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AAE: aminoacids essencials

AANE: aminoacids no essencials

ANOVA: analysis of variance

At%: atom percentage

ATP: adenosine triphosphate

BLs" /LC.s™ Body engths per second/Longituds corporals per segon
b.w.: body weight

C": isotop estable carboni tretze

C: Control

Ca: cabal

CCA: capillaires that surround a fibre to its cross-sectional area
CCP: capillaires that surround a fibre to its cross-sectional perimeter
Cd: comercial diet

CD: capillary density

CF: condition factor

CH: carbohydrates

CoA: coenzima A

CPSP G: fish soluble concentrate protein with high-fat level
Cr: craneal

DHA: acid docosahexaenoic, 22:6n-3

DM: dry matter

DNA: deoxyribonucleic acid

E: exercise

EA: elemental analyzer

ED: energia digerible

Ed: experimental diet

EDTA: Ethylenediaminetetraacetic acid

EPA: acid eicosapentaenoic, 20:5n-3

F+: percentage of fibres in contact with at least one capillary
FO: fibres without surrounding capillaries

FA: fatty acids

FAA: Food Anticipatory Activity

FAO: Food and Agriculture Organization

FBPase: fructose 1,6-bisphosphatase

FCSA: fibre cross-sectional area

FD: fibre density

FPER: fibre perimeter

G6Pase: glucose 6-phosphatase



Olga M? Felip Arias

Abreviatures

GK: glucokinassa

GLUT4: glucose transporter type 4

GS: gelatinized starch

HUFA: highly unsaturated fatty acids
IHS/HSI: index hepatosomatic/hepatosomatic index
IRMS: isotopic ratio mass spectometry

KOH: potassium hidroxide

MB/WM: muscul blanc/white muscle

MCO,: taxa de produccié de dioxid de carboni
MDD: maximal diffusion distance

Miirogen: €Xcrecio total de nitrogen

MO.: taxa metabolica de consum d’oxigen
MSI: musculosomatic index

MV/RM: muscul vermell/red muscle

N'®: isotop estable nitrogen quinze

NADH: nicotinamide adenine dinucleotide
NCF: number of capillaries in contact with each fibre
NEFA: non-esterified fatty acids

NFE: extract free of nitrogen

NQ: quocient de nitrogen

PD: proteina digerible

PDB: Pee Dee Belemnite

PEPCK: phosphoenolpyruvate carboxykinase
PF: post-feeding

PIT: passive integrated transponder

PL: phospholipids

RNA: ribonucleic acid

RQ: quocient respiratori

RS: raw starch

SDA: specific dynamic action

SDH: succinate dehydrogenase

SEM: standard error of the mean

SF: shape factor

SGR: specific growth rate

TAG: triacylglycerides

TC: total cholesterol

t. fr.: tissue fraction

U..i+: velocitat critica de natacio

U,pt:velocitat Optima de natacio

w.w.: wet weight



1. INTRODUCCIO GENERAL







Olga M? Felip Arias Introducci6

1. INTRODUCCIO GENERAL

1.1. ESTAT ACTUAL DE L’AQUICULTURA

L’aquicultura és el sector de produccié d’aliment d’origen animal que més ha crescut en els
darrers anys. Des del 1970, aquesta activitat ha incrementat a nivell mundial un 9,8% cada any.
Al 1980 tan sols el 9% del peix per a consum huma procedia de I'aqiicultura mentre que en el
2000 ja es va arribar al 33,8%. Avui en dia, prop de la meitat (45,6%) del peix que es
consumeix a nivell mundial procedeix de piscifactories i no de captures al mar (Fig 1). Segons
la FAO, s’estima que pel 2012 més del 50% del consum global d’aliments aquatics s’originara
de l'aquicultura, i de cara al 2030 aquest percentatge augmentara fins al 65%.
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Figura 1: Evolucié de la produccié aquatica (aquicultura i pesca) mundial des del 1950 fins al
2009 (FAO 2010).

Hi ha hagut una crescuda substancial en la producci6 mundial de peix (pesca de
captura junt amb aquicultura) en la ultima década, arribant fins a 148 milions de tones en el
2010, comparat amb els 32,4 milions de tonelades del 2000 (World Aquaculture Conference
2010). Encara que no existeixen dades exactes, la FAO reconeix que amb el creixement en
volum i en valor de la producci6 aquicola en la ultima década, el sector ha fet una contribucio
positiva a les economies, a la reduccié de la pobresa i a la seguretat alimentaria nacional,
regional i global. De tota manera, cal un reconeixement apropiat de la contribucié del sector
aquicola basat en dades exactes per formular les politiques, estrategies i plans d’acci6 per a
continuar amb el desenvolupament de l'aquicultura. No obstant aixd, és perceptible una
reduccié gradual en el ritme de creixement de I'aqicultura global, que ha passat d’'una mitjana

interanual del 9% en la década dels 80 i 90, al 6% en la primera década del segle XXI.
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Taula 1. Produccié mundial de peix segons la font d’origen en el 2009 (FAO 2010).
Sector Tones %

Captures marines 89 848 004 56,81
Aquicultura d’aigua dolca 33 833 863 21,39
Aquicultura marina 20179 876 12,76
Captures continentals 10 323 905 6,53
Aquicultura d’aigua salobre 4231843 2,68
Total 158 159 993 100,00

S’ha de tenir en compte que el peix és una font important d’aminoacids essencials
(lisina i triptofan), vitamines (B, A i D), minerals (iode i seleni) i acids grassos poliinsaturats
Omega-3 de cadena llarga (EPA i DHA) (Villarino i col. 2005), que proporcionen efectes
beneficiosos per a la salut humana.

El consum de peix a nivell mundial continua creixent, aixo es deu tant a I'increment del
consum per capita com a I'augment de poblacié a nivell mundial. Actualment, els productes
aquatics son una de les fonts més importants de proteina animal del mén, representant fins a
un 28% del total de proteina ingerida en els paisos en vies de desenvolupament i el 14% a
Europa i Nord-ameérica (Informe APROMAR 2011). Per altra banda, el nivell de captures de
peix en el mar s’ha mantingut practicament estable des de mitjans de la década dels 80 (al
voltant de 87 milions de tones) fins a l'actualitat (89 milions de tones al 2009) i, fins i tot, esta
disminuint els darrers anys (informe FAO 2010) (Fig 1; Taula 1). L’aqiicultura podria cobrir la
diferéncia entre I'abastiment i la demanda, perd actualment un problema greu el representa el
subministrament de la farina i 'oli de peix que s’usa per alimentar les espécies de peixos
carnivors (les més cultivades a Europa i totes elles en cultiu intensiu alimentades amb dietes
artificials). Degut a aquests requeriments nutritius, la farina i I'oli de peix s6n els constituents
maijoritaris dels pinsos fabricats avui en dia per al cultiu de peix (Atherton i Aitken 1970; Pieper i
Pfeffer 1980 a i b; Mommsen i col. 1980). Ara bé, des de 1985, la produccié mundial de farina i
oli de peix —obtinguda del peix capturat en grans quantitats i que no es destina al consum
huma— s’ha estabilitzat entre 6-7 milions de tones i un mili6 de tones, respectivament.
L’aquicultura consumeix avui en dia només el 35% del subministrament de farina de peix a
nivell mundial, mentre que la resta s’usa en produccié ramadera. Si el ritme del sector continua
creixent, la demanda també augmentara, intensificant la competici6 amb la ramaderia per uns
recursos limitats i amb conseqiiéncies tant en els preus com en la disponibilitat (informe FAO
2006). A més a més, la producci6 de farina i oli de peix es concentra en determinades regions
del mén creant una elevada dependéncia del comerg exterior, una forta pressié sobre els
estocs de peix i la dependéncia d’oscil-lacions climatologiques que puguin afectar-los.

En la Uni6é Europea, I'aqiicultura és una activitat econdmica important en determinades
zones costaneres y continentals. Un gran nombre de politiques comunitaries tenen un impacte

en aquesta activitat, i la politica estructural en favor de la Politica Pesquera Comuna ha
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contribuit de manera significativa a I'evolucié i desenvolupament d’aquesta industria a Europa,
tot creixent de forma considerable. Aixi, 'any 2006, el principal productor a la UE-27 (per
darrera de I'aportacié de Noruega) va ser Espanya, amb el 23% del total produit, seguida de
Franca amb el 19% i Italia i el Regne Unit que representen en torn al 14% del total cadascu
(EUROSTAT 2006). En relacié a I'import economic, Espanya se situa en cinqué lloc, després
del Regne unit, Italia, Franga i Grecia, amb 307 milions d’euros, el que suposa el 8,6% de la
produccio6 aquicola de la UE (Informe APROMAR 2009).

Fins a la década dels 80, la produccié aquicola espanyola es concentrava en unes
poques espécies, sent el cultiu del musclo, de la truita irisada i I'aquicultura dels estuaris
gaditans, els tres cultius més caracteristics. A partir dels anys 90, amb la incorporacié de noves
tecnologies i una major industrialitzacié del sector, es van incloure noves espécies com el
turbot, al nord d’Espanya, i I'orada i el llobarro, al sud i al llevant d’Espanya i a les illes
Canaries. Actualment, tot i que la major produccié aqliicola espanyola correspon a mol-luscs
(especialment musclo amb un 72,69% del total produit), la produccié6 de peixos, tant
d’aquicultura marina com continental, suposa un 24% del total produit (Informe JACUMAR
2009).

L'orada i el llobarro representen la base de I'aquicultura marina actual, mentre que la
truita irisada pren total protagonisme en I'aquicultura continental a Espanya. No obstant aixo, la
producci6é de peixos marins a Espanya va patir al 2010, una reduccié del 9,4% respecte I'any
anterior (informe APROMAR 2011). Aquesta caiguda de les produccions ha passat en totes les
especies de rellevancia (orada, llobarro i turbot), i suposa la primera reduccié en els ultims 25

anys d’aquesta activitat.

1.1.1. La truita i 'orada: espécies d’interés en el mediterrani

La truita irisada pertany a la familia dels salmonids, amb la caracteristica que passa la
seva vida adulta a I'ocea i tornen a fresar al riu on varen néixer. Aquest fenomen rep el nom de
reproduccié anadroma. La truita s’alimenta generalment d’invertebrats com ara cucs, insectes i
crustacis, encara que també es pot alimentar de peixos de mida petita. Oncorhynchus mykiss
€s una espécie originaria de la vessant del Pacific dAmérica del Nord que va ser introduida a
la Peninsula a finals del segle passat procedent de Franga. La importancia d’aquesta espécie
resideix en que les seves qualitats naturals permeten la seva explotacié industrial. Respecte
d’altres especies de salmonids, la truita irisada demostra una gran docilitat a la captivitat i
tolerancia i adaptacio social a I'alta densitat poblacional. Aquesta espécie presenta un ampli
marge d’adaptacié a la temperatura i a les diverses condicions ambientals dels recintes
artificials on es troba estabulada. La truita irisada presenta gonocorisme indiferenciat durant els
primers quatre mesos de vida de forma que, després d’aquest periode, els 6rgans adquireixen
I'estructura histologica i funcional definitiva. La reproduccidé de les truites, a més a més de
sexual i externa, es ciclica. Aixo vol dir que te lloc una vegada a 'any i durant una época molt

determinada, i que es veu influenciada per les condicions climatiques i ambientals.
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La produccié de truita irisada ha crescut exponencialment des de 1950, especialment a
Europa i més recentment a Xile. Europa representa el 67,96% de la producci6 mundial

d’aquesta espécie, sent Franca i Italia els liders en produccio (Fig 2).

Figura 2. Principals paisos productors de truita (Oncorhynchus mykiss) (FAO
Estadistica Pesquera 2006).

El sector de la truita irisada és un sector estable, exportador, amb marges estrets, pero
innovador y en expansio. En els ultims anys pero, sembla que s’ha frenat la producci6 de truita
a Espanya, que havia assolit un maxim en el 2001 amb 35.384 tones i que en el 2008 s’ha vist
reduida en més de 10.000 tones, amb una produccié total de 24.373,39 tones (Informe
JACUMAR 2009).

L’'orada pertany a la familia Sparidae, i es tracta d’'una espécie que tolera amplies
variacions de temperatura i salinitat de I'aigua, i s’alimenta principalment de mol-luscs, crustacis
i peixos petits. Es una espécie hermafrodita proterandrica, que primer madura com a mascle i a
partir del segon o tercer any de vida es converteix en femella. Els centres de cria produeixen
ous a partir d’'individus reproductors en condicions molt controlades. Durant el primer mes de
vida, les larves s’alimenten de rotifer i artéemia, i després inicien una fase d’alimentaci6é a base
de pinsos. El cultiu de I'orada en les regions mediterranies esta patint una gran transformacio,
passant de ser una industria amb grans marges i baixos volums de produccid, a ser una
industria amb baixos marges i grans volums, estratégia coneguda com a economia d’escala.

L’orada es produeix a nivell Europeu majoritariament a Grécia (51% del total produit a
Europa), Turquia (15%) i Espanya (14,6%), tot i que també es cultiva en 16 paisos més de

I'area mediterrania (Fig 3).
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Figura 3. Arees de produccié d’orada (Sparus aurata) al mediterrani.

Dins el marc espanyol, 'orada és I'espécie de peix més produida, encara que les Ultimes dades
a nivell nacional determinen una produccié de 20.360 tones el 2010, un 14,1% menys respecte
de 2009 i un 1% inferior a la de 2008. Aquesta circumstancia de descens de la producci6é en
aquesta espécie no havia passat mai en la historia de I'aqlicultura de I'orada a Espanya. Per
altra banda, encara que es continua descarregant orada procedent de pesca extractiva en els

principals ports pesquers, el seu volum a mig termini roman constant (Fig 4).

Aqiiicultura

Produccié d’Orada a Espanya (Tn)

Figura 4. Evolucio6 de les fonts d’obtenci6 d’orada (Sparus aurata) a Espanya:
Aquiicultura i pesca, en el periode 1980-2009 (FAO).

Per continuar amb el desenvolupament de la industria aqlicola de truita i d’'orada en el
mediterrani, s’hauran de fomentar estratégies d’organitzacié de mercats, promovent I'obertura
de nous mercats i 'ampliacié dels existents, i adoptant procediments més exigents pel que fa a
la qualitat del producte final. Tot aixd haura d’anar acompanyat d’una millora i optimitzacié dels
sistemes de produccio, el que implica invertir en investigacié sobre la nutricié dels peixos i les
condicions de cultiu dels mateixos per a optimitzar el creixement de 'animal i la qualitat del

producte final. Cal fer émfasi en aquest darrer punt, ja que cal buscar solucions per a un sector
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que esta patint de forma severa l'actual crisi economica i financera, juntament amb

I'escepticisme del consumidor vers el producte d’aquicultura.

1.2. NUTRICIO | ENERGETICA: BUSCANT UNA ADEQUADA PRODUCCIO AQUICOLA

Per mantenir totes les activitats vitals i productives, els peixos, com la resta d’animals, han de
tenir un subministrament constant d’energia que obtindran mitjangant la combusti6 bioldgica de
les matéries organiques procedents de I'aliment (glucids, lipids i proteines). Aixi, amb una
alimentaci6 adequada, l'energia excedent de I'alimentacié servira per a la biosintesis i el
creixement, mentre que en situacions de gran demanda energetica, com per exemple en el
dejuni o la migracio, els processos catabolics per obtenir energia seran predominants.

La proteina és, quantitativament, el component més important de les dietes que
s’utilitzen per al cultiu de peixos carnivors, i a la vegada, es tracta del component més costés
en termes economics. La inclusié de farines de peix sol oscil-lar entre un 20% i un 60%, i és per
aquest motiu que, donada la limitada disponibilitat de farina de peix en el mercat mundial, la
recerca de fonts alternatives de qualitat ha esdevingut essencial per al desenvolupament
sostenible de I'aquicultura (Cho i col. 1994; Watanabe 2002; Gatlin i col. 2007; Kaushik i Seiliez
2010). Aquest fet ha provocat que un dels principals objectius actuals de la nutricié en peixos
sigui buscar reduir el maxim possible la despesa de la proteina de la dieta amb finalitat
energetica.

El contingut de proteines de I'organisme és molt dinamic, amb proteines que entren a la
via de nova sintesis i proteines que sén eliminades via degradaci6 (Fraser i col. 2002). Simon
(1989), defineix el metabolisme proteic com el resultat de tres processos inter-relacionats, la
sintesi de proteines noves, la degradaci6 i el creixement. El balang relatiu entre sintesi i
degradaci6 proteica és el que determinara si hi ha retenci6é proteica i, per tant, creixement
(conversio de la proteina del pool en massa de peix) o decreixement (Houlihan i col. 1995a).

El metabolisme proteic en peixos és molt sensible a una gran varietat de factors bidtics
i abiotics, incloent-hi la temperatura, la pol-lucid, I'estacionalitat, la nutricio, I'estat del
desenvolupament, la genética i la maduracié sexual. Aquests factors poden afectar el
metabolisme proteic a nivell de I'animal sencer, a nivell de teixit i a nivell cel-lular. El
metabolisme proteic a nivell de 'animal sencer dependra de la massa relativa de cada teixit, del
seu contingut proteic i de les seves taxes de sintesi proteica, degradacié o de creixement. En
els ectoterms marins I'ordre de més alta a més baixa taxa de sintesi proteica seria el segient:
intesti, branquies, fetge, estébmac, cor, muscul blanc i cervell. Perd cal tenir en compte que
aquesta classificacioé variara molt en funcié de les condicions de I'animal. Houlihan (1991) va
suggerir que les taxes de sintesi proteica del muscul blanc sén una bona aproximaci6 de la
mesura de les taxes de creixement del peix, ja que les taxes de degradaci6 proteica en aquest
teixit sén molt baixes. El muscul blanc és el lloc de major acrecié de proteines i la sintesi
proteica en aquest teixit és molt sensible als canvis de dieta (Fauconneau 1985; Houlihan i col.

1986; Houlihan i Laurent 1987). Per aquest motiu, s’han relacionat fortament el consum
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d’aliment, el consum d'O, i el metabolisme proteic en diversos teixits i érgans (Lyndon i col.
1992; Carter i col. 1993a,b), suggerint que un increment significatiu en la resposta anomenada
SDA (Specific Dynamic Action) és directament proporcional a un increment de la sintesi
proteica i del creixement (Jobling 1985; Robertson i col. 2001; Whiteley i col. 2001). Per tant, tot
i que la relacio entre el consum d’aliment i les taxes de sintesi proteica en els teixits d’ectoterms
marins és complexa i encara s6n necessaris més estudis per part dels investigadors, és
sobradament sabut que els canvis postprandials en les taxes de sintesi proteica depenen de la
historia nutricional de I'organisme i de la quantitat d'ingesta (Houlihan 1991). En espécies com
el bacalla i la truita irisada s’ha descrit un increment transitori en la sintesi de proteina en el
fetge previ a l'increment en la resta de teixits (McMillan i Houlihan 1989; Lyndon i col. 1992), al
que podria seguir una mobilitzacié de la proteina sintetitzada en el fetge o una utilitzacié de la
mateixa amb finalitat energética. En peixos, el muscul blanc s’utilitzaria com a reservori de
proteines durant periodes d’estrés nutricional, proporcionant aminoacids als teixits
metabodlicament més actius (Houlihan i col. 1988).

Es important indicar que existeixen altres destins de la proteina de la dieta diferents del
creixement, com la utilitzacié energética i gluconeogeénica dels diferents aminoacids. Per tant, el
seu Us relatiu dependra, no solament de la qualitat i quantitat de la proteina dietaria, sind de
I'ajust en el balang proteina/energia (Von der Decken i Lied 1992; de la Higuera i col. 1998,
1999). Aixi, s’ha de buscar com un fi practic el manteniment dels creixements optims
minimitzant el desti energétic i gluconeogénic, amb un subministrament adequat de lipids i
carbohidrats.

La recerca en I'ambit de la nutrici6 de peixos passa pel desenvolupament de dietes
meés Optimes per maximitzar el seu creixement i la millora de les estratégies d’alimentaci6. A
mesura que el consum d'aliments augmenta per sobre de la racié de manteniment, existeix un
increment linear en la sintesi de proteina en el total del peix i en les taxes de creixement
(Houlihan i col. 1995b). L’objectiu de I'aqiicultura perd, no és augmentar el consum de pinso,
sind balancejar les dietes de manera que I'animal optimitzi I'eficiéncia de conversi6 de I'aliment.
Comparat amb els mamifers, els peixos sembla ser que s6n més dependents dels aminoacids
provinents de dieta per suplir les necessitats metaboliques. Aixi, Cowey i Luquet (1983) van
estimar que el catabolisme de les proteines tissulars en peixos suplia aproximadament un 50%
dels aminoacids utilitzats per al metabolisme, mentre que per exemple en rates, suplia fins a un
70% (Millward i col. 1976). Aquest catabolisme aminoacidic té lloc principalment en el fetge
formant part del metabolisme dels nutrients via reaccions de desaminacidé, on cada aminoacid
té una ruta especifica del catabolisme que implica reaccions catalitzades per enzims amb
productes finals especifics. Aquest producte desaminat pot ser després metabolitzat a través
de vies oxidatives per tal de produir energia. Amb el continu increment de la taxa de creixement
anual de l'aquicultura mundial, un dels reptes passa per assegurar que aquest creixement es
reflecteixi en el subministrament o aprovisionament de proteines d'alt valor bioldgic per als
éssers humans (Kaushik i Seiliez 2010). En aquest sentit, s’obren molts interrogants per a una

bona gestié nutritiva: estan ben balancejades les dietes per a una utilitzacié optima de la seva
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proteina? Quines variacions a nivell d’inclusié de lipids i carbohidrats en la dieta podrien

permetre millorar la relaci6 proteina/energia?

1.2.1. Solucions per aconseguir un estalvi proteic

La reducci6é de la despesa de la proteina de la dieta amb finalitat energética s’aconsegueix
definint els aminoacids essencials per a cada espécie i elaborant dietes on aquests hi estiguin
disponibles. Tot aix0d, en les quantitats i proporcions adequades per a la sintesi de proteines
destinades al creixement, es a dir, optimitzant la retencié proteica alhora que s’obté I'energia

dels altres nutrients (lipids i carbohidrats).

La situacié actual del sector i el fet que I'aqlicultura ofereix una font d’alimentacié que
és rica en proteines, acids grassos essencials, vitamines i minerals, ha estimulat dos grans

ambits de recerca en aquesta ultima década:

- El primer, busca reduir el contingut de proteina digerible de la dieta mitjangant I'increment de
lipids i d’hidrats de carboni. Esta demostrat que les fonts d’energia no proteiques permeten
estalviar proteina de la dieta amb finalitat energética (efecte estalvi o sparing effect), destinant-
se una major proporcié al creixement que a 'oxidacié (Brauge i col. 1995; Arzel i col. 1998;
Company i col. 1999). Una disminuci6 en la ratio Proteina digerible/Energia digerible (PD / ED)
és extremadament eficient en la millora de la utilitzacié de les proteines i permet una disminucié
en les pérdues de nitrogen en la majoria de peixos de piscifactoria (Kaushik i Cowey 1991; Cho
i Bureau 2001). En la majoria de les espécies, de les fonts d’energia digeribles que no sén
proteines provinents de dieta, els greixos s'utilitzen eficientment tant a nivell del tracte digestiu
com a nivell de post-absorcié (Sargent i col. 2002), mentre que els carbohidrats de la dieta
requereixen un tractament térmic per millorar la seva digestibilitat i el subministrament d’energia
digerible (Bergot i Breque 1983; Wilson 1994). L’augment en els nivells de lipids de la dieta s’ha
vist que és beneficios per a la reducci6 de la ratio PD/ED i te clars efectes favorables en termes
d'utilitzacié del nitrogen en la majoria dels peixos (Kaushik i Oliva-Teles 1985; Hillestad i
Johnsen 1994; Satoh i col. 2004). El marge de maniobra perd sembla variable en funcié de les
especies, ja que algunes sb6n capaces de treure més benefici de les dietes amb elevats
continguts d’energia no provinent de proteina que d’altres. De totes maneres, un problema
important de I'increment dels nivells de lipids de la dieta és 'augment de la deposici6é de greix,
que esta relacionat amb els canvis de les activitats lipogéniques dels enzims (Dias i col. 1999;
Regost i col. 2001). Per altra banda, encara que els hidrats de carboni digeribles es posin a
disposicio de I'animal, la utilitzacié metabolica de la glucosa absorbida és limitada en la majoria
dels peixos (Moon 2001; Panserat i Kaushik 2002) i I'energia neta subministrada es veu
reduida (Bureau 1997; Hemre i col. 2002). Cal dir, perd, que hi ha diferéencies entre les
espeécies (Furuichi i Yone 1982; Panserat i col. 2000; Shiau i Lin 2001; Enes i col. 2008). Per
poder afinar en aquest objectiu també cal contemplar la disponibilitat d’aminoacids i el seu valor
bioldgic, aixi com l'efecte de la relaci®6 d’aminoacids essencials/aminoacids no essencials
(AAE/AANE) de la dieta sobre la capacitat d’estalvi proteic (Wilson i Halver 1986).
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- El segon ambit important de recerca es centra en testar fonts de proteines alternatives a la
farina de peix i als olis en substitucid6 de l'oli de peix. Dins de les alternatives s’inclouen
matéries primes derivades de subproductes animals (Plasencia-Jatomea i col. 2002; de Haro i
col. 2011 a i b; Millamena i Golez 2001), organismes unicel-lulars (Oliva-Teles i Gongalves
2001), algues (Dallaire i col. 2007), llavors (Kissil i col. 2000), llegums (Pereira i Oliva-Teles
2002; Thiessen i col. 2003) i altres productes d’origen vegetal (Regost i col. 1999). Tot i que
Watanabe i col. (1997) van mostrar que dietes que no incorporaven farina de peix i que
contenien una barreja de diferents fonts de proteines eren ben utilitzades per la truita irisada, el
seu creixement es veia afectat a partir d'un 75% de substitucié (Goémez-Requeni i col. 2005).
En I'orada (Benedito-Palos i col. 2007) existeix un potencial molt més gran per reduir el nivell de
farina de peix de la dieta.

També cal tenir en compte que la substitucio de farines i olis de peix per fonts
alternatives pot resultar beneficiosa des del punt de vista de la seguretat alimentaria, ja que els
productes d’origen mari son fonts potencials de residus quimics i metalls pesants (Jacobs i col.
2002; Cortazar i col. 2008; Serrano i col. 2008).

1.2.2. La proteina vegetal com una alternativa a la proteina animal

Una manera d’estalviar la proteina d’origen animal de la dieta, seria la utilitzacié de recursos
vegetals per a reemplagar la farina de peix en la seva formulacié (Kaushik i Seiliez 2010).
Existeixen estudis que demostren que els peixos carnivors accepten fins a un 40% de
substitucié per proteina vegetal. No obstant, si es tenen en compte tots els aspectes, incloent
els econdmics, per exemple I'orada accepta una substitucié per proteina de soja del 20-22%
(Martinez-Llorens i col. 2007), i en canvi, s’han descrit substitucions per proteina de pésol en
orada de fins el 32% sense afectacio del creixement (Sanchez-Lozano i col. 2011). També s’ha
observat que percentatges majors acostumen a provocar una reduccié del creixement o una
menor eficacia d'utilitzacié de I'aliment en salmonids (Davies i Morris 1997; Mambrini i col.
1999; Refstie i col. 2000) i en els teleostis marins (Shimeno i col. 1993; Ballestrazzi i col. 1994;
Robaina i col. 1995; Nengas i col. 1996; Burel i col. 2000 a i b). La reduccié del creixement
s’associa generalment a la preséncia de factors antinutricionals (Francis i col. 2001), a la
manca d’algun aminoacid essencial a les fonts vegetals, com la metionina o la lisina (Murai i
col. 1986; Kaushik 1990; Kaushik i col. 1995), o a la preséncia d’algun hidrat de carboni
complex (Rackis 1974; Storebakken i col. 2000). Aixi doncs, amb el creixent interés per obtenir
fonts de proteina alternatives i més econdomiques, cal tenir present que per a I's aplicat de la
substitucié de la proteina animal per proteina vegetal s’han de mantenir els nivells de certs
factors com ara la taxa d’ingesta i I'eficiéncia de conversié de I'aliment, aixi com la taxa de

creixement i de supervivéncia dels peixos.
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1.2.3. Estalvi proteic a partir de lipids

Els lipids, com a principal nutrient proveidor d'energia en la dieta dels peixos, tenen un
important efecte d'estalvi de proteines en moltes espécies (Wilson 1989; Sargent i col. 1989).
Des de fa temps se sap que, en general, la inclusié de lipids dins un rang del 10-20% del pes
sec de la dieta és suficient per permetre que la proteina sigui utilitzada eficagment per al
creixement dels peixos sense que es dipositi excessiva quantitat de lipids en els teixits
d’aquests (Cowey i Sargent 1979; Watanabe 1982; Sargent i col. 1989). No obstant, la quantitat
precisa de lipids requerida depén del nivell de proteines de la dieta i també del nivell de
carbohidrats (Watanabe 1982; Sargent i col. 1989). Si els lipids en dieta s’inclouen en excés
(dietes high-energy o high-oil/fat, “trending topic” dels darrers anys del segle XX), pot tenir
consequencies per al peix de crianga, tot alterant el seu contingut en lipids i el metabolisme
dels acids grassos. Aquest fet comporta implicacions per a la salut i el benestar dels peixos ja
que pot induir patologies hepatiques (Caballero i col. 1999; Ibarz i col. 2007). A més, pot afectar
la qualitat i sabor del producte final (Bellestrazzi i Mion 1993) variant-ne també les seves
propietats alimentaries (Sargent i Tacon 1999). Se sap des de fa temps, que existeix una forta
relacié entre els nivells de lipids en la dieta i els nivells de lipids en la carcassa dels peixos
(Cowey 1993). Aixi, s'ha demostrat que les dietes que contenen alts nivells de lipids augmenten
els nivells de lipids en el filet, tant en peixos d’aigua dolga (Anderson i Arthington 1989; Stowell
i Gatlin 1992) com marins (Arzel i col. 1993; Silver i col. 1993; Catacutan i Coloso 1995;
Stephan i col. 1996; Hemre i col. 1997; Dias i col. 1999; Hemre i Sandnes 1999).

Els lipids en els peixos juguen un paper molt important en 'emmagatzematge i
subministrament d’energia metabodlica en forma d’ATP proveit a través de la [(-oxidacié
(catabolisme) dels acids grassos (Sargent i col. 1989; Froyland i col. 2000). L'NADH produit de
'oxidacié dels acids grassos mitjangant el procés de la fosforilacid oxidativa pot proveir
d’energia metabolica en forma d’ATP als teixits i 0rgans dels peixos, incloent-hi el fetge, el cor,
el muscul vermell i el muscul blanc. La lipogénesis, per altra banda, és la formacié de novo de
lipids enddgens, on la font dltima de carboni és I'acetil-CoA format a la mitocondria per la
descarboxilacié oxidativa del piruvat (carbohidrats com a font d'origen) o per degradacio
oxidativa d’alguns aminoacids (proteina com a font d’origen). En la truita, encara que el teixit
adip6s té una certa capacitat lipogénica, el fetge és quantitativament el principal érgan on te
lloc aquest procés (Henderson i Sargent 1985). Tenint en compte que l'oli de peix és la font
lipidica majoritaria en les dietes per a peixos, els acids grassos que representen una font
potencial d'energia metabolica per als peixos i que s’inclouen a les dietes sén: 16:0 i 18:1n-9;
20:1n-9i 22:1n-11, i n-3 HUFA 20:5n-3 i 22:6n-3. L'especificitat en 'oxidacié d'acids grassos en
els peixos és important per determinar la composicié d'acids grassos dels triglicérids dipositats
en el teixit adipds del peix. Aquesta composicio, a la vegada, és important no només per al
benestar dels peixos, sin6é també per al consumidor, particularment en termes dels nivells de

20:5n-3 i 22:6n-3 dels peixos cultivats.
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Moltes espécies de peixos, incloent-hi la majoria d’espécies marines, estan molt ben
proveides d'acids grassos en la seva dieta natural. Sota aquestes condicions, la biosintesi
endogena d'acids grassos de novo (incloent les elongacions de cadena), és probable que
estigui reprimida. Per tant, no és desgavellat considerar la possibilitat que les espécies que han
evolucionat amb dietes altes en greixos tinguin una capacitat de biosintesi de novo d'acids
grassos limitada i que, portat a l'extrem, hagin perdut aquesta capacitat. Aquest és un dels
motius pels quals seria convenient garantir que els peixos criats amb dietes amb un elevat
contingut de greixos presentin les quantitats adequades d'una gamma adequada d'acids
grassos. En termes de fonts de carboni, la taxa de sintesi d'acids grassos a partir d'alanina s’ha
vist que és major que a partir de la de glucosa en el fetge de la truita, el que suggereix que els
aminoacids son la font de carboni preferencial per a la lipogénesi en aquesta espécie. Aquest
fet, és presumiblement un reflex de l'elevat contingut de proteines i, en general, el baix
contingut de carbohidrats de les preses dels peixos a la natura, tant d’aigua dolga com marins.
La taxa de lipogénesi esta regulada per una série de factors dietaris o nutricionals. En
particular, I'augment de carbohidrats de la dieta en relacié als lipids indueix un increment de la
lipogénesi a partir de glucosa en la truita irisada (Brauge i col. 1995), fet que pot portar a la
situacié no desitjada d’engreixament per acumulacié de greix en organs i teixits. No obstant, els
lipids dels peixos soén rics en acids grassos w3 de cadena llarga i per tant altament insaturats
(n-3 HUFA); aquests juguen rols importants en la nutricié animal, incloent la nutricié dels peixos
i dels humans. En efecte, els peixos son la font d’aliment que aporta més quantitat d’aquests
nutrients vitals per a 'home.

En el sector de la nutricié en aquicultura, caldria solucionar els problemes que porten
associades les dietes amb elevats continguts lipidics i que, avui en dia, s’estan utilitzant per
millorar el creixement dels animals a través de I'estalvi proteic i la millor eficiéncia de conversié
de I'aliment. Un aspecte global a solucionar és la gran problematica que té el sector en relacié
a I'elevada demanda d’oli de peix per a la formulacié de pinsos, per a la qual s’ha de trobar una
alternativa apropiada, sostenible i respectuosa amb el medi ambient. No obstant, no hem
d’oblidar que s’han de retenir, en la mesura del possible, les propietats del producte final, el que
significa mantenir els actuals alts nivells d’acids grassos poliinsaturats (Sargent i Tacon 1999),

per tal de no perdre les propietats saludables que aquests lipids aporten a 'home.

1.2.4. Estalvi proteic a partir de carbohidrats

L’ds d’ingredients alternatius a la farina de peix ha d’abordar la inclusi6 de més hidrats de
carboni en la dieta, tenint present que el procés d’extrusionat comporta una major disponibilitat
dels sucres per la gelatinitzacié. Per a molts organismes la molécula central del metabolisme és
la glucosa, de manera que esdevé una font d'energia especialment important per al cervell
també en els peixos (Soengas i Aldegunde 2002). Els carbohidrats perd, no sén essencials en
la seva nutrici6 ja que la seva abséncia en la dieta es pot cobrir amb un increment de la

utilitzacié de les proteines i lipids. De totes maneres, constitueixen una font d’energia barata i la
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seva inclusié en la dieta en les proporcions adequades pot afavorir el creixement pel fet
d’estalviar aminoacids per a la sintesi de proteina. Per altra banda també pot disminuir
I'excrecié d’amoni tot reduint, d’aquesta manera, la utilitzacié proteica amb finalitat energética.
Existeix, perd, un problema quan s’empren grans quantitats de carbohidrats en la nutricié dels
peixos carnivors. D’una banda, tradicionalment, els peixos han estat descrits com "intolerants a
la glucosa" degut al fet que la hiperglucémia després d'una carrega de glucosa els pot durar
diverses hores, fins i tot més d'un dia (Wilson 1994; Moon 2001; Hemre i col. 2002; Panserat i
Kaushik 2002; Stone 2003). No obstant aixd, aquests efectes semblen estar relacionats amb
I'espécie i, més important encara, amb els habits alimentaris (Moon 2001). Aquesta intolerancia
a la glucosa dels peixos es va postular, inicialment, que podia ser deguda a la reduida secreci6
d'insulina. S’ha demostrat, pero, que en els peixos els aminoacids s6n més importants que la
glucosa com a insulinotropics (Navarro i col. 2002). D'altra banda, la digestibilitat i tolerancia
dels hidrats de carboni sembla estar associada principalment a la complexitat i quantitat
d’aquests carbohidrats a la dieta, perd també a I'estat fisic de I'animal (Hemre i col. 2002; Stone
2003). Afortunadament, el progrés en les tecnologies d’extrusié i de gelatinitzacié han permés
que els hidrats de carboni esdevinguin una bona font d’energia, el que comporta una major
disponibilitat dels sucres de la dieta.

