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Introduccion general

1.1. Estado actual de la acuicultura

La Organizacion Mundial para la Agricultura y la
Alimentacién (Food and Agriculture Organization of the United
Nations, FAO) y la Comision Europea definen la acuicultura
como “el cultivo de organismos acuaticos, incluyendo peces,
moluscos, crustaceos y plantas acudticas, en aguas continentales
y costeras, que implica la intervencién del hombre en el proceso
de cria para aumentar la produccién en operaciones como la
siembra, la alimentacion, la proteccién contra depredadores,

2

etc.”.

La acuicultura a pequefia escala ha existido desde tiempos
antiguos en varios paises. Estos origenes estdn documentados
desde el 2500 A.C., pero no es hasta mediados del siglo XX
cuando se inicia una evolucion hacia la produccion industrial a
gran escala. En el transcurso de medio siglo la acuicultura ha
pasado de ser practicamente insignificante a equipararse con la
produccién de pesca de captura. Este sector ha tenido que
evolucionar, incluir innovaciones técnicas y adaptarse para
satisfacer las necesidades de la poblacion. Debido al crecimiento
demogréafico de estos ultimos siglos, se ha observado una
sobreexplotacién de los recursos pesqueros, con lo que el
desarrollo de la acuicultura a gran escala juega un papel vital en
la sociedad actual. La FAO (2014) estima que maés del 89% de

las especies capturadas con valor comercial estan en situacion de
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sobreexplotacion, lo que ha provocado el estancamiento del
sector pesquero. Estas poblaciones sobreexplotadas necesitan
planes de ordenacion rigurosos para restablecer la abundancia y
recuperar una productividad plena y biolégicamente sostenible.
La FAO (2014) estima que en el 2030, el 65% de los animales

acuaticos procederan de la acuicultura.

Hoy en dia, la acuicultura es una importante actividad
econdémica de produccién de alimentos y de materias primas de
uso industrial y farmacéutico, que da empleo a mas de 12
millones de personas en el mundo. La acuicultura actual utiliza
procesos cada vez mas innovadores como parques flotantes o
fijos en el fondo, balsas de cultivo, esteros o balsas naturales que
aprovechan el agua de las mareas, estanques en tierra, etc. para

el cultivo de moluscos, crustaceos, peces o algas.

En 2012 la pesca de captura y la acuicultura suministraron
aproximadamente 158 millones de toneladas de pescado,
crustaceos y moluscos (Figura 1.1). De esta cantidad, méas del
86% fue destinada al consumo humano (alrededor de 136
millones de toneladas), proporcionando el 17% de la ingesta per
capita de proteina de origen animal a nivel mundial (FAO,
2014).

La FAO (2014) estimo la produccion global en acuicultura
en el 2012 en 90,4 millones de toneladas, de las cuales 66,6

millones de toneladas fueron pescado comestible (incluido
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peces, crustdceos y moluscos), 23,8 millones de toneladas
fueron algas (mayoritariamente marinas) y 22.400 toneladas

fueron de productos no alimentarios (conchas, perlas, etc.).

Millones de toneladas
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Figura 1.1. Evolucion de la produccion pesquera en el mundo
en el periodo 1950-2010 (FAO, 2014).

El crecimiento de la produccion acuicola mundial sigue
siendo elevado. La contribucion de la acuicultura a la
produccion mundial total de pescado en 2012 fue del 42,2%,
frente al 25,7% que hubo en 2000 (FAO, 2014), esta
contribucion se ha duplicado de los 32,4 millones de toneladas
obtenidos en el afio 2000 a los 66,6 millones de toneladas del
afio 2012. Sin embargo, la tasa de crecimiento de la acuicultura
ha comenzado a descender, siendo mas llamativa en paises
como Malasia 0o EE.UU. Europa también ha mostrado un
estancamiento de la produccién, siendo la tasa media de



Capitulo 1

crecimiento anual para los paises miembro de la Unién Europea
(UE) del 0,7 en el periodo 2000-2012 (APROMAR, 2013).

En 2011, la UE produjo 1,27 millones de toneladas de
productos de la acuicultura, este dato supone una reduccion del
1,3% respecto a lo puesto en el mercado en 2010, y un descenso
acumulado del 12,7 % desde el pico de produccién europea que
tuvo lugar en 1999 (APROMAR, 2014). Por el contrario, el
consumo de pescado se ha disparado en la UE, ya que se ha
visto que los productos acuaticos tienen un papel esencial en la
dieta debido principalmente a que son fuentes ricas en aceites
Omega 3, sobre todo de acido docosahexaenoico (DHA, 22:6n-
3) y acido eicosapentaenoico (EPA, 20:5n3), importantes tanto
para la salud cardiovascular y el desarrollo neuroldgico y
cerebral del feto (Tocher, 2015). Sin embargo este aumento del
consumo no se ha traducido en un incremento de la produccion
acuicola, sino en un aumento de la importacion de pescado. Se

espera que estas importaciones aumenten en los proximos afos.

A pesar de que en la UE se cultivan bastantes especies, los
principales productos de la acuicultura se reducen a unas pocas
especies de pescados y moluscos. La principal especie producida
en la UE es el mejillon, de la que se cultivan dos especies, el
mediterraneo (Mytilus galloprovincialis) y el comun (Mytilus
edulis), sequida de la trucha arco iris (Oncorhynchus mykiss) y

el salmodn atlantico (Salmo salar).
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Una parte de los productos acuéticos son procesados en
forma de harinas y aceites de pescado para su uso como
ingredientes alternativos al aceite y harinas de pescado derivado
de pesquerias (APROMAR, 2013). En torno al 35% de la
produccion mundial de harina de pescado se obtuvo de residuos
de pescado en el 2010 (FAO, 2014). A pesar de que esta practica
supone un avance hacia una mayor sostenibilidad de la
acuicultura, lo cierto es que la acuicultura ha sido considerada
como una actividad con consecuencias negativas para el medio
ambiente entre las que se incluyen el deterioro de los
ecosistemas litorales, la fuga de especies cultivadas que pueden
convertirse en invasoras del medio ambiente local, la
contaminacion por desechos liquidos de los recursos hidricos
locales, la transmision de enfermedades de las especies cautivas
a las poblaciones nativas de la region, etc. Pero también tiene
beneficios, ya que la acuicultura puede reducir la presién sobre
las poblaciones naturales sobreexplotadas, puede permitir la
recuperacion de poblaciones diezmadas, impulsar la produccion
natural de peces en libertad asi como la diversidad de especies,

etc.

Por tanto, el ritmo de crecimiento actual de la acuicultura
y su capacidad para satisfacer la demanda mundial de alimentos
de una poblacién creciente dependen del logro de un modelo
sostenible de desarrollo que minimice el impacto ambiental

(Duarte y cols., 2007). El éxito de la acuicultura moderna se
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basa en la adecuada gestion de la biologia de las especies
cultivadas, en la introduccién de innovaciones tecnoldgicas y en
el desarrollo de alimentos especificos, con el fin dltimo de

minimizar los efectos negativos sefialados anteriormente.

1.1.1. La acuicultura en Espafia

Espafa es el estado miembro de la UE con un mayor
volumen de produccion en acuicultura con 264.162 toneladas
en 2012 (21% del total de la UE) (Figura 1.2), seguido por
Francia (205.210 toneladas, 16,3% del total de la UE) y Reino
Unido (203.036 toneladas, 16,1% del total de la UE). Al
considerar el valor econdmico de la produccién, Reino Unido es
el principal estado miembro productor, seguido de Francia y
Grecia. Espafia ocupa la 5% posicion con 395 millones
(APROMAR, 2014).

El consumo de productos acuticos en Espafa es de 44,8

kg por habitante al afio.
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Figura 1.2. Evolucion de la produccion acuética total
(acuicultura y pesca) en Espafia en el periodo 1950-2012 (FAO,
2014)

La principal especie producida es el mejillon mediterraneo
(Mytilus galloprovincialis), y en cuanto a peces son la dorada
(Sparus aurata), la trucha arco iris (Oncorhynchus mykiss) y la
lubina (Dicentrarchus labrax) (APROMAR, 2013), seguidas a
menor escala de la corvina (Argyrosomus regius), la anguila
(Anguilla anguilla) o el besugo (Pagellus bogaraveo) (Instituto
Valenciano de Competitividad Empresarial, IVACE, 2014). La
actual crisis econémica ha provocado un estancamiento de la
produccion acuicola de toda Espafia y un descenso notable en
las inversiones en investigacion para lograr el cultivo de nuevas
especies.

En cuanto a la Comunidad Valenciana, las capturas
pesqueras desembarcadas en la Comunidad Valenciana en 2011

fueron de 31.646 toneladas. La Comunidad Valenciana es lider
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en produccion de peces de crianza de mar con cerca del 35% del
total de la produccién espafiola. Es la primera region productora
de anguila de acuicultura (76% del total nacional) y de doradas
(50%) del total de Esparfia, la segunda de corvina (37%) y la
cuarta de lubina (18%) (IVACE, 2014).

1.2 Larvicultura de peces marinos

La larvicultura es la obtencion de formas larvarias de
peces, crustaceos y moluscos mediante el cultivo de estas
especies con el objetivo de obtener individuos de talla
comercial. Cuando esta obtencion se lleva a cabo de forma
directa en el medio natural mediante la pesca, conlleva
problemas como la sobreexplotacién y alteracién de las cadenas
troficas marinas, entre otros. Actualmente, el mantenimiento en
cautividad de stocks de reproductores de las especies de interés,
es una préctica habitual de la acuicultura intensiva y ciertamente
en la cria de especies marinas de interés comercial en Espafia y
en la UE como la dorada, lubina, etc. A partir de estos
reproductores se obtienen las formas larvarias, que seran
cultivadas atendiendo a sus requerimientos alimenticios, para
lograr un correcto crecimiento de los individuos y asegurar
niveles de supervivencia que garanticen la viabilidad econdémica
de la explotacién.

El alimento natural de las larvas de especies marinas son

el fitoplancton y el zooplancton, y concretamente los copépodos.

10
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La captura de estos organismos del medio natural conlleva los
mismos problemas econdmicos, materiales y ecolégicos que la
captura de las propias larvas. En la practica, la acuicultura ha
solucionado este problema mediante el cultivo de algunas
especies de fitoplancton y de zooplancton como los rotiferos
(diferentes especies del género Brachionus) y la utilizacion
masiva del crustaceo Artemia (branquidpodo anostraceo) en sus
diferentes estadios de desarrollo (Medina, 2012).

El primer eslabon para la alimentacion de las larvas de
especies marinas consiste en la utilizacion de microalgas del
fitoplancton. Las microalgas son una fuente de alimentacion
directa para animales filtradores como los moluscos y son
vitales en los primeros estadios de desarrollo de algunos
crustaceos. Ademas, también se utilizan microalgas como base
para la produccion de zooplancton (rotiferos y Artemia) y para
la metodologia de cria larvaria denominada “en agua verde”
(Barnabé y René, 1972).

El siguiente eslabon en la cadena alimentaria de larvas
marinas son los rotiferos. Los rotiferos son metazoos de 80-250
pum usados como presa viva en las primeras fases larvarias de la
mayoria de las especies comerciales de peces y crustaceos
(Barnabé y René, 1972). La especie mas cominmente cultivada
en acuicultura es Brachionus plicatillis.

El dltimo eslabon de la cadena tréfica simplificada
desarrollada en larvicultura marina la constituyen los estados

larvarios (nauplios) del crustaceo Artemia. Artemia es capaz de

11
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formar huevos de resistencia (quistes) que son facilmente
utilizables y almacenables y que permiten la obtencién de
nauplios vivos a demanda en un periodo de tiempo muy corto
(aproximadamente 24 h) y sin necesidad de instalaciones de
cultivo sofisticadas. Todo esto ha hecho de Artemia uno de los
recursos de alimentacion en acuicultura mas importantes y de
los que depende en gran medida la produccién global de
juveniles de muchas especies marinas de gran valor comercial.
A pesar de las enormes ventajas, el uso de Artemia ofrece ciertas
desventajas con respecto a presas naturales como los copépodos,
y estas se relacionan principalmente con su escaso valor

nutricional para larvas de peces y crustaceos marinos.

1.2.1. Importancia de los acidos grasos en la larvicultura

de peces marinos

Los &cidos grasos son acidos organicos de cadena larga
formados por una cadena hidrocarbonada hidréfoba de longitud
variable con un grupo metilo (-CH3) y carboxilico (-COOH) en
ambos extremos de la molécula. Normalmente tienen un nimero
par de atomos de carbono y se clasifican atendiendo al nimero
de insaturaciones o dobles enlaces en: saturados, todos los
atomos de carbono estan unidos por un enlace simple, o
insaturados, los cuales tienen uno (monoinsaturados) 0 mMas
(poliinsaturados) dobles enlaces (insaturaciones) en su

estructura. Dentro de los acidos grasos poliinsaturados (PUFA,

12
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Polyunsaturated Fatty Acid) se diferencian aquellos que tienen
20 atomos de carbono 0 més y la presencia de tres 0 mas dobles
enlaces, a estos se les denomina cominmente como &cidos
grasos altamente insaturados (HUFA, Highly Unsaturated Fatty
acid). El sistema de nomenclatura mas comun de los PUFA es la
denominada nomenclatura en “n” o “w”, que Se caracteriza por
especificar la posicion del primer doble enlace desde el extremo
metilo terminal, ademas de indicar también el tamafio de la
cadena de carbono y el nimero de insaturaciones. Por ejemplo,
el &cido graso 22:6n-3 (DHA), consta de una cadena de 22
atomos de carbono, con 6 dobles enlaces, el primero de ellos
situado en el tercer carbono desde el extremo metilo (Rodriguez,
2014).

Las larvas de organismos marinos necesitan HUFA como
EPA, DHA y acido araquidonico (ARA, 20:4n-6) para satisfacer
sus necesidades fisiologicas que garanticen su normal
crecimiento y desarrollo (Tocher, 2010). Sin embargo, la
maquinaria enzimatica de elongacion (elongasas) y desaturacion
(desaturasas) necesaria para Su biosintesis (produccion
enddgena) es limitada en la mayoria de especies de organismos
marinos y la demanda debe ser cubierta por tanto a través de la
dieta (Watanabe y cols., 1982; Lavens y cols., 1989; Rainuzzo y
cols., 1994; Sargent y cols., 1997, 2002; Bell y cols., 2003;
Tocher y cols., 2003). En el caso de peces marinos, EPA, ARA

y DHA se consideran &cidos grasos esenciales (EFA, Essential
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Fatty Acid) (Tocher, 2010). Hay estudios que reflejan que la
insuficiencia de estos nutrientes esenciales en la dieta de peces
marinos se traduce en una disminucién del desarrollo visual y
neural de las larvas con consecuencias fisiologicas vy
comportamentales (Sargent y cols., 1999; Bell y cols., 2001,
2003).

Se considera una dieta Optima para los reproductores
aquella que permite obtener huevos con un contenido lipidico
igual al perfil que tienen los huevos de ejemplares salvajes
(Sargent y cols., 2002; Cahu y cols., 2009). Los lipidos, en
concreto los HUFA, juegan un papel muy importante en el
proceso reproductivo, la ontogenia embrionaria y, en general,
los primeros estadios de desarrollo larvario (Tocher, 2010).
Muchos estudios sobre la calidad de las dietas centran su
atencion sobre su fraccion lipidica, en concreto, sobre la
composicion en EFA presentes en el alimento (Rodriguez y
cols., 1998; Ibarra-Zatarain y cols., 2015; Mozanzadeh y cols.,
2015). La alimentacion de los reproductores es un elemento
determinante para poder obtener puestas de calidad. La
composicion bioquimica del alimento vivo es importante para
los peces, ya que contiene la mayoria de los elementos nutritivos
que garantizan la supervivencia y el 6ptimo desarrollo de las

larvas.
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1.3. Importancia del uso de Artemia en acuicultura

Artemia es la especie de presa viva mas utilizada en el
cultivo de larvas de peces y crustaceos (Aragdo y cols., 2004).
El género Artemia se subdivide normalmente en seis especies
bisexuales y un gran nimero de poblaciones partenogenéticas
(Amat y cols., 2005, 2007; Nunes y cols., 2006). En ambos tipos
de reproduccion las hembras pueden dar lugar a dos clases de
huevos: a) los que finalizan su desarrollo embrionario en el
interior del Utero y que dan lugar a nauplios completamente
formados (proceso ovoviviparo); b) los que detienen su
desarrollo en el estado de blastula avanzada, cubriéndose de un
corion resistente y quedando en forma de quiste o huevo de
resistencia (oviparismo). La reproduccion ovipara (formacion de
quistes) esta asociada a la presencia de condiciones adversas en
el medio natural y los quistes producidos de ésta, pueden
permanecer en estado de latencia (diapausa) hasta que vuelvan a
establecerse las condiciones dptimas para su eclosion.

La explotacion de quistes de Artemia tiene un elevado
interés econdmico, ya que de ella depende la produccién
mundial de larvas de peces (sobre todo marinas) y de crustaceos.
Uno de los principales productores de quistes de Artemia es el
Great Salt Lake (GSL) de Utah (EE.UU.). En la década de 1980

los quistes procedentes de este lago monopolizaron
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aproximadamente el 90% de las existencias en el mercado
mundial (Medina, 2012). El incremento de la demanda, las
cosechas irregulares y la explotacion no sostenible de un recurso
natural, provocaron una crisis que llevo a cuestionarse si la
disponibilidad de Artemia podria constituir un factor limitante
para el desarrollo de la acuicultura. Las consecuencias de esta
crisis han sido un incremento desmesurado de los precios, baja
calidad del producto e incertidumbre sobre biodiversidad y
origen. Esto se tradujo en una ausencia de garantia sobre la
viabilidad de los quistes tras un periodo largo de almacenaje,
falta de uniformidad del tamafio naupliar y carencia de
estandares nutricionales en cuanto a su composicion lipidica,
necesarios para una adecuada nutricion de las larvas de especies
marinas. Continua la basqueda de fuentes alternativas al GSL y
algunos estudios valoran la capacidad productora de quistes de
Artemia de algunos lagos salados de América (Cohen y cols.,
1999) y Asia (Van Stappen, 2005).

El uso de nauplios de Artemia como presa viva tiene
algunas ventajas: rapida y sencilla disponibilidad (como se ha
comentado anteriormente), adaptabilidad a un amplio rango de
salinidades (5 — 250 g L™) y temperaturas (6 — 35 °C), ciclo de
vida corto, elevada adaptabilidad a condiciones ambientales
adversas, elevada fecundidad, versatilidad reproductiva
(bisexual/partenogenética, ovoviparismo/oviparismo), pequefio

tamario, movimiento constante, ausencia de respuesta de escape

16



Introduccion general

y adaptacion a una variada fuente de alimento al tratarse de un
filtrador no selectivo (Nunes y cols., 2006).

1.4. Carencias nutricionales de Artemia

La calidad nutricional de los quistes de Artemia varia en
funcién de la cepa y el lote (Moraiti-loannidou y cols., 2009),
situacion que puede ocasionar problemas asociados a su uso
como alimento para larvas de peces y crustaceos (Léger, 1986;
1987). A mediados de los afios sesenta y principios de los
setenta, comenzaron a aparecer en la literatura numerosos
trabajos relacionados con mortalidades masivas de larvas de
diferentes especies de peces y crustaceos, cuando se empleaban
nauplios de Artemia de determinadas razas o variedades como
unico alimento (Shelbourne, 1968; Reeve, 1969; Provenzano y
Goy, 1976). Esta mortalidad no se observaba exclusivamente al
utilizar una Unica poblacion de Artemia sino en varias de diverso
origen geografico (Watanabe y cols., 1978; Watanabe, 1979).
Estos hechos unidos a la enorme demanda de quistes necesarios
para el desarrollo de la acuicultura, impulsaron el interés por
conocer el valor nutritivo de los nauplios destinados a alimentar
las formas larvarias en cultivo (Monroig, 2006). Léger y cols.
(1986) pusieron de manifiesto la escasez de ciertos EFA para
animales marinos en la composicion lipidica de los nauplios y se
observaron diferencias de composicion entre las diferentes

especies estudiadas e incluso entre una misma poblacion
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muestreada en diferentes épocas del afio. Todo esto desemboc6
en la aceptacion de la clasificacion propuesta por Watanabe y
cols. (1978), en la que se diferencian dos grandes tipos de
Artemia segun el contenido en determinados acidos grasos: el
tipo dulceacuicola, con elevados niveles de &cido linolénico
(LNA, 18:3n-3) y de &cido linoleico (LA, 18:2n-6) y ausencia de
EPA; y el tipo marino, con menores niveles de LNA y presencia
de LA. En ninguno de los dos tipos aparecen cantidades

apreciables de DHA.

Los lipidos de la dieta son particularmente importantes en
los estadios tempranos de desarrollo de las larvas de peces
marinos (Sargent y cols., 2002), debido a que representan una
fuente de energia importante para las larvas y una fuente de EFA
necesarios en la formacion de estructuras celulares y un
crecimiento larval normal (lzquierdo y cols.,, 2000, Lall y
Lewis-McCrea, 2007, Cahu y cols., 2009). Uno de los mayores
cuellos de botella en la cria de peces en cautividad es la natural
deficiencia en EFA de las presas vivas, como rotiferos y
nauplios de Artemia, usadas de manera rutinaria en los criaderos
(hatcheries) para alimentar a las larvas de peces marinos
(Conceicdo y cols, 2010). Los nauplios de Artemia carecen de
DHA vy tienen contenidos generalmente bajos de EPA, y por
tanto, deben ser enriquecidos con productos ricos en estos

acidos grasos, para garantizar la supervivencia, el crecimiento y
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la adecuada metamorfosis de las larvas de peces marinos

(Sargent y cols., 1999; Hamre y cols., 2013).

1.5.Uso de emulsiones lipidicas como sistema de

suministro de nutrientes

Como se ha introducido anteriormente, el escaso valor
nutricional de los nauplios de Artemia para larvas de organismos
marinos relacionado con su bajo contenido en EFA como DHA
y EPA, hace necesario someter a los nauplios a un proceso de
enriquecimiento previo a sSu uso como presa viva. El
enriquecimiento consiste en la incorporacion de productos ricos
en EFA en los nauplios de Artemia aprovechando su condicion
de filtradores pasivos (Léger y cols., 1986). Asi, los nauplios
actian como un vehiculo vivo incorporando en su tracto
digestivo particulas con un rango de tamafios determinado y que

se encuentran en suspension en el medio.

Existen dos métodos de enriquecimiento: el indirecto y el
directo. EI método indirecto consiste en la vehiculacion de otros
organismos, tales como levaduras o microalgas (Watanabe y
cols., 1982; Aragdo Yy cols., 2004), que contienen los nutrientes
esenciales para las larvas y que se hallan en niveles subéptimos
en los nauplios. En el método directo, los nauplios se ponen en
contacto con las sustancias enriquecedoras en forma de
microparticulas (Southgate y Lou, 1995), liposomas (Hontoria y
cols., 1994; McEvoy y cols., 1996; Monroig y cols., 2003,
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2006a, b, c) y mucho mas generalmente, emulsiones lipidicas
(Léger y cols., 1986; Evjemo y cols., 1997, Han y cols., 2000,
2001, 2005). De hecho, uno de los métodos de enriquecimiento
directo méas extendido en la actualidad es la utilizacion de
emulsiones ricas en EFA. En contacto con el agua de mar, estas
emulsiones lipidicas se dispersaran formando pequefias gotas o
particulas que el nauplio puede filtrar e ingerir hasta
incorporarlo en el tracto digestivo. Las emulsiones se formulan a
base de aceites de pescado ricos en HUFA como el DHA vy el
EPA, asi como otros componentes como ésteres etilicos de

DHA, vitaminas, emulgentes, etc.

Existen  problemas asociados al proceso de
enriquecimiento tales como la elevada mortalidad naupliar
(Figueiredo y cols., 2009), la autoxidacién de los HUFA
(McEvoy y cols., 1995, Sargent y cols., 1997) y el elevado coste
econdmico de las emulsiones lipidicas (Southgate y Lou, 1995).
Ademas, el proceso de enriquecimiento es ineficiente debido a
la imposibilidad de obtener valores de PUFA similares a los
presentes en el plancton marino, y a la retroconversion selectiva
que realizan los nauplios de Artemia, que catabolizan DHA en
EPA durante el enriquecimiento (Evjemo y cols., 1997, Navarro
y cols., 1999, Han y cols., 2001). Estas dificultades para el
enriquecimiento de Artemia en DHA, son la principal limitacion
para su utilizacion como primera presa viva para las larvas de

peces (Bell y cols., 2003; Haché y Plante, 2011). También hay
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que tener en cuenta que la composicion final en términos de
acidos grasos de la presa viva enriquecida esta en gran medida
condicionada por su propia composicion basal deficiente en

HUFA, y de mayor peso especifico respecto al del enriquecedor.

Asi, el enriquecimiento especifico y preferencial en DHA
parece un paso clave para aumentar los niveles de este EFA en
los nauplios de Artemia de forma que, a pesar de la ineludible
retroconversion a EPA, los niveles de DHA sigan siendo
suficientemente  elevados como para satisfacer los
requerimientos de las larvas de organismos marinos. A pesar de
los avances obtenidos en los Gltimos afios y a la variedad de
productos comerciales disponibles en la actualidad, lo cierto es
que el proceso de enriquecimiento sigue siendo ineficiente con
resultados de contenido en EFA por debajo del alimento natural.
Asi, parece obvio que deben desarrollarse nuevas estrategias de
enriquecimiento que permitan garantizar niveles mas elevados
de DHA en presas vivas Yy, por tanto, mas similares a los de las
presas naturales. Para lograr este cometido, el presente estudio
aborda la caracterizacion de una nueva emulsion lipidica rica en
DHA formulada a partir de un aceite sintético (DHA-Algatrium)
con un contenido en DHA del 70% del total de acidos grasos. La
emulsion lipidica se desarroll6 en el Instituto de Agroquimica y
Tecnologia de los Alimentos (IATA-CSIC, Valencia, Espafia)
en colaboracion con Archivel Technologies S.L. (Barcelona,

Espafia) y se denomin6é M70. Mediante la utilizacion de la
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emulsion M70 se pretende aumentar de forma notable el nivel
de DHA en los nauplios de Artemia y asi lograr revertir la
relacion DHA/EPA considerada como un indicador bioguimico
para evaluar la idoneidad nutricional de las dietas en la
larvicultura de peces marinos (Reitan y cols., 1994; Evjemo y
cols. 1997).

El desarrollo de la acuicultura, unido al agotamiento de los
recursos pesqueros, justifica la inversion en investigacion y
tecnologia depositada en este sector. En este contexto se
encuadra el presente trabajo de investigacion, el cual se centra
en como mejorar la alimentacion larvaria de los organismos

marinos obtenidos en explotaciones acuicolas.

1.6. Presentacién de los trabajos y justificacién de la

unidad tematica

Teniendo en cuenta los numerosos trabajos que destacan la
importancia de los acidos grasos en la alimentacion larvaria de
organismos marinos, nos proponemos probar Yy obtener
informacion acerca de la utilizacion de una nueva emulsion
lipidica rica en PUFA, concretamente en DHA (contiene un
70% de este &cido graso), para alimentar nauplios de Artemia,
empleados como presa viva en la cria de larvas de organismos
marinos. Esto significaria realizar un enriguecimiento selectivo
en DHA, para paliar la catabolizacion que tiene lugar en los

nauplios y revertir la relacion DHA/EPA, alcanzando asi los
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niveles de DHA conseguidos al alimentar los nauplios con su

alimento natural (fito y zooplancton).

Dentro de este planteamiento se justifica la unidad
tematica de los tres trabajos de investigacion que componen esta

tesis doctoral, presentados a continuacion.

Articulos del compendio:

Articulo 1:

Viciano, E., Monroig, O., Salvador, A., Amat, J., Fiszman,
S., Navarro, J.C., 2015. Enriching Artemia nauplii with a high
DHA- containing lipid emulsion: search for an optimal
protocol. Aquaculture Research 46, 1066-1077.

Este estudio tuvo como objetivo investigar estrategias
practicas para optimizar el uso de una nueva emulsion lipidica
(M70) muy rica en &cido docosahexaenoico (DHA, 22:6n-3).
Teniendo en cuenta su contenido particularmente alto en DHA
(70%), se evaluo la utilizacion de M70 para enriquecimientos de
nauplios de Artemia en una serie de seis experimentos.
Concretamente se estudid la eficiencia de la bioencapsulacion de
M70 en nauplios bajo diferentes condiciones experimentales:
fuente de oxigeno, flujo de aireacién, temperatura,

concentracion y dosificacién de la emulsion y densidad naupliar.
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Los resultados mostraron que una utilizacion dptima de M70 se
consigue con temperaturas de incubacién de 28 °C, aireacion
moderada y densidades naupliares de 300 individuos por mL. La
emulsion se puede dispensar en el medio de enriquecimiento en
una Unica dosis de 0,8 g L™ sin efectos perjudiciales aparentes
sobre su estabilidad a la oxidacion y la supervivencia de

nauplios de Artemia durante el enriquecimiento.

Articulo 2:

Viciano, E., Monroig, O., Barata, C., Navarro, J.C., 2015.
Antioxidant activity and lipid peroxidation in Artemia
nauplii enriched with a new DHA-rich emulsion and the
effect of adding an external antioxidant based on

hydroxytyrosol.
Aquaculture Research, In press.

Durante el enriquecimiento de los nauplios de Artemia con
emulsiones lipidicas, particularmente en aquellas con elevados
contenidos en DHA, como la emulsion experimental M70, los
nauplios y la emulsion estan sometidos a unas condiciones
prooxidantes que pueden causar estrés a los nauplios y oxidar

los &cidos grasos presentes en la emulsion. Para probar esto se
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midieron diferentes enzimas antioxidantes y la peroxidacion
lipidica en los nauplios enriquecidos bajo varios tratamientos:
cultivo con levaduras de panificacion (Saccharomyces
cerevisiae), microalgas (Tetraselmis suecica), y las emulsiones
lipidicas M70 y la comercial DC Super Selco (Inve,
Dendermonde, Bélgica). Ademas se estudié el efecto de una
sustancia antioxidante basada en Hidroxitirosol, antioxidante
natural extraido del aceite de oliva, sobre M70 y su eficacia
enriquecedora.  Los  resultados  muestran  diferencias
significativas al utilizar el antioxidante externo para controlar y

evitar que aumente la peroxidacion lipidica.

Articulo 3:

Viciano, E., Iglesias, J., Lago, M.J., Sénchez, F.J., Otero,
J.J., Navarro, J.C., 2011. Fatty acid composition of polar and
neutral lipid fractions of Octopus vulgaris Cuvier, 1797
paralarvae reared with enriched on-growth Artemia.
Agquaculture Research 42, 704-7009.

El cultivo del pulpo (Octopus vulgaris) esta limitado por
las complicaciones durante la fase de paralarva lo que produce
unas elevada mortalidad. En este estudio se compara el uso de
Artemia enriquecida con Nannochloropsis sp. y con una
emulsion muy rica en PUFA (M70) para alimentar a las

paralarvas de pulpo. Se llevaron a cabo analisis de acidos grasos
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y de composicion en clases lipidicas de las paralarvas de pulpo
alimentadas con los dos tratamientos y se observaron diferencias
en la composicion de lipidos polares y neutros de las paralarvas.
Tras 28 dias de experimento, la supervivencia de las paralarvas
se estimo en un 3% para M70 y 22,5% para Nannochloropsis sp.
El andlisis de la composicion de &cidos grasos de las presas
enriquecidas con los dos tratamientos, de las paralarvas de pulpo
y el fraccionamiento y andlisis de &cidos grasos de los lipidos
totales, clases lipidicas polares y neutras, seguido de un Analisis
de Componentes Principales, revel6 que, independientemente de
la dieta, ambas fracciones de lipidos mostraros patrones de
acidos grasos distintos. La composicion de los lipidos polares se
mantuvo invariable, mientras que la de los lipidos neutros
estuvo mas influenciada por la dieta, lo que refleja la

variabilidad entre los tratamientos dietéticos.
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2.1. Objetivo general

La investigacion desarrollada en la presente Tesis
Doctoral se enmarcO dentro del proyecto PETRI de
investigacion “Desarrollo de productos enriquecedores de alto
contenido en &cidos grasos poliinsaturados de cadena larga para
complementar el valor nutritivo de presas vivas como alimento
larvario” (Ref. PTR1995-0714-OP-02-01).

El objetivo principal de la presente tesis doctoral es
emplear aceites de gran pureza y ricos en DHA para formular
una emulsion lipidica que permita enriquecer mas eficazmente
nauplios de Artemia en DHA a pesar de las complicaciones del
proceso sefialadas anteriormente. Para ello se formularon
emulsiones lipidicas enriquecedoras en cuyo perfil de &cidos
grasos predomina el DHA respecto al resto.

2.2. Obijetivos especificos

Este objetivo general, se subdivide en varios objetivos

especificos:

1. Estudiar la estabilidad fisica de la emulsion elaborada a
partir de aceite rico en DHA, denominada “M70”,
durante su utilizacion como producto enriquecedor de

nauplios de Artemia.

35



Capitulo 2

2. Estudiar los procesos oxidativos en nauplios de Artemia
enriquecidos con la emulsién M70.

3. Definir los protocolos 6ptimos de enriquecimiento con
M70 y su repetitividad.

4. Establecer la eficacia enriquecedora de la emulsion M70

mediante pruebas de alimentacion larvaria.

Tras los dos capitulos preliminares (Introduccion y
Material y Métodos), los resultados obtenidos se presentan en
los Capitulos 4-6%, que corresponden con las tres publicaciones

SCI que han constituido la base de la presente tesis doctoral:

- Capitulo 4: Viciano, E., Monroig, O., Salvador, A., Amat,
J., Fiszman, S., Navarro, J.C., 2015. Enriching Artemia
nauplii with a high DHA-containing lipid emulsion: search
for an optimal protocol. Aquaculture Research 46, 1066-
1077.

- Capitulo 5: Viciano, E., Monroig, O., Barata, C., Navarro,
J.C., 2014. Antioxidant activity and lipid peroxidation in
Artemia nauplii enriched with a new DHA-rich emulsion
and the effect of adding an external antioxidant based on
hydroxytyrosol. Aquaculture Research, Aceptado.

! Los Capitulos 4-6 mantienen los requisitos de uniformidad de
las revistas en las que se publicaron, aunque se han editado
para facilitar su lectura y adaptarlos al formato de la presente
Tesis Doctoral.
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- Capitulo 6: Viciano, E., Iglesias, J., Lago, M.J., Sanchez,
FJ., Otero, JJ., Navarro, J.C., 2011. Fatty acid
composition of polar and neutral lipid fractions of Octopus
vulgaris Cuvier, 1797 paralarvae reared with enriched on-

growth Artemia. Aquaculture Research 42, 704-7009.

