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ABSTRACT. The fatty acid composition of juvenile green abalone (Haliotis fulgens) exposed to lipid restriction and long-term starvation was
studied. Juvenile organisms were acclimated during 26 days and then randomly separated into three treatment groups. One group was fed a
restricted diet containing low lipid content (0.14%), another was fed a rich diet containing the optimal lipid content (5.1%), and the third was
kept under starvation conditions. After 90 days, the abalone fed the restricted diet showed a significant increase in 18:1n-9 content and a
decrease in n-3 and n-6 polyunsaturated fatty acids (PUFA), but the total lipid level remained similar to that observed before the treatment,
suggesting lipogenesis. On the other hand, no changes in total lipid content and fatty acid profile were found during the 90-day treatment using
the rich lipid diet compared with the initial samples. Starved abalone showed that lipids did not constitute the main energy source and that the
concentrations of long-chain PUFA did not change throughout the 90-day starvation period.

Key words: green abalone, formulated feed, dietary lipid level, starvation, fatty acid composition.

RESUMEN. Se estudi6 la composicion de acidos grasos de juveniles de abulon azul (Haliotis fulgens) sometidos a restriccion de lipidos y a un
periodo largo de inanicién. Los organismos juveniles se aclimataron durante 26 dias y posteriormente se separaron al azar en tres grupos de
tratamiento. Un grupo se aliment6 con una dieta baja en lipidos (0.14%), otro se aliment6 con una dieta rica en lipidos (5.1%) y el tercer grupo
se mantuvo en condiciones de inanicion. Después de 90 dias los abulones alimentados con la dieta baja en lipidos mostraron un incremento del
contenido de 18:1n-9 y una disminucion de los acidos grasos poliinsaturados (PUFA) n-3 y n-6, pero el contenido de lipidos totales permanecio
similar al observado antes del tratamiento, sugiriendo lipogénesis. Por otra parte, después de 90 dias no se encontraron cambios en cuanto al
contenido de lipidos totales y el perfil de acidos grasos en el tratamiento con la dieta rica en lipidos en comparacion con las muestras iniciales.
Los abulones en inanicién mostraron que los lipidos no constituyen la fuente principal de energia y que las concentraciones de PUFA de cadena
larga no cambian a lo largo de un periodo de inanicion de 90 dias.

Palabras clave: abulon azul, alimento formulado, nivel de lipidos en la dieta, inanicion, composicion de acidos grasos.

INTRODUCTION INTRODUCCION

Abalone species are distributed worldwide and they Las especies de abulon tienen una distribucion mundial y
are found in temperate as well as in tropical waters. Due to se encuentran en aguas tanto templadas como tropicales.
overexploitation the natural populations of some commercial Debido a su sobreexplotacion, las poblaciones naturales de
species, with high market value, are declining dramatically algunas especies de alto valor comercial estan disminuyendo
(Guest et al. 2008). Considerable research has thus been con- drasticamente (Guest et al. 2008). Por esta razon, durante los
ducted on their culture and nutrition over the past 30 years ultimos 30 afios se han realizado diversas investigaciones
with success. sobre su cultivo y nutriciéon con resultados exitosos.

The green abalone (Haliotis fulgens) is a herbivorous gas- El abulon azul (Haliotis fulgens) es un gasteropodo
tropod with high cultivation potential. The distribution of this herbivoro con gran potencial acuicultural. Su distribucion
species includes southern California and the west coast of the incluye el sur de California y la costa occidental de la
Baja California Peninsula, Mexico. There is growing interest peninsula de Baja California, México. Existe un creciente
in farming and marketing this highly prized product, espe- interés en el cultivo y la comercializacion de este producto
cially in the USA and Chile. In addition, the unusual energy muy apreciado, especialmente en los Estados Unidos y Chile.
and lipid metabolism of H. fulgens has led to several studies Ademas, el metabolismo energético y de lipidos inusual de
(Floreto et al. 1996, Durazo-Beltran et al. 2004, Viana et al. H. fulgens ha propiciado muchos estudios (Floreto et al.

