peces muestran una gran variedad de estrategias reproductivas en
cuanto al determinismo sexual y a la expresién de su sexualidad,
presentando todos los tipos de reproducciéon conocidos en vertebrados:
unisexualidad, gonocorismo y hermafroditismo sincrénico o secuencial
(Devlin y Nagahama, 2002; Kobayashi et al., 2013). Esta diversidad en
los tipos de reproducciéon de los peces implica origenes evolutivos muy
diversos ademas de un alto grado de plasticidad evolutiva, destacando el
hermafroditismo secuencial como claro ejemplo de plasticidad fenotipica
en respuesta a un medio ambiente en continuo cambio (West-Eberhard,
2003; Aubin-Horth y Renn, 2009; Moczek, 2015).

La teorfa dominante que explica la ventaja adaptativa del
hermafroditismo secuencial es el modelo de “la ventaja de la talla” (Todd
et al., 2016), en base a lo cual el cambio de sexo es ventajoso cuando un
individuo se reproduce con mayor eficiencia como miembro de un sexo
cuando es joven o pequeflo, y como miembro del otro sexo cuando es
grande o de mayor edad, maximizando el éxito reproductivo a lo largo
del ciclo biolégico (Warner, 1988). Por tanto, para cada especie, la talla o
la edad de cambio de sexo esta genéticamente determinada. Asi pues,
estudios recientes en dorada han identificado dos QTLs, uno para peso
corporal y otro que afecta a la determinacion sexual (Loukovitis et al.,
2011). Ambos estan localizados en el mismo grupo de ligamiento, lo que
aflade el componente genético a la determinacion del sexo en esta

especie. De hecho, en las instalaciones del IATS, el peso de los animales
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que revirtieron a hembras a los 3 afios fue un 10% mayor que el de los
machos (Sim6-Mirabet et al., 2018).

Ademas de la influencia de los factores genéticos, el cambio de
sexo esta determinado por las interacciones sociales (Lamm et al., 2015).
Concretamente en dorada, las hembras inhiben la reversion sexual de los
machos y el hecho de quitar hembras de los tanques provoca la
feminizacién de los machos con el fin de asegurar la reproduccion
(Zohar et al., 1978; Happe y Zohar, 1988). Como consecuencia, aunque
la dorada suele cambiar de sexo un afo después de su primera
maduracién como macho (D'Ancona, 1941; Lasserre, 1970), la reversion
de macho a hembra puede ocurrir mas tarde, tanto en condiciones
naturales (Chaoui et al., 2006; Hadj-Taieb et al, 2013) como en
cautividad (Simoé-Mirabet et al., 2018).

Este proceso de reversion sexual también esta regulado
nutricionalmente, y doradas cultivadas en el IATS durante mas de 3 afios
con una formulaciéon estandar (D1), mostraron una proporcion
equilibrada de sexos (50% machos, 50% hembras) en el momento de la
puesta, mientras que en los grupos de peces alimentados con dietas
vegetales (D2, D3) se vio favorecida la reversion de machos a hembras
por un falso efecto feminizante (Fig. 7.3). Sin embargo, este proceso fue
revertido por la adicién de butirato (D4), gracias a los efectos de este

aditivo sobre el patrén de esteroides sexuales (ver mas adelante).
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100 4 r
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SEX (%)
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b l

DI 46 46 50
D2 34 62 64.6
D3 38 64 62.7
D4 40 48 545
D2+D3 72 126 63.6

Figura 7.3 A Evolucién de la proporcion de sexos en peces de 3 afios durante
el periodo reproductivo (setiembre 2015-enero 2016). Los datos corresponden
a 40 peces por mes y el numero de hembras (negro), machos (blanco) e
intersexos (gris) estd indicado en cada punto de muestreo. B Efectos de la dieta
sobre la proporciéon de sexos en diciembre de 2015. Las diferencias
significativas en la proporciéon de sexos (grupo experimental; D2, D3, D4
respecto al control; D1) se determinaron mediante el test de Chi cuadrado; *, P
<0,06. Modificada de Simo6-Mirabet et al., 2018.

En la Figura 7.4, se muestra con mas detalle la evolucién de la
proporcién de sexos y el estado del desarrollo gonadal a lo largo de la
fase reproductiva. En septiembre (Fig. 7.4A), se observo la presencia de
hembras con oocitos previtelogénicos y de algunos individuos con
testiculos remanentes, unidos al tejido ovarico, con espermatogonias no
diferenciadas. En octubre (Fig. 7.4B), un 63% eran hembras (con
oocitos vitelogénicos), un 15% intersexos (con oocitos previtelogénicos

cercanos al tejido masculino con espermatocitos u espermatozoides y

muy pocas espermatogonias) y un 22% machos (con avanzada
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espermatogénesis). En diciembre (Fig. 7.4C), los machos aumentaron
hasta el 40% mientras que los intersexos disminuyeron hasta el 5% vy las
hembras hasta el 55%. En ese momento, el tejido ovarico de las hembras
mostré oocitos en estadios tempranos y tardios de la vitelogénesis y
también postvitelogénicos mientras que los machos presentaron
espermatozoides y espermatocitos. En enero (Fig. 7.4D), tras el periodo
de puesta, el % de hembras fenotipicas se mantuvo igual mientras que
los intersexos aumentaron hasta un 42% y solo qued6 un individuo
macho, lo que muestra que tras la época de puesta y con la falta de
seflales femeninas (feromonas), los machos pasan rapidamente a
intersexos y, dependiendo del tipo de sefales que reciban en la proxima
etapa reproductiva, seran machos o ya de forma irreversible se

convertiran en hembras funcionales.

A Septiembre B Octubre C Diciembre D Enero

Figura 7.4 Desarrollo gonadal a lo largo de la fase reproductiva de la dorada.
Modificada de Simé-Mirabet et al., 2018.
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Es un hecho bien conocido que la inclusién de ingredientes de
origen vegetal en las dietas provoca un aumento de sustancias
estrogénicas no esteroideas, principalmente fitoestrogenos (Pelissero y
Sumpter, 1992; Miyahara et al., 2003) que pueden influir sobre la
reproduccion de los peces. En nuestro caso, y como era de esperar, los
niveles de esteroides sexuales aumentaron a lo largo del proceso
reproductivo con picos, en diciembre, de estradiol y 11-kestosterona en
hembras y machos, respectivamente (Simo-Mirabet et al, 2018).
Igualmente, es de resefiar que la presencia de vitelogenina mediante
Western blot solo dio positivo en hembras.

El analisis de los efectos de la dieta sobre el perfil de esteroides
sexuales es mas complejo de abordar, aunque como patrén general, el
analisis multivariante mostré6 un perfil masculinizado de esteroides
sexuales en los animales alimentados con dietas vegetales, que fue
revertido al menos en parte con la adiciéon de butirato en las dietas
vegetales. Por consiguiente, los efectos de las dietas vegetales sobre el
potencial de crecimiento y el proceso reproductivo son diferentes, ya que
-en las condiciones optimizadas de crecimiento en la infraestructura de
cultivo del IATS- las formulaciones basadas en dietas vegetales no
comprometen el potencial de crecimiento y la suplementacién con
butirato no tiene un efecto estimulador del crecimiento. Por el contrario,
las dietas vegetales afectan a la proporcion de sexos y posiblemente
también a la capacidad reproductora y a la calidad de la progenie,
aspectos que, al menos en parte, son revertidos por el butirato, un
aditivo que también ha mostrado tener un efecto castrante en machos
durante el primer periodo reproductivo. Ademas, como veremos mas

adelante, este aditivo contribuye a mitigar otros efectos negativos de las
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dietas vegetables, preservando el fenotipo salvaje propio de peces

alimentados con dietas basadas en harinas y aceites de pescado.

7.1.3. La viabilidad del cultivo con dietas vegetales no se
ve comprometida por la actual heterogeneidad de las

poblaciones en cultivo

El dltimo paso en la validacién de nuevas formulaciones de piensos
incluye el estudio de la interacciéon nutricién-genoma, para lo cual se ha
analizado -en el marco del programa de seleccion genética PROGENSA-
la respuesta de peces seleccionados por su diferente potencial de
crecimiento a una formulaciéon estandar y a una dieta experimental de
composicion intermedia a la de las dietas D2-D3 del proyecto
ARRAINA (Fig. 7.2A). Los resultados de crecimiento en un modelo
“common garden” han puesto de relieve la ausencia de una interaccion
significativa nutricion-genoma en las 11 familias analizadas, lo que se
evidencia por la alta correlacién existente entre las tasas de crecimiento
de los peces alimentados con las dos dietas a lo largo del ciclo de
produccion (Fig. 7.5). Esto no implica que no existan diferencias con
formulaciones mas extremas, que no se han analizado en nuestro modelo
experimental por los efectos que ello conlleva sobre el crecimiento y la
composicion en AGPs del filete (Benedito-Palos et al., 2009; Vasconi et
al., 2017). De hecho, diferentes trabajos en trucha han mostrado una
interaccién genotipo-ambiente en peces alimentados con dietas con una
sustitucion alta o total de harinas y aceites de pescado por ingredientes
vegetales (Pierce et al, 2008; Le Boucher et al, 2011), lo que
posiblemente pone de manifiesto una diferente capacidad de elongacién

y desaturacion a partir del AG 18:3n-3. Esta via estarfa limitada en peces
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marinos por las deficiencias a nivel enzimatico (elov/2, A5 desaturasa) en
la maquinaria de sintesis de AGPs de cadena larga. En cualquier caso, la
programacién nutricional del metabolismo lipidico a nivel de
reproductores o en los primeros estadios del desarrollo mejora la
respuesta de la progenie a dietas de alto contenido en aceites vegetales,
tal y como se ha puesto de manifiesto recientemente en dorada con
modificaciones epigenéticas de la expresion de la A9 desaturasa (Perera
et al., 2020), lo que permite una regulacién mas precisa de una enzima
lipogénica que a su vez aumenta el nivel de instauracién al promover la

sintesis de AGMs.

September 2017 - November 2017
November 2017 - April 2018

April 2018 - May 2018

May 2018 - July 2018

July 2018 - September 2018

ro&408B

SGR D1

Reg. Eq. PCC:
R’= 0.992 R=0.996
Slope= 1.01 F=9359.3
Bo=0.010 P<0.0001

2.0

SGR D2

Figura 7.5 Tasas especificas de crecimiento (SGR) de las familias de
crecimiento ripido y lento alimentadas con las dietas experimentales (D1-
control, D2-vegetal) en distintos periodos. Los valores de la regresion de la
ecuacion (Reg. eq) y el coeficiente de correlacion de Pearson (PCC)
corresponden al global de todos los periodos. Modificado de Perera et al., 2019.
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A diferencia de los indicadores de crecimiento, otros paraimetros
biométricos relacionados con el almacenamiento de energfa como el
tamafo del higado y la cantidad de tejido adiposo si que mostraron una
interaccién nutricion-genotipo. Por un lado, las dietas vegetales
provocaron un aumento del indice hepatosomatico (HSI), lo cual es
comun en la dorada (Cruz-Garcia et al., 2011; Benedito-Palos et al.,
2010) y otros peces carnivoros alimentados con dietas vegetales (Riche y
Williams, 2011; Cabral et al., 2013). En contraposicion, disminuyé la
deposicion grasa (y el indice mesentérico, MSI), siendo esta reordenacioén
de los depositos grasos un sintoma de una ingesta limitada en AGs
omega-3 de cadena larga (Ballester-Lozano et al., 2015), asi como de un
diferente potencial de crecimiento, tal y como se indica en la Tabla 4.5
cuando se analiza la expresion de sir#s en doradas de dos lineas de peces
en cultivo genéticamente diferenciadas.

Por otro lado, la funcién intestinal esta especialmente regulada a
nivel genético, ya que las familias de rapido crecimiento del programa
PROGENSA aumentaron la longitud del intestino y, por tanto, su
capacidad digestiva y de absorcién cuando se alimentaron con la dieta
vegetal; mientras que las familias de crecimiento lento siempre mostraron
un intestino alargado con independencia de la dieta (Perera et al., 2019).
Actualmente, estd en fase de evaluacion cémo se ve afectada la
composicion de la microbiota intestinal en estos mismos animales, como
parte del metanalisis encaminado a establecer los efectos de la edad, la
estacioén, el sexo y la dieta sobre la microbiota y la funcionalidad
intestinal en el marco de proyectos nacionales (Bream-aqualNTECH,
2019-2022) y europeos (AQUAIMPACT, 2019-2022) (Piazzon et al.,
2017; 2019; Naya-Catala et al., resultados no publicados).

27
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7.1.4. Los acidos grasos de cadena corta y media tienen
efectos diferentes sobre el crecimiento y la salud

intestinal

El incremento de la demanda de proteina de pescado y la consecuente
intensificaciéon de la acuicultura ha comportado el aumento del uso de
aditivos en la dieta para minimizar los posibles efectos negativos de las
nuevas formulaciones de piensos. Buenos ejemplos de ello son los AGs
de cadena corta y media que son compuestos naturales con menos de 6 o
de 6-12 atomos de carbono que juegan un papel importante en los
procesos energéticos mitocondriales y en la sefalizacion intracelular
(Schonfeld y  Wojtczak, 2016). Ambos tipos de compuestos
proporcionan rapidamente energia gracias a su transporte directo a través
de la vena portal hasta el higado como AGs libres o unidos a albumina.
Ademas, su absorcién celular y el transporte intracelular no requiere (o lo
hace en menor cantidad) proteinas de uniéon a AGs (FABP) y el
transporte a través de la membrana mitocondrial es independiente de la
CPT-1, considerada una enzima limitante en la oxidacién mitocondrial
de AGs de cadena larga (Friedman et al., 1990).

El butirato (AG de 4 atomos de carbono) es posiblemente uno
de los aditivos de accién pleiotropica mejor estudiados, siendo capaz de
mitigar los efectos pseudofeminizantes de las dietas vegetales en dorada
(Simo6-Mirabet et al., 2018), de la misma manera que la disminucién de
los niveles circulantes de colesterol y hemoglobina, asi como el aumento
de la expresiéon de citoquinas inflamatorias y de marcadores musculares
de la morfogénesis celular y la degradacion de proteinas (Benedito-Palos

et al., 2016). La adicién de butirato también ayuda a conservar la funcién
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intestinal, preservando la integridad del epitelio intestinal (Estensoro et
al., 20106), la biodiversidad de la flora intestinal, a la vez que limita la
proliferaciéon de determinadas especies de Photobacterias, que pueden
actuar como patégenos secundarios (Piazzon et al., 2017). Ademas,
ayuda a revertir los cambios observados en la composicion del proteoma
del mucus que suelen ir asociados, en peces alimentados con dietas
vegetales, a una menor abundancia de ciertas mucinas y proteinas
relacionadas con la digestion, con los efectos que ello comporta sobre la
susceptibilidad a patégenos y la propia funciéon digestiva, que requiere
acciones compensatorias como el ya descrito aumento de la longitud del
intestino. Esto también es extensible a nivel transcripcional, estando la
suplementacién con butirato de las dietas vegetales acompafiada de una
reversion al fenotipo salvaje del patréon de expresion intestinal de varios
marcadores inflamatorios, de permeabilidad epitelial y de produccion de
mucus (Estensoro et al., 2016). Todos estos cambios acaban teniendo un
alto valor predictivo sobre la susceptibilidad a enfermedades, mejorando
el uso del butirato en dietas vegetales la progresion de la enteritis
parasitaria en peces infectados experimentalmente con el myxozoo E. /ezi
(Piazzon et al., 2017).