Finalmente, el Capitulo 7 incluye una discusion general
abordando globalmente las cuestiones planteadas a lo largo del

desarrollo de la presente Tesis Doctoral.
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3.1. Elaboracién de emulsiones lipidicas a partir de aceites
ricos en DHA

Las emulsiones son sistemas coloidales formados por dos
0 mas liquidos inmiscibles, estando uno de ellos disperso en el
otro en forma de pequefias gotas. En la mayoria de emulsiones
alimentarias los liquidos inmiscibles son aceite y agua, por lo

gue es necesaria una agitacion mecanica para su dispersion.

Es necesario que la emulsion sea estable durante un
periodo razonable de tiempo, para ello se utilizan agentes
emulsionantes y estabilizantes, que dan consistencia, coherencia
y una textura optima a la emulsién. El término emulsionante
incluye aquellos compuestos que facilitan la formacion de la
emulsion al disminuir la tension interfacial aceite-agua,
proporcionando una estabilidad a corto plazo por la formacion
de una pelicula protectora alrededor de las gotas de la fase
dispersa. El término estabilizante, por su parte, se refiere a
aquellos compuestos que no poseen un caracter tensoactivo pero
que proporcionan mayor estabilidad a las emulsiones a través de
la restriccion de las interacciones entre las particulas dispersas
debido al aumento de viscosidad de la fase continua que

producen (Dickinson, 1993).

Cuando el sistema se desestabiliza se produce la

separacion de ambas fases. Esta desestabilizacion, la cual puede
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ser un proceso reversible o irreversible, se puede ocasionar por

medio de varios procesos:

- Cremado: Es debido a la diferencia de densidad de las
dos fases que forman la emulsion y a la gravedad
terrestre. Es un proceso reversible porque no supone
una diferencia en el tamafio de las particulas. El
sistema se puede recuperar redispersando la emulsion.

- Floculacién: Implica la agregacion de pequefias gotas
bajo la influencia de fuerzas atractivas formando
grupos. Es reversible porque no implica una diferencia
en el tamafio individual de las gotas. Se puede
redispersar por agitacion.

- Coalescencia: Es la union irreversible de las gotas para
dar lugar a otras mayores. Puede conducir a la

separacion completa de las dos fases.

En acuicultura, para el enriquecimiento de presas vivas, se
suelen emplear aceites de pescado por su riqueza en HUFA de la
serie n-3 como el DHA vy el EPA. El método mas habitual de
enriquecimiento es mediante la utilizacion de emulsiones
lipidicas formuladas a partir de estos aceites de pescado. Para la
presente tesis doctoral se elabord una nueva emulsion lipidica a
partir de DHA-Algatrium (Brudy Technology, Barcelona,
Espafa), aceite con la particularidad de ser especialmente rico

en DHA (70% del total de acidos grasos). La emulsion
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resultante se denomindé M70. La fabricacion de las emulsiones
se realiz6 en el Laboratorio de Propiedades Fisicas y Sensoriales
de Alimentos del Instituto de Agroquimica y Tecnologia de los
Alimentos (IATA-CSIC, Valencia, Espafia) en colaboracion con
la empresa Archivel Technologies S.L. (Mataro, Barcelona,
Espafia). Ademés, se efectuaron estudios de estabilidad y

pruebas para determinar la textura optima (Giner, 2005).

Las emulsiones se realizaron mezclando 30 mL de agua y
aceite, junto con el estabilizante y el emulsionante. La mezcla
fue emulsionada mediante un homogeneizador Polytron PT
45/80 (Kinematica GmbH, Littau/Lucerna, Suiza) a 3000 rpm
durante 3 min (Giner, 2005). Los estabilizantes probados fueron:
goma Xantana (derivado del maiz, E-415), goma de Garrofin
(obtenido de las semillas de algarrobo Ceratonia siliqua, E-410)
y goma de Guar (obtenido a partir de Cyamopsis
tetragonolobus, E-412). Los emulsionantes probados fueron:
Tween 80 (monooleato de sorbitan polioxietilenado), montanox
80 VG PHA (monooleato de sorbitan polietoxilado), lecitina de
soja y datem (ésteres de &cido diacetil tartarico de mono y

diglicéridos).

La composicion de acidos grasos de las emulsiones
resultantes se analizaron en el Instituto de Acuicultura de Torre
de la Sal (IATS-CSIC, Castellén, Espafia) mediante
cromatografia gaseosa como se describe en la seccién 3.3. Tras

un periodo de almacenaje de aproximadamente 60 d, se

43



Capitulo 3

comprobo la estabilidad de las preparaciones emulsionantes y se
probaron en enriquecimientos con nauplios de Artemia segun se

describe con mas detalle en la seccién 3.2.

Estos ensayos preliminares permitieron escoger aquella
combinacion de aceite, estabilizante y emulsionante que dio
mejores resultados en cuanto a estabilidad de la emulsién y a la
eficacia de enriquecimiento en términos de contenido de DHA

en los nauplios.

La emulsion lipidica utilizada en los experimentos del
presente estudio se formul6 a partir de aceite DHA-Algatrium
rico en DHA (70%) (Tabla 3.1) suministrado por Brudy
Technology (Barcelona, Espafia) y Archivel Technology
(Barcelona, Espafia). Su composicion consistio en: 50/50
aceite:agua, 0,36% de goma Xantana (System Bio-Industries-
BSI, Getafe, Madrid) como estabilizante y 0,1% de Tween 80
(Fluka, Sigma-Aldrich, St. Louis, Missouri) como emulsionante
(Giner, 2005).
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Tabla 3.1. Composicion de DHA-Algatrium, aceite sintético
utilizado en la preparacion de la nueva emulsion M70. Analisis segln
ficha técnica.

Propiedades Limites Resultados
indice de acidez 6 max 5,50%

DHA 70 min 73,90%

EPA 10 méax 19,70%

DPA 20 méx 1,90%

Acidos grasos ®3 totales 85 min 95,50%

indice de perdxidos 5 méax 0,9 Meg/Kg
Metales pesados 2,0 max Nivel permitido
Cadmio 0,1 max Nivel permitido
Cobre 0,1 max Nivel permitido
Hierro 1,0 max Nivel permitido
Mercurio 0,1 max Nivel permitido
Plomo 0,1 max Nivel permitido
Estafio 2,0 max Nivel permitido
Arsénico 0,1 max Nivel permitido

Un aspecto importante a la hora de desarrollar las nuevas
emulsiones es el tamafio de particula que resulta al dispersar la
emulsiéon en agua de mar. Un tamafio de micela (o goticula)
adecuado es esencial para ser eficientemente filtrado por las
estructuras filtradoras de los nauplios de Artemia antes de ser
incorporado en el tracto digestivo. Jones y Gabbott (1976)
establecieron que el tamafio 6ptimo de particula para filtradores
pasivos esta comprendido entre 5 y 100 pm. Ademaés del

tamafo, la eficiencia en la ingesta de particulas de emulsién
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depende de su concentracion en el medio de enriquecimiento
(Han y cols., 2005).

En el IATA-CSIC, en colaboracion con el Instituto de
Ciencias de los Materiales de la Universidad de Valencia
(ICMUV), se midi6 el tamafio de particula de las emulsiones,
tanto de las comerciales como de M70. El andlisis de la
distribucion del tamafio de particula se realiz6 con un analizador
Malvern Mastersizer 2000 (Malvern Instruments Ltd.,
Worcestershire, Reino Unido), basado en la tecnologia de
difraccién de laser. En el blanco éptico, la muestra es atravesada
por un laser produciéndose la dispersion de la luz sobre las
particulas iluminadas. Unos detectores miden la intensidad de la
luz dispersada en funcion del angulo de dispersion (Malvern,
2014). Mediante ésta técnica se consigue medir tamafios de
particula comprendidos entre 0,06 y 2000 um (ICMUV, 2009).
Los célculos del tamafio de particula se basan en la teoria de
difusion de Mie y se realizaron con el software provisto con el
equipo (Mastersizer 2000 v5.40). Las mediciones se realizaron

por triplicado para cada muestra.

La emulsion comercial DC Super Selco (DCSS, Inve,
Dendermonde, Bélgica) tuvo un didmetro de particula de 0,5
pMm, mientras que en el resto de emulsiones tales como Easy
DHA Selco, Easy Super Selco (Inve, Dendermonde, Bélgica) y
M70, se estimd un diametro de particula de 3 um. Considerando

los resultados del perfil de &cidos grasos en nauplios y la
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distribucion de tamafos, se concluyé que las diferencias
encontradas en el tamafio de particulas fueron demasiado
pequefias para afectar a la eficiencia de la filtracion de los
nauplios de Artemia. Por lo tanto, las posibles diferencias
encontradas en los perfiles de acidos grasos de los nauplios se

relacionan con la propia composicion lipidica de las emulsiones.

Otro aspecto a tener en cuenta para estudiar la estabilidad
de emulsiones enriquecedoras es la tendencia de algunas de
éstas a formar grumos durante el proceso de enriquecimiento de
presas vivas. Esto ensucia el medio de cultivo debido a que al
filtrar los nauplios tras el enriquecimiento, los grumos se quedan
retenidos junto a ellos y puede favorecer contaminaciones o
infecciones de las larvas de peces. Se realizaron pruebas
preliminares con y sin nauplios. M70 no formd grumos durante
el proceso de enriquecimiento, pero DCSS formd pequefios

grumos al enriquecer nauplios de Artemia.

3.2. Enriguecimiento de nauplios de Artemia

3.2.1. Eclosion de quistes de Artemia

Los quistes utilizados en todos los experimentos
procedieron de lotes comerciales grado EG (Inve,
Dendermonde, Bélgica), con bajo contenido en HUFA. Para la

eclosion de quistes, se utiliz6 un recipiente de 60 L junto con un
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calentador termostatizado a 28°C en el que se sumergieron los
tubos de eclosion. Estos se llenaron con agua de mar y se
aclimataron a la temperatura de 28 + 1 °C. La densidad de
quistes fue inferior a 4 g L™, tal y como recomienda Van
Stappen (1996). Los quistes fueron sometidos a agitacion
vigorosa por medio de aeracion continua e iluminacion
constante mediante un tubo fluorescente que aporto

aproximadamente 1500 lux al sistema.

Tras un periodo de 23 h el sistema de aireacion se detuvo
facilitando asi la separacion de los nauplios recien eclosionados,
que se desplazaron al fondo del tubo de eclosion, de las cascaras
que flotaron en la parte superior del mismo. Las cascaras fueron
eliminadas por decantacion y los nauplios recién eclosionados se
filtraron por una malla de 100 um. Los nauplios retenidos se
enjuagaron con abundante agua corriente para eliminar los
metabolitos de eclosion. A continuacién, se vertieron en
probetas de 1 o 2 L para hacer dos lavados mas, uno con agua
corriente y el ultimo con agua de mar, con el fin de eliminar la
mayor cantidad de quistes no eclosionados (Monroig, 2006).
Tras los lavados, los nauplios se mantuvieron en agua de mar
con aireacion, logrando asi una dispersion homogénea para
llevar a cabo los contajes mediante el muestreo de seis alicuotas
de 150 pL. Tras la estimacion de la densidad naupliar obtenida

en cada eclosion, se procedié al calculo del volumen a transferir
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a cada tubo de enriquecimiento para que la densidad final en los

tubos de enriquecimiento fuera de 300 nauplios mL™.

3.2.2. Enriguecimiento de los nauplios de Artemia

El proceso de enriquecimiento supone incubar los nauplios
recién eclosionados junto con el producto enriquecedor. La
emulsion comercial DCSS (Inve) se utiliz6 como control en
todos los experimentos. La concentraciébn de producto
enriquecedor en el medio de enriquecimiento se fijo en 420 mg
lipido L™ (cantidad que equivale a una dosis final de 0,6 g L™ de
producto comercial segin recomienda el fabricante), expresada
en términos de la masa de la fraccion lipidica por unidad de
volumen del medio de enriquecimiento (Monroig, 2006). Las
emulsiones creadas para esta tesis doctoral, al contener en su
formulacién mas cantidad de agua, necesitaron mayor cantidad
de producto para conseguir la cantidad total de lipidos

recomendada.

Tras pesar la cantidad necesaria de los enriquecedores
correspondientes a la dosis requerida (420 g lipido L), éstos se
dispersaron en agua de mar con ayuda de una batidora y se
afiadieron a los tubos con los nauplios. Las condiciones de
enriquecimiento fueron las mismas que las de eclosion, es decir

temperatura de 28 £ 1 °C, nivel de iluminacién de 1500 lux y
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aireacion suficiente para que el oxigeno disuelto no descendiera
de 4 mg L (Van Stappen, 1996).

Tras un periodo de 21 h, la aireacion se detuvo y el
contenido de los tubos de enriquecimiento se filtré a través de
una malla de 100 um en la que quedaron retenidos los nauplios
de Artemia. Estos se lavaron con abundante agua corriente para
eliminar los posibles restos de producto enriquecedor que
hubieran quedado adheridos al nauplio. Finalmente se lavaron
con agua destilada para eliminar restos de sal y se liofilizaron y
congelaron a -20°C hasta su anélisis.

3.3. Andlisis quimico

3.3.1. Andlisis de lipidos totales

La extraccion de lipidos totales en muestras de nauplios de
Artemia enriquecidos y emulsiones se realizO mediante una
modificacion del método propuesto por Folch y cols. (1957).
Las muestras fueron liofilizadas se pesaron utilizando una
balanza de precision XS105 dual Ray (Mettler Toledo,
L’Hospitalet de Llobregat, Espafia) y homogeneizadas
mecanicamente mediante disgregadores tipo Potter, con una
mezcla de cloroformo:metanol (2:1, v/v) que contenia un 0,01%
(p/v) de antioxidante hidroxitolueno butilado (BHT, Sigma,

Alcobendas, Espafia). Al volumen total de homogeneizado se le
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afiadio una cuarta parte de una disolucion acuosa 0,88% de KCI.
Tras agitar la muestra y centrifugarla a 2000 rpm durante 2 min,
la fase organica (infranadante) se filtro a través de un filtro de
papel (Whatman, Maidsteno, Reino unido). Se repitio el mismo
proceso con el pellet, con el fin de maximizar la extraccion de
lipido. La fase organica obtenida tras el filtrado se secO bajo
flujo de N,. El extracto de lipido se trasvasé a un vial de vidrio
pesado previamente y se secO completamente mediante flujo de
N,. La determinacion de lipidos totales se realiz
gravimétricamente tras 24 h en desecador al vacio. Los extractos
de lipidos se mantuvieron a una concentracion conocida en una
mezcla de cloroformo:metanol (2:1, v/v) con un 0,01% de BHT
(p/v), bajo atmosfera de N, desplazando el aire presente en los
viales para minimizar la oxidacion durante su almacenamiento a
-20°C.

3.3.2. Andlisis de las clases lipidicas

Las clases lipidicas fueron analizadas por cromatografia
de capa fina de alta resolucion (High Performance Thin Layer
Chromatography, HPTLC), segun el método descrito por Olsen
y Henderson (1989). Brevemente, 15 pg de los extractos
lipidicos se aplicaron en placas de gel de silice G 20 de 10x10
cm (Merck, Darmstadt, Alemania) mediante jeringas tipo
Hamilton. A menos que se indique lo contrario, las placas se

sometieron a una doble elucion. En los primeros 5 cm de la
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placa desde el punto de aplicacién, los lipidos polares se
separaron con un primer sistema de solventes compuesto por
acetato de metilo, isopropanol, cloroformo, metanol y una
solucion acuosa de KCI 0,25% (p/v) en la proporcion
25:25:25:10:9 (v/viviviv). Tras el secado de la placa, se utilizd
un segundo sistema de solventes compuesto por hexano, éter
dietilico y acido acético glacial, en una proporcion 80:20:2
(v/iviv) que separé las clases lipidicas de tipo neutro. Este
segundo sistema de solventes migré hasta el borde superior. A
continuacion se procedié a la evaporacion de los restos de
solvente mediante secado al vacio. Las placas fueron rociadas
con una disolucion acuosa 30% de (CH3CO).Cu (p/v) que
contenia un 8% H3PO, (v/v) (Fewster y cols., 1969) y se
introdujeron en una estufa a 160°C donde se carbonizaron las
distintas fracciones de las muestras. La densidad dptica de las
distintas clases de lipidos se cuantificO mediante un
densitdbmetro de imagenes calibrado (GS-710 Bio-Rad, San
Francisco, California, USA). Los resultados se expresaron en
términos de porcentajes de cada clase lipidica en relacion al total

de lipidos.

La Figura 3.1 es un tipico ejemplo de doble desarrollo con
las diferentes clases de lipidos separadas e identificadas. La
cuantificacion se realizé tras la sustraccion del ruido de fondo
(en forma de mancha) que acompaiia ineludiblemente a los

frentes de elucion.
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Figura 3.1. Placa de HPTLC (Merck, Darmstadt, Alemania) de
doble desarrollo. Separacion de clases lipidicas de lipidos polares y
neutros de muestras de nauplios enriquecidos con: 1) emulsion M70,
2) emulsién con un 50% de DHA, 3) DCSS. Las carreras 4, 5y 6
corresponden a estandares consistentes en una mezcla de lipidos
neutros. Sm, esfingomielina; PC, fosfatidilcolina; PS, fosfatidilserina;
Pl, fosfatidilinositol; PA/CL, 4cido fosfatidico/cardiolipina; PE,
fosfatidiletanolamina; Pig, pigmentos; DAG, diacilglicéridos; CHO,
colesterol; FFA, &cidos grasos libres; TAG, triacilglicéridos; FAEE,
ésteres etilicos de acidos grasos, SE, ésteres de esterol.
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3.3.3. Anélisis de acidos grasos por cromatografia de
gases

3.3.3.1. Derivatizacién de 4cidos grasos

El analisis de éacidos grasos se realizd mediante
cromatografia de gases a partir de los ésteres metilicos de los
acidos grasos (FAME, Fatty Acids Methyl Esters) obtenidos por
derivatizacion de los extractos lipidicos de las muestras. La
derivatizacion consistié en la transmetilacion catalizada por
acido (Christie, 2003). Este proceso consiste en incubar una
cantidad conocida del extracto lipidico en 1 mL de tolueno y 2
mL de una disolucion 1% de H,SO4 en metanol a 50°C durante
un periodo aproximado de 16 h. A la muestra se le afiadio el
acido graso 19:0 y que actué como estandar y que sirvid para

cuantificar los acidos grasos presentes en la muestra.

Tras la transmetilacion catalizada por acido, los FAME se
recuperaron mediante dos extracciones liquido:liquido
consecutivas. La primera se realizé afadiendo a la muestra
incubada 5 mL de agua destilada y 5 mL de hexano:éter dietilico
(1:1, v/v) con un 1% de BHT. Tras su agitacion y centrifugacion
durante 2 min a 2000 rpm, se recogi6 el sobrenadante. Sobre el
infranadante se realizO un segundo lavado con 5 mL de
hexano:éter dietilico (1:1, v/v) para maximizar la recuperacion
de los FAME. Tras una nueva agitacion y centrifugacion, el

sobrenadante se afiadio al anterior y, sobre éste, se realiz6 una
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segunda extraccion afiadiendo 3 mL de una disolucién al 2% de
KHCOg3 (p/v) a la fase sobrenadante recogida. Tras agitar la
muestra, se centrifugd durante 2 min a 2000 rpm y la fase
sobrenadante se trasvaso a otro tubo donde se seco con N, seco.
La muestra seca fue transferida a un vial de vidrio, donde se
conservo disuelta en 140 pL de hexano:éter dietilico (1:1, v/v)
con una 1% de BHT disuelto, hasta la realizacion de la

purificacion de los FAME.

3.3.3.2. Purificacion de FAME

La purificacion de los FAME recogidos se llevo a cabo
mediante cromatografia de capa fina en placas TLC (Thin Layer
Chromatography) de gel de silice G 60 de 20x20 cm (Merck,
Darmastadt, Alemania). El solvente utilizado fue una mezcla de
hexano:éter dietilico:acido acético glacial (85:15:1,5, v/v/v). La
adicion de un estandar en la misma placa, permitio estimar la
posicion de la fraccion de los FAME de las muestras tras su
elucion en el sistema de solventes indicado. La fraccion
correspondiente a cada muestra se recuperd mediante el rascado
del gel de silice en el &rea donde se hallaba la fraccion de
FAME. Los FAME presentes en el gel de silice se eluyeron con
hexano:éter diétilico (1:1, v/v) mediante agitacion suave y
posterior centrifugacion de 2 min a 2000 rpm. La fraccion
liquida se trasvaso a unos nuevos tubos donde se llevo a cabo el

secado con N, seco. Los FAME purificados se trasvasaron a un
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vial de vidrio mediante en 230 pL de hexano con un 0,01% de
BHT hasta el posterior analisis cromatogréfico.

3.3.3.3. Condiciones cromatograficas

Los &cidos grasos fueron analizados en un cromatdgrafo
Fisons Instruments GC 8000 Series (Fisons Instruments,
Rodano, Italia) equipado con una columna tubular abierta de 30
m x 0,25 mm (Tracer, TRWAX, espesor de capa: 0,25 um,
Tecknokroma, Barcelona, Espafia) y deteccidn por ionizacion de
[lama. Las muestras se eluyeron con helio como U{nico
componente de la fase maévil, bajo un gradiente térmico de 50 a
220°C. Las sefiales procedentes de un detector de llama (Fisons
Instruments, Rodano, Italia) se recogieron mediante un sistema
informatico equipado con la aplicacion Azur software package
(version 4.0.2.0. Datalys, France). La identificacion de los
diferentes &cidos grasos se realizO por comparacion con
estandares bien caracterizados como el que aparece en la Figura
3.2.

3.3.4. Andlisis de la peroxidacion lipidica

La reaccion de peroxidacion lipidica consta de los
siguientes pasos: a) formacion de radicales libres, iniciando el

proceso de oxidacion; b) formacién de hidroperoxidos como
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productos primarios de reaccion; c) formacion de productos
secundarios de oxidaciéon; y d) formacion de productos terciarios
de oxidacion (Kamal-Eldin yPokorny, 2005).

La determinacion de la peroxidacion lipidica presente en
las muestras de nauplios de Artemia enriquecidos, en las
emulsiones lipidicas y en el medio de enriquecimiento de los
nauplios, se realiz6 mediante una variacion del método del acido
tiobarbitrico  (Thiobarbituric Acid Reactive Substances,
TBARS) propuesto por Ohkawa y cols. (1979) o por la medicién
de los niveles de peroxidacion lipidica (LPO) (Esterbauer y
cols., 1991).
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Figura 3.2. Separacion de ésteres metilicos de &cidos grasos
mediante una técnica de GC con una columna tubular abierta y
deteccion por ionizacion de llama de un patron comercial (37
Component FAME Mix de Supelco (Sigma-Aldrich Co.).
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El método TBARS se basa en la reaccién, bajo
condiciones controladas de temperatura y pH, del
malondialdehido (MDA) con el acido tiobarbiturico (TBA), que
forman un complejo coloreado que se puede medir
espectrofluométricamente (méximo de absorbancia a 532 nm;
hex = 532 / Aem = 553). En tubos de polipropileno de 2 mL se
mezclaron 36 pL de una disolucion acuosa 8,1% (p/v) de
dodecil sulfato de sodio (SDS) con un 0,05% de BHT, 270 pL
de una solucién pH 3,5 al 20% (v/v) de acido acético glacial,
270 pL de una disolucion 0,8% (p/v) de TBA en agua destilada
y 144 pL de muestra de nauplios homogeneizados o del medio
de enriquecimiento (Monroig y cols., 2007). Los tubos se
cerraron herméticamente y se incubaron durante 60 min en un
bafio a 95°C. Pasado este periodo, la reaccién se detuvo
enfriando los tubos sumergiéndolos en agua con hielo durante
aproximadamente 3 min, y se les afiadi6 180 pL de agua
destilada y 900 pL de la disolucion n-butanol:piridina (15:1,
v/v). Tras su agitacion para favorecer la mezcla de ambas fases,
se centrifugaron durante 3 minutos a 10000 rpm a 4 °C. La
fluorescencia de la fase organica (sobrenadante) se midio en un
espectrofluorimetro F-2500 Hitachi (Tokio, Japdn) a longitudes
de onda de excitacion y emision de 515 y 530 nm
respectivamente. La concentracion de perdxidos se calculd a
través de una curva patron obtenida con disoluciones de

concentraciones crecientes del compuesto tetratoxipropano
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(TEP), que fueron sometidas a las mismas condiciones que la

muestra.

El método de LPO también se basa en la reaccion del
MDA pero en esta ocasion con el N-metil-2-fenilindol (NMPI)
para formar un complejo coloreado con una absorbancia
conocida (586 nm) (Esterbauer y cols., 1991). Mediante éste
método la deteccién de otros productos de la peroxidacion
lipidica que interfieren en los resultados, como el 4-

hidroxialkenal, se minimiza.

3.4. Andlisis estadistico

Todos los andlisis estadisticos se llevaron a cabo usando el
programa estadistico SPSS version 15.0 (SPSS Inc., Chicago,
Illinois, EE.UU). La condicion de normalidad de las variables
fue analizada mediante la prueba de Kolmogorov-Smirnov
(Sokal y Rohlf, 1981) y se realizaron las transformaciones mas
adecuadas para aquellas variables que no presentaban una
distribucion normal. La homogeneidad de las varianzas se

analiz6 mediante la prueba de Levene (SPSS).

Las diferencias entre medias de variables evaluadas en dos
tratamientos experimentales (dos niveles de factor de variacion)
se comprobaron mediante la prueba T de Student para muestras

independientes. Las diferencias entre medias de variables
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evaluadas en méas de dos tratamientos experimentales (mas de
dos niveles de variacién del factor), se determinaron mediante el
analisis de la varianza (Analysis of Variance, ANOVA), seguido
de la prueba de Tukey para la comparacion multiple de medias
(Sokal y Rohlf, 1981).

En el caso de existir heterogeneidad de varianzas se
usaron las pruebas robustas de Welch, para determinar
diferencias entre medias y de Games-Howell para el
establecimiento de diferencias entre grupos (SPSS Inc.,
Chicago, lllinois, EE.UU). Estas dos pruebas estadisticas no
requieren homogeneidad de las varianzas, al contrario de las
pruebas ANOVA vy Tukey. El nivel de significacion en todas las
pruebas estadisticas se fijo en 0,05.

Los resultados de los &cidos grasos fueron analizados
mediante un analisis multivariante de componentes principales
(Principal Component Analysis, PCA). ElI PCA es una técnica
multivariante encuadrada dentro del grupo de técnicas de
simplificacion o reduccion de la dimension. Con esta
metodologia, el conjunto de variables (los &cidos grasos) es
reducido a una serie menor de componentes. El primer
componente principal (PC1) recoge la mayor parte de la
variacion que hay en el conjunto de datos, y los siguientes
componentes contienen tanta variabilidad como sea posible
dentro de la restante. Hay varios criterios para decidir el nimero

de factores que permita definir la estructura correcta de los datos
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y que posibilite su posterior interpretacién. Los criterios mas
importantes son el porcentaje de la varianza explicada y el

contraste de caida o grafico de sedimentacion de Catell (1966).

Los factores (componentes) pueden ser reflejados en
gréficas junto con las variables medibles para dar una idea de su
correlacion con el factor correspondiente. Por tanto, el gréafico
de puntuaciones, que es una representacion gréafica de los
valores individuales en los PC, ilustra la relacion entre los casos

individuales y las variables.

Como paso previo al PCA hay que analizar la idoneidad
estadistica utilizando para ello la prueba de esfericidad de
Bartlett y la medida de Kaiser-Meyer-Oklin (KMO). La prueba
de esferidad de Barlett permite contrastar la hipdtesis nula de
que la matriz de correlaciones es una matriz de identidad, cuya
aceptacion implicaria el replanteamiento de la utilizacion del
PCA. La medida de adecuacion de KMO es util para comparar
los valores de los coeficientes de correlacion observados con los
coeficientes de correlacion parcial, de modo que valores
pequefios indican que el PCA no es aconsejable. Kaiser (1970)
recomienda como limite de aceptacion de este indice KMO

valores superiores a 0,6 (Ruiz, 2008).
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Abstract

The present study aimed to investigate practical strategies
to optimise the use of a high-DHA lipid emulsion (M70), a
product with great potential in live prey enrichments for marine
larviculture. Considering its particularly high content in
docosahexaenoic acid (22:6n-3, DHA), the adequate utilisation
of the emulsion for Artemia enrichments was evaluated in a
series of six experiments. More specifically, the
bioencapsulation efficiency of M70 into Artemia nauplii was
tested under different experimental conditions of oxygen source,
aeration flow, incubation temperature, concentration and dosage,
as well as nauplial densities. Our results showed that an optimal
utilisation of M70 is achieved with incubation temperatures of
28 °C, moderate aeration flows and nauplial densities of 300 ind
mL™. In addition, the emulsion can be dispensed in the
enrichment medium in one single dose of 0.8 g L™, with no
apparent detrimental effects on its oxidative stability and

Artemia nauplii survival during enrichment.

Keywords: Artemia; docosahexaenoic acid; essential fatty

acid; lipid emulsion; live prey enrichment
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Resumen

El presente estudio tiene como objetivo investigar las
estrategias practicas para optimizar el uso de una emulsion con
un elevado contenido en DHA (M70), un producto con un gran
potencial en el enriquecimiento de presas vivas destinadas a la
larvicultura marina. Teniendo en cuenta su particularmente alto
contenido en &cido docosahexaenoico (22:6n-3, DHA), se
evalu6 la adecuada utilizacion de la emulsion para
enriquecimientos de Artemia en una serie de seis experimentos.
Mas concretamente, se analiz6 la eficiencia de
bioencapsulacion de M70 en los nauplios de Artemia bajo
diferentes condiciones experimentales de fuente de oxigeno,
flujo de aireacion, temperatura de incubacion, concentracion y
dosis del enriquecedor y densidad naupliar. Nuestros resultados
mostraron que una utilizacion 6ptima de M70 se consigue
mediante la incubacion a 28 °C, flujos de aireacion moderados
y densidades de 300 ind mL™. Ademas, la emulsién se puede
dispensar en el medio de enriquecimiento en una unica dosis de
0,8 g L-1, sin ningun perjuicio en su estabilidad oxidativa y
supervivencia de los nauplios de Artemia durante el

enriquecimiento.
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4.1. Introduction

Marine fish, and particularly their larval stages, have high
requirements for highly unsaturated fatty acids (HUFA),
including the physiologically active arachidonic (20:4n-6,
ARA), eicosapentaenoic (20:5n-3, EPA) and docosahexaenoic
(22:6n-3, DHA) acids. Whereas the essential fatty acids (EFA)
requirements of freshwater and salmonid species can be met by
including the C18 polyunsaturated fatty acids (PUFA) a-
linolenic acid (18:3n-3, LNA) and linoleic acid (18:2n-6, LA)
(Buzzy et al. 1996; Bell et al. 2004), it is generally accepted that
marine species have limited capability for the biosynthesis of
HUFA from the C18 PUFA, although, exceptionally, some
species have been proved to express genes encoding fatty acyl
desaturases and elongases involved in these biochemical
pathways (Yamamoto et al. 2010; Monroig et al. 2011; Morais
et al. 2011). In consequence, adequate levels of pre-formed
ARA, EPA and DHA need to be supplied through the diet to
ensure normal growth and development (Bell et al. 1995, 2003;
Estévez et al. 1998, 1999; Sargent et al. 2002; Tocher et al.
2003; Benitez- Santana et al. 2007).

Artemia nauplii are widely used as live prey in marine fish
hatcheries worldwide, due to their availability and digestibility
(Léger et al. 1986). The nutritional value of Artemia nauplii,
however, is not adequate for marine fish larvae since they are

largely deficient in essential HUFA, particularly DHA (Koven et
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al. 1990). In order to overcome the problem, Artemia nauplii are
enriched through incubations in seawater containing HUFA-rich
products that are passively incorporate by the nauplii (Léger et
al. 1986). This procedure is called bioencapsulation (Navarro et
al. 1999). Many different enrichment diets have been used to
enhance Artemia EFA contents: microalgae (Watanabe et al.
1982; Aragdo et al. 2004), microcapsules (Southgate & Lou
1995), liposomes (Hontoria et al. 1994; McEvoy et al. 1996;
Monroig et al. 2003; 20063, b, c), and lipid emulsions (Léger et
al. 1986; Evjemo et al. 1997; Han et al. 2000; 2001; 2005).

Lipid emulsions are arguably the most extended
enrichment diets and a big variety of products are now
commercially available. Composition of commercial lipid
emulsions basically consists of fish oils, with other minor
components including emulsifying agents, vitamins and fatty
acid (FA) derivatives such as fatty acid ethyl esters (FAEE)
added to compensate suboptimal natural profiles of fish oil
(Monroig et al. 2007). Whereas the efficiency of enrichment
protocols with emulsified diets is normally higher than that of
other enrichment products (Coutteau & Sorgeloos 1997;
Sorgeloos et al. 2001), their use has been related with
detrimental side effects. Among them, the autoxidation of
HUFA (McEvoy et al. 1995; Sargent et al. 1997) and the
consequent bioaccumulation of potentially toxic lipid peroxides

into larvae fed emulsion-enriched Artemia (Monroig et al. 2006)
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have been described. Furthermore, autooxidation of HUFA-rich
products might deplete dissolved oxygen (DO) levels in the
enrichment medium and thus can further compromise the overall
performance of the enrichment process as well as favour
Artemia mortalities (Léger et al. 1987; Figueiredo et al. 2009).
Importantly, the most hindering and yet unresolved drawback
from the use of emulsion-based enrichers involves specific

difficulties in increasing the DHA content of nauplii.

The low efficiency of DHA enrichment in Artemia nauplii
has been acknowledged as a major obstacle for their use as live
prey for first-feeding larvae of marine fish (Bell et al. 2003;
Haché et al. 2011). While the bioencapsulation of other HUFA
including EPA and ARA has been readily achieved (Villalta et
al. 2005a, b), specific factors determining the limited DHA
incorporation into Artemia appear to exist. On one hand, the
autooxidation mechanisms mentioned above might be
particularly severe for DHA compared to other HUFA, due to its
longer chain length and higher unsaturation degree (Cosgrove et
al., 1987). On the other hand, biological factors related to
Artemia physiology also need to be considered. Naturally
occurring trace levels of DHA found in Artemia lipids (Evjemo
et al. 1997) suggest that Artemia DHA requirements are low,
and excessive DHA input occurring during enrichment might be
compensated through DHA retroconversion to EPA (Watanabe
et al. 1983; Furuita et al. 1996; Barclay & Zeller 1996; Evjemo

71



Capitulo 4

et al. 1997; Navarro et al. 1999). In order to overcome such
adverse effects, novel enrichment strategies to enhance the DHA

contents of Artemia nauplii need to be developed.

