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Abstract-l. Changes in brain lipid and fatty acid composition were investigated in gilthead sea bream 
(Sparus aurata L.) post-larvae during weaning from live food, enriched Artemia, to a dry pellet diet. 

2. Although enriched Artemiu supplied twice as much lipid and total (n-3) polyunsaturated fatty acids 
(PUFA) on a dry weight basis, the dry pellet diet supplied 6.5 times as much docosahexaenoic acid 
(22:6n-3) to the fish. 

3. Brain weight was slightly increased by weaning on to the pellet diet for 7 days whereas brain protein 
and lipid contents and lipid class compositions were unaffected. 

4. Weaning resulted in significant increases in 22: 6n-3 and 18: 2n-6 and significant decreases in 18: 3n-3 
and 20: 5n-3 in brain total lipids without altering the total (n-6) or (n-3)PUFA contents. 

5. The increased 22:6n-3 was mainly confined to choline- and ethanolamine-phospholipids. 
6. The changes in other PUFA were found generally throughout the phospholipids with decreased 

20: 5n-3 and 20:4n-6 particularly prominent in phosphatidylinositol. 

INTRODUCTION 

I ish have high levels of docosahexaenoic acid (DHA; 
2 2: 6n-3) in brains and retinas, generally above those 

f )und in non-neural tissues, as shown in cod Gadus 
r;lorhua (Tocher and Harvie, 1988), rainbow trout 

i’almo gairdneri (Tocher and Harvie, 1988; Bell and 
l’ocher, 1989), hake Merluccius hubbsi and sea bass 
/Icanthusthius brasilianus (Ayala et al., 1991) and 
/\tlantic herring Clupea harengus (Mourente and 
l’ocher, 1992a). Nutritional studies in fish species 
sxh as turbot Scophthalmus maximus L. (Witt et al., 
1984), gilthead sea bream Sparus aurata L. (Koven et 

cl., 1989) and Coryphaena hippurus (Ostrowski and 
Ilivakaran, 1990) have shown that dietary DHA is 
essential for those marine fishes, especially during 
I trval stages. Biochemical studies have also demon- 
strated that DHA is retained in brain lipids of adult 
s:a bass Dicentrarchus labrax L. when fed diets 
c eficient in (n-3) polyunsaturated fatty acids (PUFA) 
(Pagliarani et al., 1986). 

Recently we have shown that the level of DHA 
i lcreases dramatically in brain lipids of turbot 
::. maximus during development of weaned fish 
(Mourente et al., 1991). In addition, when post-larval 
turbot were weaned from (n-3)PUFA-enriched 
,lrtemiu, containing high levels of eicosapentaenoic 
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acid (EPA; 20: 5n-3) but low levels of DHA, to a dry 
pellet food rich in DHA and EPA, a rapid and 
specific incorporation of DHA into brain phospho- 
glycerides was observed (Mourente and Tocher, 
1992b). This was accompanied by a significant in- 
crease in brain weight of the weaned larvae in com- 
parison with fish of the same batch that remained on 
the enriched Artemiu (Mourente and Tocher, 1992b). 
Weaning of farmed marine fish is usually ac- 
companied by a very significant decrease in larval 
mortality. 

In the present paper, we investigated changes in 
brain lipid composition of gilthead sea bream (Sparus 
aurata. L.) post-larvae during weaning from enriched 
Artemiu to a dry pellet food. Fish were maintained on 
the same dietary regime throughout early develop- 
ment, with all fish fed enriched Artemiu immediately 
prior to the time of normal weaning. At this point, 
one group of fish was fed a dry pelleted food whereas 
the other group remained on enriched Artemia. Both 
populations were sampled 7 days later and the brains 
analysed for lipid content, and lipid class and fatty 
acid compositions. 

MATERIALS AND METHODS 

Fish 

Gilthead sea bream (Sparus aurata. L.) were ob- 
tained from a commercial fish farm (Cultivos Piscico- 
las Marinos S.A., Cupimar S.A.; Salina de San Juan 
Bautista, San Fernando, Cgdiz, Spain). The fish were 
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maintained at the fish farm under normal culture 
conditions and were fed the dietary regime in routine 
operation at the farm. The time of weaning was 
determined by the size of the fish necessary to take the 
size of pellets of the weaning diet. With this particular 
batch of fish, weaning occurred 55 days after hatch- 
ing. At this point, all fish were being fed enriched 
Artemia. One group of fish was then weaned on to the 
dry pellet diet normally used at weaning, whereas the 
other group remained on enriched Artemia. Both 
populations were sampled 7 days later (62 days after 
hatching). Triplicate samples (containing 25 brains 
each) from the groups of fish were dissected out on 
ice, immediately frozen in liquid nitrogen and stored 
at -80°C until analysis. Further samples (8 brains 
each) were collected for dry weight, ash and elemental 
composition determinations. 