A diferencia del butirato, el heptanoato (AG de 7 atomos de
carbono) no revierte la hipocolesterolemia causada por las dietas
vegetales, pero con independencia de la composicion de la dieta aumenta
los niveles circulantes de cortisol, lo que a su vez facilita mas si cabe la
rapida produccion de energfa con una alta disponibilidad de sustratos
rapidamente metabolizables (Haase et al., 2016). Sin embargo, por si
mismo ello aumenta el riesgo de estrés oxidativo y deben existir

mecanismos compensatorios que lo minimicen sin prejuicio de la
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disponibilidad de energfa en estados de alta demanda. De hecho, la
adicién de heptanoato mejora transitoriamente la conversion del
alimento en peces alimentados con dietas estandar y la respuesta al
ejercicio en camaras metabolicas. Sin embargo, no se observa una mejora
adicional con dietas vegetales suplementadas con hidrolizados de
proteinas de peces, que por si mismos aumentan la disponibilidad de
sustratos facilmente metabolizables (Martos-Sitcha et al., 2018).

Como se muestra en el Capitulo 5, la suplementaciéon con AG
de 12 atomos de carbono (extraidos a partir del aceite de coco) ejercid
una accioén estimuladora del crecimiento de la dorada por sus efectos
sobre la ingesta, lo que estarfa mediado, al menos en parte, por la
activacion de la accion anabolica del eje somatotrépico. Sin embargo, la
accion a nivel macroscopico, microscopico y transcripcional sobre la
arquitectura y la funcién intestinal fue mas limitada, a pesar del papel de
los AGCMs como agentes antiinflamatorios (Catlson et al., 2015). Este
hecho es mas evidente cuando se compard, en el mismo experimento,
con la accion de un probidtico comercial basado en Bacillus
amyloliguefaciens, que presenté una amplia variedad de efectos
antioxidantes y antiinflamatorios que incluyeron la disminucién de la
producciéon de mucus, del nimero de células goblet, del estallido
respiratorio, de los niveles circulantes de IgM y de cortisol, ademas de
cambios en la expresion de citoquinas y marcadores de linfocitos a nivel
mucoso. Al mismo tiempo, la adicién de este probidtico en la dieta
aumento6 la expresion intestinal de la 77 (inmunoglobulina mucosa de
peces), cuya regulacion en dorada se ha estudiado en respuesta a
infecciones viricas, bacterianas y parasitarias (Piazzon et al., 2016). El

significado fisioldgico de esta importante observacion no esta totalmente



Discusion

dilucidado, aunque posiblemente esta relacionado con un mayor numero

de células IgT" B residentes, que estarfan listas para ser activadas y

ejercer sus funciones bajo una infeccién o cualquier otra situacioén

estresante.

Para resumir, en la Fig. 7.6 se muestra la accion diferencial de los

distintos aditivos tratados en este apartado.
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Figura 7.6 Dianas y accién diferencial de los distintos aditivos basados en

acidos grasos de cadena corta (butirato), cadena media (C7, C12) y un
probiético (Bacillus amyloliguefaciens).
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7.2. Las sirtuinas, del gen a la funcién

7.2.1. Las sirtuinas estan altamente conservadas a lo largo

de la evolucion

El analisis de las secuencias aminoacidicas de las SIRTs confirma que
estas proteinas tienen una estructura y unas funciones muy conservadas
evolutivamente (Capitulo 3). I.a parte mas conservada es la region
catalitica que consta de un dominio central formado por unos 250
aminoacidos que contiene un dominio grande Rossman fold y uno
pequefio de unién al Zn"* (Fig. 3.1 y Fig. 3.2). Esta zona central est4
rodeada por regiones N- y C-terminales que son variables en longitud y
secuencia, por lo que son las dianas de las modificaciones
postraduccionales que confieren cierta especificidad a las funciones y a la
localizaciéon celular de los distintos miembros de la familia (Flick y
Luscher, 2012). Asi pues, a pesar de estas regiones divergentes, las 7 sirts
de la dorada presentan una alta identidad con sus respectivos ortélogos
en humanos, con un porcentaje que oscila entre el 60,7% (Sirt3a) y el
73% (Sirt2). Ello confirma el alto grado de conservacién de este grupo
de enzimas a lo largo de la evolucién de los vertebrados y de forma
indirecta evidencia la importancia de las funciones de las SIRTs como
reguladoras del metabolismo energético.

El analisis filogenético de las SIRTs de varias especies de
vertebrados (incluidas las de dorada), las clasifica de acuerdo con la
presente jerarquia de los vertebrados y las clases descritas por Frye
(2000): clase I, SIRT1-3; clase II, SIRT4; clase III, SIRT5 vy clase 1V,
SIRT6-7 (Fig. 3.3). Todas las ramas del arbol filogenético forman

agrupaciones monofiléticas y las secuencias de las si#s de peces se
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agrupan entre ellas con la excepcion de la si773. En este caso, la si7#3 de la
dorada parece estar mas relacionada con la de la rana que con la del pez
cebra, lo que podria ser indicativo de la existencia de copias multiples
mas que de una verdadera divergencia evolutiva (ver mas adelante).

El analisis de las secuencias de las si7zs de dorada se ha completado a
nivel de organizacion génica mediante bisquedas blat en la base de datos

del genoma de dorada del IATS-CSIC (Fig. 6.1), disponible a través del

siguiente enlace http://nutrigroup-iats.org/seabreamdb/ (Pérez-Sanchez
et al., 2019). De forma general, las distintas s/7#s de dorada presentan una
gran variabilidad en el nimero de exones, que va desde 3 en la s/r#4 hasta
16 en la sir/2. Sin embargo, cuando las comparaciones se hacen con los
ortélogos de las SIRTs de pez cebra y humanos, el numero y la longitud
de los exones esta altamente conservado a lo largo de la evolucion. Por el
contrario, la longitud de los intrones es altamente variable,
probablemente como consecuencia de unas restricciones funcionales
menos estrictas en el caso de las regiones no codificantes (Li y Graut,

1991).

7.2.2. La familia de las sirtuinas como ejemplo de la alta

tasa de duplicacion del genoma de la dorada

Ademas de los 7 ortélogos de las SIRTs de mamiferos, descritos
inicialmente en la Tabla 3.2, busquedas mas exhaustivas en el segundo
borrador del genoma de la dorada -publicado en diciembre de 2019
(Pérez-Sanchez et al, 2019)- han puesto de relieve la existencia de
secuencias completas correspondientes a 2 copias o paralogos de sir73 y
sirt5 (Fig. 7.7). La sirt3b, con una longitud de 4,5 kb y 7 exones es la

duplicaciéon con la que se han llevado a cabo los diferentes estudios de

28:
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expresion génica a lo largo de la presente Tesis Doctoral. La sirt3a, que
tiene una longitud de 4,3 kb es la nueva variante y consta de 9 exones
que codifican para una proteina de 393 aminoacidos. En el caso de la
sirt5, la variante sirtba formada por 8 exones y con una longitud de 48,3
kb es la que se detectd inicialmente, mientras que la 57255 es la nueva
variante con una longitud de 11,7 kb y formada por 8 exones que

codifican para una proteina de 315 aminoacidos.

sirt3a

) ) / \ . - . y §
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Figura 7.7 Estructura génica de las copias de la 5773 y sirt5 de la dorada.

La escala corresponde a 100 pares de bases.
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Con estas nuevas secuencias de Sirts de dorada, junto con otras
SIRTSs de vertebrados presentes en las bases de datos publicas, se han
construido dos nuevos arboles filogenéticos (Fig. 7.8 y Fig. 7.9) como
complemento al ya mostrado en el Capitulo 3 (Fig. 3.3). En estos
nuevos arboles se ha incluido la lamprea (Petromyzon marinus) que
representa la unién entre invertebrados y vertebrados mandibulados.
También se ha afnadido un representante de los gnatostomados
condrictios (Callorhinchus wmilii). Dentro de los sarcopterigios se han
incluido: el celacanto (Latimeria chalumnae), un organismo fosil vivo que
hace de puente entre las especies acuaticas y terrestres, y varios
representantes del grupo de los tetrapodos (reptiles, anfibios, aves y
mamiferos). Finalmente, se han incluido distintas especies de teleosteos y
otras especies de actinopterigios que divergieron con anterioridad a los
teledsteos (el polipteriforme Erpetoichthys calabaricus y el lepisosteiforme

Lepisostens oculatus).
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Figura 7.8 Arbol filogenético de las distintas copias de la STIRT3 (SIRT3a y
SIRT3b) de vertebrados. Los nimeros de acceso de GenBank, OrthoDB y del
navegador del genoma de dorada del IATS-CSIC se incluyen entre paréntesis.
El anélisis se ha realizado mediante el método de maxima verosimilitud con el
programa MEGA-X. La barra de escala representa el nimero de sustituciones

potr aminoacido.
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Figura 7.9 Arbol filogenético de las distintas copias de la SIRT5 (SIRTS5, Sirt5a
y Sirt5b) de vertebrados. Los nimeros de acceso de GenBank, OrthoDB y del
navegador del genoma de dorada del IATS-CSIC se incluyen entre paréntesis.
El fondo verde indica las especies de teledsteos. El analisis se ha realizado
mediante el método de maxima verosimilitud con el programa MEGA-X. La

barra de escala representa el numero de sustituciones por aminoacido.
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A lo largo de la evolucién de los vertebrados han ocurrido dos
eventos de duplicaciéon gendmica global (2R). Una tercera duplicacion,
especifica de teledsteos (3R), ocurrié en un ancestro comun de los
teledsteos hace unos 350 millones de afios (Meyer y Van de Peer, 2005).
Esa duplicaciéon que se produjo durante la evolucion temprana de los
teledsteos aumento extraordinariamente el nimero de genes y favorecio
la expansion de uno de los grupos de vertebrados con mayor nimero de
especies. Por tanto, la presencia de dos copias de si##3 en casi todos
grupos analizados en el arbol filogenético de la Fig. 7.8 podria indicar
que la segunda copia se origin6 tras la duplicaciéon del genoma del
ancestro comun de todos los vertebrados (2R) y que las especies que no
la presentan (reptiles, aves y mamiferos) la han perdido posteriormente.
Sin embargo, la presencia de dos paralogos relacionados con un solo gen
ortélogo en otras especies de vertebrados es comun en teledsteos,
debido a la duplicaciéon 3R especifica de este grupo de vertebrados
(Christoffels et al., 2004; Vandepoele et al., 2004). Esto es lo que ocurre
con las copias de la sz7#5 de dorada, que se habrian generado con la
duplicaciéon 3R, conservandose en la mayor parte de peces modernos
(Fig. 7.9).

Ademas de las ya mencionadas duplicaciones genémicas, hay una
cuarta duplicaciéon propia de los salménidos y de otras especies de peces
tetraploides. Esto explicarfa, al menos en parte, que el tamafo de los
genomas secuenciados de peces varie entre 342 Mb en Tetraodon
nigroviridis 'y 2,90 Gb en Salmo salar (Yuan et al., 2018), mostrando el
ultimo borrador del genoma de dorada un tamano intermedio (1,24 Gb)
(Pérez-Sanchez et al., 2019). Este tamafno es superior al de otros

genomas de peces cultivados como el rodaballo o la lubina, donde el
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tamafio estimado es de 0,54-0,68 Gb (Tine et al.,, 2014; Figueras et al.,
2016), que fue similar al estimado en el primer borrador del genoma de
dorada publicado en 2018 (Pauletto et al., 2018). Sin embargo, el mayor
tamafio de nuestro genoma podria explicarse por el empleo de técnicas
de no enmascaramiento durante el proceso de ensamblaje, tras lo cual se
ha puesto de manifiesto que mas del 55% de los 55.000 genes de dorada
son genes duplicados con una tasa media de duplicaciéon de 2,01 (0,3
excluyendo expansiones). Es mas, el analisis del filoma ha evidenciado
que muchas de estas duplicaciones son recientes, lo que habria
contribuido a la notable plasticidad fenotipica de una especie
hermafrodita protandrica, euriterma y eurihalina con una gran capacidad
de adaptacion al cultivo intensivo y a las nuevas formulaciones de
piensos. Por tanto, no podemos descartar que se hayan producido mas
duplicaciones de los genes de la familia de las si7#s en una especie con una
alta tasa de duplicacion génica, lo que esta especialmente asociado a la
respuesta inmune y a una rapida percepcion de otros posibles cambios

del medio en el que se encuentra el animal (Pérez-Sanchez et al., 2019).

7.2.3. Las islas CpG no estan igualmente conservadas en

las regiones promotoras de las sirtuinas

Las CGIs estan conservadas en nimero y localizacion en vertebrados
superiores (Deaton y Bird, 2011), pero el nimero y densidad de las CGIs
son variables entre los genomas de peces (Han et al., 2008; Han y Zhao,
2008). Ello se podria deber a dificultades metodolégicas, aunque esta
claro que la aparicién de las CGIs se da de forma temprana durante la

evolucién y que su ndmero en las regiones promotoras incrementa

289



290

Capitulo 7

progresivamente desde los peces (vertebrados de sangre fria) hasta los
vertebrados de sangre caliente (Sharif et al., 2010).

Existen pocos estudios que analicen con detalle la regulaciéon de los
promotores de las SIRTSs, aunque se ha descrito la presencia de CGIs en
estas regiones en humanos (Furuya et al., 2012; Hou et al., 2013; Sahin et
al., 2014; Wang et al., 2015; Kurylowicz et al., 20106), ratén (Zullo et al.,
2018) y rumiantes (Hong et al., 2018; 2019a; 2019b). En la presente Tesis
Doctoral se ha analizado 7 silico la presencia de CGIs en la regién
promotora de las distintas si7#s de dorada y solo se han detectado en la
sintl y la sirt3 (Fig. 6.2 y Fig. 6.3). La CGI de la sir#1 parece estar
conservada desde condrictios como el tiburén elefante hasta diferentes
especies de peces teledsteos (pez globo, pez cebra, tilapia y salmén
atlantico). Sin embargo, la presencia de CGIs no esta conservada en la
sirt3 de peces, lo que podria ser indicativo de una diferente regulacion del
metabolismo energético de los peces.

En cualquier caso, es interesante resefar que estudios sobre la
actividad de mas de 4.500 promotores de humanos han permitido
establecer que los promotores CGIls tienden a estar enriquecidos en
lugares de uniéon a factores de transcripciéon para SP1, NRF1, E2F,
BoxA, CRE, E-box y ETS (Rozenberg et al., 2008; Landolin et al., 2010).
Estos lugares de unién a factores de transcripciéon también se han
encontrado en las regiones promotoras de la w77 y la sirt3 de la dorada
(Fig. 6.2 y Fig. 6.3), lo que demuestra la conservaciéon de la
organizacion génica de las szrts y de su regulacion a nivel transcripcional.
No obstante, por el momento, solo en humanos y roedores se ha

demostrado que la SIRT1 es capaz de modular mediante
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retroalimentacion negativa los factores de transcripcién que la regulan

(Buler et al., 2016).