In the present study, we investigated the efficiency of a
DHA-rich oil emulsion (M70) as enrichment diet for Artemia
nauplii. Considering the particular aspects derived from its
DHA-rich nature, a series of experiments were carried out to
establish an optimal use of M70 under different oxygenation
regimes, incubation temperatures, enrichment product
concentrations and dosage modes, as well as different nauplial
densities. All the investigated parameters were previously
shown as relevant aspects during live prey enrichment
procedures (Van Stappen 1996; Han et al. 2000, 2001; Monroig
et al. 2006a, b; Sui et al. 2007; Hamre & Harboe 2008;
Figueiredo et al. 2009).

4.2. Materials and methods

4.2.1. Emulsion formulation

The experimental lipid emulsion M70 consisted of a 1:1
(v/v) oil/water suspension, of which the synthetic oil DHA
Algatrium (Brudy, Barcelona, Spain) contained approximately
70% DHA of total FA in the form of ethyl esters. Xanthan gum
(0.36 %) and Tween 80 (0.10 %) were used as stabiliser and
emulsifier, respectively (Giner 2005). M70 formulation was
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developed by Archivel Technologies S.L. (Barcelona, Spain)
and the The Physical and Sensory Properties Laboratory at the
Instituto de Agroquimica y Tecnologia de los Alimentos (IATA-
CSIC, Valencia, Spain). The FA profiles of the M70 emulsion

are reported in Table 4.1.

4.2.2. Artemia nauplii enrichments: general conditions

Low HUFA containing Artemia nauplii were obtained
from the hatching of EG grade cysts (Inve, Ghent, Belgium).
After an incubation period of 23 h at 28 °C, nauplii were
collected and rinsed with tap water to remove the hatching
metabolites and debris. Newly hatched nauplii were thereafter
placed in 1 L cylinder-conical glass vessels containing seawater
for further enrichment with the experimental emulsion M70.
Unless otherwise stated, Artemia enrichments were carried out
at 28 °C, aeration of 1 L min™, diffusion system consisting of a
25-cm long and 0.5-cm-diameter section glass tube applied from
the bottom of the vessel, nauplial density of 300 nauplii mL™,
and product concentrations of 0.8 g L™ for M70 dispensed in a
single dose at the beginning of the enrichment process. All the
enrichment treatments were run in triplicates (n=3). After an
enrichment period of 21 h, samples of Artemia nauplii were
collected by filtering the enrichment medium through a 100 um
mesh carefully washed with tap water in order to eliminate

remains of emulsion adhered to the nauplial shells, and
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subsequently rinsed with distilled water. Artemia samples were
frozen at -20 °C and freeze-dried previous to FA analysis.

Table 4.1. Fatty acid composition (percent of total fatty acids) of the
enrichment products M70 and DC Super Selco (DCSS, Inve, Ghent,
Belgium) utilised in the present study

Fatty acid M70 DCSS
14:0 0.1 1.3
16:0 0.9 5.2
16:1n-7 0.4 19
18:0 0.4 2.7
18:1n-9 3.7 9.2
18:1n-7 0.5 1.6
18:2n-6 0.7 4.8
18:3n-3 0.6 1.0
18:4n-3 0.4 1.8
20:0 N.D. 0.4
20:1n-9 0.3 2.3
20:3n-6 0.1 0.1
20:4n-6 2.4 1.6
20:3n-3 0.1 0.2
20:4n-3 0.5 11
20:5n-3 1.7 31.6
22:0 0.1 0.4
22:1n-11 0.1 0.2
22:5n-3 2.7 2.2
22:6n-3 70.3 20.6
Saturated 1.8 10.3
Monounsaturated 52 18.5
Polyunsaturated 91.1 66.2
HUFA n-3 81.3 55.6
HUFA n-6 8.0 2.6
DHAJ/EPA ratio 9.1 0.6

N.D.: not detected; HUFA n-3: >20:3n-3; HUFA n-6: >20:2n-6;
DHA/EPA: docosahexaenoic and eicosapentanoic fatty acid ratio.
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4.2.3. Artemia nauplii enrichment with M70: protocol
optimisation

Optimal conditions for the use of M70 in Artemia
enrichments were assessed by analysing the FA composition of
the nauplii obtained from a series of experiments (1-6) varying
the type and source of aeration, temperature, dosage and
concentration of enrichment product and nauplial density.
Conditions for each subsequent experiment were established

based on the results from preceding experiments (Table 4.2).

4.2.3.1. Experiment 1: Effects of oxygen source

The effects of air quality on the enrichment efficiency of
the emulsion M70 were tested. Three different treatments, all
providing a fairly constant dissolved oxygen content above the
recommended 4 mg L (Van Stapen, 1996), were tested:
“oxygen”, with pure oxygen; “air”, with compressed air; and

“mixture”, with both pure oxygen and aeration.

4.2.3.2. Experiment 2: Effects of aeration

In order to assess the effects of the aeration level in the
Artemia enrichment with M70, three different air flows were
tested: “1 lpm”, “2 lpm” and “3 Ipm” with air flows of 1.0, 2.0
and 3.0 L min™, respectively, being used. Air flows were
individually controlled in each enrichment vessel by means of a

rotameter (Key Instruments, Trevose, PA, USA).
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Table 4.2. Experimental conditions set up in the experiments carried
out in the present study. DC Super Selco (DCSS, Inve, Ghent,
Belgium) was used as control treatment in Experiment 6 as indicated
in Materials and Methods

Treatment Oxygen  Airflow  Temp. Product Doses Nauplial
source (L min?) (°C) concentration density
(gLh (nauplii mL™Y)

Exp 1 oxygen Oxygen 1 28 0.8 1 300
air Air 1 28 0.8 1 300
mixture  Ox.+Air 1 28 0.8 1 300
Exp 2 1lpm Air 1 28 0.8 1 300
2 lpm Air 2 28 0.8 1 300
31pm Air 3 28 0.8 1 300
Exp 3 24C Air 1 24 0.8 1 300
28C Air 1 28 0.8 1 300
Exp 4 0.6 Air 1 28 0.6 1 300
0.8 Air 1 28 0.8 1 300
Exp 5 2 doses Air 1 28 0.8 2 300
1 dose Air 1 28 0.8 1 300
Exp6 lowdens Air 1 28 0.8 1 150
high dens Air 1 28 0.8 1 300
DCSS Air 1 28 0.6 1 300

4.2.3.3 Experiment 3: Effects of temperature

The effects of temperature in the enrichment process were
assessed by incubating the nauplii in the presence of M70 at 24
°C (treatment “24C”) or 28 °C (treatment “28C”). The
temperature was kept (x 1 °C) constant by placing the

enrichment vessels in a thermostatic bath.
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4.2.3.4 Experiment 4: Effects of enrichment product

concentration

The effects of the M70 concentration on the enrichment
efficiency were evaluated by enriching Artemia at two different
concentrations: 0.8 g M70 Lt (treatment  “0.8”), this
concentration being equivalent to 0.6 g L™ recommended for
commercial emulsions after correction for the water content
difference; and 0.6 g M70 L™ (treatment “0.6”).

4.2.3.5. Experiment 5: Effects of product dosage

In order to assess the effects of the enrichment product
dosage on Artemia bioencapsulation, two experimental
treatments were established: “2 doses”, with M70 emulsion
being splitted into two doses supplying 04 g L™ at the
beginning of the enrichment process and 0.4 g L™ after 7 h; “1
dose”, with the enrichment diet M70 being supplied in a single

dose of 0.8 g L™ at the beginning of the enrichment process.

4.2.3.6 Experiment 6: Effects of nauplial density

The effect of nauplial density in the Artemia enrichment
with M70 was evaluated by incubating the nauplii at two
different densities, 150 (treatment “low dens”) and 300 nauplii
mL™? (treatment “high dens”). As the last of our experiments

aiming at optimisation of M70 as enrichment diet, Experiment 6
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was carried out under those experimental conditions (oxygen
source, aeration flow, temperature, product concentration and
product dosage) that had produced the optimal enrichment
results in the preceding Experiments 1-5. Moreover, we
compared the enrichment performance of M70 with that of DC
Super Selco (“DCSS”, Inve, Ghent, Belgium), a commercial
product basically consisting of a fish oil emulsion. DCSS
enrichment was carried out under the same conditions of M70,
except for the product concentration, 0.8 g L™ for M70, and 0.6
g L'1for DCSS, to compensate for the different water content of
both products (50 % and 30 % for M70 and DCSS,

respectively), as mentioned before.

4.2 .4. Total lipids and FA analyses

Total lipids were extracted (Folch et al. 1957) from nauplii
freeze-dried samples, measured gravimetrically (XS105 Mettler
Toledo, Switzerland), and stored in chloroform: methanol (2:1;
v/v) containing 0.01% butylated hydroxytoluene (BHT) at -20
°C until further use. Total lipids were subjected to acid catalysed
transmethylation for 16 h at 50 °C using 1 mL toluene and 2 mL
of 1% (v/v) sulphuric acid in methanol (Christie, 2003). Fatty
acid methyl esters (FAME) were extracted with hexane:diethyl
ether (1:1; v/v) containing 0.01% BHT and purified by thin-
layer chromatography (Silica gel G60, 20 x 20 cm glass plates,
Merck, Darmstadt, Germany) using hexane:diethyl ether:acetic
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acid (85:15:1.5; v/v/v) as a solvent system. FAME were then
analysed with a Fisons Instruments GC 8000 Series (Rodano,
Italy) gas chromatograph. Peaks were recorded using the Azur
software package (version 4.0.2.0. Datalys, France). Individual
FAME were identified by comparison with known standards.
The relative amount of each FA was expressed as a percentage

of the total amount of FA.

4.2.5. Statistical analysis

Analytical data were expressed as means + standard
deviations (n=3). Differences between treatments were analysed
by one-way analysis of variance (ANOVA), followed by either
Bonferroni’s multiple comparison test or a Student’s t-test when
only two groups were compared (Sokal & Rohlf, 1981). If
heterogeneity of variances existed, Welch test was used to detect
differences, followed by Games-Howell test to assess the
differences between groups. When significance was P<0.05,
means were considered statistically different. The FA analytical
data from Experiment 6, for which a comparison with the
commercial product DCSS was carried out, were further
analysed by multivariate Principal Components Analysis (PCA),
in order to highlight the effects of factors enrichment diet and
nauplial density. Statistical analyses were performed using the
SPSS statistical package (SPSS Inc., Chicago, Illinois, USA).
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4.3. Results

4.3.1 Experiment 1: Effect of oxygen source

Whereas the DHA bioencapsulation into Artemia nauplii
did not show statistical differences among the treatments in
Experiment 1, the levels of EPA and ARA in nauplii from “air”
treatment were significantly higher than those of treatments
“oxygen” and “mixture” (Table 4.3). Thus, the DHA/EPA ratio
also showed statistically significant differences and Artemia
from “oxygen” treatment had higher DHA/EPA values (1.8 +
0.0) in comparison with nauplii from treatments “air” and
“mixture” (1.6 + 0.1). As a preliminary conclusion from
Experiment 1, DHA levels were similar in nauplii from all
treatments and thus use of pure oxygen did not improve the
enrichment efficiency of a more readily available source like

compressed air.

4.3.2 Experiment 2: Effect of aeration

The FA profiles of the Artemia nauplii enriched under
different air flows (“1 Ipm”, “2 Ipm” and “3 lpm”) are shown in
Table 4.3. Our results suggested that M70 enrichments are more
efficient under relatively low air flows. Thus, the DHA contents
of Artemia from treatment “1 lpm” were significantly higher
than those of Artemia from treatment “3 Ipm”. This was also
reflected in the DHA/EPA ratio of both treatments, being 1.4
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and 1.3 for “lI lpm” and “3 Ipm” treatments, respectively.
Experiment 2 results allowed us to conclude that enrichment
procedures at 1 L min® improved M70 bioencapsulation

efficiency.

4.3.3 Experiment 3: Effect of temperature

Table 4.3 shows the FA profiles of Artemia nauplii
enriched with M70 at 24 and 28 °C. Our results indicated that
the contents of ARA, EPA and DHA, as well the ratio
DHA/EPA, were significantly higher in nauplii incubated at 28
°C than at 24 °C. Overall, 28 °C was confirmed to be a more
adequate incubation temperature for M70 enrichments compared
to 24 °C.

4.3.4 Experiment 4: Effect of product concentration

Experiment 4 compared the HUFA bioencapsulation
performance of M70 dispensed to Artemia nauplii at product
concentrations of 0.6 or 0.8 g L™. Generally, no differences
among any of each individual FA analysed were detected
between both treatments (P>0.05), possibly due to a remarkably
high variability in the FA contents of “0.6” nauplii. Despite no
significantly different, average DHA contents in nauplii from
treatment “0.8” (8.3 £ 0.2) were still higher than those of “0.6”
nauplii (6.6 £ 2.0) (Table 4.3). Moreover, statistically significant
increases of the DHAJ/EPA ratio were observed for M70

concentrations of 0.8 g L™. We could therefore conclude that an
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M70 concentration of 0.8 g L™ produced better bioencapsulation
results than 0.6 g L™.

4.3.5 Experiment 5: Effect of product dosage

The results from Experiment 5 indicated that dispensation
of the enrichment product M70 in one or two doses did not
produce differences in the FA profiles from Artemia lipids
(Table 4.3). It was concluded that dispensing the product M70 in
one single dose at the beginning of the enrichment process was a

more practical and simpler strategy.

4.3.6 Effects of nauplial density

No effect of the nauplial density (150 and 300 nauplii mL"
) on the enrichment performance with M70 was observed.
Thus, no significant differences among any of the FA analysed
could be established. Interestingly, a notable impact on Artemia
FA profiles was observed when comparing the enrichment
products M70 and the commercial emulsion DCSS, the control
treatment in Experiment 6. The enrichment comparisons with
DCSS showed that differences were mainly attributable to the
effect of enrichment product (Table 4.3). This was further
corroborated by the PCA, with the first component (PC1)
explaining 92.5 % and the second 6.5 % (Fig. 4.1a), and
subsequent score plot (Fig. 4.1b) that revealed two groups

separated in the first component on the basis of the enrichment
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product used, whereas no separation based on the nauplial
density was achieved. The association of the two groups to their
respective variables allowed to identify 18:1n-9, LA and EPA
with DCSS and 16:0, 18:0, 18:1n-7, LNA, ARA and DHA with

M70 in the first component.

4.4. Discussion

It has been often reported in the literature that
bioencapsulation of HUFA into Artemia nauplii is particularly
difficult to achieve (Navarro et al.1999; Bell et al. 2003).
Among the factors believed to account for such limited
efficiency for HUFA delivery, some have a particular relevance
when DHA-rich enrichment products are used. Here, we
investigated diverse practical strategies to optimise the use of
the emulsion M70, a product with great potential for its use in

Artemia enrichments.

Dissolved oxygen (DO) availability in the culture medium
is critical for Artemia survival during enrichment, and DO
concentrations above 4 mg L™ have been proposed (Van
Stappen 1996). While standard enrichment procedures involve
the use of compressed air to provide adequate levels DO, pure
oxygen supply is particularly recommended when DO levels can
be potentially compromised. That might be the case of live prey
enrichments with high DHA contents, as oxygen depleting

processes such as lipid peroxidation are especially favoured
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(McEvoy et al. 1995; Ries 2009). We therefore compared the
performance of pure oxygen vs. compressed air when using M70
as enrichment diet, and conclude that no difference in either the
HUFA bioencapsulation into Artemia nor nauplial mortality
were observed. Altogether, Experiment 1 allowed us to conclude
that oxygen supplied with compressed air is an effective
diffusion system to meet the DO demands in enrichment
procedures with M70, and that other more expensive alternatives

such as pure oxygen are not required.

Other factors like air flow and temperature during the
enrichment procedure also need to be considered when a
compromise between lipid peroxidation, oxygen supply and
enrichment efficiency is pursued. In addition to oxygen
solubility and its potential consequences in lipid peroxidation,
the air flow during enrichment also determines the overall
turbulence in the medium. It has been suggested that highly
turbulent conditions during enrichment might impede the normal
swimming behaviour of nauplii and damage the nauplial
filtratory structures, thus ultimately hindering the incorporation
of the enrichment product particles (Navarro et al. 1999;
Monroig et al. 2006b). In agreement with those findings, the
emulsion M70 exhibited a higher HUFA bioencapsulation
efficiency when utilised at moderate air flows (“1 lpm”) than
that at highly turbulent conditions (“3 lpm”). In contrast with the
results reported by Monroig et al. (2006b), who investigated the
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enrichment efficiency of HUFA-rich liposomes under the same
air flow conditions set for Experiment 2, the enrichment with
M70 did not produce an excessive foam in the medium and thus
the Artemia mortality caused by such an effect did not occur for

any the air flow studied.

Temperature of the enrichment medium is a key factor for
efficient bioencapsulation of HUFA into Artemia. Beyond
controlling the oxygen solubility and lipid peroxidation
mechanisms, temperature also determines the metabolic
capability of Artemia nauplii and therefore important
development landmarks such as the mouth opening and vitelum
absortion, as well as the onset of filtering/natatory appendixes
(Hochanchka & Somero 1984; Anger 2001). Our results
indicated that enhanced HUFA enrichment was achieved at 28
°C compared with 24 °C, this being consistent with the vast
majority of studies in which 28 °C has been established as
preferred enrichment temperature (Harel et al. 1999; Han et al.
2001; Sui et al. 2007; Boglino et al. 2012). In contrast, relatively
low temperatures (21-22 °C) were established in other studies
(Garcia et al. 2008; Figueiredo et al. 2009), but unfortunately no
specific reasons for the choice of these low temperatures, and
the causes of their effects, were given. Since the enrichment
efficiency of M70 did not appear to be compromised by
potentially more pro-oxidant temperatures (“28C” vs. “24C"),

we continued our investigations evaluating other experimental
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parameters potentially affecting the oxidative stability of M70
and consequently its HUFA bioencapsulation efficacy.

Another strategy to preserve DHA-rich enrichment diets
from oxidation involves an adequate dosage along the
enrichment protocol. While one single dose at the beginning of
the enrichment process appears to be the most extended dosage
mode (Estevez et al. 1999; Villalta et al. 2005a, b), two doses,
one at the beginning of the enrichment process and another one
at mid-period (Evjemo et al. 1997, 2001; Estévez et al. 1998;
Han et al. 2000, 2001; Sui et al. 2007; Hamre & Harboe, 2008)
might contribute to reduce lipid peroxidation as the time of
exposure to pro-oxidant conditions (continuous light, high

temperature and limited dissolved oxygen) is minimised.

The results from the present study confirmed that no
differences in HUFA bioencapsulation existed when M70 was
dispensed in one or two doses, and thus the oxidative stability of
M70 enables this enrichment diet to be dispensed in a unique
dose without any evident detrimental effect in terms of HUFA

incorporation over 21 h of incubation.
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Figure 4.1. Component plot (a) and factor score plot (b) of the
multivariate Principal Components Analysis of selected FA from total
lipids of enriched Artemia nauplii from Experiment 6.
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Our experiments investigating the effects of the M70
concentration and the nauplial density on Artemia
bioencapsulation efficiency evidenced that M70 behaved
similarly to other enrichment products, and no special
specification derived from its particularly high-DHA content
needs to be considered. Thus, a dose of 0.8 g L™ of M70,
equivalent in dry weight basis to the recommended 0.6 g L™ for
commercial products (McEvoy et al. 1995, 1996, 1997; Smith et
al. 2002; Villalta et al. 2005a, b; Sui et al. 2007), resulted in
increased DHA bioencapsulation into Artemia compared to
lower concentration enrichments. At first glance, no significant
differences in DHA contents between Artemia enriched at M70
concentrations of 0.6 and 0.8 g L™ would have indicated that a
concentration of 0.6 g M70 L™ was sufficient to produce as
much DHA enrichment as 0.8 g L™. However, the high
variability observed in the FA profiles from Artemia enriched at
concentration of 0.6 g L™ could have certainly masked a
lowered bioencapsulation efficiency in comparison with that
obtained at 0.8 g L™. Indeed we did observe significant higher
DHA/EPA ratio, as well as higher average contents of individual
DHA for Artemia enriched at 0.8 g M70 L™ These results
enabled us to choose 0.8 g L™ of the M70 emulsion as a more
adequate enricher concentration than 0.6 g L™. Additionally, our
experiment assessing the effect of nauplial density on HUFA
enrichment revealed that M70 can be used at nauplial densities

of 300 nauplii mL™, with the potential limitation of DO not
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causing any apparent effect on nauplial motility (Southgate &
Lou 1995). Qualitative (FA profile) enrichment efficiency of
M70 did not vary between 150 and 300 nauplii mL™. However,
from a quantitative point of view (lipid %), a higher uptake of
enrichment product was achieved at 150 nauplii mL™. Thus, any
positive cost-effectiveness aspects related, among others, to a
more restricted utilisation of enrichment product, pointing at 300
nauplii mL™ as the recommended nauplial density for M70
enrichments, has to be counterbalanced by the higher uptake
achieved at lower nauplial density.

The DHAJ/EPA ratio is a common biochemical parameter
used to evaluate the nutritional suitability of diets for marine
finfish larviculture (Reitan et al. 1994; Evjemo et al. 1997). For
instance, the yolk of marine fish eggs and the polar lipids of
copepodites, natural preys of marine fish larvae in the wild, have
DHA/EPA ratios around 2.0 (Fraser et al. 1989; McEvoy et al.
1997; Sargent et al. 1997; Sorgeloos et al. 2001; Evjemo et al.
2003; Van der Meeren et al. 2008). Generally the results from
the present study showed that the emulsion M70 allowed us to
obtain in most cases Artemia nauplii with DHA/EPA ratios
above 1.3 and only suboptimal experimental conditions (i.e.,
excessive aeration or relatively low temperature) resulted in
lower values. It is worth mentioning that the DHA/EPA ratios of
Artemia nauplii were particularly high (1.8-1.9) for Experiment

6, supporting that the final (optimised) experimental conditions
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developed for a more efficient use of M70 as enrichment diet
had been adequately established. Moreover, M70-enriched
nauplii had higher DHA individual contents and DHA/EPA
ratios than nauplii enriched with commercial enrichment
products like the one utilised in this study (DC Super Selco) and
previous studies (Léger et al. 1986; Woods 2003; Lund et al.
2007; Naz 2008). Interestingly, Haché et al. (2011) recently
reported DHA/EPA ratios of 3.6 in Artemia nauplii enriched
with Algamac 3050, a commercial product based on spray-dried
cells of the marine protist Schizochytrium sp. (Barclay & Zeller
1996). Since DHA concentration of Algamac 3050 (~40 % of
total FA) is lower than that of M70 (~70 %), factors possibly
related to the physical and biochemical nature of Algamac 3050
might account for such unexpectedly high HUFA
bioencapsulation. Nevertheless, the results obtained from the
present study clearly show that M70 emulsion was able to
consistently produce DHA/EPA ratios above 1 in Artemia lipids,
with particularly high values when optimised conditions are

used.

In summary, the results from the present study indicated
that an efficient utilisation of the emulsion M70 as enrichment
diet for Artemia nauplii is achieved with incubation
temperatures of 28°C, low/moderate aeration (1 L min™) and
nauplial densities of 150 ind mL™. Moreover, the emulsion M70

can be administered to newly hatched nauplii through a single

91



Capitulo 4

dose of 0.8 g L™, with no detrimental effects such as DHA
autooxidation and nauplial mortalities becoming apparent.
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Abstract

Artemia nauplii catabolise polyunsaturated fatty acids
(PUFA); in particular, they retroconvert docosahexaenoic acid
(DHA, 22:6n-3), so enrichment is a continuous quest towards
increasing PUFA through the use of PUFA-rich enrichment
products. However, optimal conditions during enrichment
(aeration, illumination and temperatures around 28 °C) tend to
accelerate autoxidation of PUFA, and the formation of
potentially toxic oxidation products. Water-soluble antioxidants
like the polyphenolic compound hydroxytyrosol (3,4-
dihydroxyphenylethanol), a polar molecule found in the water
fraction resulting after the milling process of olives, arise as
promising compounds to prevent oxidation during Artemia
enrichments. We investigated the antioxidant activity and lipid
peroxidation in Artemia nauplii during enrichment, and the
effect of adding an external antioxidant based on hydroxytyrosol
during the enrichment with a PUFA-rich emulsion (M70). For
this purpose, the activity of antioxidant enzymes (catalase,
superoxide dismutase, glutathione-S-transferase, glutathione
peroxidase), as well as lipid peroxidation, were determined in
enriched and unenriched Artemia nauplii. To validate
antioxidant activity and lipid peroxidation, in a first experiment,
nauplii were enriched with microalgae (Tetraselmis suecica),
yeast (Saccharomyces cerevisiae) and M70 emulsion. In a
second experiment, enrichment with a commercial emulsion
(DC Super Selco), M70, and a combination of M70 and
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hydroxytyrosol (Hytolive, HYT) added as an external
antioxidant was performed. The combination of M70 with HYT
produced the best results, in terms of activity of antioxidant
enzymes. The analysis of the fatty acids from total lipids showed
that the addition of hydroxytyrosol preserved the DHA
percentage of enriched nauplii.
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Resumen

Los nauplios de Artemia catabolizan &cidos grasos
poliinsaturados (PUFA); en concreto, retroconvierten el acido
docosahexaenoico (DHA, 22:6n-3), por lo que el
enriquecimiento es una busqueda continua para incrementar los
PUFA a través de productos ricos en estos &cidos grasos. Sin
embargo, las condiciones Optimas durante el enriquecimiento
(aireacion, iluminaciéon y temperaturas de 28 °C) tienden a
acelerar la autoxidacion de los PUFA, y la formacién de
productos de oxidacién potencialmente tdéxicos. Los
antioxidantes solubles en agua, como el compuesto polifenélico
hidroxitirosol  (3,4-dihidroxifeniletanol), molécula  polar
encontrada en la fraccion de agua resultante del proceso de
molienda de las olivas, se postulan como prometedores para
prevenir la oxidacion durante el enriquecimiento de Artemia. Se
investigd la actividad antioxidante y la peroxidacion lipidica
durante el enriquecimiento de nauplios de Artemia, asi como el
efecto de afadir un antioxidante externo basado en
hidroxitirosol durante el enriquecimiento con una emulsion rica
en PUFA (M70). Para ello, se determiné la actividad de los
enzimas antioxidantes (catalasa, superdxido dismutasa,
glutation-S-transferasa, glutation peroxidasa), asi como la
peroxidacion lipidica, en nauplios de Artemia enriquecidos y
sin enriquecer. Para validar la actividad antioxidante y la

peroxidacion lipidica, en un primer experimento, los nauplios
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fueron enriquecidos con microalgas (Tetraselmis suecica),
levadura (Saccharomyces cerevisiae) y la emulsion M70. En un
segundo experimento, se llevd a cabo un enriquecimiento con
una emulsion comercial (DC Super Selco), M70, y una
combinacion de M70 e hidroxitirosol (Hytolive, HYT) afiadido
como antioxidante externo. La combinacion de M70 con HYT
produjo los mejores resultados, en términos de la actividad de
los enzimas antioxidantes. El andlisis de los acidos grasos de
lipidos totales mostr6 que la adicion de hidroxitirosol
preservaba el porcentaje de DHA de los nauplios enriquecidos.
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5.1. Introduction

Adequate provision of polyunsaturated fatty acids (PUFA)
Is important in the diet of marine organisms, in particular during
early life stages, where these compounds accumulate in rapidly
developing tissues such as brain and eye (Bell et al., 1995, 2003;
Benitez-Santana et al., 2007; Tocher, 2010). Thus, enrichment
of live preys like Artemia, which are naturally deficient of
essential PUFA such as docosahexaenoic acid (22:6n-3, DHA),
is critical for the survival and normal development of larval
stages of marine organisms, and thus the production of good
quality fingerlings (Hamre & Harboe, 2008; Tocher, 2010).

McEvoy et al. (1995) investigated the stability of PUFA in
lipid emulsions throughout the enrichment process since optimal
enrichment conditions such as vigorous aeration, illumination
and temperature of 28 °C, tend to accelerate autoxidation of
PUFA and the formation of potentially toxic oxidation products.
It was found that, at later stages of the enrichment process, all
the emulsions tested showed autoxidation associated to notable
decreases in the concentration of PUFA in the lipids of Artemia
nauplii, particularly for eicosapentaenoic acid (EPA, 20:5n-3)
and DHA. Interestingly, it was reported that autoxidation of
enrichment diets occurred even in commercial emulsions that
are formulated with antioxidants. Beyond the decrease in the
enrichment efficiency described above, the study of autoxidation

in enrichment diets is also important because it implies that
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Artemia nauplii can accumulate potentially toxic oxidation
products that can compromise the health and survival of fish and
crustacean larvae. In fact, McEvoy et al. (1995) recommended
that Artemia enrichments, particularly those with DHA-rich
emulsions, should be shortened so that the alluded to
accumulation of potentially toxic compounds in nauplii could be

reduced.

We have recently investigated the efficiency of a DHA-
rich oil emulsion (M70) as enrichment diet for Artemia nauplii
(Viciano et al., 2015). M70 consists of a 1:1 (v/v) oil/water
suspension, based on the synthetic oil DHA Algatrium (Brudy
Technology, Barcelona, Spain) that contains 70% of total fatty
acids as DHA in the form of ethyl esters (Viciano et al., 2015).
Additionally, the emulsion M70 is also formulated with
Tocobiol Plus (BTSA Biotecnologias Aplicadas, Madrid,
Spain), a liposoluble antioxidant. Considering the particular
aspects derived from its DHA-rich nature, a series of
experiments were carried out to optimise the use of M70 under
different enrichment conditions including oxygenation regime,
incubation temperature, nauplial density and enrichment product
concentration and dosage mode, which have been regarded as
important factors determining the enrichment efficiency (Van
Stappen, 1996; Han et al., 2000, 2001; Monroig et al., 20063, b;
Sui et al., 2007; Hamre & Harboe, 2008; Figueiredo et al.,
2009). Importantly, our results suggested that, despite the likely
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preservative action of the liposoluble antioxidant Tocobiol Plus,
oxidation of DHA contained in M70 could not be ruled out as
suggested by relatively low DHA incorporation in Artemia

nauplii (Viciano et al., 2015).

Pro-oxidative conditions during enrichment could partly
explain massive mortalities events reported in the literature
during enrichments (Monroig et al., 2006b), since they can alter
the capacity of live preys for catalyzing oxidative reactions,
leading to the production of reactive oxygen species (ROS) as a
general pathway of toxicity causing oxidative stress
(Livingstone, 2001; Barata et al., 2005b). ROS include
superoxide anion radical (Oy), hydrogen peroxide (H.O,) and
hydroxyl radical (OH") (Correia et al., 2003), compounds that
are involved in cellular damage and with the capacity to
promote morphological and physiological failures and
peroxidation of PUFA, all this leading to pathologies and
compromising normal development (Tovar-Ramirez et al.,
2010). To minimize oxidative damage to cellular components,
organisms have developed key antioxidant enzyme defences that
can be used as biomarkers (Barata et al., 20053, b).

Water-soluble antioxidants appear to have potential for
preventing DHA oxidation during Artemia enrichments. In a
number of studies, the polyphenolic compound hydroxytyrosol
(3,4-dihydroxyphenylethanol) (Hao et al., 2010), has been

shown to be more efficient than antioxidant vitamins and

111



Capitulo 5

synthetic antioxidants (Gordon et al., 2001; Gonzélez, 2005;
Deiana et al., 2008; Fernandez-Bolafios et al., 2008).
Hydroxytyrosol is a polar molecule found in the water fraction
resulting after the milling process of olives (Schaffer et al.,
2007). Several studies have investigated the potent activity of
hydroxytyrosol to neutralize free radicals and slow oxidative
stress (Chimi et al., 1991; Visioli et al., 1998, 2000). To the best
of our knowledge, there are no data available concerning its
potential role as protective agent of oil emulsions used for live

prey enrichments.

The global aim of the present study was to investigate the
protective effects of the addition of an external water-soluble
natural olive fruit extract, rich in the polyphenol hydroxytyrosol
(HYT, Hytolive Protect, Genosa 1+D S.I., Malaga, Spain), to the
enrichment of Artemia nauplii with a DHA-rich oil emulsion
(M70). For this purpose, key enzymes (superoxide dismutase,
catalase, glutathione peroxidase, glutathione-S-transferase) as
biomarkers of antioxidant activity, and the lipid peroxidation of
enriched Artemia nauplii were determined. To the best of our
knowledge, such an approach has never been used before to
study the effects of oxidation during enrichment. Two
experiments were performed. Experiment 1 aimed at
establishing the baseline of lipid oxidation in the enrichment of
Artemia nauplii. We analyzed the antioxidant activity and lipid

peroxidation of Artemia nauplii enriched with M70, and
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compared them with those of nauplii enriched with yeast
Saccharomyces cerevisiae or the green microalgae Tetraselmis
suecica, as well as those of non-enriched nauplii. Yeast and
green microalgae are known to have antioxidant properties
(Greetham & Grant, 2009; Lee et al., 2009). Experiment 2,
aimed at studying the effect of the external antioxidant HYT
during enrichment with high PUFA emulsions. For this purpose
we determined the antioxidant activity, lipid peroxidation and
fatty acid composition of: a) non-enriched nauplii, used as a
control; b) nauplii enriched with a commercial emulsion (DC
Super Selco, DCSS, Inve, Dendermonde, Belgium), as reference
of conventional enrichment; c) nauplii enriched with M70; and
d) nauplii enriched with M70 plus the water-soluble antioxidant
HYT.

5.2. Materials and methods

5.2.1. Experimental design

Artemia nauplii were obtained from the hatching of EG
grade cysts (Inve, Dendermonde, Belgium). After an incubation
period of 23 h at 28 °C, nauplii were collected and rinsed with
tap water to remove the hatching debris and metabolites. Newly
hatched nauplii were thereafter placed in 1 L cylinder-conical

vessels containing seawater.
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The Artemia enrichments were performed for 21 h with
incubation temperatures of 28 + 1 °C, low/moderate aeration (1
L min™), the air diffusion system consisting of a 25 cm long and
0.5 cm-diameter section glass tube applied from the bottom of
the vessel. Nauplial densities were 300 nauplii mL™ (Monroig et
al., 2006a, b), and illumination was 1500 lux (Viciano et al.,
2015). The temperature was kept (1 °C) constant by placing the
hatching and enrichment vessels in a thermostatic bath. The
enrichment product was dispensed in a single dose at the
beginning of the incubation.