Diets 

Artemia metanauplii were enriched with (n- 
3)PUFA by Selco enrichment emulsion (Artemiu 
Systems), according to the manufacturer’s rec- 
ommendations, before they were supplied as live prey 
to gilthead sea bream post-larvae. The dry pelleted 
food was a commercial diet used for weaning marine 
fish (Ewos Start Marine, Ewos Aquaculture inter- 
national). The stomach contents of weaned fish were 
observed (via transparency) in order to ensure that 
weaning had been successful and that the fish were 
consuming the pellet diet. The dry matter and gross 
composition (total protein, total lipid and total ash 
contents), and the fatty acid contents of both diets are 
shown in Table 1. 

Dry weight, ash and elemental composition determi- 
nations 

Four replicates of preweighed samples were main- 
tained at 110°C for 24 hr. The dry weights were 
determined after cooling in uacuo for at least 1 hr. 
Ash content was determined by combusting 
preweighed samples of dry matter at 550°C in a 
furnace and reweighing the residues. The elemental 
composition (C, N, H) analyses were performed in a 
Carlo Erba 1106 Elemental Analyser, using cyclohex- 
anone 2,4-dinitrophenylhydrazone as standard. 
Samples were washed with distilled water, desiccated 
to constant weight and replicates of 1 mg dry weight 
analysed. Carbon, nitrogen and hydrogen contents 
were obtained by multiplying their respective percent- 
age values by the dry weight. Protein content was 
obtained by multiplying the nitrogen content by 6.25. 

Total lipid extraction, lipid class andfatty acid analysis 

Total lipid was extracted from samples after hom- 
ogenization in a teflon pestle glass homogenizer, in 
10 ml of chloroform/methanol (2 : 1, v/v) containing 
0.01% (w/v) butylated hydroxytoluene (BHT) basi- 
cally according to Folch et al., 1957, as detailed 
previously (Tocher and Harvie, 1988). 

Table I. Dry matter*, gross composition? and total lipid fatty 
acid contentsf in diets used for rearing gilthead sea bream 

(Qarus aurala. L.) 

Arlemia Drv Food 

Dry matter 
Total protein content 
Total lipid content 
Total ash content 
Fatty acid 

14:o 
15:o 
16:O 
16:ln-7 
16:2 
16:3 
IS:0 
18:ln-9 
18:ln-7 
l8:2n-6 
18:3n-3 
18:4n-3 
20:o 
20: In-9 
20 : 4n-6 
20: 3n-3 
20: 4n-3 
20: 5n-3 
22:ln-II 
22: 511-6 
22 : so-3 
22:6n-3 

Total Saturated 
Total Monoun~tu~t~ 
Total Polyunsaturated 
Total (n-6)PUFA 
Total (n-3)PUFA 
Total (w6)HUFA 
Total CR-31HUFA 

9.3kO.l 96.8 5 0.1 
51.8+ I.1 59.5 t I .3 
22.9 + I.4 10.6 f 0.4 
12.8 f 0.5 15.4kO.3 

1.3 kO.2 
2.7 k 0.2 

14.2 k 0.6 
5.7 + 0.9 
1.2+0.1 
I.1 f0.1 
7.3 50.1 

24.4 i I .5 
7.8 * 0.5 
5.5 f 0.2 

20.5 f 0.5 
3.3 2 0.2 
0.4+0.1 
0.9 + 0.2 
1.9 k0.f 
0.5 +0.1 
0.8 f 0.1 
9.2 + 0.4 
1.0 rt 0.3 
0.5 f 0.2 
0.6 k 0. I 
1.4 * 0.2 