7.2.4. La expresion de las sirtuinas de dorada es ubicua y

con un patron especifico propio de cada de tejido

Las 7 sirts analizadas a nivel transcripcional en la presente Tesis Doctoral
se detectaron en al menos 14 tejidos (Tabla 3.3). Resultados similares se
han obtenido en humanos (Michishita et al., 2005), cerdos (Jin et al,,
2009) y mas recientemente en el pez teledsteo killi (Nothobranchius furzeri)
(Kabiljo et al., 2019). Sin embargo, en pez cebra, las 5772, 4 y 7 no se han
detectado en todos los tejidos analizados (Pereira et al., 2011). De hecho,
nuestros resultados mostraron una expresion ubicua a la vez que
especifica de cada tejido para cada uno de los miembros de la familia. Es
mas, el analisis multivariante de los patrones de expresion de las sirzs
mostr6 unos niveles altos de expresion de las sitl, 2 y 5, en
contraposicion a una expresion baja o de valor intermedio de las sir/3, 4,
6y 7 (Fig. 3.4).

Un andlisis mas detallado muestra que la w777 esta igualmente
expresada en todos los tejidos analizados de dorada, pez cebra y killi. Por
el contrario, la 5772 esta claramente sobreexpresada en el higado de la
dorada o a nivel muscular en el pez killi. En cambio, la sir#5 se clasifica
entre las sirfs con niveles bajos de expresion en pez cebra, mientras que
en killi y en dorada muestra niveles altos de expresion en varios tejidos.
Concretamente en dorada, los tejidos con una mayor expresion de sirt5
fueron el higado y los tejidos aerébicos musculares (corazén y musculo
esquelético rojo). De acuerdo con ello, en humanos y ratén, la SIRTS

presenta unos niveles altos de expresiéon en corazén y cerebro
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(Nakagawa et al., 2009; Matsushita et al., 2011), que son tejidos con una
alta demanda energética. Ello podria ser debido al hecho de que la SIRT5
es unica por su robusta actividad lisina demalonilasa, desuccinilasa y
deglutarilasa, estando estas modificaciones de lisina presentes en
proteinas relacionadas con varias rutas metabodlicas incluyendo la
glucolisis, gluconeogénesis, la B-oxidaciéon y la fosforilacion oxidativa
(Du et al., 2011; Peng et al., 2011; Tan et al., 2014). Ahora bien, los dos
paralogos de la sir#5 del pez killi presentan una expresion similar en todos
los tejidos analizados, con excepcion del rifién, estando altamente
expresados en higado, corazon, intestino y musculo, mientras que los
niveles mas bajos se dan en cerebro y testiculos (Kabiljo et al., 2019).
Actualmente, se estan llevando a cabo estudios similares en dorada, para
confirmar un posible patrén de expresion diferencial de los paralogos
sirtbay sirt5b de peces.

El analisis transcripcional de la sz7#3, la deacetilasa mitocondrial
por excelencia en mamiferos, mostré niveles bajos de expresion en todos
los tejidos de la dorada excepto en rifién anterior e intestino postetior,
que son tejidos inmunorelevantes en peces (Rombout et al, 2011;
Secombes y Wang, 2012; Calduch-Giner et al., 2016). En pez cebra, las
sirts mitocondriales también muestran niveles de expresion bajos (Pereira
et al., 2011), aunque de todas las variantes mitocondriales, la 573 es la
que presenta niveles mas altos en musculo y rifén. De manera similar, en
el pez killi la expresion de la 5773 es alta en musculo y baja en higado y
corazon. Curiosamente, estos tejidos estan mas expuestos a determinadas
condiciones de estrés (p. ¢j. hipoxia o estrés oxidativo) que afectan a la
funcién mitocondrial, lo que refuerza el papel de la SIRT3 en el

mantenimiento de la homeostasis celular después de episodios de estrés
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(Hirschey et al., 2010). En cualquier caso, es importante recordar que la
sirt3 (sirt3b) que hemos estudiado a lo largo de esta Tesis Doctoral es
aparentemente la copia que se ha perdido en mamiferos y por tanto el
patrén de expresion y las funciones pueden ser distintas de las descritas
para la SIRT3 tipica de mamiferos, con una expresion alta en tejidos con
una alta demanda metabdlica como el corazon, el higado, el rifién, el
tejido adiposo marrén y el musculo esquelético (Jin et al., 2009).
Considerado como un todo, estos resultados muestran la
complejidad de los patrones de expresion de las SIRTs en los distintos
tejidos y, lo mas importante, coémo éstos pueden diferir entre grupos
taxonomicos con diferentes presiones evolutivas a lo largo de su ciclo
vital. En todo caso, los resultados disponibles muestran perfiles de
expresion especificos de tejido para cada miembro de la familia, lo que
unido a diferentes actividades enzimaticas y localizaciones subcelulares,
es la base de una subfuncionalizacién y complementariedad que todavia
esta lejos de haberse elucidado completamente, tal y como se muestra en

los apartados siguientes.

7.2.5. La expresion de las sirtuinas esta notablemente

alterada por la disponibilidad de nutrientes

Muchos animales viven en ambientes donde la disponibilidad de
alimento no es constante y para hacer frente a los periodos de escasez
reducen su demanda de energfa con el fin de mantener sus funciones
fisiolégicas vitales (Secor y Carey, 2016). En este tipo de respuestas, la
modificacién o alteraciéon del metabolismo mitocondrial es un
componente esencial (Monternier et al., 2014; Bermejo-Nogales et

al., 2015; Chausse et al., 2015), estando la fosforilacién oxidativa
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altamente regulada a nivel nutricional en dorada (Bermejo-Nogales et al.,
2015). Por tanto, la falta de nutrientes causada por una situaciéon de
restriccién calérica o ayuno natural induce respuestas adaptativas que
comportan una reduccion de los requerimientos energéticos provocando
una disminucién de los depositos grasos del animal, como se muestra en
el modelo de ayuno objeto de estudio en la presente Tesis Doctoral
(Tabla 7.1). En todo caso, las respuestas adaptivas que se desencadenan
son propias o especificas de cada tejido y la diferente expresion de las
sirts a nivel tisular puede facilitar el fenotipado metabdlico de cada uno
de los distintos tejidos, de acuerdo con sus diferentes capacidades
metabdlicas. Asi pues, el ayuno disminuy6 la expresion de las sirts en
tejidos con capacidad de acimulo graso y la aument6 en tejidos con una
alta demanda energética como musculo rojo, cerebro, rifién anterior y
corazén. Especial mencién merece la activacién generalizada de la
expresion de la s#1, lo que esta en consonancia con una importante
participacién en una amplia variedad de procesos fisiologicos. Asimismo,
cabe destacar la respuesta de la 5772, cuya expresion se vio fuertemente
disminuida en tejidos de acumulo graso (higado, piel y tejido adiposo) y
de absorcion de nutrientes (intestino anterior). Sin embargo, la expresion
tanto de 771 como de 22 aumentd con el ayuno en cerebro y rifién
anterior, posiblemente con la finalidad de proteger a estos tejidos del
riesgo de estrés oxidativo, tal y como se ha evidenciado en otros modelos
experimentales en los que esta accién esta mediada por los factores de

transcripcion FOXO (Wang et al., 2007).
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Tabla 7.1 Parametros biométricos y de crecimiento de los peces alimentados

(grupo CTRL) y ayunados durante 10 dfas. Cada valor corresponde a la media +
error estandar de 8 peces. Modificada de Bermejo-Nogales et al., 2015.

CTRL Ayunado P-
Peso final (g) 109,5+342 799+182 <0001
Visceras (g) 935+ 0,49  434+023 <0001
Higado (g) 231+013 052+003  <0,001
VSI (%)P 852%023 541+0,19 <0001
R:OUCOTNNN 210 £ 006 064+002 <0,001
 Ingesta MS (g/pez) RS -

El peso medio inicial de los peces fue de 86 + 0,08 g.
“Valores P resultantes de un test t-Student.

bindice viscerosomatco = (100 x peso visceras)/peso pez.
<fndice hepatosomatico = (100 x peso higado)/peso pez.

El higado es un tejido metabdlicamente activo (Guderley
et al., 2003; Wang et al., 20006) que responde al ayuno de manera rapida y
drastica. Asi, por ejemplo, un ayuno de dos semanas en juveniles de
trucha comun (Salmo trutta) va acompanado de una reduccion del peso
del higado y de su actividad mitocondrial (Salin et al., 2018). En dorada,
un ayuno similar desencadena una importante disminucién de la
expresion de enzimas lipogénicas (incluyendo elongasas y desaturasas de
AGs) (Benedito-Palos et al., 2014) y de 72 de los 88 genes analizados
pertenecientes a los 5 complejos enzimaticos de la cadena respiratoria
mitocondrial (Bermejo-Nogales et al., 2015), lo que no es de extranar
dado que la lipogénesis hepatica esta considerada el proceso mas
demandante de energfa a nivel hepatico (Rui, 2014). Por tanto, tal y
como se muestra en la Fig. 3.5, la reduccién de la demanda energética
del higado con el ayuno estarfa sustentada, al menos en parte, por una
menor expresion de 5 de las 7 sirzs analizadas. Entre ellas no se incluye la

sirtl a pesar de que varios estudios en ratones han demostrado que el
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ayuno activa positivamente la transcripcion de la SIRT7 y de genes
gluconeogénicos a través de la formacion del complejo CREB/CRTC2
(Noriega et al., 2011). Ademas, con la prolongacién del ayuno, la SIRT1
también deacetila la PGC-1a y la FOXO-1, permitiendo que continde la
gluconeogénesis en ausencia de CREB a la vez que se estimula la §3-
oxidacién (Brunet et al, 2004; Rodgers et al., 2005). Esta diferente
regulacion a nivel de especie podria deberse a que los modelos de ayuno
de mamiferos no son totalmente equiparables en tiempo ni intensidad a
los de peces (p. ¢j. en roedores un ayuno prolongado consiste en 24h).
En cualquier caso, la respuesta conjunta de varias si#s es un hecho
probado tanto en dorada como en modelos de humanos y roedores (Lai
et al., 2013; Ghiraldini et al., 2013), lo que es indicativo de un importante
grado de complementariedad y posiblemente también de solapamiento.
El musculo esquelético suele representar mas del 60% del peso
corporal, por lo que es un gran consumidor de energfa en condiciones
optimas de crecimiento (Johnston et al.,, 2011). De acuerdo con ello,
estudios previos en dorada han demostrado que la disponibilidad de
alimento influye en los cambios relacionados con el recambio de
proteinas musculares y la actividad mitocondrial (Calduch-Giner et al.,
2014; Bermejo-Nogales et al., 2015). Es mas, contrariamente a lo que
ocurre a nivel hepatico, el ayuno estimula la fosforilaciéon oxidativa del
musculo esquelético y cardiaco tanto en dorada como en cerdos (da
Costa et al., 2004) y ratones (Suzuki et al., 2002). Por tanto, cada tejido
genera respuestas distintas frente al ayuno que también se ven reflejadas
en una diferente regulacion de las szr#s, pero en todo caso la respuesta a
nivel muscular es mas heterogénea que a nivel hepatico. De hecho, la

expresion de sir#1 aumentd en todos los tejidos musculares estudiados,
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pero la sirt5 solo lo hizo de forma significativa en el musculo esquelético
blanco y la sirt6 en el corazon.

En el musculo de los mamiferos, el cambio del uso de los
carbohidratos por el de los lipidos como fuente principal de energfa
durante el ayuno esta mediado por la accién de la SIRT1 (Chang y
Guarente, 2014) que deacetila el PGC-la para activar la maquinaria
lipolitica. Ello va acompafiado de la activaciéon del AMPK que aumenta
la expresion de PGC-1a, lo que comporta un aumento de la biogénesis
mitocondrial y de la oxidacion de AGs en el musculo (Gerhart-Hines et
al., 2007; Jager et al., 2007; Hardie et al, 2012). Sin embargo, la
participacion de la sz7#5 en la regulacion del metabolismo del musculo no
esta muy estudiada, aunque como se ha comentado previamente en el
Capitulo 1 sus distintas actividades enzimaticas tienen como diana
proteinas de varias rutas metabodlicas (Du et al., 2011; Peng et al., 2011;
Tan et al., 2014). En cambio, la sir#6 tiene una funcién cardioprotectora
que parece estar compartida por otras sir#s. De hecho, la sirt1 previene el
estrés oxidativo (Calabrese et al., 2008; Hsu et al., 2010) y la hipertrofia
cardiaca (Planavila et al., 2011), ademas de promover la oxidacién
aerobica de la glucosa manteniendo, de este modo, la homeostasis
cardiaca (Khan et al,, 2018).

El tejido adiposo participa en la homeostasis energética del
organismo, regulando la movilizacién/deposicion de energia y la
secrecion de adipocinas que tienen una funcién endocrina y actian sobre
el sistema nervioso central y otros tejidos periféricos (Salmeron, 2018).
Los mecanismos ultimos todavia son objeto de debate, pero en el caso
de la dorada nuestros resultados de expresion (Tabla 3.4) indican que el

aumento de la 5777 podria mediar, al menos en parte, la activacién de la
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lipolisis del tejido adiposo durante el ayuno, tal y como se ha descrito
previamente por otros autores en ratones (Picard et al,, 2004). Por el
contrario, tanto en dorada como en ratones (Jing et al., 2007), el alto
nivel de expresion de la 572 en el tejido adiposo de estos animales
sugiere un importante papel en la regulaciéon de la deposicion grasa,
habiéndose demostrado su participacion en los procesos conducentes a
la diferenciacién de los adipocitos (Jing et al., 2007). Al igual que la sirz2,
la sirt7 de dorada también disminuy6 en nuestro modelo de ayuno, lo que
esta en consonancia con el aumento de la expresion de la SIRT7 en el
tejido adiposo de pacientes obesos (Kurylowicz et al., 2016). Estudios
recientes en raton han demostrado que la SIRT7 reprime la actividad de
la SIRT1 vy, por consiguiente, el bloqueo de la SIRT7 permite la accion
de la SIRT1, que bloquea el PPARYy y la diferenciacién de los adipocitos
(Fang et al., 2017). Por lo cual, tanto en dorada como en vertebrados
superiores, la sirt1, 2 y 7 parecen jugar un importante papel en la
regulacion del metabolismo lipidico del tejido adiposo.

A nivel intestinal, 4 de las 7 szrts (sirt1, 5-7) analizadas aumentaron
su expresion tanto en la regién anterior, mas relacionada con la
absorcion de nutrientes, como en la posterior, especialmente relacionada
con la funcién inmune. En todo caso, la respuesta global es una
activacion de la expresion de las si#s que favorecerfa un perfil
antiinflamatorio tipico de una situacién de restriccion caldrica (Gonzalez
et al., 2012; Youm et al., 2015). De hecho, la SIRT1 ha demostrado tener
efectos antinflamatorios en respuesta a la inflamacion intestinal aguda y
reprime la tumorigénesis intestinal y el cancer de colon asociado a la
colitis (Larrosa et al., 2009; Bereswill et al., 2010; Hofseth et al., 2010).