Encara que totes les espécies de peixos estudiades fins al moment posseeixen la
dotacié enzimatica per a la hidrolisi i absorcié tant de carbohidrats simples com dels més
complexos, s’ha descrit que els peixos omnivors mostren millors taxes de digestié del midd que
els peixos carnivors (Wilson 1994). Aixi, s’ha demostrat que, sempre i quan el contingut en
proteina de la dieta sigui 'adequat, certs nivells de midé gelatinitzat promouen el creixement en
diverses espécies de peixos carnivors (Degani i col. 1986; Hemre i col. 1989; Hung i col. 1989;
Hemre i col. 1995; Hemre i Hansen 1998; Stephan i col. 1996). La capacitat d’us dels
carbohidrats de la dieta per la truita irisada encara roman controvertida (Wilson 1994; Hemre i
col. 2002; Stone 2003), tot i que diversos autors han afirmat que dietes amb elevats continguts
de carbohidrats digeribles (20-30%) poden estimular el creixement en aquesta espécie. Més
enlla dels problemes de digestibilitat, el desti d’elevades carregues de glucosa ha estat objecte
d’estudi per diversos autors (Moon 2001). La hiperglucémia induida per una carrega de glucosa
provoca un augment en la captacié d’aquesta, especialment en els musculs vermell i blanc,
incorporant-se a tots els components tissulars (Blasco i col. 1996, 2001). Aquests autors van
observar, a partir de la recuperacié total de C' un augment de la sintesi de glicogen i dels
lipids hepatics i una major utilitzacié diaria de la glucosa com a font energética quan
s’incrementa el seu subministrament. S’ha demostrat que dietes riques en carbohidrats i baixes
en proteina incrementen I'expressié de la glucoquinasa (GK) en el fetge (Borrebaek i col. 1993;
Panserat i col. 2000; Caseras i col. 2002; Capilla i col. 2003; Metén i col. 2004; Enes i col.
2006, 2008; Leung i Woo 2011), permetent una adaptacié metabodlica que afavoreix la glicolisi
sobre la gluconeogénesi. En la truita, s’ha descrit un augment en I'expressio de la
glucoquinasa, mentre que l'activitat d’altres enzims com la FBPase, la Glucosa-6-fosfatassa o

la PEPCK no es veu afectada per la ingesta elevada de carbohidrats (Panserat i col. 2000,
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2001); i en el cas de la G6Pase fins i tot s’han descrit activitats més baixes en aquestes
condicions (Panserat i col. 2001). A més a més, és important tenir en compte que la taxa
d'utilitzacié de la glucosa pot ser modificada quan es produeixen canvis en la demanda
d'energia, com en el dejuni (Blasco i col. 2001), la hipdxia (Haman i col. 1997), en condicions
d'exercici (West i col. 1993), per variacions del ritme diari d’alimentacié (L6pez-Olmeda i col.
2009a), etc.

En el cas de l'orada, pocs estudis s’han focalitzat en els nivells oOptims de carbohidrats
en la dieta i els seus efectes en l'estalvi de proteines, i la promocié del creixement dels peixos
(Metdn i col. 1999; Couto i col. 2008; Enes i col. 2008). La millora en el creixement quan
s’inclouen baixos nivells de carbohidrats en la dieta de peixos, es relaciona amb una millora en
la utilitzacié dels nutrients i la retencié de la proteina de la dieta, i a la vegada amb un Us
energetic de la glucosa estimulat i una disminucié de la gluconeogénesi a partir d’aminoacids.
En el 2007, Ibarz i col. ja apuntaven en orada una bona plasticitat de les reserves de glicogen
del fetge. Aix0 indicava que I'is dels carbohidrats com a combustible metabolic en aquesta
espécie s’havia de reconsiderar perqué les dietes altament energétiques enriquides amb greix
que se’ls solen administrar afavoreixen I'engreixament dels animals, fet que les fa inadequades
i inclus perjudicials per aquesta espécie. Couto i col. al 2008, indiquen que indistintament si es
tracta de blat de moro waxy (Unicament conté amilopectina) o native (conté amilosa i
amilopectina), 'orada utilitza igual d’eficientment inclusions del 20% de carbohidrats en la dieta
que del 10% per a estalviar proteina, mentre que continguts més elevats de carbohidrats (30%)
disminueixen la utilitzacié de la proteina.

La bona acceptacio dels hidrats de carboni per 'orada també ha estat reflectida en els
canvis d’expressido o activitat d’enzims claus implicats en el metabolisme dels hidrats de
carboni. D’aquesta manera, s’ha descrit un increment en I'expressié de la glucoquinasa (GK)
hepatica d’orades alimentades amb dietes riques en carbohidrats i baixes en proteina
(Panserat i col. 2000; Caseras i col. 2002; Metdn i col. 2004; Enes i col. 2006, 2008). Altres
enzims com la 6-fosfofructoquinasa, la piruvat quinasa, la glucosa-6-fosfat deshidrogenasa i la
6-fosfogluconat deshidrogenasa també veuen augmentada la seva activitat en el fetge d’orada
degut a dietes riques en carbohidrats i baixes en proteina. Els dos primers enzims indiquen un
increment de la via glucolitica i d’'obtencié d’energia a partir d’aquests substrats, i els altres dos
indiquen una major derivacié cap al xunt de les pentoses per obtenir poder reductor i sucres de
cinc carbonis, inductors de molécules com els acids nucleics. Paral-lelament, enzims com ara
'alanina aminotransferasa veuen disminuida la seva activitat en resposta a la reduccié de

proteina (Metén i col. 1999).

1.2.5. Influéncia de I'activitat de la natacié sobre I’estalvi proteic

La condicié d'exercici esta estretament relacionada amb el consum d'energia i I'alimentacio, i
s'ha associat amb el benestar animal i la millora de la produccié en la majoria dels animals,

incloent diverses espécies de peixos. L'estabulacié dels peixos per a aquicultura redueix
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I'activitat fisica i el rendiment dels animals, i és ben sabut que els peixos salvatges presenten
un major rendiment de I'activitat de natacié (“swimming performance”) que els peixos de cultiu,
tal com la truita de rierol (Salvelinus fontinalis) (Vincent 1960), el salmoé platejat (Oncorhynchus
kisutch) (Brauner i col. 1994), el salm6 de I'Atlantic (Salmo salar) (McDonald i col. 1998) i
l'orada (Sparus aurata) (Basaran i col. 2007). Des d’aquest punt de vista, el “sedentarisme” dels
peixos estabulats ha de limitar I'Us energétic de les reserves. Fibres musculars més grans,
produeixen un augment de les masses musculars dels peixos i un major pes corporal total,
donant suport a la teoria que les condicions de cria sedentaria no exploten tot el creixement
potencial del muscul dels peixos. En efecte, I'exercici és un potent estimul en la hipertrofia
muscular, encara que els efectes en la hiperplasia muscular sota condicions d’exercici no s'han
determinat (Johnston 1999). Aixi, s’ha descrit que les carregues mecaniques resultat del
moviment de l'animal, estan involucrades en el desenvolupament i manteniment dels teixits
dels vertebrats (Buchanan i Marsh 2002; Davison 1997). Per tant, la quantitat i proporcié de
nutrients utilitzats pel peix hauria de variar en funcié de I'exercici, tot i que encara no ha estat
plenament demostrat. Des del punt de vista practic, I'activitat moderada i sostinguda també s'ha
utilitzat per millorar la taxa de creixement i I'eficiéncia de conversié de I'aliment en els peixos
(Jorgensen i Jobling 1993; Davison 1997), aixi com per a reduir 'acumulacié excessiva de

lipids i el consequent engreixament.

1.3. EFECTES DE L’ACTIVITAT DE LA NATACIO SOBRE EL CREIXEMENT | EL
METABOLISME ENERGETIC

Es creu que I'exercici de natacié te una série d’efectes positius sobre el peix (Kieffer 2000),
incloent-hi la millora del creixement muscular (Davison i Goldspink 1977; Johnston i Moon
1980; Totland i col. 1987) i de la qualitat de la carn (Totland i col. 1987; Tsuchimoto i col. 1988),
aixi com una reduccié de les interaccions agressives entre els peixos (Adams i col. 1995;
Christiansen i Jobling 1990; Christiansen i col. 1991, 1992; East i Magnan 1987; Jobling i col.
1993) i de la resposta d’estrés (Woodward i Smith 1985; Young i Cech 1993,1994). A través
dels anys, la capacitat de la industria aquicola per dur a terme la produccié de peixos amb més
biomassa i de manera més rapida, s’ha basat en la millora genética i el desenvolupament de
dietes altament energétiques. La manca d’exercici fisic que presenten els peixos de
piscifactoria combinada amb elevades taxes de creixement s’ha assenyalat reiteradament com

la responsable d’'una producci6 suboptima.

1.3.1. Tipus de fibres musculars

La natacié normalment es classifica com a aerdbica o anaerdbica (Videler 1993), representant
els extrems d’'un procés de reclutament fisiologic de fibres "vermelles" de contraccié lenta o
fibres "blanques" de contraccié rapida, respectivament, per donar lloc a la contraccié muscular.

En moltes espécies de peixos apareix també un muscul rosa intermedi que generalment esta

20



Olga M? Felip Arias Introducci6

present entre els dos tipus principals de musculs, el blanc i el vermell. La proporcié de fibres
blanques i vermelles depén principalment de I'estil de vida del peix (Boddeke i col. 1995), sent
els peixos pelagics els que presenten una major proporcié de muscul vermell, mentre que els
peixos de vida sedentaria mostren una major proporcié de musculatura blanca (Videler 1993).
El muscul blanc en general representa el 35-50% del pes corporal, encara que en els mascles
de salmo i tonyina pot arribar a ser gairebé el 70%, i el color blanc que presenta és causat per
una baixa vascularitzacié i una manca de mioglobina (Videler 1993). Aquestes fibres blanques
es contrauen a una alta velocitat tot produint una forta contraccio; pero els animals s’extenuen
rapidament. Les fibres de musculatura blanca contenen pocs mitocondris i principalment
produeixen ATP a través de la hidrolisi de la fosfocreatina emmagatzemada (Videler 1993). Les
fibres vermelles representen aproximadament el 0,5-13% de la massa corporal (revisat per
Dickson 1996) i el color vermell es deu a una alta irrigacié6 sanguinia i a la presencia de
mioglobina (Beamish 1978). Aquestes fibres contenen un elevat nombre de mitocondris i
I'activitat dels enzims oxidatius és més elevada que en la musculatura blanca (Beamish 1978).
La musculatura vermella es contrau lentament, i les fibres practicament no s’esgoten degut al
seu metabolisme aerobic, produint energia en els mitocondris. Pel que fa a les fibres roses,
situades entre les vermelles i les blanques, produeixen energia a través de processos
metabolics aerdbics (Videler 1993).

La musculatura dedicada a la locomoci6 dels peixos és relativament simple: se situa al
voltant de I'esquelet axial, esta distribuida en miotoms, i les fibres musculars lentes i rapides
estan espacialment separades. D'altra banda, i en contrast amb els mamifers en els quals el
reclutament de noves fibres musculars esquelétiques acaba poc després del naixement
(Goldspink 1972) tot limitant el desenvolupament i el creixement muscular a la hipertrofia, els
peixos tenen la capacitat de reclutar noves fibres musculars esquelétiques al llarg de la seva
vida larvaria, juvenil i adulta (Weatherley i col. 1988). El patr6 de distribucié del nombre de
fibres i de la mida d’aquestes, i el patr6 de capil-lars que envolta cada fibra en una secci6
particular del muscul es coneix comunament com cel-lularitat muscular i capil-laritzacio
muscular, respectivament (Johnston 1999; Stoiber i col. 2002). D'altra banda, la cel-lularitat
muscular és també el principal determinant del creixement del muscul i de la qualitat de la carn
(Johnston 1999). Pel que fa al creixement muscular en peixos, és una mescla complexa
d’hipertrofia (increment de la mida de les cél-lules) i hiperplasia (increment del nombre de
cel-lules) principalment del mascul blanc, sent la hiperplasia el que determinara la mida final de
I'animal (Weatherley i col. 1987; Davison 1997).

Quan l'exercici de natacié és moderat (velocitats per sota de 1,5 LC.s™") en els peixos
teleostis, s’observa un augment del diametre de les cél-lules i del nombre de fibres en el
muscul aerobic (Davie i col. 1986), independentment del tipus de régim d’exercici (Pelster i col.
2003; Martin i Johnston 2006; van der Meulen i col. 2006). Els efectes sobre el muscul blanc
encara son controvertits. Alguns estudis han reportat que la natacié no té cap efecte sobre la
cel-lularitat del muscul blanc (Davie i col. 1986; Séanger 1992), pero d’altres mostren un

augment en el diametre de la fibra muscular (Hinterleitner i col. 1992;. Davison 1994).
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Depenent del tipus d’exercici i de la durada s’ha descrit, per exemple, que la truita irisada no
varia el diametre de les fibres, perd si n‘augmenta el nombre tot indicant hiperplasia
(Rasmussen i col. 2011). En canvi en daltres estudis, quan I'exercici conduia a un major
creixement, si que es troba hipertrofia en les fibres del muscul blanc (Bugeon i col. 2003; Martin
i Johnston 2005). També s'ha demostrat que la capacitat aerdbica dels musculs dedicats a la
natacié es veu incrementada a causa de I'exercici (Farrell i col. 1991). Pel que fa als efectes de
I'entrenament sobre la capil-laritzacio, les dades existents sén també controvertides. Per
exemple, no s’observaren canvis significatius de capil-laritzacié a nivell muscular en salmoénids
(Johnston i Moon 1980; Davison 1983), mentre que en ciprinids (Sénger 1992) i en la truita
irisada (Davie i col. 1986) I'exercici va donar lloc a una major capil-laritzacié, principalment en el
muscul vermell. També en les larves del peix zebra, I'exercici incrementa la capil-laritzacié en
els dos musculs, vermell i blanc (Pelster i col. 2003).

Les diferencies en la morfologia del muscul vermell i del muscul blanc, la orientacio, la
ultraestructura i la innervacié que permet el reclutament d’'un tipus de fibres o unes altres
depenent del tipus de nataci6, ha estat classicament revisat per diversos autors (Bone 1966;
Johnston 1981; Rome i col. 1988).

1.3.2. Velocitat de natacio i metabolisme energétic

Tradicionalment, la natacio del peix s’ha dividit en tres categories principals:

La nataci6 sostinguda o de resisténcia, definida per Beamish al 1978, és una velocitat
de natacié que es pot mantenir durant més de 200 min abans que aparegui I'esgotament
muscular. Esta principalment recolzada pel metabolisme aerdbic en la musculatura vermella, la
qual es caracteritza per una gran vascul-laritzacié i compta també amb una petita contribucié
del muscul blanc (Moyes i West 1995; Coughlin 2002). Per altra banda, la nataci6é sostinguda
representa el tipus de nataci6 utilitzada durant la major part del temps pels peixos a la natura,
ja que aquest tipus d’activitat es pot mantenir durant llargs periodes. No obstant aixo, en
situacions determinades, la capacitat de natacié sostinguda és superada. Clars exemples
serien les interaccions depredador-presa (Beamish 1978) o moments concrets durant les
migracions (Hinch i Rand 1998; Standen i col. 2002), en qué s'utilitza un tipus de natacié més
explosiu durant periodes curts de temps.

La natacioé prolongada va ser classificada per Beamish (1978) com aquella que pot ser
mantinguda entre 20 segons i 200 minuts abans que aparegui l'extenuaci6 fisiologica.
Representa un entremig entre la velocitat sostinguda i la d’explosi6. La natacié prolongada la
produeix en la musculatura vermella i la blanca, perd és principalment suportada per glucolisi
anaerdbica en el muscul blanc (Wood 1991; Milligan 1996), donant lloc a una reduccié
significativa dels subministraments energétics intracel-lulars com ara I'ATP, la fosfocreatina i el
glicogen, i a una acumulacié de lactat (Driedzic i Hochachka 1976; Dobson i Hochachka 1987).

La natacié explosiva, es defineix com la natacié que pot ser mantinguda durant menys

de 20 segons (Beamish 1978). Aquesta natacié és important en les fugides davant de
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predadors o per capturar preses. En aquest tipus de natacié hi intervé exclusivament la
musculatura blanca, obtenint la seva energia de processos anaerobics.

El métode de natacié entre la prolongada i I'explosiva es defineix com la natacié “burst
and glide” (Weihs 1974), i és un comportament de natacié que consisteix en un moviment ciclic
d’explosié seguit d’'un lliscament. Weihs (1974) va predir que utilitzant aquesta modalitat de
natacié s’estalviava entorn del 50% d’energia, comparant-ho amb daltres tipus de natacio
(Videler 1981).

Generalment, I'energia utilitzada per la natacié deriva de I'oxidacié de substrats rics
energeticament: proteines, lipids i carbohidrats obtinguts de [I'alimentacié. Els processos
d’oxidacié redueixen I'energia requerida per produir compostos altament energeétics tals com
I'ATP, el qual és utilitzat pels musculs com a font energética per generar forces de contracci6.
Per tant, la mesura de la captacid6 d’oxigen es una estimacié dels costos de la natacid
(Tudorache i col. 2013). Aixi, la diferencia entre la taxa de consum d’oxigen en un estat
d’activitat maxima (aerobic) i el repds, indica la maxima quantitat d’oxigen disponible per a un
peix a una temperatura determinada per tal de cobrir els costos energétics de tot tipus
d’activitat biologica (Wieser 1985).

Tradicionalment, els test de natacié forcada s’han utilitzat per estimar les capacitats de
nataci6 i el metabolisme energétic dels peixos. A partir d’'aqui, podem definir diverses velocitats
de natacio:

La velocitat maxima o critica que pot assolir un peix mentre neda de forma continuada
es defineix com Uy, | €s aquella en la qual s’observa un maxim consum d’oxigen de manera
sostinguda (Brett 1964). Aquest tipus de natacié6 no només és de caracter aerdbic, sin6 que
també pot ser anaerdbic. S’ha descrit que els resultats obtinguts en els tests per determinar la
U.it s6n dependents de I'increment de velocitat i de I'interval de temps (Farrell 2007). La U ha
estat Gtil en els salmonids per entrenar-los aerdbicament, establint la maxima velocitat en
valors per sota del 80% de la U, encara que el percentatge depén de l'espécie de peix
estudiada. Es considera que la velocitat de nataci6 en la U, 0 per sobre d'aquest valor genera
un deute d'oxigen (natacié anaerdbica) i, eventualment, déna lloc a I'esgotament o fatiga de
animal (Jones 1982). Particularment, I'is de respirdmetres acoblats a tunels de natacié ha
permés als investigadors aplicar tests d’exercici graduats, on s'utilitza la disminucié del
contingut d'oxigen en l'aigua en front del temps, per calcular la taxa metabdlica del peix (MO5)
com una funcié de la velocitat de natacio (U.q). La utilitzacié de la mesura de la U, ha estat
una eina valuosa per estandaritzar les condicions experimentals, permetent el
desenvolupament de protocols de natacié aerdbics o anaerdbics per a l'estudi de I'Us de
I'energia metabodlica en els peixos.

La velocitat optima de natacio (Uyp) és aquella en que es realitza menys treball per
metre i, per tant, és la velocitat de natacié més eficient en termes d’energia oxidativa (Tucker
1970). Aquest tipus de natacié ha estat usada per avaluar I'economitzacié d’activitats rutinaries
i les migracions (Hinch i Rand 2000; Palstra i col. 2008), aixi com els comportaments que

maximitzen el guany energétic (Weihs 1973). Es per aixd que la seva importancia recau en
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I'afectacié del creixement per a una ingesta d’aliments determinada (Totland i col. 1987;
Christiansen i col. 1985; Davison 1997; Palstra i col. 2010). Aquesta velocitat optima també es
pot calcular mitjangant mesures d’oxigen en un rang de velocitats de nataci6 en un
respirometre.

La velocitat de natacié preferent, representa un altre enfocament conductual de la
velocitat de natacié amb el menor cost energétic. Les velocitats que es podrien reproduir en
instal-lacions aquicoles serien properes a la Uy, ja que son les que produeixen els minims
costs (Videler 1993). El que no és tan clar és si els animals es decantarien per una natacié a
velocitats classificades com a optimes si se’ls donés 'opcié de triar; per aixd s’han descrit les
velocitats de natacié preferents (Tudorache i col. 2011). Donat que es coneix la relacié entre
exercici i creixement optim en peixos cultivats, presentant aquests una major eficiéncia de
conversio de I'aliment (Davison 1997; McDonald i col. 1998), una millora evident del creixement
muscular (Davison i Goldspink 1977; Johnston i Moon 1980; Totland i col. 1987) i també de la
qualitat del filet (Totland i col. 1987; Tsuchimoto i col. 1988), les velocitats preferents es
presenten com una mesura preferible per a determinar velocitats de natacié per a instal-lacions
d’aquicultura.

Tot i la capacitat fisioldgica dels peixos per mantenir tots els tipus de natacio, aquesta
capacitat sembla ser diferent entre les espécies, sobre les quals hi influeixen altres factors com
ara la temperatura, la qualitat de l'aigua, I'estrés, la densitat de peixos, la quantitat i qualitat de
aliment, el regim d’alimentacié, etc. L’entrenament ha de ser el correcte o optim en quant a la
velocitat de natacio, tenint en compte també que ha de ser una natacié continuada enlloc d’'una
natacié intermitent. Per exemple, la majoria de salmodnids presenten un increment del
creixement quan soén sotmesos a exercici sostingut, sempre i quan la natacié s’acosti a I'dptim
(Uopt) (Davison 1997; Azuma 2001; Bugeon i col. 2003; Griinbaum i col. 2008). Si aquestes
velocitats sén més elevades (i probablement més baixes també) provocarien menys millora en
el creixement (Bugeon i col. 2003). En el salmé Atlantic (Atlantic salmon), exercicis proxims a la
Uqpt causen un augment en les taxes de creixement, les taxes de conversio dels aliments, i una
reduccio dels nivells de cortisol en plasma, tot suggerint nivells menors d’estrés (Herbert i col.
2011). Les dues especies de ftruita, la irisada i la comuna, també presenten un millor
creixement quan sén exercitades (Davison i Goldspink 1977; Houlihan i Laurent 1987; Davison
1997; Bugeon i col. 2003), tot i que no sempre va acompanyat d’augments de longitud dels
animals (Martin i Johnston 2005; Rasmussen i col. 2011). Aixi i tot, hi ha estudis que conclouen
que en determinats estadis de vida de la truita, no hi ha afectacié del creixement degut a
I'exercici (Deschamps i col. 2009), perd que aquest ajuda a reduir les anomalies vertebrals.
D’altres, relacionen I'exercici amb millores en el creixement de la truita quan es troba en
condicions d’elevades densitats i temperatures (19°C) (Larsen i col. 2012), mentre que a 14°C
sembla que aixd no es dona (McKenzie i col. 2012). Existeixen perod, espécies de salmonids
pels quals no s’han descrit efectes beneficiosos de I'exercici, com per exemple el salmé reial
(Oncorhynchus tshawytscha) (Kiessling i col. 2005; Hoffnagle i col. 2006). | també d’altres

espécies com el bacalld (Gadus morhua) (Bjarnevik i col. 2003; Karlsen i col. 2006) o la carpa
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(Cyprinus carpio) (Davison i Goldspink 1978; Martin i Johnston 2006), no presenten millor
creixement en condicions d’exercici.

També es creu que els peixos que presenten estils de vida actius, amb un gran ventall
metabolic, es beneficiaran d’un régim d’exercici. En aquest sentit, els salmonids i les espécies
pelagiques, com per exemple el sorell daurat (Seriola lalandi) o I'orada (Sparus aurata), és
d’esperar que es beneficiin de I'exercici ja que el seu habitat natural o ecotipus implica el
moviment d’aigua, i la seva rutina comportamental inclou la natacié en el seu estil de vida actiu.
No obstant, quan d’altres especies de peixos no salmonids i espécies no pelagiques son
sotmeses a exercici, també en treuen un benefici, com per exemple la matrinxa (Brycon
amazonicus) (Arbelaez-Rojas i Moraes 2009, 2010).

L’exercici també permet una reduccié de l'estrés en diverses especies de peixos i
redueix els efectes de les jerarquies en les gabies (Palstra i Planas 2011). En salmonids que es
troben en processos d’exercitacio optims, s’han observat reduccions en els nivells de cortisol
(Woodward i Smith 1985; Boesgaard i col. 1993; Herbert i col. 2011). Un altre exemple n’és el
treball de Brannas (2009), qui va observar que en la truita Artica (Arctic charr), la nataci6 va
trencar les jerarquies i els animals van créixer de manera més uniforme. Per altra banda,
Castro i els seus col-laboradors (2011), van veure en salmé Atlantic sotmés a exercici una
millora de la resisténcia a malalties, amb canvis en la regulacié dels gens que es coneix que
estan involucrats en la resposta immunitaria. També s’ha descrit que el mascul exercitat, per si
sol, te un paper important sobre el sistema immune ja que I'exercici incrementa la produccio de

mioquines (Palstra i Planas 2011).

1.3.3. Seleccié del combustible en la natacié

La interaccio entre la natacié i el metabolisme s'ha estudiat durant més de cinc décades. Els
primers estudis es basaven en els canvis de la composicié proximal dels peixos o en
respirometria durant la nataci6 sostinguda (Brett 1964, 1973). En particular I'is de respirometria
en tunels de natacid, en qué l'oxidacié s'estima a partir de les taxes de consum d'O, (MO,), la
produccio de CO, (MCO,) i I'excrecio total de nitrogen (Mirogen), ha estat de gran utilitat per
revelar canvis en I'Us dels lipids, els carbohidrats i les proteines. Lauff i Wood (1996a) van
desenvolupar un métode instantani per calcular la proporcié relativa de lipids, carbohidrats i
proteines que s'oxiden. Canvis en els quocients de respiraci6 (RQ=MCO,/MO,) i en els
quocients de nitrogen (NQ=Mirogen/MO5), aixi com canvis en els marcadors de preferéncies
d’us dels combustibles metabdlics, mostren que el muscul de peix pot fer Us dels tres substrats
per obtenir energia, a diferents nivells, durant la natacié sostinguda (Lauff i Wood 1996b; Lauff i
Wood 1997; Kieffer i col. 1998). No obstant aixd, en investigacid, I'is de calorimetria indirecta
per estimar la utilitzacié de combustible metabolic en els peixos no s'ha repetit des de finals de
la década dels 90, probablement degut a les dificultats que presenten aquest tipus de mesures.
Wood i els seus col-laboradors van obtenir estimacions precises de l'oxidacié de proteines

utilitzant aquesta metodologia. Perd pel que fa a la quantificacio de l'oxidacié de lipids i
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carbohidrats per calorimetria indirecta, s’ha demostrat que és particularment dificil per als
animals aquatics, aixi com la mesura de MCO, que també resulta dificil de mesurar amb
precisi6 a l'aigua. Els valors d'oxidacié de lipids i carbohidrats calculats per calorimetria
indirecta s'han de considerar amb certa cautela, ja que aquests valors probablement no
reflecteixen les veritables taxes d'oxidacidé d'aquests combustibles. Aixd es deu al fet que mai
s'ha fet una mesura directe de I'oxidacié dels FA (acids grassos) o de la glucosa per se en
peixos en repds 0 en peixos que neden, in vivo. A més a més, la infusié in vivo de glucosa
(Blasco i col. 1996, 2001; Haman i Weber 1996; Haman i col. 1997; Shanghavi i Weber 1999),
FA (Haman i col. 1997; Bernard i col. 1999), TAG (triacilglicérids) (Magnoni i col. 2008) i de
lactat (Weber i col. 1986; Omlin i Weber 2010) marcats radioactivament en la circulacié del
peix, ha estat util per mesurar la taxa de recanvi (turnover) metabdlic i, aixi, poder estimar la
utilitzacié dels diferents substrats. Aquesta metodologia també ha esdevingut exitosa per a
obtenir estimacions de la utilitzacid dels diferents substrats durant la natacié sostinguda
(Bernard i col. 1999; Shanghavi i Weber 1999; Magnoni i col. 2008).

Pel que fa als canvis que provoca l'exercici sobre el muscul, s’ha observat que
velocitats de natacio lentes incrementen l'activitat de la majoria d’enzims metabodlics en el
muscul vermell, i depenent de les espécies i de la velocitat, també en el mascul blanc (Davison
i Glodspink 1978; Davison 1997). Aixi, les dades sobre I'Us instantani del combustible metabdlic
i la composicié del muscul vermell de juvenils de truita irisada (Oncorhynchus mykiss) sota
condicions d’exercici, demostraren que les preferéncies pel substrat utilitzat canvien en
modificar la durada i la intensitat de I'exercici (Lauff i Wood 1996b; Richards i col. 2002b).

Els primers estudis van suggerir que els lipids sén el combustible metabodlic més
utilitzat durant la natacié sostinguda en els peixos (Driedzic i Hochachka 1978; Walton i Cowey
1982). Una evidéncia més de la major utilitzacié dels lipids durant I'exercici aerdbic prové dels
estudis in vitro, que demostren la gran capacitat del muscul vermell per a la captacio6 i oxidacio
dels FA (Bilinski i Jonas 1964; Moyes i col. 1989; Kiessling i Kiessling 1993). En el cas de
juvenils de truita irisada, els quocients respiratoris durant la natacié sostinguda confirmen que
els lipids son el combustible preferent durant aquest tipus de natacié, per I'elevada proporcio de
lipids emprats per donar suport a la natacié a diferents velocitats aerdbiques (Lauff i Wood
1996b). Aixd també ha estat recolzat per altres estudis en truita que mostren un elevat flux de
lipids en forma de lipoproteines en circulacio, juntament amb un augment de l'activitat de la
lipoproteina lipasa en el muscul vermell durant la natacié sostinguda (Magnoni i Weber 2007;
Magnoni i col. 2008). Sorprenentment, i en contrast amb el que succeeix amb l'exercici
sostingut en mamifers, els FA no esterificats que sén transportats en el plasma no semblen ser
un combustible metabdlic important durant I'exercici sostingut en els peixos (Bernard i col.
1999). Els lipids també juguen un paper important en les migracions de l'anguila europea
(Anguilla anguilla) (Van Ginneken i Van den Thillart 2000) i del salm6 vermell (Oncorhynchus
nerka) (Magnoni i col. 2006), aportant I'energia necessaria quan els peixos en deju han de fer
front a les demandes energétiques imposades per la natacid sostinguda. Aquests casos

extrems d'Us de I'energia exemplifiquen en peixos I'important paper de les reserves de lipids del
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cos, que proporcionen ATP a través de la B-oxidacié (Freyland i col. 2000; Tocher 2003). Per
altra banda, diversos estudis han descrit que I'exercici te forts efectes, perd variables, sobre la
deposici6 de lipids depenent de I'especie i el regim d’exercici, tot i que es coneix que els canvis
meés significatius tenen lloc en el muscul vermell (Anttila i col. 2010; Rasmussen i col. 2011;
Arbelaez-Rojas i Moraes 2009, 2010).

La contribucié que fan els carbohidrats en el subministrament d’energia per a dur a
terme l'exercici no sembla estar ben definit en peixos. Els fluxos circulatoris de glucosa
suggereixen que I'Us d'hidrats de carboni en adults de truita no és important a velocitats baixes
de natacié (Shanghavi i Weber 1999). Per contra, 'RQ en juvenils de truita irisada suggereix
que els carbohidrats fan una contribucié relativament gran (40%) durant la natacié sostinguda a
baixes temperatures (Kieffer i col. 1998). Aquestes dades estan en concordanga amb les
obtingudes en estudis anteriors en qué juvenils de truita irisada presentaren una utilitzacio
important dels carbohidrats com a combustible metabolic (entre el 30-45%) durant les primeres
12 hores nedant a una velocitat de natacié baixa (Lauff i Wood 1996b; Lauff i Wood 1997). EI
subministrament basal dels carbohidrats com a combustible en la truita, va oscil-lar entre I'11 i
el 23% quan es mesura per calorimetria indirecta (Lauff i Wood 1996a; Lauff i Wood 1996b;
Kieffer i col. 1998). Valors similars (11-22%) van ser calculats per Blasco i col. (2001) després
d’'una infusi6é de glucosa marcada radioactivament amb C' en truites en repos. A més a més,
Lauff i Wood (1996b) van trobar que la proporcié d'hidrats de carboni utilitzats esdevé
considerable quan la velocitat de nataci6é s'acosta a la U, el que suggereix a la vegada un
augment en el reclutament del muscul blanc quan el peix neda a velocitats més elevades
(Moyes i West 1995). La mobilitzacié de glicogen des del muscul locomotor, en particular el
muscul blanc, pot abastir en certa mesura els requeriments per a la nataci6é sostinguda. Aquest
paper o “rol” ha estat determinat per la disminucié gradual dels nivells de glicogen mesurats en
el muscul de peixos que nedaven a velocitats inferiors al 80% de la U (Ozorio 2008). No
obstant aixd, una elevada taxa d'utilitzacié dels carbohidrats (30-40% de la MO,) després de 60
hores de natacié al 60% de la U, resultaria inabastable, ja que les reserves de glicogen
podrien no ser suficients per a aquest Us prolongat, especialment en juvenils de truita irisada en
periode de creixement. Com s’ha indicat anteriorment, els valors obtinguts per calorimetria
indirecta (Lauff i Wood 1996b; Lauff i Wood 1997) probablement no reflecteixen les veritables
taxes d'oxidacio dels carbohidrats. A més, la infusié continuada, in vivo, de glucosa marcada
radioactivament (Shanghavi i Weber 1999) no permet fer una distincié entre la contribucio
relativa de I'oxidacio dels carbohidrats al MO, en repds o durant la nataci6. La raé d'aquesta
incertesa és que les dades d’'infusi6é continuada recauen Unicament en el flux total de glucosa,
que no només depen dels canvis en l'oxidacio de la glucosa per se, sind també en els canvis en
la disposicié de la glucosa no-oxidativa. A més a més, si els canvis resulten ser oposats en
ambdos components relacionats amb I'Us de la glucosa, es pot emmascarar qualsevol efecte
sobre el flux total de glucosa.

Els primers estudis suggerien que les proteines juguen un paper important com a

combustible metabolic durant la nataci6 aerobica en els peixos teleostis (Driedzic i Hochachka
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1978; Walton i Cowey 1982; Van den Thillart 1986). Tanmateix, els estudis de calorimetria
indirecta realitzats en juvenils de truita irisada indiquen que la proporci6é de proteines utilitzades
com a combustible metabdlic és relativament petita (<30%) (Alsop i Wood 1997; Lauff i Wood
1997; Kieffer i col. 1998), i no canvia essencialment amb la velocitat de natacié (Lauff i Wood
1996b). Les seves dades demostraren que els peixos augmenten I'Us relatiu de la proteina a
mesura que avangava l'experiment, seguint un patré6 oposat al dels carbohidrats, el que
probablement estava reflectint I'efecte del dejuni en la truita sotmesa a natacié. L'Us de
proteines com a combustible oxidatiu s'espera que sigui baixa, particularment durant la
locomoci6, ja que I'animal redueix el catabolisme de proteines funcionals i I'energia necessaria
per a l'excrecidé de nitrogen (McCue 2010). Sembla raonable que els peixos intentin estalviar
proteines, donat I'elevadissim cost metabodlic per a la seva sintesi (Smith i Houlihan 1995) i el
paper integral que juguen aquestes com a unitats contractils durant la nataci6é. Una excepci6 a
aquest fet te lloc durant la migraci6 natural del salmé vermell (Oncorhynchus nerka), quan els
peixos deixen d'alimentar-se a I'entrada del riu i tots els altres combustibles s’esgoten abans de
la fresa (Mommsen i col. 1980). De totes maneres, aquest patrd de seleccié de combustible en
el salmo6 vermell, no és sostenible i condueix a un dany irreversible dels teixits i a la mort de
I'animal.

L'exercici de tipus explosiu ha estat ben estudiat, sobretot en salmonids. Diversos
estudis mostren que I'ATP, la fosfocreatina, i les reserves de glicogen estan disminuides en el
muscul blanc de la truita després d'un exercici intens (Wang i col. 1994; Richards i col. 2002b).
A Tlinici del periode d’exercici, I'energia deriva del trencament de I'ATP i la fosfocreatina,
després de la glicogendlisi seguida per la glicdlisi, tot proporcionant la majoria d'ATP requerit
per sostenir 'activitat muscular fins a I'esgotament (Dobson i Hochachka 1987; Richards i col.
2002a). L'acid lactic produit durant la natacié de tipus explosiva s'acumula com a lactat i
protons metabdlics, que s’escapen cap a la circulacié (Wood 1991; Milligan 1996). L’exercici
exhaustiu produeix en la truita un augment en la taxa metabdlica la qual es redueix després de
I'exercici, el que suggereix que el deute d'oxigen i l'aclariment del lactat no sén processos
necessariament vinculats (Scarabello i col. 1992). A més a més, aquests autors suggereixen
que dos periodes consecutius d'exercici son suficients per induir un "efecte d'entrenament “,

millorant les taxes de recuperacié metabolica.