26.9 i 1.1 
42.9 + 2.9 
50.2 & 2.0 
10.5 i 0.4 
39.3 k I.6 

2.9 k 0.2 
1.2 + 0.1 

1 I.7 + 0.7 
2.620.1 
0.4iO.l 
0.4*0.1 
3.2 t 0.2 
x.7 * 0.5 
I.5 + 0.1 
9.1 f 0.6 
l.9iO.l 
1.8 * 0.1 
0.2 i 0. I 
5.9 i_ 0.5 
0.4 i 0.1 
0.2 + 0. I 
0.5 20.1 
4.1 i 0.3 
8.5 * 0.x 

0.3 + 0.1 
0.8 * 0. I 
9.1 + 0.9 

19.7 + 0.9 
27.8 i 2.0 
30.4 i_ 2.2 
10.8 + 0.7 
19.3 * 1.5 
1.2iO.l 

14.7 + 1.4 
3.2 + 0.3 

13.2 + 0.8 

Data are means + SD of three samples. ‘percentage of wet weight; 
tpercentage of dry weight; lag fatty acid:mg dry weight, totals 
include some minor components (CO. I %) not shown. Arremia 
were enriched in (n-3)PUFA with Selco (Artemia System). Dry 
food was a commercial small size pellet diet (Ewos Start Marine) 
used for weaning marine fish. PUFA, polyunsaturated fatty 
acids: HUFA, highly unsaturated fatty acids (2 20: 3) 

Lipid classes were separated by high-perfo~an~e 
thin-layer chromatography (HPTLC) using a single- 
dimension double-development method described 
previously (Tocher and Harvie, 1988; Olsen and 
Henderson, 1989). The classes were quantified by 
charring (Fewster et al., 1969) followed by calibrated 
densitometry using a Shimadzu CS-9000 dual-wave- 
length flying pot scanner and DR-13 recorder (Olsen 
and Henderson, 1989). 

Individual phosphoglyceride classes were separated 
by thin layer chromatography (TLC) according to the 
method of Vitiello and Zanetta (1978). Fatty acid 
methyl esters from total lipids and individual phos- 
phoglyceride classes were prepared by acid-catalysed 
transmethylation for 16 hr at 50°C using nonade- 
canoic acid (19:0) as an internal standard (Christie, 
1989). Methyl esters were extracted and purified as 
described previously (Tocher and Harvie, 1988). The 
fatty acid methyl esters were analysed in a Hewlett- 
Packard 5890 A Series II gas chromatograph 
equipped with a chemically bonded (PEG) 
Omegawax 320 fused silica wall-coated capillary 
column (30 m x 0.32 mm i.d., Supelco, Bellefonte, 
U.S.A.) using hydrogen as carrier gas with a thermal 
gradient from 185 to 235-C. Individual fatty acid 
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methyl esters were identified as described previously 
(Tocher and Harvie, 1988) and quantified using a 
Hewlett-Packard 3394 recording integrator. 

Statistical analysis 

Results are presented as means t_ SD (N = 3). The 
sit nificance of differences between means were deter- 
mined by paired t-test analysis (small group of 
sa nples) (Zar, 1984). 

Materials 

Potassium bicarbonate, potassium chloride, BHT 
ar d nonadecanoic acid (>99% pure) were from 
Si,ma Chemical Co. (Poole, Dorset, U.K.). 
Tl,C (20 x 20 cm x 0.25 mm) and HPTLC 
( 1 1 x 10 x 0.15 mm) plates precoated with silica gel 
6C (without fluorescent indicator) were obtained from 
Merck (Darmstadt, Germany). Glacial acetic acid, 
suiphuric acid (analar grade) and all solvents (HPLC 
grade) were purchased from Fluka Chemicals Co. 
(Clossop, Derbyshire, U.K.). 

RESULTS 

The enriched Artemia contained 9.3% dry matter 
cc mpared with 96.8% for the dry pellet diet (Table 1). 
Ta Ital protein and ash contents were slightly higher in 
the dry food, whereas total lipid content was 2-fold 
greater in enriched Artemia. Enriched Artemia pro- 
viled l&fold more total fatty acids per mg dry 
w :ight, with, in particular, 18: 1 isomers, 18: 3n-3, 
21 :4n-6 and EPA all in greater amounts compared 
w th the dry pellet food. In contrast, the dry pellet 
food provided more DHA (6.5fold greater), 18 : 2n-6, 
2(:ln-9and22:ln-11 onapgfattyacidpermgdry 
w&ght of diet basis (Table 1). 