En otros tejidos de mamiferos, también se ha descrito una accion
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antiinflamatoria de las SIRTs, como lo demuestra el hecho que la SIRT6
regula la actividad del NF-xB, controlando asi las reacciones
inflamatorias del corazén (Yu et al., 2013) y del tejido 6seo (Wu et al.,
2015). También se ha demostrado que la SIRT5 regula la respuesta
inflamatoria de macréfagos (Wang et al., 2017) y que la SIRT7 tiene un
papel antiinflamatorio, aunque los mecanismos de accién estain menos
estudiados (Mendes et al., 2017).

A modo de resumen, en la Fig. 7.10 se muestra la diferente
regulacion de las si#s en respuesta a la falta de nutrientes, con el
consiguiente reajuste metabdlico propio de un estado hipometabdlico.
Tal reajuste también se da en un estado de hipoxia moderada,
caracterizada por una inhibicién de la ingesta que conlleva una reduccién
de la producciéon de ROS y un menor riesgo de estrés oxidativo (Martos-
Sitcha et al., 2019). A nivel transcripcional, ello comporta cambios en los
sistemas de deteccion de energia del musculo esquelético, pero sobre
todo en el corazoén, donde la expresion de varias sirts (sirtl, 5-7) se ve
disminuida en los peces sometidos a hipoxia, en especial si se encuentran
en condiciones de alta densidad de cultivo. Respecto a una situacién de
ayuno, las sirts que responden son las mismas, aunque la direcciéon del
cambio es contraria, demostrando una vez mas que son buenos
marcadores metabdlicos al responder de manera especifica a diferentes

tipos de estrés metabolico.
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Higado Musculo rojo  Musculo
Adiposo Cerebro blanco Coincidencia de
Piel Rifién anterior Intestino respuesta (%)
Corazén
sirt2,
SIrt6 5
SIrt6,
sirt7

Figura 7.10 Diagrama resumen en un modelo de ayuno de la respuesta de los
isotipos de sirfs en el que se indica el % de tejidos en los que se detecta un
mismo patréon de respuesta para cada grupo de tejidos. Los tejidos estan
clasificados segin sus capacidades metabdlicas: almacenamiento de energia
(higado, tejido adiposo, piel), alta demanda energética (musculo rojo, cerebro,
rifién anterior, corazoén) y absorcién de nutrientes y acrecién proteica (musculo
blanco e intestino). Modificada de la Fig. 3.5.

7.2.6. Las sirtuinas contribuyen al reajuste metabolico

asociado a la aceleracion del crecimiento

Como resultado del aumento de la ingesta también aumenta la actividad
mitocondrial y la producciéon de ROS, lo que acaba afectando a la ingesta
voluntaria de alimento y al crecimiento (Saravanan et al., 2012; Rise et al.,
2015). Por tanto, los peces con altas ingestas y tasas de crecimiento
deben afrontar un mayor riesgo de estrés oxidativo y la regulacion
diferencial de las sir#s puede contribuir al reajuste y preservacion de la
homeostasis metabdlica y del crecimiento, siendo el eje GH/IGF uno de
sus actores principales (ver la revision de Pérez-Sanchez et al., 2018). Los

mecanismos ultimos por los que cambios en la expresion y actividad de
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las SIRTs modulan la accién de las hormonas metabdlicas y del sistema
GH/IGF estan poco estudiados tanto en vertebrados inferiores como
superiores. Sin embargo, estudios en ratones demuestran que la
supresion 7z vivo de la Sirt1 hepatica reestablece 1a caida de los niveles de
IGF-I provocada por el ayuno, a la vez que aumenta la producciéon de
IGF-I en respuesta a la accién anabdlica de la GH (Yamamoto et al.,
2013). Asi pues, los “knockdown” de Si7#7 en ratén aumentan el nivel de
acetilacion y de fosforilacion de la STATS5, lo que indica que la SIRT1
regula negativamente la produccion de IGF-I dependiente de GH a
través de la regulacion postranscripcional de la STAT5 (Yamamoto y
Takahahi, 2018). La SIRT1 también actaa a nivel cerebral como nexo de
unioén entre las sefiales propias del eje GH/IGF y las desencadenadas
por un determinado nivel de ingesta (Satoh et al., 2010), mostrando los
“knockout” de Sz#1 de cerebro signos de enanismo y niveles bajos de
GH e IGF-I circulantes (Cohen et al, 2009). Por el contrario, la
activacion de la SIRT1 con resveratrol inhibe la sintesis hipofisaria de
GH en ratas, al reducir la disponibilidad de PIT-1 para el promotor de la
Gh mediante la supresion transcripcional de CREB (Monteserin-Garcia
et al., 2013). A pesar de esta aparente contradiccion, el efecto neto de la
activacién de SIRT1 continta siendo la supresién del tono GH/IGF,
con la finalidad de disminuir la demanda de energia para crecimiento en
un escenario con baja disponibilidad de sustratos metabdlicos.

Como se ha discutido en el apartado anterior, el ayuno no altera
en el caso de dorada la expresion hepatica de sz7#7. Sin embargo, doradas
de crecimiento acelerado si que muestran una menor expresion hepatica
de sirt1 (Fig. 4.1), a la vez que una mayor ingesta y niveles plasmaticos

mas altos de Igf-i (Tabla 4.5). Es mas, hay estudios en ratones que
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indican que con el aumento de la disponibilidad de nutrientes, el factor
de transcripcion ChREBP regula negativamente la expresion de la SIRT7
(Chalkiadaki y Guarente, 2011; Noriega et al., 2011). Analisis n silico
también nos han permitido mostrar que los lugares de union al factor de
transcripcion ChREBP estan conservados en la region promotora de la
sirtl de dorada (Fig. 6.2), lo que podria indicar unos mecanismos de
regulacion parecidos.

La expresion de las sir#s también esta altamente regulada por el
estado energético en el musculo esquelético blanco de la dorada (Fig.
4.1). Por un lado, la expresion de si772 esta aumentada en peces de rapido
crecimiento, mientras que la si7#5 parece especialmente sensible a los
cambios de estado energético propios de un ayuno forzado (Tabla 3.4) o
natural (Fig. 6.8), cuando se compararon en este ultimo caso peces de
diferentes edades durante la temporada invernal (ver mas adelante). En
cualquier caso, ello comporta la activaciéon de la maquinaria lipolitica y
una mayor eficiencia energética, evidenciado por cambios en la expresion
de las proteinas de desacoplamiento de la respiracion mitocondrial (ucps)
y de varios marcadores del metabolismo lipidico y de la fosforilacion
oxidativa, al igual que en trabajos previos con juveniles de dorada
alimentados con una racién de mantenimiento (Calduch-Giner et al,,
2014). Por otra parte, es importante resaltar que hay evidencias
experimentales de que la SIRT2 esta implicada en la proliferacién y
diferenciacion de células musculares (Dryden et al., 2003; Wu et al., 2014;
Stanton et al., 2017) y que polimorfismos de un solo nucleétido se han
asoclado a caracteres relacionados con el de peso en ganado vacuno (Gui

et al., 2015).


https://www.sciencedirect.com/science/article/pii/B978012407766900016X#bb0055
https://www.sciencedirect.com/science/article/pii/B978012407766900016X#bb0250
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El nivel de adiposidad es también otro de los factores
relacionados con cambios en la expresion de las SIRTs. En concreto, la
disminucién de la actividad de la SIRT6 esta asociada con la obesidad en
ratones (Kuang et al., 2017), de la misma manera que la disminucién de
la SIRT5 ha demostrado estar relacionada con el aumento de la
adiposidad, la inflamacién y la resistencia a la insulina en humanos
(Jukarainen et al., 2016). De acuerdo con ello, la mayor expresion de la
sirt5 y sirt6 en el tejido adiposo de peces de rapido crecimiento (Fig. 4.1)
podria mediar, al menos en parte, la menor deposicién grasa de estos
animales en el tejido adiposo, con la consiguiente movilizaciéon de AGs
hacia el musculo esquelético y el higado, como caracteristicas propias de
un fenotipo delgado, que se considera especialmente valioso en animales
de cultivo, tanto en términos de salud como de eficiencia energética
(Kause et al., 2016). Ahora bien, la movilizacioén grasa propia del ayuno
estarfa mediada por otras si#s, lo que es indicativo de una regulacion
especifica propia de cada situacién, en la que también participaria el
sistema endocrino representado por el eje GH/IGF con la doble
finalidad de: 1) evitar o minimizar la pérdida de masa muscular durante
las etapas de balance energético negativo y ii) ajustar los procesos de
crecimiento que demandan energfa de los organismos con la
disponibilidad de sustratos metabodlicos (ver a modo de resumen la Fig.

7.11).
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Figura 7.11 Relacion entre las sirts y el sistema Gh/Igf en el higado, el misculo
esquelético (WSM) y el tejido adiposo (AT) de dorada en dos modelos
experimentales correspondientes los Capitulos 3 y 4 de la presente Tesis
Doctoral. A Cepa de rapido crecimiento con un aumento de la ingesta. B

Ayuno de 10 dias que ocasiona un balance energético negativo. Modificado de
Pérez-Sanchez et al., 2018.
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7.2.7. Las sirtuinas responden a nivel intestinal sin

mostrar un patron espacial concreto

Tanto en lubina como en dorada se ha demostrado que existe una
especializacion funcional a lo largo del intestino (Pérez-Sanchez et al.,
2015; Calduch-Giner et al., 2016; Estensoro et al., 2016) y por este
motivo, varios grupos de genes muestran patrones de expresion
espaciales, destacando en la regiéon anterior aquellos marcadores
relacionados con el transporte y la absorcion de nutrientes mientras que
en la regiéon posterior estan sobreexpresados marcadores inmunitarios
(Tabla 5.6). Sin embargo, no parece ser éste el caso de las sirzs de dorada
al no mostrar un patrén de expresion diferencial a lo largo del intestino.
A pesar de ello, la respuesta ante un determinado estimulo si que puede
ser diferente a lo largo del tracto intestinal en funcién de la intensidad o
naturaleza de dicho estimulo. Asi por ejemplo, la respuesta ante el ayuno
es bastante uniforme a lo largo del tracto intestinal (Fig. 3.5), mientras
que la respuesta diferencial en nuestro modelo de peces de diferente
crecimiento queda reducida a los cambios mostrados por las sirt2, 3, 5y 7
en la seccién posterior del intestino (Fig. 4.2), posiblemente en relacién
con las acciones antiinflamatorias descritas para la mayor parte de SIRTSs
(Zhou et al., 2018), lo que cobra especial relevancia en una region del
intestino con una mayor concentraciéon de células del sistema inmune.
Sin embargo, con la suplementacion dietaria de AGCMs o probidticos
(Fig. 7.6), los mayores cambios en la expresion de sirzs a nivel intestinal
se observaron en la regién anterior del intestino, lo que es indicativo de

la dificultad de establecer un patrén general de regulacion de las sirzs que,
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como no puede ser de otra manera en marcadores del estado energético,

esta influenciado por un gran numero de factores bidticos y abidticos.

7.2.8. Las sirtuinas varian su expresion con los cambios

metabdlicos asociados a la edad y a la temperatura

El potencial de crecimiento propio de una determinada clase de edad
varfa con la disponibilidad de alimento. Las fluctuaciones de la
temperatura asociadas a los cambios de estacion también afectan al
crecimiento y a varios procesos metabolicos implicados en la produccion
de energfa (Donaldson et al., 2008; Ibarz et al., 2010; Kyprianou et al.,
2010; Bermejo-Nogales et al., 2014), quedando ello reflejado a nivel
hormonal en cambios en los patrones circulantes de las hormonas de la
familia GH/PRL. Estas hormonas presentan un matrcado patrén
estacional, que en el caso de la Gh es indicativo del disparo del
crecimiento durante el periodo estival, mientras que las variaciones de los
niveles circulantes de prolactina (Ptl) y somatolactina  (S])
proporcionarfan las sefiales que promueven la reposicion de los
depositos grasos durante periodos de alta ingesta, actuando también
como factores desencadenantes del proceso reproductor, una vez
alcanzado un determinado tamafio y nivel de adiposidad (Fig. 7.12).
Estos cambios a nivel metabdlico y hormonal también se ponen de
relieve a nivel de microbiota, tal y como se ha demostrado en estudios
recientes llevados a cabo con animales criados en nuestras instalaciones
experimentales, que evidencian que la microbiota intestinal cambia con la
edad y la reversion de macho a hembra en un hermafrodita protandrico

como la dorada (Piazzon et al., 2019). Es mas, los cambios observados
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en la composicion de la microbiota son indicativos de una mayor

propension a estados proinflamatorios con el avance de la edad.

[ LATE SPRING/EARLY SUMMER |
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Figura 7.12 Patrones estacionales de los niveles plasmaticos de Gh, Prl, y Sl en
juveniles de dorada. Modificada de Pérez-Sanchez et al., 2018.

En este escenario, los resultados de expresion de las sirts con
animales de 1 y 3 afos (Capitulo 6) muestran un caracter marcadamente
estacional a nivel hepatico y muscular, que es indicativo del diferente
estado energético de los peces en cultivo con los cambios de estaciéon y
edad. Asi pues, de forma generalizada, la expresion de las sirfs aumentd
durante el periodo invernal, siendo mayores las diferencias entre
juveniles y adultos en esta época del afio, ya que si bien en nuestra latitud
(40°5N; 0°10E) los primeros conservan cierto nivel de ingesta durante el
invierno, la ingesta es nula o casi nula en peces de mas de dos afios.
Ahora bien, esta diferente regulaciéon con la edad es claramente
dependiente del tejido, ya que la edad disminuye la expresion de las sirss a
nivel hepatico, mientras que ejerce el efecto contrario a nivel muscular

(Fig. 6.8). Esta diferente regulaciéon también esta sustentada por la
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diferente regulacion de otros marcadores del metabolismo energético,
habiéndose concluido que el aumento de la expresion de las sirts
analizadas es mas informativo del estado energético que de la demanda
de energfa para crecimiento (musculo) o actividad lipogénica (higado).
Tomando estos resultados como un todo, la si##7 resulta de
especial relevancia para interpretar los cambios metabdlicos asociados
con la estaciéon y la edad, habiéndose considerado que su mayor
expresion con la edad y en el periodo invernal podrian estar relacionados
con la participacién de esta si77 en la inhibicién de la miogénesis (Pardo
et al,, 2011). A su vez, el aumento de la expresion de la si722 con la edad
podria estar relacionado con la preservacion de la integridad gendmica y
de la progresion del ciclo celular y el mantenimiento de la senescencia
celular (Serrano et al, 2013; Anwar et al, 2016), mas que con la
proliferaciéon y la diferenciacién de los mioblastos (Wu et al., 2014;
Stanton et al., 2017) que podria explicar también su alta expresiéon en

peces con una genética que promueve un crecimiento acelerado.