1.4. ALIMENTACIO | RITMES BIOLOGICS EN PEIXOS

1.4.1. Variabilitat ritmica diaria i activitat d’anticipacioé a la ingesta

La caracteristica basica dels ritmes bioldgics és que persisteixen sota condicions ambientals
constants i en abséncia de qualsevol influéncia externa directa. Els cicles de llum-foscor i
d'alimentacié sén dels factors més importants que influencien els ritmes bioldgics en els
animals. A més a més, els organismes marins estan subjectes als cicles de les marees i de la

lluna. Es conegut que les oscil-lacions que sustenten les funcions vitals dels éssers vius
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proporcionen una organitzacié temporal de les activitats fisioldgiques i de comportament en
practicament tots els grups d'organismes. Per exemple, en estat salvatge, el menjar no esta
disponible continuament, sin6 que és limitat tant pel lloc d’obtencié com per I'hora (Lépez-
Olmeda i Sanchez Vazquez 2010). Per contra, quan els apats es lliuren a la mateixa hora cada
dia, es pot observar un augment en l'activitat locomotora dels peixos unes hores abans de
I'nora de la ingesta. Aquest fenomen es coneix amb el nom d’activitat d’anticipaci6 a la ingesta
(FAA, Food Anticipatory Activity) i persisteix tot i la manca d'alimentacié (Mistlberger 1994). La
FAA no només implica un comportament concret, sind que també implica altres variables
fisiologiques que permeten als animals optimitzar els processos digestius i metabolics
(Davidson i Stephan 1999; Stephan 2002). Si I'organisme és capag¢ d'anticipar-se a una propera
ingesta, l'obtencié d'aliments i la utilitzacio dels nutrients millorara. De fet, diverses espécies de
peixos mantingudes sota un régim d'alimentacié periddic han demostrat una sincronitzacié dels
seus ritmes de comportament i fisiologics de cara a un apat (Lo6pez-Olmeda i Sanchez Vazquez
2010). Es ampliament conegut que si els apats es distribueixen de manera que coincideixen
amb els ritmes d’alimentacié dels peixos, s’aconsegueix una millora en el creixement (Azzaydi i
col. 1999). En l'orada s’han descrit les variacions diaries i estacionals de la conducta
alimentaria en situacions d'auto-alimentacio o self-fed (Velazquez i col. 2004), aixi com també
s’han descrit els ritmes diaris d'activitat locomotora i de les hormones, cortisol i melatonina
(Lépez-Olmeda i col. 2009a; Sanchez i col. 2009), tot i que, fins al moment, se sap ben poc
sobre els ritmes digestius en I'orada. En aquesta mateixa espécie Sanchez i col. (2009) van
descriure majors nivells de glucosa en sang quan l'orada era alimentada de forma aleatoria,
comparat amb orades alimentades de forma periddica. No obstant, quan es permetia a 'orada
alimentar-se a demanda, ja fos durant la fase de foscor o la de llum, no es veia cap efecte de
I’hora d'alimentacié sobre els nivells de glucosa (Lépez-Olmeda i col. 2009a). Els ritmes diaris
de la glucosa en aquesta espécie ja havien estat descrits préviament (Pavlidis i col. 1997), pero
fins al moment, I'efecte d'un sol apat proporcionat a I'animal ja fos de forma periddica o
aleatoriament, era desconegut. En diverses especies de peixos com el llobarro (Cerda-Reverter
i col. 1998), la carpa (Kuhn i col. 1986), la truita de riu (Pickering i Pottinger 1983), la truita
irisada (Rance i col. 1982), el carpi daurat (Singley i Chavin 1975), el salm6 Atlantic (Thorpe i
col. 1987) i 'orada (Lopez-Olmeda i col. 2009b) també s’han descrit variacions diaries en els
nivells de cortisol. També s’han observat en diverses especies de peixos ritmes circadians en
enzims involucrats en el metabolisme. Moltes d’aquestes variacions diaries son dependents de
I'alimentacié ja que desapareixen en els peixos dejunats (Polakof i col. 2007), mentre que els
ritmes diaris d’altres enzims fins i tot es mantenen en els peixos dejunats (Lépez-Olmeda i
Sanchez-Vazquez 2010). Per tant, podem dir que I'hora d’alimentacié en els peixos produeix un
ajustament de diverses variables de la fisiologia intestinal, aixi com del sistema endocri i de les
activitats enzimatiques i metabdliques, tot augmentant aixi la seva probabilitat d’éxit i
minimitzant la despesa d’energia tal com passa en els mamifers (Dardente i Cermakian 2007;
DeCoursey 2004).
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Els peixos no sén actius les 24 hores del dia, perd normalment presenten una major
activitat durant les hores de llum o durant les hores d’obscuritat depenent de I'espécie. No
obstant hi ha espécies de peixos com I'orada que presenten un comportament dual, doncs els
mateixos animals poden mostrar un comportament d'alimentacié ja sigui dilrn o nocturn
(Sanchez-Muros i col. 2003; Velazquez i col. 2004). Aixo posa de relleu el rol de 'alimentacié
com un factor sincronitzador dels ritmes diaris en I'orada (Lépez-Olmeda i col. 2009b). En
moltes espécies, aquests patrons de comportament venen fixats genéticament degut a les
pressions generades per les forces de la seleccio, com per exemple la fugida dels depredadors,
la disponibilitat de preses o I'optimitzacié de la ingesta (Daan 1981). La majoria dels ritmes
d’alimentacié en peixos s’han descrit com a ritmes circadians, tot i que també s’han observat

ritmes estacionals, llunars i de les marees (Lopez-Olmeda i Sanchez-Vazquez 2010).
1.5. ELS ISOTOPS ESTABLES COM A TRAGADORS METABOLICS

Tradicionalment els estudis del desti dels nutrients en el metabolisme en peixos s’han dut a
terme amb isotops radioactius. El perill que representa I'is de la radioactivitat en termes de
seguretat personal i de contaminacié ambiental en estudis de camp fa que, des de fa uns anys,
els isotops estables es presentin com una bona alternativa al métode tradicional.

Isdtops son totes aquelles formes d'un element donat (mateix pes atomic) que
contenen diferent nimero de neutrons. En els estudis de metabolisme, el terme “isotop estable”
s’aplica als isdtops no radioactius d’'un element que sén menys abundants que lisdtop més
abundant a la natura. A la taula 2 es mostra 'abundancia natural dels isdtops estables més
utilitzats en biologia. Com es pot observar, el C™ té una contribucio de I 1,11% al total de C i el

N representa un 0,36% del total de N.

Taula 2: Abundancia natural dels isotops estables més
utilitzats en biologia

H? 0,016%
c"” 1,11%
N 0,36%

o 0,04% 0"  0,20%
s® 0,75% s*  421% s* 0,02%

La composicio isotopica d’'una mostra es calcula com la relacié d’un isdtop respecte a un altre
(C13/C12, N15/N14). Donada la diferent proporcié dels isdtops a la natura, la mesura de la
composici6 isotdpica d’'una mostra sol ser molt baixa. Per aix0, els resultats de composici
isotopica es normalitzen respecte a uns estandards de referéncia i s’expressen en tant per mil
(unitats d).

L’Us dels isotops estables ha incrementat substancialment des de la década dels 80. La
rad principal ha estat I'aparici6 d’equips d’espectrometria de masses de relacié isotopica

(IRMS, Isotfopic Ratio Mass Spectrometer) i el desenvolupament de softwares de control i
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d’adquisici6 de dades. Actualment, aquests espectrometres permeten mesurar variacions
isotopiques molt petites (0,01%). La diferéncia de massa entre les formes isotdopiques d’un
element provoca diferéncies de comportament durant els processos fisics i les reaccions
quimiques. Les formes isotopiques lleugeres (C'? o N') formen enllagos més débils i
reaccionen més rapidament que els isotops pesats (C13 o} N15) (Hoefs 1980). Les diferéncies en
'energia d’enllag i en les constants de reacci6, fan que I'abundancia natural dels isotops
estables varii en funcidé de les espécies quimiques (Hoefs 1980; Farquhar i col. 1989; Hayes
1993). Aquest canvi en I'abundancia isotopica entre espécies quimiques deguda a processos
fisics o quimics, s’anomena fraccionament isotopic. El fraccionament entre dues espécies
quimiques (A i B), o entre un substrat i un producte, es calcula com la diferéncia de composici6
isotopica: A - &B. Els processos de fraccionament fan que els diferents materials bioldgics
tinguin una signatura caracteristica. Aixi, per exemple, entre les diferents espécies quimiques,
els lipids estan empobrits en C" en relacio a altres compostos (DeNiro i Epstein 1977) ja que
durant la sintesi dels lipids I'enzim piruvat deshidrogenasa oxida més rapidament un grup
carbonil amb C"? que un grup carbonil amb c® (DeNiro i Epstein 1977; Hayes 1993). Durant la
desaminacio, els grups N'-amino son eliminats preferentment, i com a conseqiéncia, el N
excretat esta enriquit en N'* en relacio a la proteina de I'animal (Steele i Daniel 1978). Els
processos de transaminacié també afavoreixen la mobilitzacié dels grups amino amb N™
(Macko i col. 1986). Per aquestes raons, els animals d’un nivell trofic superior (carnivors)
presenten un nivell de SN superior que els animals d’un nivell trofic més baix (herbivors), el
que ha permés establir relacions trofiques i dietes en paleontologia (revisat per Gannes i col.
1998), mesurar el flux d’energia i nutrients en ecosistemes (Peterson i Fry 1987; Rundel i col.
1989), etc., constituint-se aixi com una bona eina pels estudis mediambientals (Lajta i Michener
1994; Marino i McElroy 1991).

Lluny de I'abundancia natural, els isotops estables poden ser administrats artificialment
com a tragcadors metabolics. Tot i les diferéncies fisiques i quimiques existents, diversos estudis
en humans (revisat per Koletzko i col. 1998) han demostrat que els isotops estables so6n bons
tracadors. Aquests, poden ser administrats per via oral o intravenosa, de forma individual o
multiple, en forma de molécula o com a ingredient sencer marcat uniformement. S’han emprat
amb éxit en estudis de metabolisme en medicina, especialment en pediatria (Koletzko i col.
1998; Parimi i col. 2002) i en estudis de nutrici® en humans: determinacié de les taxes de
reciclatge d’aminoacids, glucosa o acids grassos (Patterson i col. 1997, 2002), mesures
d’oxidacié d’aminoacids (Kriengsinyos i col. 2002), distribuci6 de metabolits concrets,
determinacié de rutes metaboliques, estudis farmacocinétics, etc.

El N* s’ha utilitzat en relativament pocs estudis de metabolisme proteic en peixos. En
aquests estudis, s’ha mesurat la sintesi proteica administrant per via oral un 0,5 % i un 1% de
N en la truita (Carter i col. 1994), en la palaia anglesa (Carter i col. 1998) i en la carpa (Meyer-
Burgdorff i Rosenow 1995), o bé administrant per via venosa una sobrecarrega de N'-

Fenilalanina en el salm6 Atlantic (Owen i col. 1999). Per altra banda, s’ha determinat la
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biodisponibilitat d’aminoacids en larves de Diplodus puntazzo, a partir de rotifers marcats amb
N'® (Saavedra i col. 2007).

El carboni radioactiu (C”) s’ha emprat extensament en estudis de metabolisme, en
canvi, sota el nostre coneixement, el C'® només s’ha utilitzat per estudiar la biodisponibilitat
d’aminoacids de la dieta en larves de peix (Conceigao i col. 2003).

A diferencia de la radioactivitat que es troba en quantitats infimes en la natura, els
isotops estables del N i del C es troben, de forma natural, en unes quantitats gens
despreciables. Aquestes quantitats relativament elevades plantegen la questié de la dosi
necessaria d’isdtops per a ésser utilitzats com a tragadors de la proteina de la dieta, és a dir, la
quantitat minima que cal administrar per via oral per marcar tots els multiples destins de la
proteina de la dieta a diferents temps postprandials. Beltran i col. (2009) van determinar que
una dieta enriquida amb proteina-N" (10 g-kg”) i proteina-C"® (30 g-kg”) presentava les
proporcions adequades per determinar que els valors de delta (8) dels components dels teixits
eren prou elevats, per sobre dels nivells naturals, per permetre que la distribucié de les
proteines fos tragada 11 i 24 hores després de la ingesta d’aliment, revelant clares diferéncies
metaboliques entre espécies. Beltran i col. (2004a,b) van determinar I'is i distribucié de la
proteina de la dieta mitjangant el marcatge amb isotops estables (N'° i C') en la truita irisada i
I'orada. Aquestes foren alimentades amb dietes que diferien en el percentatge de substitucié de
farina de peix per fonts proteiques vegetals. Per altra banda, es va observar en aquests
mateixos estudis que les & N' de les dietes i dels teixits (abundancia natural) disminuien a
mesura que augmentava la substitucid, suggerint que la 5N'° es pot utilitzar com un marcador
de desti de la proteina de la dieta (Beltran i col. 2009). A més, el fraccionament de N'® (ESN15
peix - SN'™ dieta) diferia entre els grups demostrant ser un bon indicador de catabolisme
proteic.

Un teixit que mostra una baixa recuperaci6 de marcador, ben bé podria ser un
important lloc de diposit si I'oxidacié és molt elevada. Per tant, cal considerar que aquest
meétode proporciona una instantania de la quantitat de marcador present en un teixit en un
temps determinat, després de I'administracié del marcador. Encara que també permet obtenir
una estimacié del valor real d'oxidacié, ja que es pot calcular per la diferéncia entre els valors
coneguts de marcador ingerit per cada peix i la quantitat de marcador recuperat en el peix.
Aquests valors d'oxidacié serien només una estimacié i no una quantificacié precisa, ja que no
consideren la quantitat de marcador que es perd amb ['aliment no digerit i la petita quantitat de
glucosa que es perd a través de I'orina dels peixos quan aquests presenten elevades glicémies
(Blasco i col. 1996). Aquestes limitacions obliguen a considerar aquestes premisses alhora
d’avaluar I'tis del mido-C'® com a marcador del desti dels carbohidrats de la dieta. Aixi i tot, els
valors de recuperacié del marcador obtinguts per Beltran i col. (2004b) amb aquest métode,
sén molt propers als valors obtinguts amb radioactivitat en un estudi anterior, on es va realitzar

una sobrecarrega de glucosa en la truita comuna (Blasco i col. 1996, 2001).
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1.6. PERSPECTIVES

Els estudis sobre nutrici6 de peixos han fet més incis en la substitucié de nutrients que a la
seva assimilacio, deposicié i Us. Les discrepancies en els resultats es refereixen no només a
les diferencies en la formulacié de la dieta (principalment la relacié proteina/energia de les
dietes experimentals), sind també a les estratégies d'alimentacié i condicions de cultiu
utilitzades en els diferents estudis.

Existeix un equilibri en l'intercanvi de molécules en les diferents vies del metabolisme
intermediari, ja que cap dels components implicats pot ser modificat sense afectar la funcié dels
altres. Per tant, cal administrar els nutrients de forma eficient i en les proporcions adequades
per a poder ser utilitzats com a combustibles generadors d’energia, com a estructures que
promoguin el creixement i com a diposits dels teixits en els espais temporals entre els apats.
Obviament, els nutrients que requerira el peix dependran de les necessitats energétiques del
mateix. Els peixos carnivors presenten unes capacitats baixes tant de digesti6 com
d’assimilacié dels carbohidrats. No obstant, si s’estimula una situaci6 de major demanada
energética mitjancant la variacié de les condicions d’estabulaci6 o de I'estratégia d’alimentacio,
una part significativa de proteines haurien de derivar cap a creixement i no pas a obtencié
d’energia. Aixi, augmentant la despesa energética de I'animal, se’l podria conduir a una major
utilitzacié d’una font energética o una altra, o simplement fer que les utilitzés més eficientment.

Les estrategies de natacid dels peixos juguen un paper important en la seva resposta
als desafiaments de la vida, condicionant I'obtencié dels nutrients, les interaccions depredador-
presa i la reproduccid, aixi com també determinant la capacitat de migracié. Els peixos de
piscifactoria porten una vida en captivitat més sedentaria que els que viuen lliures a la
naturalesa. Estudis comparatius dels peixos de cria i salvatges revelen dades Utils sobre els
processos de domesticacio dels peixos i permeten entendre millor com funcionen els processos
de nutricié dels peixos i la seva fisiologia per, d’aquesta manera, millorar la producci6. Diversos
estudis han demostrat que els peixos salvatges tenen més capacitat de natacié que els peixos
de cria. Aquest és el cas de la truita de rierol (Vincent 1960), el salmé platejat (Brauner i col.
1994), el salmé de I'Atlantic (McDonald i col. 1998) i l'orada (Basaran i col. 2007). En
consequeéncia, els peixos salvatges mostren majors capacitats aerobiques i anaerdbiques.
D'altra banda, les condicions de crianga dels peixos també afecten a la qualitat del peix, amb
dades de peixos de cultiu amb un major contingut de greix que els salvatges (Vincent 1960;
Thorstad i col. 1997; Grigorakis i col. 2002). Es per aixd que I'exercici, com a condicié de cultiu,
desperta diversos focus d’interés per als investigadors i desplega un ampli ventall de millores
de la qualitat del producte d’aquicultura per als productors. A més a més, per la seva
naturalesa, el peix pot ser facilment exercitat obligant-lo a nedar contra la corrent. S’ha
demostrat que velocitats de natacié de dues longituds corporals per segon (LC.S'1) o inferiors
sbén acceptables per entrenar als peixos sense que es perjudiqui notablement el seu benestar o
provoqui estrés a I'animal (Sanger i Stoiber 2001). Aixi, sotmetent els animals a una nataci6

moderada perd sostinguda en el temps, augmentaran la despesa energética. Per tant,
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balancejar les dietes dels peixos tenint en compte els canvis metabdlics combinats amb la
condici6é d’exercici, pot ser una bona estratégia per reduir els costos i el temps de producci6. A
la vegada, també es reduiria I'impacte sobre el medi ambient gracies al manteniment dels
stocks de peixos i disminuint 'abocament de nitrogen al medi.

En condicions de cultiu, la disponibilitat d'aliments sovint es limita a un sol apat al dia

i I'is eficient dels nutrients que rep el peix té conseqiiéncies economiques i mediambientals
negatives (pels residus d'aliments no ingerits). Aquesta situacié de cultiu és facilment millorable
quan s’estableixen cicles d'alimentacid, ja que aquests horaris actuen com a sincronitzadors
per tal que es porti a terme la ja comentada activitat d’anticipaci6 a la ingesta (Boulos i Terman
1980; Spieler 1992; Mistlberger 1994; Azzaydi i col. 2007; Mistlberger 2009), amb les
avantatges fisiologiques que implica. Si les necessitats energétiques de 'orada varien al llarg
del dia (Sanchez-Muros i col. 2003) i els cicles d’alimentacié determinen ritmes diaris en els
peixos, aleshores, I'is dels nutrients hauria de variar en consonancia. Alguns estudis han
demostrat que en l'orada, els carbohidrats poden reemplacgar parcialment la proteina, millorant
la taxa de creixement i evitant perdues de nitrogen (Metén i col. 1999; Couto i col. 2008; Enes i
col. 2008 i revisat per Enes i col. 2011). Aixi, per aconseguir una optimitzaci6 en I'eficiéncia de
la dieta que es tradueixi en retencié proteica i, conseqientment en creixement, caldria testar
diferents estratégies d’alimentaci6 dels animals, aportant a través de la dieta la font d’energia

indicada en cada moment del dia.
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2. OBJECTIUS | PLA DE TREBALL

Els estudis que constitueixen la present tesi es van plantejar emmarcats dins del
projecte global d’'investigacio titulat “Qualitat del muascul i la seva relaci6 amb marcadors del
creixement, tragadors metabdlics i condicions de cultiu: optimitzacié de la produccié d’orada”
(AGL2006-03923).

L'objectiu global de la tesi ha estat determinar les capacitats d’aprofitament dels
carbohidrats digeribles en peixos considerats carnivors i d’alt interés comercial a la
mediterrania, com sén la truita irisada (Oncorhynchus mykiss, espécie de referéncia en aigua
dolgca) i lorada (Sparus aurata, espécie marina de referéncia), sotmeses a canvis de
digestibilitat dels carbohidrats, de I'activitat fisica dels animals i del moment del dia en que se’ls

proporciona un aliment d’'una determinada composicio.
Objectius concrets:

- 1) Estudiar els efectes de la gelatinitzaci6 del midé en una dieta rica en
carbohidrats sobre la captaci6 i Us d’aquest nutrient en la truita irisada, mitjangant

el seguiment amb l'isotop estable c’. (Capitol I)

- 2) Estudiar els efectes de la condicié d’exercici sostingut en la truita irisada com a
sistema practic per promoure I'Us dels carbohidrats d’una dieta enriquida en
benefici de l'estalvi proteic. El desti dels carbohidrats i les proteines de la dieta
s'analitzara mitjancant el marcatge amb els isotops estables C™ i N,

respectivament. (Capitol I)

- 3) Aplicar el mateix model - condicions de nataci6 sostinguda i animals alimentats
amb una dieta rica en carbohidrats digeribles - per al cas de l'orada, veient els

efectes en I'especie de referéncia en I'aquicultura marina mediterrania. (Capitol Il)

- 4) Avaluar els efectes de lactivitat natatoria sostinguda i moderada sobre la
histologia del muscul blanc de I'orada, tipificant els efectes de I'exercici sobre la

cel-lularitat i capil-laritzacié en les zones cranial i caudal del mascul. (Capitol 1l1)
- 5) Establir els efectes en I'Gs dels nutrients al llarg del dia, determinats per les

diferéncies del desti dels nutrients de la dieta (mid6-C™ i proteina-N'®) segons el

moment de I'administracié del menjar i de la seva composicié. (Capitol 1V)
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Pla de treball:

Per tal d’abordar els objectius concrets de la tesi, es realitzaren 4 experiments que es
corresponen amb les publicacions cientifiques que constitueixen la base de la present tesi

doctoral (compreses en el Capitol indicat).

- per assolir el primer objectiu es van alimentar truites irisades amb dietes riques en

carbohidrats, un grup amb midé en cru i I'altre amb mid6 préviament gelatinitzat (Capitol I).

- per al segon objectiu, truites irisades alimentades amb la dieta rica en carbohidrats digeribles
van ser sotmeses a dos graus diferents d’activitat: un grup es sotmeté a natacidé voluntaria

(control) i I'altre a una activitat de nataci6 moderada i sostinguda (Capitol I).

- per als objectius tercer i quart s’empra un disseny experimental similar al del punt anterior
perd aplicat a 'orada. En un cas s’analitza I's dels nutrients mitjangant el marcatge amb

isotops estables (Capitol 1) i en l'altre la tipologia del muscul blanc (Capitol IlI).

- exclusivament per al cinqué objectiu, es va plantejar un programa/horari (time schedule)
d’alimentacié d’orades amb dues ingestes diaries combinant dues dietes, una de comercial
(Cd) i una rica en carbohidrats digeribles (Ed), i resultant en 3 régims d’alimentacié (Cd/Cd;
Cd/Ed; Ed/Cd). Posteriorment al condicionament a les dietes, es van realitzar dos estudis
postprandials (un alimentant els peixos a les 10 del mati i I'alire a les 5 de la tarda) i es van

determinar els canvis de composicié dels principals organs i el desti dels nutrients (Capitol V).

Tots els experiments inclosos en la present tesis empren la mateixa metodologia per el
seguiment dels nutrients en el peix, el marcatge amb isotops estables (C13 en el cas dels
carbohidrats i N per la proteina). Aquesta técnica ens ha permés detectar els principals canvis

postprandials en la distribucio i desti dels nutrients marcats.
El capitol | ha donat lloc a la publicacio:

Felip O, Ibarz A, Fernandez-Borras J, Beltran M, Martin-Pérez M, Planas JV,
Blasco J (2012) Tracing metabolic routes of dietary carbohydrate and protein in
rainbow trout (Oncorhynchus mykiss) using stable isotopes ('*C-starch and "°N-
protein): effects of gelatinization of starches and sustained swimming. British
Journal of Nutrition 107:834-844
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El capitol Il ha donat lloc a la publicaci6:

Felip O, Blasco J, Ibarz A, Martin-Pérez M, Fernandez-Borras J (2013) Beneficial
effects of sustained activity on the use of dietary protein and carbohydrate
traced with stable isotopes N and "°C in gilthead sea bream (Sparus aurata).

Journal of Comparative Physiology B 183:223-234
El capitol Il ha donat lloc a la publicacio:

Ibarz A, Felip O, Fernandez-Borras J, Martin-Pérez M, Blasco J, Torrella JR (2011)
Sustained swimming improves muscle growth and cellularity in gilthead sea

bream. Journal of Comparative Physiology B 181:209-217

El capitol IV ha donat lloc a la publicacié:

Felip O, Blasco J, Ibarz A, Martin-Pérez M, Fernandez-Borras J. Diets labelled with
3C-starch and "N-protein reveal daily rhythms of nutrients use in gilthead sea
bream (Sparus aurata). (Sotmeés a la revista Aquaculture el 10 de Juliol de
2013)

61






3. INDEX D’IMPACTE







Olga M@ Felip Arias index d’impacte

3. INDEX D’IMPACTE

El Dr. Jaume Fernandez-Borras i la Dra. Josefina Blasco Minguez, com a directors de la
Tesi Doctoral titulada “Dinamica dels nutrients mido-C™ i prote'l'na-N15 en la truita irisada
(Oncorhynchus mykiss) i 'orada (Sparus aurata): efectes de la gelatinitzaci6é dels carbohidrats,
a natacié sostinguda i la ritmicitat diaria.” i realitzada per 'Olga M? Felip Arias, manifestem la
veracitat del factor d'impacte i la implicacié de la doctoranda en cada un dels articles cientifics

que es presenten en aquesta tesi doctoral.

Article 1 (Capitol 1)

Titol: Tracing metabolic routes of dietary carbohydrate and protein in rainbow trout
(Oncorhynchus mykiss) using stable isotopes (1aC-starch and 15N-protein): effects of

gelatinization of starches and sustained swimming.

Autors (p.o. de firma): Felip O, Ibarz A, Fernandez-Borras J, Beltran M, Martin-Pérez M, Planas
JViBlasco J.

Revista: British Journal of Nutrition, 107:834-844 (2012)

I.F. 3,302, in Nutrition & Dietetics 18/76 Q1 5 Anys L.F. 3,596

Participacio de la doctoranda: I'Olga Felip ha obtingut les mostres i les ha analitzat en la seva
totalitat, col-laborant en la interpretacié dels resultats. Ha redactat la primera versié del

manuscrit i ha col-laborat activament en el procés de revisié per iguals.

Article 2 (Capitol II)

Titol: Beneficial effects of sustained activity on the use of dietary protein and carbohydrate
traced with stable isotopes N and "°C in gilthead sea bream (Sparus aurata).

Autors (p.o. de firma): Felip O, Blasco J, Ibarz A, Martin-Pérez M, Fernandez-Borras J.

Revista: Journal of Comparative Physiology B, 183:223-234 (2013)

I.F. 2,024, in Zoology 30/149 Q1 5 Anys L.F. 2,256
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Participacié de la doctoranda: I'Olga Felip ha participat en el disseny experimental, i ha
realitzat el treball experimental per I'obtencié de mostres, analisis posterior i interpretacié dels
resultats. Ha redactat la primera versié del manuscrit i ha col-laborat activament en el procés de
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(Received 14 March 2011 — Revised 7 June 2011 — Accepted 7 June 2011 — First published
online 2 August 2011)

Aquest estudi avalua I'is d'isdtops estables, mido-C™ i proteTna-N15, com a tracadors de la
dieta per estudiar, respectivament, I'assimilacié i distribucié dels hidrats de carboni i la utilitzacio
de les proteines en la truita arc iris. Es va estudiar la capacitat d'absorcié i Us de la glucosa pels
teixits, en primer lloc, variant la digestibilitat en dues dietes riques en carbohidrats (CHO 30%),
una amb mid6 cru (RS) i l'altra gelatinitzada (GS). | en segon lloc es van observar els efectes
de dos régims d'activitat (natacié voluntaria, C; natacié sostinguda en 1,3 LC.s™, E) sobre la
dieta GS. La ratio d’enriquiment isotopic (C13 i N15) dels components principals dels diferents
teixits (proteines, lipids, glicogen) es van mesurar en el fetge, els musculs, les visceres i en la
resta del peix a les 11 i 24 hores després d'una ingesta forgada. La inclusié en la dieta d’'un
trenta per cent d'hidrats de carboni digeribles va superar (sobrepassar) la capacitat de la truita
arc iris per utilitzar aquest nutrient, provocant una hiperglucémia perllongada que augmenta la
captacié de glucosa pels teixits i la sintesi de glicogen i lipids en el fetge. El total de c’
recuperat a les 24 hores després de la ingesta forgcada en el grup GS va ser inferior que el
recuperat a les 11h post-ingesta, indicant un augment proporcional de la oxidaci6 de la glucosa,
encara que la deposici6 de lipids en el muscul blanc va augmentar. L’exercici va impedir que es
produis la hiperglucémia perllongada, ja que la natacié sostinguda millora I'is de carbohidrats
de la dieta, principalment mitjangant la conversio a lipids en el fetge i I'oxidacié en els muasculs,
especialment en el mascul vermell. Les majors recuperacions totals de N principalment en la
fraccio proteica dels musculs del grup d’exercici a 24 hores post-ingesta, evidenciaren que la
natacié sostinguda millora la deposicié proteica, la qual cosa resulta en una intensificacié de
I'efecte “sparing” de la dieta o estalvi proteic.
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Per determinar els efectes de la natacié sostinguda sobre I'is i desti dels nutrients de la dieta
en l'orada, un grup de peixos es van sotmetre a realitzar una nataci6 moderada i sostinguda
(1,5 LC.s™; longituds corporals/segon) durant 3 setmanes i es van comparar amb un grup
control sota activitat voluntaria. El grup d'exercici va mostrar un augment significatiu de la taxa
de creixement especific (SGR, C: 1,13 £ 0,05, E: 1,32 + 0,06,% - dia”, p <0,05) sense
presentar canvis significatius en la ingesta (C: 3,56 + 0,20; E: 3,84 + 0,03% del pes corporal).
L'addicio de mido-C™ i proteTna-N15 a un apat de racié 1% del pes corporal de I'animal, va
permetre analitzar el desti d’'ambdés nutrients en diversos teixits i en els seus components
principals, 6 i 24 h després de l'alimentacié6 forcada. En els peixos sotmesos a nataci6
sostinguda va millorar la redistribucié dels components de la dieta incrementant I'is dels
carbohidrats i lipids com a energia (combustible). L'orada té una capacitat considerable per a
I'absorcié dels hidrats de carboni independentment de la condicié de natacio, perd en peixos
exercitats el C'° va augmentar en totes les fraccions del fetge sense presentar canvis en el
contingut emmagatzemat. Aixd implica un major “turnover’ dels nutrients amb l'exercici. Es va
trobar una major retencié de proteines de la dieta (major captacié de N'® en el muscul blanc
durant tot el periode postprandial) en l'exercici sostingut, destacant l'efecte d'estalvi de
proteines. Els efectes combinats d'una dieta rica en carbohidrats i baixa en proteines junt amb
I'exercici sostingut, va provocar una major retencié d'aminoacids, i també va evitar la deposicio

excessiva de lipids en I'orada.
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Es van mantenir durant 1 mes dos grups de juvenils d'orada amb dos régims de natacié diferent
(exercici, E: 1,5 LC.s™ i control, C: activitat voluntaria). Primerament, tots els peixos es van
adaptar a una dieta experimental baixa en proteines i rica en hidrats de carboni digeribles
(37,2% proteines, hidrats de carboni 40,4%, 12,5% de lipids). Es va comparar la cel-lularitat i la
capilaritzacié de dues arees seleccionades del muscul blanc (cranial (Cr), per sota de l'aleta
dorsal, i cabal (Ca), darrere de I'aleta anal). El pes corporal i la taxa de creixement especifica
(SGR) del grup d’exercici van ser significativament més elevades que en el grup control, sense
incrementar el consum d'aliment, aquest fet apunta a una major eficiéncia d’ds dels nutrients. El
perimetre i 'area de la secci6 transversal de les fibres cranials del muscul blanc va augmentar
després de [lactivitat sostinguda, evidenciant que [I'exercici sostingut millora el
desenvolupament muscular hipertrofic. No obstant aixd, no podem concloure o descartar la
possibilitat de reclutament fibril-lar, pel fet que el periode experimental va ser massa curt. La
capilaritzaci6é, que és extremadament baixa en el muscul blanc de l'orada, va mostrar un
nombre major de fibres sense capil-lars circumdants (FO) a I'area cranial que a la zona cabal,
en el grup control. La natacié sostinguda va millorar el funcionament de la maquinaria muscular
fins i tot en teixits que normalment s'associen amb episodis curts d’activitat anaerdbica. Aixi, a
través del seu efecte sobre I'is dels nutrients i de les reserves tissulars, I'exercici contribueix a

millorar el creixement del peix, el que pot contribuir a la reducci6 de les pérdues de nitrogen.
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Diets labelled with *C-starch and "’N-protein reveal daily rhythms of nutrients use in
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Les activitats fisiologiques dels animals estan fortament regulades pels ritmes diaris, per tant
I'nora d’ingesta de l'aliment pot actuar com un marcador de ritme que condiciona I'assimilacié
dels nutrients i el seu Us. Es van alimentar tres grups d'orades (per triplicat) durant dos mesos
amb un regim d'alimentaci6 dissenyat que combinava dues dietes diferents: una dieta comercial
(Cd), i una dieta experimental rica en carbohidrats i baixa en proteina (Ed). La combinacié de
les dues dietes en dos apats diaris (a les 10 h'i les 17 h) va donar lloc a 3 régims d'alimentacio,
Cd/Cd, Cd/Ed i Ed/Cd (10 h/17 h). L'objectiu d'aquest treball va ser determinar quins efectes
provoca I'hora en que s’administren els apats i el tipus de dieta, en la transformacié dels
carbohidrats i la retenci6é de la proteina després d'una ingesta forgada marcada amb proteina-
N' i mido-C". Aixo es va dur a terme en dos experiments postprandials, (PF1 i PF2). Tambeé
es va determinar la importancia de que aquest sol apat marcat s’administrés al mati (10 h) o a
la tarda (17 h), evidenciant I'existéncia de ritmes diaris en la composicié proximal del fetge i els
musculs blanc i vermell. La retencié de marcador isotopic en els diversos teixits, va revelar que
els principals canvis metabolics en la distribucié i el desti dels nutrients durant el periode
postprandial es deuen en primer lloc al régim diari d’alimentaci6, perd estan condicionats, en
segon lloc, per I'Gltima ingesta rebuda. La disminuci6é del contingut de proteines de la dieta va
ser compensat per una retenci6 proteica més eficient combinada amb un augment en I's dels
carbohidrats com a font energética. D'altra banda, podem apuntar que els carbohidrats no

s'utilitzen tan eficientment a la tarda com al mati.
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Abstract

Here we examined the use of stable isotopes, [1SC]starch and [15N]protein, as dietary tracers to
study carbohydrate assimilation and distribution and protein utilisation, respectively, by rainbow
trout (Oncorhynchus mykiss). The capacity of glucose uptake and use by tissues was studied,
first, by varying the digestibility of carbohydrate-rich diets (30% carbohydrate), using raw starch
and gelatinised starch (GS) and, second, by observing the effects of two regimens of activity
(voluntary swimming, control; sustained swimming at 1-3 body lengths/s, exercise) on the GS
diet. Isotopic ratio enrichment (13C and 15N) of the various tissue components (protein, lipid and
glycogen) was measured in the liver, muscles, viscera and the rest of the fish at 11 and 24 h
after a forced meal. A level of 30% of digestible carbohydrates in the food exceeded the
capacity of rainbow trout to use this nutrient, causing long-lasting hyperglycaemia that raises
glucose uptake by tissues, and the synthesis of glycogen and lipid in liver. Total 3C recovered
24 h post-feeding in the GS group was lower than at 11 h, indicating a proportional increase in
glucose oxidation, although the deposition of lipids in white muscle (WM) increased. Prolonged
hyperglycaemia was prevented by exercise, since sustained swimming enhances the use of
dietary carbohydrates, mainly through conversion to lipids in liver and oxidation in muscles,
especially in red muscle (RM). Higher recoveries of total >N for exercised fish at 24 h, mainly
into the protein fraction of both RM and WM, provide evidence that sustained swimming

improves protein deposition, resulting in an enhancement of the protein-sparing effect.
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Introduction

The capacity of rainbow trout (Oncorhynchus mykiss) to use dietary carbohydrates is
controversial'™), although several authors have claimed that diets with a high content of
digestible starch (20-30%) can stimulate growth(‘"s). However, while a protein-sparing effect
from lipids has been reported in this species(e_s), there is no clear evidence that carbohydrates
also have a protein-sparing effect. The replacement of fishmeal by plant ingredients is a
common practice in aquaculture, even in carnivorous fish. Since plant sources contain large
amounts of carbohydrates, the use of this alternative energy source is of interest. The physical
state of the animal, the molecular complexity and the amount of starch in the diet influence
carbohydrate digestibility and tolerance, and also the efficiency of fish growth. If the protein
content of the diet is adequate, low levels of gelatinised starches promote growth in carnivorous
fish, such as European eel (Anguilla anguil/a)(g),cod (Gadus morhua)“o), sturgeon (Acipenser
transmontanus)m), Atlantic salmon (Salmo salar)m’m) and turbot (Scophthalmus maximus)m).
As we have shown in brown trout, uptake and use of glucose by tissues depends on plasma
glucose concentration’® and after an aortic glucose overload, almost all tissues increase
glucose uptake. This is particularly true for skeletal muscle, which is the main target of the
glucose load"®. This effect may also be exerted by high levels of dietary carbohydrates,
although, to our knowledge, this has not been measured experimentally.

719 Several fish species,

Fish generally swim aerobically at submaximal velocities'
when made to swim at about 1-3 body lengths/s (BL/s), show improved growth rate and food
conversion efficiency(zo) through the increase of aerobic potential of red muscle (RM) and white
muscle (WM). There is no general agreement on how metabolic fuels support aerobic swimming
in fish®". Protein and lipids were traditionally believed to be the main source of energy during
sustained swimming in teleost fish, and carbohydrate utilisation was considered to be

22729 However, Alsop & Wood®” found that in satiation-fed rainbow trout, protein did

minimal’
not become more important as a fuel source during exercise. Further, Lauff & Wood®", using
respirometric analyses, demonstrated that the most oxidised substrates during moderate
swimming (55-85% U,; critical swimming speed) were lipids, followed by carbohydrates, and
then protein. Kieffer et al.”® also found in rainbow trout that during swimming at 1 or 3 BL/s,
protein use decreased to 15% while the relative contribution of both lipid and carbohydrates

increased. On the other hand, Shanghavi & Weber®

noted that sustained swimming for a
period of 3 h causes a 33% decline in hepatic glucose production, but plasma glucose levels
are maintained stable by closely matching peripheral glucose utilisation. However, glucose
disposal can also be conditioned by the source or type of diet, carbohydrate content, feeding
regimen, gelatinisation process, etc. (reviewed by Hemre et al.(z)). Traditionally, studies on fish
metabolism have used radioactive isotopes, but labelling feed ingredients with radioactive
markers can be harmful to users and the aquatic environment. Stable isotopes are now used to
study protein metabolism in fish. Thus, "N has been administered orally to measure protein

30
)(

synthesis in species such as rainbow trout (O. mykiss)®®, flounder (Pleuronectes flesus)®" or

carp (Cyprinus carpio)®®. In the present study, we used stable isotopes as dietary tracers
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("*Clstarch and ['°N]protein), as a preferred method for tracing dietary nutrient allocation in
fish®®, with the following two aims: (1) to measure the effects of gelatinisation of starch on
[13C]glucose uptake and use by tissues in rainbow trout fed a carbohydrate-rich diet; (2) to
determine the effects of sustained swimming on the efficiency of carbohydrate use in this
species. To our knowledge, there are no studies on routing both carbohydrates and protein

from ["°Clstarch and ['°N]protein added to the diet. This alternative method has allowed us to
show improved assimilation and distribution of dietary carbohydrates, and their protein-sparing

effect in rainbow trout under sustained swimming.
Experimental methods
Experimental design and sampling

Expt 1: effects of raw and gelatinised starch on glucose uptake by tissues of rainbow trout fed

with carbohydrate-rich diets.