363



Ciencias Marinas, Vol. 39, No. 4, 2013

2007, Hernandez et al. 2013). Dietary lipids, in addition to
being an energy source, are the source of essential fatty acids
that are not synthesized by the organism and that are neces-
sary for cellular metabolism and maintenance of the mem-
brane structure (Corraze 2001). In most aquatic organisms,
including abalone, the main function of both n-3 and n-6
polyunsaturated fatty acids (PUFA) appears to be structural,
and their use as an energy source is considered to be limited
(Floreto et al. 1996, Sargent et al. 2002). Some reports on the
green abalone have shown that neutral lipids are metabolized
to produce energy only when the other sources, like proteins
and carbohydrates, are depleted. Proteins are preferentially
used as an energy source to maintain the lipid reserves
(Segawa 1993, Durazo-Beltran et al. 2004). On the other
hand, several investigations with different abalone species
(Haliotis discus hannai, H. fulgens, H. laevigata, and
H. rubra) have shown that the growth rate and fatty acid
composition of the different tissues are affected by both the
quality and the quantity of dietary lipids (Uki et al. 1986,
Durazo-Beltran et al. 2003a, Grubert et al. 2004). It has been
suggested that H. fulgens is able to desaturate and elongate
the fatty acids 18:2n-6 and 18:3n-3 to synthesize the long-
chain polyunsaturated fatty acids (LC-PUFA) 20:4n-6
(arachidonic acid) and 20:5n-3 (eicosapentanoic acid),
respectively (Durazo-Beltran 2003a, 2003b).

To our knowledge, no information is available on long-
term starvation experiments on abalone, and it has been
pointed out that more studies are needed on the lipid require-
ments of green abalone and their association with parameters
such as growth rate, inanition, reproduction, and metabolism
(Nelson et al. 2002, Viana et al. 2007). Thus, the main goal
of the present work was to study the effect of the level of
dietary lipids and of a long period of starvation on the fatty
acid composition of muscle tissue of cultured juvenile
H. fulgens.

MATERIALS AND METHODS

Juvenile H. fulgens (298 + 30 mg; 28.0 + 0.2 mm) were
obtained from a commercial farm (BC Abalone, Ejido
Eréndira, Baja California, Mexico). The organisms were
acclimated for 26 days in a flow-through system consisting of
3.8-L plastic containers supplied with aerated and filtered
seawater (300 mL min™), and fed a standard formulated diet
(table 1). Eight abalone were placed in each container and
maintained under constant temperature (20.0 + 1.2 °C) and a
photoperiod of 12 h light/12 h darkness. After the acclima-
tion period, three treatment groups were randomly separated.
One group was offered a rich lipid diet (RLD), another was
offered a low lipid diet (LLD), and the third was kept under
starvation conditions. All experiments were carried out in
triplicate.

The experimental diets (table 1) were formulated to have
similar concentrations of crude protein as previously
described by Durazo-Beltran et al. (2003a). LLD was
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1996, Durazo-Beltran et al. 2004, Viana et al. 2007,
Hernandez et al. 2013). Los lipidos dietéticos, ademas de ser
una fuente de energia, son una fuente de acidos grasos esen-
ciales que no son sintetizados por el organismo y que son
necesarios para el metabolismo celular y el mantenimiento de
la estructura de la membrana (Corraze 2001). En la mayoria
de los organismos acuaticos, incluyendo el abulon, la funcion
principal de los acidos grasos poliinsaturados (PUFA, por sus
siglas en inglés) n-3 y n-6 parece ser estructural y su uso
como fuente de energia se considera limitado (Floreto et al.
1996, Sargent et al. 2002). Algunos reportes del abulon azul
han mostrado que los lipidos neutreos se metabolizan para
producir energia so6lo cuando se agotan las otras fuentes,
como las proteinas y los carbohidratos. Las proteinas se usan
preferentemente como fuente de energia para mantener las
reservas de lipidos (Segawa 1993, Durazo-Beltran et al.
2004). Por otro lado, varios estudios con diferentes especies
de abulon (Haliotis discus hannai, H. fulgens, H. laevigata y
H. rubra) han mostrado que la tasa de crecimiento y la
composicion de acidos grasos en distintos tejidos resultan
afectadas por tanto la calidad como la cantidad de lipidos en
la dieta (Uki et al. 1986, Durazo-Beltran et al. 2003a, Grubert
et al. 2004). Se ha sugerido que H. fulgens es capaz de
desaturar y elongar los 4cidos grasos 18:2n-6 y 18:3n-3 para
sintetizar los acidos grasos poliinsaturados de cadena larga
(LC-PUFA) 20:4n-6 (4cido araquidonico) y 20:5n-3 (&cido
eicosapentaenoico), respectivamente (Durazo-Beltran 2003a,
2003b).

Hasta donde sabemos, no hay informacion sobre experi-
mentos de inanicién a largo plazo para el abulén, y se ha
comentado que es necesario realizar estudios adicionales de
los requerimientos lipidicos del abuldon azul y su asociacion
con parametros como la tasa de crecimiento, inanicion, repro-
duccién y metabolismo (Nelson et al. 2002, Viana et al.
2007). Por lo tanto, el objetivo principal de este trabajo fue
estudiar los efectos del nivel de lipidos dietéticos y de un
periodo largo de inanicion en la composicion de 4cidos gra-
sos del tejido muscular de juveniles cultivados de H. fulgens.