7.2.9. La familia de las sirtuinas combina la presencia de

promotores con y sin islas CpG

La presencia de CGIs en las regiones promotoras (promotores CGlIs)
esta relacionada con genes expresados de manera ubicua, mientras que
los genes sin estos elementos reguladores (promotores no-CGI) estan
mas relacionados con genes que responden a sefiales ambientales y que
tequieren una activacién/inhibicién ripida bajo un estricto control
transcripcional (Sharif et al., 2010). En el caso de las sz de dorada,
existen ambos tipos de promotores, probablemente para asegurar una

expresion ubicua a la par que altamente regulada y que sea capaz de
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responder a distintas situaciones o estimulos ambientales desde
diferentes tejidos o localizaciones celulares. Como se ha descrito
anteriormente, el patron de expresion de las distintas si7#s de dorada es
especifico de tejido y las que se expresan con un nivel mas alto en el
conjunto de los tejidos son la sir#1, 2'y 5 (Fig. 3.4). A pesar de esto, solo
la sirtl, que presenta unos valores altos y mas estables en los distintos
tejidos, presentdé un promotor con CGI. Por el contrario, el otro
miembro de la familia con un promotor CGI es la si7#3 que, junto con la
sirtd, 6y 7, ha sido clasificada dentro de los isotipos con un menor nivel
de expresion en los distintos tejidos de dorada, excepto en tejidos
inmunolégicamente relevantes. Si esto puede tener alguna relacién con la
existencia de copias multiples para algunas de las variantes de sz de

peces, esta todavia por determinar.

7.2.10. Mecanismos de regulacidon epigenética participan

en la regulacion de la sirt] a nivel muscular

La metilacion del ADN genémico en la regién promotora estd
relacionada con la inhibiciéon de la expresion génica, mientras que la
metilacion en el cuerpo del gen no la bloquea e incluso puede estimular
la elongacion de la transcripcion o influir en el tipo de “splicing” (Jones,
2012). En cualquier caso, el patréon de metilacion del ADN es muy
diverso y se ha demostrado que depende del tejido (Jones et al., 2015) y
de la edad (Jung y Pfeifer, 2015), asi como de factores externos como la
temperatura en el caso de los peces (Varriale y Bernardi, 2006; Navarro-
Martin et al., 2011; Shao et al., 2014).

En el caso que nos ocupa, las CGIs de la region promotora de la

sirt3 de dorada mostraron unos niveles de metilacién bajos en todas las
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posiciones analizadas con independencia de la edad, estacion y tejido
(higado y musculo). Por tanto, esto es indicativo de que los cambios
observados en la expresion de la 5773 no estan aparentemente regulados
por cambios en el nivel de metilacion de la regiéon promotora. Un
resultado similar se obtuvo con la si7#7 a nivel hepatico. Sin embargo, a
nivel muscular, algunas de las 22 posiciones estudiadas mostraron
cambios significativos del nivel de metilaciéon al comparar, durante el
periodo estival, juveniles y adultos (Fig. 6.5). En concreto, 15 de las 22
posiciones estudiadas, mostraron una disminucién del nivel de
metilacién con la edad, lo que puede interpretarse como un cambio
adaptativo para ajustar las necesidades metabolicas y de ingesta propias
de cada edad, habiéndose observado en posiciones cercanas al factor de
transcripcion SP1 una correlaciéon negativa entre porcentaje de
metilacion y nivel de expresion de la w77. De la misma manera,
comparando entre estaciones, también se observé una disminucion de la
expresion de la wrt1 (sobre todo en juveniles) en verano que se
correlaciond con el aumento de la metilacion en CpGs cercanas a lugares
de unién al factor de transcripciéon SP1, que es uno de los activadores
transcripcionales mejor caracterizados (Pugh y Tjian, 1990; Suske, 1999;
Wierstra, 2008; Chu, 2012). Este factor de transcripcién se une a
secuencias ricas en GC que son necesarias para la expresion y regulacion
de una gran variedad de genes, sobre todo “housekeeping” y otros genes
sin promotores TATA.

La conexion entre el metabolismo y la epigenética a través de la
acciéon de las SIRTs se ha demostrado ampliamente en vertebrados
superiores (Jing y Lin, 2015). De hecho, la actividad deacilasa de las

SIRTs sobre las histonas, los factores de transcripcion y las enzimas
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epigenéticas, y su requerimiento de NAD" como cosustrato, hace que las
SIRTSs conviertan las sefiales metabdlicas en modificaciones epigenéticas
para regular la expresion génica, la cromatina y la estabilidad del genoma
(Bosch-Presegué et al., 2015). Sin embargo, la regulacion epigenética de
las SIRTs esta menos estudiada y se han encontrado resultados
contradictorios en diferentes modelos experimentales, mientras que
algunos describen una correlacion negativa entre la expresion génica y la
metilacion de las CGIs de las SIRTs (Hou et al., 2013; Hong et al., 2018;
2019a; 2019b), otros no encuentran ninguna correlaciéon (Furuya et al.,
2012; Sahin et al., 2014; Wang et al., 2015; Kurylowicz et al., 2016; Zullo
et al,, 2018). En el caso de la dorada, ello parece restringido de momento
a la 577 y a un tejido y condicién estacional, que podria interpretarse
como un mecanismo de salvaguardia para mantener regulada la
expresion de una g7 con una expresion de caracter ubicuo y
relativamente alta. L.os mecanismos implicados no se han estudiado,
aunque, al igual que en humanos, el PPAR $/8 podtia participar en la
regulacion transcripcional de la SIRT1 via SP1 (Okazaki et al., 2010).

7.2.11. Consideraciones finales

Los perfiles de expresiéon génica contribuyen a la comprension de los
mecanismos biolégicos y facilitan la identificacién de genes candidatos
para un caracter de interés. Concretamente, los patrones de expresion
especificos de las sirfs en los distintos tejidos y su regulacion diferencial
en funcién de la intensidad y el tipo de estimulo o situaciéon de demanda
energética (Fig. 7.13) hacen de estas enzimas unos buenos marcadores
para diferenciar distintos estados metabodlicos en una amplia variedad de

organismos. Por tanto, la informacién generada sobre estos sensores del
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estado energético es valiosa para profundizar en investigaciones e
incluirlos en paneles de marcadores para predecir el potencial genético de
crecimiento, el nivel de adiposidad o el estado inflamatorio, con la
finalidad dltima de establecer un fenotipo metabdlico ideal.

El uso de biomarcadores es particularmente relevante para rasgos
dificiles de medir, como los relacionados con el metabolismo
intermediario. En este sentido, las si7#s han demostrado que su regulacion
en peces esta relacionada con respuestas especificas de tejido en
diferentes situaciones energéticas, como la disponibilidad de alimento, el
potencial de crecimiento, la temperatura y la edad. Muchos de los
caracteres de interés en los programas de seleccién genética son
cuantitativos y suelen estar controlados por varios genes que presentan
efectos pequefios pero aditivos. Por tanto, la identificacién de
marcadores relacionados con uno de estos loci puede aumentar la tasa de
mejora genética mediante la seleccion asistida por marcadores (MAS).
Curiosamente, se han detectado en ganado bovino polimorfismos de las
SIRT1-3 asociadas con caracteristicas de la carcasa de alto valor
productivo (Gui et al., 2015). Ello es indicativo de las ventajas del uso de
las SIRTs como marcadores genéticos en la mejora de programas de
seleccion genética. En este sentido, a lo largo de esta Tesis Doctoral se
han puesto de manifiesto notables diferencias entre dos familias de
diferente potencial de crecimiento, aunque no necesariamente el patrén
encontrado se ha de reproducir exactamente al seleccionar individuos
procedentes de otros cruces u origenes de animales con diferente
potencial de crecimiento.

En cualquier caso, ha quedado claro que la regulacién funcional

de las sirfs no sigue un patrén general, sino que es variable en funciéon de
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factores bidticos y abidticos, lo que supone una dificultad adicional,
aunque ello acaba siendo un valor afiadido por su importante papel en
diferentes estados o situaciones fisiologicas. Ademas, el hecho de que
coexistan sirts de dorada con y sin CGls, con una accién reguladora
sobre el nivel de expresion, es una prueba indirecta de la variedad y
complejidad de mecanismos reguladores de la funcién de estas enzimas
como piezas claves del metabolismo energético e intermediario. Sin
embargo, son necesarios mas estudios para establecer como regular las
SIRTs de forma efectiva mediante activadores de éstas, programas de
seleccion genética o programacion ambiental y nutricional. En definitiva,
es necesario establecer la mejor estrategia para promover el desarrollo
sostenible de la acuicultura, en cuyo caso las SIRTs acaban siendo una
pieza mas de un complicado puzzle para promover la selecciéon de
animales de alta eficacia de conversion del alimento, aunque sea a
expensas de una merma de las tasas de crecimiento.

| sirt]

L | sire2-6
Crecimiento | sired, 2, 5
acelerado | sirtl, 3-6; | sirt2
T sirt2
Ayuno tsirel, 5
tsirtd, 2, 4-7
tsirtl, 3-7
Edad 1 sirt5, 1 sirt6
adulta tsirel | sire2, 7
. TA: | sired
Estacion

IP: Tsirt2, 3, 5, 7
1A: 1sirtd, 5; | sirt2
IP: Tsirt5, 6, 7

ivernal

Figura 7.13 Respuesta especifica de las sir#s en los distintos tejidos (higado,
musculo, adiposo y intestino anterior (IA) y postetior (IP)) en los distintos
modelos experimentales estudiados en la presente Tesis Doctoral.

313



Capitulo 7

Bibliografia

Anwar T, Khosla S, Ramakrishna G. 2016. Increased expression of SIRT2 is a
novel marker of cellular senescence and is dependent on wild type p53
status. Ce// Cycle 15(14):1883-1897.

Aubin-Horth N, Renn SC. 2009. Genomic reaction norms: Using integrative
biology to understand molecular mechanisms of phenotypic plasticity.
Molecular Ecology 18(18):3763-3780.

Ballester-Lozano GF, Benedito-Palos L, Estensoro I, Sitja-Bobadilla A,
Kaushik S, Pérez-Sanchez J. 2015. Comprehensive biometric,
biochemical and histopathological assessment of nutrient deficiencies in
gilthead sea bream fed semi-purified diets. British Journal of Nutrition
114(5):713-726.

Benedito-Palos L, Saera-Vila A, Calduch-Giner JA, Kaushik S, Pérez-Sanchez J.
2007. Combined replacement of fish meal and oil in practical diets for
fast growing juveniles of gilthead sea bream (Sparus awrata L.):
Networking of systemic and local components of GH/IGF axis.
Aquacuiture 267(1-4):199-212.

Benedito-Palos L, Navarro JC, Sitja-Bobadilla A, Bell JG, Kaushik S, Pérez-
Sanchez J. 2008. High levels of vegetable oils in plant-protein rich diets
fed to gilthead sea bream (Sparus aurata L.): Growth performance, muscle
fatty acid profiles and histological alterations of target tissues. British
Journal of Nutrition 100:992-1003.

Benedito-Palos L, Navarro JC, Bermejo-Nogales A, Saera-Vila A, Kaushik S,
Pérez-Sanchez J. 2009. The time course of fish oil wash-out follows a
simple dilution model in gilthead sea bream (Sparus anrata L.) ted graded
levels of vegetable oils. Aguaculture 288:98-105.

Benedito-Palos L, Ballester-Lozano G, Pérez-Sanchez ]. 2014. Wide-gene
expression analysis of lipid-relevant genes in nutritionally challenged
gilthead sea bream (Sparus aurata). Gene 547:34-42.

Benedito-Palos L, Ballester-Lozano GF, Simé P, Karalazos V, Ortiz A,
Calduch-Giner J, et al. 2016. Lasting effects of butyrate and low FM/FO
diets on growth performance, blood haematology/biochemistry and
molecular growth-related markers in gilthead sea bream (Sparus aurata).
Agnaculture 454:8-18.

Bereswill S, Mufioz M, Fischer A, Plicket R, Haag LM, Otto B, et al. 2010.
Anti-inflammatory effects of resveratrol, curcumin and simvastatin in
acute small intestinal inflammation. PLLOS ONE 5:¢15099.

Bermejo-Nogales A, Nedetlof M, Benedito-Palos L, Ballester-Lozano GF,



Discusion

Folkedal O, Olsen RE, et al. 2014. Metabolic and transcriptional
responses of gilthead sea bream (Sparus anrata L.) to environmental
stress: New insights in fish mitochondrial phenotyping. General and
Comparative Endocrinology 205:305-315.

Bermejo-Nogales A, Calduch-Giner JA, Pérez-Sanchez J. 2015. Unraveling the
molecular signatures of oxidative phosphorylation to cope with the
nutritionally changing metabolic capabilities of liver and muscle tissues in
farmed fish. PLOS ONE 10:¢0122889.

Bosch-Presegué L, Vaquero A. 2015. Sirtuin-dependent epigenetic regulation in
the maintenance of genome integrity. FEBS Journal 282:1745-1767.
Brunet A, Sweeney LB, Sturgill JF, Chua KF, Greer PL, Lin Y, et al. 2004.
Stress-dependent regulation of FOXO transcription factors by the

SIRT1 deacetylase. Science 303(5666):2011-2015.

Buler M, Andersson U, Hakkola J. 2016. Who watches the watchmen?
Regulation of the expression and activity of sirtuins. The FASEB Journal
30(12):3942-3960.

Cabral EM, Fernandes TJR, Campos SD, Castro-Cunha M, Oliveira MBPP,
Cunha LM, et al. 2013. Replacement of fish meal by plant protein
sources up to 75% induces good growth performance without affecting
flesh quality in ongrowing Senegalese sole. Aguaculture 380:130-138.

Calabrese V, Cornelius C, Mancuso C, Pennisi G, Calafato S, Bellia F, et al.
2008. Cellular stress response: A novel target for chemoprevention and
nutritional neuroprotection in aging, neurodegenerative disorders and
longevity. Neurochemical research 33(12):2444-2471.

Calduch-Giner JA, Echasseriau Y, Crespo D, Baron D, Planas JV, Prunet P, et
al. 2014. Transcriptional assessment by microarray analysis and large-
scale meta-analysis of the metabolic capacity of cardiac and skeletal
muscle tissues to cope with reduced nutrient availability in gilthead sea
bream (Sparus aurata 1.). Marine Biotechnology 16:423-435.

Calduch-Giner JA, Sitja-Bobadilla A, Pérez-Sanchez J. 2016. Gene expression
profiling reveals functional specialization along the intestinal tract of a
carnivorous teleostean fish (Dicentrarchus labrax). Frontiers in Physiology
7:359.

Catlson SJ, Nandivada P, Chang MI, Mitchell PD, O'Loughlin A, Cowan E, et
al. 2015. The addition of medium-chain triglycerides to a purified fish
oil-based diet alters inflammatory profiles in mice. Metabolism: Clinical and
Excperimental 64:274-282.

Chalkiadaki A, Guarente L. 2011. Metabolic signals regulate SIRT1 expression.
EMBO Reports 12(10):985-986.

(O8]

Ul



316

Capitulo 7

Chang HC, Guarente L. 2014. SIRT1 and other sirtuins in metabolism. Trends in
Endocrinology & Metabolism 25(3):138-145.

Chaoui L, Kara MH, Faure E, Quignard JP. 2006. Growth and

reproduction of the gilthead seabream Sparus aurata in Mellah

Lagoon (north-eastern Algeria). Scien. Mar. 70: 545-552

Chaoui L, Kara MH, Faure E, Quignard JP. 2006. Growth and reproduction of
the gilthead seabream Sparus anrata in Mellah Lagoon (north-eastern
Algeria). Scientia Marina 70:545-552.