Rainbow trout from a local fish farm (Truchas del Segre, Lleida, Spain) were held in the facilities
of the Faculty of Biology (University of Barcelona, Barcelona, Spain) in 1000 litre tanks with
fresh water within a semi-closed system (10% of water renovation daily) with physical and
biological filters, ozone skimmers and continuous aeration at 15°C and a 12 h light—12 h dark
photoperiod. Fish with an average body weight of 180 g were randomly distributed into two
experimental groups (twenty-five fish/tank), which were fed with two experimental diets with a
high level of raw starch (RS) or gelatinised starch (GS) (see diet compositions given in Table 1).
After 1 month, fourteen fish from each group were lightly anaesthetised and then force-fed a
bolus, equivalent to 1% of body weight, with a gastric cannula. Fish were held in separated
tanks for only a few minutes to check the acceptance of the forced meal. Any fish showing
some degree of regurgitation was disqualified, and another one was used in its place. Fish were
returned to their respective tanks and maintained for 11 or 24 h post-feeding. These two periods
were chosen as they represent the post-absorption maximum (11 h) and nutrient use
completion (24 h) time points. Diets were labelled with 3% ['°C]starch (['°C]algal starch; Martek
Biosciences Corporation, Columbia, MD, USA). Another four animals from each group received
the same dietary ration containing non-labelled starch, and they were used to measure the
background level of '3C, to establish the natural abundance (i.e. blank value of each sample). At
11 h after the oral administration of the diets, half of the fish (seven fish fed the diets labelled
with stable isotope plus two fish as blanks) were anaesthetised, killed by sectioning the spinal
cord and sampled. Blood samples from the caudal vessel were centrifuged (12.000 g, 5 min at
4°C) to obtain plasma. Portions of the liver, and WM and RM and viscera (gut plus perivisceral
fat) were excised, frozen in liquid N, and stored at -80°C until analysis, as were the rest of the

fish and plasma samples. The entire sampling procedure took less than 3 min from the death of
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the fish, and the tissues with high glycogen hydrolytic capacity, such as muscle, were frozen

first. After 24 h of forced-feeding, the remaining animals were sampled using the same protocol.

Table 1. Ingredients and chemical composition of the experimental

diets
RS GS
Ingredients (% DM)
Fishmeal CP70 59-10 59-10
CPSP G 5-00 5-00
Crude wheat starch 30-00 0-00
Gelatinised wheat starch 0-00 30-00
Fish oil 2-90 2:90
Binder 1-00 1-00
Mineral premix* 1-00 1-00
Vitamin premixt 1.00 1.00
Proximate composition
Crude protein (% DM) 44.39 44.39
Crude fat (% DM) 10-00 10-00
Digestible protein (% DM) 39-16 39-16
Digestible energy (kJ/g DM) 14.67 16-82
P (% DM) 1.77 1.77

RS, raw starch; GS, gelatinised starch; CPSP G, fish soluble concentrate protein
with high-fat level.

* Supplied the following (mgkg diet, except as noted): calcium carbonate (40%
Ca) 2159, magnesium hydroxide (80 % Mag) 1-24 g, potassium chloride 0-9g,
ferrc citrate 0-2g, potassium iodide 4 mg, NaCl 0-4 g, calcium hydrogen phos-
phate 50 g, copper sulphate 0-3, zinc sulphate 40, cobalt sulphate 2, manganese
sulphate 30, sodium selenite 0-3.

t Supplied the following (mg/kg diet): retinyl acetate 2.58, pL-cholecalciferol 0-037,
DL-x-tocopheryl acetate 30, menadione sodium bisulphite 2.5, thiamin 7.5,
riboflavin 15, pyridoxine 7-5, nicotinic acid 87-5, folic acid 2-5, calcium pantothe-
nate 2.5, vitamin By 0-025, ascorbic acid 250, inositol 500, biotin 1-25, choline
chloride 500.

Expt 2: effects of sustained swimming on the use of carbohydrates by rainbow trout.

Juvenile rainbow trout (with an average weight of 60 g) from the same fish farm were
acclimatised indoors as in the previous experiment. For individual monitoring, sixty fish were
identified with a passive integrated transponder (PIT) tag (Trovan Electronic ldentification
Systems, Madrid, Spain) near the dorsal fin, and were randomly distributed into four 200 litre
circular tanks (fifteen fish/tank) at a density of 4 kg/m3. Of these four tanks, two were kept on
standard rearing conditions, with a water flow of 350 litres/h and vertical water inflow. Fish in
these conditions presented only spontaneous movements (voluntary swimming) and were used
as the control group. The other two tanks (exercise group) were kept in a circular, uniformly
distributed flow of 700 litres/h, induced by the perpendicular water entrance at the surface and a
submerged water pump at the bottom of the tank, isolated from the free-living area. The shape
of the tank prevented the fish from entering a central area of lower velocity, thus guaranteeing
similar swimming velocities throughout the experiment. Consequently, water volume and fish

density were the same as in the control group. This design and water flow resulted in a
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swimming velocity of 1-3 BL/s, measured and adjusted at three different tank depths (surface,
mid-tank and near the bottom) using a low-speed mechanical flow meter (General Oceanics,
Inc., Miami, FL, USA). All fish were kept in the same semi-closed circuit, guaranteeing that
physico-chemical water parameters were the same for both groups, and they were fed twice a
day to apparent satiety with the diet rich in digestible carbohydrates (GS) for 1 month (see diet
composition given in Table 1). Feed intake was recorded daily for each tank and the specific
growth rate (100 x (In final weight - In initial weight)/d) and food conversion ratio (feed intake:
wet body-weight gain) were also calculated for each tank at the end of the experimental period.
After 1 month, eighteen fish from the exercise group and twelve from the control group were
lightly anaesthetised and force-fed with a gastric cannula a ration of 1% of diet labelled with 1%
[15N]Spirulina protein and 3% [13C]algal starch. From each group, two other fish received the
same dietary ration containing similar proportions of non-labelled Spirulina protein and algal
starch. These four fish were used to measure natural abundances of N and "°C in samples
(blank values). After force-feeding, fish were held for a few minutes in separate tanks as
indicated for the first experiment. Then, fish were returned to their respective tanks and
maintained for 11 or 24 h post-feeding (exercise group swam until the moment they were
sampled). At 11 h after feeding, nine fish from the sustained swimming group and six from the
control group were anaesthetized and killed by sectioning the spinal cord. Samples of blood
were extracted from caudal vessels, and then, samples of liver, WM and RM, viscera (gut plus
perivisceral fat) and the rest of the fish were rapidly excised, frozen in liquid N, and stored at -
80°C until analysis. As in the first experiment, the entire sampling procedure took less than 3
min from the death of the fish, and the tissues with high glycogen hydrolytic capacity, such as
muscle, were frozen first. The same procedure was repeated at 24 h post-feeding with the other
nine and six fish from the sustained swimming and control groups, respectively. Although the
initial body weight of rainbow trout differed between the two experiments, all fish can be
considered as juvenile fish in a linear phase of growth. For the exercise trial, we used fish of 60
g constrained by the size and number of the tanks available for implementing sustained
swimming.

Before conducting the animal trials, prior approval of the Comité Etic d’Experimentaci6
Animal de la Universitat de Barcelona (CEEA-UB, Ethics committee) was obtained. The specific

ethics approval number for the protocol was CEEA-96/09.
Plasma analysis and proximal composition of tissue Samples

Plasma was used to determine glucose concentration (Commercial Kit Glucofix, Menarini, Italy)
based on the enzymatic method of glucose oxidase described by Werner et al.®. Tissue
samples (liver, muscles and viscera) were homogenized in liquid N, using a pestle and mortar
to obtain a fine powder. The rest of the fish was homogenised at -20°C using a food
homogeniser (Pacojet AG, Zug, Switzerland). Samples were apportioned for the various

analyses: percentage of lipids, proteins, glycogen and water determination, and one part of the
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sample was used for isotopic analysis. Tissue water content was determined gravimetrically
after drying the samples at 100°C for more than 24 h. Lipids were extracted as described by
Folch et al.®®. The washed lipid extracts were dried under a N, atmosphere and the lipid
content was determined gravimetrically. Protein was purified from defatted samples via
precipitation with 10% (v/v) trifluoroacetic acid. Protein extracts were dried by a vacuum system
(Speed Vac Plus, AR, Savant Speed Vac Systems, South San Francisco, CA, USA) and protein
content was calculated from N obtained by elemental analysis (Elemental Analyser Flash 1112,
ThermoFinnigan, Bremen, Germany), assuming that N content is 1 g for every 6-25 g of protein.
Glycogen was extracted and purified by alcoholic precipitation after alkaline tissue hydrolysis
with 30% KOH in heat®®. Glycogen content was analysed using the anthrone colorimetric

method described by Fraga(37).
5°N and §"°C determination in tissues and expression of results

The enrichments in '>C were determined in both experiments, and the enrichments in *N were
measured in the second experiment. Dried samples of diets and tissues, as well as the purified
lipid, glycogen and protein fractions of each tissue, were lyophilised and ground in a mortar to a
homogeneous powder for isotope-ratio mass spectrometry analysis. Aliquots ranging from 0-3
to 0-6 mg were accurately weighed in small tin capsules (33 x 5 mm; Cromlab, Barcelona,
Spain). Samples were analysed for C and N isotope composition using a Mat Delta C isotope-
ratio mass spectrometry (Finnigan MAT, Bremen, Germany) coupled to an elemental analyser
(Flash 1112) at Barcelona University ‘Serveis Cientifico-Técnics’. Isotope ratios (15N/14N,
3C/'?C) are expressed on a relative scale as deviation, referred as & units with the notation %o,
parts per thousand, relative to the isotope ratio content of international standards: Pee Dee
Belemnite (a calcium carbonate) for C and air for N.

4 values were determined as follows:
8 = ((Rsa/ Rgt) - 1) x 1000,

where R, = *N/™N or *c/'?C of samples and Rq = *N/"N or "®*C/'?C of standards. The same
reference material analysed over the analysis period was measured with about 0-2%o precision
for natural materials and about 0-4%. precision for enriched materials. The & values are

expressed as atom percentage (at %) as follows:

Bcat % =100 x (P*c/ (Pc + *C)),
N at % =100 x ("N / ("N + ™N)).

The net enrichments (atom percentage excess) in 3C and N of glycogen, lipid, protein and
whole tissue were calculated by the difference between the atom percentage of samples and

their corresponding blank values:
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Atom percentage excess = at% sample - at% blank.

Finally, using the values of atom percentage excess, molecular weight and Avogadro’s
number, the results are expressed as the percentage of marker in relation to the ingested dose
(9/100 g ™*C or N ingested) in each tissue fraction (glycogen, lipid and protein), which was

calculated as follows:

100 x ((g BCor PN/ gt fr)x (gt fr./ g tissue) x (g tissue / g b.w.) / (g ingested BCor N/ g
b.w.)) (1

where t. fr. is the tissue fraction and b.w. is the body weight. The free pool of each tissue was
calculated as the difference between isotope levels in the entire organ or tissue and the sum of
the three tissue fractions. So, the measure in an entire organ, or tissue, represents the sum of
all fractions (Eq. (1) + free pool) for ">C or "°N. In whole fish, it was calculated as the sum of all
tissues (liver, WM and RM, viscera and the rest of the fish) for 3¢C or ™N.

For liver and viscera, the exact mass of the total tissue sample was measured by
weighing the entire individual organs from the experimental fish. However, in order to estimate
the total mass of WM and RM, we made accurate dissections of another ten fish under the
same conditions as indicated earlier. The muscle-somatic index (g muscle/100 g body weight)
obtained presented the values of 40% for WM and 4% for RM.

Statistics

Results are presented as means with their standard errors. Unpaired t tests were used to
compare the two experimental groups at 11 and 24 h, respectively, and in the two periods of the
same condition. All statistical analyses were performed using SPSS version 14 (SPSS, Inc.,
Chicago, IL, USA).

Results

Expt 1: effects of raw and gelatinised starch on glucose uptake by tissues of rainbow trout fed

with carbohydrate-rich diets

Plasma glucose levels and tissue proximal composition. The two forms of starch, RS and GS, in
the diets are digested and absorbed at different rates, as reflected in the postprandial plasma
glucose levels shown in Fig. 1. At 11 h after the meal, rainbow trout in the GS group presented
plasma glucose levels 3-fold higher than the RS group (17 and 5-6 mM, respectively). Although
at 24 h after a meal, plasma glucose levels in the GS group decreased by 30%, the

hyperglycaemic situation was maintained (10-3 mM; P<0-05). Higher amounts of assimilated
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carbohydrates also entailed 5-fold higher liver glycogen content in the GS group than in the RS
group (GS, 10-28 (SEM 1-58)% wet weight; RS, 2:02 (SEM 0-29)% wet weight; P<0-05),
causing hypertrophy of the organ (hepatosomatic index: GS, 1-82 (SEM 0-09)% wet weight; RS,
1-29 (SEM 0-03)% wet weight; P<0-05) and a concomitant reduction of the other tissue
components (lipid: GS, 2-7 (SEM 0-2)% wet weight; RS, 4-3 (SEM 0-12)% wet weight; P<0-05;
protein: GS, 11-2 (SEM 0-3)% wet weight; RS, 16-2 (SEM 0-4)% wet weight; P<0-05).
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Fig. 1. Plasma glucose concentration (mM) in rainbow trout fed with the raw starch (RS) and gelatinised
starch (GS) diets, 11 (in black) and 24 h (in white) after force-feeding. Values are means, with their
standard errors represented by vertical bars (n 9). ** Mean values were significantly different between the
RS and GS groups (P<0-01). 1 Mean values were significantly different between 11 and 24 h (P<0-01).

§'°C taken up by tissues. The total recovery of 3C from whole fish and entire organs is shown
in Fig. 2. Changes in this variable paralleled those observed in plasma glucose. Thus, while
there were no differences in the RS group in the 3C recovered between 11 and 24 h (18 and
22%, respectively), higher levels were recovered in the GS group at 11 h (28%), with a marked
decrease at 24 h (18%). The uptake of 3C in RM and WM increased from 11 to 24 h post-
feeding in both groups. Thus, in the RS group, 3C increased by 60% in RM and 78% in WM,
and in the GS group, it increased by 175% in RM and 100% in WM. Taking into account the
total muscle mass of rainbow trout, more than 40% of body weight, the >C taken up by muscles
was the main allocation site of the dietary ['°C]starch (43% of the "°C ingested was recovered in
the RS group and 41% in the GS group).
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Fig. 2. Recovery of '°C (as a percentage of ingested isotope) from entire organs or tissues (WM, white
muscle; RM, red muscle; L, liver; V, viscera; R, the rest of the fish) of rainbow trout fed with the raw starch
(RS) and gelatinised starch (GS) diets, 11 and 24 h after force-feeding. The sum of the stacked bar
represents the total recovery from whole fish (see the Experimental methods section for details of the
calculations). Values are means, with their standard errors represented by vertical bars (n 7). * Mean
values were significantly different between the RS and GS groups (P<0-05). ¥ Mean values were
significantly different between 11 and 24 h (P<0-05).

The comparison of the values of 3C recovered in each tissue fraction (protein, lipid and
glycogen) in liver and WM is shown in Fig. 3. There were clear differences between the two
diets in the fate of nutrients. The highest amount of "°C in the liver of the RS group was found in
protein (36% of total) and in glycogen (32%), with only 8% in lipids. In the GS group, the highest
labelled fraction in liver was lipids (27% of total), then glycogen (19%) and protein (12%) (Fig.
3(a)). In WM, the levels of 3C recovered in protein and lipid components of the GS group
increased significantly between 11 and 24 h post-feeding (Fig. 3(b)). The incorporation of ¢
from dietary starch to muscle glycogen is shown in Fig. 4. No differences were found between
the diets, although there was a significant correlation between 3C levels in glycogen and the
amount of glycogen present in RM (r 0-84, P<0-01) and WM (r 0-94, P<0-001), where "°C
deposition in glycogen in RM was 9-fold higher than that in WM.
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Fig. 3. Recovery of "°C (as a percentage of ingested isotope) from (a) liver and (b) white muscle fractions
(protein, lipid and glycogen) of rainbow trout fed with the raw starch (RS) and gelatinised starch (GS) diets,
11 (in black) and 24 h (in white) after force-feeding (see the Experimental methods section for details of
the calculations). Recovery of >C from the glycogen fraction of white muscle was below the limit of
detection (n.d., not detected). Values are means, with their standard errors represented by vertical bars (n
7). * Mean values were significantly different between the RS and GS groups (P<0-05). 11 Mean values
were significantly different between 11 and 24 h (P<0-01).
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Fig. 4. Relationship between the glycogen content (g / 100 g wet weight (w.w.)) and the percentage of
["*Clglycogen recovered from dietary starch in white muscle (in black; y = 10-315x - 0-2796, R* = 0-8829;
P<0-001) and red muscle (in white; y = 32:18x + 4-316, R? = 0-7049; P<0-01) of rainbow trout.
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Expt 2: effects of sustained swimming on the use of carbohydrates by trout

Food intake, fish growth, plasma glucose levels and tissue proximal composition.
Sustained swimming caused a significant increase in food intake (control, 2:54 (SEM 0-14)%
body weight; exercise, 3-09 (SEM 0-15)% body weight; P<0-05), reflecting higher metabolic
costs but without impairing growth (specific growth rate: control, 2-24 (SEM 0-34)% body
weight; exercise, 2:63 (SEM 0-03)% body weight). The food conversion ratio did not change
significantly (control, 1-32 (SEM 0-37); exercise, 1-36 (SEM 0-11)). Under exercise, plasma
glucose levels increased at 11 h after feeding (P<0-05), but decreased significantly with respect

to the control group at 24 h (Fig. 5).

14y

12F

10F

Glucose (mm)

Fig. 5. Plasma glucose concentration (mM) in rainbow trout subjected to sustained swimming (exercise, E)
or to voluntary swimming (control, C), 11 (in black) and 24h (in white) after force-feeding. Values are
means, with their standard errors represented by vertical bars (n 6, C) and (n 9, E). * Mean values were
significantly different between the two experimental groups (P<0-05). ¥ Mean values were significantly
different between 11 and 24 h (P<0-05).

Proximate composition of liver, RM and WM, at both 11 and 24 h post-feeding, is shown in
Table 2. Exercise modified liver composition due to a transient increase in glycogen content at
11 h and lipid mobilisation at 24 h post-feeding. Fish under exercise increased the glycogen
content in RM and the lipid content in WM.
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Table 2. Proximal composition of liver and muscle in rainbow trout subjected to sustained swimming
(Mean values with their standard errors, n 6)

11h 24h
Control Exercise Control Exercise
Mean SEM Mean SEM Mean SEM Mean SEM
Liver
HSI 1-8 0-11 21 0-25 15 0-09 1.8* 0-08
Liver glycogen (% wet weight) 5.6 0-54 10.3* 1.24 5.2 0-90 7-3 0-58
Liver lipid (% wet weight) 4.2 0-09 4.0 0-11 4.4 0-18 3-4*t 013
Liver protein (% wet weight) 12-8 0-33 11-3 0-76 13-8 0-60 124 0-48
RM
RM glycogen (% wet weight) 0-68 0-09 1-00 0-11 0-52 0-04 0-77* 0-06
RM lipid (% wet weight) 7-2 0-93 81 0-94 7-2 0-37 6-6 0-60
RM protein (% wet weight) 13-4 0-49 16-5 0-53 13-3 0-87 14.4 0-30
WM
WM glycogen (% wet weight) 0-13 0-03 0-08 0-01 0-28 0-10 0-07 0-01
WM lipid (% wet weight) 2.04 0-30 2.88 0-39 1-03t 0-3 3-49* 0-43
WM protein (% wet weight) 17.7 0-42 172 0-32 18.2 0-22 17-5 0-23

HSI, hepatosomatic index; RM, red muscle; WM, white muscle.
* Mean values were significantly different between the two expermental groups (P=<0-05).
T Mean values were significantly different between 11 and 24 h (P<0-05).

§"3C and &"°N taken up by tissues. The recoveries of "°C in glycogen, lipid, protein and free
pool in liver, and WM and RM are shown in Fig. 6. In liver, sustained swimming induced higher
total recoveries of °C (2-fold) with respect to the control group at both 11 and 24 h, also in
parallel with plasma glucose changes. The higher recovery in the liver of the exercise group
was due, in part, to significant depositions of BCin protein and lipid fractions at 11 h (4- and 5-
fold higher, respectively) and in the free pool at 24 h (7-fold increase). In WM, sustained
swimming induced a significantly higher recovery of ¢ (P<0-05), especially due to the recovery
in the free pool at 11 h post-feeding. The 3C recovered in the protein fraction increased at 24 h
(P<0-05) in both groups, but the incorporation of 3C in the other tissue stores (lipid and
glycogen) differed in the two groups. Thus, the control group significantly increased BC in
glycogen (control, 95 (SEM 29) v. exercise, 2:2 (SEM 0-3) mg ['°C]glycogen / 100 g of "°C
ingested; P<0-05), whereas in the exercise group higher deposition of 3C in the lipid fraction
was observed (control, 29 (SEM 12) v. exercise, 92 (SEM 16) mg [**C]lipid / 100 g of *C
ingested; P<0-05). In RM, more than 85% of B labelling was in the free pool, whereas
depositions in protein and glycogen reserves were lower and no deposition was observed in
lipids. However, the exercise group presented lower deposition of 3C in the glycogen fraction

than that of the control group.
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Fig. 6. Recovery of "°C (as a percentage of ingested isotope) from (a) liver, (b) white muscle and (c) red
muscle fractions (protein (®), lipid (), glycogen (B) and free pool (O)) of rainbow trout subjected to
sustained swimming (exercise, E) or to voluntary swimming (control, C), 11 and 24 h after force-feeding
(see the Experimental methods section for details of the calculations). Values are means, with their
standard errors represented by vertical bars (n 6, C) and (n 9, E). * Mean values were significantly different
between the two experimental groups (P<0-05). T Mean values were significantly different between 11 and
24 h (P<0-05).

The recoveries of N in protein and the free pool fractions of liver, and WM and RM are
shown in Fig. 7. Sustained swimming did not modify the N recovery in liver, and the fate of N
from dietary protein revealed the same pattern in WM and RM. The greatest recovery of total
N, due to the higher recovery in the protein fraction, occurred at 24 h in both muscles of the

exercise group (P<0-05).
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Fig. 7. Recovery of N (as a percentage of ingested isotope) from the protein (in black) and free pool (in
white) fractions of the (a) liver, (b) white muscle and (c) red muscle of rainbow trout subjected to sustained
swimming (exercise, E) or to voluntary swimming (control, C), 11 and 24 h after force-feeding (see the

Experimental methods section for details of the calculations). Values are means, with their standard errors
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represented by vertical bars (n 6, C) and (n 9, E). * Mean values were significantly different between the
two experimental groups (P<0-05). + Mean values were significantly different between 11 and 24 h
(P<0-05).

As a summary of all results, Fig. 8 (a) and (b) presents the total recoveries of 3C and N,
respectively, after a single forced meal, including all tissues and fractions. The high c
recovery in whole fish under exercise, although not significantly different than that of the control
group at 11 h, decreased significantly between 11 and 24 h. At 24 h, the total N recovered in

whole fish of the exercise group was significantly higher.
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Fig. 8. Recovery of (a) °C and (b) "°N (as a percentage of ingested isotope) from entire organs or tissues

WM () white muscle; RM (B, red muscle; L (B), liver; v (B), viscera; R (), the rest of the fish) of
rainbow trout subjected to sustained swimming (exercise, E) or to voluntary swimming (control, C), 11 and
24 h after force-feeding. The sum of the stacked bar represents the total recovery from whole fish (see the
Experimental methods section for details of the calculations). Values are means, with their standard errors
represented by vertical bars (n 6, C) and (n 9, E). * Mean values were significantly different between the E
and C groups (P<0-05). T+ Mean values were significantly different between 11 and 24 h (P<0-05).

Discussion

For the first time, two stable isotopes (['*C]starch and ["°’N]protein) have been incorporated into
fish diets as labels to study the fate of both nutrients in a species of reference, the rainbow trout.
The use of [13C]starch allowed us to analyse the distribution of dietary carbohydrates depending
on the degree of gelatinisation. However, we should point out two limitations with this method
that reduces its value for the assessment of the use of [13C]starch: the amount of label lost with
the undigested food and the small amount of glucose lost via the urine in fish with the highest

(15,38)

glycaemia . The long-lasting hyperglycaemia observed in the group fed the GS diet
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indicates higher absorption of carbohydrates in this group than in those fed RS. The digestibility
of the two diets was not analysed in the present study, but we assume that the theoretical
values of 58% for RS and 90% for GS are correct (see Brauge et al.®¥ and Kaushik et al.(4°)).
This assumption is consistent with the postprandial glucose levels measured. Long-lasting
hyperglycaemia in trout was previously seen as a result of feeding a high-carbohydrate diet“"

1942 Many fish species correct hyperglycaemia

(1,43,44)

or of a high glucose dose administrated orally(
following a highcarbohydrate meal less rapidly than endotherms . Apart from the
differences in body temperature and metabolic rate, another reason, at least in rainbow trout, is

49, Key enzymes of

a persistent, high level of endogenous glucose production from the liver
gluconeogenesis in this species are always highly expressed, independently of nutritional
status“®). In the present study, fish fed GS took up much more glucose into tissues, as shown
by their higher plasma glucose levels and higher total recovery of 3C in tissues at 11 h. These
higher uptake rates could contribute to the marked reduction of plasma glucose levels at 24 h in
this group. These results are consistent with our previous study showing that brown trout
(Salmo trutta) after an aortic glucose load labelled with e presented higher glucose uptake
rates into tissues, in proportion to the hyperglycaemia“e).

In the present study, the [13C]glucose dilution was different in the RS and GS groups
due to the similar amount of tracer delivered and the different glycaemia observed. Since the
percentage of total 3C recovered in muscle (WM plus RM) was similar in the two groups (nearly
40% of the total °C recovered), the total amount of glucose taken up by the GS group must
have been higher than that by the RS group. These results also reinforce the idea that skeletal
muscle of rainbow trout is the main peripheral site of glucose disposal, similarly to what was
observed in cod“”, Atlantic salmon“® and brown trout'®. The "*C deposition rate into glycogen
depots in RM was nine times higher than in WM, in agreement with the different capacity of
glycogen repletion of each kind of muscle in exercised rainbow trout“®. So, the importance of
WM as the main site of glucose disposal cannot be overlooked, based on the large relative
mass of the tissue. Higher carbohydrate uptake by the muscles of the GS group caused a
proportional increase in '3C recovered in all muscle reserves, especially in protein and lipid, in
agreement with the results observed in brown trout after an aortic glucose load'®. In rainbow
trout, high dietary levels of digestible carbohydrates increased hepatic lipid content®,
suggesting hepatic lipogenesis from carbohydrates®”. In accordance with these studies, the
present results show that higher glucose uptake in the liver of the GS group produced an
increase of the glycogen depots (observed after 1 month of the GS diet) and the de novo
synthesis of lipids in the liver.

In the present study, nearly 20% of the total @ ingested was recovered at 24 h,
whereas in Atlantic salmon, the "*C recovered ranged between 13 and 15%“®). Differences in
species and in methodological conditions (tracer, starch or glucose) might explain these
discrepancies. Glucose oxidation can be calculated from the difference between ">C ingested
and "*C recovered from the whole fish after 24 h post-feeding, but the values of 82% of glucose

oxidised in the GS group and 77% in the RS group can be overestimates of the actual values
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due to the losses indicated before. The main issue, however, is that the measurement of °C in
tissue stores confirms that excess glucose promotes lipogenesis, leading to significantly higher
depots of newly formed, saturated fat in liver and muscle, even in trout accustomed to this diet.

Summarising all the results of the first experiment, gelatinization of starch improved the
absorption of dietary carbohydrates, causing a long-lasting hyperglycaemia, and glucose uptake
by tissues rose in proportion to the plasma glucose concentrations in the post-absorptive period.
This higher rate of glucose uptake by tissues favoured the synthesis of lipid in the liver. A level
of 30% digestible carbohydrates fed daily, however, exceeds the capacities of rainbow trout to
use this nutrient, as reflected in the hyperglycaemia maintained after 24 h and the deposition of
lipids in WM. Consequently, if these lipids are not consumed as energy fuel, they will be
deposited as saturated fat, which in excess can affect the fish fillet quality. This can be
prevented by increasing energy expenditure through the induction of exercise. In the second
experiment, only the GS diet was used to determine the effects of moderate, sustained
swimming on the use of nutrients as energy fuels. The swimming regimen of 1-3 BL/s for 1
month was used as a ‘metabolic promoter’. In this situation of induced activity, rainbow trout
increased feed intake to compensate for the higher energy costs due to the exercise. Although
Davison & Goldspink(sz) found an increase of food conversion ratio in exercised brown trout fed
chopped liver, no significant differences were observed between the groups in the present
study, perhaps due to the dietary differences. Rainbow trout growth rate showed a tendency to
increase in exercise, in agreement with the results reported by Houlihan & Laurent® and
Farrell et al.®".

A carbohydrate-rich diet fed under exercise also induced transitory hyperglycaemia 11 h
post-feeding, but glycaemia returned to control values at 24 h. This transitory hyperglycaemia in
the swimming group is attributed to higher food ingestion. As indicated before, the maintenance

“#5%9) can contribute

of hepatic gluconeogenesis in rainbow trout feeding carbohydrate-rich diets
to hyperglycaemia. As observed in the first experiment, hyperglycaemia raised glucose uptake
rates in liver and WM. Thus, in liver, the total recovery of 3¢ was 2-fold higher in the exercise
group, indicating greater uptake and deposition into the various tissue reserves. The
postprandial variation of glycogen content, related to glycaemia, was evidence of higher
carbohydrate uptake and use in exercised fish than in controls. Moreover, hepatic lipogenesis
from dietary carbohydrates was also enhanced and, combined with the lower level of liver fat in
the exercise group at the end of the experiment, this observation supports the idea of higher
mobilisation of hepatic lipids to extrahepatic tissues. The increase in muscle lipid content in the
exercised rainbow trout, in agreement with the increase in muscle lipid content found in several

52,56,57)

fish species under exercise conditions' , should in part be caused by such mobilisation.

©® mediated by an enhancement of

Fish rely mainly on fatty acids to fuel submaximal exercise
lipoprotein lipase activity in RM®®. However, the origin of these lipids has not been traced
previously. The addition of [13C]algal starch to the diet enabled us to ensure that lipid
synthesised de novo in the liver is mobilised and transported to skeletal muscles and oxidised

or used to replenish stores. The present results on the lack of 3C in the lipid fraction of RM
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support the notion that lipids are highly used as aerobic energy fuel by this tissue, as reported
by Magnoni & Weber®. On the other hand, the balance in WM results in a net lipid deposition.
Additional information can be drawn from high levels of '3C recovered in the free pool of RM.
This labeling corresponds to several kinds of molecules of the intermediary metabolism and is
indicative of the higher metabolic activity of RM. During moderate and sustained swimming, RM
burns not only fatty acids provided by the liver, but also glycogen. The present results support
that dietary carbohydrates play a key role in muscle metabolism during exercise. Moreover,
West et al.®? reported a 30-fold rise in glucose use by RM in rainbow trout under a steady
swimming speed at 80% U, Non-protein energy sources spare dietary protein from oxidation
as fuel, thus releasing it for growth. Thus, high protein efficiency ratios in rainbow trout fed diets

4,60

containing about 30% of digestible carbohydrates have been reported( ) In the present study,

the use of [15N]protein as a dietary tracer allowed us to measure the amount of protein allocated

to the main tissues following a single meal. Houlihan & Laurent®?

reported that both protein
synthesis and protein degradation increased in exercised rainbow trout, leading to increased
growth rate. In the present study, the greatest recovery of total >N for exercised fish at 24 h,
mainly in the protein fraction of RM and WM, is evidence that exercise improves protein
deposition. Exercise may also reduce N wastes. In conclusion, one forced-feeding with labelled
nutrients, [13C]starch and [15N]protein, has allowed us to show that sustained swimming in
rainbow trout improves the use of digestible carbohydrates and of lipid and glycogen depots,

resulting in an enhancement of the protein-sparing effect.
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Abstract

To determine the effects of sustained swimming on the use and fate of dietary nutrients in
gilthead sea bream, a group of fish were forced to undertake moderate and sustained swimming
(1.5 BL 3'1) for 3 weeks and compared with a control group undertaking voluntary activity. The
exercise group showed a significant increase in specific growth rate (C: 1.13 £ 0.05; E: 1.32
0.06 % day'1, P<0.05) with no significant change in food intake (C: 3.56 + 0.20; E: 3.84 + 0.03 %
of body weight). The addition of '3C-starch and "°N-protein to a single meal of 1% ration allowed
analysis of the fate of both nutrients in several tissues and in their components, 6 and 24 h after
force-feeding. In exercised fish improved redistribution of dietary components increased the use
of carbohydrates and lipid as fuels. Gilthead sea bream have a considerable capacity for
carbohydrate absorption irrespective of swimming conditions, but in trained fish 3C rose in all
liver fractions with no changes in store contents. This implies higher nutrient turnover with
exercise. Higher retention of dietary protein (higher "N uptake into white muscle during the
entire post-prandial period) was found under sustained exercise, highlighting the protein-sparing
effect. The combined effects of a carbohydrate-rich, lowprotein diet plus sustained swimming
enhanced amino acid retention and also prevented excessive lipid deposition in gilthead sea

bream.
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Introduction

In recent years, scientific advances in our knowledge of the physiology and metabolism of
several fish species have improved aquaculture management. The increasing demand for fish
meal protein makes that alternative sources of energy should be a requirement for the
sustainable development of this industry (Watanabe 2002; Gatlin et al. 2007; Tacon et al. 2010;
Kaushik and Seiliez 2010). One approach would be to find fish species naturally adjusted to
obtain energy from non-protein sources. Saving dietary amino acids for growth instead of using
them for oxidative purposes (known as the protein-sparing effect) implies that the total amount
of carbohydrates or lipids has to be increased in fish diets. Several studies have assayed
different proportions of dietary non-protein energy sources (lipid and carbohydrate) in different
species (rainbow trout, Brauge et al. 1995; brown trout, Arzel et al. 1998; dentex, gilthead sea
bream and sea bass, Company et al. 1999; gilthead sea bream, Vergara et al. 1999). The use
of dietary lipids instead of protein is well established in fish; even in some cases very high-lipid
inclusion in the diet have caused some problems as hepatomegalia and excessive lipid
accumulation in the white muscle. However, the effect of carbohydrates saving protein for
growth (i.e., the entry of high amounts of carbohydrates in the energy production pathways)
remains controversial, particularly in marine fish species (Peres et al. 1999; Enes et al. 2011).
Classically, carnivorous fish have been described as diabetics or at least with a limited ability to
metabolize glucose (Wilson 1994; Moon 2001; Hemre et al. 2002; Panserat and Kaushik 2002;
Stone et al. 2003). High intake of digestible carbohydrate results in prolonged post-prandial
hyperglycaemia that persists for many hours in rainbow trout (Bergot 1979; Kaushik and Oliva-
Teles 1985; Brauge et al. 1994). However, carbohydrates can promote growth in rainbow trout,
because glucose is the preferred oxidative substrate for nervous tissue and blood cells. As
carbohydrate digestibility has been increased in modern fish commercial diets through starch
extrusion, it has re-opened the discussion about how these carbohydrates affect growth, feed
utilization and nutrient deposition. Also carbohydrates in the diet can depress the high rate of
amino acids use in gluconeogenic pathways (Cowey et al. 1977; Sanchez-Muros et al. 1996).

Gilthead sea bream is one of the most important cultured fish in the Mediterranean
areas, explaining the high numbers of studies about the physiology of this species. Surprisingly,
only few studies have focused on the metabolism of carbohydrates and their effects promoting
growth (Meton et al. 1999; Couto et al. 2008; Enes et al. 2008). Previous studies from our group
suggest that gilthead sea bream can use carbohydrate more efficiently as energy fuel than other
teleosts, especially salmonids. Enes et al. (2010) found that dietary carbohydrate complexity did
not affect growth performance but that feed utilization was more efficient for complex
carbohydrate than for glucose.

The activity of a-glucosidase in gilthead sea bream whole intestine was almost twice as
much in European sea bass (Papoutsoglou and Lyndon 2005), indicating that gilthead sea
bream have a higher capacity to digest carbohydrates than European sea bass. High-

carbohydrate, low-protein diets stimulated 6-phosphofructokinase, pyruvate kinase, glucose-6-
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phosphate dehydrogenase and 6-phosphogluconate dehydrogenase activity in the liver of
gilthead sea bream but decreased alanine aminotransferase activity (Metén et al. 1999). High-
carbohydrate, low-protein diets increased glucokinase (GK) expression (Caseras et al. 2002)
and thus allowed metabolic adaptation favouring glycolysis over gluconeogenesis. Gut transit
times and enzyme activities indicate differences that could affect the nutritional value of the
carbohydrate sources evaluated (Venou et al. 2003). Although it has been suggested that diets
containing around 20% digestible carbohydrates ensure high digestibility, growth and feed
utilization in this species (reviewed by Enes et al. 2011), other studies did not find any big
adverse effects on fish growth rate with higher inclusion levels (Metén et al. 1999; Venou et al.
2003).