MATERIALES Y METODOS

Se obtuvieron especimenes juveniles de H. fulgens
(298 £ 30 mg; 28.0 £ 0.2 mm) de una granja comercial
(BC Abalone, Ejido Eréndira, Baja California, México). Los
organismos se aclimataron durante 26 dias en un sistema de
contenedores de plastico de 3.8 L con flujo abierto de agua de
mar aireada y filtrada (300 mL min™), y se alimentaron con
una dieta estandar (tabla 1). Se colocaron ocho especimenes
en cada contenedor y se mantuvieron bajo temperatura
constante (20.0 = 1.2 °C) y un fotoperiodo de 12 h luz/12 h
oscuridad. Después del periodo de aclimatacion, se separaron
tres grupos al azar. Un grupo se alimentd con una dieta rica
en lipidos, otro recibié una dieta baja en lipidos y el tercero
se mantuvo en condiciones de inanicion. Todos los experi-
mentos fueron realizados por triplicado.
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prepared to contain a very low amount of lipids, only 0.14%
(w/w), using ingredients defatted with hot ethanol and no
lipid supplement, whereas RLD was formulated to satisfy
the metabolic requirements of abalone and contained 5.10%
(w/w) of lipids (Durazo-Beltran et al. 2003a). All ingredients
were blended with 50% water until a completely homogene-
ous dough-like mixture was obtained. The diets were then
rolled flat to a thickness of 2 mm, and 10 x 5 mm pieces were
cut and stored in airtight plastic containers at —25 °C until
use. Proximate analysis of each experimental diet was con-
ducted according to standard methods (AOAC 1995). Three
abalone were sampled from each replicate for total lipid and
fatty acid analysis at the start of the experiment and another
three were sampled at the end of the treatment on day 90. In
the starvation treatment, muscle samples were also taken on
days 50 and 70.

Total lipid content in diets and muscle was determined by
extraction using chloroform:methanol (2:1, v/v) following
the extraction method described by Folch et al. (1957). Anal-
ysis of fatty acid methyl esters (FAME) was performed
according to Christie (1993) using a Hewlett Packard 689011
gas chromatograph equipped with a flame ionization detector
and a capillary column (Omegawax 320, Supelco/Sigma-
Aldrich; 30 m x 0.32 mm, film thickness 0.25 mm). Fatty
acids were identified by comparing their retention times with
those of well-characterized FAME standards (37-Component
FAME Mix, PUFA1, PUFA3, Supelco/Sigma-Aldrich). Each
fatty acid concentration was estimated from the correspond-
ing chromatogram area using an internal standard (19:0) and
the Agilent ChemStation (version E.02.00.493) software
package.

All data were subjected to one-way analysis of variance.
Differences were considered statistically significant at P <
0.05. Means were compared after analysis of variance by
Tukey range tests. All statistical analyses were carried out
using Minitab v16.2 (Minitab Inc., State College, PA, USA).
The results are reported as mean + standard error of the
mean.

RESULTS

The two experimental diets (RLD and LLD) were formu-
lated to have similar protein/energy ratios, but different lipid
content (table 1). The levels of monounsaturated fatty acids
(MFA), PUFA, and LC-PUFA in both RLD and LLD were
lower than those found in a standard diet (table 2), whereas
the level of saturated fatty acids (SFA) was higher in RLD.
The level of 18:2n-6 in LLD was 24-fold lower than that in
RLD, resulting in a higher n-3/n-6 ratio in LLD (0.30) than
that observed in RLD (0.02), mainly due to the content of
18:2n-6 from corn oil in the lipid mixture.

The lipid profiles of the abalone muscles were determined
before and after each treatment (table 3). There were signifi-
cant differences in the fatty acid profiles after the experimen-
tal feeding and starvation periods. At the beginning of the
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Las dietas experimentales (tabla 1) se formularon para
contener concentraciones similares de proteina cruda, como
previamente descrito por Durazo-Beltran et al. (2003a). La
dieta baja en lipidos se prepard para contener una cantidad
muy baja de éstos, s6lo 0.14% (p/p), con ingredientes desen-
grasados con etanol caliente y sin suplemento lipidico, mien-
tras que la dieta rica en lipidos se formul6 para satisfacer los
requerimientos metabolicos del abuldn, con 5.10% (p/p) de
lipidos (Durazo-Beltran et al. 2003a). Todos los ingredientes
se mezclaron en una mezcladora con 50% de agua hasta
obtener una pasta homogénea. El alimento se aplané a un
espesor de 2 mm y se cortaron piezas de 10 x 5 mm, las
cuales fueron almacenadas en recipientes herméticos de
plastico a —25 °C hasta su uso. El analisis proximal de cada
dieta experimental se realizd6 de acuerdo con métodos
estandar (AOAC 1995). Se analizé el contenido de lipidos
totales y acidos grasos de tres especimenes de cada réplica al
inicio del experimento asi como de otros tres al final del
experimento (dia 90). En el tratamiento de inanicion, también
se tomaron muestras musculares los dias 50 y 70.