All the enrichment treatments were run in triplicates
(n=3). After an enrichment period, samples of Artemia nauplii
were collected by filtering the enrichment medium through a
100 pm mesh carefully washed with tap water and subsequently

rinsed with distilled water.

Experiment 1: Baseline of M70 oxidation

Antioxidant activity and lipid peroxidation levels were
determined in Artemia nauplii enriched with: a) 0.6 g L™
Saccharomyces cerevisiae (fresh yeast (Levital, Lesaffre Ibérica
S.A., Valladolid, Spain) dispersed in sea water using a mixer for
2 minutes), b) Tetraselmis suecica (algal culture stock from
IATS facilities, at 300000 + 20000 cells mL™), ¢) 0.8 g L™ M70
emulsion (dispersed in sea water using a mixer for 2 minutes in

a single dose at the beginning of the enrichment period), and d)
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a control group consisting of unenriched Artemia nauplii kept in

the same conditions.

Experiment 2: External antioxidant

Antioxidant activity, fatty acid profile and lipid
peroxidation of Artemia nauplii enriched with 0.6 g L™
commercial emulsion DCSS, 0.8 g L™ M70 emulsion, 0.8 g L™
M70 in combination with 0.04 g L™ of exogenously added
water-soluble antioxidant HYT (hereafter named M70+HYT
treatment) and a control group of unenriched Artemia nauplii
were compared. All enrichment media were dispersed in sea

water using a domestic blender for 2 min.

5.2.2. Sample preparation for antioxidant enzymes

After enrichment, nauplii were filtered through a 100 pm
mesh, washed with distilled water and kept at -80 °C until
analysis. Samples were processed as soon as possible and
always within 3 h of the end of the enrichment period to avoid
possible oxidation during the storage. Artemia samples were
homogenized in a 1:4 wet weight: buffer volume ratio in 100
mM phosphate buffer, pH 7.4 at 4 °C, containing 100 mM KClI
and 1 mM ethylenediaminetetrasacetic acid (EDTA).
Homogenates were further centrifuged at 10000 g for 10 min,
and supernatants were immediately used as enzyme sources.
Supernatant proteins were measured by the Bradford method

(Bradford, 1976) using bovine serum albumin as standard.
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Figure 5.1. Activity of Catalase (CAT), superoxide dismutase (SOD),
glutathione peroxidase (GPx Total), Selenium dependent
glutathione peroxidase (GPx Se-dep), glutathione-s-transferase (GST)
and lipid peroxidation (LPO) in whole body of Artemia nauplii
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5.2.3. Enzymatic activities

The following enzymatic activities were measured in
Artemia homogenates: Superoxide dismutase, SOD (EC
1.15.1.1, converts O, to H,0,); catalase, CAT (EC 1.11.1.6,
reduces H,O, to water); glutathione peroxidise, GPx (EC
1.11.1.9, detoxifies H,O, or organic hydroperoxides produced
e.g. by lipid peroxidation); and Glutathione-S-transferase, GST
(EC 2.5.1.18, plays a role preventing oxidative damage by
conjugating breakdown products of lipid peroxides to
glutathione (GSH)) (Barata et al., 2005a, b; Tovar-Ramirez et
al., 2010).

All the enzymatic assays were measured as described by
Barata et al. (2005a, b). The final results for enzymatic activities
were normalized by protein content. Assays were run at least in

duplicate.

5.2.4. Lipid peroxides

Another factor affecting the potential oxidative damage is
the level of target molecules like PUFA, which are easily
oxidized by ROS in lipid peroxides (Di Giulio et al., 1995).
Lipid peroxidation was evaluated analysing the lipid
peroxidation levels (LPO). Malondialdehyde (MDA) is a
common substance produced in lipid peroxidation. LPO method

is based in the reaction of MDA with N-methyl-2-phenylindole
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(NMPI) to form a coloured complex with known absorbance
(586 nm) (Esterbauer et al., 1991). By this method the
interference from other lipid peroxidation products (such as 4-

hydroxyalkenals) is minimized.

5.2.5. Fatty acid analysis

Fatty acid analyses were performed to check any
protective effect of the external antioxidant (mainly on PUFA).
Thus, in Experiment 2, two samples of each replicate of every
treatment (Artemia enriched with the different diets) were
obtained, one was assigned to the analysis of enzymatic activity
(processed as specified above), and the other was freeze-dried to
proceed with the analysis of total lipids and fatty acids. Total
lipids were extracted following the method of Folch et al.
(1957), and analyses of fatty acids were carried out following
the methods described in Viciano et al. (2015).

5.2.6. Statistical analysis

Analytical data were expressed as means * standard
deviation (SD) (n=3). When more than two means were
compared, differences with control group were analysed by
Dunnett test (Dunnett, 1964). Dunnett test is a multiple
comparison procedure and is performed by computing a Student
t-statistic for each experimental or treatment group, where the

statistic compares the treatment group to a single control group.
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When significance was P<0.05, means were considered
statistically different. For pair-wise comparisons a Student t test
was used.

Enzyme activities analytical data, and highly unsaturated
fatty acids (HUFA), fatty acids of 20 or more atoms of carbon
and two or more double bonds, which are considered to have the
highest oxidative potential (Barata et al., 2005c), were included
as variables in multivariate Principal Component Analyses
(PCA), to highlight the effects of the different treatments on the
patterns of enzyme activities and on the fatty acid profiles
composition. With such a parsimonious approach, the dataset of
variables is reduced into a smaller set of factors or components.
Parsimony is achieved by explaining the maximum amount of
common variance in a correlation matrix using the smallest
number of explanatory concepts. Factors are statistical entities
that can be visualized as classification axes along which
measurement variables can be plotted, providing an idea of their
correlation with the corresponding factor (loading). Score plots
are a graphical representation of individual (treatment groups)
scores in the new subset of measurement variables (factors).
They illustrate the relationship among individual cases
(treatment groups), and the variables, and help in the analysis of
data by showing graphical display. Statistical analyses were
performed using the SPSS statistical package (SPSS Inc.,
Chicago, IL, USA).
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Figure 5.2. Component plot (a) and factor score plot (b) of the
multivariate Principal Components Analysis of lipid peroxidation
(LPOprot) and antioxidant enzymes (Catalase (CAT), glutathione-s-
transferase (GST), superoxide dismutase (SOD), total glutathione
peroxidase (GPxTot), Selenium dependent glutathione peroxidase
(GPxSe)) of enriched Artemia nauplii with M70 emulsion, Tetraselmis
suecica algae (Tetra), yeast (Saccharomyces cerevisiae) and non-
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enriched Artemia from Experiment 1.
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5.3. Results
Experiment 1: Baseline of M70 oxidation

Figure 5.1 illustrates the levels of enzymatic activities and
LPO measured in the control group and in the Artemia nauplii
enriched with different treatments. The Tetraselmis group was
not significantly different from control group in any of the
enzymatic activities or LPO measured. Yeast treatment
presented lower activities of SOD, GPx-Tot and GPx-Se, but a
high GST activity. M70 group showed a decreased activity of
SOD and GPx-Tot and a significant (P<0.05) increase, near two-

fold relatively to control animals, in LPO.

The component plot (Figure 5.2a) obtained from PCA
shows variables that were responsible for separation along the
two principal components. The first two components of the PCA
explained more than 68% of total variance (43.9% and 24.2%
for the first and second component, PC1 and PC2, respectively).
The factor score plot (Figure 5.2b) showed groups separated in
the second component on the basis of lipid peroxidation. M70
treatment appeared to be related with high loads of LPO and
clearly separated from the other treatments. Control and
Tetraselmis treatments appeared very close to each other and on
the opposite side of M70 treatment, indicating less lipid
peroxidation, and higher activities of GPx-Tot, GPx-Se and
SOD than M70. The Yeast treatment was related to high GST

121



Capitulo 5

activity. This graph allowed us to establish the baseline of
antioxidant activity for the M70 emulsion, and to investigate the
effect of including an external antioxidant into the enrichment

media.

Experiment 2: External antioxidant

Figure 5.3 shows the enzyme activities and levels of LPO
of the control and enriched Artemia nauplii with and without the
antioxidant HYT. Observed patterns of antioxidant enzyme
activities and LPO levels for M70 versus controls were quite
similar to those reported in Figure 1, except for GST. Artemia
nauplii incubated with the two tested enriched media (DCSS and
M70) showed similar enzymatic activity and LPO patterns. The
addition of the antioxidant HYT decreased the activities of CAT
and GST, and increased those of GPx-Tot of Artemia nauplii
enriched with M70.

LPO were significantly (P<0.05) higher in nauplii
enriched with DCSS and M70 treatments. Adding an external
antioxidant (HYT) dramatically reduced LPO.

Table 5.1 lists the main fatty acids (% of total fatty acids)
from total lipids of Artemia nauplii enriched with different
treatments. EPA values were significantly (P<0.05) higher in
DCSS treatment (12.2 + 2.6) compared to all other treatments.

The n-3 HUFA increased in all treatments when compared with
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Table 5.1. Selected fatty acids (percentage of total fatty acids) from
enriched Artemia nauplii from Experiment 2. Data represent means +
SD (n=3). Treatments with asterisk are significantly different (P <
0.05) from control treatment (Dunnett test). If no superscript appears,
values are not different. T-Student test was performed between M70
and M70+HYT treatments, and statistical differences were marked
with a capital letter superscript (A, B)

% Fatty acids Control DCSS M70 M70+HYT
14:0 1.1+0.1 1.0£0.1 1.2+0.2 1.1+0.1
16:0 12.2+0.7 10.0+0.5°  10.8+0.3°  10.8+0.4
16:1n-9 0.6+0.1 0.5+0.1 0.7+0.1 0.7+0.2
16:1n-7 2.4+0.1 2.3+0.2 2.440.1 2.340.1
18:0 6.7+0.0 5.040.1" 5.0£0.1" 5.0+0.1"
18:1n-9 17.5+0.9 16.4+0.8 15.74¢0.7°  15.5+0.3"
18:1n-7 8.6+0.4 6.740.5" 7.1+0.5 6.8+0.2"
18:2n-6 5.4+0.1 5.9+0.4 5.1+0.3 4.9+0.1
18:3n-3 25.1+0.6 22.0+0.8"  25.5+0.7"%  23.8+0.4°
18:4n-3 3.2+0.1 2.8+0.2 3.1+0.3 3.0+0.0
20:0 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0
20:2n-6 0.2+0.0 0.3+0.0 0.2+0.0 0.2+0.0
20:3n-6 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0
20:4n-6 0.8+0.1 1.0+0.2 1.1+0.1" 1.2+0.0°
20:3n-3 0.740.0 0.60.0 0.7+0.1 0.60.0
20:4n-3 0.6+0.0 0.8+0.0" 0.60.0 0.6+0.0
20:5n-3 2.2+0.4 12.0£2.6°  4.3+0.7 4.6+0.2
22:0 0.4+0.0 0.3+0.0 0.3+0.0" 0.3+0.0°
22:5n-3 0.0+0.0 0.4+0.1" 0.4+0.1" 0.5+0.0"
22:6n-3 0.1+0.0 2.4+0.3" 5.1+0.8”  8.4+0.5™®
Saturated 22.8+0.8 18.1+0.8°  19.5+0.4"  19.0+0.6"
Monounsaturated 31.0£0.9 28.6+1.0° 27.4+1.2°  26.7+05"
Polyunsaturated 40.0+1.4  48.0+25  47.9+0.9° 49.1+1.0"
HUFA n-3 3.6+0.5 155+5.2°  12.0+#3.0° 14.3+1.3"
HUFA n-6 1.440.3 1.60.2 1.9+0.2 2.240.2"
DHAJEPA ratio 0.0+0.0 0.240.1" 1.240.1"  1.8+0.0"®
Total FAME (mg g™) 43.747.9 138.3+12.1° 105.7+17.1° 121.3#9.2"
% Lipid (DW) 20.9+0.4 27.8+1.3 27.4+0.5 26.2+0.4

HUFA n-3: >20:3n-3; HUFA n-6: >20:2n-6; DHA/EPA:
docosahexaenoic/eicosapentaenoic fatty acid ratio
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Figure 5.3. Activity of Catalase (CAT), superoxide dismutase (SOD),
total glutathione peroxidase (GPx Total), Selenium dependent
glutathione peroxidase (GPx Se-dep), glutathione-s-transferase (GST)
and lipid peroxidation (LPO) in whole body of non-enriched Artemia
nauplii and Artemia nauplii enriched with commercial emulsion
DCSS, M70 emulsion and M70 emulsion in combination with an
external antioxidant HYT, M70+HYT treatment. Asterisk shows
statistical differences between the treatment and the control group
(Dunnett test) and lowercase letter superscript shows statistical
differences between M70 and M70+HYT treatment (Student t-test).
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the control group, but n-6 HUFA were only significantly
(P<0.05) higher in M70+HYT treatment. DHA levels were
significantly (P<0.05) higher in M70+HYT treatment compared
to other treatments, and this result is reflected in the highest

DHA/EPA ratio among all treatments.

Figure 5.4a illustrates the component plot for the
enzymatic activity and HUFA data. The two first components of
PCA accounted for the 66.9 % of variation, PC1 explaining
45.0% and PC2 explaining 21.9% of the variation of the data
set. Figure 5.4b shows the factor score plot based on enrichment
and antioxidant scores from the constituent variables. All
treatments were clearly separated from each other, with control
treatment to the left, DCSS and M70+HYT in the middle, and
M70 to the right. The PCA grouping indicates that M70
treatment has higher LPO than the other treatments. Figure 4
also shows that the scores of M70+HYT treatment were
associate to both n-3 and n-6 HUFA variables pointing at the

protective role of HYT during enrichment.

Analysing the PCA results of both experiments, the M70
group is always linked to lipid peroxidation as evidenced by the
association of the scores to the location of the LPO variable in
the components graph. The association is lost by adding HYT to
the enrichment. The separation of the two groups (M70 and
M70+HYT) was achieved, with the LPO values of M70+HYT
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treatment approaching those of the commercial emulsion DCSS
and control group.

5.4. Discussion

High levels of DHA are important in the development of
nervous and sensory system during early development of
vertebrates, including fish (Hamre & Harboe, 2008; Tocher,
2010). For that reason, enrichment of live preys including
Artemia that naturally lack DHA is critical for the successful
rearing of fish larvae, particularly those from marine species
(Tocher, 2010). DHA levels achieved in Artemia nauplii with
the M70 and M70+HYT treatments were different. The
DHA/EPA ratio is a common biochemical parameter used to
evaluate the nutritional suitability of diets for marine finfish
larviculture (Evjemo et al., 1997), and high DHA/EPA ratios
were also reported as important to promote growth, stress
resistance and pigmentation (Mourente et al., 1993; Reitan et al.,
1994; Sorgeloos et al., 2001). Rodriguez et al. (1997) observed
significantly higher growth rates in sea bream larvae fed rotifers
with a DHA/EPA ratio of 1.5 compared to those fed DHA/EPA
ratio < 0.6. In natural preys such as copepods, this ratio is
around 2.0 (Fraser et al., 1989; Sorgeloos et al., 2001; Van der
Meeren et al.,, 2011). Currently satisfactory results in an
enrichment process with Artemia nauplii is achieved with
DHA/EPA ratios of 2 and higher (Dhert et al., 1993; Sorgeloos
et al., 2001) but, on the other hand, this has been acknowledged
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Figure 5.4. Component plot (a) and factor score plot (b) of the
multivariate Principal Components Analysis of lipid peroxidation
(LPOprot), antioxidant enzymes (Catalase (CAT), glutathione-s-
transferase (GST), superoxide dismutase (SOD), total glutathione
peroxidase (GPxTot), Selenium dependent glutathione peroxidase
(GPxSe)) and total HUFA (n-3 and n-6 series) of enriched Artemia
nauplii with commercial emulsion DCSS, M70 emulsion, M70
emulsion in combination with an external antioxidant, HYT
(M70+HYT treatment) and non-enriched Artemia from Experiment 2.
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as a major challenge due to an apparent inability of Artemia
nauplii to retain DHA (Evjemo et al., 1997). In fact, Artemia
nauplii actively retroconvert DHA to EPA during and after
enrichment (Navarro et al., 1999). Thus, enrichment of Artemia
nauplii is a continuous quest towards increasing PUFA and
DHA, and despite the use of high DHA emulsions like M70
which consistently produces Artemia DHA/EPA ratios higher
than 1 (Viciano et al., 2015), the fact that it only produces
moderate levels of DHA in the enriched nauplii (5-8 % of total
fatty acids) illustrates the problems of DHA retroconversion in
Artemia.

Artemia nauplii possess antioxidant enzymes required to
metabolize O, (SOD), H,O, (CAT and GPx) and organic
hydroperoxides activity (GPx-Se) (Nunes et al., 2006). These
enzymes allow the organism to prevent, intercept and repair the
damage caused by the free radicals (Olsen et al., 2013).
However, during live feed enrichments, it is possible that these
endogenous protective mechanisms are not sufficient to prevent
oxidative damage as HUFA contained in the enrichment diet are
very prone to oxidation, particularly under physical-chemical
conditions set up during the enrichment procedures (McEvoy et
al., 1995; Monroig et al., 2007), thus contributing to the low
efficiency in HUFA enrichment in general and DHA in
particular.

SOD is the first defence mechanism in the detoxification

process and, along with CAT, is regarded as playing an
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important antioxidant role in aquatic invertebrates (Livingstone,
1991; Barata et al., 2005b). In Experiment 1, SOD activity was
inhibited in the nauplii enriched with yeast and M70, in
comparison with those enriched with Tetraselmis, and the
control group (unenriched nauplii). These differences can be
explained by SOD modus operandi, with SOD activity
increasing in early stages of oxidative stress when ROS
abundance increases. If the oxidative stress persists, SOD
becomes depleted and unable to cope with free radicals
(Lukaszewicz-Hussan & Moniuszko-Jakoniuk, 2004). This is
consistent with increased LPO levels achieved in Artemia
nauplii enriched with M70 and yeast in Experiment 1. In
Experiment 2 differences in SOD activity were not observed,
although lipid peroxidation in M70 treatment was very high.
Inter experiment difference in SOD supports the previous
argument that antioxidant enzyme activities are transient
(Livingstone, 1991; Barata et al., 2005b).

The response to oxidative stress has been related to
increased CAT activities (Tovar-Ramirez et al., 2010) and
therefore, the activity of this enzyme is expected to increase
with the presence of substrates that enhance or produce ROS
(Barata et al., 2005a; Tovar-Ramirez et al., 2010). In this study,
CAT activity in Artemia nauplii from the control group
remained at low levels, increasing in those nauplii enriched with
yeast, Tetraselmis, DCSS or M70 emulsion. Nauplii enriched

with a combination of the DHA-rich emulsion M70 and the
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antioxidant Hytolive (HYT) treatment showed significantly
lower CAT activities than those enriched with the same
emulsion (M70) without antioxidant, and a commercial
emulsion (DCSS). Clearly, these results strongly suggest the
protective effect of Hytolive added to the enrichment diet. CAT
and GPx have complementary roles in the detoxification of
hydrogen peroxides, but have different subcellular localization
(peroxisomal and cytosolic, respectively) and affinity for H,O,
levels. Thus, high levels of H,O, produce an increased affinity
for CAT, whereas low levels of H,O, produce an increased
affinity for GPx (Orbea et al., 2000; Barata et al., 2005b).
Interestingly, GPx activity (GPx-Tot and GPx-Se) reached the
highest values in unenriched nauplii (control). On the contrary,
Artemia nauplii enriched with M70 showed low activity values
for both GPx enzymes, suggesting high levels of H,O, and
oxidative stress. Addition of the antioxidant HYT increased the
GPx activity in nauplii enriched with M70 and, together with the
decreased CAT activity mentioned above, made the nauplii
enriched with M70+HYT exhibit the best antioxidant status
among all enrichment diets tested and most closely resembled
the control Artemia. These results clearly indicate that the
Hytolive exerts an effective antioxidant effect during Artemia
enrichment and, in addition to lipophilic antioxidants that are
commonly used in the formulation of enrichment diets, inclusion
of water-soluble antioxidants may also help live preys to cope

with exposure to toxic oxidized compounds.
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GSTs are a family of Phase Il detoxification enzymes that
catalyze the conjugation of glutathione (GSH) to a wide variety
of endogenous and exogenous electrophilic compounds
(Townsend & Tew, 2003). GST activity detoxifies endogenous
compounds such as peroxidized lipids and enables the
breakdown of xenobiotics (Sherrat & Hayes, 2001). GST
activity was higher than the experimental control in nauplii
enriched with yeast, DCSS, M70 (Expt. 2) and M70+HYT
treatment. This is consistent with previous reports showing that
GST activity increases in response to exogenous chemical
sources including those promoting ROS (Barata et al., 2005b).
Increased GST activity indicates indirect conjugation to its
endogenous substrate during Phase Il detoxification, which
would help eliminate toxic metabolites (Townsend & Tew,
2003). Phenolic compounds from olive oil can restore redox
balance by free radical quenching (El-Azem, 2013). By
neutralizing the free radicals formed, the amount of antioxidant
enzymes such as GSH is preserved in the body (Masella et al.,
2004; El-Azem, 2013). The previous effect may explain the
slight but significant reduction of GST in Artemia nauplii co-
exposed to M70 and HYT.

Because ROS have extremely short half-lives, they are
difficult to measure directly and therefore oxidative stress can be
inferred through measurement of several products of the damage
produced (Pryor, 1991). Lipid peroxidation (LPO) can be

considered an index of oxidative damage to lipids produced by
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toxic compounds (Ferndndez et al., 2012). Results from this
study showed that Artemia nauplii enriched with M70 and
DCSS emulsions presented significantly higher LPO levels than
those supplemented with HYT and the control group.

It is reasonable to assume that lipid peroxides and other
potentially toxic oxidation products are filtered by Artemia
nauplii during the enrichment procedure (McEvoy et al., 1995).
Artemia enrichment is largely regarded as a “bioencapsulation”
process whereby the Artemia ingest enrichment diet particles
until the gut is full (Figueiredo et al., 2009). The
supplementation of M70 enrichments with HYT was
hypothesised to decrease the lipid peroxidation and therefore the
presence of oxidized lipid available in the enrichment media.
Consequently, the PCA results strongly suggest that such a
protective action from HYT took place, as the HYT-
supplemented treatment clearly separated from the M70 group,
the latter containing higher levels of the oxidation biomarker
LPO. There are no previous studies using hydroxytyrosol on live
prey enrichment. In humans, hydroxytyrosol is rapidly absorbed
in a dose-dependent manner in the small intestine and colon by
bidirectional passive diffusion (ElI-Azem, 2013), and then is
mostly conjugated as glucuronoconjugates, the most abundant
form found in plasma. From this conjugated form, it displays its
antioxidant potential. Hydroxytyrosol is rapidly metabolized
and, after five minutes of administration, it is possible to find

derivatives in plasma (Miro-Casas et al., 2003). McEvoy et al.
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(1995) demonstrated autoxidation in three enrichment emulsions
when Artemia were present, however the oil emulsions in the
control media without Artemia did not show autoxidation within
the experimental period. It is expected that once introduced into
the enrichment media, with the brine shrimp present, the
protective effect of hydroxytyrosol begins due to its water
soluble nature, protecting against oxidation of the fatty acids.
Thereby oxidation may be reduced before the fatty acids
entrance in the digestive tract of Artemia, ensuring that the
enzymatic system is not oversaturated and remains active. This
is shown in the improvement of the enzymatic activity when
hydroxytyrosol was added in the enrichment medium.

In conclusion, the addition of a natural water-soluble olive
fruit extract with a high amount of hydroxytyrosol to the lipid
emulsion enrichment improves the antioxidant defence of
Artemia nauplii and decreases the levels of the oxidative
biomarker LPO. Moreover, the addition of this olive fruit extract
makes the activity of all antioxidant enzymes in Artemia
enriched with a DHA-rich oil emulsion resemble those of
homeostasis as defined by unenriched nauplii. Such an
antioxidant protective role of hydroxytyrosol is reflected in the
lipid profile of Artemia, since higher levels of DHA and a higher
DHAJ/EPA ratio were found in nauplii enriched in the presence
of hydroxytyrosol. As a first approach, here, only a
concentration of 0.04 g L™ was tested and, although the benefits

prove significant, probably higher concentrations would produce
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even better results, since there is evidence of an inhibitory effect
of HYT in LPO at increasing concentrations (Gargouri et al.,
2011). Thus further dose dependent studies are advisable in
order to establish if the antioxidant potential can be further
enhanced and to verify how this improvement may be applicable

in large-scale enrichments.
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Abstract

Rearing of common octopus Octopus vulgaris is limited
by the lack of success during the paralarval stage, with
generalized mortalities occurring before the settlement of the
juveniles. The use of on-grown Artemia cultured with the
microalga Isochrysis galbana and further enriched with
Nannochloropsis sp. has led to a certain degree of success.

The present work aims at studying the effects of this
rearing protocol (Nanno) on the fatty acid composition of
paralarvae, by comparison with a diet based on on-grown
Artemia further enriched with a high polyunsaturated fatty acid
oil emulsion (M70). After 28, survival was estimated at 3% for
M70 and 22.5% for Nanno, whereas the average dry weight was
not significantly different (Nanno: 1.76 £ 0.28 mg; M70: 1.88
0.22 mg). Although apparently no clear association between the
fatty acid composition of the enriched preys and that of the total
lipids of paralarvae could be established, further fractionation
and fatty acid analysis of the total lipids into polar and neutral
classes, followed by principal components analysis, revealed
that irrespective of the diet, both lipid fractions showed distinct
fatty acid patterns. Besides, the fatty acid composition of the
polar lipids was more conservative, whereas that of the neutral
lipids was more influenced by the diet, showing more variation
among dietary treatments.

Keywords: Octopus vulgaris, paralarvae, lipids, fatty acids,

Artemia
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Resumen

La cria del pulpo comdn Octopus vulgaris esta limitada por
la falta de éxito durante la fase de paralarva, con mortalidades
generalizadas que se producen antes del asentamiento de los
juveniles. El uso de Artemia cultivada con el microalga Isochrysis
galbana y luego enriquecida con Nannochloropsis sp. ha

proporcionado cierto grado de éxito.

El presente trabajo tiene como objetivo estudiar los efectos
de este protocolo de cultivo (Nanno) en la composicion de acidos
grasos de las paralarvas, comparandolos con los de una dieta
basada en Artemia enriquecida con una emulsion lipidica rica en
acidos grasos poliinsaturados (M70). Tras 28 dias, la
supervivencia se estimé en un 3% para M70 y un 22,5% para
Nanno, mientras que la media de peso seco no fue
significativamente diferente (Nanno: 1,76 + 0,28 mg; M70: 1,88 +
0,22 mg). Aungue no se pudo establecer una asociacion clara entre
la composicidn de &cidos grasos de las presas enriquecidas y la de
los lipidos totales de las paralarvas, el fraccionamiento adicional y
el analisis de acidos grasos de los lipidos totales en clases polares
y neutras, seguidas de un Andlisis de Componentes Principales,
revelaron que independientemente de la dieta, ambas fracciones
lipidicas tenian diferentes patrones de acidos grasos. Ademas, la
composicion de acidos grasos de los lipidos polares fue mas
conservadora, mientras que la de los lipidos neutros estuvo mas
influida por la dieta, mostrando una mayor variacion entre los

tratamientos dietéticos.
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6.1. Introduction

In recent years, common octopus Octopus vulgaris has
been targeted as a promising candidate for aquaculture but, to
date, paralarvae rearing is severely limited by the lack of success
during the planktonic stage, with generalized mortalities
occurring before the settlement of the juveniles.

The life cycle of O.vulgaris under conditions of captivity
was completed for the first time in 2001 (lglesias, Otero,
Moxica, Fuentes & Sa&nchez 2004), using Artemia and Maja
zoeae as prey. Although some successful cultures of a reduced
number of paralarvae up to juveniles and even sub-adults have
been achieved (Moxica, Linares, Otero, Iglesias & Sanchez
2002; Iglesias et al., 2004; Carrasco, Arronte & Rodriguez
2006), these experiences have been mainly occasional, anecdotic

and, needless to say, economically profitless.

According to Navarro and Villanueva (2000, 2003),
among others, a lack of balance in the lipid and fatty acid
composition of the food could be responsible for the high
mortalities encountered in the rearing of the paralarval stages of
O. wvulgaris. These authors studied the lipid requirements of
early stages of cephalopods to conclude that a nutritional
imbalance in the lipid and fatty acid profile of the artificial
feeding protocol, based on Artemia, may be responsible for the

high mortalities encountered. Octopus vulgaris require feeding
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on low-lipid preys rich in polar lipids, long-chain
polyunsaturated fatty acids (PUFA) and possibly cholesterol
(Navarro & Villanueva 2000, 2003; Okumura, Kurihara,
Iwamoto & Takeuchi 2005; Kurihara, Okumura, lwamoto &
Takeuchi 2006; Seixas 2009; Seixas, Rey-Méndez,Valente &
Otero 2010).This closely resembles the composition of a
‘natural’ diet (totally unpractical from an aquaculture approach)
based on crustacean larvae (e.g. M. zoeae) and other marine
planktonic forms like copepods, but is considerably different
from the typical composition of enriched Artemia in any of its
forms. In fact, early stages of cephalopods are particularly rich
in polar lipids and cholesterol, and artificial feeding under
culture conditions increases their triacylglyceride content
drastically (Navarro & Villanueva 2000, 2003).

When using only Artemia as food, the only experiment
that has attained Octopus adult stages was reported by Moxica,
Fuentes, Hernandez, Iglesias, Lago, Otero and Sanchez (2006),
who obtained 67% survival and 1.89mg of dry weight for 1-
month-old paralarvae using on-grown Artemia (>1.5 mm)
cultured with the microalga Isochrysis galbana and further
enriched with Nannochloropsis sp. Imamura (1990) and
Hamazaki, Fukunaga, Yoshida and Maruyama (1991) reported a
limited production of presettlement individuals on adding
Nannochloropsis sp. to the culture tanks. Hamasaki and
Takeuchi (2000) and Hamasaki and Morioka (2002) also
reported success (although also limited), on adding
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Nannochloropsis sp. to the culture tanks and as food for Artemia
respectively. The reasons for the improvements obtained with
the rearing protocols involving the use of Nannochloropsis sp.
remain obscure, but a striking feature of this microalga is its
high eicosapentaenoic acid (EPA, 20:5n-3) content (Sukenik,
Zmora & Carmelil993), an essential fatty acid for marine
animals (Sargent, McEvoy, Estévez, Bell, Bell, Henderson &
Tocher 1999). Other hypotheses about the beneficial effects of
Nannochloropsis sp. relate to their potentiality to inhibit the
microflora growth and improve the culture conditions (Iglesias

personal observation).

The present work aims at studying the effects of a rearing
protocol based on Artemia on-grown with Isochrysis galbana
and enriched with Nannochloropsis sp. on the fatty acid
composition of paralarvae. It will be carried out by comparison
with the effects of a diet based on the same on-grown Artemia
further enriched with a high PUFA oil emulsion especially rich
in docosahexaenoic acid (DHA, 22:6n-3). Thus, the work will
ultimately focus on the dietary effects of DHA-rich and EPA-
rich diets on the total, polar and neutral lipid fatty acid

composition of the paralarvae.
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6.2. Materials and methods

Octopus vulgaris paralarvae were obtained from
broodstock kept in captivity using the technology described by
Moxica et al. (2002). They were fed for 28 days with on-grown
Artemia (1.5-2mm) cultured with 1. galbana and further
enriched for 24 h with either Nannochloropsis sp. (Nanno
treatment) or a PUFA-rich oil emulsion based on a speciality oil
containing approximately 70% of DHA, 50/50 oil/water,
xanthan gum as a stabilizer and Tween 80 as an emulsifier (M70

treatment).

Cultures were carried out in1000-L black, circular tanks
(diameter 130 cm), at a larval density of 5 individuals L™ (5000
paralarvae per tank). The mean water temperature was 21-22 °C
and salinity was 34-35 g L; a continuous illumination of 800-
1000 Ix provided by two 36 W day-light fluorescent tubes was
supplied to the tanks. During the first week, the rearing tanks
were maintained under standing conditions, with gentle central
aeration, and a concentration of 1 million cells mL™of
Nannochloropsis sp. From day 8, a water flow of 200 L h™ was
partially opened (4 h d*) every 2 days.

Enriched Artemia was added (three to four times per day)
at a density of 0.5 prey mL™ until day 11 and at 0.2 prey mL™
onwards. Artemia was on-grown with 300 000 cells mL™ of I.
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galbana for 4 days, and further enriched for 24 h with 10 million
cells mL™ of Nannochloropsis sp.

Dissolved oxygen, nitrites and ammonium were measured
daily. The dry weights of ten paralarvae after washing with
distilled water and drying at 90 °C 24 h were recorded at the end
of the experiment. Survival was recorded at day 28.

At the end of the trial, the lipids of diets and paralarvae
(triplicate pools) were extracted from freeze-dried samples using
the method of Folch, Lees and Sloane-Stanley (1957). The total
lipids were determined gravimetrically (0.0001 g, Mettler
Toledo, Barcelona, Spain) and stored in chloroform/methanol
(2:1, viv) with 0.01% BHT as an antioxidant. An aliquot of total
lipids was transmethylated after the addition of 19:0 as an
internal standard. Fatty acid methyl esters (FAME) were
purified by thin-layer chromatography (Silica gel G 60, Merck,
Darmstadt, Germany) and injected on-column in a Fisons 8000
gas chromatograph equipped with a fused silica 30m x 0.25mm
open tubular column (Tracer, TR-WAX, film thickness: 0.25
mm, Teknokroma, Barcelona, Spain). Helium was used as a
carrier gas, and the analyses were run in a 50-220 °C thermal
gradient. Peaks were recorded and integrated in a personal
computer using AZUR software (Azur, Datalys, France), and
identified by comparison with well-characterized standards. A
further aliquot of the total lipids was fractionated into polar and

neutral lipids by thinlayer chromatography, and the fatty acids
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were transmethylated and analysed as described for the total
lipids.

The fatty acid profiles thus obtained were subsequently
analysed chemometrically by principal component analysis
(PCA). The score plot obtained after the generation of the two
principal components was used to identify patterns of similarity

among the cases.

For each lipid class, the mean values of the fatty acid
composition of the paralarvae from the two dietary treatments
were compared using Student’s t-tests. Statistics were carried
out using SPSS 17.0 software (SPSS).