Such studies on fish nutrition have paid more attention to nutrient substitution than their
assimilation, deposition and use. Discrepancies in the results are related not only to differences
in dietary composition, but also to the feeding strategies (Enes et al. 2011 review) and
maintenance conditions used in the different studies. There is a delicate equilibrium in the
interchange of molecules in the different pathways of intermediary metabolism, because none of
the compounds involved can be modified without affecting the function of the others. So, it is
necessary to provide the most efficient supply of nutrients to use as energy providing fuels, as
growth-promoting structures and as tissue depots between meals. Obviously, the nutrients
required also depend on energy requirements. Exercise is closely related to energy
consumption and feeding, and it has been associated with animal welfare and improved growth
in most animals including various fish species. Husbandry can reduce physical activity and
animal performance, and it is well known that wild fish show superior swimming performance to
fish kept in captivity, including the brook trout (Vincent 1960), coho salmon (Brauner et al.
1994), Atlantic salmon McDonald et al. 1998) and gilthead sea bream (Basaran et al. 2007).
Pelagic fish can easily be exercised in artificial rearing conditions by forcing them to swim
against a current, because this is a reflex. Swimming activity changes the amount and
proportion of nutrients used by fish, especially in their muscles, and several reviews have been
dedicated to this topic (Davison 1997; Palstra and Planas 2011). From a practical point of view,
moderate and sustained activity has also been used to improve growth rate and food
conversion efficiencies in fish (Jorgensen and Jobling 1993; Davison 1997). Indeed, swimming
speeds of up to 1.5 body lengths per second (BL.s'1) are acceptable for training fish without
adverse effects on growth rates (reviewed by Davison 1997). Although gilthead sea bream is
now the main species cultivated in the Mediterranean area, there has only been one study of
the costs of swimming at different speeds in this species (Steinhausen et al. 2010). These
authors found that gilthead sea bream swimming at 1.5 BL.s™ accounted for 30-40% of critical
velocity (Ugt). Thus, animals were swimming at moderate, but sustained, velocity for a long
period.

The aim of the present study was to analyse the effects of sustained swimming on the
use and fate of dietary protein and carbohydrates labelled with N and °C to trace the

intermediary metabolism of gilthead sea bream, nutrient uptake by the main organs and
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deposition into stores. Prior to the current study, we conducted a pilot experiment to validate
labelling in rainbow trout and gilthead sea bream (Beltran et al. 2009) and another one to
demonstrate that sustained swimming in rainbow trout improves growth, feed intake and
carbohydrate use (Felip et al. 2012). We should note that there are no previous studies of the
relationship between nutrition and swimming in gilthead sea bream. Our results show that, as
exercise improves fish growth and the use of carbohydrates, feed efficiency should increase

because feed intake does not change significantly.
Materials and methods
Experimental design and sampling procedures

Juvenile gilthead sea bream (Sparus aurata L.) were purchased from a local commercial
supplier (Cripesa, Tarragona, Spain) and were held in indoor facilities at the Faculty of Biology
(University of Barcelona, Barcelona, Spain) in 400-I seawater tanks equipped with a semi-
closed recirculation system with physical and biological filters, ozone skimmers and continuous
aeration at 22°C and photoperiod 12L/12D, with a 35% weekly seawater renewal rate.
Temperature, flow, oxygen concentration and water characteristics such as pH, nitrite and
nitrate parameters were recorded daily. Fish were acclimated to an experimental carbohydrate-
rich diet (see Experimental diet composition in Table 1), and the amount supplied was adapted
to the daily level of ingestion. After this acclimatization period, all fish were lightly anaesthetized
and fitted with a passive integrated transponder (PIT) tag (Trovan Electronic Identification
Systems, Madrid, Spain) near the dorsal fin to allow subsequent identification and individual
monitoring. Fish were weighed and randomly distributed in four trial tanks (initial weight 50-60
g). In two of the experimental tanks (sustained swimming group, E) the water supply was
modified to produce a circular, uniformly distributed flow of 700 litres/h, induced by the
perpendicular entrance of water at the surface and a submerged water pump at the bottom of
the tank, isolated from the free-living area. The shape of the tank prevented the fish from
entering a central area of lower velocity, tus guaranteeing similar swimming velocities
throughout the experiment. Both water volume and fish density were the same as in the control
group. This design and water flow resulted in a sustained swimming velocity of 1.5 BL.s™”,
measured and adjusted at three different tank depths (surface, mid-tank and near the bottom)
using a low-speed mechanical flow meter (General Oceanics, Inc., Miami, FL, USA). In the
other two tanks fish were held in standard rearing conditions, with a water flow of 350 I/h and
vertical water inflow. Fish in these conditions (control group, C) showed only spontaneous
movements (voluntary swimming). During the experimental period of 3 weeks both groups were
fed twice a day (9:30 a.m. and 5:30 p.m.) until apparent satiety with an experimental diet rich in
digestible carbohydrates. Food intake was recorded on a daily basis for each tank and the
specific growth rate (SGR = 100 x (In final weight - In initial weight) / day) was calculated for

each individual of each tank at the end of the experimental period.
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Table 1 Ingredients and chemical composition of the experimental
diet

Ingredients and additives (g/kg)

Fish meal 450
Gelatinized wheat starch 470
Fish oil 70
Vitamins 10

Praximate compasition (% DM)

Crude protein 37.15
Crude fat 12.51
Crude carbohydrates 40.04
Crude fibre 1.77

Total ashes 8.52

Gross energy 19.3 MJ/kg

After 3 weeks, 20 fish were randomly sampled from each group (E and C), lightly anaesthetized
and force-fed a bolus, equivalent to a ration of 1 % of diet labelled with stable isotopes (3% c
algal starch and 1% °N Spirulina protein; Martek Biosciences Corporation, Columbia, MD,
USA) using a gastric cannula. Two other fish from each group received the same dietary ration
containing similar proportions of non-labelled Spirulina protein and algal starch. These four fish
were used to determine the natural abundance of "N and "°C in the samples (blank values).
After force-feeding, fish were held for a few minutes in separate tanks to check the acceptance
of the forced meal. Any individual showing a degree of regurgitation was disqualified and
another fish was used in its place. The food ingested by each animal was recorded to calculate
the percentage of label ingested. Fish were then returned to their respective tanks and
maintained for 6 or 24 h postfeeding (the exercise group were swimming until the point of
sampling). These two periods were chosen as they represent the times of maximum post-
absorption (6 h) and nutrient use completion (24 h). Six hours after forcefeeding, ten fish from
each group plus two more fish from each group as blanks were anaesthetized and killed by
sectioning the spinal cord. The final body weight, body length and body indices (hepatosomatic,
muscle-somatic and perivisceral fat content) were recorded and blood samples were extracted
from the caudal vessels using EDTA-Li as an anticoagulant. Plasma was obtained by
centrifuging the blood at 13,000xg for 5 min at 4°C and then kept at -80°C until analysis.
Samples of liver, white muscle, viscera (gut plus perivisceral fat) and the rest of the fish were
rapidly excised, frozen in liquid N, and stored at -80°C until analysis. The entire sampling
procedure took less than 3 min from the death of the fish, and tissues with high glycogen
hydrolytic capacity, such as muscle, were frozen first. The same procedure was repeated at 24

h postfeeding with the other ten fish from each group plus two more fish as blanks.
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Analytical procedures

A commercial kit (Commercial Kit Glucofix, Menarini, ltaly) based on the enzymatic method of
glucose-oxidase described by Werner et al. (1970) was used to determine the plasma glucose
concentration. Tissue samples (liver, muscle and viscera) were homogenized in liquid N, using
a pestle and mortar to obtain a fine powder, and the rest of the fish was homogenized at -20°C
with a food homogenizer (Pacojet AG, Zug Switzerland). Samples were shared out for the
analysis of percentage lipids, proteins, glycogen and water content, and one part of the sample
was used for isotopic analysis. Tissue water content was determined gravimetrically after drying
the samples at 100°C for more than 24 h. Lipids were extracted according to the method
described by Folch et al. (1957). The washed lipid extracts were dried under a N, atmosphere
and the lipid content was determined gravimetrically. Protein purification was carried out using
defatted samples via precipitation with 10% (v/v) trifluoroacetic acid. The proteins were dried
using a vacuum system (Speed Vac Plus, AR, Savant Speed Vac Systems, South San
Francisco, CA, USA), and protein content was calculated according to the nitrogen obtained by
elemental analysis (Elemental Analyser Flash 1112, ThermoFinnigan, Bremen, Germany)
assuming the following conversion factor: 1 g of nitrogen corresponds to 6.25 g of protein.
Glycogen extraction and purification were carried out via alcoholic precipitation after tissue
hydrolysis using 30% KOH (Good et al. 1933). Glycogen content was analysed using the
anthrone colorimetric method described by Fraga (1956).

5"°N and §"C determination in tissue

The "C enrichment in the whole tissue and in the main components (glycogen, lipids and
proteins) of each sampled tissue and the >N enrichment in the whole tissue and in the protein
fraction of each tissue were analysed using an elemental analysis isotope ratio mass
spectrometer (IRMS). Dried samples of diets and whole tissues, as well as the purified lipid,
glycogen and protein from each tissue, were lyophilized and ground in a mortar to a
homogeneous powder for isotopic analysis. Aliquots ranging from 0.3 to 0.6 mg were accurately
weighed in small tin capsules (3.3 x 5 mm, Cromlab, Barcelona, Spain). Samples were analysed
for C and N isotope composition using a Mat Delta C isotope-ratio mass spectrometer (Finnigan
MAT, Bremen, Germany) coupled to an Elemental Analyser (Flash 1112) (at Barcelona
University SCT). The EAIRMS burned the samples and converted them into gas (N, and COy,).
That gas was transported in a continuous helium (He) flux to determine the percentage carbon
and nitrogen in the sample. The isotope ratios (**C/™?C, "*N/*N) in the samples were compared
with reference gases (N, and CO,) and were expressed on a relative scale as deviation,
referred to as delta (3) units using the notation %o, parts per thousand, relative to the isotope
ratio content of international standards: PDB (Pee Dee Belemnite, a calcium carbonate) for C

and air for N.
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Delta values were determined as follows:
8 =[(Rsa/ Rgt) — 1] x 1000,

where Ry = "N/™N or *C/™C of samples and Ry = "N/™N or C/'?C of international
standards. The same reference material analysed during the analysis period was measured
with about 0.2%o precision for natural materials and about 0.4%o precision for enriched materials.

The & values were expressed as atom percentage (at %) as follows:

Bc at % =100 x ("*c / ("°c + "*C)),
N at % =100 x ("N / ("°N + "N)).

The net enrichment (APE (atom percentage excess)) of °C and "°N in glycogen, lipid,
protein and whole tissue was calculated by the difference between the atom % of samples and

their corresponding blank atom % values:
APE = at% sample - at% blank.

Finally, using the APE values, molecular weight and Avogadro’s number, the results
were expressed as the percentage of marker in relation to the ingested dose (g/100 g 13C or
15N ingested) in each tissue fraction (glycogen, lipid and protein), which was calculated as

follows:

100 x ((g PCor "N /gt fr.)x (g t. fr. / g tissue) x (g tissue / g b.w.) / (g ingested °C or N / g
b.w.) (1)

where t. fr. is the tissue fraction and b.w. is the body weight. The free pool of each tissue was
calculated as the difference between isotope levels in the entire organ or tissue and the sum of
the three tissue fractions. So, the value in an entire organ, or tissue, is the sum of all fractions
(Eq. (1) + free pool) for "*C or "°N. In whole fish, this was calculated as the sum of all tissues
(liver, WM, viscera and the rest of the fish) for 3C or °N.

For liver and viscera, the exact mass of the total tissue sample was calculated by
weighing the entire individual organs from the experimental fish. However, to estimate the total
mass of the WM, we accurately dissected another ten fish under the conditions indicated earlier.
The musclesomatic index (g muscle/100 g body weight) obtained was 38.04% x 0.79 for the
WM of exercised fish and 38.68% + 0.68 for the WM of control fish (P<0.05).
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Statistics

Data for all parameters are presented as mean + standard error of mean. Differences of body
weight, food intake and SGRs were obtained from Two-way ANOVAs, with tank and conditions
(control vs exercise) as the two factors. For the rest of analysis, unpaired T-tests were used to
compare the two experimental groups and the two post-prandial times, 6 and 24 h, within the
same condition. Differences were considered statistically significant for P<0.05. All statistical

analyses were performed using SPSS Statistics v.17.0 (SPSS Inc., Chicago, lllinois).
Results

Sustained, moderated swimming for 3 weeks led to an increase in final body weight in gilthead
sea bream, although this increase was not significant due to individual variability (Control group
(C): 70.15 + 1.76; Exercise group (E): 74.15 £ 1.70 g). Nevertheless, the increase in the specific
growth rate in exercised fish was significant (SGR, C: 1.13 £ 0.05; E: 1.32 + 0.06% day'1,
P<0.05) despite there being no significant change in food intake (C: 3.56 + 0.20%; E: 3.84 +
0.03% b. w.). The tissue composition of liver and white muscle is presented in Table 2, showing
very similar values in both groups, with the exception of a transitory increase in lipid content at 6

h post-feeding in the white muscle of exercised fish.

Table 2 Effect of the activity to the proximal composition of liver and white muscle in gilthead sea bream

6 h 24 h

Control Exercise Control Exercise
Liver
HSI 1.99 + 0.11 1.94 + 0.14 1.80 £ 0.15 2.04 + 0.06
Liver water (% w.w.) 62.9 + 1.02 64.0 & 0.68 61.2 + 0.57 60.67 £ 0.54™
Liver glycogen (% w.w.) 11.9 + 0.59 12.9 + 0.80 10.6 + 1.21 11.1 = 0.67
Liver lipid (% w.w.) 13.2 + 0.66 11.3 + 0.59 11.7 + 0.88 11.0 + 0.71
Liver protein (% w.w.) 7.9 £0.39 7.8 £0.08 7.7 £0.34 7.7 033
White muscle
MSI 38.68 = 0.68 38.04 = 0.79 38.68 £ 0.68 38.04 £ 0.79
WM water (% w.w.) 76.0 £ 0.29 77.0 £ 0.22% 76.4 £ 0.29 76.1 £ 0.24"
WM glycogen (% w.w.) 0.15 £ 0.02 0.07 £ 0.01% 0.14 = 0.04 0.12 £ 0.04
WM lipid (% w.w.) 3.7 £ 050 9.5 + 1.24% 6.9 £+ 0.96™ 4.7 £ 0427
WM protein (% w.w.) 18.2 + 0.41 18.4 £+ 0.17 18.7 £ 0.18 19 +0.19*

Values are mean + SEM. n = 10
* Significant differences (P < 0.05) between the two experimental groups and + between 6 and 24 h

Six hours after force feeding a carbohydrate-rich diet, a significant, but transitory
increase in plasma glucose levels were seen in the C and E groups. These levels were twofold
higher than those recorded 24 h post-feeding, and the changes in plasma glucose profiles were
also similar in each group (Fig. 1). Thus, irrespective of the exercise regime, gilthead sea bream

showed a notable capacity for carbohydrate absorption and distribution.
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Fig. 1 Plasma glucose concentration (mM) in gilthead sea bream subjected to sustained swimming (E) or
to voluntary swimming (C), at 6 and 24 h after force-feeding. Mean values with their standard errors, n 10.
* Significant differences between the two experimental groups (P<0.05); + significant differences between
6 and 24 h (P<0.05)

The labelling of the forced meal with 3 % starch-'C and 1 % protein-"°N allowed us to measure
the levels of post-prandial nutrient distribution at 6 and 24 h, reflecting the peak in assimilation
and the daily total use, respectively. Total ¢ recovery in whole fish decreased markedly from 6
to 24 h (percentage of "°C ingested: 24 and 26% at 6 h, 13 and 15% at 24 h) with no significant
differences between groups (see Fig. 5a below for a more detailed explanation of these results).
At 6 h post-feeding, transitory increases in B deposition were observed in the liver (up to 5%)
and viscera (4.5%). In the liver, 3C was found mainly in the tissue fractions of glycogen and
freepool (i.e., 3¢C soluble intermediary metabolites) (Fig. 2a), whereas in the viscera 3C was
found in the protein and free-pool fractions (Fig. 3a) with no significant differences between E
and C groups. At 24 h post-feeding, '°C recovery from the liver and viscera markedly
decreased, revealing the transient role of the gut and liver and the plasticity of liver stores.
However, although the liver lipid contents of the two groups were similar, the amount of °C
taken up from dietary starch into the hepatic lipid fraction by the exercised group 24 h post-
feeding was twofold higher than that of the control group, indicating a significant increase in
lipogenesis under exercise. Likewise, N recovery from the whole liver showed the same
pattern as that of "°C (Fig. 2b). Dietary "°N-protein was rapidly incorporated into the whole liver
at 6 h, but its fate at 24 h was dependent on swimming condition (3.5+ 0.1 Cand 4.2+ 0.3 E
g/100 g ingested N P<0.05). Recovery of '*N from whole viscera tissue (Fig. 3b) followed the
same pattern as that in the liver, showing significantly higher N deposition in the protein

fraction in the exercised group at the end of the postprandial period.
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Fig. 2 Recovery of *c (a) and °N (b) (as percentage of ingested isotope) from liver fractions (protein,
lipid, glycogen and free pool) of gilthead sea bream subjected to sustained swimming (E) or to voluntary
swimming (C), 6 and 24 h after force-feeding. Mean values with their standard errors, n 10. * Significant
differences between the two experimental groups (P<0.05); + significant differences between 6 and 24

hours (P<0.05)
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Fig. 3 Recovery of Bc (a) and N (b) (as percentage of ingested isotope) from viscera fractions (protein,

lipid and free pool) of gilthead sea bream subjected to sustained swimming (E) or to voluntary swimming

(C), 6 and 24 h after force-feeding. Mean values with their standard errors, n 10. * Significant differences
between the two experimental groups (P<0.05); + significant differences between 6 and 24 hours (P<0.05)
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The recovery of °C and '°N from components of the white muscle of gilthead sea bream is
shown in Fig. 4a, b, respectively. At 6 h, labelled carbon was mainly found in the free-pool
fraction, with the exercised group showing significantly higher incorporation of carbon from
dietary starch into the muscle protein fraction. After 24 h, 3C levels in the total white muscle
mass of exercised fish were 15-20% higher than in the control group. '°N recovery in white
muscle of exercised fish was also higher, mainly in the protein fraction, indicating greater

protein incorporation into the muscle and dietary protein retention in this group compared with

the control.
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Fig. 4 Recovery of °C (a) and "N (b) (as percentage of ingested isotope) from white muscle fractions
(protein, lipid, glycogen and free pool) of gilthead sea bream subjected to sustained swimming (E) or to
voluntary swimming (C), 6 and 24 h after force-feeding. Mean values with their standard errors, n 10. *
Significant differences between the two experimental groups (P<0.05); + significant differences between 6

and 24 hours (P<0.05)

To summarize the results, Fig. 5a, b show the total 3¢ and N recovery (sum of all
organ or tissue recoveries) from a single meal in whole fish. Sustained swimming in the
conditions studied led to higher retention of both *c (via nutrient transformation and isotope
retention in protein and lipid fractions) and °N (by retention), especially in the protein fractions.
It should also be noted that all observed differences between exercised and control gilthead sea

bream were achieved after only 3 weeks of sustained swimming at 1.5 BL.s™.
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Fig. 5 Recovery of °C (a) and "N (b) (as percentage of ingested isotope) from entire organs or tissues (L,
liver; WM, white muscle; V, viscera; R, the rest of the fish) of gilthead sea bream subjected to sustained
swimming (E) or to voluntary swimming (C), 6 and 24 h after force-feeding. The sum of the stacked bar
represents the total recovery from the whole fish (see “Materials and Methods” for details of calculations).
Mean values with their standard errors, n 10. * Significant differences between E and C group (P<0.05); +
significant differences between 6 h and 24 h (P<0.05)

Discussion

Gilthead sea bream has become, at least among marine teleosts, a clue species for aquaculture
because it has been the subject of many studies of fish physiology during the last three
decades. Nevertheless, the effects of spontaneous and forced activity on its physiology,
especially energy demands and use, have received little attention. The present work is the first
demonstration of the improvement in the assimilation and distribution of dietary nutrients in
gilthead sea bream in response to sustained swimming activity of 1.5 BL.s™. After 3 weeks of
this regime, the exercised group grew better than the control group (under voluntary activity)
without increasing feed intake. The significantly higher growth rate of the exercised gilthead sea
bream indicates an improved use of energy sources other than dietary protein, whose ingestion
was similar in the two groups. Higher growth rates have also been reported in other fish species
subjected to exercise, such as the brown trout (Davison and Goldspink 1977), rainbow trout
(Houlihan and Laurent 1987; Farrell et al. 1990), Atlantic salmon (Totland et al. 1987) and Arctic
charr (Adams et al. 1995). Our group (Felip et al. 2012) observed in rainbow trout under
exercise a tendency to better growth but increasing food ingestion. Nevertheless, Christiansen
and Jobling (1990) reported on Arctic charr that the improved weight gain in the exercising fish
does not appear to be due primarily to increased food consumption, but is rather the result of
better fish feed efficiency. In the present study, the proportion of protein in the experimental diet
was low (37.2% DM), especially in comparison with the levels proposed by the majority of

nutritionists (around 45% DM) for this species, size of fish, and rearing temperature. It should,

119



Olga M@ Felip Arias Publicacions: Capitol Il

however, be noted that the animals in our study were fed to apparent satiety, so total food
intake was not limited by the experimental procedure.

Compared with mammals, food intake control is relatively unknown in fish. Fish eat not
only to satisfy their energy requirements, suggesting a possible role of energy or nutrient
utilization, and thus of nutrient source, in food intake regulation in fish (Saravanan et al. 2012).
We hypothesize that the correct combination of dietary composition and exercise may improve
growth, and we have done it because gilthead sea bream grew more after 3 weeks of sustained
swimming without increasing food intake. Nahhas et al. (1982) and Bagatto et al. (2001)
reported that long-term exercise improved swimming efficiency in rainbow trout and zebrafish by
reducing the metabolic costs of aerobic swimming. Likewise, Steinhausen et al. (2010) found
that the oxygen consumption of gilthead sea bream under sustained swimming at 0.5-1.5 BL.s™
was not higher than that of fish swimming voluntarily with spontaneous activity. These authors
demonstrate that the costs of spontaneous activity may be high and even comparable to those
of a fixed, moderate swimming speed. In this sense, sustained swimming at optimal speeds
also reduces aggressive interactions in Arctic charr, and such interactions are associated with
anaerobic peaks of energy consumption (Adams et al. 1995). Lowered plasma cortisol levels
have been reported for Atlantic salmon that was subjected to moderate exercise of between 0.5
and 1.5BL.s" (Boesgaard et al. 1993; Herbert et al. 2011), which improve animal welfare. Thus,
some fish species can swim and grow at the same time suggesting either that multiple
metabolic costs are easily balanced or that some form of behavioural or physiological efficiency,
including changes in digestive and assimilation capacities, arise in response to long-term
exercise as it has been proposed by Christiansen et al. (1991) and Adams et al. (1995) in Arctic
charr, and by Brown et al. (2011) in New Zealand yellowtail kingfish.

The use of carbohydrate as nutrient varies according to species, size of fish, levels of
dietary carbohydrates, and the kind of feed ingredient and digestibility (reviewed by Hemre et al.
2002). The inclusion of carbohydrates in the diet at appropriate levels can improve growth
performance, even in carnivorous fish species (Degani et al. 1986; Hemre et al. 1989, 1995;
Hung et al. 1989; Stephan et al. 1996; Hemre and Hansen 1998). However, the controversy is
open because other studies have found no improvement in growth rate, despite its not being
detrimental to growth at certain amounts or with certain kinds of carbohydrate (Peres and Oliva-
Teles 2002; Enes et al. 2006, 2008). The transitory increase observed in this study in plasma
glucose levels at 6 h and the similar decline at 24 h post-feeding in both groups revealed that
gilthead sea bream have the capacity to incorporate and use a high proportion of carbohydrates
from the diet. For many years it has been considered that the use of dietary carbohydrates for
energy purposes in carnivorous fish species is limited or at least low (see reviews by Wilson
1994 and Hemre et al. 2002), so anything that would promote the use of dietary carbohydrates
as energy fuel, i.e., sustained swimming, should have beneficial effects. Thus, the long-lasting
post-prandial hyperglycaemia produced by the ingestion of a carbohydrate-rich diet in rainbow
trout (Bergot 1979; Wilson 1994; Hemre et al. 2002; Stone 2003) becomes transitory

hyperglycaemia when the animals are forced to exercise (Felip et al. 2012). In the present
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study, gilthead sea bream fed with a carbohydrate-rich diet showed only short-transient
hyperglycaemias. This was also seen in the group under voluntary activity. Thus, we expect that
the beneficial effects of sustained exercise on the use of this diet may be greater in gilthead sea
bream than in trout. The observed improvement of fish growth due to moderate, sustained
swimming can be explained by tracing the use of two main nutrients (carbohydrate and protein)
with °C and ™N, respectively. Regardless of activity and in parallel with the transient
hyperglycaemia, the highest amount of ">C recovered from gilthead sea bream liver at 6 h was
in the glycogen fraction, showing that in both groups ingested carbohydrates were initially
converted into glycogen, and also found in the free-pool fraction (intermediary metabolites).
Both the transient hyperglycaemia and the increase in labelled compounds of intermediary
metabolism in the liver should respond to the high GK hepatic activity induced by dietary
carbohydrates, as reported by Panserat et al. (2000), Caseras et al. (2002) and Meto6n et al.
(2004) in gilthead sea bream. Nevertheless, in fish subjected to sustained exercise, higher
levels of "°C were recovered in all tissue fractions of the liver at 24 h postfeeding without
modifying the proximal composition of that tissue (i.e., the amounts of protein, lipid and
glycogen in percentages of liver fresh weight). These results demonstrate that exercise induced
more metabolic transformations in the liver of gilthead sea bream. Moreover, higher
incorporation and deposition of 3C into the white muscle of the exercise group throughout all
the postprandial period, with significant differences at 24 h post-feeding, reveals that exercise
increases the transformation of carbohydrates and their use in extrahepatic tissues. Our results
demonstrated that gilthead sea bream had the capacity to incorporate and distribute high
amounts of carbohydrates (as seen in the control group) and that their use improved in exercise
(sustained swimming group).

Carnivorous fish such as rainbow trout, Atlantic salmon, European sea bass and
gilthead sea bream do not modify liver gene expression and/or the activity of enzymes involved
in the gluconeogenic pathways (PEPCK, Fbase and G6Pase) in response to high dietary
carbohydrate levels (reviewed by Enes et al. 2009); instead, they seem to regulate the
glycolysis/gluconeogenesis ratio through the proportion of carbohydrate and protein in their
diets. Thus, high carbohydrate intake increases the rate of glycolysis (gilthead sea bream,
Metoén et al. 2000), whereas low protein intake depresses the rate of gluconeogenesis (rainbow
trout, Kirchner et al. 2003). Some differences in the responses among species could explain the
more rapid restoration of plasma glucose levels in gilthead sea bream.

When the percentage of digestible carbohydrates consumed is high, the rate of glucose
uptake by tissues increases (Felip et al. 2012) favouring the synthesis of lipid in the liver
(Panserat et al. 2009). As previously observed in rainbow trout (Felip et al. 2012), in the present
study higher 3c recovery in the hepatic lipid fraction under exercise reflected enhanced
lipogenesis from dietary carbohydrates. However, the fact that hepatic lipogenesis increased in
the exercised group without changing the total liver fat content, already signalled, indicates
higher mobilization of lipids in gilthead sea bream to extrahepatic tissues. In fish species such

as rainbow trout, brown trout, Atlantic salmon and fingerling yellowtail, exercise increases the
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muscle lipid content. These lipids may be derived from an excess of dietary carbohydrates, as
in the rainbow trout (Felip et al. 2012), or an excess of dietary lipids, as found in the gilthead
sea bream (Santinha et al. 1999). In the present swimming conditions, gilthead sea bream did
not accumulate lipids in white muscle. Thus, although the exercise regime (sustained swimming
at 1.5 BL.s'1) promoted the incorporation of circulating lipids into the white muscle of gilthead
sea bream, as demonstrated by the transitory increase in lipid content at 6 h post-feeding in the
white muscle of exercised fish, it also promoted their use, as reflected by the reduction in lipid
content 24 h postfeeding. The plasticity of white muscle lipid stores in exercised gilthead sea
bream during the day indicates higher rates of lipid transformation and oxidation in the white
muscle of this species, because rainbow trout under similar sustained swimming conditions
deposit lipids in white muscle (Felip et al. 2012). Endurance swimming increases muscle lipid
levels in the white muscle of brown trout (Davison and Goldspink 1977), in the red muscle of
Atlantic salmon (Totland et al. 1987) and in the whole body fat of yellowtail (Yogata and Oku
2000). The fact that gilthead sea bream did not increase lipid deposition in white muscle under
sustained exercise is consistent with results reported for the red muscle of rainbow trout
subjected to moderate exercise (Magnoni and Weber 2007; Felip et al. 2012). The observation
that lipid levels in the white muscle of rainbow trout tend to decrease after exhaustive exercise
(Milligan and Girard 1993) supports that the use of lipid reserves is determined by the balance
between energy input from the diet and energy outputs. In the present trial conditions, the lower
levels of lipid in the white muscle of exercised gilthead sea bream, compared with the levels in
the control group, are similar to the levels reported for the flesh of wild gilthead sea bream
(Morrison et al. 2007; Lenas et al. 2011). Thus, the introduction of forced exercise could
promote animal welfare and determine body compositions similar to those found in wild fish,
avoiding hepatomegalia or excessive fat deposition in muscle.

Under sustained exercise, gilthead sea bream increased both BCc and N
incorporations into the protein fractions of all analysed tissues (liver, white muscle and viscera).
It demonstrates, first, a high Bc isotopic routing from dietary starch to non-essential amino
acids and then to proteins and, second, the increased efficiency of protein retention in the
swimming group fed a low-protein diet. The lower recoveries of '°C and "N in the voluntary
activity group in the present study indicated lower energy efficiency in the use of dietary
carbohydrates, due to the already mentioned high costs of spontaneous activity. In another
study on gilthead sea bream, under similar exercise and dietary conditions, we observed an
increase of the aerobic work in white muscle and a reduction in red muscle (Martin-Pérez et al.
2012), being the enzymatic machinery of white muscle modified (increased activity of
cytochrome-c oxydase and decreased of citrate synthase) in a form that indicates a marked
reduction in the entry of all amino acids into the Krebs cycle and their preservation for protein
synthesis. It is of interest to note that following just one forced-feeding with 1% ration, N
deposition in the whole fish of exercised group increased approximately 34% more than that in
the control group. Higher recoveries of total '*N from the protein fraction of both red and white

muscles was previously observed in exercised rainbow trout (Felip et al. 2012), but in gilthead
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sea bream the higher growth rate occurred without increasing feed intake significantly, thus
leading to a conclusion that a proteinsparing effect occurred in the conditions of the study (low
protein, high carbohydrate and exercise). That sparing effect associated with enhanced growth
may be derived from shifts in fuel use (Ozério 2008; Kaushik and Seiliez 2010) combined with
the increased use of dietary carbohydrates under exercise conditions (present study).

In conclusion, the total recovery of dietary 3C-starch and "°N-protein demonstrated that
gilthead sea bream, regardless of exercise regime, has a good capacity to incorporate dietary
carbohydrates and to use them in energy production and lipogenesis. Swimming at 1.5 BL.s™
did not increase the catabolic use of dietary protein in gilthead sea bream, but instead increased
the efficiency of protein retention and the use of other energy reserves (carbohydrates and

lipids), caused a proteinsparing effect and avoided excessive lipid deposition in white muscle.
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Abstract

Two groups of juvenile gilthead sea bream were kept on two different swimming regimes
(Exercise, E: 1.5 body length s™ or Control, C: voluntary activity) for 1 month. All fish were first
adapted to an experimental diet low in protein and rich in digestible carbohydrates (37.2%
protein, 40.4% carbohydrates, 12.5% lipid). The cellularity and capillarisation of white muscle
from two selected areas (cranial (Cr), below the dorsal fin, and caudal (Ca), behind the anal fin)
were compared. The body weight and specific growth rate (SGR) of group E rose significantly
without an increment in feed intake, pointing to higher nutrient-use efficiency. The white muscle
fibre cross-sectional area and the perimeter of cranial samples increased after sustained
activity, evidencing that sustained exercise enhances hypertrophic muscle development.
However, we cannot conclude or rule out the possibility of fibre recruitment because the
experimental period was too short. In the control group, capillarisation, which is extremely low in
gilthead sea bream white muscle, showed a significantly higher number of fibres with no
surrounding capillaries (FO) in the cranial area than in the caudal area, unlike the exercise
group. Sustained swimming improved muscle machinery even in tissue normally associated
with short bouts of very rapid anaerobic activity. So, through its effect on the use of tissue
reserves and nutrients, exercise contributes to improvements in fish growth what can contribute

to reducing nitrogen losses.
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Introduction

The locomotor strategies of animals play an important role in their response to life challenges,
conditioning their nourishment, predator-prey interactions and reproduction, and determining
migration capacity. Farmed fish lead a more sedentary life than their counterparts in the wild.
Mechanical loads are involved in the development and maintenance of vertebrate tissue
(Buchanan and Marsh 2002; Davison 1997). Comparative studies of farmed and wild fish reveal
useful data about fish domestication processes and provide an insight into fish nutrition,
physiology and production. Several studies have shown that wild fish have superior swimming
performances than farmed fish. This is the case for brook trout (Vincent 1960), coho salmon
(Brauner et al. 1994), Atlantic salmon (McDonald et al. 1998) and gilthead sea bream (Basaran
et al. 2007). Consequently, wild fish show superior aerobic and anaerobic capacities. Moreover,
fish-rearing conditions also affect fish quality, with cultured fish presenting a higher fat content
than their wild counterparts (Vincent 1960; Thorstad et al. 1997; Grigorakis et al. 2002).

Two basic responses to exercise training can be described in humans and in some
other mammals. Activities such as running, swimming and cycling increase the aerobic capacity
of muscle, which improves endurance (Holloszy and Booth 1976; Hoppeler et al. 1985),
whereas isometric exercise (for example, weightlifting) results in fibre hypertrophy and an
increase in muscle strength (Goldspink et al. 1976; Hoppeler 1986). Fewer studies have been
carried out on exercise in lower tetrapods, such as amphibians and reptiles, due to the
difficulties involved in forcing them to exercise at repeatable work rates and the highly anaerobic
nature of any exercise (Bennett 1978). But by their nature, fish can easily be exercised by
forcing them to swim against the stream. Swimming speeds of two body lengths per second
(BL.S'1) or less are acceptable for training fish without any notable consequences for fish
welfare or stress (Sé&nger and Stoiber 2001). Fish offer several advantages over mammalian
models in exercise training studies. Many species of fish control buoyancy via their swim
bladder, which limits the effects of gravitational forces compared with terrestrial animals. The
locomotory musculature of fish is relatively simple: it is located around the axial skeleton,
distributed in discrete myotomes, and the slow and fast muscle fibres are spatially segregated.
Moreover, in contrast to mammals in which the recruitment of new skeletal muscle fibres ends
soon after birth (Goldspink 1972), limiting muscle development and growth to hypertrophy, fish
have the capacity to recruit new skeletal muscle fibres not only throughout larval life but also
throughout juvenile and adult stages (Weatherley et al. 1988; Rowlerson and Veggetti 2001).

Fish myotomal muscles are arranged to provide the power for different swimming styles.
Red muscle, composed of slow oxidative fibres, produces the force required for slower, routine
and sustainable movements, including migration over long distances. White muscle is
composed of fast glycolytic fibres, which are recruited to produce the force required for rapid
movements, such as sprint swimming and escape responses (Gibb and Dickson 2002). In many
fish species, an intermediate pink muscle is usually present between the two types of muscle.

The white muscle usually represents 35%-50% of body weight, although in male salmon and
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tuna it can be nearly 70%, whereas red fibres comprise approximately 0.5-13% of body mass
(Goolish 1989; reviewed by Dickson 1996). The pattern of fibre number and fibre size
distribution and the pattern of capillaries surrounding each fibre in a particular muscle section
are commonly referred to as muscle cellularity and capillarisation, respectively (Johnston 1999;
Stoiber et al. 2002). Moreover, muscle cellularity is also the main determinant of both muscle
growth and flesh quality (Johnston 1999).

Exercise is a powerful factor in improving growth rate and food conversion efficiency in
many species (reviewed in Davison 1997). Increases in cell diameter and fibre numbers in
aerobic muscle seem to be general features in teleost fish when exercise is moderate -
swimming speeds below 1.5 BL.s™'- but the effects on white muscle are controversial. Some
studies have reported that swimming has no effect on white muscle cellularity (Davie et al.
1986; Sanger 1992), but others show increases in white muscle fibre diameter (Hinterleitner et
al. 1992; Davison 1994). It has also been demonstrated that the aerobic capacity of the
swimming muscles increases due to exercise (Farrell et al. 1991), which is also linked to the
changes in the contractile machinery. The reported data regarding the effects of training upon
capillarisation are also controversial; no changes were observed in salmonids (Johnston and
Moon 1980; Davison 1983), whereas studies on cyprinids (Sanger 1992) and rainbow trout
(Davie et al. 1986) reported that training led to higher capillarisation, mainly in red muscle.