El contenido de lipidos totales en las dietas y el musculo
se determind mediante extraccion con cloroformo y metanol
(2:1, v/v) siguiendo el método de extraccidon descrito por
Folch et al. (1957). Los ésteres metilicos de acidos grasos
(FAME) se analizaron segun Christie (1993), en un croma-
tografo de gases Hewlett Packard 689011 equipado con un
detector de ionizacion de llama y una columna capilar
(Omegawax 320, Supelco/Sigma-Aldrich; 30 m x 0.32 mm,
pelicula de 0.25 mm de espesor). Los acidos grasos se identi-
ficaron comparando sus tiempos de retencion con los de
estandares de FAME bien caracterizados (37-Component
FAME Mix, PUFAI1, PUFA3, Supelco/Sigma-Aldrich). Se
estimo la concentracion de cada acido graso del area corres-
pondiente del cromatograma con un estandar interno (19:0) y
el programa Agilent ChemStation (version E.02.00.493).

Todos los datos fueron sometidos a un analisis de
varianza de una via. Las diferencias fueron consideradas
estadisticamente significativas si P < 0.05. Las medias se
compararon después de un analisis de varianza mediante
pruebas de rangos de Tukey. Todos los anélisis estadisticos se
realizaron con Minitab v16.2 (Minitab Inc., State College,
PA, EUA). Los resultados se presentan como media + error
estandar de la media.

RESULTADOS

La dieta rica en lipidos y la dieta baja en lipidos se formu-
laron con una razén proteina/energia similar pero diferente
contenido de lipidos (tabla 1). Los niveles de acidos grasos
monoinsaturados (MFA), PUFA y LC-PUFA en ambas dietas
fueron menores que los de la dieta estandar (tabla 2), mien-
tras que el nivel de acidos grasos saturados (SFA) fue mayor
en la dieta rica en lipidos. El nivel de 18:2n-6 en la dieta baja
en lipidos fue 24 veces menor que en la dieta rica en lipidos,
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Table 1. Ingredients (g/100 g diet) and proximate composition
(g/100 g dry weight) of the standard diet used during the
acclimatization period and the two experimental diets fed the green
abalone Haliotis fulgens.

Tabla 1. Ingredientes (g/100 g dieta) y composicion proximal
(g/100 g peso seco) de la dieta estdndar usada durante el periodo de
aclimatacion y de las dos dietas experimentales ofrecidas al abulon
azul Haliotis fulgens.

Ingredients Standard  Low lipid  Rich lipid
diet diet diet
Corn starch 4.34 29.08 24.08
Fish protein concentrate® 18.00 18.00
Albumin chicken egg® 18.00 18.00
Soybean flour defatted 10.00 10.00
Cellulose 8.00 8.00
Modified starch® 10.00 5.00 5.00
Gelatine (50 blooms) 6.00 5.00 5.00
Lipids¢ 5.00
Mineral mixture® 2.00 4.00 4.00
Vitamin mixturef 1.30 1.50 1.50
Fish silage: liquid phase® 2.00 1.00 1.00
Stay-Ch 0.40 0.20 0.20
Choline chloride 0.11 0.10 0.10
Sodium benzoate 0.23 0.10 0.10
Butylated hydroxytoluene 0.09 0.01 0.01
a-tocopherol 0.01 0.01
Fish meal 35.00
Kelp meal’ 15.00
Corn meal® 12.00
Soybean meal' 10.00
Methionine 0.23
Proximate composition
Crude protein 36.47 33.81 35.26
Total lipid 7.09 0.14 5.10
Ash 20.79 5.73 5.25
Gross energy (kJ/g) 17.36 18.33 19.41
CP/GE ratio (mg/kJ)™ 21.01 18.45 18.17

297% protein. ® Freeze-dried egg white. © Modified corn starch

(Clearjel). ¢ 1.5% corn oil + 3.5% tripalmitin. ¢ ICN salt mixture #5

Briggs. f ICN vitamin diet fortification. ¢ Acid fish silage from tuna

viscera. ' Ascorbyl polyphosphate (Roche). | 64% protein, 10% lipid.
Yyl polyphosp p p

i Made from Macrocystis pyrifera. ¥ 8% protein, 3.9% lipid.