The dry weights of brains from gilthead sea bream 
wi:aned on to the dry pellet diet were slightly greater 
than those of unweaned fish, although the difference 
w 1s not significant (Table 2). Weaning had no signifi- 
csrnt effect on brain total protein or total lipid 
cc ntents. The major polar lipid classes were diradyl 
gl ~cerophosphocholines (CPL) and diradyl glyc- 
et 3phosphoethanolamines (EPL), followed by phos- 
pliatidylserine (PS). The major neutral lipid was 
cl olesterol, which accounted for approximately 20% 
01 total lipids, whereas triacylglycerol and steryl 
esters amounted to about 12 and 15%, respectively. 
Weaning on to the pelleted diet had no significant 
ef’ect on the brain lipid class composition (Table 2). 

The total lipid fatty acid compositions of brains 
from weaned and unweaned 62-day-old gilthead sea 
bream post-larvae are presented in Table 3. The 
proportion of total saturated fatty acids was signifi- 
cantly greater in brains of weaned fish, whereas there 
were no differences in total monoenes or total PUFA. 
However, the proportions of some individual fatty 
acids were significantly affected by weaning. In par- 
ticular, the percentage of DHA was significantly 
increased by 1.4-fold in brain total lipid from weaned 

Table 2. Brain dry weights*, total protein and lipid contents? and 
lipid class compositions$ of total lipids from brains of 62-day-old 
gilthead sea bream (Sporus aurota. L.) postlarvae fed: (A) only 
enriched-Arremia, (B) enriched-Arremia until day 55 and then dry 

pellet food for 1 week after weaning 

(A) (R) 

Brain dry weight 0% 5 0.08 0.56 $- 0.14 
Protein 58.6 + 2.4 57.4 + 0.4 
Lipid 44.8 rt 3.9 43.9 rfi 2.0 
Total polar lipids 49.5 + 0.3 49.1 rt I.L 

Diradyl 
glycerophosphocholines 16.7 It 0.8 16.2 rf- 0.9 
Diradyl 
glycerophosph~thanoIamin~ 15.8 i- 0.7 15.6 i 0.5 
Phosphatidyls~ne 6.2 i: 0.2 6.2 + 0.2 
Phosphatidylinositol I .6 + 0.2 1.4kO.l 
Phosphatidic acid/cardiolipin 2.2 rt 0.3 1.9-i.O.2 
Glycosylglyceride 5.3 It 0.5 6.1 + 0.8 
Sulphatide 0.3 lto.1 0.3 + 0.1 
Cerebroside 0.9 tt 0.2 0.8 rl: 0.2 
Sphingomyelin 0.4 + 0.1 0.5 + 0.2 

Total neutral lipids 50.5 & 0.3 50.9 + 1.3 
Cholesterol 19.2 + 0.4 20.4 t 0.8 
Free fatty acid 3.6 * 0.4 3.6 + 0.6 
Triacylglycerol 12.1 +-0.1 11.2&0.8 
Steryi ester 15.5 It 0.8 15.1 *0.3 

Data are means rt SD of three samples. *mg/brain; tpercentage of 
dry weight: fpercentage of total lipid. Differences between the 
two groups of means were analysed by a paired ~-test and were 
significant (P < 0.05) where indicated ($1. 

fish. Similarly, 16:0, 18:0 dimethyl acetal, 18:2n-6 
and 20: ln-9 were significantly higher in brains of 
weaned fish. In contrast, the proportions of 18 : 3n-3, 
EPA and 18 : ln-7 were significantly lower in total 
lipid from brains of weaned fish. 

The fatty acid compositions of brain CPL and EPL 
from weaned and unweaned gilthead sea bream post- 
larvae are shown in Table 4. DHA and 18 :2n-6 were 
significantly greater, and 18 : 3n-3 and 18 : ln-7 were 
significantly lower, in both brain CPL and EPL in 
weaned fish. In addition, the percentages of EPA and 
20:4n-6 were significantly reduced in brain EPL in 
weaned larvae. 

The fatty acid compositions of brain PS and phos- 
phatidylinositol (PI) from weaned and unweaned 
gilthead sea bream post-larvae are presented in Table 
5. In PS, the proportion of total saturates, mainly 
16:0, were significantly higher and the proportions of 
total (n-3)PUFA, mainly EPA, were significantly 
lower in weaned fish. The main effects of weaning on 
brain PI were significantly reduced EPA, 20: 4n-6 and 
18: 1 isomers and significantly increased saturated 
fatty acids, especially 18:0, 16:0 and 14:0 (Table 5). 
The percentages of DHA were greater, but not 
significantly so, in brain PS and PI of weaned fish. 