Here we examine the effect of mechanical load on gilthead sea bream white muscle by
submitting fish to a 1-month training period. During this period fish were fed on an experimental
diet (40.4% CHO, 37.2% protein, 12.5% lipid). Two zones of the fish body (cranial and caudal)
were selected to evaluate the effects of exercise on the reared fish. Since these variables are of
crucial importance in commercial terms and are usually used as growth markers, our study

focuses on white muscle cellularity and capillarisation.
Materials and methods
Fish rearing

Juvenile sea bream (Sparus aurata L.) were purchased from a commercial supplier (Cripesa,
Tarragona, Spain) who reared the fish in marine cages. One hundred fish were transferred and
maintained indoors in the facilities of the Faculty of Biology (University of Barcelona, Barcelona,
Spain), in six 200-L seawater tanks equipped with a semi-closed recirculation system with
physical and biological filters, ozone skimmers and continuous aeration at 20°C and 12L:12D,
with a 35% weekly seawater renewal rate. Fish were first acclimated to a carbohydrate-rich diet
(composition: 37.15% protein; 12.51% lipid; 40.04% carbohydrate; 1.77% fibre; and 8.52% ash)
and fed to satiation for 2 weeks. After this period, fish were slightly anaesthetised, weighed and
randomly distributed in trial tanks (initial body weight and length data are shown in Table 1).
Control groups (C: 12 fish per tank, in triplicate) were kept under normal rearing conditions in

200-L circular tanks with a water flow of 350 L/h (vertical water entrance). Exercise groups (E:
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12 fish per tank, in triplicate) were kept in 400-L circular tanks in the same semi-closed circuit.
To obtain sustained activity, the fish were prevented from entering the central area of lower
velocity by a cylindrical tube. This results in a living area corresponding to an effective space of
200 L with the same fish density as in the control tanks. Water flow was 700 L/h with a circular
and uniformly distributed flow induced by a perpendicular water entrance and one additional
submerged water pump (at the bottom of the tank and isolated from the fish living area). This
design resulted in a swimming velocity of 1.5 body lengths per second measured at three
different tank depths (at the surface, mid-tank and near the bottom). During the experimental
period all groups were fed until apparent satiety twice a day (9:30 a.m. and 5:30 p.m.) and

intake was recorded daily.
Sampling and histochemical procedures

After 4 weeks, 10 fish randomly sampled from both C and E groups were sacrificed by severing
their spinal cord and the final body weight and body indices (hepatosomatic, muscle-somatic
and perivisceral fat content) were recorded. For muscle composition, epaxial white muscle
samples were obtained and immediately frozen in liquid nitrogen and then kept at —80°C until
the main components were analysed. Muscle composition in water, glycogen, lipid, protein and
DNA were analysed as explained elsewhere (lbarz et al. 2007a, b).

White muscles samples for histochemical examination were dissected from the cranial
(Cr) and caudal (Ca) regions. Small strips of white muscle with an approximate length of 1 cm, a
width of 1 cm and a thickness of 0.5 cm were obtained from each region. Each sample was
immediately soaked in 3-methyl-butane pre-cooled to -160°C and stored in liquid nitrogen until
subsequent sectioning (Dubowitz 1985). Serial transverse sections from each sample were cut
at a thickness of 16-20 ym in a cryostat (Frigocut, Reichart-Jung, Heidelberg, Germany) at -
22°C. Sections were mounted on gelatinised slides and incubated for 5 minutes in a buffered
fixative (Viscor et al. 1992) in order to prevent shrinkage or wrinkling. After rinsing the slides
thoroughly, we used the ATPase method developed by Fouces et al. (1993) in order to reveal
muscle capillaries and a histochemical assay for succinate dehydrogenase to demonstrate the

aerobic or anaerobic characteristics of muscle fibres (Nachlas et al. 1957).
Morpho-functional measurements

Images of the stained sections were obtained using a light microscope (BX40, Olympus, Tokyo,
Japan) connected to a digital camera (KP-C550, Hitachi, Tokyo, Japan). To ensure accurate
calibration of all measurements, an image of a stage micrometer was obtained each time
images of samples were taken. All the parameters listed below were empirically determined
from 2x10° pm? windows of tissue from two different zones or muscle fields in each sample.
After testing for the absence of differences between the two muscle fields from each sample

(see Statistics), the data obtained from both fields were considered together so that the sample
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size was large enough. The following parameters were counted or calculated: capillary density
(CD), fibre density (FD), the number of capillaries in contact with each fibre (NCF), the
percentage of fibres having no capillaries in contact with them (F0) and the percentage of fibres
in contact with at least one capillary (F+). Capillary and fibre counts were calculated to be
expressed as capillaries and fibres per mm?. The fibre cross-sectional area (FCSA) and fibre
perimeter (FPER) were determined directly using a personal computer connected to a digitiser
tablet and SigmaScan software (Systat Software Inc., San Jose, CA, USA) from digital images.
The total number of fibres analysed in each sample muscle ranged from 200 to 300. Two
indices expressing the relationship between NCF and the FCSA: CCA=NCF x 10°/FCSA or
FPER: CCP=NCF-10°/FPER, were also calculated. These indices are considered a measure of
the number of capillaries per 1,000 pm2 of muscle FCSA and the number of capillaries per 100
um of muscle FPER. The maximal diffusion distance (MDD) between the capillary and the
central region of the fibre was also calculated for every capillary of the region analysed. A shape
factor (SF), circularity, was measured as a function of the FPER and the FCSA following the
formula: SF = (4TFCSA) / FPER?. Circularity indicates the degree of adjustment of the fibre

transverse section to a circular shape (SF=1 for a perfect circle).
Statistics

Data for growth, body indices and white muscle composition under each condition, initially
analysed by one-way ANOVA, did not show any differences between the three tanks. The data
were then grouped and Student’s t-tests were performed using n=3 tanks for the growth study,
and n=10 animals per condition for the remaining parameters. To test for the absence of
differences between both muscle fields from each muscle sample, the non-parametric Wilcoxon
rank-sum test was performed. For the percentage of fibre types, the arcsine transformation was
applied as a previous step. The normality of the data was tested by the Kolmogorov-Smirnov
test (with Lilliefors' correction) and the comparisons between the control and exercise groups
were analysed by the Student’s t-tests. Data for all the parameters are expressed as sample
means = standard error of the mean.

For FCSA histograms a dynamic fitting by nonlinear regression was performed for each
section (caudal and cranial). The approximation was done by a log-normal (four parameters)
equation with a dynamic fit option of 200 for both total number of fits and maximum number of
iterations. Log-normal equations have been reported with R value and coefficients and standard
errors for each parameter (a, b, xg and yp). Individual data were linearised by an In (x+1)
transformation, thus avoiding negative values and possible In (0). With this linearisation, a linear
regression was obtained to test for the difference in regression slope. All statistical analyses
were performed using SigmaStat 4.0 (in SigmaPlot 11.0 Software, Systat Software Inc., San
Jose, CA, USA) with significance at p<0.05.
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Results

Table 1 shows the body weight and organ indices, growth rate and muscle composition of
gilthead sea bream submitted to two swimming-activity regimes. Noticeably, the fish that
maintained a swimming speed of 1.5 BL.s” for 1 month presented a significantly higher body
weight without any differences in food intake (C: 2.8 £ 0.1 vs E: 2.6 + 0.1 g of feed per 100 g
body weight). Other body indices, such as the condition factor (CF), hepatosomatic index (HSI),
body percentage of perivisceral fat and muscle-somatic index (MSI), did not alter significantly
(Table 1). Epaxial white muscle samples of the exercising fish reduced lipid content by 30%
compared to the control group values, but protein percentage did not change. Therefore, the
increment in total body weight with similar muscle-somatic index and protein percentage implies
increased muscle mass with a net gain of total protein content in white muscle. A slight
decrement in the DNA content (7%) was observed in fish under sustained activity, but there was
no difference in the DNA content of total white muscle mass (calculated by multiplying body
weight per MSI per DNA levels) between the C and E groups (total muscle DNA ranged from
8.6 t0 8.7 mq).

Table 1 Growth, body indices and muscle composition of gilthead
sea bream submitted to two regimes of swimming activity

Control Exercise

Growth®

Initial weight (g) 384+ 098 090.5 £ 1.17

Final weight (g) 082423 107 +2.2%

SGR 0611015 0.76 £ 0.06*
Body indices”

CF 1.50 £ 0.03 1.41 £0.06

HSI 206+ 0.16 209 +0.15

Periv. fat index 215+ 013 201 £0.13

MSI 409+ 0.78 40.6 £ 0.65
Muscle composition

% protein 205+ 018 2006 £ 0.18

% lipid 2,17+ 014 1.68 £0.15*

ng DNA/g 214+ 8 201 £ 3*

SGR specific growth rate in % per day = 100 x [In (final weight) — In
(initial weight)}/21 days: CF condition factor=body weight x
100 = total length™'; HSI hepatosomatic index = liver weight = 100 =
body weight“lz Periv. far index perivisceral fat index = fat
weight x 100 x body weight™'; MSI musculosomatic index = total
muscle weight x 100 x body weight™'

* Significant difference by Student’s ¢ test (p < 0.05)

* Walues are mean = standard error of the mean of triplicate tanks

B Values are mean & standard error of the mean of 10 fish for each
condition
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Muscle cellularity and capillarisation were studied in two different zones: cranial (Cr)
and caudal (Ca). For both zones and conditions the histochemical assay for succinate
dehydrogenase (SDH) revealed a lack of staining, indicating the absence of SDH activity and
thus the anaerobic character of those muscle sections. lllustrative images from muscle section

are shown in Figure 1.
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Figure 1. lllustrative images of cross sectional muscle of juvenile gilthead sea bream. A) Cranial section of

control fish; B) Cranial section of exercised fish; C) Caudal section of control fish; D) Caudal section of
exercised fish. All images correspond to one representative serial transverse section and capillaries
revealed by an ATPase detection method (see “Material and Methods” section for further information). Cp:

capillaries; FCSA: fibre cross sectional area; FPER: fibre perimeter.

Morphometrical fibre parameters and fibre density (cellularity) from both muscle
samples are shown in Table 2, and capillarisation parameters in Table 3. Fish under the
sustained swimming regime presented significant increases in the parameters related to muscle
fibre size in the cranial zone (Table 2). Likewise, the fibre perimeter was 11% higher and the
fibore area was 17% higher than the control ones. These increases took place without any
change in the shape factor of the fibres. Fibre cross-sectional area (FCSA) distributions, along
with adjust equations, in both sections of the gilthead sea bream white muscle are shown in
Figure 2, and linearised regression parameters of those equations are reported in Table 3. The

slope for the cranial area of control group was higher (in absolute value) than those of the other
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groups. The number of small fibres (FCSA<2500 pmz) was significantly higher for the cranial
area of control group, whereas white muscle fibres with FCSA>9000 pm2 were lower (Table 3),
indicating that, in the short 1 month period of sustained activity, white muscle fibres achieved

higher perimeters and areas.

Table 2 Morphometrical fibre parameters and fibre density (cellularity)
in cranial (Cr) and caudal (Ca) muscles of control (C) and exercising

(E) fish

CrC CrE CaC CaE

FCSA (um?) 3749 £ 216 4390 £ 122% 4430 4 1077 4333 £ 152

FPER (pum) 44476 270£3.0% 27345 270+ 49
SF 0.68 +£0.01 066+001 066000 0.65=x001
FD (fibres/mm?®) 243 + 18 201 +£5 198 £ 9 215 =17

Values are mean 4 standard error of the mean (n = 5 animals)

Significant differences (p < 0.035) between groups are indicated following the
code: *CrC versus CrE; *CrC versus CaC

FCSA fibre cross-sectional area, FD fibre density, FPER fibre perimeter,
§F shape factor (circularity)

Table 3 Capillansation parameters in cramial (Cr) and caudal {Ca)
muscles of control (C) and exercising (E) fish

CrC CrE CaC CaE
cD 36 £3.1 56 +49 6372 TIx£76
NCF 073 £008 084+£0.13 098009 1.03+006
CCA 058 £007 050004 049004 058 £0.04
CCPp 058 £002 053x£002 056003 0.60% 002

MDD (pm) 42+ 1.8 48 £ 1.8 46 +£09 45£1

Values are mean * standard error of the mean (7 = 5 amimals)

Significant differences (p < 0.05) between groups are indicated follow-
ing the code: *CrE versus CaE

CD capillary density (capillaries/mm?), NCF number of capillaries in
contact with each fibre; CCA = NCF = IDJJFCSA, relationship between
NCF and the FCSA; CCP = NCF = 10¥/FPER, relationship between
NCF and the FPER; MDD maximal diffusion distance between the
capillary and the centre of the fibre
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Figure 2. White muscle cross-sectional area histograms. A) Cranial-Control; B) Cranial-Exercise; C)

Caudal-Control; and D) Caudal-Exercise. Muscle fibre areas were grouped in 50x1000 ym2 groups and

the data correspond to mean + SEM frequency of 5 animals. Regression parameters are shown and

analysed in Table 4. See “Material and Methods” (“Statistics”) for further information.

The measures of capillarisation shown in Table 3 are the number of capillaries per fibre

and distance (NCF and CD), two derived indices relating, respectively, the capillaries that

surround a fibre to its cross-sectional area and perimeter (CCA and CCP), and the mean

diffusion distances of the capillaries to the centre of the fibre (MDD). Moderate but sustained

exercise affected the capillarisation of the caudal area by slightly increasing the surrounding

capillarity of the fibre perimeter (CCP data, p<0.05, Table 3). However, white muscle

capillarisation was very low in both the cranial and caudal localisations, scarcely reaching a

mean of one capillary per fibre. Unlike the exercised fish, the gilthead sea bream in the control

group presented a high proportion of fibres with no capillaries (FO) in contact with them, these

being significantly (p<0.05) more abundant in the cranial zone (38.3 + 3.4 % and 27.2 £ 2.8 %,

CrC versus CaC, respectively, Figure 3). Moreover, those fibres in contact with capillaries (F+)

generally only had contact with one or two, with a maximum of four capillaries observed on only

a few occasions. This determines high diffusion distances, which confirms the mainly anaerobic

character of the fish white muscle.
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Table 4 Regression parameters for cranial (Cr) and caudal (Ca) fibre cross-sectional area (FCSA in pmz} of white muscles of gilthead sea bream
submitted to two swimming regimes (C: voluntary activity, and E: 1.5 bls")

Parameters CrC CiE CaC CaE
Log-normal regression®
R 0.87 0.84 0.87 0.79
a 10.91 £ 0.84 —6.60 £ 0.64 10.91 £0.84 —6.25 £ 044
b 1.14 £0.13 0.67 £0.13 1.14 £0.13 0.53 £0.09
Xy 1.49 £0.10 16.07 £2.76 149 £0.10 13.15£1.15
¥o —1.52+£095 6.71 £0.33 —1.52 £0.95 6.54 +0.36
Linear regression”
R 0.91 0.85 0.80 0.80
¥o 248 £0.06 237 +£007 232 £0.08 227+0.08
a —0.173 £0.007 a —0.151 £ 0.008 b —0.150 £0.009 b —0.147 £ 0.009 b
N° 149 152 149 154
Percentage of muscle fibres with
FCSA = 2500 420+£27a 319+19b 308 x£33b 3I5+£47ab
2,500 < FCSA = 6,000 37.1+£09 405+ 1.8 44.0x45 40.5+4.3
6,000 < FCSA = 9.000 15,115 175£15 16.6 £22 15115
FCSA = 9,000 58+14a 10,1 £15b 86+09b 94+22b

The R values of both fit regressions (log-normal and linear regression) were significant (p < 0.0001) in all groups. For further explanation see

“Statistics™

Different letters correspond to significant different groups (p < 0.05)

* Log-normal regression (four parameters) adjusts the profiles shown in Fig. 1 to the following equation: F = y; + a x exp(—0.5 x (ln(.\’erJfb}E}

b Data was linearised by In(x + 1) transformation and follow the equation: F = Yp+axx

¢ N corresponds to the number of individual data from five fish for each condition

61.7 £ 3.4

702 +6.6

728 +28

7lg+44

&0

% Fibres

1
a0 100

mFo
OF+

p <005

Figure 3. White muscle capillary surrounding. Bar chart showing the percentage of fibres with no

surrounding capillaries (FO) and the percentage of fibres contacting at least one capillary (F+). CrC,

Cranial-Control; CrE, Cranial-Exercise; CaC, Caudal-Control; and CaE, Caudal-Exercise. Data are mean +

SEM of 5 animals. Significant differences between groups are indicated on the graph.
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Discussion

The present work is the first attempt to study the muscle cellularity of gilthead sea bream using
sustained activity as a rearing condition to enhance the growth of fish on a rich carbohydrate
diet. During recent years, new extrusion feed techniques permit improved availability of highly
digestible carbohydrates and recent studies of sea bream have focused on this source to
diminish dietary protein levels and waste nitrogen (Georgopoulos and Conides 1999; Venou et
al. 2003; Fernandez et al. 2007). The aim of replacing dietary protein and lipid by using a
carbohydrate source also aims to increase the quality of meat by reducing lipid deposition in the
sedentary fish. In the present study, the reduction of dietary protein did not limit energy
availability as fish were fed to apparent satiety and thus, the levels of dietary protein proposed
(37.2%) should be not considered as a limiting factor for growth. In studies on other species,
mainly salmonids, differences in fibre size and number along the length of the body (Stickland
1983; Mascarello et al. 1995) or in ventral and dorsal regions (Kiessling et al. 1991) have been
reported. Our data show that untrained gilthead sea bream (with body weight of approximately
100 g) had cranial fibres with lower cross-sectional areas and perimeters than caudal fibres.
However, Abdel et al. (2005) did not show significant differences in white muscle size
distribution when measuring muscle cellularity in the cranial and caudal areas of sea bass (D.
labrax) with body weights of over 350 g. Although there are few published data, this disparity
could be related to the fish size and age, which would mean that muscle growth potential is not
the same in early stages of live as in adults. In fact, fish muscle plasticity has been strongly
linked to the existence of seasonal cycles (reviewed by Johnston 1999).

Our results also show that the dynamics of gilthead sea bream growth are highly
sensitive to swimming regimes. Thus, induced swimming at 1.5 BL.s™ affected white muscle
fibres at cranial level, with increases in both area and perimeter values, but it did not modify the
caudal fibres. Larger fibre sizes led to increased muscle masses and a higher total body weight,
supporting the theory that normal sedentary rearing conditions under-exploit the growth
potential of fish muscle. Indeed, exercise is a powerful stimulus in muscle hypertrophy, although
the effects of muscle recruitment on hyperplasia have not been determined (Johnston 1999).
Little is known about the origin of new fibres produced during the post-larval growth phase, and
hyperplasic and hypertrophic growth usually occurs simultaneously in fish (reviewed by
Johnston 1999). Nevertheless, in fast-growing fish, including cultured species that reach larger
sizes, hyperplasia usually continues for longer than in small fish, in which hyperplasia stops
earlier and hypertrophy is a more effective growth mechanism (Kiessling et al. 1991; Valente et
al. 1999; Rowlerson and Veggetti 2001; Aguiar et al. 2005). In the current trial, the changes
observed in the distribution of the muscle fibre cross-sectional area were interpreted as markers
of changes in the relative contribution of hyperplasic and hypertrophic growth processes.
Muscle protein percentage and total muscle DNA content remained invariable, which indicates
that hypertrophy is the main muscle-growth mechanism in this short-term exercise, although

hyperplasic effects cannot be ruled out, since the test period was short (1 month).
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Few studies exist on muscle capillarity in fish, but all show that fish white muscle is
poorly capillarised compared with mammal muscles, reflecting the low O, fluxes that fish white
muscle needs. Only highly aerobic fish muscle presents high capillary-to-fibore number ratios. In
carp, it was 2.2 at 28°C, but increased to 4.8 as the fibre size increased with acclimation to 2°C
(Johnston 1982a); in tuna red muscle it was below 2, but with a relatively small fibre size
(Mathieu-Costello et al. 1996), and it was 12.9 in the highly aerobic muscle of anchovy
(Johnston 1982b). Therefore, the fact that 30-40% of the fibres in the white muscle of gilthead
sea bream had no surrounding capillaries (FO) should be not surprising. Apart from escape
bouts or prey capture, the low capillarisation of fish white muscle paralleled very low tissue
metabolic activity rates and slow oxygen and nutrient supplies, these being lower in the cranial
location of untrained fish than in exercised. The induced sustained activity, however, increased
the number of capillaries in contact with each fibre (NCF) in the caudal area. Capillarisation in
this zone relates to a higher number of pink fibres in the caudal area and, as a consequence, a
greater need for oxygen.

In general, fish appetite is stimulated by activity and exercised fish generally consume
more food. Nevertheless, a unit mass of growth is achieved when a lower amount of food is
consumed, and the mass gain is achieved faster (Davison 1997). Another important aspect of
the present study is that for gilthead sea bream under the conditions studied, muscle growth,
and consequently whole-body growth, was achieved without significant increases in food
consumption. Moreover, the lipid content of white muscle diminished in trained fish, an
important aspect that can contribute to increased muscle quality, thus avoiding the excessive fat

deposition of many cultured fish species (Cakli et al. 2007; Grigorakis 2007).

Conclusions

All the present results lead to the conclusion that firstly, moderate sustained activity improves
whole-body growth through hypertrophic white muscle growth, and secondly, through its effects
on the use of tissue reserves and nutrients, the exercise would contribute to a reduction in water
contamination by lowering nitrogen waste from dietary protein. The markedly higher white

muscle development was seen in the cranial region.
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Abstract

Physiological activities of animals are strongly regulated by daily rhythms, and mealtime can act
as a rhythm marker that influences nutrient assimilation and use. Over a period of two months,
three groups of gilthead sea bream (in triplicate) were fed with two different diets: a commercial
diet (Cd), and an experimental carbohydrate-rich diet (Ed) according to three food regimes.
Meals were delivered twice daily (at 10 am and 5 pm) and the three feeding regimes were as
follows: Cd/Cd, Cd/Ed and Ed/Cd. The aim of this research was to determine the effects of meal
timing and meal profile on carbohydrate use and protein retention. This was assessed in two
post-feeding experiments (PF1 and PF2) by labelling a single meal with 15N-protein and °C-
starch and determining isotope retention in the main organs and tissue components. PF1 begun
at morning mealtime (10 am), PF2 in the afternoon (5 pm) and samples were obtained at the
other mealtime and 24 hours after. Proximal composition of liver and muscles presented daily
rhythms with small variations of glycogen and protein contents. The recoveries of stable
isotopes revealed that post-feeding metabolic changes and fate of the labelled nutrients were
due first, to the dietary regime, and second, to the last meal received. The decrease in dietary
protein content assimilated each day, observed in fish in the regimes with Ed diet, was
compensated by more efficient protein retention combined with increased energy use of
carbohydrates. Nevertheless, carbohydrates were not used as efficiently in the afternoon as in

the morning.

Key words:

delta (6) 13C; 515N; feeding rhythm; nutrients fate; protein sparing
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1. Introduction

The regulation of food intake is a particularly complex phenomenon that involves the interaction
between the gastrointestinal tract, homeostatic control systems, the environment and circadian
rhythms (Kulczykowska and Sanchez-Vazquez 2010). The circadian clock is a highly
conserved, physiological timing mechanism that allows organisms to anticipate and adapt to
daily changes in environmental conditions (Pittendrigh 1993). Most fish species present rhythms
that are synchronised with the day-night cycle, primarily influenced by light (Kulczykowska and
Sanchez-Vazquez 2010; Cavallari et al. 2011), but there is strong evidence that food availability
can also affect circadian rhythms by influencing the synchronisation of certain physiological
events. The theory is that when food is periodically restricted, feeding can act as a powerful
synchronizer, or zeitgeber, of circadian rhythms in vertebrates. The result is an increase in
locomotor activity before mealtimes, which is known as food anticipatory activity (Mistlberger
2009). In fish under culture, for example, it has been observed that scheduled feeding acts as a
zeitgeber for this anticipatory activity (Boulos and Terman, 1980; Spieler, 1992; Mistlberger,
1994; Azzaydi et al. 2007; Mistlberger et al. 2009). As Davidson and Stephan (1999) illustrated,
anticipatory activity involves not only behavioural and physiological changes, such as increased
locomotor activity, but it can also result in metabolic changes, which allow these animals to
optimize their digestive, assimilative and metabolic processes. So, anticipatory activity is the
animal’s physiological preparation for a recurring event — in this case, mealtimes (Sanchez et al.
2009) — which results in higher intake of food and enhanced use of nutrients (Strubbe and Van
Dijk 2002), increasing the efficiency of the digestive system and food utilisation (Lépez-Olmeda
and Sanchez-Vazquez 2009). The effects of feeding time on food intake and growth of farmed
fish can be so important that the understanding of fish feeding behaviour is essential for
improving food utilization. Optimal nutrition is expected if meals are well-formulated and
designed to match the appetite of fish. Thus, during a study conducted on European sea bass
(Dicentrarchus labrax), Azzaydi et al. (1999) observed that growth performance improved when
meals were distributed to match the feeding rhythms of fish. In certain fish species of significant
commercial interest, such as the gilthead sea bream (Sparus aurata), very little attention has
been paid to their natural feeding rhythms, although considerable effort has been devoted to
designing practical artificial diets. The energy needs of gilthead sea bream change throughout
the day (Sanchez-Muros et al. 2003), with diurnal behaviour (Sanchez et al. 2009) and higher
oxygen consumption rates during the daylight hours (Requena et al. 1997).

Sustainable aquaculture requires knowledgeable and effective management to monitor
and respond to the effects of food quality and quantity, dietary alterations, feeding times and
mealtime frequency. In this sense, voluntary food intake of gilthead sea bream has been
described presenting daily rhythmic variations (Anthouard et al. 1996), and the modifications
made to their feeding patterns (i.e., scheduled vs. random) affect their physiology (Sanchez et
al. 2009). Sanchez-Muros et al. (2003) showed that when this species were fed once a day on

demand it preferred the afternoon/evening period (with peaks at specific moments, between 7
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pm and 8 pm) and with improved feed efficiency. Consequently, the same food ingested at
different times of the day is absorbed with differing efficiencies causing variations in the use of
both body energy reserves and dietary nutrients during the circadian rhythm (Madrid 1994).
Little is known about the immediate fate of ingested nutrients and how different diets,
with different composition and quality of ingredients, can influence nutrients use. In most farmed
fish, dietary proteins can be spared by increasing dietary lipid content (Brauge et al. 1995; Arzel
et al. 1998; Company et al. 1999; Vergara et al. 1999). In gilthead sea bream, however, these
high-energy and fatty diets can affect the product quality causing an excessive adiposity (Silva
et al. 2006; Ozorio 2008) and health problems (Spisni et al. 1998; Ibarz et al. 2010). We have
shown that protein deposition increases under conditions of increased physical activity, when
part of the dietary energy source is provided by highly-digestible carbohydrates, in rainbow trout
(Oncorhynchus mykiss) and in gilthead sea bream (Felip et al. 2012, 2013). So, if the activity of
fish changes along the day, the assimilation, distribution, and use of nutrients should also
change in accordance with the stages of their daily rhythm.
The impact of meal timing and diet composition on the use of nutrients in farmed fish is poorly
understood. So, the aim of the present study are to determine the rates of assimilation and use
of dietary nutrients in gilthead sea bream when diet composition change throughout the day (i.
e., different diet composition at two daily mealtimes). To do that, we developed three feeding
regimes based on two diets — a commercial diet (Cd), and a low-protein and high-carbohydrate
experimental diet (Ed) — supplied at two feeding times per day (at 10 am and at 5 pm). These
feeding regimes were Cd/Cd; Cd/Ed, and Ed/Cd. The use of labelled "°N-protein and "*C-starch
served us to trace the fate of these dietary nutrients (protein and starch), as it was
demonstrated in previous experiments (Felip et al. 2012, 2013). To study the effect of mealtime
and the possible presence of a daily rhythm in nutrients use, we performed two postprandial
experiments of one forced meal, corresponding to the two mealtimes: at 10 am (post-feeding
experiment 1, PF-1 for now onward) and 5 pm (post-feeding experiment 2, PF-2). The retention
and allocation of both N and "*C isotopes in the main organs and tissue components were
measured during the two PF1 and PF2 experiments, and our results demonstrate that dietary
protein content was reduced without affecting growth rate because of higher protein retention,

and that the proportion of non-protein fuels used changed with the daily activity of the fish.
2. Materials and Methods

2.1. Experimental design and sampling

Juveniles of gilthead sea bream (body weight: 20-22 g) from a local fish farm were acclimated in
the facilities of the Faculty of Biology (University of Barcelona, Spain) at a temperature of 24°C,
a photoperiod of 12L/12D, and in full-strength seawater in 400 L tanks equipped with a semi-
closed recirculation system with physical and biological filters, ozone skimmers and continuous
aeration, and with a weekly seawater renewal rate of 35%. Water parameters such as

temperature, oxygen content, pH, nitrite and nitrate content were recorded daily. Fish were
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weighed and randomly distributed into three experimental groups (with 3 tanks per group) and
fed twice a day with a total quantity representing 2.6% of body weight. This ration was near to
satiety (determined by visual observation) and 60% of the daily food allowance was provided at
10 am, and 40% at 5 pm. There were three different feeding regimes based on a combination of
two diets. The first diet was a commercial feed from Skretting 2mm-pellet (Spain) with 48%
protein, 20% lipids, 19.5% extract free of nitrogen (NFE), and 19.5 MJ/kg of digestible energy,
hereafter identified as Cd. The second diet, identified as Ed, was an experimental diet with
37.1% protein, 12.5%, lipids, 40% high-digestible carbohydrates, and 19.3 MJ/kg digestible
energy (Table 1). The three feeding regimes were as follows: Cd/Cd, Cd/Ed, and Ed/Cd, with

meals provided at 10 am and 5 pm, respectively (i.e. am/pm) (see Figure 1 for details).

Table 1. Composition of commercial and experimental

diets.
cd® Ed”
Protein © 48 371
Lipid °© 20 12.5
NFE ¢ 19.5
High-digestible CH ° 40
Dig. Energy (MJ-Kg™) 19.5 19.3
Essential AA (g-Kg”)
ARG 29.7 19.8
HIS 13.1 10.1
ILE 19.3 13.3
LEU 40.7 25.9
LYS 26.9 241
MET 6.6 6.3
PHE 25.4 14.6
THR 18.4 141
VAL 22.7 16.0
SE AA/SNE AA 0.76 0.88

@ Cd diet: D-2 EXCEL 1P from Skretting (2.5mm pellet
diameter). Composition: fish meal, fish oil, soy flour non-
GMO, wheat, soybean oil, vitamins and minerals.

® Ed diet ingredients and additives: fish meal 450g/kg, fish oil
70g/kg, gelatinized wheat starch 470g/kg, vitamins 10g/kg
and minerals. Crude fibre 1.7% DM and total ashes 8.5%
DM.

©values are in percentage of dry matter.

One week before the post-feeding experiments, all the fish were anaesthetised and then tagged
with a passive integrated transponder (PIT) tag (Trovan Electronic Identification Systems,
Madrid, Spain) near the dorsal fin so that each individual could be identified and monitored
during the post-feeding experiments. After 56 days (8 weeks) of submit the fish to the
corresponding feeding regime (Regimes Period), two postprandial trials (Post-Feeding Trials)
were carried out to analyse the fate of one forced meal (with the corresponding diet for each
group) labelled with two stable isotopes: 3% algal 3C-starch and 1% Spirulina 15N-protein.
Isotope materials (>99% purity) were purchased at Martek Biosciences Corporation (Columbia,

MD, USA). One post-feeding study was carried out for the meal provided in the morning (PF1,
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n=54; 18 fish per diet) and another post-feeding study was carried out in the afternoon (PF2,
n=54; 18 fish per diet), meaning the fish received the labelled food at 10 am or at 5 pm,
respectively, and the sampling times correspond to the moment of the other meal of the day and
after 24 hours. The fish were lightly anaesthetised and force-fed a labelled-food bolus
equivalent to a 1% portion of the corresponding diets. This was delivered through a gastric
cannula. After the bolus had been administered, the fish were held for a few minutes in separate
tanks to establish whether the forced meal had been entirely accepted. If any of the fish showed
signs of regurgitation, they were disqualified and replaced. The amount of food ingested by
each fish was recorded and used for correcting the results (and expressed as a percentage of
the ingested isotope). Then, the fish were returned to their respective tanks until sampling. On
PF1, nine fish from each group were deeply anaesthetised and killed by sectioning the spinal
cord at 5 pm (7 hours post-feeding) and another nine fish at 10 am (24 h post-feeding),
coinciding with feeding times (Figure 1). Similarly for PF2, another nine fish from each group
were Killed at 10 am (17 h post-feeding) and nine at 5 pm (24 h post-feeding) (Figure 1). In each
experiment, two fish from each group — making a total of 24 fish — received the same amount of
diet containing similar proportions of non-labelled Spirulina protein and algal starch. They were

used to measure natural abundances of >N and C in each sample type (blank values).

DIET TIME
(10 AM / 5 PM)

Regime . g/cd
calcs | |
1 cd/cd
1 cd/ed
Regime @ [ f—
Cd/Ed | : cdfed
Ed/Cd
Reglme ﬁ'
Ed/cd !

REGIMES PERIOD POST-FEEDING TRIAL

" 1 Ed/Cd
1 1 1 1 1 |
L L) L) L
Day 0 Day 56 12h 24h 12h 24h
o o
Initial Weight Final Weight
n=70 n=70

Post-Feeding 1 (PF-1) <#s .

Il Commercial diet 10am S5Pm(7hPF)  10am (24h PF)

[ Experimental diet n=9 n=9
Post-Feeding 2 (PF-2) . I 70K
S pm 10am (17h PF) 5pm (24 h PF)
n=9 n=9

Figure 1. Schedule of experimental design. “Regimes period” extended for 8 weeks where each group
were fed twice a day (10 am/5 pm) the corresponding diet (Cd/Cd, Cd/Ed, Ed/Cd). “Post-Feeding trial” is
distributed as PF1, when fish were force-fed in the morning (10 am) and PF2, when fish were force-fed in
afternoon (5 pm). Underlined diets indicate the supplied food for each regime and PF. Fish symbols
indicate sampling times and number of fish (n). Further details are explained in the Materials and Methods

section.
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Final body weights, standard lengths, and somatic indexes for liver, muscle and perivisceral fat
were recorded. Blood samples were extracted from caudal vessels using EDTA-Li as
anticoagulant, and plasma was obtained by centrifuging the blood at 13,000 g for 5 min at 4°C,
which was then kept at —=80°C until analysis. The tissues analysed were liver (whole organ), two
pieces of white muscle (epaxial, near the dorsal fin) and red muscle (under the skin, near the
lateral line), and viscera (gut plus perivisceral fat). They were rapidly excised and frozen in
liquid N, and stored at —-80°C until analysis, together with the rest of the fish. The entire
sampling procedure took less than 1.5 minutes from the moment the fish was killed, and the
tissues with a fast glycogen hydrolytic capacity, such as muscles, were frozen first. Plasma
samples were used for glucose, lipid fractions (non-esterified fatty acids, triacylglycerols,
phospholipid and cholesterol) and protein analysis. Tissue samples were used to analyse their
main components (glycogen, lipid and protein contents) and to measure dietary 3C and ®N

incorporation both in the whole tissue samples and in the tissue components.

2.2. Analytical procedures

Plasma levels of glucose, triacylglycerides (TAG), phospholipids (PL), total cholesterol (TC) and
non-esterified fatty acids (NEFA) were analysed using commercial kits (from Spinreact, Girona,
Spain and Wako Chemicals, Neuss, Germany) and measured in triplicate in pre-diluted plasma,
using an endpoint colorimetric assay, following the manufacturer’s instructions for each piece of
kit. Plasma concentrations are expressed as mM (glucose), mg of lipid fraction per dL (TAG, PL,
TC) and mEg/L (NEFA). Plasma total protein, expressed as mg of protein per mL, was
determined following the Bradford (1976) method using bovine serum albumin as the standard.
Tissue samples of liver, white and red muscles and viscera were homogenised in liquid N, using
a pestle and mortar to obtain a fine powder, while the rest of the fish was homogenised at
—-20°C using a food homogeniser (Pacojet AG, Zug, Switzerland). Aliquots of each sample were
taken for use in isotopic analyses and to assess the lipid, protein, glycogen and water content of
the samples. The water content of tissue samples was determined gravimetrically after drying
the samples at 95°C for more than 24 h. Lipids were extracted as described by Folch et al.
(1957), and the washed lipid extracts were dried under N, atmosphere then determined
gravimetrically. Total protein was purified from defatted tissue samples via precipitation with
10% (v/v) trifluoroacetic acid. The extracts were dried with a vacuum system (Speed Vac Plus
AR, Savant Speed Vac Systems, South San Francisco, CA, USA) and the protein content was
calculated from the total N content obtained by elemental analysis (Elemental Analyser Flash
1112, ThermoFinnigan, Bremen, Germany), assuming 1 g of N for every 6.25 g of protein.
Glycogen was extracted and purified from tissues following alkaline hydrolysis with boiling 30%
KOH and an alcoholic precipitation, as described by Good et al. (1933). Glycogen content was

then assessed using the anthrone colorimetric method described by Fraga (1956).