139% protein, 21% lipids. ™ Crude protein/gross energy.

experiment, the most abundant fatty acids in muscle tissue
were 16:0, 16:2n-6, 18:0, 18:1n-9, 20:5n-3, and 22:5n-3.
After 90 days, the organisms fed LLD showed a higher
amount of 18:1n-9 and a decrease in n-3 and n-6 LC-PUFA
and the n-3/n-6 ratio, while the total lipid level was similar

366

Table 2. Fatty acid and total lipid contents (mg/g dry weight) of the
standard and experimental diets.

Tabla 2. Contenido de acidos grasos y lipidos totales (mg/g peso
seco) de la dieta estandar y las dietas experimentales.

Fatty acid Standard diet ~ Low lipid diet  Rich lipid diet
14:0 2.15 nd 0.31
16:0 14.57 0.36 33.92
17:0 0.39 nd 0.06
18:0 4.78 0.11 1.87
20:0 0.31 nd 0.08
22:0 0.09 nd 0.08
> SFA? 22.29 0.47 36.32
16:1n-7 2.35 0.05 nd
18:1n-9 12.35 0.20 4.13
18:1n-7 2.54 0.02 0.20
20:1n-9 1.29 nd 0.04
22:1n-9 0.40 nd 0.05
> MFA® 18.93 0.27 4.42
16:3n-6 0.15 0.06 0.07
18:2n-6 13.14 0.34 8.11
18:2n-4 0.08 nd 0.07
18:3n-3 1.76 0.02 0.13
> PUFA® 15.13 0.45 8.38
20:4n-6 0.52 0.03 nd
20:5n-3 3.12 0.03 nd
22:5n-3 0.55 nd nd
22:6n-3 4.58 0.08 0.07
¥ LC-PUFA! 8.77 0.14 0.07
¥ n-3 10.01 0.13 0.20
¥ n-6 13.81 0.43 8.18
Ratio n-3/n-6 0.72 0.30 0.02

nd: not detected. * SFA: saturated fatty acids. ® MFA: monounsaturated
fatty acids.  PUFA: polyunsaturated fatty acids, < C,, = 2 double bonds
+> Cyy < 2 double bonds. ¢ LC-PUFA: long-chain polyunsaturated fatty
acids, = C,, = 3 double bonds.

por lo que la razoén n-3/n-6 fue mayor en la primera (0.30)
que en la segunda (0.02), principalmente debido al contenido
de 18:2n-6 del aceite de maiz en la mezcla de lipidos.

Los perfiles lipidicos del musculo de abulon se determi-
naron antes y después de cada tratamiento (tabla 3). Se obser-
varon diferencias significativas en los perfiles de acidos
grasos después de los periodos de alimentacion e inanicion.
Al inicio del experimento, los 4cidos grasos mas abundantes
en el tejido muscular fueron 16:0, 16:2n-6, 18:0, 18:1n-9,
20:5n-3 y 22:5n-3. Después de 90 dias, los organismos ali-
mentados con la dieta baja en lipidos mostraron una mayor
cantidad de 18:1n-9 y una disminucion de los LC-PUFA n-3
y n-6 y de la razén n-3/n-6, mientras que el nivel de lipidos
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Table 3. Fatty acid and total lipid contents (mg/g dry weight) in muscle of juvenile Haliotis fulgens before any treatment, after being fed the

experimental diets (90 days), and during starvation (mean =+ standard error, n = 3).

Tabla 3. Contenido de acidos grasos y lipidos totales (mg/g peso seco) en el musculo de organismos juveniles de Haliotis fulgens antes de
cualquier tratamiento, después de recibir las dietas experimentales (90 dias) y en condiciones de inanicion (media + error estandar, n = 3).