Chausse B, Vieira-Lara MA, Sanchez AB, Medeiros MH, Kowaltowski AJ.
2015. Intermittent fasting results in tissue-specific changes in
bioenergetics and redox state. PLOS ONE 10(3):c0120413.

Christoffels A, Koh EG, Chia JM, Brenner S, Aparicio S, Venkatesh B. 2004.
Fugu genome analysis provides evidence for a whole-genome duplication
carly during the evolution of ray-finned fishes. Molkcular Biology and
Evolution 21(6):1146-1151.

Chu S. 2012. Transcriptional regulation by post-transcriptional modification—
role of phosphorylation in Sp1 transcriptional activity. Gene 508(1):1-8.

Cohen DE, Supinski AM, Bonkowski MS, Donmez G, Guarente LP. 2009.
Neuronal SIRT1 regulates endocrine and behavioral responses to calorie
restriction. Genes & Development 23(24):2812-2817.

Cruz-Garcia L, Sanchez-Gurmaches ], Bouraoui L, Saera-Vila A, Pérez-Sanchez
J, Gutiérrez J, et al. 2011. Changes in adipocyte cell size, gene expression
of lipid metabolism matkers, and lipolytic responses induced by dietary
fish oil replacement in gilthead sea bream (Sparus anrata L.). Comparative
Biochemistry and  Physiology Part A: Molecular & Integrative Physiology
158(4):391-399.

D’Ancona  U. 1941. Ulteriori osservazioni sullermafroditismo e il
differenziamento sessuale dell’orata (Sparus aunrata 1..) (Completamento
delle ricerche della Dott. A. Pasquali). Pubblicazioni della Stazione Zoologica
di Napoli 18:313-336.

Da Costa N, McGillivray C, Bai Q, Wood JD, Evans G, Chang KC. 2004.
Restriction of dietary energy and protein induces molecular changes in
young potcine skeletal muscles. Journal of Nutrition 134:2191-2199.

Deaton AM, Bird A. 2011. CpG islands and the regulation of
transcription. Genes & development 25(10):1010-1022.

Devlin RH, Nagahama Y. 2002. Sex determination and sex differentiation in
fish: An overview of genetic, physiological, and environmental
influences. Aguaculture 208:191-364.

Donaldson MR, Cooke SJ, Patterson DA, Macdonald JS. 2008. Cold shock and



Discusion

fish. Journal of Fish Biology 73(7):1491-1530.

Dryden SC, Nahhas FA, Nowak JE, Goustin AS, Tainsky MA. 2003. Role for
human SIRT2 NAD-dependent deacetylase activity in control of mitotic
exit in the cell cycle. Molecular and Cellular Biology 23:3173-3185.

Du J, Zhou Y, Su X, Yu JJ, Khan S, Jiang H, et al. 2011. Sirt5 is a NAD-
dependent protein lysine demalonylase and desuccinylase. Science
334:806-809.

Estensoro I, Ballester-Lozano GF, Benedito-Palos L, Grammes F, Martos-
Sitcha JA, Mydland L-T, et al. 2016. Dietary butyrate helps to restore the
intestinal status of a marine teleost (Sparus aurata) fed extreme diets low
in fish meal and fish oil. PLoS ONE 11:e0166564.

Fang J, Ianni A, Smolka C, Vakhrusheva O, Nolte H, Kruger M, et al. 2017.
SIRT7 promotes adipogenesis in the mouse by inhibiting autocatalytic
activation of SIRT1. Proceedings of the National Academy of Sciences USA
114:E8352-E8361.

Figueras A, Robledo D, Corvelo A, Hermida M, Pereiro P, Rubiolo JA, et al.
2016. Whole genome sequencing of turtbot (Scophthalmus maximus,
Pleuronectiformes): A fish adapted to demersal life. DN.A research
23(3):181-192.

Flick F, Lischer B. 2012. Regulation of sirtuin function by posttranslational
modifications Frontiers in Pharmacology 3:29.

Friedman MI, Ramirez I, Bowden C R, Tordoff MG. 1990. Fuel partitioning
and food intake: Role for mitochondrial fatty acid transport. American
Journal of  Physiology-Regulatory, —Integrative and — Comparative  Physiology
258(1):R216-R221.

Frye RA. 2000. Phylogenetic classification of prokaryotic and eukaryotic Sir2-
like proteins.  Biochemical —and  Biophysical  Research — Communications
273:793798.

Furuya TK, da Silva PN, Payao SL, Rasmussen LT, de Labio RW, Bertolucci
PH, et al. 2012. SORL1 and SIRT1 mRNA expression and promoter
methylation levels in aging and Alzheimer’s Disease. Neurochemistry
International 61:973e5.

Gerhart-Hines Z, Rodgers JT, Bare O, Lerin C, Kim SH, Mostoslavsky R, et al.
2007. Metabolic control of muscle mitochondrial function and fatty acid
oxidation through SIRT1/PGC-1a. The EMBO journal 26(7):1913-1923.

Ghiraldini FG, Crispim ACV, Mello MLS. 2013. Effects of hyperglycemia and
aging on nuclear sirtuins and DNA damage of mouse hepatocytes.

Molecular Biology of the Cell 24(15):2467-2470.




Capitulo 7

Goémez-Requeni P, Mingarro M, Calduch-Giner JA, Médale F, Martin SAM,
Houlihan DF, et al. 2004. Protein growth performance, amino acid
utilisation and somatotropic axis responsiveness to fish meal
replacement by plant protein sources in gilthead sea bream (Sparus
anrata). Aquaculture 232:493-510.

Gonzalez OA, Tobia C, Ebersole JL, Novak M]J. 2012. Caloric restriction and
chronic inflammatory diseases. Ora/ Diseases 18(1):16-31.

Gudetley H, Lapointe D, Bédard M, Dutil JD. 2003. Metabolic priorities during
starvation: Enzyme sparing in liver and white muscle of Atlantic cod,
Gadus morbua L. Comparative Biochemistry and Physiology Part A: Molecular &
Integrative Physiology 135(2):347-3506.

Gui L, Hao R, Zhang Y, Zhao X, Zan L. 2015. Haplotype distribution in the
class I sirtuin genes and their associations with ultrasound carcass traits
in Qinchuan cattle (Bos taurus). Molecular and Cellular Probes 29:102-107.

Haase CG, Long AK, Gillooly JF. 2016. Energetics of stress: Linking plasma
cortisol levels to metabolic rate in mammals. Biology Letters 12:20150867.

Hadj-Taieb A, Ghorbel M, Hadj-Hamida NB, Jarboui O. 2013. Proporcién de
sexos, reproduccion y crecimiento de la dorada, Sparus anrata (Pisces:
Sparidae), en el golfo de Gabes, Tunez. Ciencias Marinas 39(1):101-112.

Han L, Su B, Li WH, Zhao Z. 2008. CpG island density and its correlations
with genomic features in mammalian genomes. Genome Biology 9:R79.

Han L, Zhao Z. 2008. Comparative analysis of CpG islands in four fish
genomes. Comparative and Functional Genomics 2008:565631.

Happe A, Zohar Y. 1988. Self-fertilization in the protandrous hermaphrodite
Sparus anrata: development of the technology. In: Reproduction in fish:
Basic and applied aspects in endocrinology and genetics: Proceedings of
the French-Israeli symposium Tel Aviv (Israel). INRA, Paris, France, pp
177-180.

Hardie DG, Ross FA, Hawley SA. 2012. AMPK: A nutrient and energy sensor
that maintains energy homeostasis. Nature Reviews Molecular Cell Biology
13(4):251.

Hirschey MD, Shimazu T, Goetzman E, Jing E, Schwer B, Lombard DB, et al.
2010. SIRT3 regulates mitochondrial fatty-acid oxidation by reversible
enzyme deacetylation. Nature 464(7285):121.

Hofseth LJ, Singh UP, Singh NP, Nagarkatti M, Nagarkatti PS. 2010. Taming
the beast within: resveratrol suppresses colitis and prevents colon cancer.
Aging 2:183-184.

Hong JY, Mei CG, Li SJ, Wang HB, Zhao CP, Zan LS. 2018. Coordinate
regulation by transcription factors and DNA methylation in the core



Discusion

promoter region of SIRTG6 in bovine adipocytes. Archives of Biochemistry
and Biophysics 659:1-12.

Hong J, Wang X, Mei C, Wang H, Zan L. 2019a. DNA methylation and
transcription factors competitively regulate SIRT4 promoter activity in
bovine adipocytes: Roles of NRF1 and CMYB. DN.A Cel/ Biolgy
38(1):63-75.

Hong J, Wang X, Mei C, Zan L. 2019b. Competitive regulation by transcription
factors and DNA methylation in the bovine SIRT5 promoter: Roles of
E2F4 and KLF6. Gene 684:39-46.

Hou Y, Chen H, He Q, Jiang W, Luo T, Duan, ], et al. 2013. Changes in
methylation patterns of multiple genes from peripheral blood leucocytes
of Alzheimet's disease patients. Acta Neuropsychiatrica 25:66-70.

Hsu CP, Zhai P, Yamamoto T, Maejima Y, Matsushima S, Hariharan N, et al.
2010. Silent information regulator 1 protects the heart from
ischemia/repetfusion. Circulation 122(21):2170-2182.

Ibarz A, Padr6s F, Gallardo MA, Fernindez-Borras J, Blasco J, Tort L. 2010.
Low-temperature challenges to gilthead sea bream culture: Review of
cold-induced alterations and ‘Winter Syndrome’. Reviews in Fish Biology and
Fisheries 20(4):539-550.

Jager S, Handschin C, Pierre JS, Spiegelman BM. 2007. AMP-activated protein
kinase (AMPK) action in skeletal muscle via direct phosphorylation of
PGC-1a. Proceedings of the National Academy of Sciences 104(29):12017-
12022.

Jin D, Tan HJ, Lei T, Gan L, Chen XD, Long QQ, et al. 2009. Molecular
cloning and characterization of porcine sirtuin genes. Comparative
Biochemistry and Physiology Part B Biochemistry & Molecular Biology 153(4):348-
358.

Jing E, Gesta S, Kahn CR. 2007. SIRT2 regulates adipocyte differentiation
through FoxO1 acetylation/deacetylation. Ce// Metabolism 6:105-114.

Jing H, Lin H. 2015. Sirtuins in epigenetic regulation. Chemical Reviews
115(6):2350-2375.

Johnston IA, Bower NI, Macqueen DJ. 2011. Growth and the regulation of
myotomal muscle mass in teleost fish. Jowrnal of Experimental Biology
214(10):1617-1628.

Jones MJ, Goodman §J, Kobor MS. 2015. DNA methylation and healthy
human aging. Aging cel/ 14(6):924-932.

Jones PA. 2012. Functions of DNA methylation: Islands, start sites, gene
bodies and beyond. Nature Reviews Geneties 13(7):484-492.

Jukarainen S, Heinonen S, Ramo T, Rinnankoski-Tuikka R, Rappou E,

319



320

Capitulo 7

Tummers M, et al. 2016. Obesity is associated with low NAD(+)/SIRT
pathway expression in adipose tissue of BMI-discordant monozygotic
twins. The Journal of Clinical Endocrinology and Metabolism 101:275-283.

Jung M, Pfeifer GP. 2015. Aging and DNA methylation. BMC Biology 13:7.

Kabiljo J, Murko C, Pusch O, Zupkovitz G. 2019. Spatio-temporal expression
profile of sirtuins during aging of the annual tish Nothobranchins furzer:.
Gene Excpression Patterns 33:11-19.

Kause A, Kiessling A, Martin SAM, Houlihan D, Ruohonen K. 2016. Genetic
improvement of feed conversion ratio via indirect selection against lipid
deposition in farmed rainbow trout (Oncorhynchus mykiss Walbaum). British
Journal of Nutrition 116:1656-1665.

Khan D, Sarikhani M, Dasgupta S, Maniyadath B, Pandit AS, Mishra S, et al.
2018. SIRTG6 deacetylase transcriptionally regulates glucose metabolism
in heart. Journal of Cellular Physiology 233(7):5478-5489.

Kobayashi Y, Nagahama Y, Nakamura M. 2013. Diversity and plasticity of sex
determination and differentiation in fishes. Sexwal Development 7.1-3:115-
125.

Kuang J, Zhang Y, Liu Q, Shen |, Pu S, Cheng S, et al. 2017. Fat-specific Sirt6
ablation sensitizes mice to high-fat diet-induced obesity and insulin
resistance by inhibiting lipolysis. Diabetes 66:1159-1171.

Kurylowicz A, Owczarz M, Polosak |, Jonas MI, Lisik W, Jonas M, et al. 2016.
SIRT1 and SIRT7 expression in adipose tissues of obese and normal-
weight individuals is regulated by microRNAs but not by methylation
status. International Jonrnal of Obesity (Lond) 40:1635-1642.

Kyprianou TD, Portner HO, Anestis A, Kostoglou B, Feidantsis K, Michaelidis
B. 2010. Metabolic and molecular stress responses of gilthead seam
bream Sparus awrata during exposure to low ambient temperature: An
analysis of mechanisms underlying the winter syndrome. Journal of
Comparative Physiology B 180(7):1005-1018.

Lai CC, Lin PM, Lin SF, Hsu CH, Lin HC, Hu ML, et al. 2013. Altered
expression of SIRT gene family in head and neck squamous cell
carcinoma. Tumor Biology 34(3):1847-1854.

Lamm MS, Liu H, Gemmell NJ, Godwin JR. 2015. The need for speed:
Neuroendocrine regulation of socially-controlled sex change. Infegrative
and Comparative Biology 55(2):307-322.

Landolin JM, Johnson DS, Trinklein ND, Aldred SF, Medina C, Shulha H, et
al. 2010. Sequence features that drive human promoter function and
tissue specificity. Genome Research 20:890-898.

Larrosa M, Yanez-Gascon MJ, Selma MV, Gonzalez-Sarrias A, Toti S, Ceron



Discusion

JJ, et al. 2009. Effect of low dose of dietary resveratrol on colon
microbiota, inflammation and tissue damage in a DSS-induced colitis rat
model. Journal of Agricultnral and Food Chemistry 57:2211-2220.

Lasserre G. 1976. Dynamique des populations ichthyologiques lagunaires.
Application a Sparus anrata. Ph. D. thesis, Univ. Montpellier 11.

Le Boucher R, Quillet E, Vandeputte M, Lecalvez JM, Goardon L, Chatain B,
et al. 2011. Plant-based diet in rainbow trout (Oncorbynchus mykiss
Walbaum): Are there genotype-diet interactions for main production
traits when fish are fed marine vs. plant-based diets from the first meal?
Agnaculture 321:41-48.

Li W, Graur D. 1991. Fundamentals of molecular evolution. Sinauer Associates,
Sunderland, MA.

Loukovitis D, Sarropoulou E, Tsigenopoulos CS, Batargias C, Magoulas A,
Apostolidis AP, et al. 2011. Quantitative trait loci involved in sex
determination and body growth in the gilthead sea bream (Sparus aurata
L.) through targeted genome scan. PLLOS ONE 6(1):16599.