2.3. 8"°N and §"°C determination in tissues
Total *C enrichment was measured in tissue samples and in the purified tissue extract

components (glycogen, lipid and protein), while '*N-enrichment was measured in the whole
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tissue and in the protein fraction. To measure enrichment, dried samples of fish from each of
the two diets and five tissues, plus the purified glycogen, lipid, and protein fractions of each
tissue, were lyophilised and ground using a mortar until a very fine, homogeneous powder was
achieved. Aliquots ranging from 0.3000 to 0.6000 mg were accurately weighed in small tin
capsules (3.3-5 mm, Cromlab, Barcelona, Spain) and analysed for C and N isotope
compositions using a Mat Delta C isotope-ratio mass spectrometer (Finnigan MAT, Bremen,
Germany) coupled to an Elemental Analyser (Flash 1112) at the Scientific Services of the
University of Barcelona, SCT-UB. The EA-IRMS burned the samples and converted them into
gas (N, and CO,) and transported them through a continuous helium flux to determine the
carbon and nitrogen content (as a percentage) in the samples. Isotope ratios (13C/12C, 15N/”N)
in the samples were compared with the reference gases (N, and CO,) and were expressed on a
relative scale as deviation, referred to in delta (d) units with the notation %o, parts per thousand,
relative to the isotope ratio content of international standards (Pee Dee Belemnite a calcium
carbonate, for C and air for N).

Delta values were determined with the equation:
8 =[(Rsa/Rst)-1]- 1000

where Rsa = "N/™N or "*C/"°C of samples, and Rst = N/™N or C/"*C of international
standards. The same reference material analysed over the analysis period was measured with
approximately 0.2 %o precision for materials presenting natural abundance and approximately
0.4 %o precision for the isotope-enriched materials. The & values are expressed as atom

percentage (at %):

*C at % =100 - (*c/ (*c+'%C))
N at % =100 - (*N/ ("°N+"N))

The net enrichments (atom percentage excess or APE) in 3C and "N of glycogen, lipid, and
protein fractions, and in the tissue, were calculated by the difference between the at% of
samples and their corresponding blank at % values:

APE = at % sample — at % blank.

Finally, using the values of APE, molecular weight and Avogadro’s number, the results were
expressed as a percentage of the ingested dose (g/100g 3¢ or ®N ingested) in each tissue
fraction (glycogen, lipid and protein), calculated as:

100 - ((g™C or "°N/g t.fr.) - (g t.fr./g tissue) - (g tissue/g b.w.) / (g ingested *C or °N/g b.w.))

(1)
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where t.fr. is the tissue fraction, and b.w. is body weight. The enrichment of the free pool of
each tissue was calculated as the difference between isotope levels in the entire organ, or
tissue, and the sum of the three tissue fractions. Therefore, the measurement of an entire
organ, or tissue, represents the sum of all fractions (Eq. (1) + free pool) for 3C or "N. For the
whole fish, enrichment was calculated as the sum of all entire organs or tissues (total liver, total
muscle mass, viscera and the rest of the fish) for '>C or "°N. For liver and viscera, the exact
mass of the total tissue sample was measured by weighing the entire individual organs from
each fish. In the case of muscles, however, accurate dissections of another ten fish from each
group maintained under the same regime were carried out to estimate total muscle mass. The
resulting muscle-somatic index obtained (g muscle/100g body weight) indicated values of 33.8 +
2.20 for WM and 2.3 £ 0.11 for RM; there were no significant differences between the three

groups.

2.4. Statistics

Data for all parameters are presented as mean + standard error of the means (s. e. m). Results
from each variable of each PF experiment were subjected to a two-way analysis of variance
(ANOVA). The two independent factors were the feeding regime (Cd/Cd, Cd/Ed, and Ed/Cd)
and the moment the fish were sampled (10 am and 5 pm). At the same time, these two
moments of the day correspond to the mealtimes. The samples obtained after 24h post-feeding
from both PF1 (at 10 am) and PF2 (at 5 pm) were compared using a two-way ANOVA for which
the factors were also regime (R), and the moment of the daily rhythm (D). The interaction
between the two factors, if it was significant, is identified as RxD. When a significant difference
was detected for the regime factor, a post-hoc analysis across the three groups was carried out
using the Tukey'’s test. Statistical analyses were performed using SPSS Statistics v.17.0 (SPSS

Inc., Chicago, lllinois) and all differences were considered statistically significant when p<0.05.
3. Results

Fish were fed twice a day; once at 10 am and once at 5 pm. The total amount of food received
each day represented 2.6% of their body weight. At 10 am, they received a quantity
representing 1.6% of their body weight and at 5 pm, they received a quantity representing 1% of
their body weight. All the animals were divided into three groups with each one receiving a
different diet combination. The regimes were: Cd/Cd, Cd/Ed, and Ed/Cd. As Table 2 shows,
while the diet change in each regime resulted in minor differences of the total energy supplied to
gilthead sea bream each day, the energy assimilated at the end of the day came from different
proportion of nutrients supplied at different moments of the day. After 8 weeks, at the end of the
growth period, final body weight varied significantly (Table 3), being the group that were fed on
the regime Cd/Ed 10% lower than the body weights of the other two groups. The specific growth
rate followed the same trend, although it was not significant because of it was calculated from

triplicates.
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Table 2. Daily dietary nutrient and energy intakes for gilthead sea bream
fed a ration of 2.6% b. w. on the three regimes.

Meals (%) 1.6 1.0
Hour 10:00 am 5:00 pm
Regimes CdicCd Cd/Ed Ed/ICd Cd/Cd Cd/Ed Ed/Cd
Protein ® 0.77 0.77 0.59 0.48 0.37 0.48
Lipid ® 0.32 0.32 0.20 0.20 0.13 0.20
CHO? 0.31 0.31 0.64 0.20 0.40 0.40
Energy ° 0.31 0.31 0.31 0.195 0.193  0.193
Daily ingesta Total (for 24 h) Nutrient (in % of Cd/Cd)
Regimes CdiCd Cd/Ed Ed/ICd Cd/ICd Cd/Ed Ed/Cd
Protein 1.25 1.14 1.07 100 91.3 86
Lipid 0.52 0.45 0.40 100 85.6 76.9
CHO 0.51 0.71 0.84 100 140.4 164.7
Energy 0.51 0.41 0.50 100 99.6 99.4

@ nutrient intake expressed as g/100g body weight
® Energy units: kJ/100g fish body weight

Table 3. Fish body weight and growth rate of gilthead sea bream
fed at 2.6% from three different regimes.

Dietary regime Cd/Cd Cd/Ed Ed/Cd

Initial weight (g)_ 21205 21.3+0.2 219+0.2
Final weight (g) 425+0.7% 382x0.7° 414+08°
SGR% * 1.20+0.03 1.03+0.09 1.13+0.06

Values are mean + sem. N = 70 fish per group.
" Values of each regime are from triplicate tanks.
Means with different letters are significantly different (p<0.05).

It is important to signal that all fish were well adapted to their new diets under the specific
feeding regimes before the response of gilthead sea bream to those eating habits was assessed
in the two post-feeding experiments, PF1 and PF2. Thus, the results captured not only the short-
term physiological effects (i.e. within 24 h) in relation to the last meal eaten, but also the
metabolic changes caused in the fish by the different feeding regimes. Figure 2 includes plasma
post-feeding levels of glucose and triacylglycerides, revealing differences in the transit and
assimilation of both nutrients depending on the most recently consumed meal. As shown,
plasma glucose levels of gilthead sea bream fed Ed increased at 5 pm (7 h post-feeding),
reaching levels that were twice as high as those seen in fish fed Cd. Similarly, plasma
triacylglycerides levels in fish receiving Cd as the last meal were twice as high as those of fish
fed Ed. In both PF ftrials, no significant differences were found for plasma levels of NEFA
(ranged: 07-0.9 mEg/L), phospholipids (700-800 mg/dL), total cholesterol (200-250 mg/dL) or
protein (15-20 mg/mL).
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Figure 2. Post-feeding plasma levels of glucose (mM) and triacylglycerides (mg-dL'1) of gilthead sea
bream subjected to three different regimes, Cd/Cd (grey colour), Cd/Ed (white colour and Ed/Cd (black
colour), after 7 hours (5 pm) and 24 h (10 am) post-feeding on the left for the PF1 and after 17 h (10 am)
and 24 h (5 pm) post-feeding on the right for the PF2. The last meal received by post-feeding is underlined
and values are means, with their standard errors represented by vertical bars (n=9 for each regime).
Significant differences between regimes (p<0.05) are indicated by different letters.

Tissue composition of liver, and white and red muscles at 10 am and 5 pm after 24 hours post-
feeding, for both PF1 and PF2, are summarised in Table 4. The fish on the groups receiving Ed
diet showed higher deposition of glycogen in the liver, increasing hepatosomatic index
significantly (regime factor: R = 0.007). No differences were observed for the two time intervals
within each post-feeding, but the comparison between PF1 and PF2 values after 24 hours
revealed differences in the hepatic protein content (daily rhythm factor: D=0.005, Table 5), with
higher levels observed at 10 am than at 5pm (see Table 4). Daily rhythmicity was also observed
in the protein content of the two muscles (D= 0.042 for WM and D= 0.007 for RM, Table 5), with
lower levels observed in the morning (10 am) than in the afternoon (5 pm), whereas the

glycogen stores followed the inverse trend.
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Table 4. Hepatosomatic index and liver, white muscle and red muscle compositions of gilthead sea bream fed on the three regimes and the
two postprandial sampling points (PF1 and PF2).

PF1* Regime Stat ° PF2* Regime Stat °
LIVER Cd/Cd Cd/Ed Ed/Cd Cd/Cd Cd/Ed Ed/Cd
HSI Spm(7h)  2.6+0.19  3.0+0.19  2.6+0.16 10am (17h) ~ 22+0.15  2.8+0.16  2.3+031
%bw)  10am(24h) 21012  3.0+0.24 2.7+0.14 R Spm@4n) 21+008 29+019 25+021 R
Glycogen  Spm(7h)  88%050 11.2+087  10.7+0.83 10am (17h) 109029 13.4+045  10.6+0.43
% ww) 10am(24h) 85+0.69  11.1+048  10.9+0.66 R spm@4n) 100+054 145+070 102+123 R
Protein Spm(7h)  9.4+034  82+027  9.4+026 10am (17h) 87+020  81+030  8.7+037
% ww.) 10am(24h) 103+040  9.0£020  9.1+0.49 R Spm@24n) 100+031  7.4+033  85+022 R
Lipid Spm(7h)  142+1.07 115+1.10  10.4%0.70 10am (17h) 13.0£073 114105  129£091 .
%ww) 10am(24h) 122+176 115+070  11.7+1.24 Spm (24h) 10.6+045  97+078  11.2+0.71
WM Cd/Cd Cd/Ed Ed/Cd Cd/Cd Cd/Ed Ed/Cd
Glycogen  Spm(7h)  05+0.03  0.5+0.04 0.4 =002 10am (17h) 04004 03002  03+0.02
% ww) 10am(24h)  04+003  0.3+0.05 0.4=0.03 Spm(24h)  0.4+004  04+004  03+0.04
Protein Spm(7h) 1924041  19.6+040  19.8+0.43 10am (17h) 19.6+041 19.8+037  19.5+0.29
% ww.) 10am(24h) 191+031 195+062  18.7=0.17 Spm(24h) 19.8+£038 19.6+040  19.7+0.49
Lipid Spm(7h)  81+077  7.9+132 46048 o 10am(I7h) 41+047  50£051 65054
% ww.) 10am(24h) 61+091  6.8+1.22 5.6+ 0.60 Spm(24h)  47+£049  63+120  7.0+0.68
RM Cd/Cd Cd/Ed Ed/Cd Ccd/Cd Cd/Ed Ed/Cd
Glycogen  Spm(7h)  0.7+0.06  0.7+0.11 0.7=0.08 10am (17h)  05+0.03  05+004  0.5+0.03
% ww) 10am(24h)  07+0.10  0.5%0.07 0.7+ 0.09 Spm(24h) 05+0.08  0.6+0.07  0.4=0.08
Protein Spm(7h)  93+0.56  9.8+0.64  10.4+0.27 10am (17h) 1024069 934069 11.7+0.29
%ww) 10am(24h) 103051 105+036  10.3+0.66 Spm(24h) 11.4+088 11.5+061 124+035 R H
Lipid Spm(7h)  360+1.68 359+208  32.3+1.95 10am (17h) 3774133  308+242  321+136
% w.w.) 10am(24h) 3284256 32.0+1.60  30.3+2.05 Spm (24h) 289+242 335+4.17  30.7+2.12

Values are mean + sem. b. w. = body weight; w. w. = wet weight.
*PF1 Postprandial experiment begun at 10 am; PF2 postprandial experiment begun at 5 pm. Inside parenthesis, hours after force-feeding.
® Two-way ANOVA of data from PF1 and PF2: R as regime factor, H as hour factor and RxH as interaction.
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Table 5. Regime, daily rhythm and interaction p values
of liver and muscles composition in gilthead sea bream.

R D RxD
HSI 0.001 ns? ns
Liver
Glycogen 0.002 ns ns
Protein 0.000 0.005 ns
Lipid ns ns ns
White muscle
Glycogen ns 0.035 ns
Protein ns 0.042 ns
Lipid ns ns ns
Red muscle
Glycogen ns 0.046 0.032
Protein ns 0.007 ns
Lipid ns ns ns

Significance levels of two-way ANOVA (factors: regime R and
daily rhythm D) of samples from the two post-feeding
experiments after 24 hours. Data are referred on Table 4.

% ns no significant.

To determine the nutrient distribution, stable isotopes retention were analysed in whole organs
and tissue fractions after one forced meal labelled with 3% '°C-starch and 1% '°N-protein
administered at 10 am (PF1) or at 5 pm (PF2). The fate of dietary starch can be monitored from
the allocation of *C in tissue samples at the two post-feeding times for both PF1 and PF2, as is
shown in Figure 3. Significantly higher total recovery of 3C was observed in the PF1 samples of
fish receiving the Cd diet as their last meal, compared to fish fed Ed at both 5pm or at 10 am.
The levels of '°C recovery in the livers sampled at 5 pm in PF1 of the two groups fed with Cd
diet (i.e., Cd/Cd vs Cd/Ed) were different. As shown in Figure 4, these differences indicate that
recovery is lower when fish were from the Cd/Ed regime. Remarkably, "*C-starch deposited in
liver as glycogen was 3 times higher (p<0.05) in PF1 samples of fish fed Cd/Cd, although the
last meal received was the same (Cd) for both groups. Similarly, the Bc recovery in the liver at
24 hours post-feeding was lower in regimes containing the Ed diet, regardless of whether it was
supplied morning or afternoon (i.e. Cd/Ed or Ed/Cd), and this trend was consistent in all liver

fractions.
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Figure 3. Recovery of e (as a percentage of ingested isotope) from entire organs or tissues (liver (H),

white muscle (), red muscle (.), viscera (B) and the rest of the fish (I3)) of gilthead sea bream
subjected to three different regimes (Cd/Cd, Cd/Ed, Ed/Cd) after 7 h (5 pm) and 24 h (10 am) post-feeding
on the left for the PF1 and after 17 h (10 am) and 24 h (5 pm) post-feeding on the right for the PF2 (see
the Materials and Methods section for details of the calculations). The last meal received by post-feeding is
underlined and values shown are means, with their standard errors represented by vertical bars (n=9 for
each regime). Significant differences between regimes (p<0.05) are indicated by different letters. Two-way

analysis of variance of data from PF1 and PF2: R as regime factor, H as hour factor and RxH as

interaction.
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Figure 4. Total e recovery in the main components of liver (as a percentage of ingested isotope); protein
(.), lipid (M), glycogen (D) and free pool (B) of gilthead sea bream subjected to three different regimes
(Cd/Cd, Cd/Ed, Ed/Cd) after 7 hours (5 pm) and 24 h (10 am) post-feeding on the left for the PF1 and after
17 h (10 am) and 24 h (5 pm) post-feeding on the right for the PF2 (see the Materials and Methods section
for details of the calculations). The last meal received by post-feeding is underlined and values are means,
with their standard errors represented by vertical bars (n=9 for each regime). Significant differences

between regimes (p<0.05) are indicated by different letters.
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Figure 5 shows the recovery levels of dietary 15N-protein into the protein fraction of white
muscle of both PF1 and PF2 studies. The results of the PF1 experiment reveal an inverse
relationship between protein intake (see Table 2) and N recovery in the protein fraction of
white muscle. Thus, the highest levels of 15N-protein retention were seen in the group that
consumed the Ed diet (low in protein and high in carbohydrates) in the morning as their last
meal (i.e. the Ed/Cd group). Interestingly, levels of N recovery were lower in muscle protein
samples from fish in the PF2 experiment that consumed the Ed/Cd regime, although the last
meal was the commercial diet. This reveals that protein is continuously metabolised and that
there was an extra short-term fasting in these fish, especially in those fed the Ed/Cd regime,

because they did not receive the second meal of the day during the postprandial experiments.

8 1 8 1 /+
- - -
6 - 6 | *’
J

d '5N prot/100g *>N ingested
N

2 {—— CcdiCd 24 —— cCdiCd
| —=— Cd/Ed | —= - Cd/Ed
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0 T 1 0 T )
Regime 5pm (7h) 10am (24h) 10am (17h) 5pm (24h)
Time (PF) PF1 PF2

Figure 5. Recoveries of N in the protein fraction of white muscle in both postprandial studies; PF1 (7
hours (5 pm) and 24 h (10 am) hours post-feeding) on the left and PF2 (17 h (10 am) and 24 h (5 pm)
hours post-feeding) on the right, in gilthead sea bream subjected to three different regimes (Cd/Cd, Cd/Ed,
Ed/Cd). The last meal received by post-feeding is underlined and values are means, with their standard
errors represented by vertical bars (n=9 for each regime).

Figure 6 shows the values of the total °N recovery from dietary protein in gilthead sea bream in
the whole fish and tissues analysed at 24 h post-feeding. The N recovery levels in the main
organs and in the whole fish increased when protein ingested decreased, similarly to what has
been observed in white muscle. The total amount recovered in fish in the Ed/Cd regime in PF2
did not differ from that of Cd/Cd regime, indicating that mobilized protein from the total muscle
mass in the first group (indicated before) was still into the fish after 24 h post-feeding. Surely, it

did not occur during a normal situation with the fish receiving two meals per day.
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Figure 6. Recovery of °N (as a percentage of ingested isotope) from entire organs or tissues (liver (H),

white muscle (), red muscle (.), viscera (B) and the rest of the fish (I3)) of gilthead sea bream

subjected to three different regimes (Cd/Cd, Cd/Ed, Ed/Cd) after 24 h (10 am) post-feeding on the left for
the PF1 and after 24 h (5 pm) post-feeding on the right for the PF2 (see the Materials and Methods section
for details of the calculations). The last meal received by post-feeding is underlined and values are means,
with their standard errors represented by vertical bars (n=9 for each regime). Significant differences

between regimes (p<0.05) are indicated by different letters.

4. Discussion

Feeding time must have major effects on food intake and growth of farmed fish, and matching it
with appropriate food composition and fish appetite should result in optimum feeding regimes.
When daily food delivery is distributed over several meals and adjusted to suit the feeding
rhythms of fish, rather than equally sized meals, growth performance can be improved (Azzaydi
et al. 1999). We observed that the combined effects of a low-protein, carbohydrate-rich diet (Ed)
distributed over a month period in the morning and afternoon, reduced the daily intake of dietary
protein in Ed/Cd and in Cd/Ed. However, the fish in the group receiving the Ed diet in the
afternoon grew significantly less than fish in the other groups, indicating a differential effect of
feeding times and diet composition on sea bream growth rate. As Carter et al. (2001) described,
growth changes caused by the physiological effects of feed intake can be seen after only 4
weeks, meaning that the present study was long enough to reveal measurable differences in
growth rate.

Previous studies have linked plasma parameters and feeding time in gilthead sea bream.
Montoya et al. (2010) and Gémez-Milan et al. (2011) observed the highest glycaemia levels
between 7 and 10 h after the usual feeding time in gilthead sea bream, indicating that daily
variations in blood glucose levels are strongly influenced by feeding time. The plasma glucose

and triacylglyceride levels observed in the present study were strongly influenced by diet
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composition. Glucose levels in fish fed Ed were twice as high as those fed Cd (and vice versa
for triacylglycerides) after only 7 hours PF. Previous research has revealed that being fed a diet
containing relatively high levels of digestible carbohydrate and lipids leads to an increase in
concentrations of glucose and triacylglycerols in the plasma of rainbow trout (Brauge et al.
1994, 1995). The increased glucose levels observed in the present study in the plasma of
gilthead sea bream at 7 h post-feeding is consistent with data published (Gutiérrez et al. 1984;
Laidley and Leatherland 1988). Montoya et al. (2010) and Gémez-Milan et al. (2011) suggest
that plasmatic glucose content is of endogenous origin, likely due to an increase in cortisol-
mediated gluconeogenesis. However, this was not the case in the present study because the
carbohydrate-rich diet also had low protein content. Thus, fish receiving the experimental diet
(Ed) as their last meal were able to assimilate and distribute the overload of dietary
carbohydrates — which is consistent with previously reported data (Felip et al. 2013) — without
the need to maintain the hyperglycemia reported for other fish species such as rainbow trout
(Kaushik and Oliva-Teles 1985; Brauge et al. 1994). Fast transition of hyperglycaemia and
lower deposition in liver glycogen after 24 h for fish receiving the experimental diet indicate that
the oxidative use of carbohydrates must be increased in both Cd/Ed and Ed/Cd regimes,
although clear differences were observed between the two. Similarly, Lopez-Olmeda et al.
(2009) described for the first time a change in daily rhythm related to tolerance levels of
carbohydrate ingestion in a teleost fish (goldfish Carassius auratus) highlighting the impact of
mealtimes on glucose metabolism.

It is well documented that fish subjected to a long-lasting nutritional regime display
recurring physiological changes that are repeated in 24 hour cycles (reviewed by Carter et al.
2001). The results from the isotope distributions of both PF experiments, and of tissue
composition, confirm the existence of a daily rhythm of deposition of reserves in gilthead sea
bream. There are two specific pieces of evidence: regardless of the feeding regimes to which
the fish were subjected, liver composition of gilthead sea bream differed between 10 am and 5
pm, with glycogen levels increasing and protein content decreasing in the afternoon; there was
also a clear contrast in the composition of red and white muscles between 10 am and 5 pm,
with glycogen levels decreasing and protein content increasing in the afternoon. Although we
have not found other studies on this subject in fish, Polakof et al. (2007) reported that liver
protein content decreases in rainbow trout in the afternoon with the decreased catabolism of
amino acids in fish fed at night.

Tissue stores were clearly different in gilthead sea bream depending on the feeding
regime. Thus, increased glycogen deposition in liver and higher hepatosomatic index were
found in both groups receiving the carbohydrate-rich diet, and they were especially prevalent in
fish fed Ed diet in the afternoon. From our knowledge, there are no other studies linking the
importance of feeding strategies, such as the time schedule of meals, with increasing levels of
dietary carbohydrates. The desired effect of carbohydrates starving dietary protein for growth,
however, remains in dispute, particularly in marine species (see Enes et al. 2011 for review).

We observed that gilthead sea bream subjected to increased aerobic physical activity
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(moderate and sustained swimming for one month) increases the use of carbohydrates and
lipids as energy fuels promoting increased retention of dietary protein (Felip et al. 2013). In the
present study, post-feeding distribution of the two isotopically-labelled nutrients — proteins and
starch — revealed that their use was dependent on the diet composition and the moment of the
day when fish were fed. After 24 h, lower total ">C retentions from '*C-starch were observed in
both groups fed the carbohydrate-rich, low-protein diet as the last meal. These groups were
Ed/Cd for PF1, and Cd/Ed for PF2, and it indicates higher use of carbohydrates for energy
when they represent a large proportion of the diet. Panserat et al. (2000), Caseras et al. (2002)
and Meton et al. (2004) reported higher activities of several hepatic glycolytic enzymes in
gilthead sea bream feeding on high levels of dietary carbohydrates.

The distribution of "*C reflected that of dietary carbohydrates, and it showed marked
differences, mainly in liver, between both groups fed with the Ed diet under different regimes
(Ed/Cd vs Cd/Ed). Total *c recovery seen in PF1 in lipid, protein, glycogen and free pool
fractions of the liver at 5 pm (or 7 h post-feeding), as well as in the total liver mass at 24 hours
(10 am), were lower in these groups than the recovery levels in the group fed with the
commercial diet. Here, it is important to note that both Cd/Ed and Cd/Cd groups received the
same Cd diet as their last meal. In PF2 at 10 am (17 h post-feeding), no differences were
observed between the regimes in terms of the recovery of 3C in liver fractions when dietary
nutrients met the energy demand at night. These results demonstrate that fish intermediary
metabolism was adapted not only to the diet but also to mealtime, although further studies on
this area are needed.

When protein intake is lower (as in both groups of gilthead sea bream fed with the Ed diet),
increased protein retention was observed. It was indicated by higher N recovery in whole
gilthead sea bream, and especially in the protein fraction of white muscle. These results of
improved protein efficiency retention are consistent with those of Carter et al. (1993) and
McCarthy et al. (1994), who observed that improved food conversion rates into growth efficiency
appear to be linked to lower rates of protein degradation (turnover) in the so-called “efficient
fish” for those authors, rather than to higher rates of protein synthesis. Stimulation of proteins
synthesis following feeding and the incorporation of infused amino acids into proteins are both
associated with an increase in oxygen consumption (Brown and Cameron 1991). In this sense,
since amino acids are the main liver gluconeogenic precursors (Moon and Foster, 1995),
alternative energy fuels (fat and starch) used in higher proportions during periods of increased
activity must help preserving proteins instead of degrading them into amino acids to support
glucose formation in the liver. We have previously shown that, in the case of gilthead sea
bream, increased energy demands (i.e. sustained exercise) may be met by a carbohydrate-rich
diet resulting in a protein sparing effect and improved growth rate (lbarz et al. 2011; Martin-
Pérez et al. 2012; Felip et al. 2013). Additionally, the present data of daily protein retention
indicate that “morning carbohydrates” (supplied at 10 am under the Ed/Cd diet regime) would
meet the energy demands and in doing so preserve dietary proteins for growth. The group

Ed/Cd fed with Cd diet in PF2 showed mobilisation of white muscle protein because the fish did
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not receive a second meal in 24 hours. At 17 hours post-feeding, fish expecting for a second
meal at 10 am must have burned all the easily-mobilised reserves (i.e. carbohydrates) and it
must have started some catabolic processes, including proteolysis. It is our opinion that if the
fish had received the second meal of the day, would not have produced such mobilization.

In summary, under the conditions of the study, sea bream showed higher activity during the
day, increasing metabolic interconversions in the fish and increasing protein retention efficiency
in white muscle. Dietary protein retention, muscles composition and growth rate were not
affected in a well-balanced, rich-carbohydrate diet. At the contrary, when the fish became
adapted to being fed a diet with high levels of digestible carbohydrate, the use of this compound
for energy increased. Tissue retentions of stable isotopes revealed that post-feeding metabolic
changes in the distribution and fate of the labelled nutrients (13C-carbohydrate and 15N-protein)
are due, firstly, to the dietary regime, but conditioned, secondly, by the last meal received. A
decrease in dietary protein content was compensated for by more efficient retention combined
with increased energy use of the other dietary nutrients, which in this case were carbohydrates.
Nevertheless, under the conditions of the study, carbohydrates supplied in the afternoon were
not used as efficiently as if they were supplied in the morning. A practical result of this study is
that improving fish diet composition can be possible, if food supply is adjusted, increasing the

proportion of non-protein ingredients during periods of higher activity.
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6. DISCUSSIO GENERAL

Els treballs que composen la present tesi tenen com a objectiu general abordar la millora del
cultiu de peixos d’interés comercial, a partir de l'optimitzacié de I'is dels nutrients. Més
concretament, es va determinar com es pot influir en la capacitat d’aprofitament dels
carbohidrats digeribles de la dieta en dues espécies de peixos carnivors, com son la truita (O.
mykiss) i 'orada (S. aurata). Per aconseguir-ho, primer es va intentar incrementar la demanda
energetica del peix mitjangant un exercici moderat pero sostingut (a 1,3 LC.s™ en la truita i 1,5
LC.s” en l'orada, en els Capitols I, 1l'i lll), i també es va variar la distribucié dels nutrients en els
diferents moments d'alimentacié del dia (estudi del régim diari en el Capitol IV). Mantenint els
animals en aquestes condicions, es van estudiar les relacions entre la nutricié i el metabolisme
dels peixos. Es va analitzar la composici6 tissular dels animals; es va fer el seguiment del
nutrients marcant-los amb tracadors metabolics (midé amb C' i proteina amb N™); i es van
estudiar els canvis de les fibres musculars. Tot aix0, s’estudia de forma integrada amb d'altres
estudis del grup de recerca sobre l'efecte del dejuni i realimentacié en la protedmica dels
musculs blanc i vermell i el cultiu primari de miocits, analitzant els canvis durant la diferenciacio.
Aixi doncs, aquests estudis tenen la finalitat de comprendre la fisiologia d’aquestes espécies
principalment, en els aspectes del desenvolupament muscular, amb I'objectiu d'optimitzar la

produccio.
Dietes riques en Carbohidrats per la truita: midé cru o gelatinitzat?

Fins practicament a finals dels anys 90, els peixos (sobretot les espeécies considerades
carnivores) han estat descrits com animals diabétics o, si més no, poc adaptats a poder emprar
quantitats grans de carbohidrats en les dietes artificials produides per aquicultura. Aquesta idea
ha estat recollida en diversos treballs (Wilson 1994; Moon 2001; Hemre i col. 2002; Panserat i
Kaushik 2002; Stone i col. 2003), i és conseqléncia de pressuposar una capacitat limitada dels
peixos per metabolitzar la glucosa. Posteriorment, el processament per extrusié del midé de la
dieta (sobretot de cereals i blat de moro) ha incrementat la digestibilitat d'aquests carbohidrats.
Aix0 ha contribuit, en les modernes dietes de peixos, a que augmenti la quantitat total
disponible de carbohidrats i ha reobert I'antiga discussié sobre com aquests carbohidrats
afecten al creixement o, fins i tot, a I'estat sanitari dels peixos. Aquest fet també ha propiciat
que es duguin a terme més estudis sobre la utilitzacié i la deposicié d'aquests nutrients.
Aquesta situacié sobre I'is dels carbohidrats de la dieta, especialment controvertida en
el cas dels salmonids, feia necessari un estudi en la truita irisada on primer s’analitzés la
distribucié d'elevats nivells de carbohidrats de la dieta en funcié del grau de gelatinitzacio,
mitjangant la incorporacié de C"-mido (Capitol ). Com a resultat d’aquest estudi es determina
que existeix una absorci6 més elevada dels carbohidrats en el grup alimentat amb midé
gelatinitzat, en contrast amb el grup alimentat amb mid6 cru, tot mostrant uns nivells de glucosa

en plasma incrementats i provocant una hiperglucémia prolongada durant diverses hores.
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Aquest nivell excessiu de glucosa en plasma ja havia estat descrit en la truita per diversos
autors (Bergot 1979; Kaushik i Oliva-Teles 1985; Brauge i col. 1994), perd també varem
observar que el manteniment de la hiperglucémia havia de ser causat per una baixa taxa
d'utilitzacié de la glucosa pels teixits periféerics, retardant aixi la retirada de la glucosa de la
circulacié en comparacié6 amb animals endoterms (Furuichi i Yone 1981; Wilson 1994; Moon
2001). No obstant aix0, en aquesta mateixa espécie, s’ha descrit que un nivell apropiat
d’hidrats de carboni en la dieta serveix per promoure el creixement i podria tenir I'efecte
d'estalvi de proteines per al creixement. La glucosa, a més de ser el substrat oxidatiu preferent
pel teixit nervids i les cél-lules sanguinies, és el metabdlit intermediari per excel-1éncia, i la truita
irisada és capag d'incrementar-ne I's quan aquest augmenta en sang (Blasco i col. 2001). A
meés, la preséncia de quantitats més elevades d'hidrats de carboni a la dieta podria actuar
reduint I'activitat gluconeogénica i, aixi, desviaria aminoacids de les vies oxidatives cap a vies
sintétiques (Cowey i col. 1977; Sanchez-Muros i col. 1996). Quan es van comengar aquests
estudis, les opinions en favor de que la ingesta d'hidrats de carboni podia induir canvis tendents
a conservar els aminoacids i activar altres vies metabodliques, encara eren molt controvertides
(revisat per Wilson 1994; Hemre i col. 2002; Stone 2003; Enes i col. 2009, 2011).

Diversos estudis han analitzat els efectes de la ratio entre I'energia i la proteina de la
dieta, sobretot pel que fa a preservar la proteina ingerida canviant-ne la proporcié amb la de les
fonts no-proteiques, lipids i carbohidrats (Brauge i col. 1995, en truita irisada; Arzel i col. 1998,
en truita de riu; Company i col. 1999, en déntol, llobarro i orada; Vergara i col. 1999, en orada;
Peres i Oliva-Teles 2002, en llobarro). L’efecte d’estalvi proteic dels lipids de la dieta esta ben
descrit (Beamish i Medland 1986; Rasmussen i col. 2000) i ha condicionat el desenvolupament
de dietes artificials altament energétiques per als peixos, encara que puguin desembocar en la
deposici6é excessiva de lipids al filet dels peixos (Alexis 1997; Spisni i col. 1998; Caballero i col.
1999, 2004). Per altra banda, I'efecte dels carbohidrats sobre I'estalvi de proteines encara és
controvertit, particularment en algunes espécies de peixos carnivors (Peres i col. 1999; Enes i
col. 2011). Es conegut que la digestibilitat del midé depén de la complexitat de la molécula
(Enes i col. 2008) i de la font de mido, ja sigui farina de blat, farina de blat de moro, etc. (Venou
i col. 2003).

Com a resultat del primer dels estudis d’aquesta tesi s’ha demostrat que, en la truita
irisada, el grup alimentat amb mid6 gelatinitzat presentava una major recuperaci6é de l'isotop
C"™ en els teixits (indicatiu de més incorporacié del carbohidrat de la dieta), seguit d’una
elevada deposicié en les fraccions proteica i lipidica dels musculs (pricipalment al muscul
vermell). Amb aquestes accions els peixos disminuien els nivells de glucosa en plasma, pero a
la vegada s’observava un increment de la mida del fetge com a consequéncia de la
incorporacié d’aquests carbohidrats a la fraccié6 de glicogen, causant un increment de la
lipogénesi hepatica (Felip i col. 2012). La presencia de lipids sintetitzats de novo en el fetge es
demostrava per una elevada incorporacié de C™ en la fraccié lipidica del fetge i pels nivells
incrementats de lipids en el muscul blanc. Per tant, aquests lipids podien posteriorment ser

dipositats en el propi drgan o transportats als altres teixits, com passa en el muscul. Com a

178



Olga M? Felip Arias Discussi6

conclusié de I'estudi es demostra que la truita presenta certes limitacions metabdliques a I'hora
de disposar de nivells alts de carbohidrats, al menys des del punt de vista practic de la seva
produccié en aquicultura.

Una questié que va sorgir com a resultat d’aquest estudi va ser que, si mitjangant
lincrement de la demanda energética de I'animal es podria augmentar I'eficiéncia en I'is dels
carbohidrats de la dieta, especialment en el cas de la truita irisada quan aquests son elevats.
Aix0 significa, en el cas d’'un animal poiquiloterm, augmentar la seva taxa metabdlica, i es pot
aconseguir augmentant la temperatura a la que es cultiva (aspecte poc practic en aquicultura ja
que es sol fer a les temperatures descrites com a optimes per el creixement de I'espécie) o bé

augmentat la seva activitat fisica (I'exercici natatori aerdbic).

Beneficis de la natacié sostinguda en I’is i el desti dels carbohidrats de la dieta

El segient punt desenvolupat fou I'estudi de les condicions que permetrien solucionar, o evitar
en part, 'excessiu engreixament dels filets i del fetge del peix, tot augmentant la taxa de
producci6é d’energia aerdbica a partir de nutrients no proteics. En les espécies de clar interés
comercial aquest engreixament es produeix usualment degut a que I'energia de la dieta prové
d’'una gran quantitat de lipids. Tot i aixd, en estudis com els del bloc anterior, s’ha comprovat
que també succeeix quan I'energia prové d’'una elevada proporcié de carbohidrats. Quan cal
plantejar-se una manera d’augmentar I'is dels nutrients (lipids i carbohidrats) amb finalitat
energeética, el primer a considerar és la relacié entre la nutricio i I'activitat natatoria del peix. Per
exemple, mitjangant la induccié d’un exercici moderat perd sostingut (de 24 hores al dia), tot
determinant si la condicié fa incrementar les despeses energétiques de I'animal. El fet de
plantejar-se I'exercici des d’'un punt de vista practic del cultiu de peixos no és, d’entrada,
contradictori, ja que se sabut que l'activitat moderada i sostinguda millora la taxa de creixement
i l'eficiencia de conversié alimentaria dels peixos en determinades condicions (Jorgensen i
Jobling 1993; Davison 1997). Fins i tot s’ha proposat I'exercici com una eina per reduir I'estrés
produit pel confinament i les elevades densitats d’estabulacié d’aquests animals (Huntingford
2010; revisat per Palstra i Planas 2011). La informacié sobre el tema dels efectes de I'exercici
segueix sent escassa en peixos, i se centra principalment en salmonids. De totes maneres, la
principal conclusié de I'estudi que varem desenvolupar sobre els efectes de I'exercici en la
truita irisada és que, quan aquesta es sotmet a la combinacié d’'una nataci6 moderada i
sostinguda i una dieta baixa en proteina i rica en carbohidrats durant un mes, respon
augmentant la taxa especifica de creixement (Felip i col. 2012). En activitat sostinguda, s’havia
descrit una major despesa energética a través de l'increment del potencial aerobic dels musculs
vermell i blanc, amb taxes de creixement incrementades perd sense utilitzar dietes amb elevats
continguts de carbohidrats (Houlihan i Laurent 1987; Farrell i col. 1990).