6.3. Results and discussion

The average dry weight of 28-day paralarvae from both
dietary groups was not significantly different (Nanno: 1.76 +
0.28 mg; M70: 1.88 + 0.22 mg) and is similar to the values
reported by Moxica et al. (2006) using the same microalgal
enrichment. They are clearly lower than those reported for
paralarval of the same age (30 days post hatch) using crustacean
zoeae as complementary food by Moxica et al. (2002): 2.42 mg;
Iglesias et al. (2004): 3.33 mg; Carrasco et al. (2006): 2.83 mg;
and higher than those obtained by other authors using different
feeding regimes: Villanueva, Koueta, Riba and Boucaud-Camou
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(2002) reported weights from 0.79 to 1.49 mg using enriched
Artemia co-fed with millicapsules; Seixas (2009) obtained 0.83
mg paralarvae at day 25 using on-grown Artemia enriched with
a mixture of I. galbana and Rhodomonas lens; Fuentes,
Sanchez, Otero, Lago and Iglesias (2009) reported values
between 0.96 and 1.12 mg with Artemia and frozen wild
zooplankton as food; and Estévez, Gairin and Berger (2009)

produced 0.33 mg paralarvae using live zooplankton as food.

These differences can be explained by the different culture
conditions and foods. It is evident that crustacean zoeae seem to
be a superior food, and the data reported here are better than

those obtained with other experimental feeding protocols.

Survival was roughly estimated at 3% for M70 and 22.5%
for Nanno. Culture of this last group was followed until 35 days,
reaching an average paralarval weight of 1.83 + 0.28 mg (n=10)

and a 3% survival.

These data indicate that the biometrical outcome of both
dietary treatments was very similar and that any hypothetical

advantage of the Nanno group was lostlweek later.

The lipid content of diets [% dry weight (DW)] was
significantly different (P<0.05): 21.01 + 0.84 for Nanno and
18.23 = 0.70 for M70. Analysis of the main fatty acids (Table
6.1) showed that the main differences were due to the Nanno

treatment being higher in 16:1n-7 (which resulted in a higher

155



Capitulo 6

monoene content) and 20:5n-3, whereas M70 showed
higher18:2n-6 (thus increasing the total n-6 content) and 22:6n3

contents, which was not detected in the other diet (Table 6.1).

Differences in the lipid content of diets did not translate
(P>0.05) into the lipid content of the paralarvae [Total lipid (%
DW): M70 = 16.31 £ 1.04; Nanno = 17.5 £ 0.23; total FAME
(mg g* DW): M70 = 45.71 + 1.82; Nanno = 47.29 + 1.51].
Similarly, a first glance at the fatty acid profiles of the total
lipids of both dietary groups did not reveal streaking differences
between them (Table 6.2). Especially notable is the case of
16:1n7, very different in the diets. Besides, the paralarvae seem
to be able to cope with a 22:6n-3-deficient diet, although the
poor performance of the two dietary groups could also point
towards a dietary deficiency of both treatments.

A closer look at the polar and neutral lipid fatty acid
composition showed that the polar lipids were much richer in
20:5n-3 and 22:6n-3 (absent in the neutrals), which was
reflected in a higher polyunsaturated, n-3 and highly unsaturated
fatty acid (HUFA) n-3 content. Neutrals in turn were richer in
monounsaturated fatty acids. Within the polar lipids, M70
treatment generally increased the polyunsaturated, n-3 and
HUFA n-3 contents with respect to Nanno. Within the neutral
lipids, Nanno treatment could be associated with higher n-6

content, whereas M70 seemed to increase HUFA n-3.
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Table 6.1. Selected fatty acids (% of total lipid fatty acids) and
total FAME of enriched on-growth Artemia (n=3)

M70 Nanno
Fatty acid Mean SD Mean SD
14:.0 1.43 0.15 1.13 0.01
16:0 10.54 0.47 15.71 0.04
16:1n-7 5.19 0.13 23.69 0.62
18:0 7.26 0.38 5.40 0.12
18:1n-9 16.22 0.79 12.31 0.37
18:1n-7 9.27 0.70 7.89 0.37
18:2n-6 12.15 1.06 2.34 0.04
18:3n-3 5.05 0.13 0.38 0.01
20:4n-6 2.75 0.09 2.88 0.04
20:3n-3 0.07 0.07 ND
20:4n-3 0.25 0.04 ND
20:5n-3 11.99 0.43 22.55 0.52
22:5n-3 0.52 0.26 0.02 0.03
22:6n-3 8.10 1.10 ND
Sat 20.38 0.70 23.33 0.30
Mono 31.58 0.80 44.19 0.18
Poly 44.42 1.76 28.96 0.50
n-3 27.92 1.15 23.04 0.54
n-6 16.67 1.03 5.62 0.13
HUFA n-3 20.93 0.99 22.57 0.55
HUFA n-6 3.83 0.09 3.16 0.02
FAME 60.49 4.35 116.97 12.89

Sat, saturates; Mono, monoenes; Poly, polyunsaturated;
HUFA, higly unsaturated fatty acids (>20C); SD, standard
deviation; FAME, total fatty acids methyl esters (mg g™ DW);
ND, not detected
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These trends were confirmed by the results of the PCA.
The first component explained 76% of the variance and was
associated with variables14:0, 18:1n-9, 18:2n-6 and16:1n-7 on
the positive side and variables 20:5n-3, 20:4n-6, 22:6n-3 and
18:0 on the negative side. The second component explained only
11% of the variance. The results of the score plot (Fig. 6.1)
showed two main clouds of scores corresponding to polar
(associated with variables on the negative side) and total lipids
on one side, clearly distinct from neutral lipids (associated with
variables on the positive side).Within the polar and neutral
lipids, the scores corresponding to the different dietary
treatments were distinguishable, whereas those corresponding to
the total lipids did not separate the two dietary groups. The
scores of the polar lipids were more grouped than those of the
neutral lipids, indicating a higher similarity in the fatty acid
patterns, which indicates the structural role of this lipid class
(Gurr & Harwood 1991). Recently, Quintana (2009) have
reported on the effects of the broodstock diets on the fatty acid
composition of 3-day-old paralarvae, fed and starved, to
conclude that the neutral lipids of the paralarvae reflect better
than the polars any difference in the fatty acid profile of the
breeders’diets. This is a further indication of the importance of
the polar lipids as a structural and conservative lipid class for
this species. In fact, the mantle being essentially protein and
membranes, any changes in the neutral lipid fraction may be

indicative of the contribution of this lipid class to the lipid
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composition of the digestive gland and ultimately of the lipid
metabolism and turnover linked to the dietary fatty acid

composition.

To a certain point, the above result seems to contradict the
results of Navarro and Villanueva (2003), who found that the
main dietary changes were already very evident in the total
lipids of O. vulgaris paralarvae, although they were also clear in
the polar lipids (unfortunately, the neutral lipid composition was
not analysed). Thus, the dietary changes induced and their
influence on the structural lipids may be dependent on the
composition of the diets and on the coverage of the essential
requirements. From this point of view, both Nanno and M70
diets fulfil the essential requirements of the species, and the
presence of DHA in Nanno fed paralarvae may be indicative of
a certain degree of synthetic capacity. Alternatively, the levels
of DHA may be a remnant from the original content at hatching,
a result of a conservative strategy for the retention of an
essential lipid.
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Figure 6.1. Score plot generated after principal component
analysis of the fatty acid pattern of 28-day Octopus vulgaris
paralarvae fed two enriched on-grown Artemia diets. Nanno, M70,
total lipid; Nanno N, M70 N, neutral lipid; Nanno P, M70 P, polar
lipid.

Paralarval DHA levels not correlating with the amount in
food have been reported previously (Navarro & Villanueva
2000; Seixas 2009; Seixas et al. 2010). In fact, Seixas et al.
(2010) have recently pointed out the importance of an adequate
ratio protein/lipid before the essential lipid requirements of the
species may be considered. Given the generalized low
performances of the paralarval cultures, it is difficult to focus on
a single source of variation, i.e. lipids, in a cause-effect design.
Obviously, factors other than lipids may be affecting the final
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outcome, and even the fine-tuning of the lipid requirements may
have a drastic influence. It should suffice to recall that for
example, in larval sea bream (Sparus aurata), Rodriguez, Pérez,
Diaz, lzquierdo, Fernandez-Palacios and Lorenzo (1997)
reported that the essential PUFA requirements were
considerably dependent on the supply of an adequate DHA/EPA
ratio. In this sense, it is interesting to note that EPA
requirements of O. vulgaris may be particularly important,
because this fatty acid has been found in very high amounts (and
in 1:1 ratios with DHA) in the phosphatidylcholine fraction of
the early stages (Quintana 2009).

6.4. Conclusions

Although apparently no clear association between the fatty
acid composition of the enriched preys and that of the total
lipids of paralarvae could be established, further fractionation
and fatty acid analysis of the total lipids of the paralarvae into
polar and neutral classes, followed by PCA, revealed that
irrespective of the diet, both lipid fractions showed distinct fatty
acid patterns. Besides, the fatty acid composition of the polar
lipids was more conservative, whereas that of the neutral lipids
was more influenced by the diet and showed more variation
among dietary treatments. Further research is needed to

determine the lipid requirements of this species.
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Los organismos marinos, en especial sus estadios
larvarios, necesitan de ciertos &cidos grasos altamente
insaturados (HUFA, Highly Unsaturated Fatty Acids) entre los
que se incluyen el &cido araquidonico (ARA, 20:4n-6), el acido
eicosapentaenoico (EPA, 20:5n-3) y el &cido docosahexaenoico
(DHA, 22:6n-3) (Tocher, 2010). Estos compuestos se
consideran esenciales (EFA, Essential Fatty Acids) para la
mayor parte de especies de organismos marinos cultivadas
debido a que, en general, no pueden ser biosintetizados en
cantidades suficientes para satisfacer las necesidades
fisioldgicas y por lo tanto, deben de ser suministrados en la dieta
para asegurar su normal desarrollo y crecimiento (Sargent y
cols., 2002; Tocher, 2003, 2010, 2015).

Los nauplios de Artemia se utilizan habitualmente como
presa viva en el cultivo larvario de organismos marinos. Sin
embargo, la calidad nutricional de los nauplios es pobre para
alimentar a larvas de organismos marinos ya que contienen
niveles muy bajos de EFA, siendo especialmente deficientes en
EPA y sobre todo, DHA (Evjemo y cols., 1997; Navarro y cols.,
1999). El uso de procedimientos de enriquecimiento o
bioencapsulacion de nutrientes esenciales como los HUFA
sefialados anteriormente, es una practica ineludible para el éxito
del cultivo de larvas de organismos vivos, pero dista de ser
completamente satisfactorio desde el punto de vista de niveles

de EFA como el DHA, y ademas lleva asociados efectos
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secundarios como la potencial autoxidacion de los HUFA del
producto enriquecedor (McEvoy Yy cols., 1995; Sargent y cols.,
1997) y la consiguiente bioacumulacién de peroxidos lipidicos
toxicos en los nauplios de Artemia enriquecidos (Monroig,
2006).

El éxito en la modificacion del perfil de &cidos grasos de
los nauplios esta influido por el tipo de dieta enriquecedora, las
condiciones fisico-quimicas en las que se lleva a cabo el
enriquecimiento y la cepa de Artemia utilizada (Han y cols.,
2000). Se han estudiado una gran variedad de productos
enriquecedores destinados a aumentar el contenido en EFA en
Artemia: microalgas (Watanabe y cols., 1982; Ardgao y cols.,
2004), microcépsulas (Southgate y Lou, 1995), liposomas
(Hontoria y cols., 1994; McEvoy y cols., 1996; Monroig y cols.,
2003, 2006a, 2006b, 2006c) y emulsiones lipidicas (Léger y
cols., 1986; Han y cols., 2000, 2001, 2005). Las emulsiones
lipidicas son una de las formas méas extendidas de uso de dieta

enriquecedora y existen productos disponibles comercialmente.

Uno de los mayores problemas, ain sin resolver, de los
enriquecimientos de presas vivas es la dificultad de aumentar el
contenido en DHA de los nauplios de Artemia, debido al rapido
catabolismo de este acido graso por los nauplios de Artemia
(Evjemo 'y cols.,, 1997), mas especificamente a la

retroconversion del DHA en EPA (Navarro y cols., 1999). Para
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intentar solucionar estos efectos adversos se necesita disefiar

nuevas estrategias.

En este contexto se desarrolla la presente tesis doctoral. La
informacién recogida en los capitulos precedentes, describe
como se investigd la eficacia enriquecedora de una nueva
emulsion lipidica (M70) especialmente rica en DHA (70% de su
contenido). Teniendo en cuenta su naturaleza rica en DHA, se
Ilevaron a cabo experimentos para establecer el uso optimo de
la emulsion M70 durante el enriquecimiento de Artemia,
modificando diferentes regimenes de oxigenacion, temperaturas
de incubacion, concentracion y dosis de producto enriquecedor y
densidades naupliares. También se investigd el efecto protector
de un antioxidante externo natural, soluble en agua y basado en
hidroxitirosol (potente antioxidante obtenido del extracto de
oliva) al medio de enriquecimiento. Por ultimo, se utiliz6 la
mencionada emulsion enriquecedora a escala semi-industrial, en
un experimento de cria paralarvaria de pulpo (Octopus vulgaris),
con el fin, entre otros, de determinar si su alto contenido en
DHA podia mejorar la baja tasa de supervivencia en el cultivo
de estadios tempranos de desarrollo de esta especie.

La elaboracién de un nuevo producto enriquecedor como
M70 conlleva el establecimiento de las condiciones 6ptimas de
enriquecimiento, maxime cuando dicho producto es
particularmente rico en DHA. Esta tarea es acometida cada vez

que se disefia un producto enriquecedor destinado a maximizar
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los resultados en cuanto a enriquecimiento de &cidos grasos,
vitaminas, aminoacidos, etc., en especies auxiliares de
acuicultura (rotiferos y Artemia). Los fabricantes de estos
productos enriquecedores han desarrollado sus propios
protocolos con el fin de optimizar su rendimiento, aunque las
condiciones fisicas suelen variar alrededor de lo siguiente:
temperaturas entre 25 y 28 °C (Van Stappen, 1996), iluminacién
alrededor de 1500 lux para la eclosion previa, y aireacion
suficiente para mantener el oxigeno disuelto por encima de 4 mg
L con el fin de minimizar la mortalidad naupliar (Van
Stappen, 1996).

La nueva emulsién lipidica M70 tiene la particularidad de
ser especialmente rica en DHA (aproximadamente un 70% de
los &cidos grasos de la emulsion son DHA), con el fin de
incrementar especialmente el contenido de este acido graso en
los nauplios de Artemia, tras el enriquecimiento. La adicién de
un compuesto relativamente polar como el DHA en tan elevada
proporcion ocasiona problemas fisicos a la emulsién, que se
resumen en una tendencia hacia la separacion de sus fases, por
lo que el establecimiento de las condiciones Optimas de
enriquecimiento cobra aqui especial protagonismo y, asi, se
probaron diferentes condiciones de enriquecimiento, entre ellas:
temperatura (24 y 28 °C), flujo de aireacion (1, 2 y 3 L min™),
tipo de aireacion (aire comprimido, oxigeno y una mezcla de

ambas), dosis de la emulsién (0,6 y 0,8 g L™), distribucién de la
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emulsion (1 o 2 dosis) y densidad naupliar (150 y 300 nauplios
mL™).

La disponibilidad de oxigeno en el medio de cultivo es un
factor critico para la supervivencia de Artemia durante el
enriquecimiento, al igual que mantener el oxigeno disuelto por
encima de 4 mg L™ (Van Stappen, 1996). Los procedimientos de
enriquecimiento estandar implican el uso de aire comprimido
para proporcionar niveles adecuados de oxigeno disuelto, pero el
uso de oxigeno puro como sistema de aireacion es especialmente
recomendable cuando los niveles de oxigeno disuelto pueden
estar comprometidos. Este podria ser nuestro caso, ya que el
DHA existente en M70 es altamente susceptible a procesos de
peroxidacién lipidica y por tanto el oxigeno disuelto podria
descender (McEvoy y cols., 1995; Ries, 2009). Al comparar el
uso de oxigeno puro versus aire comprimido utilizando la
emulsion M70 como enriquecedor, se observd que no habia
diferencias estadisticas en cuanto a bioencapsulacion de EFA
dentro de Artemia y que el uso de aire comprimido era un
sistema de difusion lo suficientemente efectivo como para suplir
las demandas de oxigeno disuelto en el enriquecimiento con
M70. De este modo, al menos en las condiciones ensayadas, el
uso de otras alternativas mas caras, como el oxigeno puro, no

parecen necesarias.

Otros factores como el flujo de aire y la temperatura del

proceso de enriquecimiento también han de ser consideradas, ya

173



Capitulo 7

que existe un compromiso entre la peroxidacion lipidica, el
suministro de oxigeno y la eficiencia del enriquecimiento.
Ademas de la solubilidad del oxigeno y de sus posibles
consecuencias en la peroxidacion de los lipidos, el flujo de aire
también condiciona la turbulencia general en el medio de
enriquecimiento y puede determinar en Gltima instancia la
eficacia bajo la cual los nauplios incorporan las particulas de
enriquecedor (Monroig y cols., 2006a). Asi, existen estudios que
remarcan la necesidad de encontrar un sistema apropiado de
aireacion que sea capaz de proporcionar oxigeno a los nauplios
y que al mismo tiempo permita una distribucion uniforme por el
medio de enriquecimiento (Babu y cols., 2001; Kolkovski y
cols., 2004) evitando su acumulacion en la base de los
recipientes de enriquecimiento (Monroig y cols., 2006a).

En estudios anteriores (Babu y cols., 2001; Monroig y
cols, 2006a), se ha visto que los niveles mas elevados de DHA y
EPA se obtuvieron con un flujo de aireacién bajo (1 L min™), lo
que implica niveles menores de turbulencia en el medio de
cultivo. La turbulencia es un factor importante en el proceso de
enriquecimiento porque interfiere con la natacién normal de los
nauplios. Turbulencias fuertes y prolongadas pueden dafiar sus
estructuras de filtracion (Monroig, 2006b) y obstaculizar la
incorporacion de particulas de producto de enriquecimiento
(Navarro y cols., 1999; Monroig y cols., 2006a). Asi, Monroig y

cols. (2006a) demostraron que elevados niveles de turbulencia
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en un medio de enriquecimiento con liposomas causaban bajas

tasas de incorporacion de acidos grasos en los nauplios.

La temperatura ambiental es un factor determinante sobre
la tasa metabolica de organismos poiquilotermos como los
crustaceos (Hernandorena, 1976). Asi, mas alla de controlar los
mecanismos de solubilidad de oxigeno y la peroxidacion
lipidica, la temperatura también determina la capacidad
metabolica de los nauplios de Artemia (Van Stappen, 2002) y
por lo tanto importantes hitos de desarrollo, tales como la
apertura de la boca y la absorcién del vitelo, asi como la
aparicion de apéndices de filtrado/natatorios (Hochanchka y
Somero 1984; Anger 2001). La temperatura también influye en
la sincronia y eficiencia de eclosion de los quistes de Artemia.
La temperatura favorece que el tiempo transcurrido hasta la
apertura de la boca se acorte en los nauplios recién eclosionados,
aumentando paralelamente el periodo filtrador. Asi, unas
adecuadas sincronias y eficiencias de eclosion facilitan la
obtencion de nauplios abundantes y de desarrollo y
enriquecimiento homogéneo. Esto es particularmente importante
en un organismo como Artemia capaz de crecer muy
rapidamente tras la eclosién hasta casi doblar su talla a las 24 h

de vida.

Los experimentos realizados en el Capitulo 4 de la
presente Tesis Doctoral muestran que los mayores niveles de

EFA se obtuvieron al llevar a cabo el enriquecimiento a 28 °C en
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comparacion con 24 °C, siendo consistente con las condiciones
publicadas en la literatura (Han y cols., 2000, 2001; Sui y cols.,
2007; Boglino y cols.,, 2012). Este hecho sugiere que la
disminucion en la tasa metabdlica de Artemia a bajas
temperaturas, se traduce también en una menor tasa de ingestion
de particulas que resulta, por lo tanto, en un menor contenido en
HUFA a los nauplios. Dado que la eficiencia de enriquecimiento
de M70 no parece estar comprometida por temperaturas
potencialmente mas pro-oxidantes (28 °C vs. 24 °C) se procedio
con la investigacion de otros pardmetros experimentales que
pudiera afectar a la estabilidad oxidativa de M70 y en

consecuencia a su eficacia en la bioencapsulacion de HUFA.

Otra estrategia para reducir la oxidacion del DHA
existente en los productos enriquecedores, implica el
establecimiento adecuado de dosis (posologia) a lo largo del
protocolo de enriquecimiento. Mientras que una dosis al
comienzo del enriquecimiento parece ser la practica mas
extendida (Estévez y cols., 1999; Villalta y cols., 2005a, 2005b),
dos dosis repartidas a lo largo del mismo, una al comienzo y otra
a mitad el proceso (Evjemo y cols., 1997; Estévez y cols., 1998;
Han y cols., 2000, 2001; Sui y cols., 2007; Hamre y Harboe,
2008) pueden contribuir a reducir la peroxidacion lipidica, ya
que el tiempo que los &cidos grasos estan expuestos a
condiciones pro-oxidantes (aireacion, elevada temperatura) se

reduce. La autoxidaciébn de compuestos del producto
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enriquecedor provoca un aumento de los lipidos rancios en el
medio de cultivo, lo que puede provocar toxicidad en los
organismos expuestos a éstos (presas vivas y larvas alimentadas
con ellas), que incluso puede afectar a proteinas y vitaminas
(McEvoy y cols., 1995).

Teoricamente, el suministro del producto enriquecedor en
dos dosis, parece la estrategia méas aconsejable segun lo
expuesto anteriormente. Segin McEvoy y cols. (1995), las
emulsiones como Super Selco (Inve, Dendermonde, Bélgica),
que llevan afiadido un antioxidante en su formulacion,
conservan durante mas tiempo su porcentaje de HUFA en el
medio de cultivo. En dicho estudio, a las 19 horas desde el inicio
del enriquecimiento no se hallaron signos de autoxidacion. Sin
embargo a las 23 horas, se observo un aumento de los niveles de
especies  reactivas al 4cido tiobarbitirico (TBARS,
Thiobarbituric Acid Reactive Substances). Esto indica que la
autoxidacion, en emulsiones formuladas con antioxidante,
ocurre en las ultimas fases del proceso, a pesar de la presencia
de antioxidantes. El reparto de la dosis de emulsién en dos dosis,
puede tener sentido si la autoxidacion tiene lugar desde el
primer momento en que se introducen los nauplios de Artemia al
medio de cultivo. El estudio de McEvoy vy cols. (1995) confirma
que, para los productos enriquecedores estudiados, tal estrategia
no ofrece una ventaja evidente con respecto a la monodosis.

Nuestra experiencia con M70, estd en consonancia con los
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resultados de McEvoy y cols. (1995), ya que, como se presenta
en el Capitulo 4, no se encontraron diferencias en cuanto a la
bioencapsulacion de EFA a lo largo del periodo de
enriquecimiento. La estabilidad oxidativa de M70 permite
dispensar dicha emulsion en una Unica dosis al comienzo del
enriquecimiento  sin  ningln detrimento evidente en la

incorporacion de HUFA durante el enriquecimiento.

Teoricamente, la dosis de emulsion determina la
disponibilidad de acidos grasos para los nauplios de Artemia. La
adicion de una cantidad insuficiente de emulsion, supone que no
se enriquecen adecuadamente y, por tanto, no alcanzan los
niveles idoneos de EFA. La incorporacion al medio de
enriquecimiento de una cantidad excesiva de emulsion, puede
implicar, al margen de su derroche, que se incremente
innecesariamente el riesgo de contaminacién del medio de

cultivo por microorganismos (Verdonck y cols., 1994).

Las dosis de enriquecedor referidas en la bibliografia
oscilan entre 0,4 y 0,6 g L™ (McEvoy y cols., 1996; Van
Stappen, 1996; Han y cols., 2000, 2001; Villalta y cols., 2005a,
2005b). Estas dosis se han establecido en funcién del contenido
en lipidos totales de los productos enriquecedores. Teniendo en
cuenta este hecho, y debido a su mayor contenido en agua, la
dosis de M70 se fijé en 0,8 g L™. Los resultados de los ensayos
realizados indican que la dosis de 0,6 g M70 L™ es suficiente
para producir un enriquecimiento equiparable en DHA al
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conseguido 0,8 g L™ Sin embargo, la elevada variabilidad
observada en el perfil de acidos grasos de nauplios de Artemia
enriquecidos a 0,6 g L™ puede enmascarar una baja eficiencia de
incorporacién en comparacién a los obtenidos con 0,8 g L™
Asimismo, se observé una mayor relacion DHA/EPA en
Artemia enriquecida a 0,8 g L™ (1,8), siendo este un pardmetro

diferencial de esta emulsion enriquecedora.

Ademas, los resultados muestran también que M70 se
puede utilizar tanto con una densidad de nauplios en el medio de
cultivo de 150 o de 300 nauplios mL™. Desde un punto de vista
cuantitativo (% lipido) la mayor incorporacion de producto se
consiguié con 150 nauplios mL™, pero desde un punto de vista
coste-efectivo y teniendo en cuenta que no se observaron
diferencias significativas en los EFA ni en la relacion DHA/EPA
entre enriquecer a 150 o a 300 nauplios mL™?, la opcién de
utilizar 300 nauplios mL™ parece la mas recomendable.

Como se ha mencionado anteriormente, el uso de
procedimientos de enriquecimiento conlleva efectos secundarios
nocivos como la autoxidacion de los HUFA de la emulsion
(McEvoy y cols., 1995; Sargent y cols.,, 1997), y la
bioacumulacion de perdxidos lipidicos toxicos en los nauplios
de Artemia enriquecidos (Monroig, 2006). En este sentido, la
emulsion M70, debido a su elevado contenido en DHA, y por
tanto su alto grado de insaturacion, es mas proclive a la

oxidacion durante el enriquecimiento. La peroxidacion lipidica
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estd causada por sustancias pro-oxidantes que pueden alterar la
capacidad del organismo para catalizar las reacciones y
aumentar la presencia de especies reactivas de oxigeno (ROS,
Reactive Oxygen Species) (Livingstone, 2001; Barata y cols.,
2005). Las ROS estan involucradas en el dafio celular y tienen
capacidad para provocar fallos morfoldgicos, fisiolégicos y
peroxidacion de los HUFA, lo que comprometeria el normal
desarrollo del organismo (Tovar-Ramirez y cols., 2010). Un
factor importante que afecta al potencial del dafio oxidativo es la
cantidad de moléculas diana, como los EFA, que son facilmente
oxidados por ROS en peréxidos lipidicos. Como se ha
mencionado, este es un punto crucial en la presente tesis
doctoral, ya que la emulsién M70 contiene un 70% de DHA. En
este contexto y por lo tanto, bajo la suposicion de que la
peroxidacion lipidica en el enriquecimiento con la emulsion
M70 seria elevada debido a su alto contenido en EFA, se opto
por la adicién de un antioxidante externo hidrosoluble, al medio
de enriquecimiento. El antioxidante elegido fue Hytolive protect
(HYT, Genosa I+D S.I., Malaga, Espafia) basado en
hidroxitirosol (3,4-dihidroxifeniletanol). El hidroxitirosol es un
antioxidante natural obtenido de la fraccién acuosa resultante
tras el proceso de molienda de las olivas (Schaffer y cols.,
2007). El hidroxitirosol es un potente antioxidante natural (Hao
y cols., 2010) con actividad para neutralizar radicales libres y

minimizar el estrés oxidativo, comparable incluso a los
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antioxidantes sintéticos (Gordon y cols., 2001; Gonzalez, 2005;
Deiana y cols., 2008; Fernandez-Bolafios y cols., 2008).

En humanos, el hidroxitirosol es rapidamente absorbido de
manera dosis-dependiente en el intestino delgado y colon
mediante difusién pasiva bidireccional (EI-Azem, 2013). La
mayor parte  del hidroxitirosol ~se  conjuga en
glucuronoconjugados, que es la forma mas abundante en plasma
y con un gran potencial antioxidante. La utilizacion de un
antioxidante externo, basado en hidroxitirosol, para tratar de
reducir la peroxidacion lipidica en el medio de enriquecimiento,
es una practica totalmente novedosa ya que no existen estudios
previos usando hidroxitirosol en el enriquecimiento de presas

vivas.

McEvoy y cols. (1995) demostraron que existia
autoxidacion en enriquecimientos con emulsiones lipidicas
cuando Artemia estaba presente, mientras que las emulsiones en
el medio de enriquecimiento, pero sin Artemia, no produjeron
autoxidacion en el periodo experimental. Por tanto es esperable
que una vez introducido en el medio de enriquecimiento, con los
nauplios de Artemia presentes, el efecto protector del
hidroxitirosol actle debido a su naturaleza hidrosoluble,
protegiendo a los &cidos grasos de la oxidacion. De este modo,
cabe esperar que la oxidacion se reduzca antes de que los acidos
grasos sean ingeridos por Artemia, asegurando que su sistema

enzimatico antioxidante no se sature y permanezca activo.

181



Capitulo 7

Estudios previos han confirmado que los nauplios de Artemia
poseen los enzimas antioxidantes necesarios para metabolizar el
O, (SOD), H,0, (CAT y GPx) vy la actividad de hidroperoxidos
organicos (GPx) (Nunes y cols., 2006). Estos enzimas permiten
al organismo prevenir, interceptar y reparar el dafio causado por
los radicales libres (Olsen y cols., 2013). Sin embargo, durante
el enriquecimiento es posible que este mecanismo protector sea
insuficiente para prevenir el dafio oxidativo que se puede
producir en los HUFA de la emulsion lipidica los cuales son
muy propensos a la oxidacion, sobre todo bajo las condiciones
fisicas de un enriquecimiento (McEvoy y cols., 1995; Monroig y
cols., 2007).

El primer experimento del Capitulo 5, en el que se
analizaron los principales enzimas antioxidantes de nauplios de
Artemia enriquecidos con varios tratamientos (Tetraselmis
suecica, Saccharomyces cerevisiae, M70 y un grupo control sin
enriquecer), corrobor0 la hipotesis antes esbozada, el empleo de
M70 con nauplios de Artemia produce una peroxidacion lipidica
notable y activa toda la maquinaria enzimética antioxidante de
los nauplios con el fin de contrarrestar este estrés oxidativo. En
el segundo experimento del Capitulo5, se introdujo el
antioxidante externo (Hytolive), y se midié la actividad
antioxidante de nauplios sin enriquecer y enriquecidos con M70,

con y sin Hytolive afiadido, comparandola con la de nauplios
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enriquecidos con una emulsion comercial, concretamente DC

Super Selco (DCSS, Inve, Dendermonde, Bélgica).

Los resultados muestran que los nauplios de Artemia
enriquecidos con M70 y DCSS tienen niveles significativamente
mayores de peroxidacion lipidica (LPO) que los nauplios
enriquecidos con M70 suplementados con Hytolive y los del
grupo control. El enriquecimiento de Artemia se considera como
un proceso de “bioencapsulacion” en el que Artemia ingiere
particulas de enriquecimiento del medio hasta que su intestino
estd lleno (Figueiredo y cols., 2009). Por tanto, los lipidos
oxidados y otros productos toxicos potenciales pueden ser
asimismo filtrados por los nauplios de Artemia en los Gltimos
estadios del proceso de enriquecimiento (McEvoy y cols., 1995).
Al afadir Hytolive al tratamiento con M70, se disminuye la
peroxidacién lipidica y por tanto, la presencia de lipidos
oxidados disponibles en el medio, asegurando aparentemente
que la actividad de las enzimas antioxidantes no se sobresature y
provocando que el nivel de LPO se asemeje a la del grupo
control. Concretamente los niveles de LPO en el tratamiento con
la emulsién M70 suplementada con Hytolive se redujeron a la
mitad cuando se compararon con los niveles alcanzados al
utilizar la emulsién lipidica DCSS o M70 sin el antioxidante
externo. Estas diferencias se corroboran quimiométricamente al
analizar el grafico de puntuaciones del Analisis de Componentes

Principales (PCA, Principal Component Analysis) en el que el
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grupo de nauplios suplementados con Hytolive se separa
claramente del grupo de nauplios enriquecidos s6lo con M70
(Figura 5.4).

La disminucion de la peroxidacion lipidica en el
enriquecimiento de nauplios de Artemia al utilizar Hytolive
como antioxidante externo fue claramente notable, por lo que
también se estudio el efecto que podria ejercer la presencia de
este antioxidante sobre los niveles de acidos grasos en los
nauplios enriquecidos. Previamente ya se ha expuesto la
importancia del DHA para el correcto desarrollo del sistema
nervioso en vertebrados, incluyendo peces (Hamre y Harboe,
2008, Tocher, 2010), y de ahi que el enriquecimiento de las
presas vivas como Artemia, que de forma natural carece de
DHA, sea critico para el éxito del cultivo de larvas de peces,
particularmente de especies marinas (Tocher, 2010), e incluso
de otros organismo marinos. Claramente, la disminucion en la
peroxidacién lipidica al utilizar M70 como enriquecedor y
suplementado con Hytolive, también se traduce en un aumento

de los niveles de DHA y en una mayor relacion DHA/EPA.

Los resultados del Capitulo 5 resaltan el efecto protector
obtenido tras la adicion de un antioxidante al medio de cultivo y
el incremento potencial concomitante de la relacion DHA/EPA.
Como primera aproximacion, solo se ensay6 la concentracion de
0,04 g L™, y aunque los beneficios fueron ya significativos,

probablemente concentraciones mayores podrian producir
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mejores resultados, ya que hay evidencias de un efecto inhibidor
del Hytolive en la LPO a concentraciones mayores (Gargouri y
cols., 2011). Estudios sucesivos probando mayores
concentraciones son pues aconsejables para establecer si el

potencial antioxidante puede mejorar ain mas.

A lo largo del periodo de realizacion de la presente tesis
doctoral, se tuvo la oportunidad de probar la nueva emulsion
lipidica M70 a escala semi-industrial, en la cria larvaria de pulpo
comun (Octopus vulgaris), con el fin, entre otros, de determinar
si su alto contenido en DHA podia mejorar de alguna forma la
supervivencia en la cria de fases tempranas (paralarvas) de esta
especie.

El pulpo (Octopus vulgaris) es un molusco cefalépodo
presente en casi todos los mares del mundo (Caddy, 1983), que
se ha postulado en los ultimos afios como una de las especies
con mayor futuro en el campo de la acuicultura marina gracias a
su elevado valor comercial y a sus caracteristicas bioldgicas:
rapido crecimiento, alta fecundidad, resistencia a la
manipulacion y adaptacion a la vida en cautividad. A pesar de
que se ha avanzado bastante en el conocimiento de los aspectos
biolégicos y técnicos relacionados con su cria, el desarrollo
industrial del pulpo esta ain limitado debido a la imposibilidad
de obtener masivamente subadultos en cautividad, asi como, en

menor medida, a la ausencia de piensos artificiales con la
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apropiada composicion nutritiva que garanticen  unos

rendimientos satisfactorios.