Martos-Sitcha JA, Sim6-Mirabet P, Piazzon MC, de las Heras V, Calduch-Giner
JA, Puyalto M, et al. 2018. Dietary sodium heptanoate helps to improve
feed efficiency, growth hormone status and swimming performance in
gilthead sea bream (Sparus anrata). Aquacultnure Nutrition 24(6):1638-1651.

Martos-Sitcha JA, Simé-Mirabet P, de Las Heras V, Calduch-Giner JA, Pérez-
Sanchez J. 2019. Tissue-specific orchestration of gilthead sea bream
resilience to hypoxia and high stocking density. Frontiers in Physiology

10:840.
Matsushita N, Yonashiro R, Ogata Y, Sugiura A, Nagashima S, Fukuda T, et al.
2011. Distinct

regulation of mitochondrial localization and stability of two human Sirt5
isoforms. Genes Cells 16:190-202.

Mendes KL, de Farias Lelis D, Santos SHS. 2017. Nuclear sirtuins and
inflammatory signaling pathways. Cyfokine & Growth Factor Reviews 38:98-
105.

Meyer A, Van de Peer Y. 2005. From 2R to 3R: Evidence for a fish-specific
genome duplication (FSGD). Bioessays 27(9):37-945.

Michishita E, Park JY, Burneskis JM, Barrett JC, Horikawa 1. 2005.
Evolutionarily conserved and nonconserved cellular localizations and
functions of human SIRT proteins. Molecular Biology of the Cell
16(10):4623-4635.

Miyahara M, Ishibashi H, Inudo M, Nishijima H, Iguchi T, Guillette LJ], et al.
2003. Estrogenic activity of a diet to estrogen receptors -a and -3 in an

321



322

Capitulo 7

experimental animal. Journal of Health Sciences 49:1-11.

Moczek AP. 2015. Developmental plasticity and evolution-quo vadis?. Heredity
115(4):302.

Monternier PA, Marmillot V, Rouanet JL, Roussel D. 2014. Mitochondrial
phenotypic flexibility enhances energy savings during winter fast in king
penguin chicks. Journal of Experimental Biology 217(15):2691-2697.

Monteserin-Garcia ], Al-Massadi O, Seoane LM, Alvarez CV, Shan B, Stalla ],
et al. 2013. Sirtl inhibits the transcription factor CREB to regulate
pituitary growth hormone synthesis. FASEB Journal 27:1561-1571.

Nakagawa T, Lomb D], Haigis MC, Guarente L. 2009. SIRT5 Deacetylates
carbamoyl phosphate synthetase 1 and regulates the urea cycle. Ce//
137(3):560-570.

Navarro-Martin L, Vifias ], Ribas 1., Diaz N, Gutiérrez A, Di Croce L, Piferrer
F. 2011. DNA methylation of the gonadal aromatase (cyp19a) promoter
is involved in temperature-dependent sex ratio shifts in the European sea
bass. PLOS Geneties 7(12):¢1002447.

Noriega LG, Feige JN, Canto C, Yamamoto H, Yu J, Herman MA, et al. 2011.
CREB and ChREBP oppositely regulate SIRT1 expression in response
to energy availability. EMBO Reporzs 12(10):1069-1076.

Okazaki M, Iwasaki Y, Nishiyama M, Taguchi T, Tsugita M, Nakayama S, et al.
2010. PPARbeta/delta regulates the human SIRT1 gene transcription via
Spl. Endocrine Journal 57(5):403-413.

Pardo PS, Boriek AM. 2011. The physiological roles of Sirtl in skeletal muscle.
Aging 3(4):430-437.

Pauletto M, Manousaki T, Ferraresso S, Babbucci M, Tsakogiannis A, Louro B,
et al. 2018. Genomic analysis of Sparus anrata reveals the evolutionary
dynamics of sex-biased genes in a sequential hermaphrodite fish.
Communications Biology 1(1):119.

Pelissero C, Sumpter JP. 1992. Steroids and "steroid-like" substances in fish
diets. Aguaculture 107:283-301.

Peng C, Lu Z, Xie Z, Cheng Z, Chen Y, Tan M, et al. 2011. The first
identification of lysine malonylation substrates and its regulatory enzyme.
Molecular & Cellular Proteonsies 10(12):M111-012658.

Pereira TCB, Rico EP, Rosemberg DB, Schirmer H, Dias RD, Souto AA, et al.
2011. Zebrafish as a model organism to evaluate drugs potentially able to
modulate sirtuin expression. Zebrafish 8(1):9-16.

Perera E, Sim6-Mirabet P, Shin HS, Rosell-Moll E, Naya-Catala F, de las Heras
V, et al. 2019. Selection for growth is associated in gilthead sea bream
(Sparus anrata) with diet flexibility, changes in growth patterns and higher



Discusion

intestine plasticity. ~Aguacuiture 507:349-3060.

Perera E, Turkmen S, Simé-Mirabet P, Zamorano MJ, Xu H, Naya-Catala F, et
al. 2020. Stearoyl-CoA desaturase (sed7a) is epigenetically regulated by
broodstock nutrition in gilthead sea bream (Sparus aunrata). Epigenetics. dot:
10.1080/15592294.2019.1699982.

Pérez-Sanchez |, Benedito-Palos L, Estensoro I, Petropoulos Y, Calduch-Giner
JA, Browdy CL, et al. 2015. Effects of dietary NEXT ENHANCE®150
on growth performance and expression of immune and intestinal
integrity related genes in gilthead sea bream (Sparus awrata 1.). Fish &
Shellfish Immunology 44:117-128.

Pérez-Sanchez |, Sim6-Mirabet P, Naya-Catala F, Martos-Sitcha JA, Perera E,
Bermejo-Nogales A, et al. 2018. Somatotropic axis regulation unravels
the differential effects of nutritional and environmental factors in growth
performance of marine farmed fishes. Frontiers in Endocrinology 9:687.

Pérez-Sanchez J, Naya-Catala F, Soriano B, Piazzon MC, Hafez A, Gabaldon T,
et al. 2019. Genome sequencing and transcriptome analysis reveal recent
species-specific gene duplications in the plastic gilthead sea bream
(Sparus anrata). Frontiers in Marine Science 6:760.

Piazzon MC, Galindo-Villegas ], Pereiro P, Estensoro I, Calduch-Giner JA,
Gomez-Casado E, et al. 2016. Differential modulation of IgT and IgM
upon parasitic, bacterial, viral, and dietary challenges in a Perciform fish.
Frontiers in Immunology 7:637.

Piazzon MC, Calduch-Giner JA, Fouz B, Estensoro I, Simé-Mirabet P, Puyalto
M, et al. 2017. Under Control: How a dietary additive can restore the gut
microbiome and proteomic profile, and improve disease resilience in a
marine teleostean fish fed vegetable diets. Microbiome 5:164.

Piazzon MC, Naya-Catala F, Calduch-Giner JA, Simé6-Mirabet P, Picard-
Sanchez A, Sitja-Bobadilla A, et al. 2019. Sex, age and bacteria: How the
intestinal microbiota is modulated in a protandrous hermaphrodite
tarmed fish. Frontiers in Microbiology 10:2512.

Picard F, Kurtev M, Chung N, Topark-Ngarm A, Senawong T, Machado De
Oliveira R, et al. 2004. SIRT1 promotes fat mobilization in white
adipocytes by repressing PPAR-gamma. Nature 429:771-776.

Pierce LR, Palti Y, Silverstein JT, Barrows FT, Hallerman EM, Parsons JE.
2008. Family growth response to fishmeal and plant-based diets shows
genotype x diet interaction in rainbow trout (Oncorhynchus mykiss).
Aquaculture 278(1-4):37-42.

Planavila A, Iglesias R, Giralt M, Villarroya F. 2011. Sirtl acts in association
with PPARa to protect the heart from hypertrophy, metabolic

&%)

(V]



324

Capitulo 7

dysregulation, and inflammation. Cardiovascular Research 90(2):276-284.

Pugh BF, Tjian R. 1990. Mechanism of transcriptional activation by Spl:
Evidence for coactivators. Ce// 61(7):1187-1197.

Riche M, Williams TN. 2011. Fish meal replacement with solvent-extracted
soybean meal or soy protein isolate in a practical diet formulation for
Florida pompano (Trachinotus carolinus, L.) reared in low salinity.
Aquaculture Nutrition 17(4):368-379.

Rise ML, Hall JR, Nash GW, Xue X, Booman M, Katan T, et al. 2015.
Transcriptome profiling reveals that feeding wild zooplankton to larval
Atlantic cod (Gadus morbua) influences suites of genes involved in
oxidation-reduction, mitosis, and selenium homeostasis. BMC Genomics
16:1016.

Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P. 2005.
Nutrient control of glucose homeostasis through a complex of PGC-1a
and SIRT1. Nature 434(7029):113.

Rombout JH, Abelli L, Picchietti S, Scapigliati G, Kiron V. 2011. Teleost
intestinal immunology. Fish and Shellfish Immunology 31:616-626.

Rozenberg JM, Shlyakhtenko A, Glass K, Rishi V, Myakishev MV, FitzGerald
PC, et al. 2008. All and only CpG containing sequences are enriched in
promoters abundantly bound by RNA polymerase 1I in multiple tissues.
BMC Genomies 9(1):67.

Rui L. 2014. Energy metabolism in the liver. Comprebensive Physiology 4:177-197.

Sahin K, Yilmaz S, Gozukirmizi N. 2014. Changes in human sirtuin 6 gene
promoter methylation during aging. Biomedical Reports 2:574¢8.

Salin K, Villasevil EM, Anderson GJ, Auer SK, Selman C, Hartley RC, 2018.
Decreased mitochondrial metabolic requirements in fasting animals carry
an oxidative cost. Functional Ecology 32(9):2149-2157.

Salmeron C. 2018. Adipogenesis in fish. Journal of Experimental Biology 221 (Suppl
1):jeb161588.

Saravanan S, Schrama JW, Figueiredo-Silva AC, Kaushik SJ, Verreth JA,
Geurden I. 2012. Constraints on energy intake in fish: The link between
diet composition, energy metabolism, and energy intake in rainbow trout.
PLOS ONE 7(4):34743.

Satoh A, Brace CS, Ben-Josef G, West T, Wozniak DF, Holtzman DM, et al.
2010. SIRT1 promotes the central adaptive response to diet restriction
through activation of the dorsomedial and lateral nuclei of the
hypothalamus. The Journal of Neuroscience 30:10220-10232.

Schonfeld P, Wojtczak L. 2016. Short-and medium-chain fatty acids in energy
metabolism: The cellular perspective. Journal of Lipid Research 57:943-954.



Discusion

Secombes CJ, Wang T. 2012. The innate and adaptive immune system of fish.
In: Austin B (ed.) Infectious disease in aquaculture: Prevention and
control. Woodhead Publishing, Oxford, Cambridge, Philadelphia, New
Delhi, pp 3-68.

Secor SM, Carey HV. 2016. Integrative physiology of fasting. Comprebensive
Physiology 6(2):773-825.

Serrano L, Martinez-Redondo P, Marazuela-Duque A, Vazquez BN, Dooley S,
Voigt P, et al. 2013. The tumor suppressor SirT2 regulates cell cycle
progression and genome stability by modulating the mitotic deposition
of H4K20 methylation. Genes & Development 27(6):639-653.

Shao C, Li Q, Chen S, Zhang P, Lian J, Hu Q, et al. 2014. Epigenetic
modification and inheritance in sexual reversal of fish. Genome Research
24(4):604-615.

Sharif J, Endo TA, Toyoda T, Koseki H. 2010. Divergence of CpG island
promoters: A consequence or cause of evolution? Development Growth &
Differentiation 52:545-554.

Shepherd CJ, Monroig O, Tocher DR. 2017. Future availability of raw materials
for salmon feeds and supply chain implications: The case of Scottish
tarmed salmon. Aguaculture 467:49-62.

Simoé-Mirabet P, Felip A, Estensoro I, Martos-Sitcha JA, De las Heras V,
Calduch-Giner JA, et al. 2018. Impact of low fish meal and fish oil diets
on the performance, sex steroid profile and male-female sex reversal of
gilthead sea bream (Sparus aurata) over a three-year production cycle.
Agqunaculture 490:64-74.

Stanton DA, Alway SE, Mohamed JS. 2017. The role of Sirtuin 2 in the
regulation of myogenesis. LASEB Journal 31(1):77.13.

Suske G. 1999. The Sp-family of transcription factors. Gene 238(2):291-300.

Suzuki J, Shen WJ, Nelson BD, Selwood SP, Murphy GM, Kanehara H, et al.
2002. Cardiac gene expression profile and lipid accumulation in response
to starvation. Awmerican Journal of Physiology-Endocrinology and Metabolism
283:E94-E102.

Tan M, Peng C, Anderson KA, Chhoy P, Xie Z, Dai L, et al. 2014. Lysine
glutarylation is a protein post-translational modification regulated by
SIRTS. Cell Metabolism 19:605-617.

Tine M, Kuhl H, Gagnaire PA, Louro B, Desmarais E, Martins RS, et al. 2014.
European sea bass genome and its variation provide insights into
adaptation to euryhalinity and speciation. Nature Communications 5:5770.

Todd EV, Liu H, Muncaster S, Gemmell NJ. 2016. Bending genders: The
biology of natural sex change in fish. Sexual Development 10(5-6):223-241.

&%)

U



326

Capitulo 7

Vandepoele K, De Vos W, Taylor JS, Meyer A, Van de Peer Y. 2004. Major
events in the genome evolution of vertebrates: Paranome age and size
differ considerably between ray-finned fishes and land vertebrates.
Proceedings of the National Academy of Sciences 101(6):1638-1643.

Varriale A, Bernardi G. 2006. DNA methylation and body temperature in
fishes. Gene 385:111-121.

Vasconi M, Caprino F, Bellagamba F, Moretti VM. 2017. Fatty acid
composition of gilthead sea bream (Sparus aurata) fillets as affected by
current changes in aquafeed formulation. Turkish Journal of Fisheries and
Aguatic Sciences 17:451-459.

Wang F, Nguyen M, Qin FX, Tong Q. 2007. SIRT2 deacetylates FOXO3a in
response to oxidative stress and caloric restriction. Aging Cel/ 6:505-514.

Wang F, Wang K, Xu W, Zhao S, Ye, D, Wang Y, et al. 2017. SIRT5
desuccinylates and activates pyruvate kinase M2 to block macrophage
IL-18 production and to prevent DSS-induced colitis in mice. Ce//
Reports 19(11):2331-2344.

Wang ], Wu X, Simonavicius N, Tian H, Ling L. 2006. Medium-chain fatty
acids as ligands for orphan G protein-coupled receptor GPR84. Journal of
Biological Chemistry 281:34457-34464.

Wang L, Zhou H, Wang Y, Cui G, Di LJ. 2015. CtBP maintains cancer cell
growth and metabolic homeostasis via regulating SIRT4. Ce// Death &
Disease 6:¢1620.

Warner RR. 1988. Sex change and the size-advantage model. Trends in Ecology &
Evolution 3(6):133-130.

West-Eberhard MJ. 2003. Developmental plasticity and evolution. Oxford
University Press, USA.

Wierstra 1. 2008. Sp1: Emerging roles-beyond constitutive activation of TATA-
less housekeeping genes. Biochemical and Biophysical Research Communications
372:1-13.