Dels estudis desenvolupats en orada sota condicions molt similars d'alimentacié i
exercici, també podem concloure que aquesta presenta una taxa especifica de creixement

significativament més elevada (lbarz i col. 2011; Felip i col. 2013a). No obstant aixo, hi ha
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marcades diferéncies especifiques, perqué mentre que la truita irisada augmenta el consum
d'aliment per compensar els majors costos energétics a causa de I'exercici, 'orada no presenta
canvis significatius en la quantitat d'ingesta. Aixd suggereix que, durant la natacié sostinguda,
'orada usa la dieta rica en carbohidrats més eficientment que la truita irisada. Un primer
resultat conjunt dels estudis desenvolupats és que les dues espécies presenten diferencies
envers un tipus d’exercici molt similar (moderat perd de molt llarga durada). El fet que les
orades no mengin significativament més, pero si que creixin més, indica un millor aprofitament
de la dieta en una situacié en qué la taxa metabdlica s’hauria d’haver vist augmentada. La
hiperglucémia postprandial de llarga durada en la truita, després de la ingesta d'una dieta rica
en carbohidrats, va desaparéixer molt més rapidament quan les truites irisades van ser
sotmeses a exercici moderat i sostingut (Felip i col. 2012). Per altra banda, I'orada alimentada
amb la dieta rica en carbohidrats presentava curts periodes d’hiperglucémia en ambdds grups
experimentals, tant en les orades sotmeses a exercici sostingut, com en les que estaven en
condicions normals de cultiu (és a dir, sotmeses a activitat natatoria voluntaria) (Felip i col.
2013a). Aquests resultats revelaren que I'orada és una espécie que te la capacitat d’incorporar
una gran proporcié de carbohidrats de la dieta i d’utilitzar-los eficientment. Per tant, és també
d’esperar que els efectes beneficiosos (estalvi proteic) de I'exercici sostingut sobre I'Us
d’aquesta dieta altament carbohidratada, siguin majors en la orada que en la truita.

Els estudis sobre nutrici6 de peixos han prestat més atencié a la substitucié de
nutrients i el seu efecte sobre el creixement, que a l'assimilacio, deposicié i Us d’aquests
nutrients. Aixi i tot, els estudis existents demostren que la taxa d'utilitzacié de la glucosa pot
modificar-se quan es produeixen canvis en la demanda d'energia, com per exemple en
situacions de dejuni (Blasco i col. 2001), hipoxia (Haman i col. 1997) o sota condicions
d’exercici (West i col. 1993). En relacié amb l'activitat natatoria dels peixos, s’ha demostrat que
canvia la quantitat i proporcié dels nutrients utilitzats, especialment en els muasculs i segons els
tipus d’exercici (Davison 1997; Palstra i Planas 2011). Ara bé, no tenim constancia d’estudis
que descriguin com es distribueixen, es mobilitzen, o a on es dipositen els diferents nutrients de
la dieta en condicions de demanda energética incrementada. Existeix un equilibri delicat en
l'intercanvi de molécules a les diferents vies del metabolisme intermediari, perd cap dels
compostos que hi estan implicats pot ser modificat de manera important sense que s’afecti
alhora la funcié dels altres. La incorporacié de dos isotops estables (C13 i N15), marcant
respectivament una quantitat molt significativa del midé (3%) i la proteina (1%) de les dietes,
ens ha permeés estudiar el desti d'ambdos nutrients en els casos de la truita irisada i I'orada
(Beltran i col. 2009), sota les diverses condicions experimentals exposades en la present tesi
(capitols I i Il). L’0s de proteina de la dieta marcada amb N' com a tracador, permet mesurar
sense els inconvenients d’emprar marcatge radioactiu, la retencié de proteina en els teixits
principals del peix després de tan sols una sola ingesta. L'Us de C"™ marcant el mido permet
analitzar I'assimilacié i la distribucié dels principals carbohidrats de les dietes artificials. No
obstant aix0, cal assenyalar dues limitacions del métode per a l'avaluacié de la utilitzacié de

C"®-mido: primer, la quantitat de marcador perdut amb els aliments no digerits, que no s’ha
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mesurat en cada dieta, perd sabem que la digestibilitat del marcador és molt alta en les dues
especies d’estudi (truita irisada i orada); i segon, que hi pot haver part de la glucosa assimilada
de mid6 que s’elimini a través de I'orina dels peixos quan la glucémia és més elevada que la
capacitat de reabsorcid, tot i que si el periode de la hiperglucémia es curt no representara una
quantitat important (Blasco i col. 1996; Bucking i Wood 2005). Per tant, amb I''s combinat dels
dos isotops (N15-prote'|'na i CP-mid6 marcats), i analitzant I'absorcié dels nutrients de la dieta
pels organs principals i la deposicié en els principals components tissulars (glicogen, lipid i
proteina), es va poder determinar la resposta del metabolisme intermediari als canvis de dieta
en relaci6 a les condicions modificades. Aquest marcatge va anar seguit d’'un experiment
postprandial en el qual es va tenir en compte la fisiologia de cada espécie a I'hora d’establir el
moment de recol-leccié de les mostres. D’aquesta manera, per als experiments presentats, es
va escollir 11 h post-ingesta en el cas de la truita irisada i 6 h en el cas de I'orada. Aquestes
hores asseguren, per a cada una de les espécies, la maxima distribucié dels nutrients en els
principals organs. També es va mostrejar a les 24 h postprandials, ja que representa el punt de
completa utilitzacié dels nutrients just abans d’'una nova ingesta (i també és el periode de dejuni
usualment emprat en els estudis de fisiologia, important a 'hora de fer comparacions amb
valors d’altres grups).

Per tant, gracies al marcatge isotopic del midé i de la proteina de la dieta, es pot
determinar com es metabolitzen i sutilitzen aquests nutrients. A la vegada, també permet
explicar els mecanismes que porten a un major creixement dels peixos sota les condicions
estudiades, tot analitzant la influéncia del grau de gelatinitzacié dels carbohidrats, de I'exercici
sostingut i del moment del dia en que s’administren els nutrients.

En els estudis post-ingesta, els animals adaptats a una natacié sostinguda van
presentar una major absorcio i incorporacié del mido-C™ de la dieta en el fetge a les 24h de
I'alimentacié, tant per la truita com per I'orada (Felip i col. 2012, 2013). Tant I'escurgament del
periode d’hiperglucémia com l'augment dels nivells de compostos marcats en el fetge, per
efecte del metabolisme intermediari, son indicatius d’una captacié hepatica incrementada. La
qual cosa es relaciona amb l'augment de I'expressiéo de I'enzim glucoquinasa induit per
'increment dels carbohidrats de la dieta descrit per Caseras i col. (2002), Metén i col. (2004), i
Enes i col. 2008 en l'orada, i per Panserat i col. (2000) en la truita. Mentre que I'orada sembla
ser capa¢ de regular la ratio de les taxes de glucdlisi i de gluconeogénesi segons la quantitat
dels carbohidrats de la dieta, els peixos carnivors del grup dels salmonids (com la truita irisada
o el salmo6 Atlantic) no modifiquen I'expressié génica del fetge o l'activitat dels enzims que
participen en les vies gluconeogeniques (PEPCK, FBase i G6Pase) en resposta als alts nivells
de carbohidrats de la dieta (revisat per Enes i col. 2009). Aquest fet podria explicar el
restabliment més rapid dels nivells plasmatics normals de la glucosa en I'orada que en la truita
irisada.

L'estudi de Panserat i col. (2009) demostra que, quan el percentatge d'hidrats de
carboni digeribles ingerits diariament per la truita excedeix les capacitats per utilitzar aquest

nutrient, la taxa de captacié de glucosa pels teixits augmenta. Aquest fet afavoreix 'augment de
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lipogénesi en el fetge i, conseqientment, la deposici6é de lipids en diversos teixits, incloent-hi
els mausculs. Aquests dipodsits contenen principalment acids grassos saturats. Aquesta
deposicio lipidica, per produccié enddgena excessiva, es pot prevenir augmentant la despesa
energetica a través d'exercici natatori forgat. L'augment de I'activitat metabdlica aerdbica
permetria un major Us dels carbohidrats com a combustible metabdlic, tal com van observar
Magnoni i col. (2013). Aquests autors reforcen aquesta idea, descrivint un augment de
I'expressio génica dels transportadors de glucosa, concretament GLUT-4, i una regulacié a
I'alca dels gens d’enzims implicats en la via de la glucdlisi, tant en muscul blanc com en muscul
vermell de truites irisades sotmeses a exercici continuat. Els resultats obtinguts emprant els
marcadors isotopics dels nutrients (Felip i col. 2012), concordarien amb d’altres estudis que
mostren que els lipids sintetitzats de novo en el fetge poden ser transportats com lipoproteines
plasmatiques cap al muscul en exercici, amb la finalitat de ser oxidats (Magnoni i Weber 2007)
o utilitzats per reposar les reserves (Sheridan 1988). En el cas de I'orada podem arribar a la
conclusié que, com a conseqliéncia de I'exercici, augmenten les transformacions metabdliques
en el fetge, i que la major recuperaci6 de C"™ a la fraccio lipidica del fetge en el grup exercitat
demostra 'augment de la lipogénesi hepatica. Aquesta sintesi augmentada pero, ha d’anar
acompanyada de la mobilitzacié d’aquests lipids a teixits extrahepatics ja que el contingut total
de lipids en el fetge no va augmentar significativament. Aixdo demostra que les dues espécies
es comporten de forma similar en aquest aspecte. De totes maneres hi ha diferéncies
especifiques degut al fet que, la truita sota condicions d’exercici, va acumular lipids en el
muscul blanc, i en canvi I'orada sota condicions similars no ho va fer. Aquesta ultima espécie té
la capacitat d’augmentar les taxes de transformaci6 i d’oxidacié de lipids en aquest muscul.
Alguns estudis han assenyalat la disminucié dels nivells de lipids en el muscul blanc de la truita
irisada després de l'exercici exhaustiu (Milligan i Girard, 1993; Wang i col. 1994) pero, quan la
natacié és sostinguda o de resisténcia, s’ha vist en diverses espécies que es produeix
majoritariament l'efecte contrari (en truita de riu, Davison i Goldspink 1977; en salmé Atlantic,
Totland i col. 1987; i en seriola japonesa, Yogata i Oku 2000). En els estudis de la present tesi
es va trobar que a les 24 h post-ingesta, el muscul vermell de la truita sotmesa a exercici
sostingut, presentd una major recuperacié de C™ en la fraccio lliure (o fraccié de molécules
solubles) dels teixits. Aixd és indicatiu d’'una elevada activitat metabdlica oxidativa en el teixit.
Aquesta elevada activitat metabodlica del muscul vermell durant la nataci® moderada i
sostinguda en els peixos ja havia estat descrita i es deu a I'oxidacié no només d’acids grassos,
sind també de glucosa (West i col. 1993). Malgrat tot, les diferéncies entre espécies en aquest
aspecte també son grans. Aixi, en orades sotmeses a condicions similars d’exercici i dieta,
trobem resultats similars de gran activitat metabolica, perd en aquest cas en muscul blanc. En
un estudi paral-lel i complementari als presentats (Martin-Pérez i col. 2012), s’han descrit els
canvis moleculars associats al proteoma dels dos tipus de muscul en orades sotmeses al
mateix tipus d’exercici que el que s’ha emprat aqui. Aixi, es va comprovar que s’incrementa la

capacitat de sintesi proteica (mesurada per la ratio RNA/proteina), I'is energétic de metabdlits

(estimat per 'augment del fraccionament isotopic de les reserves, ABC“”-Iipid i ABC”-incogen),

182



Olga M? Felip Arias Discussi6

i la capacitat aerobica dels enzims en el muscul blanc, mentre que el recanvi (turnover) proteic,
expressat pel fraccionament del nitrogen (A6N15), no canvia. El muscul vermell, contrariament,

no va presentar canvis en cap dels parametres esmentats. A més, I'exercici va induir canvis en
les proteines que intervenen en diverses vies metaboliques del muscul blanc i que afecten al
catabolisme dels carbohidrats, la sintesi de proteines, la contraccié muscular i la detoxificacié.
També s’observa I'expressidé disminuida d’altres proteines en el muscul vermell, les quals
participen en la produccié d’energia, la contraccié muscular i els processos homeostatics. Com
a consequéncia dels resultats assolits en aquest treball (Martin-Pérez i col. 2012) i els de la
present tesi, s'obre una porta per comprendre millor els processos adaptatius dels musculs dels
peixos basant-se en la resposta fenotipica. Per aixd es pot concloure que la natacié moderada i
sostinguda, en el cas de I'orada, és assolida també pel muscul blanc, que amb el seu treball
ajuda a reduir la carrega del muscul vermell alhora que col-labora en el rendiment de la natacio
i en I'eficiéncia de conversi6 dels aliments. Per tot aixd, es conclou també que els carbohidrats
de la dieta tenen un paper important en el metabolisme del muscul durant I'exercici sostingut
(Felip i col. 2012, 2013).

Millora en I’estalvi proteic i implicacions de I’exercici en el creixement hipertrofic del

muscul.

Al percebre una corrent d’aigua, els peixos presenten un reflex de natacié en contra, de manera
que és una forma molt senzilla de provocar la induccié d’'un exercici. El forgar una activitat
natatoria de manera moderada i sostinguda (a 1,30 1,5 LC.s™ durant un mes), a més a més de
tots els canvis descrits fins ara en I'adaptacié fisioldgica i en les caracteristiques metabdliques,
principalment pretenia aconseguir una millora de la producci6 en aquicultura de la truita irisada i
I'orada per dues vies: 1) afavorir el creixement i 2) optimitzar I'is de les proteines de la dieta.
Com ja s’ha assenyalat en la ftruita, I'exercici moderat i sostingut no va perjudicar
significativament el creixement dels animals, perd en el cas de 'orada fins i tot n'augmentava la
taxa de creixement. L'Us del marcador isotopic N'® ha permés aclarir alguns aspectes de les
implicacions de I'exercici en el desti de les proteines de la dieta. Aixi, s’ha mostrat en ambdues
espeécies que els animals exercitats presentaven una major recuperacié del marcador N en la
fraccié proteica dels musculs blanc i vermell i, per tant, un increment en la deposicié de les
proteines provinents de la dieta (que eren les macades amb N15) (Felip i col. 2012, 2013). Per
tant, els carbohidrats digeribles combinats amb I'exercici van induir un efecte d’estalvi proteic
que va afavorir el creixement dels animals, alhora que permeté reduir les despeses de nitrogen
de la proteina de la dieta. Aquest augment de la retencié proteica es va produir juntament amb
lincrement de la relacié citocrom c-oxidasa / citrat sintasa en el cas del muscul blanc d’orada.
El canvi enzimatic observat (augment de la citocrom c-oxidasa mentre que disminueix la citrat
sintasa), és indicatiu del manteniment de la produccié d’energia i de la preservacié dels
aminoacids per a la sintesi proteica al disminuir el seu Us en vies catabodliques (Martin-Pérez i
col. 2012).
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Hi ha dues diferencies clau entre les espécies estudiades en la present tesi. La primera
rau en que l'orada exercitada, a més a més d’'una major incorporacié de N' en la fraccid
proteica dels musculs, presenta també una elevada incorporacié de Cc® a la fraccio proteica
dels principals teixits. Aquest fet indica un elevat moviment isotdpic (isotopic routing) dels
carbohidrats de la dieta que fa pensar en una major capacitat d’aquesta espécie per obtenir
energia a partir dels carbohidrats de la dieta. El fet que I'efecte d’estalvi proteic es pugui
relacionar amb un major creixement dels animals, com ha quedat demostrat en truites i orades
exercitades (Capitols I, Il i Ill), pot ser degut a canvis en I's dels combustibles metabolics
(Ozério 2008; Kaushik i Seiliez 2010), veient-se incrementat I'is dels carbohidrats sota
condicions d’exercici sostingut. La segona diferéncia entre la truita i 'orada es troba en el fet
que, malgrat que ambdues especies presenten un major creixement sota condicions d’exercici,
per aconseguir-ho la truita requereix incrementar la ingesta, mentre que I'orada no.

Per dur a terme el tercer estudi de nataci6 forcada (Ibarz i col. 2011), es va col-laborar
amb el grup de recerca de Fisiologia de I'Exercici. En comprovar els beneficis aconseguits en el
creixement de l'orada, es va plantejar estudiar també si hi havia canvis en la cel-lularitat i la
capil-laritat de les fibres musculars, originant aquests estudis el tercer capitol de la present tesi.
Agafant com a model estudis en daltres espécies, es van determinar els parametres
d’histologia muscular que podien relacionar els canvis en les fibres amb I'increment observat
del creixement. Es a dir, la densitat de fibres i capil-lars, I'area i el perimetre de les fibres, el
nombre de fibres que no presenten capil-lars en contacte, el nombre de fibres en contacte
almenys amb un capil-lar i, sobretot, la distribucié de les fibres segons la seva mida. Aquest
treball també ha estat el primer en investigar la cel-lularitat del muscul de I'orada en condicions
d'activitat sostinguda i alimentada amb una dieta baixa en proteines i alta en hidrats de carboni
digeribles. Alguns estudis han descrit diferéncies en el nombre i la mida de les fibres al llarg de
tota la longitud corporal del peix (Stickland 1983; Mascarello i col. 1995) o a les regions ventral i
dorsal (Kiessling i col. 1991), mentre que d’altres autors no han trobat diferencies (Abdel i col.
2005). Existeix escassa literatura en aquest sentit, per0 sembla que aquestes diferéncies
podrien estar relacionades amb la grandaria i I'edat del peix, el que indicaria que el creixement
potencial del muscul dels peixos difereix entre les primeres etapes de creixement i I'edat adulta
del mateix. El major creixement que presenta I'orada sotmesa a exercici sostingut (1,5 LC.S'1)
es va poder relacionar amb una estimulacié de la hipertrofia muscular, i amb un augment de
I'area i el perimetre principalment de les fibres anteriors (epaxials) del muscul blanc. Aquest fet
també correlaciona directament la major deposicié de N'® observada en el muscul, després de
tan sols una ingesta forgcada i analisi a les 24 h (Felip i col. 2013a), amb el creixement
diferencial de les fibres aconseguit en un mes (lbarz i col. 2011). Per altra banda, a la zona
caudal (on trobem barreja de muscul blanc i vermell), les fibres musculars presentaren en els
peixos exercitats un augment de la capil-laritat que les irriga quan es comparaven amb les
fibres dels animals no exercitats. Aixd indicaria un increment del subministrament d’oxigen i
nutrients a la musculatura de la zona caudal del peix sota condicié d’exercici sostingut o de

resisténcia. Aquest tipus de natacié esta principalment sustentat pel metabolisme aerdbic
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(Moyes i West 1995; Coughlin 2002). Com a conclusié dels estudis realitzats se’n pot “derivar”
una aplicacié practica per al cultiu dels peixos: les condicions sedentaries d’estabulacié en les
quals habitualment es mantenen els peixos d’aqlicultura porten a la sub-explotacié del

potencial de creixement muscular del peix.

Ritmes diaris d’alimentacioé en I’orada. Canvis en I’is dels nutrients segons el régim diari

Basant-nos en els fets que, en el cas de l'orada, els carbohidrats de la dieta es poden assimilar
i usar eficientment, que l'increment d'activitat n‘augmenta I'Us i que I'animal canvia d'activitat de
forma natural al llarg del dia, es decidi avaluar la influéncia dels ritmes diaris d’alimentacio
sobre I'absorci6 i I'is dels nutrients de la dieta (sobretot proteina i carbohidrats) en aquesta
especie, per tal d'extreure'n el maxim profit de I'alimentaci6. Els dos aspectes que s’intentaren
optimitzar en el tercer bloc de la tesi (Capitol 1V) sén: 'augment de I'eficiencia de retencio
proteica i I'is més eficient dels altres nutrients en funci6 del moment del dia en que es
subministra I'aliment.

La vida dels peixos esta subjecta a canvis repetitius de llum i obscuritat amb una
periodicitat diaria. Aquesta ritmicitat ha determinat patrons de comportament que s’han fixat
genéticament en moltes especies degut a la pressié generada per les forces de la seleccio
natural tal com, per exemple, I'optimitzacié de 'aliment o evitar als depredadors (Daan 1981).
Ara bé, els cicles d'alimentacié també poden causar respostes ritmiques en els peixos. Aixi,
quan l'aliment es restringeix de forma periddica, el moment de I'alimentacié pot actuar com un
potent sincronitzador, o zeitgeber, dels ritmes diaris en els vertebrats. De manera que els
moments del dia en qué I'animal s'alimenta provocaran un augment en l'activitat locomotora
d’aquests abans de la ingesta, fet que es coneix amb el nom d' “activitat d’anticipacié a la
ingesta” (Mistlberger 2009). En els peixos de cultiu, per exemple, l'alimentacié programada
sembla que actua com a sincronitzador d'aquesta activitat i, per tant, se li proposa un ro/
adaptatiu, preparant fisioldgicament I'animal per a la seglient presa d’aliment (Boulos i Terman
1980; Spieler 1992; Mistlberger 1994; Azzaydi i col. 2007; Mistlberger i col. 2009; Sanchez i col.
2009). En el cas de l'orada, Sanchez-Muros i col. (2003) varen observar que quan es troba
sotmesa a un régim d’alimentaci6 a demanda, aquesta presenta variacions ritmiques diaries
preferint alimentar-se en hores vespertines mostrant una eficiéncia alimentaria millorada. Es
Idgic doncs suposar, que I'orada és una espécie les necessitats energétiques de la qual varien
durant el dia (Sanchez-Muros i col. 2003). De fet, el nostre grup de recerca ja havia observat
(Requena i col. 1997) que el consum d'oxigen en juvenils d’orada augmentava clarament durant
el dia (i sobre tot després de I'alimentacid), mentre que a la foscor disminuia la taxa metabdlica
aerodbica.

Amb la finalitat d’adequar i optimitzar el subministrament energétic en el cultiu de
'orada en funcié del moment del dia, es dissenya un experiment on s’alterna I'is de dues
dietes de diferent composicié: una dieta comercial (especialment adequada per orada, rica en

proteina i amb un nivell de lipids "baix"), i una dieta experimental relativament baixa en
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proteines (perd de farina de peix de gran qualitat) i rica en carbohidrats digeribles. La seva
combinaci6 es va proposar que anés canviant al llarg del dia en els dos moments d'ingesta als
quals els animals estaven acostumats d'entrada. Per tant, es van establir tres régims
d’alimentacié diferents. Al regim 1 (Cd/Cd) se li administra sempre la dieta comercial, tant al
mati (10 h) com a la tarda (17 h). Al regim 2 (Cd/Ed) se li donava la dieta comercial al mati (10
h) i la dieta experimental a la tarda (17 h). | per al réegim 3 (Ed/Cd) es va fer al revés:
s'administra la dieta experimental al mati (10 h) i la dieta comercial a la tarda (17 h). L'objectiu
plantejat era estudiar la ritmicitat diaria en I'is dels nutrients i determinar quins canvis es
donaven per tal de trobar en quin moment del dia podia resultar més eficient un canvi de la
composicié de la dieta (com ara la reducci6 dels nivells de proteina substituits parcialment per
carbohidrats) o del régim, per tal d’optimitzar la retencié de la proteina provinent de la dieta.
S'esperava que el canvi en lactivitat diaria (dilirna i nocturna) dels peixos actuaria fent una
accio similar a la de I'exercici (tractat anteriorment als Capitols 1,11,1ll), com a succés modulador
de I'ls dels nutrients en paral-lel als canvis del metabolisme intermediari. Aquest és el treball
que constitueix l'article sotmés a la revista Aquaculture (Felip i col. 2013b).

En el cas de l'orada, és conegut que diversos components plasmatics presenten
ritmicitat relacionada amb l'alimentacié (Montoya i col. 2010; Gémez-Millan i col. 2011). En els
estudis anteriors s’ha demostrat que I'orada mobilitza rapidament quantitats grans de glucosa
provinents de la dieta, sense presentar hiperglucémies mantingudes després d’una ingesta
elevada de carbohidrats (Felip i col. 2013a), contrariament al que estava descrit per altres
especies de peixos com la truita (Brauge i col. 1994, Kaushik i Oliva-Teles 1985). En el mateix
sentit, aquest estudi de tres régims alimentaris que es proposa, demostra que els nivells de
glucosa en plasma i de triacilglicérids sén només el reflex transitori de la composicié de I'Gltim
apat (en aquest cas després d’'una ingesta forcada i, per tant, ben determinada). Quan en el
darrer apat es subministraven elevats nivells de carbohidrats (dieta experimental), els nivells de
glucosa en plasma a les 7 hores postprandials van ser més elevats. Aquesta hiperglucémia
post-ingesta ja havia estat descrita quan es subministraven dietes riques en carbohidrats (en
truita, Brauge i col. 1994 i Laidley i Leatherland 1988; i llobarro, Gutiérrez i col. 1984). De forma
similar, quan el darrer apat incloia nivells elevats de greixos (dieta comercial), els nivells de
triacilglicérids plasmatics a les 7 hores també es veieren incrementats, concordant amb el que
s’havia descrit en truites alimentades amb dietes d’elevat contingut de lipids (Brauge i col.
1995). Per tant, es va poder establir que els animals que van menjar la dieta experimental (rica
en carbohidrats) en l'Ultima ingesta, eren capacgos d’assimilar i distribuir la sobrecarrega de
carbohidrats igualant a 17 i 24 hores post-ingesta els nivells plasmatics amb els dels altres dos
grups alimentats amb la dieta comercial en I'lltima ingesta. Igual succeia per als lipids en el
cas dels peixos que van menjar la dieta comercial en el darrer apat. Es important destacar que,
en els dos casos, abans del seglient apat els animals havien disposat ja dels nutrients no
proteics.

En I'estudi de la ritmicitat, quan es comparaven els dos régims que presentaven la dieta

experimental amb el régim que incloia només la dieta comercial, demostra que I'is oxidatiu
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dels carbohidrats es veia augmentat amb la propia activitat diaria, encara que els animals no
estiguessin sotmesos a exercici forgat. Per tant, es va evidenciar una resposta de ritme diari en
la tolerancia a la ingesti6 d'hidrats de carboni, destacant l'efecte de I'hora del dia en el
metabolisme de la glucosa. Aquest aspecte esta en consonancia amb els resultats de I'estudi
de Lopez-Olmeda i col. (2009). Un altre fet que va portar a considerar la importancia de les
respostes del ritme diari d'activitat i que es relaciona directament amb la ingesta de
carbohidrats és que, I'increment en la deposicié de glicogen en el fetge dels peixos alimentats
amb els régims que contenien la dieta experimental, va ser especialment significatiu quan
aquesta dieta s’ingeria a la tarda (regim Cd/Ed). En aquest grup es va produir, fins i tot, un
augment de la mida de I'é6rgan (major index hepatosomatic), un reflex de la gran quantitat
d'incorporaci6 de glucosa de la dieta. Observant els resultats, se’n poden extreure dos fets que
evidencien l'aparicié d’un ritme diari en la deposicié de reserves en l'orada: per una banda,
independentment del regim utilitzat i per tant, del nivell del nutrient, la composicié del fetge de
I'orada va presentar un augment dels nivells de glicogen i una disminucié del contingut de
proteines per la tarda; i per altra banda, la composicié dels musculs vermell i blanc, en canvi,
va presentar una disminucié dels nivells de glicogen i un augment del contingut de proteina
muscular a la tarda.

L’estudi dels régims alimentaris permeté veure com 'orada respon a I'activitat diaria no
forcada respecte a l'aprofitament dels nutrients de la dieta. En els estudis anteriors, es
demostra que l'orada sotmesa a una activitat fisica aerobica era capag de millorar el desti dels
nutrients de la dieta, augmentant I'is dels carbohidrats i dels lipids com a font d’energia i
promovent una major retencié de proteines de la dieta (Ibarz i col. 2011, Felip i col. 2013a).
Sota les condicions de l'estudi d'activitat diaria i régims alimentaris diferents, les retencions dels
isotops estables en els teixits van revelar que els canvis metabdlics postprandials de distribuciéd
i desti dels nutrients marcats (C"*-carbohidrat i N'*-proteina) es deuen, en primer lloc, al régim
alimentari, perd condicionats també per I'Gltim apat rebut. Es a dir, la freqiiéncia i la quantitat
han estat determinants amb el desti dels marcadors. | aixi, després de 24 hores, els dos grups
alimentats en l'ultima ingesta amb la dieta rica en carbohidrats i baixa en proteina, van
presentar menors retencions totals de C"3-mido. Aquest fet implica una activitat incrementada
dels enzims glicolitics del fetge, ja observada en l'orada, quan aquesta és alimentada amb
dietes riques en carbohidrats (Panserat i col. 2000; Caseras i col. 2002; Metdn i col. 2004). Cal
remarcar també que les diferéncies en la distribucid del C', observades principalment en el
fetge, es van donar entre els dos grups alimentats amb la dieta experimental sota diferents
regims (un els ingeria al mati i els emprava durant el dia i l'altre els ingeria a la tarda i en
disposava sobretot a la nit). Aixd demostra que I'orada és capac¢ d’adaptar el seu metabolisme
no només a la composicié de la dieta que ingereix, sin6 també al moment del dia en que la rep,
perd a la vegada indica que es pot optimitzar quan la composicié s'adequa als requeriments
post-ingesta. Com que I'orada presenta més activitat durant el dia, també augmentaran durant

aquest periode les interconversions metaboliques i I'Us energétic dels nutrients no proteics.
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En aquest estudi dels régims, quan la ingesta de proteina va ser menor (és a dir, en els
peixos que en un moment del dia eren alimentats amb la dieta experimental), es va observar
una major retencié de N15-prote'|'na en el peix, especialment remarcable a la fracci6 proteica del
muscul blanc. En els treballs de Carter i col. 1993a,b i McCarthy i col. 1994 s'indica que la
reduccio6 de I'entrada de proteina amb la dieta, dins de certs limits, comporta taxes de conversié
de l'aliment millorades, reflectint-se en majors taxes d'eficiencia de creixement dels animals.
Aquest fet, el relacionen, no pas amb taxes més elevades de sintesi, siné amb baixes taxes de
degradacio proteica. En un mateix sentit, Moon i Foster (1995) suggereixen que les fonts
alternatives d’energia, tal com els lipids i els carbohidrats, s'han d'utilitzar més eficientment
durant els periodes de major activitat. Aquest fet faria innecessaria una elevada degradaci6 de
les proteines en aminoacids per contribuir, sobretot, a la formaci6é de glucosa en el fetge. En el
cas de l'estudi dels régims, l'eficiéncia de retenci6é de proteines en el muscul blanc de I'orada va
en concordanga amb el subministrament de proteina en la dieta, i per aixd una reduccié en la
dieta es va compensar amb una retencié més eficient. A la vegada, es produia un Us més gran
d'energia provinent dels altres nutrients de la dieta, sobretot dels carbohidrats, en aquest cas
concret. Com a conclusié d'aquest estudi s’ha demostrat que, la disminucié de la proteina de la
dieta junt amb un augment dels carbohidrats no ha d'afectar negativament el creixement dels
animals, sempre i quan els nutrients no proteics es subministrin abans o just al comencar el
periode de major activitat dels animals. Només el grup que ingeria els carbohidrats a la tarda
(Cd/Ed) va presentar un pes corporal més baix que els alimentats amb dieta comercial. El
subministrament de la dieta baixa en proteines i rica en carbohidrats al mati no va afectar
negativament a la incorporacié de proteines de la dieta, ni a les composicions dels musculs, ni
a les taxes de creixement. Aquests resultats concorden amb els dels treballs anteriors, on un
requeriment augmentat de la demanda energética en I'orada es pot cobrir mitjangant I'Us dels
carbohidrats provinents de la dieta. Per tant, quan els peixos estan acostumats a rebre un alt
nivell d'hidrats de carboni digeribles, es promou el seu Us com a font d'energia. | 'adequat
subministrament de quantitats elevades de carbohidrats a la dieta pot estimular respostes
fisiologiques equivalents a les de les condicions d’exercici: un estalvi proteic (Felip i col. 2013a),
també la millora del creixement a través de la hiperplasia del muscul (Ibarz i col. 2011) i
I'estimulacio de la funcié del muascul blanc i la preservacié del mascul vermell (Martin-Pérez i
col. 2012).

Les conclusions que es poden extreure d’aquest darrer estudi s6n que I'orada, mostrant
major activitat durant el dia, incrementa les interconversions metabdliques dels nutrients
marcats, tot disminuint la retencio del C™ dels carbohidrats de la dieta i augmentant I'eficiéncia
de retencio proteica, sobre tot en el muscul blanc. Quan la dieta rica en carbohidrats es donava
al mati, no es va afectar negativament la incorporacié de les proteines de la dieta, ni la
composicié dels musculs blanc i vermell, ni la taxa de creixement. Quan els peixos estaven
habituats a menjar quantitats grans de carbohidrats digeribles, disminuien la retencid i
augmentaven el seu Us com a font d'energia. Aixi, una lleugera disminuci6é de la ingesta diaria

de proteines va ser compensada amb una major eficiéncia de retencié. No obstant aix0, en les
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condicions de I'estudi, els hidrats de carboni no van ser utilitzats tan eficientment a la tarda com
al mati. Aquest fet perd es podria relacionar també amb la diferéncia d'hores entre els apats de
les 10 hiiles 17 h (7 hores durant el dia i 17 hores per la nit). Els canvis en la composici6 de la
dieta requereixen també reajustar el subministrament de nutrients en paral-lel amb les
demandes del peix, augmentant la proporcié d'ingredients no proteics durant els periodes de

més activitat.

Un pas més enlla... implicacions en el cultiu.

L’estalvi proteic no €s només un estalvi econdmic en la formulacié de les dietes o una
millora de I'eficiéncia en la retencid proteica, sind que cal tenir present que la proteina és la font
meés important de nitrogen alliberada a les aiglies, i per tant un focus de contaminacio i
d'impacte ambiental. L’aplicacié practica dels resultats assolits la trobem en I'Us d'una dieta
baixa en proteines i rica en carbohidrats digeribles, la qual es mostra més efica¢ sota
condicions d'activitat sostinguda i quan és subministrada en el moment adequat del ritme diari,
és a dir, durant els periodes de més activitat dels animals. Si es pretén disminuir la quantitat
d’energia proteica (per questions de sostenibilitat), es pot aconseguir sense que el creixement
es vegi afectat i sense augmentar els costos de funcionament, sota les condicions de cultiu
indicades.

Les implicacions cientifiques d’aquests resultats van més enlla d'uns estudis concrets
en condicions controlades. Aixi, les investigacions futures haurien de dirigir-se a I'exploracié de
I's dels nutrients en dietes balancejades i que continguin diferents proporcions de nutrients no
proteics (carbohidrats/lipids) com a font d'energia, juntament amb [I'optimitzacid6 de les
condicions de nataci6 sostinguda i de la freqliéncia i quantitat d’aliment diari en altres espécies
de peixos. Aqui es pot indicar que estudis recents han relacionat el benestar animal amb el fet
que estiguin sota condicions controlades d’exercici, ja que es veuen reduides les interaccions,
I'agressivitat i 'estrés dels peixos (Palstra i Planas, 2011). Es més, I'exercici podria beneficiar el

potencial immunologic, incrementant la resisténcia a patogens (Magnoni i col. 2013).
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7. CONCLUSIONS

La gelatinitzacié afavoreix la disponibilitat dels carbohidrats en la truita irisada i el periode
d'hiperglucémia molt perllongat que s'observa després de la ingesta elevada de carbohidrats,
es va escurcar marcadament mitjangant l'exercici. Per tant, la natacié sostinguda incrementa
I'us dels carbohidrats de la dieta i dels diposits de lipids i glicogen en els musculs en la truita

irisada.

En la truita irisada sotmesa a exercici sostingut, una part significativa dels carbohidrats de la
dieta van ser convertits a lipids en el fetge, i una altra part va ser oxidada en els musculs,

especialment en el muscul vermell.

La major recuperacié de N'® en el total del peix exercitat 24 h després de la ingesta forgcada,
principalment en la fraccio proteica dels dos musculs (MV i MB), evidencia objectivament que la
natacié sostinguda augmenta la deposicié de proteines en la truita irisada, resultant en un

estalvi proteic.

Les dos espécies de peix presenten marcades diferéncies en I'is de nutrients. L’orada té una
capacitat considerable per usar els carbohidrats de la dieta per a la produccié d'energia,

presentant també un major recanvi (turnover) dels nutrients amb I'exercici.

Una major retencié de les proteines de la dieta (major deposicié de N en el muscul blanc
durant tot el periode postprandial) sota condicions d'exercici sostingut, demostra un estalvi
proteic (sparing-effect) per a I'Us de carbohidrats, evitant la deposicié excessiva de lipids en

I'orada.

El creixement hipertrofic del muscul blanc en activitat moderada i sostinguda, explica I'augment

en el creixement de 'orada i és indicatiu de la produccié d’'un major filet.

Quan es combina la major activitat que I'orada presenta durant el dia amb la composicié de la
dieta, s'incrementen les interconversions metaboliques i I'eficieéncia de retencid proteica en el
muscul blanc. Per aix0d, I'administracié d’una dieta rica en carbohidrats al mati no va perjudicar

la incorporacié de proteines de la dieta, ni la deposicié en el muscul, ni el creixement.

Els isotops estables van mostrar que els canvis metabolics postprandials de distribucio6 i desti
dels nutrients marcats (C'*-carbohidrat i N'>-proteina) son deguts al régim alimentari (nombre
de menjars per dia i freqiéncia), perd a la vegada estan condicionats per I'Ultima ingesta

rebuda.
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Aplicacions practiques dels estudis:

9. L’exercici combinat amb la composici6 de la dieta contribueix a una reduccié en la

contaminacio de l'aigua, degut a la major retenci6 de la proteina de la dieta.

10. La reduccié en el contingut de proteina de la dieta va ser compensada amb major retencié

proteica, pero els carbohidrats no varen ser usats igual d’eficientment a la tarda que al mati.
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