Entre los muchos factores que pueden afectar al fracaso en
el cultivo del pulpo (fracaso entendido como elevadas
mortalidades en el paso de paralarvas a juveniles), Navarro y
Villanueva (2000, 2003) apuntaron a que un desequilibrio en los
lipidos y composicion de los &cidos grasos podian ser los
responsables de estas elevadas mortalidades. Su dieta “natural”
(larvas de crustaceos, copépodos, etc) tiene una composicion
lipidica notablemente diferente a la de Artemia enriquecida.
Mientras que los estadios tempranos de cefalépodos, al igual
que sus presas naturales, son bajos en lipidos totales y ricos en
lipidos polares (ricos en HUFA) y colesterol, el alimento
larvario artificial, entendiendo como tal Artemia en cualquiera
de sus formas (nauplios y metanauplios enriquecidos 0 no), es
rico en lipidos totales, y en particular en triacilglicéridos (TAG)
(Navarro y Villanueva, 2000, 2003).

Para intentar atenuar el posible desequilibrio entre lipidos
y composicién de acidos grasos sefialadas por Navarro y
Villanueva (2000, 2003), especialmente en lo que a la
concentracion de HUFA se refiere, se considero la utilizacion de
metanauplios de Artemia enriquecidos con M70 como dieta de
paralarvas en un cultivo piloto de pulpo atendiendo
especialmente al elevado contenido en DHA de esta emulsion.

Como se ha expuesto anteriormente, gracias a colaboraciones
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desarrolladas con el Instituto Espafiol de Oceanografia en su
sede de Vigo, en el ambito de proyectos del equipo de
investigacion, se tuvo la oportunidad de probar esta emulsion
enriqueciendo metanauplios de Artemia destinados al cultivo de
paralarvas de pulpo a escala semi-industrial (acuarios de 1000
L). El Capitulo 6 recoge los resultados obtenidos al alimentar
paralarvas de O. vulgaris con Artemia enriquecida con varios
tratamientos:  las  microalgas  Isochrisis galbana vy
Nannochloropsis sp., y con la emulsion M70. Se estudiaron
especialmente las diferencias en los perfiles lipidicos de las
paralarvas de pulpo alimentadas con estos tratamientos,
haciendo un seguimiento del crecimiento y la supervivencia

durante la cria paralarvaria.

El peso seco de las paralarvas de pulpo fue similar en
ambos tratamientos (1,8 * 0,3 mg para Isochrisis y
Nannochloropsis y 1,9 £ 0,2 mg para M70), sin embargo la
supervivencia a los 30 dias fue mayor con el tratamiento de
Isochrisis y Nannochloropsis (3% con M70 y del 22,5% con
Isochrisis 'y Nannochloropsis). En las paralarvas que
sobrevivieron con el tratamiento con Isochrisis 'y
Nannochloropsis se prolongd su cria hasta los 35 dias, pero su
supervivencia cay6 hasta el 3%, con lo que el aparente beneficio
que obtenido con este tratamiento se perdié una semana mas

tarde.
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El anélisis de las clases de lipidos de las paralarvas,
alimentadas tanto con Isochrisis y Nannochloropsis como con
M70, se revel6 que los lipidos polares (LP) fueron mas ricos en
EPA y DHA, lo que se tradujo en unos HUFA n-3 mas elevados.
Los lipidos neutros (LN) fueron més ricos en éacidos grasos
monoinsaturados. Estas diferencias en composicion de LP y LN
se corroboran graficamente al interpretar los resultados del PCA.
En el grafico de puntuaciones (Figura 6.1) se distinguen tres
grupos claramente diferenciados correspondientes a los perfiles
de é&cidos grasos de los lipidos totales, LN y LP de las
paralarvas. Las puntuaciones para los LP aparecen mas juntas
que las de los LN, indicando que su patron de acidos grasos es
mas semejante y remarcando el papel estructural de esta clase
lipidica (Gurr y Harwood, 1991).

Shchervakova (2012) observé que la composicion en
lipidos de la presa influia en la composicion lipidica de las
paralarvas de pulpo cultivadas. A fecha de hoy, la correlacion
entre la supervivencia y la composicién cualitativa de los lipidos
de la dieta de las paralarvas de pulpo estd por esclarecer
(Okumura y cols., 2005; Almansa y Cerezo, 2013; Reis y cols.,
2014). Este experimento no fue una excepcion, pero sirvié para
poner de manifiesto que la elevada cantidad de DHA de la
emulsion lipidica M70, se reflejo en las paralarvas de pulpo
alimentadas con este tratamiento, tanto en los lipidos totales

como en los polares. A pesar de ello, aparentemente, los
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resultados parecen indicar que las necesidades esenciales de las
paralarvas estdn suplidas tanto con Artemia enriquecida con
Isochrisis y Nannochloropsis como con M70, y que la presencia
de DHA en las paralarvas alimentadas con Isochrisis y
Nannochloropsis indica cierto grado de bioconversién por parte
de éstas, o de retencion selectiva de este componente esencial.
Seixas y cols. (2010) indican que, mas importante que los
requerimientos en los lipidos esenciales, lo es la adecuada
relacion proteina/lipido de las presas usadas como alimento en la
cria de paralarvas de pulpo comun. De cualquier modo las
masivas mortalidades obtenidas en los distintos experimentos

impiden sacar conclusiones claras.

Estudios recientes (Roura y cols., 2012; Jin y cols., 2014;
Li y Olsen, 2015) muestran que la distribucion de los n-3 HUFA
en LP y TAG de los nauplios de copépodos, alimento natural
tanto de paralarvas de pulpo como de larvas de peces marinos, y
de las presas vivas utilizadas en acuicultura, como Artemia y
rotiferos, son muy diferentes. Los nauplios de copépodos tienen
cerca del 50 % del DHA de los &cidos grasos totales en sus LP,
concretamente en los fosfolipidos (Li y Olsen, 2015), mientras
que los niveles de DHA en LP de Artemia y rotiferos son
bastante pobres incluso tras un enrigquecimiento en n-3 HUFA
(Guinot y cols., 2013; Jin y cols., 2014; Li y Olsen, 2015). En
las presas vivas enriquecidas, el contenido total de n-3 HUFA

puede ser relativamente elevado, pero la mayoria del DHA y del
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EPA est4 en forma de TAG (Coutteau y cols., 1997). Cada vez
mas estudios sugieren que el DHA asociado a los LP de la dieta,
estd mas disponible metabolicamente para las larvas de
organismos marinos (Olsen y cols., 2014) ya que éstas tienen
una limitada capacidad de biosintesis de novo de fosfolipidos
(Tocher y cols., 2008). Reis y cols. (2014) establecieron que no
solo el perfil de acidos grasos es crucial para el normal
desarrollo de paralarvas de O. vulgaris, sino que el modo en que
se presentan estos acidos grasos también es importante, ya que
influye en la biosintesis de clases lipidicas o en el intercambio

de &cidos grasos entre fosfolipidos y TAG.

Fuentes y cols. (2011) sefialan que las propuestas para
mejorar la cria de paralarvas de O. vulgaris se han realizado en
experimentos de laboratorio, y que su implementacion a escala
comercial es complicada. Actualmente siguen existiendo
dificultades para llevar a cabo la cria del pulpo en cautividad.
Este experimento se propuso en el contexto de que el bajo
contenido de DHA en dietas para las paralarvas de pulpo podia
ser una explicacion plausible a su elevada mortalidad. Iglesias y
cols. (2007) establecieron que unos de los principales factores
que influyen en la mortalidad de las paralarvas de pulpo son
aspectos nutricionales como los contenidos en fosfolipidos,
colesterol y é&cidos grasos. ElI contenido en HUFA,
especialmente  DHA 'y EPA, constituye uno de los

requerimientos basicos nutricionales para esta especie (lglesias y
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cols, 2007; Reis y cols., 2014). Los resultados de Iglesias y cols.
(2007) demostraron que, aunque el contenido en DHA de la
alimentacion empleada puede ser un factor determinante en la
viabilidad de las paralarvas, no es el Unico que explique las
diferencias en supervivencia. Ello no excluye que el uso de
emulsiones como M70 sea un medio eficaz de incrementar el
contenido en DHA en la dieta (y en la composicion corporal
final) de estadios iniciales de desarrollo de pulpo comin y

también de otras especies marinas.
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Conclusiones

1. M70 es una emulsién lipidica formulada a partir de DHA-
Algatrium, con un 70 % de DHA en su composicion,
destinada a enriquecer nauplios de Artemia. Este elevado
porcentaje de DHA permite que durante dicho
enriquecimiento se pueda revertir la relacion DHA/EPA
hasta valores superiores a 1, mas cercanos a los que

presenta el alimento natural (zooplancton).

2. Las condiciones 6ptimas que se han establecido para llevar
a cabo el enriquecimiento con la emulsion M70 son: flujos
de aire comprimido de 1 L min™, temperatura de cultivo
de 28 °C, una Unica dosis de 0,8 g L™ al comienzo de
dicho enriquecimiento, y una densidad de 300 nauplios

mL™,

3. El enriquecimiento de nauplios de Artemia utilizando la
emulsion M70, y otras ricas en &acidos grasos
poliinsaturados, aumenta la peroxidacion lipidica y ello se
refleja en la actividad de las principales enzimas
antioxidantes de los nauplios (SOD, CAT, GPx y GST),
empleadas como biomarcadores de oxidacion, en

comparacion a lo observado en nauplios sin enriquecer.

4. El enriquecimiento de nauplios de Artemia con la
emulsion M70 suplementada con un antioxidante

hidrosoluble externo natural basado en el extracto de oliva
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y especialmente rico en hidroxitirosol, provoca una mejora
en la actividad de los biomarcadores de oxidacion y

disminuye la peroxidacion lipidica.

5. El efecto protector del antioxidante externo natural basado
en extracto de oliva y muy rico en hidroxitirosol, se refleja
en el perfil lipidico de los nauplios de Artemia,
produciendo niveles més elevados de DHA y una relacion

DHA/EPA mas alta tras la adicién del mismo.

6. En pruebas semi-industriales, la alimentacion de
paralarvas de Octopus vulgaris con nauplios de Artemia
enriquecidos con M70, produjo rendimientos similares en
supervivencia y crecimiento a los obtenidos siguiendo los
protocolos de alimentacion estandarizados que, hasta la
fecha, producen los mejores resultados; a saber: nauplios
de Artemia enriquecidos con las algas Isochrisis galbana y

Nannochloropsis sp.

7. Las evidencias cientificas apuntan a que el DHA es un
nutriente esencial para la cria larvaria de O. vulgaris. La
alimentacion de las paralarvas con nauplios de Artemia
enriquecidos con la emulsion M70, se presenta como una
opcion particularmente eficaz a la hora de aumentar el
contenido en DHA de dichas paralarvas, siendo esta
condicion extrapolable al cultivo de otros organismos

marinos.
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Resumen

Los nauplios de Artemia se utilizan como presa viva en
criaderos de organimos marinos de todo el mundo debido a su
disponibilidad y digestibilidad, pero su valor nutricional no se
ajusta a las demandas o necesidades de las larvas de peces,
moluscos o0 crustaceos marinos, ya que carecen de los acidos
grasos esenciales (EFA, Essential Fatty Acids) para estos
organismos. Por tanto, es indispensable llevar a cabo un
enriquecimiento de los nauplios de Artemia. El enriquecimiento
consiste en incubaciones en agua de mar en la que se dispersan
productos ricos en EFA y que seran incorporados de forma
pasiva por los nauplios debido a su naturaleza de filtradores. A
pesar de los muchos avances que se han hecho en este campo, el
enriquecimiento en EFA de nauplios de Artemia continda siendo
un proceso ineficaz. Mientras que el enriquecimiento en acido
araquiddnico (20:4n-6, ARA) y acido eicosapentaenoico (20:5n-
3, EPA) se ha logrado facilmente, el enriquecimiento en &cido
docosahexaenoico (22:6n-3, DHA) sigue siendo dificultoso
debido a factores especificos que limitan su incorporacion a los
nauplios de Artemia, como los mecanismos de autoxidacion de
los &cidos grasos altamente insaturados (HUFA) de la emulsion,
que pueden ser especialmente severos con el DHA en
comparacién con otros HUFA debido a su larga cadena y alto
grado de insaturacion, y a la existencia de procesos de

retroconversion.
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Para superar los efectos adversos del enriquecimiento es
necesario desarrollar nuevas estrategias que permitan aumentar
el contenido en DHA de los nauplios de Artemia. Con el fin de
hacer frente a estos problemas durante el enriquecimiento, se
investigo la eficacia de una nueva emulsion lipidica (M70), con
un 70 % de DHA en su composicion.

Se probaron diferentes condiciones de enriquecimiento
con el fin de establecer un uso éptimo de la emulsién M70. Las
condiciones de enriquecimiento ensayadas fueron diferentes
regimenes de oxigenacion, temperaturas de incubacion,
concentraciones de producto enriquecedor y modos de
dosificacion, y de densidad naupliar. Todos estos parametros se
han considerado como relevantes durante el proceso de
enriquecimiento de presas vivas. Los resultados indican que la
utilizacion eficiente de la emulsion M70 para nauplios de
Artemia se logra con una temperatura de incubacion de 28°C, ya
que a esta temperatura se consigue un aumento en la
incorporacion de HUFA en los nauplios de Artemia en
comparacion con 24 °C. Una aireacion baja/moderada (1 L min’
1) produce mejores resultados que flujos mayores (3 L min™) ya
que inducen mayores turbulencias en el medio, lo que puede
afectar al comportamiento natatorio de los nauplios e incluso
dafar las estructuras filtradoras, dificultando asi la
incorporacion de las particulas del producto de enriquecimiento

en los nauplios. La densidad naupliar 6ptima se establecio en
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300 individuos por mL, ya que la eficacia del enriquecimiento
no varié entre 150 y 300 individuos por mL. Por otra parte, la
emulsion M70 se puede administrar a nauplios recién
eclosionados mediante una Unica dosis de hasta 0,8 g L™ al
comienzo del enriquecimiento sin que la mortalidad naupliar sea

evidente.

Utilizando la emulsiéon M70 en los enriquecimientos de
nauplios de Artemia se consiguieron unas relaciones de
DHA/EPA siempre superiores a 1,1, siendo las mas bajas las
correspondientes a condiciones experimentales subdptimas
(excesiva aireacion o bajas temperaturas). Asi, la relacion
DHA/EPA fue particularmente alta (1,8-1,9) cuando se
utilizaron las condiciones experimentales optimizadas, lo que

sugiere que éstas se habian establecido adecuadamente.

Los resultados en incorporacién de DHA con la emulsion
M70, aunque prometedores y més elevados que los alcanzados
con enriquecedores comerciales, sugieren la existencia de algin
factor que impide un enriquecimiento eficiente. A pesar de que
M70 contiene en su formulacion un antioxidante liposoluble no
se puede descartar la oxidacion del DHA como causa de la
limitada incorporacién de este &cido graso en los nauplios de
Artemia, ya que estudios anteriores, han establecido que la
autoxidacion se asocia a un descenso en la concentracion de
HUFA en los lipidos de nauplios de Artemia enriquecidos, en
particular en el EPA y en el DHA. La inclusién de un
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antioxidante soluble en agua, puede ser una opcion a la hora de
evitar o prevenir la oxidacion del DHA durante el
enriquecimiento  de  Artemia. El  hidroxitirosol  (3,4-
dihidroxifeniletanol) es una molécula polar que se encuentra en
la fraccion acuosa resultantes tras el proceso de molienda de las
olivas, con un alto poder antioxidante mayor que el de las
vitaminas antioxidantes y el de algunos antioxidantes sintéticos.
Teniendo en cuenta que no hay datos disponibles sobre su papel
como agente protector de las emulsiones lipidicas empleadas
para el enriquecimiento de presas vivas, se propuso investigar el
efecto protector de la adicion de dicho antioxidante utilizando el
compuesto natural Hytolive Protect (Genosa | + D Sl, Mélaga,
Espafia) durante el enriquecimiento de nauplios de Artemia con
M70. Para llevar a cabo este propdsito, se determinaron las
enzimas clave (superoxido dismutas, catalasa, glutation
peroxidasa y glutation-S-transferasa) como biomarcadores de la
actividad antioxidante, y la peroxidacion lipidica (LPO) de los
nauplios de Artemia enriquecidos. La utilizacion de Hytolive
mejoro la actividad enzimatica y la peroxidacion lipidica de los
nauplios de Artemia enriquecidos con M70 haciéndola més
similar a la de los grupos control sin enriquecer. Asimismo, los
resultados muestran que los niveles de DHA mas elevados se
obtuvieron en los nauplios enriquecidos con M70 suplementado
con Hytolive. El analisis quimiométrico de los datos sugiere
claramente, que la accion protectora del hidroxitirosol esta

teniendo lugar.
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El estudio sobre la utilizacion de la emulsion M70 se
completd con la utilizacion de Artemia enriquecida con dicha
emulsion para la alimentacion de paralarvas de pulpo comun
(Octopus vulgaris) en condiciones semi-industriales. En los
ultimos afos, el pulpo ha sido un candidato prometedor para la
acuicultura, pero, hasta la fecha, la cria de paralarvas esta
severamente limitada por la falta de éxito en la fase planctonica,
con mortalidades generalizadas que se producen antes del
asentamiento de los juveniles, habiéndose apuntado la carencia
de &cidos grasos esenciales del alimento como una de las

posibles causas.

Se compard el uso de metanauplios enriquecidos con M70
frente a otros enriquecidos con Isochrysis galbana vy
Nannochloropsis sp. (tratamiento Nanno), analizando el efecto
de dichas dietas sobre la composicién de acidos grasos de los
lipidos totales, polares y neutros de las paralarvas.

Los resultados muestran que el peso seco promedio de las
paralarvas de 28 dias de edad de ambos grupos dietéticos no fue
significativamente diferente y aunque la supervivencia a esta
edad se estim0, aproximadamente, en el 3% para M70 y 22,5%
para Nanno, el cultivo de las paralarvas de este ultimo grupo
experimental hasta los 35 dias, condujo asimismo a
supervivencias del 3%. Los resultados muestran sin embargo,

que las paralarvas alimentadas con Artemia enriquecida con
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M70 tenian niveles de DHA mas elevados, tanto en los lipidos
totales como en los polares.

A fecha de hoy, la relacion entre la supervivencia y la
composicion cualitativa de los lipidos de la dieta de las
paralarvas de pulpo esta aun por esclarecer. Este experimento
constatd que la elevada cantidad de DHA de la emulsion lipidica
M70, se trasladd a las paralarvas de pulpo alimentadas con este
tratamiento, evidenciandose como un medio eficaz de
incrementar el contenido en DHA en la dieta y en la
composicion corporal final de larvas de O. vulgaris, y por

extrapolacion, de otras especies marinas.

En conclusion, la utilizacion de la emulsion M70 para el
enriquecimiento de nauplios de Artemia es una herramienta Util
que produce unos excelentes resultados en cuanto a niveles de
DHA alcanzados, y que incluso revierte la relacion DHA/EPA
de los nauplios, haciéndola mas similar a la de las presas
naturales de las larvas de organismos marinos. Asimismo es un
medio eficaz de transferir DHA a organismos larvarios en

cultivo.
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Abstract

This study aimed to investigate practical strategies
to optimize the use of a high-docosshexaencic add
(DHA) lipid emulsion (M70), a product with great
potential in live prey enrichments for marine larvi-
culture. Considering its particularly high content in
DHA (22:6n-3), the adequate utilization of the
emulsion for Ariemia enrichments was evalated in
a series of six experiments. More specifically, the
bioencapsulation efficiency of M70 into Artemia
nauplii was tested under different experimental con-
ditions of oxygen source, aeration flow, incubation
temperature, concentration and dosage, as well as
nauplizl densities. Our results showed that an opti-
mal utilization of M7 is achieved with incubation
temperatures of 28°C, moderate acration flows and
nauplizl densities of 300 ind per ml. In addition,
the emulsion can be dispensed in the enrichment
medium in one single dose of 0.8 g L), with no
apparent detrimental effects on its oxidative stabil-
ity and Artemia nauplii survival during enrichment.

Keywaords: Artzmia, docosahexaenoic  add,
essential fatty acid, lipid emulsion, live prey
enrichment

Introduction

Marine fish, and particularly their larval stages,
hawe high reguirements for highly unsaturated
fatty acids (HUFA), induding the physiologicaly
active arachidonic (20:4n-6, ARA), eicosapentae-
noic (20:5n-3, EPA) and docosshexaencic adds

1

{22:6n-3, DHA). However, the essential fatty acids
(FFA) requirements of freshwater and salmonid
species can be met by inchiding the C18 polyun-
saturated fatty acids (PUFA) alinolenic acid
{18:3n-3, LNA) and linclde acid (18:2n-6, LA)
{Buzy, Henderson & Sargent 1996; Bell & Dick
2004), it & generally accepted that marine species
have limited capability for the biosynthesis of
HUFA from the C18 PUPA, although, exception-
ally, some species have been proved to express
genes encoding fatty acyl dessturases and don-
gases involved in these biochemical pathways
{Yamamoto, Ksbeya, Takeuchi, Alimuddin Haga,
Satoh, Takeuchi & Yoshizeli 2010; Monroig,
Webh, Iharra-Castro, Holt & Tocher 2011; Morais,
Mourente, Ortega, Tocher & Tocher 201 1) In con-
sequence, adequate levels of pre-formed ARA, EPA
and DHA need to be supplied through the diet to
ensure normal growth and development (Bell,
Batty, Dick, Fretwell, Mavarro & Sargent 1995
Estévez, McEvoy, Bal & Sargent 1998, 1999; Sar-
gent, Tocher & Bell 2002; Bell, McEvoy, Esteves,
Shiekds & Sargent 2003; Tochea 2003; Benitez-
Santana, Masuda, Juarem,  Ganuza, Valenda,
Hernandez-Cruz & Izquierdo 2007).

Artemia nauplii are widdy used as live prey in
marine fish hatcheries worldwide, due to their
availability and digestibility (Léger, Bengtson,
Simpson & Sorgeloos 1986). The nutritional value
of Artemia nauplii, however, is not adequate for
marine fish larvae since they are largely deficient
in essential HUFA, particularly DHA (Koven,
Tandler, Kissil, Sklan, Friezlander & Harel 1990).

€ 2013 John Wiley & Sons [4d
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In order to overcame the problem, Artemia naupli
are enriched through incubations in seawater
containing HIF A-rich products that are passively
incorporate by the nauplii (Léger e al. 1986). This
procedure is called  bicencapsulation (Navarro,
Henderson, McEvoy, Bdl & Amat 1999). Many dif-
ferent enrichment diets have been used to enhance
Artemia FFA contents: micoalgae (Watanabe,
Ohta, Kitsjima & Fujita 1982; Aragio, Conceigio,
Dinis & Hans-Jargen 2004), microcapsules (South-
gate & Lou 1995), liposomes (Hontoria, Crowe,
Crowe & Amat 1994; McEvoy, Navarro, Hontoria,
Amat & Ssrgent 1996; Monroig, Navarro, Amat,
Gonzélez, Amat & Hontoria 2003; Monroig, Nav-
arro, Amat, Gonzdlez, Bermejo & Hontoria 2006&;
Monroig, Mavarro, Amat, Gonzalez & Hontoria
2006h.c) and lipd emulsions (Léger et al 1986;
Evjema, Couttean, (Msen & Sorgeloos 1997 Han,
Geurden & Sorgeloos 20000, 2001 ; Han, Geurden,
Van der Meeren, Bai & Sorgeloos 2005).

Lipid emulsions are arguably the most extended
enrichment diet= and a big variety of products are
now commercially available. Composition of com-
mercigal lipid emulsions basically consists of fish oils,
with other minor components including emulsify-
ing agents, vitamins and fatty add (FA) derivatives
such as fatty acid ethyl esters (FAEE) added to com-
pensate suboptimal natural profiles of fish gil (Mon-
roig. Navarro, Amat & Hontoria 2007 ). Although
the effidency of enrichment protocols with emulsi-
fied diets= & normally highe than that of other
enrichment products (Coutteau & Sorgeloos 1997
Sorgeloos, Dhert & Candreva 2001), their use has
been related with detrimental side effects. Among
them, the autoxidation of HUFA (McEvoy, Navarro,
Bel & Sargent 19935; Sargent, McEvoy & Bel
1997) and the consequent biorcoumulation of
potentially toxic lipid peroxides into larvae fed
emulsion-enriched Artemia (Monroig 2006) have
been  described.  Furthermore, autooddaton  of
HUFA-ich products might deplete dissolved oxygen
(M} levels in the enrichment mediom and thus
can further compromise the overall performance of
the enrichment process as wel as favour Artemin
mortalities (Léger, Bengtson, Sorgeloos, Simpson &
Beck 1987; Figneredo, van Woesik, Lin & Narciso
20009). Importantly, the most hindering and yet
unresolved drawback fom the use of emulkion-
based enrichers inwolves specific dificulties in
inmersing the DHA content of naupli.

The low dficiency of DHA enrichment in Art-
emia nauplii has been adknowledged as a8 major

obstack for ther use as live prey for first-foeding
larvae of marine fish (Bel et al 2003; Haché &
Plante 2011). While the bioencapsulation of other
HIFA induding EPA and ARA has been readily
achieved (Villelta, Estévez & Bransden 2005a; Vill-
alta, Estévez, Bransden & Bell 20005h), spedfic fac-
tors determining the limited DHA incorporation
into Artemia appear to exist. On one hand, the au-
tooxidation mechanisms mentioned above might
be particularly severe for DHA compared with
other HUFA, due to its longer chain length and
higher unsaturation degree (Cosgrove, Church &
Pryor 198 7). On the other hand, biological factors
related to Artemia physiology also need to be con-
sidered. Maturally occurring trace levels of DHA
found in Artemia lipids (Evjemo et al. 1997) sug-
gest that Artemin DHA requirements are low, and
excessive DHA input occurring during enrichment
might be compensated through DHA retroconwver-
sion to FPA (Watansbe, Kitajima & Fujita 1983;
Barclay & Zeller 1996; Furuita, Takeuchi, Tovota
& Watanabe 1996; Evjemo et . 1997, Navarro
ef al. 1999}, In order to overcome such adverse
eflects, novel enrichment strategies to enhance the
IHA contents of Artemia naupli need to be devel
oped.

In this study, we investigated the efficiency of a
DHA-rich oil emulsion (M70) as enrichment diet
for Artemiag naupli. Considering the particular
aspects derived from its DHA-rich nature, a series
of experiments were carried out to establish an
optimal use of M70 unde different oxygenation
regimes, incubation temperatures, enrichment
product concentrations and dosage modes, as well
as different nauplial densities. All the investigated
parameters were previously shown as relevant
aspects during live prey enrichment procedures
(Van Stappen 1996; Han et al 2000, 2001; Mon-
roig ef al. 2006ab; Sui, Wille, Cheng & Sorgeloos
2007; Hamre & Harboe 2008; Figueiredo o al.
200090,

Materials and methods

Emukion formulation

The experimental lipid emulsion M70 consisted of
a 1:1 (v/v) cil/water suspension, of which the syn-
thetic «il DHA Algatrium (Brudy, Barcelona,
Spain) contained ~70% DHA of total FA in the
form of ethyl esters. Xanthan gum ((0.36%) and
Tween 80 (0.10%) were used as stabilizer and

2013 John Wikey & Sons Lad, Aqusculture Resegrch, 46, 10661077 1067
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emulsifier respectively (Giner 20003). M70 formula-
tion was developed by Archivel Technologies SL.
(Barcelona, Spain) and the The Physical and
Sensory Properties Laboratory at the Instituto de
Agroquimica ¥ Temologia de los  Alimentos
(IATA-CSIC, Valencia, Spain), The FA profiles of
the M70 emulsion are reported in Table 1.

Artemnia naupli enrichments: general conditions

Low HUFA containing Artemin naupli  were
obtained from the hatching of EG grade cysts (Inve,
Ghent, Belgium). After an incubation period of
23 h at 28°C, nauplii were colleted and rinsed
with tap water to remove the hatching metabolites
and debris. Newly hatched naupli were thereafter
placed in 1 L cylinder-conical glass vessels contain-
ing seawater for further enrichment with the
experimental emulsion M70. Unless otherwise sta-
ted, Artemio enrichments were carried ont at 28°C,

Table 1 Fatty acid composition (per cent of total fatty
acide) of the enrichment products M7 and DC Super
Seleo (DOSS, Inve) utilized in this study

Fatty scid [T DCSss
140 a1 13
160 08 52
1EinT 04 14
180 LT 27
1&1n-3 az a2
ikin7 a5 16
826 a7 48
1&3n-3 08 10
ddn-3 04 i8
20D NO [
2king a3 23
203n- ai i
2irdn- 24 16
203n-3 ai 13-
20edn-3 as 1.1
20503 7 Al
2240 ai .4
22in11 i oz
225n-3 27 -3
226n2 703 205
Saturated ia 163
Mo cun atumad 52 185
Palyunsaturatod a1 B2
HUFA n-3 813 556
HUFA n-& ag 25
DHAEPA mio ai 0%

Mo mot detectsd: HIFA n-3: 220c3n-3; HOFA nefic 220:2n-;
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aeration of 1 L min~", difusion system consisting
of & 25-cm long and (. 5-cm-dismeter section glass
tube applied from the bottom of the vessel nauplial
density of 300 naupli per mL, and product concen-
trations of (L8 g L= for M7 0 dispensed in a single
dose at the beginning of the enrichment process.
All the enrichment treatments were run in tripli-
cates (n = 3). After an enrichment period of 21 h,
samples of Artemia naupli were collected by filter-
ing the enrichment medium through & 100 pm
mesh carefully washed with tap water in order to
diminate remains of emukion adhered to the
nauplial shells, and subsequently rinsed with dis-
tilled water. Artemia samples were frozen at — 20°C
and freeze-dried previous to FA analysis,

Artemia nauplii enrichment with M 70: protocol
optimization

Optimal conditions for the use of M70 in Artemia
enrichments were assessed by analyzing the FA
compesition of the nauplii obtained from & series
of experiments (1-6) varying the type and source
of aeration, temperature, dosage and concentra-
tion of enrichment product and nauplial density.
Conditions for each subsequent experiment were
estzblished based on the results from preceding
experiments (Table 2).

Experiment 1: effects of oxpgen source

The effects of air quality on the enrichment effi-
dency of the emulsion M70 were tested. Three dif-
ferent treatments, all providing & feirly constant
D0 content above the recommended 4 mg L7
(Van Stappen 1996), were tested: ‘oxygen’, with
pure oxygen; ‘air’, with compressed &ir; and ‘mix-
ture’, with both pure oxygen and aeration.
Experiment 2: effects of aeration

In arder to assess the efiects of the seration level in
the Artemia enrichment with M70, three different
air flows were tested: ‘1 lpm', ‘2 lpm' and ‘3 lpm'
with air flows of 1.0, 2.0 and 3.0 L min™", respec-
tively, being used. Air flows were individually con-
trolled in each enrichment vessel by means of &
rotameter (Key Instruments, Trevose, PA, TTSA ).

Experiment 3: effects of temperature

The effects of temperature in the enrichment pro-
cess were assessed by incubating the nanpli in the
presence of M70 at 24°C (treatment ‘24C° or
28°%C (treatment ‘28C°). The temperature was kept
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Table 2 Experimental conditions set up in the experiments carried out in this study. DC Super Seleo (D58, Inve) was
wsed as contm] treatment in Experiment 6 as indicated in Materials and methods

Product
O ygan Ak flow Temp tisn Hauplial don sty
Treatmant source L min~") {*C) gL" Dosas {maupdii par mL)
Exp. 1
Choygan Chpgan i 28 a8 i 00
At At i 28 i ] i 00
Mixhura Chopgean-Air 1 28 a8 1 00
Exp. 2
1 lpm A 1 28 a8 1 00
2pm Air 2 28 a8 i 00
apm At E] 28 i ] i 00
Exp 3
24C At i 24 i ] i 00
e A 1 28 a8 1 00
Exp. 4
a6 At i 28 i i 00
aa Air i 28 a8 i 00
Exp &
2 dosas A 1 28 a8 2 00
1 dasa A 1 28 iT] 1 200
Exp
Lew dans Air i 28 a8 i 150
High dans At i 28 a8 i 00
A 1 28 as 1 00

(£1°C) constant by pladng the enrichment vessels
in a thermostatic hath.

Experiment 4 effects of enrichment product
oomcent ration

The dfects of the MTD concentration on the enrich-
ment efficiency were evaluated by enriching Arteniz
at two diffierent concentrations: 0.8 g M70 L™
(reatment ‘0.8°), this concentration being equiva-
lent to D6 gL' recommended for commercial
emulsions after correction for the water content dif-
ference; and 006 g M70 L~ (treatment *0.6').

Experiment 5: effects of product dosage

In order to assess the offects of the enrichment
product dosage on Artemia bioencapsulation, two
experimental  treatments  were  established:
‘2 doses’, with M70 emukion being splitted into
two doses supplying 0.4 g L' at the beginning of
the enrichment process and 0.4 g L' after 7 h
‘1 dose’, with the enrichment digt M70 being sup-
plied in a single dose of 0.8 g L' at the heginning
of the enrichment process,

Experiment 6 effects of nauplial density

The effect of nauplial density in the Artemia enrich-
ment with M70 was evaluated by maubating the
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nauplii &t two different densities: 150 (treatment
Tow dens') and 300 naupli per ml (trestment
‘high dens’). As the last of our experiments aiming
at optimization of M70) as enrichment diet, Experi-
ment & was carried out under those experimental
conditions (oxygen source, seration flow, tempera-
ture, product concentration and product dosage)
that had produced the optimal enrichment results
in the preceding Experiments 1-5. Maoreover, we
compared the enrichment performance of M70
with that of DC Super Selco (‘1SS Inve), & com-
merdal product basically consisting of a fish il
emulsion. I Super Seleo enrichment was carried
out under the same conditions of M70, except for
the product concentration, 0.8 g L~ for M70, and
0.6 g L™ lor DOSS, to compensate for the different
water content of both products ( 50/% and 30% for
M7 and DCSS, respectively), & mentioned hefore.