Fatty acid Before Dietary treatment Starvation treatment

reatment Low lipid diet  Rich lipid dict 50 days 70 days 90 days
14:0 0.59 + 0.04° 0.13 +0.04° 0.93 £0.41° nd nd nd
16:0 9.85+1.14° 732+0.16° 11.06 + 2.64° 8.45+0.09° 8.20 + 0.49° 3.13+£0.31°
17:0 0.61 +£0.27° 0.09 +0.02° 0.34 +0.14 0.54+0.02° 0.59 +0.07 0.42 +0.04°
18:0 6.63 £ 4.11% 0.35+0.05¢ 3.06 +0.78% 429 +1.23® 5.78 £0.69° 3.88 4 1.43®
¥ SFA 17.68 +2.30° 7.89 +1.78° 15.39 4 2.47% 1328+ 1.96® 1457 +2.00® 7.43+£0.97°
16:1n-7 0.64 +0.13° 0.07 £ 0.00° 0.53 +0.05° 0.61 +0.03 0.39+£0.15° nd
18:1n-9 4.62 £0.65° 41.98+0.97 17.73 + 14.74° 6.18 +1.2° 5.04 +0.42° 3.87 £0.30°
18:1n-7 2.73 +£0.62° 1.87 £0.10° 2.37+0.36° 4.72 +0.48° 453+0.17° 0.61 £0.13¢
20:1n-9 1.97+0.21° 0.17£0.01° 1.48+0.8° 2.07+0.19° 1.85+0.26° 1.19 + 0.292
20:1n-11 nd 0.25+0.06 nd nd 0.40 +0.01 nd
X MFA 9.96 +0.81¢ 4434+ 8.28° 22.11 £3.35 13.58 +1.19¢ 12.21 + 1.00¢ 5.67+0.76°
16:2n-6 4.79 +0.95° nd 1.63+1.27° 328 +0.04° 2.51+£0.10° 1.58 +0.13°
16:3n-6 nd 0.36 +0.03° 0.24 + 0.04° tr 0.28 +0.02 nd
16:2n-4 0.46 + 0.03° nd nd 1.15+0.33° 0.80 +0.13 nd
16:4n-1 2.75 +0.48° 0.35+0.05¢ 2.59 +£2.13® 1.38 + 0.632 0.70 + 0.09° 1.38 £0.57%
18:2n-6 1.48 £0.27° 2.86 +0.03° 2.03 +0.48° 1.21 + 0.09° 1.44 +0.34 1.26 £0.27°
18:3n-3 1.27 +0.34° 0.33 +£0.02¢ 0.26 +0.03¢ 1.22 +0.03° 1.09 + 0.08° 0.64 +0.02°
20:2n-6 nd nd 0.13 +0.03" 0.92 £ 0.08? 0.60 + 0.13? nd
22:2 5.62 4 0.62° 0.41 +0.09° 2.76 +1.76° 6.08 +0.73° 5.06 + 0.60° 9.04 +0.45
T PUFA 16.46 +0.71° 3.96 +0.31¢ 7.05+0.35¢ 15.24+0.63° 12.48 +0.52° 10.52 +2.56°
20:3n-9 0.18 +0.07 tr nd tr 0.34+0.06 0.24+0.12
20:3n-6 nd 0.03 +0.01 0.19 4 0.09 nd nd nd
20:4n-6 1.81 +£0.23° 0.26 +0.06° 2.06 +1.34 2.14 +0.04° 2.23+0.28° 2.46 047
20:5n-3 3.22+0.57° 0.46 + 0.09° 3.10 £2.23® 3.13+0.08° 3.43+£0.72¢ 3.84+0.72
21:5n-3 0.89 +0.19° 0.04 £ 0.01° 0.54 +0.30° 0.79 +0.09° 0.74 +0.03° 0.43 +0.13°
22:4n-6 0.53 £0.01° 0.06 + 0.02° 0.41+0.112 0.83 +0.32¢ 0.58 +0.02° 0.39 £0.14
22:5n-3 3.54+0.53 0.43 +0.09° 2.86 +1.53® 438 +0.10° 4.67 £ 0.60° 3.62+£0.73¢
22:6n-3 1.12 £0.08° 0.30 +0.03° 132 40.24° 1.09 +0.12° 1.3140.15° 1.07 £ 0.14°
¥ LC-PUFA 11.29 + 0.47 1.58 £0.07° 10.48 + 0.43% 12.36 +0.55° 13.30 + 0.58° 12.05 + 0.56°
PUFA n-3 1.36 +0.59° 0.33+0.17° 0.26 +0.13° 1.22+0.61° 1.09 £ 0.55° 0.64 + 0.32
LC-PUFA n-3 8.77 £ 0.69° 1.24+0.10° 7.8240.61° 9.39 +0.85 10.15 +0.922 8.96+0.87°
PUFA n-6 6.27+1.16° 3.22+0.09° 4.03 £0.53% 541 +1.07 4.83 +0.86 2.84 +0.78°
LC-PUFA n-6 234 +0.54 0.35+0.07° 2.66 +0.59 2.97 +0.62° 2.81£0.67° 2.85+0.76°
n-3/n-6 1.18 £ 0.06° 0.44 + 0.06° 1.08 +0.11° 130 £0.22 1.51+0.14° 1.69 £ 0.01°
Total lipids 66.54 + 6.22° 64.21+3.77° 63.93 £ 0.59° 64.57 +2.16° 60.47 £ 3.45° 44.67 + 1.65°