Wu G, Song C, Lu H, Jia L, Yang G, Shi X, et al. 2014. Sirt2 induces C2C12
myoblasts proliferation by activation of the ERKI /2 pathway. Acta
Biochimica et Biophysica Sinica 46:342-345.

Wu Y, Chen L, Wang Y, Li W, Lin Y, Yu D, et al. 2015. Overexpression of
Sirtuin 6 suppresses cellular senescence and NF-«B mediated
inflammatory responses in osteoarthritis development. Scientific Reports
5:17602.

Yamamoto M, Iguchi G, Fukuoka H, Suda K, Bando H, Takahashi M, et al.
2013. SIRT1 regulates adaptive response of the growth hormone-insulin-

like growth factor-I axis under fasting conditions in liver. Proceedings of the



Discusion

National Academy of Sciences USA 110:14948-14953.

Yamamoto M, Takahahi Y. 2018. The essential role of SIRT1 in hypothalamic-
pituitary axis. Frontiers in Endocrinology 9:605.

Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim D, et al.
2015. The ketone metabolite B-hydroxybutyrate blocks NLRP3
inflammasome-mediated  inflaimmatory  disease.  Nature  Medicine
21(3):263.

Ytrestoyl T, Aas TS, Asgéird T. 2015. Utilisation of feed resources in
production of Atlantic salmon (Salwo salar) in Norway. Aquaculture
448:365-374.

Yu SS, Cai Y, Ye JT, Pi RB, Chen SR, Liu PQ, et al. 2013. Sirtuin 6 protects
cardiomyocytes from hypertrophy in vitro via inhibition of NF-»B-
dependent transcriptional activity. British  Journal of  Pharmacology
168(1):117-128.

Yuan Z, Liu S, Zhou T, Tian C, Bao L, Dunham R, et al. 2018. Comparative
genome analysis of 52 fish species suggests differential associations of
repetitive elements with their living aquatic environments. BMC Genomics
19:141.

Zhou §, Tang X, Chen HZ. 2018. Sirtuins and insulin resistance. Frontiers in
Endocrinology 9:748.

Zohar Y, Abraham M, Gordon H. 1978. The gonad cycle of the captivity-
reared hermaphroditic teleost Sparus anrata during the first two years of
life. Annales de Biologie Animale Biochimie Biophysique 18:877-882.

Zullo A, Simone E, Grimaldi M, Gagliardi M, Zullo L, Matarazzo MR, et al.
2018. Effect of nutrient deprivation on the expression and the epigenetic

signature of sirtuin genes. Nutrition, Metabolism & Cardiovascular Diseases
28(4):418-424.

327












Conclusiones

PRIMERA: Las dietas basadas en ingredientes vegetales permiten un
crecimiento eficiente en la dorada a lo largo de todo el ciclo de

produccion.

SEGUNDA: El butirato revierte los efectos negativos sobre la

reproduccion y la salud intestinal causados por las dietas vegetales.

TERCERA: La suplementacioén con acidos grasos de cadena media (C7,

C12) mejora el crecimiento y la respuesta frente al ejercicio.

CUARTA: Los efectos de los acidos grasos de cadena media y los
probidticos sobre el patron de expresion de las sirtuinas y marcadores de

la salud intestinal son especificos del aditivo.

QUINTA: La secuencia y la estructura exén-intrén de los siete
ortélogos de las sirtuinas de mamiferos esta altamente conservada en

peces.

SEXTA: Los arboles filogenéticos de las sirtuinas, incluyendo las
secuencias de dorada, estan en consonancia con la actual jerarquia de los

vertebrados.

SEPTIMA: Los peces, y la dorada en particular, conservan multiples
copias de la sirtuina 3 y la sirtuina 5 que podrian haberse originado en

diferentes momentos a lo largo de la evolucién.

OCTAVA: Solo se ha descrito la presencia de islas CG en las regiones
promotoras de las sirtuinas 1 y 3, asegurando la coexistencia de ambos
tipos de promotores una expresion ubicua a la par que altamente

regulada de las sirtuinas en respuesta a estimulos especificos.

NOVENA: El patrén de expresion de las sirtuinas de dorada es ubicuo

y especifico de tejido para cada uno de los miembros de la familia
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analizados, con niveles altos de expresion de las sirtuinas 1, 2 y 5 y bajos

o moderados en el caso de las sirtuinas 3,4, 6y 7.

DECIMA: Las sirtuinas 1, 5, 6 y 7 estan sobreexpresadas en una
situaciéon de ayuno mostrando, en general, unos mayores niveles de

expresion en tejidos con una alta demanda energética.

UNDECIMA: El patrén de expresion de las sirtuinas frente a un
aumento de la demanda energética fruto del ayuno o de un diferente
potencial de crecimiento es diferente dependiendo del tejido y del tipo de

estimulo.

DUODECIMA: El patrén de expresién hepatico y muscular de las
sirtuinas es claramente dependiente de la estacién y la edad, estando los
cambios de la expresion de la sirtuina 1 regulados a nivel muscular por
mecanismos epigenéticos que involucran cambios en la metilacién a nivel

de promotor.









Resumen

La acuicultura es el sector de producciéon animal con mayor crecimiento
a nivel mundial, pero para cubrir la demanda creciente de alimentos de la
agenda 2030 es necesario duplicar la produccién en los préximos afos, lo
que debe basarse en la generaciéon de nuevo conocimiento. Para ello es
condicion indispensable disponer de unas infraestructuras de referencia
donde evaluar diferentes condiciones de cultivo de forma fiable y
facilmente reproducible estableciendo unos estandares de calidad,
basados en buenas practicas sanitarias, de alimentacién y cultivo. Los
ultimos avances en el cultivo de la dorada (Sparus aurata) han demostrado
que las dietas basadas en ingredientes vegetales no comprometen el
potencial de crecimiento a lo largo del ciclo de produccién. Es mas, los
efectos negativos relacionados con procesos inflamatorios y cambios en
la proporcion de sexos, pueden revertirse, al menos en parte, mediante la
suplementacion con acidos grasos de cadena corta (butirato). En cambio,
los beneficios de la suplementacién con acidos grasos de 7-12 atomos de
carbono estain mas asociados con el crecimiento y la respuesta al
ejercicio. Ello pone de relieve la importancia de conocer en todo
momento el estado metabdlico de los animales en cultivo, por lo que se
requieren marcadores que sean capaces de relacionar la demanda de
energfa con la activaciéon de determinados procesos o vias metabdlicas.
Las sirtuinas son unos buenos candidatos al ser estas enzimas una familia
de proteinas dependientes de NAD" que deacilan histonas, factores de
transcripcion 'y un gran ndmero de enzimas del metabolismo
intermediario. Las sirtuinas estan altamente conservadas tanto a nivel
génico como proteico a lo largo de la evolucién de los vertebrados. La

dorada, ademas de las 7 sirtuinas de vertebrados, presenta copias
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adicionales de las sirtuinas 3 y 5, que también se han identificado en otras
especies de peces.

Las sirtuinas de dorada se expresan de forma ubicua con
patrones de expresion especificos de tejido que suelen coincidir con
niveles altos de expresion de las sirtuinas 1, 2 y 5 y bajos o moderados de
las sirtuinas 3, 4, 6 y 7. Las sirtuinas estan reguladas a nivel nutricional,
respondiendo tanto a la inclusiéon de distintos aditivos en la dieta como a
la falta de nutrientes. En el caso del ayuno, las sirtuinas 1, 5, 6 y 7 estan
sobreexpresadas y en general muestran niveles altos de expresiéon en
tejidos con una alta demanda energética. Sin embargo, el patréon de
expresion de los distintos isotipos de sirtuinas es diferente cuando se
compara un estado de demanda energética desencadenado por la falta de
nutrientes o la aceleracién del crecimiento. En este sentido, animales de
crecimiento acelerado y fenotipo delgado mostraron una mayor
expresion de las sirtuinas con roles antiinflamatorios en el tejido adiposo
(sirtuinas 5 y 6) e intestino (sirtuinas 2, 3, 5y 7) y una disminucién de la
expresion de la sirtuina 1 a nivel hepatico y un aumento de la sirtuina 2 a
nivel muscular. La edad y la estacién son otros de los factores que
afectan de forma diferencial la expresion de las sirtuinas a nivel hepatico
y muscular. Por tanto, las sirtuinas responden a los cambios del estado
energético de forma diferente en funcién de la intensidad y naturaleza del
estimulo que modifique el estado de demanda o disponibilidad de
energfa. Esta heterogeneidad de la respuesta también va asociada a la
presencia (sirtuinas 1y 3) o ausencia (sirtuinas 2, 4-7) de promotores con
islas CG, habiéndose observado a nivel muscular que el aumento de la
expresion de la sirtuina 1 estd asociado a una menor metilacion del

promotor con la edad y en época invernal.



Resum

L’ aquicultura és el sector de produccié animal amb major creixement a
nivell mundial, perdo per aconseguir cobrir la creixent demanda d’
aliments de I’ agenda 2030 és necessari duplicar la produccié en els
propers anys, la qual cosa ha de basar-se en la generaci6 de nou
coneixement. Per aquest motiu, és necessari disposar d’ unes
infraestructures de referéncia on avaluar diferents condicions de cultiu de
forma fiable i facilment reproduible establint estandards de qualitat
basats en bones practiques sanitaries, d’ alimentaci6 i cultiu. Els ultims
avencos en el cultiu de I’ orada (Sparus awrata) han demostrat que les
dietes basades en ingredients vegetals no comprometen el potencial de
creixement al llarg del cicle de produccié. A més, els efectes negatius
relacionats amb processos inflamatoris i canvis en la proporcié de sexes,
poden revertir-se, en part, mitjangant la suplementacié amb acids grassos
de cadena curta (butirat). En canvi, els beneficis de la suplementacié amb
acids grassos de 7-12 atoms de carboni estan més associats amb el
creixement 1 la resposta a I’ exercici. Tot aixo posa en relleu la
importancia de coneixer en tot moment I’ estat metabolic dels animals en
cultiu, per la qual cosa es requereixen marcadors que siguin capagos de
relacionar la demanda d’ energia amb 1’ activacié de determinats
processos o vies metaboliques. Les sirtuines sé6n uns bons candidats, ja
que aquests enzims son una familia de proteines dependents de NAD"
que deacilen histones, factors de transcripcio i un gran nombre d’ enzims
del metabolisme intermediari. Les sirtuines estan altament conservades
tant a nivell geénic com proteic al llarg de I’ evolucié dels vertebrats. 1
orada, a més de les 7 sirtuines de vertebrats, presenta copies addicionals
de les sirtuines 3 1 5, que també s’ han identificat en altres especies de

peixos.
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Les sirtuines d’ orada s’ expressen de forma ubiqua amb patrons
d’ expressio especifics de teixit que acostumen a coincidir amb nivells
alts d” expressié de les sirtuines 1, 2 1 5 1 baixos o moderats de les
sirtuines 3, 4, 6 1 7. Les sirtuines estan regulades a nivell nutricional,
responent tant a la inclusi6 de diferents additius a la dieta com a la manca
de nutrients. En el cas del deja, les sirtuines 1, 5, 6 1 7 estan
sobreexpressades i, en general, mostren nivells alts d” expressi6 en teixits
amb una alta demanda energetica. Tanmateix, el patrd d” expressio de les
diferents sirtuines varia quan es compara un estat de demanda energetica
degut a la falta de nutrients o a I’ acceleraci6 del creixement. En aquest
sentit, animals de creixement accelerat i fenotip prim van mostrar una
major expressié de les sirtuines amb funcions antiinflamatories en el
teixit adipos (sirtuines 5 1 6) 1 I’ intest{ (sirtuines 2, 3, 517) a més d’ una
disminuci6 de I expressio de la sirtuina 1 a nivell hepatic i un augment de
la sirtuina 2 al muiscul. I.” edat 11’ estaci6 son altres factors que afecten de
forma diferencial I’ expressié de les sirtuines a nivell hepatic 1 muscular.
Per tant, les sirtuines responen als canvis de I’ estat energetic de forma
diferent en funcié de la intensitat i naturalesa de I’ estimul que modifiqui
I’ estat de demanda o disponibilitat d” energia. Aquesta heterogeneitat de
la resposta també va associada a la presencia (sirtuines 1 i 3) o absencia
(sirtuines 2, 4-7) de promotors amb illes CG, havent-se observat a nivell
muscular, que I’ augment de I’ expressié de la sirtuina 1 esta associat a

una menor metilacié del promotor amb I’ edat i a I’ hivern.



Abstract

Aquaculture is the fastest growing food-producing sector worldwide, but
the capacity of aquaculture to meet the future demand for seafood to
deliver the goals by 2030 will largely depend on doubling production in
the coming years, which should be based on the generation of new
knowledge. For that purpose, it is crucial to have quality facilities to
assess different farming conditions in a reliable and easily reproducible
way, establishing quality standards based on good aquaculture practices
(.e. feeding, sanitation, management). The latest achievements in
gilthead sea bream (Sparus anrata) have demonstrated that plant-based
diets do not compromise fish growth potential over the production
cycle. Moreover, the negative effects related to inflaimmatory processes
and sex proportion can be reverted, at least in part, by the
supplementation with short chain fatty acids (butyrate). In contrast, the
benefits of adding 7-12 carbon fatty acids are more associated with
growth and swimming performance. This highlights the importance of
knowing the metabolic state of farmed fish and the interest of
developing new biomarkers that link the energy demand with the
activation of specific metabolic pathways. Sirtuins are good candidates
because these enzymes belong to a NAD"-dependent protein family that
deacylates histones, transcription factors and a wide range of metabolic
enzymes. Sirtuins are highly conserved both at the gene and protein
levels throughout the evolution of vertebrates. In addition to the 7
vertebrate sirtuins, gilthead sea bream also has additional copies of
sirtuins 3 and 5, which have also been identified in other fish species.
Gilthead sea bream sirtuins revealed a ubiquitous gene expression
pattern that was tissue-specific for each sirtuin with relatively high levels

of sirtuins 1, 2 and 5 and moderate or low in the case of sirtuins 3, 4, 6
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and 7. In addition, sirtuins are nutritionally regulated, responding both to
the inclusion of different additives in the diet and nutrient availability. In
the case of fasting, sirtuins 1, 5, 6 and 7 are up-regulated showing, in
general, high gene expression levels in tissues with a high energy
demand. However, the expression pattern of sirtuins is different when
comparing an energy demand state caused by fasting or fast growth. In
this sense, fast-growing fish with a lean phenotype showed a higher
expression of sirtuins with anti-inflammatory roles in adipose tissue
(sirtuins 5 and 6) and intestine (sirtuins 2, 3, 5 and 7), as well as a reduced
hepatic sirtuin 1 expression and an increased sirtuin 2 expression in
white skeletal muscle. Age and season are other factors that affect the
expression pattern of sirtuins at hepatic and muscular level. Therefore,
the differential regulation of sirtuins according to changes in energy
status depends on the intensity and nature of the stimulus that modifies
the state of demand or energy availability. This heterogeneity of the
response is also associated with the presence (sirtuins 1 and 3) or lack
(sirtuins 2, 4-7) of promoters with CG islands, being associated at
muscular level the increased expression of sirtuin 1 with a lower

promoter  methylation with age and in  winter season.
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