Total lipids and FA analyses

Total lipids were extracted (Fokh, Lees & Sloane
Stanley 1957) from naupli freeze-dried samples,
measured gravimetrically (XS105 Mettler Toledo,
Switzerland), and stored in chloroform: methanol
(2:1; w/'v) containing (.01% butylated hydroxytol-
uene (BHT) at —20°C until further use. Total lipids
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were subjected to add catalyzed transmethylation
for 16 h &t 30°C using 1 mL toluene and 2 mL of
1% (w'v) sulphuric acid in methanol (Christie
2003). Fatty add methyl esters (FAME) were
extracted with hexane:diethyl ether (1:1; w/v) con-
taining 0.01% BHT and purified by thinlayer
chromatography (Silica ged GRO, 200 x 20 cm
glass plates, Merck, Darmstadt, Germany) using
hexanediethyl etheracetic acid (85:15:1.5; vfvfv)
ag a solvent system. Fatty acid methy] esters were
then analysed with a Fisons Instruments GC 8000
Series (Rodano, Italy) gas chromatograph. Peaks
were recorded using the Azur software package
(version  4.0.2.0. Datalys, France). Individual
FAME were identified by comparison with known
standards. The relative amount of each FA was
expressed as & percentage of the total amount of
FA.

Statistical analysis

Analytical data were expressed as means + 5D
(n = 3). Differences between freatments were anal-
ysod by one-way amova, bollowed by either Bonker-
roni's multiple comparison test or a Student's
t-test when only two groups were compared (Sokal
& Rohlf 1981). If heterogeneity of wvariances
existed, Welch test was used to detect differences,
followed by Games—Howel test to assess the difler-
ences between groups. When significance was
P = (0L.05, means were considered statistically dil-
ferent. The FA analytical data from Experiment 6,
for which a comparison with the commercial prod-
uct DOSS was carried out, were further analysed
by multivariate Principal Components Analysis
(PCA), in order to highlight the eflects of factors
enrichment diet and nauplial density., Statistical
analyses were performed using the SPSS statistical
package (SPSS Inc., Chicago, IL, TISA)

Results

Experiment 1: effect of oxygen source

Although the THA bioencapsulation into Artemia
nauplii did not show statistical differences among
the trestments in Experiment 1, the levels of EPA
and ARA in nauplii from ‘air’ reatment were sig-
nificantly higher than those of treatments, ‘oxy-
gen' and ‘mixture’ (Table 3). Thus, the DHAFPA
ratio also showed statistically significant difler-
ences and Artemia from ‘oxygen’ treatment had

higher THAEPA walues (1.8 £+ (.0) in compari-
son with naupli from treatments ‘air’ and ‘mix-
ture’ (1.6 £ 0L1). As & preliminary conclusion
from Experiment 1, I#A levds were similar in
naupli from all treatments and thus use of pure
oxygen did not improve the enrichment effidency
af a more readily available source like compressed
AT,

Experiment 2: offect of aeration

The FA proflles of the Artemia naupli enriched
under different air flows (‘1 lpm', ‘2 lpm' and
‘3 lpm') are shown in Table 3. Our results sug-
gested that M70 enrichments are more officient
under relatively low air flows, Thus, the DHA con-
tents of Artemia from treatment ‘1 lpm' were sig-
nificantly higher than those of Artemia from
treatment ‘3 lpm'. This was ako reflected in the
DHASFPA ratio of both treatments, being 1.4 and
1.3 for ‘1 lpm' and ‘3 lpm’ treatments respectively.
Experiment 2 results allowed us to conclude that
enrichment procedures st 1 Lmin~' improved
M7 binencapsulation efficiency.

Experiment 3: effoct of temperature

Table 3 shows the FA profiles of Artemia naupli
enriched with M70 at 24 and 28°C. Qur results
indicated that the contents of ARA, FPA and
DHA, as well the ratio DHAFPA, were signifi-
cantly higher in naupli incubated at 28°C than at
24°C. Overall, 28°C was confirmed to be a mare
adequate incubation temperature for M70 enrich-
ments compared to 247,

Experiment 4: effect of product concentration

Experiment 4 compared the HUFA bioencapsula-
tion performance of M70 dispensed to Artemiz
naupli & produt concentrations of L6 or
0.8 g L', Generally, no differences emong eny of
each individual FA analysed were detected
between both treatments (P = 0.03), possibly due
to a remarkably high variability in the FA con-
tents of '0.6" naupli. Despite no significantly differ-
ent, average DHA contents in naupli from
treatment ‘0.8 (8.3 + (0.2) were still higher than
those of ‘0.6 naupli (6.6 £ 200 (Table 3). Maore-
over, statistically significant inmeases of the DHAS
EPA ratio were observed for M70 concentrations
of 0.8 g L. We could therdfore condude that an
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M70 concentration of 08 gL' produced hetter
binencapsulation results than 0.6 g L~

Experiment 5: effect of product dosage

The results from Experiment 5 indicated that dis-
pensation of the enrichment produg M70 in one
or two doses did not produce differences in the FA
profiles from Artemia lipids (Table 3). It was con-
cluded that dispensing the produst M70 in one
single dose at the beginning of the enrichment
process was a mare practical and simpler strategy.

Effects of nauplial density

No efiect of the nauplial density (150 and 300
nauplii per mL) on the enrichment perfbrmance
with M70 was ohserved. Thus, no significant
differences among any of the FA analysed could
be established. Interestingly, a notable impact on
Artemiz FA profiles was observed when comparing
the enrichment products M70 and the commercial
emulsion DCSS, the control treatment in Experi-
ment f. The enrichment comparisons with S8
showed that difierences were mainly attributable
to the effect of enrichment product (Teble 3). This
was further corroborated by the PCA, with the
first component (PC1) explaining 92.5% and the
second £.5% (Fig. la), and subsequent score plot
(Fig. 1b) that revealed two groups separated in the
first component on the basis of the enrichment
product used, whereas no separation based on the
nauplial density was achieved. The association of
the two groups to their respective wvariables
allowed to identify 18:1n-9, LA and FPA with
IS8 and 160y, 18:0, 18:1n-7, INA, ARA and
DHA with M70 in the first component.

Discussion

It has been often reported in the literature that
binencapsulation of HUEA into Artemian nauplii is
particularly difficult to achieve (Mavarro ot al1999;
Bell et al 2003). Among the factors believed to
account for such limited efficiency fbr HUFA delivery,
some have a particular relevance when DHA-rich
enrichment products are used. Here, we investi-
gated diverse practical strategies to optimize the use
of the emulsion M7, a product with great potential
for its use in Artemin enrichments,

Dissolved oxygen availsbility in the olure
medium & criticel for Artemis survivel during

enrichment, and W) concentrations above 4 mg
L™ have been proposed (Van Stappen 1996)
While standard enrichment procedures invaolve the
use of compressed air to provide adequate levels
IM), pure oxygen supply is particularly recom-
mended when IO levels can be potentially com-
promised. That might be the case of live prey
enrichments with high-DHA contents, as oxygen
depleting processes such as lipid peroxidation are
epedally favoured (McEwoy et al. 1995 Ries
20009). We therefore compared the performance of
pure oxygen vs. compressed air when using M70
as enrichment diet, and concdude that no difer-
ence in either the HUFA bicencapsulation into
Artemia or nauplial mortality was observed. Alto-
gether, Fxperiment 1 allowed us to conclude that
oxygen supplied with compressed air & an eflective
diffision system to meet the ) demands in
enrichment procedures with M70, and that other
more expensive alternatives such as pure oxygen
are not required.

Other factors like air flow and temperature dur-
ing the enrichment procedure also need to be con-
sidered when a compromise between  lipid
peraxidation, oxygen supply and enrichment effi-
dency & pursued. In addition to oxygen solubility
and its potential consequences in lipid peroxida-
tion, the air flow during enrichment also deter-
mines the overall turbulence in the medinm It
has been suggested that highly turbulent condi-
tions during enrichment might impede the normal
swimming behaviour of nauplii and damage the
nauplial filratory structures, thus ultimately hin-
dering the incorporation of the enrichment prod-
uct particles (Navarro ef al. 1999 Monroig ef al
2006b). In agreement with those findings, the
emulsion M7 exhibited & higher HUUFA hioencap-
sulation dficiency when uotilized at moderate air
flows (‘1 lpm') than that at highly turbulent con-
diionz ('3 lpm'). In contrast with the results
reported by Monroig ef a. (2006b), who invest-
gated the enrichment efficiency of HUF A-rich lipo-
somes under the same &r flow conditions set for
Experiment 2, the enrichment with M70 did not
produce &n excessive foam in the mediuom and
thus the Artemia mortality caused by such an
dfect did not occur for any of the air flow studied.

Temperature of the enrichment medium is a key
factor for efficient hicencapsulation of HIFA into
Artemia. Beyond controlling the oxygen solubility
and lipid peroxidation mechanisms, temperature
alzo determines the metabolic capability of Artemia
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Figure 1 Compment plot (a) and factor score plot (b) of the multivariate Principal Components Analysi of selected
FA from total lipids of enriched Artemia nauplii from Experiment 6.

naupli and therefore important development land-
marks such as the mouth opening and wvitdum
absorption, as well as the onset of filtering/nata-
tory appendixes (Hochanchka & Somero 1984;
Anger 2001). Qur results indicated that enhanced
HUFA enrichment was achieved at 28°C compared
with 24°C, this being consistent with the wast
majority of studies in which 28°C has been estab-
lished &s preferred enrichment temperature (Harel,
Oekdzikik, Lund, Behrens & Place 1999; Han ef al
20001; Sui ef al. 2007; Boglino, Darias, OrtizThel-
gado, (mcan, Fstéver, Andree, Hontoria, Sarasquete
& Gisbert 20012). In contrast, relatively low tempera-
tures (21-22°C) were established in other studies

(Garcia, Parrish & Brown 2008; Figueredo e al.
2009), but unfortunately no spedfic ressons for the
chaice of these low temperatures, and the causes of
their diects were given. Since the enrichment effi-
ciency of M70 did not appear to be compromised by
potentially more pro-oxidant temperatures (' 280" vs.
2407), we continued our investigations evaliating
other experimental parameters potentially aflecting
the oxidative stability of M70 and consequently its
HIF A bioencapsulation efficacy.

Another strategy to presave DHA<ich enrich-
ment diets from oxidation involves an adequate
dosage along the enrichment protocol. While one
single dose at the beginning of the enrichment
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process appears to be the most extended dosage
mode (Estéwez ef a. 1999 Villalta et al. 2005abj,
two doses, one at the beginning of the enrich-
ment process and another one &t mid-period (Bvj-
emo ef . 1997; Estévez eof al 199%; Han ef al.
2000, 2001; Eviemo, Danielsen & Olsen 2001;
Sui et al 2007; Hamre & Harboe 2008) might
contribute to reduce lipid peroxidation &s the time
of exposure to pro-oxidant conditions (continuous
light, high tempersture and bmited M) is mini-
mized. The results from this study confirmed that
no differences in HUFA bioencapsulation existed
when M70 was dispensed in one or two doses,
and thus the oddative stability of M70 enables
this enrichment diegt to be dispmsed in a unigue
dose without any evident detrimental eflect in
tems of HUFA incorporation over 21h  aof
incuhation.

(ur experiments investigating the effects of the
M70 concentration and the nauplial density on
Artemin bioencapsulation dificiency evidenced that
M70 behaved similar to other enrichment prod-
ucts, and no spedal specification derived from its
particularly high-DHA content needs to be consid-
ered. Thus, & dose of 0.8 g L~! of M7D, eguivalent
in dry weight basiz to the recommended 0.6 g L1
for commercial products (McEwvoy ef . 1995,
199 6; McEvoy, Navarro, Amat & Sargent 1997;
Smith, Ritar, Phleger, Nelson, Mooney, Nichols &
Hart 2002, Vilalte et al. 2005ab; Sui ef al
2007), resulted in inoreased DHA bioencapsulation
into Artemin compared to lower concentration
enrichments, At first glance, no significant differ-
ences in DHA contents between Artemia enriched
at M7D concentrations of 0.6 and 0.8 gL~
would have indicated that a concentration of
0.6 g M70 L™ was sufficient to produce as much
DHA enrichment as (L8 g L=, However, the high
variability observed in the FA profiles from Artemia
enriched at concentration of 0.6 g L~ could have
certzinly masked a lowered bioencapsulation effi-
cieney in comparison with that obtained at
0.8 gL™!. Indeed we did obseve significant
higher DHA/EP A ratio, as well as higher average
contents of ndividual DHA for Artemia enriched at
0.8 g M70 L™ These results enshled us to choose
0.8 g L™! of the M7 emulsion as a more ade-
quate enricher concentration than 0.6 g L™ In
addiion, our experiment assessing the dfect of
nauplizl density on HIUFA enrichment revesled
that M70) can be used at nauplial densities of 300
nauplii per ml., with the potential imitation of DO

not causing any apparent effiect on nauplial motl-
ity (Southgate & Lou 1995). Qualitative (FA pro-
file) enrichment dficiency of M70 did not vary
between 1500 and 300 naupli per ml.. However,
from & quantitative point of wiew (lipid %), a
higher uptake of enrichment product was achieved
at 150 nauplii per mL. Thus, any positive cost-
diectiveness aspects related, among others, to a
maore restricted utilzation of enrichment product,
pointing & 300 nauplii per ml as the recom-
mended nauplial density for M70 enrichments,
has to be counterbalanced by the higher uptake
achieved at lower nauplizl density.

The DHAFPA ratio is a common hiochemical
parameter used to evaluate the nutritional suitahil-
ity of diets for marine finfish larviculture (Reitan,
Rainuzo & Olsen 1994; Evjemo o al 1997). For
instance, the yolk of marine fish epps and the
palar lipids of copepodites, natural preys of marine
fish larvae in the wild, have DHAFPA ratios
around 2.0 (Fraser, Sargent & Gamble 1989; M-
woy et al. 1997; Sargent et al. 1997; Sorgeloos
et al. 2001; Fxjemo, Retan & Olsen 2003; Van
der Meeren, (dsen, Hamre & Fyhn 2008). Gener-
ally, the results from this study showed that the
emulsion M70 allowed us to cbtain in most cases
Artemia naupli with DHA/FPA ratics above 1.3
and only suboptimal experimental conditions (i.e
excessive agation or rdatively low tempersture)
resulted in lower values, It is worth mentioning
that the DHA/EPA ratios of Artemis nauplii were
particularly high (1.8-1.9) for Experiment 6, sup-
porting that the final (optimied) experimental
conditions developed for & more efident use of
M70 &= enrichment diet had been adeguately
established. Mareover,

M70enriched nauplii had higher DHA individual
contents and DHA/EPA  ratios than naupli
enriched with commerdal enrichment products
like the one utilized in this study (IXCSS) and previ-
ous studies (Léger of al. 1986 Woods 2003; Lund,
Steenfeldt & Hanses 2007; Naz 2008). Interest-
ingly, Hache and Plante (2011) recently reported
DHAYEPA ratios of 3.6 in Artemia nauplii enriched
with Algamac 3050, & commercial product based
on spray-dried cells of the merine protist Schizochy-
trium sp. (Barclay & Zeller 1996). Since DHA
concentration of Algamac 3030 (~20% of total
FA) i lower than that of M70(~70%), kdors pos-
sibly related to the physical and biochemical nat-
ure of Algamac 3050 might sccount for such
unexpectedly high HUFA bioencapsulation. Never-
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theless, the results obtained from this study clearly
show that M70 emulsion was able to consistently
produce DHASEP A ratios above 1 in Artemia lipids,
with particularly high values when optimized con-
ditions are used.

In summary, the results from this study indi-
cated that an dfident utilization of the emulsion
M70 as enrichment diet for Artemia nauplii is
achieved with incubation temperstures of 28°C,
low/moderate seration (1 L min™") and nauplial
densities of 150 ind per ml. Moreover, the emul-
gsion M70 can be administered to newly hatched
nauplii through & single dose of 0.8 g L™, with
no detrimental effects such as DHA sutooxidation
and nauplial mortalities becoming apparent.
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Abstract

Artemia nauplii catabolise polyunsaturated fatty acids
(PUFA); in particular, they retroconvert docosahexaenoic acid
(DHA, 22:6n-3), so enrichment is a continuous quest towards
increasing PUFA through the use of PUFA-rich enrichment
products. However, optimal conditions during enrichment
(aeration, illumination and temperatures around 28 °C) tend to
accelerate autoxidation of PUFA, and the formation of
potentially toxic oxidation products. Water-soluble antioxidants
like the polyphenolic compound hydroxytyrosol (3,4-
dihydroxyphenylethanol), a polar molecule found in the water
fraction resulting after the milling process of olives, arise as
promising compounds to prevent oxidation during Artemia
enrichments. We investigated the antioxidant activity and lipid
peroxidation in Artemia nauplii during enrichment, and the

effect of adding an external antioxidant based on hydroxytyrosol

228



Anexo

during the enrichment with a PUFA-rich emulsion (M70). For
this purpose, the activity of antioxidant enzymes (catalase,
superoxide dismutase, glutathione-S-transferase, glutathione
peroxidase), as well as lipid peroxidation, were determined in
enriched and unenriched Artemia nauplii. To validate
antioxidant activity and lipid peroxidation, in a first experiment,
nauplii were enriched with microalgae (Tetraselmis suecica),
yeast (Saccharomyces cerevisiae) and M70 emulsion. In a
second experiment, enrichment with a commercial emulsion
(DC Super Selco), M70, and a combination of M70 and
hydroxytyrosol (Hytolive, HYT) added as an external
antioxidant was performed. The combination of M70 with HYT
produced the best results, in terms of activity of antioxidant
enzymes. The analysis of the fatty acids from total lipids showed
that the addition of hydroxytyrosol preserved the DHA

percentage of enriched nauplii.
1. Introduction

Adequate provision of polyunsaturated fatty acids (PUFA)
is important in the diet of marine organisms, in particular during
early life stages, where these compounds accumulate in rapidly
developing tissues such as brain and eye (Bell et al., 1995, 2003;
Benitez-Santana et al., 2007; Tocher, 2010). Thus, enrichment
of live preys like Artemia, which are naturally deficient of
essential PUFA such as docosahexaenoic acid (22:6n-3, DHA),

is critical for the survival and normal development of larval
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stages of marine organisms, and thus the production of good
quality fingerlings (Hamre & Harboe, 2008; Tocher, 2010).

McEvoy et al. (1995) investigated the stability of PUFA in
lipid emulsions throughout the enrichment process since optimal
enrichment conditions such as vigorous aeration, illumination
and temperature of 28 °C, tend to accelerate autoxidation of
PUFA and the formation of potentially toxic oxidation products.
It was found that, at later stages of the enrichment process, all
the emulsions tested showed autoxidation associated to notable
decreases in the concentration of PUFA in the lipids of Artemia
nauplii, particularly for eicosapentaenoic acid (EPA, 20:5n-3)
and DHA. Interestingly, it was reported that autoxidation of
enrichment diets occurred even in commercial emulsions that
are formulated with antioxidants. Beyond the decrease in the
enrichment efficiency described above, the study of autoxidation
in enrichment diets is also important because it implies that
Artemia nauplii can accumulate potentially toxic oxidation
products that can compromise the health and survival of fish and
crustacean larvae. In fact, McEvoy et al. (1995) recommended
that Artemia enrichments, particularly those with DHA-rich
emulsions, should be shortened so that the alluded to
accumulation of potentially toxic compounds in nauplii could be

reduced.

We have recently investigated the efficiency of a DHA-
rich oil emulsion (M70) as enrichment diet for Artemia nauplii
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(Viciano et al., 2015). M70 consists of a 1:1 (v/v) oil/water
suspension, based on the synthetic oil DHA Algatrium (Brudy
Technology, Barcelona, Spain) that contains 70% of total fatty
acids as DHA in the form of ethyl esters (Viciano et al., 2015).
Additionally, the emulsion M70 is also formulated with
Tocobiol Plus (BTSA Biotecnologias Aplicadas, Madrid,
Spain), a liposoluble antioxidant. Considering the particular
aspects derived from its DHA-rich nature, a series of
experiments were carried out to optimise the use of M70 under
different enrichment conditions including oxygenation regime,
incubation temperature, nauplial density and enrichment product
concentration and dosage mode, which have been regarded as
important factors determining the enrichment efficiency (Van
Stappen, 1996; Han et al., 2000, 2001; Monroig et al., 200643, b;
Sui et al., 2007; Hamre & Harboe, 2008; Figueiredo et al.,
2009). Importantly, our results suggested that, despite the likely
preservative action of the liposoluble antioxidant Tocobiol Plus,
oxidation of DHA contained in M70 could not be ruled out as
suggested by relatively low DHA incorporation in Artemia

nauplii (Viciano et al., 2015).

Pro-oxidative conditions during enrichment could partly
explain massive mortalities events reported in the literature
during enrichments (Monroig et al., 2006b), since they can alter
the capacity of live preys for catalyzing oxidative reactions,

leading to the production of reactive oxygen species (ROS) as a
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general pathway of toxicity causing oxidative stress
(Livingstone, 2001; Barata et al., 2005b). ROS include
superoxide anion radical (O;), hydrogen peroxide (H.O,) and
hydroxyl radical (OH") (Correia et al., 2003), compounds that
are involved in cellular damage and with the capacity to
promote morphological and physiological failures and
peroxidation of PUFA, all this leading to pathologies and
compromising normal development (Tovar-Ramirez et al.,
2010). To minimize oxidative damage to cellular components,
organisms have developed key antioxidant enzyme defences that

can be used as biomarkers (Barata et al., 2005a, b).

Water-soluble antioxidants appear to have potential for
preventing DHA oxidation during Artemia enrichments. In a
number of studies, the polyphenolic compound hydroxytyrosol
(3,4-dihydroxyphenylethanol) (Hao et al., 2010), has been
shown to be more efficient than antioxidant vitamins and
synthetic antioxidants (Gordon et al., 2001; Gonzalez, 2005;
Deiana et al., 2008; Fernandez-Bolafios et al., 2008).
Hydroxytyrosol is a polar molecule found in the water fraction
resulting after the milling process of olives (Schaffer et al.,
2007). Several studies have investigated the potent activity of
hydroxytyrosol to neutralize free radicals and slow oxidative
stress (Chimi et al., 1991; Visioli et al., 1998, 2000). To the best
of our knowledge, there are no data available concerning its
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potential role as protective agent of oil emulsions used for live

prey enrichments.

The global aim of the present study was to investigate the
protective effects of the addition of an external water-soluble
natural olive fruit extract, rich in the polyphenol hydroxytyrosol
(HYT, Hytolive Protect, Genosa 1+D S.I., Malaga, Spain), to the
enrichment of Artemia nauplii with a DHA-rich oil emulsion
(M70). For this purpose, key enzymes (superoxide dismutase,
catalase, glutathione peroxidase, glutathione-S-transferase) as
biomarkers of antioxidant activity, and the lipid peroxidation of
enriched Artemia nauplii were determined. To the best of our
knowledge, such an approach has never been used before to
study the effects of oxidation during enrichment. Two
experiments were performed. Experiment 1 aimed at
establishing the baseline of lipid oxidation in the enrichment of
Artemia nauplii. We analyzed the antioxidant activity and lipid
peroxidation of Artemia nauplii enriched with M70, and
compared them with those of nauplii enriched with yeast
Saccharomyces cerevisiae or the green microalgae Tetraselmis
suecica, as well as those of non-enriched nauplii. Yeast and
green microalgae are known to have antioxidant properties
(Greetham & Grant, 2009; Lee et al., 2009). Experiment 2,
aimed at studying the effect of the external antioxidant HYT
during enrichment with high PUFA emulsions. For this purpose

we determined the antioxidant activity, lipid peroxidation and
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fatty acid composition of: a) non-enriched nauplii, used as a
control; b) nauplii enriched with a commercial emulsion (DC
Super Selco, DCSS, Inve, Dendermonde, Belgium), as reference
of conventional enrichment; c) nauplii enriched with M70; and
d) nauplii enriched with M70 plus the water-soluble antioxidant
HYT.

2. Materials and methods

2.1 Experimental design

Artemia nauplii were obtained from the hatching of EG
grade cysts (Inve, Dendermonde, Belgium). After an incubation
period of 23 h at 28 °C, nauplii were collected and rinsed with
tap water to remove the hatching debris and metabolites. Newly
hatched nauplii were thereafter placed in 1 L cylinder-conical
vessels containing seawater.

The Artemia enrichments were performed for 21 h with
incubation temperatures of 28 £ 1 °C, low/moderate aeration (1
L min™), the air diffusion system consisting of a 25 cm long and
0.5 cm-diameter section glass tube applied from the bottom of
the vessel. Nauplial densities were 300 nauplii mL™ (Monroig et
al., 2006a, b), and illumination was 1500 lux (Viciano et al.,
2015). The temperature was kept (x1 °C) constant by placing the
hatching and enrichment vessels in a thermostatic bath. The
enrichment product was dispensed in a single dose at the
beginning of the incubation.

234



Anexo

All the enrichment treatments were run in triplicates
(n=3). After an enrichment period, samples of Artemia nauplii
were collected by filtering the enrichment medium through a
100 um mesh carefully washed with tap water and subsequently
rinsed with distilled water.

Experiment 1: Baseline of M70 oxidation

Antioxidant activity and lipid peroxidation levels were
determined in Artemia nauplii enriched with: a) 0.6 g L*
Saccharomyces cerevisiae (fresh yeast (Levital, Lesaffre Ibérica
S.A., Valladolid, Spain) dispersed in sea water using a mixer for
2 minutes), b) Tetraselmis suecica (algal culture stock from
IATS facilities, at 300000 + 20000 cells mL™), ¢) 0.8 g L™ M70
emulsion (dispersed in sea water using a mixer for 2 minutes in
a single dose at the beginning of the enrichment period), and d)
a control group consisting of unenriched Artemia nauplii kept in
the same conditions.

Experiment 2: External antioxidant

Antioxidant activity, fatty acid profile and lipid
peroxidation of Artemia nauplii enriched with 06 g L*
commercial emulsion DCSS, 0.8 g L™ M70 emulsion, 0.8 g L™
M70 in combination with 0.04 g L™ of exogenously added
water-soluble antioxidant HYT (hereafter named M70+HYT
treatment) and a control group of unenriched Artemia nauplii
were compared. All enrichment media were dispersed in sea
water using a domestic blender for 2 min.

2.2 Sample preparation for antioxidant enzymes
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After enrichment, nauplii were filtered through a 100 um
mesh, washed with distilled water and kept at -80 °C until
analysis. Samples were processed as soon as possible and
always within 3 h of the end of the enrichment period to avoid
possible oxidation during the storage. Artemia samples were
homogenized in a 1:4 wet weight: buffer volume ratio in 100
mM phosphate buffer, pH 7.4 at 4 °C, containing 100 mM KClI
and 1 mM ethylenediaminetetrasacetic acid (EDTA).
Homogenates were further centrifuged at 10000 g for 10 min,
and supernatants were immediately used as enzyme sources.
Supernatant proteins were measured by the Bradford method
(Bradford, 1976) using bovine serum albumin as standard.

2.3 Enzymatic activities

The following enzymatic activities were measured in
Artemia homogenates: Superoxide dismutase, SOD (EC
1.15.1.1, converts O, to H,0,); catalase, CAT (EC 1.11.1.6,
reduces H,O, to water); glutathione peroxidise, GPx (EC
1.11.1.9, detoxifies H,O, or organic hydroperoxides produced
e.g. by lipid peroxidation); and Glutathione-S-transferase, GST
(EC 2.5.1.18, plays a role preventing oxidative damage by
conjugating breakdown products of lipid peroxides to
glutathione (GSH)) (Barata et al., 2005a, b; Tovar-Ramirez et
al., 2010).

All the enzymatic assays were measured as described by
Barata et al. (2005a, b). The final results for enzymatic activities
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were normalized by protein content. Assays were run at least in
duplicate.

2.4 Lipid peroxides

Another factor affecting the potential oxidative damage is
the level of target molecules like PUFA, which are easily
oxidized by ROS in lipid peroxides (Di Giulio et al., 1995).
Lipid peroxidation was evaluated analysing the lipid
peroxidation levels (LPO). Malondialdehyde (MDA) is a
common substance produced in lipid peroxidation. LPO method
Is based in the reaction of MDA with N-methyl-2-phenylindole
(NMPI) to form a coloured complex with known absorbance
(586 nm) (Esterbauer et al.,, 1991). By this method the
interference from other lipid peroxidation products (such as 4-
hydroxyalkenals) is minimized.

2.5 Fatty acid analysis

Fatty acid analyses were performed to check any
protective effect of the external antioxidant (mainly on PUFA).
Thus, in Experiment 2, two samples of each replicate of every
treatment (Artemia enriched with the different diets) were
obtained, one was assigned to the analysis of enzymatic activity
(processed as specified above), and the other was freeze-dried to
proceed with the analysis of total lipids and fatty acids. Total
lipids were extracted following the method of Folch et al.
(1957), and analyses of fatty acids were carried out following
the methods described in Viciano et al. (2015).

2.6 Statistical analysis
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Analytical data were expressed as means * standard
deviation (SD) (n=3). When more than two means were
compared, differences with control group were analysed by
Dunnett test (Dunnett, 1964). Dunnett test is a multiple
comparison procedure and is performed by computing a Student
t-statistic for each experimental or treatment group, where the
statistic compares the treatment group to a single control group.
When significance was P<0.05, means were considered
statistically different. For pair-wise comparisons a Student t test
was used.

Enzyme activities analytical data, and highly unsaturated
fatty acids (HUFA), fatty acids of 20 or more atoms of carbon
and two or more double bonds, which are considered to have the
highest oxidative potential (Barata et al., 2005c), were included
as variables in multivariate Principal Component Analyses
(PCA), to highlight the effects of the different treatments on the
patterns of enzyme activities and on the fatty acid profiles
composition. With such a parsimonious approach, the dataset of
variables is reduced into a smaller set of factors or components.
Parsimony is achieved by explaining the maximum amount of
common variance in a correlation matrix using the smallest
number of explanatory concepts. Factors are statistical entities
that can be visualized as classification axes along which
measurement variables can be plotted, providing an idea of their
correlation with the corresponding factor (loading). Score plots

are a graphical representation of individual (treatment groups)
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scores in the new subset of measurement variables (factors).
They illustrate the relationship among individual cases
(treatment groups), and the variables, and help in the analysis of
data by showing graphical display. Statistical analyses were
performed using the SPSS statistical package (SPSS Inc.,
Chicago, IL, USA).

3. Results

Experiment 1: Baseline of M70 oxidation

Figure 1 illustrates the levels of enzymatic activities and
LPO measured in the control group and in the Artemia nauplii
enriched with different treatments. The Tetraselmis group was
not significantly different from control group in any of the
enzymatic activities or LPO measured. Yeast treatment
presented lower activities of SOD, GPx-Tot and GPx-Se, but a
high GST activity. M70 group showed a decreased activity of
SOD and GPx-Tot and a significant (P<0.05) increase, near two-

fold relatively to control animals, in LPO.

The component plot (Figure 2a) obtained from PCA shows
variables that were responsible for separation along the two
principal components. The first two components of the PCA
explained more than 68% of total variance (43.9% and 24.2%
for the first and second component, PC1 and PC2, respectively).
The factor score plot (Figure 2b) showed groups separated in the
second component on the basis of lipid peroxidation. M70
treatment appeared to be related with high loads of LPO and
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clearly separated from the other treatments. Control and
Tetraselmis treatments appeared very close to each other and on
the opposite side of M70 treatment, indicating less lipid
peroxidation, and higher activities of GPx-Tot, GPx-Se and
SOD than M70. The Yeast treatment was related to high GST
activity. This graph allowed us to establish the baseline of
antioxidant activity for the M70 emulsion, and to investigate the
effect of including an external antioxidant into the enrichment

media.
Experiment 2: External antioxidant

Figure 3 shows the enzyme activities and levels of LPO of
the control and enriched Artemia nauplii with and without the
antioxidant HYT. Observed patterns of antioxidant enzyme
activities and LPO levels for M70 versus controls were quite
similar to those reported in Figure 1, except for GST. Artemia
nauplii incubated with the two tested enriched media (DCSS and
M70) showed similar enzymatic activity and LPO patterns. The
addition of the antioxidant HYT decreased the activities of CAT
and GST, and increased those of GPx-Tot of Artemia nauplii
enriched with M70.

LPO were significantly (P<0.05) higher in nauplii
enriched with DCSS and M70 treatments. Adding an external
antioxidant (HYT) dramatically reduced LPO.
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Table 1 lists the main fatty acids (% of total fatty acids)
from total lipids of Artemia nauplii enriched with different
treatments. EPA values were significantly (P<0.05) higher in
DCSS treatment (12.2 + 2.6) compared to all other treatments.
The n-3 HUFA increased in all treatments when compared with
the control group, but n-6 HUFA were only significantly
(P<0.05) higher in M70+HYT treatment. DHA levels were
significantly (P<0.05) higher in M70+HYT treatment compared
to other treatments, and this result is reflected in the highest
DHA/EPA ratio among all treatments.

Figure 4a illustrates the component plot for the enzymatic
activity and HUFA data. The two first components of PCA
accounted for the 66.9 % of variation, PC1 explaining 45.0%
and PC2 explaining 21.9% of the variation of the data set.
Figure 4b shows the factor score plot based on enrichment and
antioxidant scores from the constituent variables. All treatments
were clearly separated from each other, with control treatment to
the left, DCSS and M70+HYT in the middle, and M70 to the
right. The PCA grouping indicates that M70 treatment has
higher LPO than the other treatments. Figure 4 also shows that
the scores of M70+HYT treatment were associate to both n-3
and n-6 HUFA variables pointing at the protective role of HYT

during enrichment.

Analysing the PCA results of both experiments, the M70
group is always linked to lipid peroxidation as evidenced by the
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association of the scores to the location of the LPO variable in
the components graph. The association is lost by adding HYT to
the enrichment. The separation of the two groups (M70 and
M70+HYT) was achieved, with the LPO values of M70+HYT
treatment approaching those of the commercial emulsion DCSS
and control group.

4. Discussion

High levels of DHA are important in the development of
nervous and sensory system during early development of
vertebrates, including fish (Hamre & Harboe, 2008; Tocher,
2010). For that reason, enrichment of live preys including
Artemia that naturally lack DHA is critical for the successful
rearing of fish larvae, particularly those from marine species
(Tocher, 2010). DHA levels achieved in Artemia nauplii with
the M70 and M70+HYT treatments were different. The
DHA/EPA ratio is a common biochemical parameter used to
evaluate the nutritional suitability of diets for marine finfish
larviculture (Evjemo et al., 1997), and high DHA/EPA ratios
were also reported as important to promote growth, stress
resistance and pigmentation (Mourente et al., 1993; Reitan et al.,
1994; Sorgeloos et al., 2001). Rodriguez et al. (1997) observed
significantly higher growth rates in sea bream larvae fed rotifers
with a DHA/EPA ratio of 1.5 compared to those fed DHA/EPA
ratio < 0.6. In natural preys such as copepods, this ratio is
around 2.0 (Fraser et al., 1989; Sorgeloos et al., 2001; Van der
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Meeren et al., 2011). Currently satisfactory results in an
enrichment process with Artemia nauplii is achieved with
DHA/EPA ratios of 2 and higher (Dhert et al., 1993; Sorgeloos
et al., 2001) but, on the other hand, this has been acknowledged
as a major challenge due to an apparent inability of Artemia
nauplii to retain DHA (Evjemo et al., 1997). In fact, Artemia
nauplii actively retroconvert DHA to EPA during and after
enrichment (Navarro et al., 1999). Thus, enrichment of Artemia
nauplii is a continuous quest towards increasing PUFA and
DHA, and despite the use of high DHA emulsions like M70
which consistently produces Artemia DHA/EPA ratios higher
than 1 (Viciano et al., 2015), the fact that it only produces
moderate levels of DHA in the enriched nauplii (5-8 % of total
fatty acids) illustrates the problems of DHA retroconversion in
Artemia.