nd: not detected; tr: trace (<0.01 mg/g).
Means in the same row with different superscript are significantly different (P < 0.05).
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(P> 0.05) to that observed before the experiment. Abalone
fed RLD showed similar values of SFA, 18:1n-9, 18:1n-7,
18:2n-6, 20:1n-9, 20:2n-6, 20:3n-6, 22:4n-6, 22:6n-3, and
total lipids (P > 0.05) to those observed in abalone fed the
standard diet until starting the treatment. No changes (P >
0.05) in the fatty acid profiles and total lipid content of
abalone were observed after 50 and 70 days of starvation.
Nevertheless, abalone starved for 90 days showed signifi-
cantly lower SFA, MFA, and total lipid contents (P < 0.05).

DiscussION

The fatty acid profiles reflected the lipid source used
for the experimental diets. LLD was designed to contain the
lowest possible amount of lipids. It is not possible for a diet
to be lipid-free because it is difficult to eliminate all the fat
present in the diet components (Mai et al. 1995). Neverthe-
less, the total lipid level was much lower (0.14% w/w) than
that contained in RLD (5.1% w/w) or the recommended
amounts.

Before treatment, the most abundant fatty acids of the
muscle tissue were 16:0, 16:2n-6, 18:0, 18:1n-9, 20:5n-3, and
22:5n-3, with a balanced n-3/n-6 ratio (1.18), in agreement
with a previous report (Durazo-Beltran et al. 2003a). This
profile is originated by the dietary lipids from fish and vege-
tal sources, since abalone tend to accumulate n-3 LC-PUFA
as 20:5n-3 and 22:5n-3 (Uki et al. 1986). At the end of the
LLD treatment, the muscle tissue of abalone showed an
increase in the amount of 18:1n-9 and a decrease in the n-3
and n-6 LC-PUFA contents, while the total lipid level
remained unchanged when compared with the content before
the treatment. The absence or presence of small amounts of
n-3 and n-6 LC-PUFA in the diet and the occurrence of high
levels of 18:1n-9 in the tissue could be an indication of essen-
tial fatty acid deficiency, and suggest negligible A6-desatu-
rase activity which is needed to synthetize 18:2n-9 and
20:2n-9 (Sargent et al. 1995, Ibeas et al. 1996). Consistently,
Atlantic salmon fed a diet containing insufficient amounts of
n-3 and n-6 PUFA for four months showed that nearly 50%
of the fatty acids in liver triacylglycerols corresponded to
18:1n-9 (Ruyter et al. 2000).

The total lipid content and fatty acid profile of abalone
fed LLD suggest possible lipogenesis from carbohydrate or
protein (Durazo-Beltran et al. 2003a), which tends to reduce
the LC-PUFA content and has been associated with tissue
growth under fatty acid deficiency. Abalone fed RLD showed
similar values of SFA, 18:1n-9, 18:1n-7, 18:2n-6, 20:1n-9,
20:2n-6, 20:3n-6, 22:4n-6, 22:6n-3, and total lipids to those
recorded after the acclimatization period during which a
standard diet was used (i.e., before treatment), but the levels
of n-3 and 20:4n-6 LC-PUFA were lower. Starvation or
restricted feeding is not unusual to marine invertebrates when
food is scarce or unavailable over a long period of time, and
the main response is a reduction in the metabolic rate to

368

totales fue similar (P > 0.05) al observado antes del experi-
mento. Los organismos alimentados con la dieta rica en
lipidos mostraron valores de SFA, 18:1n-9, 18:1n-7, 18:2n-6,
20:1n-9, 20:2n-6, 20:3n-6, 22:4n-6, 22:6n-3 y lipidos totales
similares (P > 0.05) a los de los organismos alimentados con
la dieta estandar hasta el inicio del tratamiento. En el experi-
mento de inanicidn, no se observaron cambios (P > 0.05) en
los perfiles de acidos grasos y el contenido de lipidos totales
en los dias 50 y 70; sin embargo, después de 90 dias de inani-
cion, los abulones presentaron contenidos significativamente
menores (P <0.05) de SFA, MFA vy lipidos totales.

DiscusioN

Los perfiles de acidos grasos reflejaron las fuentes ali-
menticias de lipidos. La dieta baja en lipidos fue formulada
para contener la menor cantidad posible de éstos. No es
posible obtener una dieta totalmente libre de lipidos ya que
resulta dificil eliminar toda la grasa de los componentes
alimenticios (Mai et al. 1995). No obstante, el nivel de
lipidos totales fue mucho menor (0.14% p/p) que el conte-
nido en la dieta rica en lipidos (5.1% p/p) o que las cantida-
des recomendadas.