Artemia nauplii possess antioxidant enzymes required to
metabolize O, (SOD), H,O, (CAT and GPx) and organic
hydroperoxides activity (GPx-Se) (Nunes et al., 2006). These
enzymes allow the organism to prevent, intercept and repair the
damage caused by the free radicals (Olsen et al., 2013).
However, during live feed enrichments, it is possible that these
endogenous protective mechanisms are not sufficient to prevent
oxidative damage as HUFA contained in the enrichment diet are
very prone to oxidation, particularly under physical-chemical
conditions set up during the enrichment procedures (McEvoy et
al., 1995; Monroig et al., 2007), thus contributing to the low

243



Anexo

efficiency in HUFA enrichment in general and DHA in
particular.

SOD is the first defence mechanism in the detoxification
process and, along with CAT, is regarded as playing an
important antioxidant role in aquatic invertebrates (Livingstone,
1991; Barata et al., 2005b). In Experiment 1, SOD activity was
inhibited in the nauplii enriched with yeast and M70, in
comparison with those enriched with Tetraselmis, and the
control group (unenriched nauplii). These differences can be
explained by SOD modus operandi, with SOD activity
increasing in early stages of oxidative stress when ROS
abundance increases. If the oxidative stress persists, SOD
becomes depleted and unable to cope with free radicals
(Lukaszewicz-Hussan & Moniuszko-Jakoniuk, 2004). This is
consistent with increased LPO levels achieved in Artemia
nauplii enriched with M70 and yeast in Experiment 1. In
Experiment 2 differences in SOD activity were not observed,
although lipid peroxidation in M70 treatment was very high.
Inter experiment difference in SOD supports the previous
argument that antioxidant enzyme activities are transient
(Livingstone, 1991; Barata et al., 2005Db).

The response to oxidative stress has been related to
increased CAT activities (Tovar-Ramirez et al., 2010) and
therefore, the activity of this enzyme is expected to increase
with the presence of substrates that enhance or produce ROS
(Barata et al., 2005a; Tovar-Ramirez et al., 2010). In this study,
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CAT activity in Artemia nauplii from the control group
remained at low levels, increasing in those nauplii enriched with
yeast, Tetraselmis, DCSS or M70 emulsion. Nauplii enriched
with a combination of the DHA-rich emulsion M70 and the
antioxidant Hytolive (HYT) treatment showed significantly
lower CAT activities than those enriched with the same
emulsion (M70) without antioxidant, and a commercial
emulsion (DCSS). Clearly, these results strongly suggest the
protective effect of Hytolive added to the enrichment diet. CAT
and GPx have complementary roles in the detoxification of
hydrogen peroxides, but have different subcellular localization
(peroxisomal and cytosolic, respectively) and affinity for H,O,
levels. Thus, high levels of H,O, produce an increased affinity
for CAT, whereas low levels of H,O, produce an increased
affinity for GPx (Orbea et al., 2000; Barata et al., 2005b).
Interestingly, GPx activity (GPx-Tot and GPx-Se) reached the
highest values in unenriched nauplii (control). On the contrary,
Artemia nauplii enriched with M70 showed low activity values
for both GPx enzymes, suggesting high levels of H,O, and
oxidative stress. Addition of the antioxidant HYT increased the
GPx activity in nauplii enriched with M70 and, together with the
decreased CAT activity mentioned above, made the nauplii
enriched with M70+HYT exhibit the best antioxidant status
among all enrichment diets tested and most closely resembled
the control Artemia. These results clearly indicate that the

Hytolive exerts an effective antioxidant effect during Artemia
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enrichment and, in addition to lipophilic antioxidants that are
commonly used in the formulation of enrichment diets, inclusion
of water-soluble antioxidants may also help live preys to cope
with exposure to toxic oxidized compounds.

GSTs are a family of Phase Il detoxification enzymes that
catalyze the conjugation of glutathione (GSH) to a wide variety
of endogenous and exogenous electrophilic compounds
(Townsend & Tew, 2003). GST activity detoxifies endogenous
compounds such as peroxidized lipids and enables the
breakdown of xenobiotics (Sherrat & Hayes, 2001). GST
activity was higher than the experimental control in nauplii
enriched with yeast, DCSS, M70 (Expt. 2) and M70+HYT
treatment. This is consistent with previous reports showing that
GST activity increases in response to exogenous chemical
sources including those promoting ROS (Barata et al., 2005b).
Increased GST activity indicates indirect conjugation to its
endogenous substrate during Phase Il detoxification, which
would help eliminate toxic metabolites (Townsend & Tew,
2003). Phenolic compounds from olive oil can restore redox
balance by free radical quenching (El-Azem, 2013). By
neutralizing the free radicals formed, the amount of antioxidant
enzymes such as GSH is preserved in the body (Masella et al.,
2004; El-Azem, 2013). The previous effect may explain the
slight but significant reduction of GST in Artemia nauplii co-
exposed to M70 and HYT.
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Because ROS have extremely short half-lives, they are
difficult to measure directly and therefore oxidative stress can be
inferred through measurement of several products of the damage
produced (Pryor, 1991). Lipid peroxidation (LPO) can be
considered an index of oxidative damage to lipids produced by
toxic compounds (Ferndndez et al., 2012). Results from this
study showed that Artemia nauplii enriched with M70 and
DCSS emulsions presented significantly higher LPO levels than
those supplemented with HYT and the control group.

It is reasonable to assume that lipid peroxides and other
potentially toxic oxidation products are filtered by Artemia
nauplii during the enrichment procedure (McEvoy et al., 1995).
Artemia enrichment is largely regarded as a “bioencapsulation”
process whereby the Artemia ingest enrichment diet particles
until the gut is full (Figueiredo et al., 2009). The
supplementation of M70 enrichments with HYT was
hypothesised to decrease the lipid peroxidation and therefore the
presence of oxidized lipid available in the enrichment media.
Consequently, the PCA results strongly suggest that such a
protective action from HYT took place, as the HYT-
supplemented treatment clearly separated from the M70 group,
the latter containing higher levels of the oxidation biomarker
LPO. There are no previous studies using hydroxytyrosol on live
prey enrichment. In humans, hydroxytyrosol is rapidly absorbed
in a dose-dependent manner in the small intestine and colon by

bidirectional passive diffusion (ElI-Azem, 2013), and then is
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mostly conjugated as glucuronoconjugates, the most abundant
form found in plasma. From this conjugated form, it displays its
antioxidant potential. Hydroxytyrosol is rapidly metabolized
and, after five minutes of administration, it is possible to find
derivatives in plasma (Miro-Casas et al., 2003). McEvoy et al.
(1995) demonstrated autoxidation in three enrichment emulsions
when Artemia were present, however the oil emulsions in the
control media without Artemia did not show autoxidation within
the experimental period. It is expected that once introduced into
the enrichment media, with the brine shrimp present, the
protective effect of hydroxytyrosol begins due to its water
soluble nature, protecting against oxidation of the fatty acids.
Thereby oxidation may be reduced before the fatty acids
entrance in the digestive tract of Artemia, ensuring that the
enzymatic system is not oversaturated and remains active. This
is shown in the improvement of the enzymatic activity when
hydroxytyrosol was added in the enrichment medium.

In conclusion, the addition of a natural water-soluble olive
fruit extract with a high amount of hydroxytyrosol to the lipid
emulsion enrichment improves the antioxidant defence of
Artemia nauplii and decreases the levels of the oxidative
biomarker LPO. Moreover, the addition of this olive fruit extract
makes the activity of all antioxidant enzymes in Artemia
enriched with a DHA-rich oil emulsion resemble those of
homeostasis as defined by unenriched nauplii. Such an

antioxidant protective role of hydroxytyrosol is reflected in the
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lipid profile of Artemia, since higher levels of DHA and a higher
DHA/EPA ratio were found in nauplii enriched in the presence
of hydroxytyrosol. As a first approach, here, only a
concentration of 0.04 g L™ was tested and, although the benefits
prove significant, probably higher concentrations would produce
even better results, since there is evidence of an inhibitory effect
of HYT in LPO at increasing concentrations (Gargouri et al.,
2011). Thus further dose dependent studies are advisable in
order to establish if the antioxidant potential can be further
enhanced and to verify how this improvement may be applicable
in large-scale enrichments.
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Tables

Table 1. Selected fatty acids (percentage of total fatty acids)
from enriched Artemia nauplii from Experiment 2. Data
represent means + SD (n=3). Treatments with asterisk are
significantly different (P < 0.05) from control treatment
(Dunnett test). If no superscript appears, values are not different.
T-Student test was performed between M70 and M70+HYT
treatments, and statistical differences were marked with a capital

letter superscript (A, B)

% Fatty acids Control DCSS M70 M70+HYT
14:0 1.140.1 1.0+0.1 1.24+0.2 1.1+0.1
16:0 12.2#0.7 10.0+0.5°  10.8+0.3°  10.8+0.4
16:1n-9 0.6+0.1 0.5+0.1 0.7+0.1 0.7+0.2
16:1n-7 2.4+0.1 2.3+0.2 2.440.1 2.3+0.1
18:0 6.7+0.0 5.0+0.1" 5.0+0.1" 5.0+0.1"
18:1n-9 17.5+0.9 16.4+0.8 15.740.7°  15.5+0.3"
18:1n-7 8.6+0.4 6.7+05 7.1+05" 6.840.2"
18:2n-6 5.4+0.1 5.9+0.4 5.1+0.3 4.9+0.1
18:3n-3 25.1+0.6 22.0+0.8°  25.5+0.7% 23.8+0.4°
18:4n-3 3.240.1 2.840.2 3.1+0.3 3.0£0.0
20:0 0.240.0 0.2+0.0 0.240.0 0.240.0
20:2n-6 0.240.0 0.3+0.0 0.240.0 0.240.0
20:3n-6 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0
20:4n-6 0.8+0.1 1.0+0.2 1.1+0.17 1.2+0.0°
20:3n-3 0.7+0.0 0.6+0.0 0.7+0.1 0.6+0.0
20:4n-3 0.6+0.0 0.8+0.0 0.6+0.0 0.6+0.0
20:5n-3 2.2+0.4 12.0+2.6"  4.3+0.7 4.6+0.2
22:0 0.4+0.0 0.3+0.0 0.3+0.0" 0.3+0.0°
22:5n-3 0.0£0.0 0.4+0.1" 0.4+0.1" 0.5+0.0"
22:6n-3 0.1+0.0 2.4+0.3" 5.1+0.8""  8.4+0.5™®
Saturated 22.840.8 18.1+0.8"  19.5+0.4°  19.0+0.6"
Monounsaturated 31.0+0.9 28.6+1.0° 27.4+1.2°  26.7+05"
Polyunsaturated 40.0+1.4 48.0+2.5°  47.9+0.9°  49.1+1.0°
HUFA n-3 36405 155+52°  12.0#3.0° 14.3+1.3"
HUFA n-6 1.440.3 1.640.2 1.9+0.2 2.240.2"
DHAJEPA ratio 0.0£0.0 0.2+0.1° 1.240.1"*  1.8+0.0™®
Total FAME (mg g™*) 43.747.9 138.3¥12.1° 105.7+17.1° 121.3#9.2"
% Lipid (DW) 20.9+0.4 27.8+1.3 27.4+0.5 26.2+0.4

HUFA n-3: >20:3n-3; HUFA n-6: >20:2n-6; DHA/EPA:
docosahexaenoic/eicosapentaenoic fatty acid ratio
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Figure captions

Figure 1. Activity of Catalase (CAT), superoxide dismutase
(SOD), total glutathione peroxidase (GPx Total), Selenium
dependent glutathione peroxidase (GPx Se-dep), glutathione-s-
transferase (GST) and lipid peroxidation (LPO) in whole body
of Artemia nauplii enriched with M70 emulsion, Tetraselmis
suecica algae, yeast (Saccharomyces cerevisiae) and non-
enriched Artemia. Asterisk shows statistical differences between
the different treatments and the control group (Dunnett test).

Figure 2. Component plot (a) and factor score plot (b) of the
multivariate  Principal Components Analysis of lipid
peroxidation (LPOprot) and antioxidant enzymes (Catalase
(CAT), glutathione-s-transferase (GST), superoxide dismutase
(SOD), total glutathione peroxidase (GPxTot), Selenium
dependent glutathione peroxidase (GPxSe)) of enriched Artemia
nauplii with M70 emulsion, Tetraselmis suecica algae (Tetra),
yeast (Saccharomyces cerevisiae) and non-enriched Artemia
from Experiment 1.

Figure 3. Activity of Catalase (CAT), superoxide dismutase
(SOD), total glutathione peroxidase (GPx Total), Selenium
dependent glutathione peroxidase (GPx Se-dep), glutathione-s-
transferase (GST) and lipid peroxidation (LPO) in whole body
of non-enriched Artemia nauplii and Artemia nauplii enriched
with commercial emulsion DCSS, M70 emulsion and M70
emulsion in combination with an external antioxidant HYT,
M70+HYT treatment. Asterisk shows statistical differences
between the treatment and the control group (Dunnett test) and
lowercase letter superscript shows statistical differences
between M70 and M70+HYT treatment (Student t-test).

Figure 4. Component plot (a) and factor score plot (b) of the
multivariate  Principal Components Analysis of lipid

258



Anexo

peroxidation (LPOprot), antioxidant enzymes (Catalase (CAT),
glutathione-s-transferase (GST), superoxide dismutase (SOD),
total glutathione peroxidase (GPxTot), Selenium dependent
glutathione peroxidase (GPxSe)) and total HUFA (n-3 and n-6
series) of enriched Artemia nauplii with commercial emulsion
DCSS, M70 emulsion, M70 emulsion in combination with an
external antioxidant, HYT (M70+HYT treatment) and non-
enriched Artemia from Experiment 2.
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Figure 1
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Figure 3
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Figure 4
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Abstract

Rearing of common octopus Octopus vulgaris is
limited by the lack of success during the pamlareal
stage, with genemlized mortalities occurring before
the settlement of the juveniles The use of
omegrown  Artemia cultured with the microalgs
1sochrysis galbana and further enriched with Nanno-
chloropsis sp. has led to & certain degree of success,
The present work aims at studying the effects of this
rearing protocol {Manno) on the fatty acid composi-
tion of pamlarvae, by comparizon with a diet based
on on-grown Artemia further enriched with a high
palyunsaturated fatty acid oil emulsion (M700. After
28 days, survival was estimated at 3% for M7 and
225% for Nanno, whereas the avemsge dry weight
was not significantly different (Nanno: 176 £+

028 mg; M7 L8 + (122 mg). Although apparently
no clear association between the fatty acid composi-
tion of the enriched preys and that of the total lipids
of paralarvae could be established, further fractiona-
tion and fatty acid analysis of the total lipids into
polar and neutral classes, followed by principal com-
ponents analysis, revealed that irrespective of the
diet, both lipid frections showed distinet fatty acid
patterns, Besides, the fatty acid composition of the
polar lipids was mare conservative, whereas that of
the neutral lipids was more influenced by the diet,
showing more variation among dietary treatments.

Keywords: Octopus vulgaris paralarvae, lipids,
fatty acids, Artemia
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Introduction

In recent years, commaon octopus Octopus vulgaris
has been targeted as a promising candidate for aqua-
culture but, to date, paralarvae rearing is severdy
limited by the lack of success during the planktonic
stage, with generalized mortalities occurring before
the settlement of the juveniles.

Thelife cyele of @ vulgaris under conditions of cap-
tivity was completed for the first time in 20001 (Igle-
sigs, (Otero, Moxica, Fuentes & Sanchez 20041, using
Artemia and Majz zoeae as prey. Althongh some suc-
cessful aaltures of a reduced number of paralarvae
up to juweniles and ewen sub-adults hawe been
achieved (Moxica, Linames, (tero, Iglesias & Sanchez
2002, Iglesias et al. 2004; Carrasoo, Arronte & Rodri-
guez 2006, these experiences have been mainly
occasional, anecdotic and, needless to say, economic-
ally profitless

According to Navarro and Villaneva (2000, 2003),
among others, & lack of balance in the lipid and fatty
acid composition of the food could be esponsible for
the high maortalities encountered in therearing of the
paralarval stages of (1 vulgariz These authors studied
the lipid requirements of early stages of cephalopods
to conclude that a nutritional imbalance in the lipid
and fatty acid profile of the artifidal feding protocal,
based on Artemia, may be responsible for the high
mortaliies encountered. Octopus vulgaris require
feeding on low-lipid preys rich in polar lipids, long-
chain polyunsaturated fatty acids (PUFA) and possi-
bly cholestem] (Mavarro & Villanuewva 20000, 2003;

@ 2001 The Authors
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(kumura, Kurihara, Iwamoto & Takenchi 2005 Kur-
thara, Olumum, Iwemoto & Takeuchi 2006; Seixas
% Seixas, Bey-Méndez, Valente & Otero 2000). This
dosely resembles the composition of & ‘natuml diet
{totally unpractical from an sguaculture approach)
based on crustacean larvae (e.g. M. zocae) and other
marine plank tonic forms like copepods, but is consid-
erably difierent from the typical composition of en-
riched Artemia in any of its forms In fact, early
stages of cephalopods are particularly rich in polar
lipids and cholesterol, and artifidal feeding under
culture conditions increases their triacylglyceride
content drastically (Mevarro & Villanuesa 2000,
3L

When using only Artemia as food, the only experi-
ment that has attained Oc topus adult stages was re-
ported by Moxica, Fuentes, Herndndez, Iglesias
Lagn, Ctero and Sanchez (2006), who obtained 67%
survival and 189 mg of dry weight for 1-month-ald
paralarvae using on-grown Artemia [ > 153 mm) cul-
tured with the micoalga ochrysis galbana and
fiurther enriched with Mannochlaropsis sp. Imamura
(1990) and Hamazaki, Fukunaga, Yoshida and Mar-
uyama (1991 reparted a limited production of preset-
tlement individuals on adding Mannochleropsis sp. to
the culture tanks. Hamasaki and Takeuchi 2000)
and Hamasakiand Marioks (2002) also reported suc-
cess [although alsolimited), on adding Mannachlorop-
sis s to the culture tanks and as food for Artemia
mspectively The reasons for the impmovements ob-
tained with the rearing protocols involving the use
of Mannochleropsis sp remain obscure, but a striking
feature of this microalga i its high eicosapentaenoic
acid (EBA, 20:30-3) content (Sukenik, Zmora & Car-
meli 19931 an essential fatty acid for marine animals
Sargent, McEvoy, Estévez, Bell Bell Henderson &
Tocher 1999). Other hypotheses about the beneficial
diects of Nannochlorapsis sp. relate to their potential-
ity to inhibit the microflora growth and improve the
culture conditions (Iglesias personal ohservation).

The present work aims at studying the effects of a
maring protocol based on Artemia on-grown with
Ieochrysis galbana and enriched with Mannochloropsiz
=p an the fatty acid compaosition of pamalarvae. Tt will
be carried out by comparison with the effects of adiet
based on the same on-grown Artemia further
enriched with & high PIEA ail emulsion especially
rich in docosshexaenoic acid (DHA, 22:6n-3). Thus
the work will ultimately focus on the dietary effects
of DHArich and EPArich diets on the total, polar
and nentral lipid fatty acid compesition of the
paralarvae.

& 2011 The Authars

Materials and methods

Octopus vulgaris paralarvae were obtained from
broodstock keptin captivity using the technology de-
scribed by Moxica et al. (2002). They were fed for 28
days with on-grown Artemia (1.5-2mm) cultured
with L galbana and further enriched for 24 h with
either Nannodhlorapsis sp (Manno freatment) or a
PUFA-rich oil emulsion based on a speciality oil con-
taining approximately 7% of DHA, 50,50 oi f'water,
xanthan gum as a stahilizer and Tween 80 as an
emulsifier (M70 trestment).

Cultures were carried out in DO0-L black, drenlar
tanks (dismeter 130 cm), at a larval density of 5 in-
dividuals L.~ ! (5000 paralarvae per tank). The mean
water temperature was 21-22 °C and salinity was
34-35 gL~ % a continuous illumination of S00-
1000 Ix provided by two 36 W day-light fluomscent
tubes was supplied to the tanks During the first
week, the rearing tanks were maintained under
standing condiions, with gentle central aemtion,
and a concentration of 1 million cells mL= ' af Manno-
chlorepsis sp. From day 8, & water flow of 200 Lh—?
was partially opened (4 hd ~ ") every 2 days.

Enriched Artemiawas added (three to four times
per day at a density of 0.5 preymL ~ " until day 11
and at 02preymL ™" onwards. Artemia was on-
grown with 300000 cellsmL ™" of L gallana for 4
days and further enriched for 24 hwith 10 million-
cellaml. ~ ' of Nannach lompsis sp.

Dissolved oxygen, nitrites and ammonium were
measured daily. The dry weights of ten paralarvae
after washing with distilled water and drying at
90°C 24 h were recorded at the end of the experi-
ment. Survival was recarded at day 28.

At the end of the trial, thelipids of diets and paralar-
vae (riplicate pools) were extracted from feeze-dried
samples using the method of Folch, Lees and Sloane-
Stanley (19571 The total lipids were determined gravi-
metrically (10001 g, Mettler Toleda, Barcdona, Spaini
and stored in chloroform/methanol (21, v/ with
001% BHT as an antioxidant. An aliquot of total
lipids was transmethylated after the addition of 1%
as an internal standard. Fatty add methyl esters
(EAME] were purified by thin-layer chromatography
(Silica ge G 60, Merck, Darmstadt, Germany) and in-
jected on-column in & Fisons 8000 gas chromato-
graph equipped with & fused silica 30 m = 0.25mm
open tubular column (Tracer, TR-WAX, film thick-
ness: (.25 pm. Teknokroma, Barcelona, Spain).
Helium was used as a carrier gas and the analyses
were run in & 30-220°C thermal gradient. Peaks

Journal Compilatian ) 2011 Blackwel | Publishing T2d, Aguscylture Rexezrch, 42, T04-709 5
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were recorded and integrated in a personal computer
using azk software (Azur, Datalys, France), and
identified by comparison with wellcharacterized
standards A further aliguot of the total lipids was
fractionated into polar and neutral lipids by thin-
layer chromatography, and the fatty acids were
transmethylated and analysed as described for the
total lipids

The fatty add profiles thus obtained were subse-
quently analysed chemometrically by principal com-
ponent analysis (PCAL The score plot obtained after
the generation of the two prindpal components was
used toidentify patterns of similarity among the cases.

For each lipid class, the mean vales of the fatty
add composition of the pamlarvae f;om the two diet-
ary treatments were compared using Student's
t-tests Statistics were carried out using srss 170 soft-
ware [BPSS)

Results and discussion

The average dry weight of 28-day pamlarvae from
bath dietary groups was not significantly different
(Manma 176 + 028 mg M70 L83 + 022 mg) and is
similar to the valnes reported by Moxica et al. (2006
using the same microalgal enrichment. They are
clearly lower than those reported for paralarval of the
same age (30 days post hatch) using arustacean zoeae
as complementary food by Moxica et al (20025
242 mg; Iglesias et al. (2004): 333 mg; Carrasco ef al.
(2006): 283 mg; and higher than those obtained by
ather suthors nsing different feeding regimes: Vills-
nueva, Koueta, Riba and Boucand-Camou (2002) re-
parted weights from (79 to 1.49 mg using enriched
Artemia cofed with millicapsules; Seixas 2009) ob-
tained (83 mg pamlarvae at day 25 using on-grown
Artemnia enriched with a mixture of 1. galbanay Rhodo-
manas lens; Fuentes, Sanches, Otero, Lago and Iglesias
(2009 reported wahes between (196 and 112 mg with
Artemia and frozen wild zooplankton as food; and Fs-
tévez, Gairin and Berger (200% produced 033 mg
paralarvee using liwe zooplanktonas food

These differences can be explained by the different
culture conditions and foods, It is evident that ous-
tacean zocaesean to be a superior food, and thedata
reported here are better than those obtained with
other experimental feeding protocols.

Survival was roughly estimated at 3% for M7 and
22.5% for Nanna Culture of this last group was bl
lowed until 35 days reaching an average pamlarval
weight 0f L83 + (128 mg (n=10) and a 3% survival

These data indicate that the biometrical outcome of
both dietary treatments was wery similar and that
any hypothetical advantage of the Nanno group was
lost 1 week later.

The lipid content of diets [% dry weight (W) ] was
significantly different (P<005): 20101 + 084 for Nan-
noand 1823 + 070 brM7L Analysis of themain fatty
acids (Table 1) showed that the main diiferences were
due to the Nenno tmeatment being higher in 161n-7
fwhich resulted in a higher monoene contenti and
215n-3, whereas M70 showed higher 18:2n-6 (thus in-
creasing the total n-6 contenti and 226m-3 contents,
which was not detected in the other diet (Tible 1),

Differences in the lipid content of diets did not
translate (P =(105) into the lipid content of the para-
larvae [Total Gpid (% DWE M70=1631 + 104
Manno=175 = 023 total FAME (mgg ™' DWk
M7 =45371 + 1.82; Manno =47.29 + 151] Simi-
larly, & first glance at thefatty acid profiles of the total
lipids of both dietary groups did not reveal streaking
differences between them (Table 21 Especially nots-
ble is the case of 16:1n-7, ver ydifferent in the diets. Be-
sides, the paralarvae seem to be able to cope with a

Table 1 Selectad fatty acids (% of total lipid fatty acids) and
tastal FAME of enriched on-grown Artania g = 3)

M Hanno

[Futty acid Musan &0 Mz =0
140 143 015 113 am
1610 1054 a4 1871 0.0
16:1n-7 5.9 .13 2369 X
180 726 %] 540 @iz
18:1n-9 1622 a7 1231 %)
18:10-7 az27 a7 789 o
18206 1215 106 234 0.0
18:3n-3 508 [iRE] a3a am
2086 278 a8 2848 .04
20:3n-3 aqr aqr WD

20403 025 004 N

2050-3 1.5 0.2 2255 a5
22503 052 026 o2 0.0
224603 a.1a 1.4 WD

St 2038 a7 2333 L% ]
Bana .58 080 4419 a8
Pay a4 1.7% 2096 .50
3 e 1.15 2304 .54
& 16 67 143 582 @13
HUFAn-3 2043 a4 2257 .55
HUF An-6 am am a18 o
FAME L] 435 11687 1288

Sat, saturates; momn, momenes; paly, polyumssturated: HITFA,
highly unsaturated fatty acids { > 30 °Ck 5T, standard deviation;
FAME, total fatty acid methyl esters fmgg~"DWE NI not
detected.
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Table 2 Selecied fatty acids (% of total fatty acids) of the total, pdarand neutral lipid of 28 days Octopus vulgaris paral arvae

fed two enriched on-grown Artemia diets @ = 3)

Totllipid Polar lipid M wtrad lipid
M7 Hamo M7 Mamno L h] Hanno

Faity acid M &D Mean &0 Musan &b Misan &b Mean &D Mean &D
140 074 006 T 005 058 13 108" 017 2056 03 519" 023
160 21.08 112 .23 oy 18.53 L7 1825 .65 201 a1 182z 150
1617 A2 064 4m 45 2w L 24 029 1622 427 1am 108
&0 128 028 1251 i8] 14 1§ 1356 -] 10.50 a3 413 125
i ined [ %] 117 %] .z asd Q.35 5.3 034 1296 ima 7.25% 108
117 558 an =T 006 408 o a8 0.18 627 257 610 014
18206 1.50 a3z 295" 006 11n e 2m° o 25 053 T08° 0.4
18303 094 120 (%) 00 2 an 056" 0.0 024 o 181 om
2k &6 635 033 550" ol 768 [i%:0 310 (8= 1.19 053 L] 012
233 1.25 004 iart i 1.51 i3 158 005 ND ND

2Aran3 .03 008 MWD . a0 0.08 Q.08 ND ND

253 2.8 154 20,3 .36 273 .23 z.m* L 5.3 1.48 am* .14
2263 1.20 .08 1.8 005 1.4 .06 1.4 0.08 ND ND

2263 555 083 51 oy L L 563 Q.35 ND ND

Sa 3457 iz28 35.54 @15 T Q.58 e <l Q.58 M &.18 354 186
Mona 20.20 126 20.45 066 1zm 1o 1455 [:%:-] 3641 74 EERE] 1.76
Paly 41.57 054 048 LR ] 606 1.66 L i1 11.96 aas 1358 12
3 3098 062 908" 057 35.45 083 o 084 557 147 456 0.78
L3 a7 aga 1072 @iz 10.78 0.28 10.56 0.3 476 15 a428* 129
HUFAn-3 i oar 20.00% L6 3516 i =mT 094 533 1.4 2m" 014
HUFAn-6 1.2 029 (% [iRE a3m 18- 72" [ ] 158 1106 160 1.13

Tor abbreviations see Table 1.

*Signifimnt diflerece hetwsen mens within lipid das (etest Pc00R).

226me3-defident diet, although the poor perfor-
mance of the two dietary groups could also point to-
wards adietary defidency of both treatments.

A closer look at the polar and newtral lipid fatty
acid composition showed that the polar lipids were
much richer in 205n-3 and 22603 (shsent in the
neutralk), which was reflected in & higher polyunsa-
turated, n-3 and highly unsaturated fatty acid
[HIIFA) n-3 content. Neutrals in turn were richer in
monounsaturated fatty adds Within the polar lipids
M70 treatment generally increased the polyunsatu-
rated, n-3 and HITFA n-3 contents with respect to
Manno. Within the nentral lipids Manno treatment
could be associated with a higher n-6 content,
whemas M7(0 seemed to increase HUFA n-3.

These trends were confirmed by the results of the
PCA. The first component explained 76% of the var-
iance and was associated with variahles 1440, 18:1n-9,
18:2n-6 and 1&:1n-7 on the positive side and variahles
205n-3, 20:4n-6, 226n-3 and 180 on the negative
side. The second component explained only 11% of
the wariance. The results of the score plot (Fig. 1)
showed two main clouds of scomes correspanding to
polar (associated with variables on the negative side)

i 2011 The Authars
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and total lipids on one side, dearly distinet from new-
tral lipids (associated with varizhles on the positive
side). Within the polar and neutral lipids, the scores
corresponding to the different digtary treatments
were distinguishable, whereas those corresponding
to the total lipids did not sepamte the two dietary
groups The scores of the polar lipids were maore
grouped than those of the neutral lipids, indicating &
higher similarity in the fatty acid patterns, which in-
dicates the structural mle of this lipid class (Gurr &
Harwood 1991). Recently (mintana (2009) have re-
parted on the effects of the broodstock diets on the
fatty acid compasition of 3-day-old paralarvae, fed
and starved, to conclude that the neatral lipids of
the paralarvae reflect better than the palars any differ-
ence in the fatty acid profile of the breeder & diets. This
iz & further indication of the importance of the polar
lipids &z & structural and conservative lipid class for
this species. In fact, the mantle being essentially pro-
tein and membranes, any changes in the newtral lipid
fraction may be indicative of the contribution of this
lipid dass to the lipid composition of the digestive
gland and ultimately of the lipid metabolism and furn-
aver linked to the dietary fatty add compaosition.
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Figore 1 Scom plot generated after principal component analysis of the fatty acid patterns of B-day Octopus wlgaris
paralarvae fed two enriched on-grown Artemin diets. Nanno, M70, total lipid; Nanno N, M70 N, neatral lipd; Nanno

B M0 B polarlipid.

To & certainpoint, the sboveresult seems to contra-
dict the results of Navarro and Villanueva (2003}, who
found that the main dietary changes were already
very evident in the total lipids of 0. vulgaris paralar
vae, although they were also dear in the polar lipids
(umfortunately, the neutral lipid composition was not
analysed). Thus, the dietary changes induced and
their influence on the structuml lipids may be depen-
dent on thecompaosition of thediets and on the cover-
age of the essential requirements. From this point of
wview, both Nanno and M70 diets fulfil the essential
requirements of the species and the presence of
DHA in Nanno fed pamlarvae may be indicative of a
certain degree of synthetic capadty Alternatively, the
lewels of DHA may be a remnant from the original
content at hatching, a result ofa con servative strategy
for the retention of an essential lipid.

Paralarval DHA levels not correlating with the
amount in food have been reported previously (Na-
varro & Villanueva 2000; Seixas 2009; Seixas et al.
2000). In fad, Seixas et al (2010) have mcently
pointed out the importance of an adequate ratio pro-
tein/lipid before the essential lipid requirements of
the species may be considered. Given the generalized
low performances of the paralarval cultures, it is dif-
ficult to focus on a single source of variation, ie
lipids, in a cause—dffect design. Obwiously factors

708

other than lipids may be affecting the final outcome,
and even the fine-tuning of the lipid requirements
may have a drastic influence. It should suffice to
recall that for example, in larval sea bream Sparus
auratal Rodriguez, Pémz, Diaz Izquierdo, Fermin-
dez-Palacios and Lorenzo (1997) reported that the
essential PUFA requirements were considerably
dependent on the supply of an adequate DHA/EPA
ratio. In this sense, it is interesting to note that FPA
requirements of O vulgaris may be particularly im-
portant, because this fatty acid has been found in
wery high amounts (and in 131 ratics with DHA) in
the phosphatidylcholine fraction of the early stages
[Quintana 2009].

Conclusions

Although apparently no dear association between
the fatty acid composition of the enriched preys and
that of the total lipids of paralarvee could be estab-
lished, farther frctionation and fatty acid analysis
of the total lipids of the pamlarvae into polar and
nentral dasses, bllowed by PCA, revealed that irre-
spective of the diet, both lipid fractions showed dis-
tinct fatty acid patterns. Besides, the fatty acid

composition of the polar lipids was mom conserva-

1 2001 The Authors
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tive, whereas that of the neutral lipids was more in-
fluenced by the diet and showed mom variation
among dictary treatments. Further research is
needed to determine the lipid requirements of this
species.
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