Al inicio del experimento, los acidos grasos mas abun-
dantes en el tejido muscular fueron 16:0, 16:2n-6, 18:0,
18:1n-9, 20:5n-3 y 22:5n-3, con una razén n-3/n-6 balan-
ceada (1.18), lo cual coincide con un reporte previo (Durazo-
Beltran et al. 2003a). Este perfil se debe a los lipidos de la
dieta de fuentes vegetales y de pescado, ya que los abulones
tienden a acumular LC-PUFA n-3 como 20:5n-3 y 22:5n-3
(Uki et al. 1986). Al final del tratamiento con la dieta baja en
lipidos, el tejido muscular mostré un incremento del conte-
nido de 18:1n-9 y una disminucion de las concentraciones de
LC-PUFA n-3 y n-6, mientras que el nivel de lipidos totales
no cambid con respecto al observado antes del tratamiento.
La ausencia o presencia de pequefias cantidades de LC-PUFA
n-3 y n-6 en la dieta y la presencia de niveles altos de 18:1n-9
en el tejido pueden ser indicios de una deficiencia de acidos
grasos esenciales y sugieren que fue despreciable la actividad
de la enzima A6-desaturasa que se necesita para sintetizar
18:2n-9 y 20:2n-9 (Sargent et al. 1995, Ibeas et al. 1996). El
salmon del Atlantico alimentado con una dieta formulada con
cantidades insuficientes de los PUFA n-3 y n-6 durante cua-
tro meses, consistentemente mostrd que casi el 50% de los
acidos grasos en los triacilgliceroles hepaticos correspondian
a 18:1n-9 (Ruyter et al. 2000).

El contenido de lipidos totales y el perfil de acidos grasos
de los abulones alimentados con la dieta baja en lipidos
sugieren la posible existencia de lipogénesis a partir de car-
bohidratos o proteinas (Durazo-Beltran et al. 2003a), lo cual
tiende a reducir el contenido de LC-PUFA y ha sido asociado
con el crecimiento de tejido bajo deficiencia de acidos
grasos. Los abulones ofrecidos la dieta rica en lipidos presen-
taron valores de SFA, 18:1n-9, 18:1n-7, 18:2n-6, 20:1n-9,
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conserve energy (Hochachka and Somero 1984). In addition
to the general reduction in total body lipids, starvation
induces highly variable changes in muscle lipid content
(McCue 2010). Our results show that the total lipid content
and fatty acid profiles of abalone starved for 50 and 70 days
remain similar to those fed the standard diet before the treat-
ment. This observation suggests that during the first 70 days
of starvation, the muscle lipids are not used as an energy
source. A similar pattern has been reported for starved eel
(Boétius and Boétius 1985) and shrimp (Sanchez-Paz et al.
2006). Previous studies on green abalone showed that lipid
accumulation combined with weight loss indicates that dur-
ing starvation, carbohydrate and protein, rather than lipids,
are used as the principal source of energy (Viana et al. 2007),
a condition that may be associated with a low oxidative
metabolism (Segawa 1993) of adipose tissue. After 70 days
of starvation, however, the total lipid level began to decrease
and declined approximately 26% within the next 20 days
(90 days starvation). The initial levels of LC-PUFA remained
essentially unchanged throughout the 90-day starvation
period. In contrast, after 90 days of starvation, the total lipid,
SFA, MFA, and PUFA contents all decreased. LC-PUFA, the
main lipid constituents of cell membranes because they are a
major component of phospholipids, appear to be preferen-
tially conserved in order to maintain the structural integrity of
membranes and physiological needs (Sargent et al. 1995,
Zabelinskii et al. 1999). The tendency to conserve n-3 LC-
PUFA has been reported in starved fish and abalone where
SFA and MFA are preferentially mobilized, whereas the
levels of LC-PUFA like 20:5n-3, 22:5n-3, and 22:6n-3
remain almost constant (Navarro and Gutiérrez 1995,
Durazo-Beltran et al. 2004). Although lipids in the green aba-
lone seem to be primarily used for growth and gonad matura-
tion (Ottaviani et al. 2011), during long-term starvation lipids
can serve as an energy source.

In conclusion, our results show the high metabolic
flexibility of abalone and their capacity to adapt to different
situations, such as restricted feeding or starvation, where LC-
PUFA supply is insufficient and lipogenesis may occur in
order to meet the most important physiological requirements.
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