DISCUSSION 

Values of 8.5 mg (n-3)HUFA/g dry wt of rotifers 
(Koven et al., 1990) and 3.0 mg (n-3)HUFA/g dry wt 
of Artemia (Kissil, 1991) provide good growth in 
gilthead sea bream larvae, although they are possibly 
not optimum values (Kiss& 1991). However, no 
(n-3)HUFA requirements for 1 g or larger gilthead 
sea bream have been reported (Kissil, 1991). The 
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Table 3. Fatty acid compositions of brain total lipids from 62-day- 
old gilthead sea bream (Sparus aurata. L.) postlarvae fed: (A) only 
enriched-Artemia and (B) enriched-Artemia until day 55 and then dry 

pellet food for I week after weaning 

Fatty acid 

14:o 
l5:O 
16:ODMA 
l6:O 
16:ln-9 
16:ln-7 
l6:2 
l6:3 
18:ODMA 
18:ln-9DMA 
18:ln-7DMA 
l8:O 
18:ln-9 
18:ln-7 
l8:2n-6 
l8:3n-3 
l8:4n-3 
20:o 
20:In-9 
20:ln-7 
20: 2n-6 
20: 3n-6 
20 : 411-6 
20: 3n-3 
20: 4n-3 
20: 5n-3 

(4 
0.4 f 0.1 
3.4 f 0.6 
0.3 + 0.0 

13.3 f I.0 
0.9 * 0. I 
I.4 5 0.1 
0.5 * 0.1 
0.6 k 0.2 
1.1 * 0.3 
0.4 + 0.1 
0.1 f 0.0 

11.3+0.7 
13.8 + 0.9 
4.9 * 0.3 
2.5 k 0.2 
4.0 * 0.3 
0.5 * 0.0 
0.2 + 0.0 
0.4 * 0.0 
0.2 * 0.0 
0.3 * 0.1 
0.3 + 0.0 
2.6 f 0.1 
0.7 f 0.0 
0.7 * 0.0 
9.8 + 0.6 
0.3 * 0.1 
0.2 * 0.0 
0.2 * 0.0 
0.4 * 0.1 
3.1 i_ 0.2 
9.0 i 0.6 
0.3 i 0.0 
0.5 * 0.1 
0.2 * 0. I 

29.6 i I.8 
21.9i I.5 
37.2 i 2.8 
7.3 2 0.8 

29.3 f 2.1 

0.5 * 0.1 
2.8 i I.2 
0.3 * 0.0 

16.7 i 0.4; 
1.0+0.1 
I .4 f 0.0 
0.4 f 0.1 
0.8 f 0.2 
I .7 * o.o* 
0.6 + 0.0 
0.1 & 0.0 

I I.7 & 0.8 
13.5 * 0.4 
3.9 i 0.1’ 
3. I * 0.21 
2.2kO.l’ 
0.3 k 0.0 
0.2 * 0.0 
0.8 f 0.0’ 
0.2 + 0. I 
0.3 & 0.0 
0.2 _t 0.0 
2.6 + 0.1 
0.5 * 0.0 
0.6 k 0.0 
8.5 k 0.4’ 
0.6 & 0.2 
0.3 5 0.1 
0.5 + 0.0 
0.5 f 0.1 
3.2 k 0.4 

13.1 f 1.0’ 
0.4 f 0.2 
0.6 + 0.1 
0.2 f 0.0 

33.1 f 0.7’ 
22.4 + 0.5 
38.4 + I.8 
7.2 fO.l 

30.6 + I .8 

22:1 
22 : 4n-6 
22: 3n-3 
22: Sn-6 
22: 5n-3 
22: 6n-3 
24:0 
24:ln-9 
24:ln-7 
Total Saturated 
Total Monounsaturated 
Total Polyunsaturated 
Total (n-6)PUFA 
Total (n-3)PUFA 

Data are percentages of weight and are means k SD of three 
samples. Totals include some minor components (< 0. I %) not 
shown. SD = 0.0 implies an SD < 0.05. DMA, dimethyl acetal; 
PUFA, polyunsaturated fatty acids. Differences between the two 
groups of means were analysed by a paired r-test and were 
significant (P i 0.05) where indicated (*). 

(J-V 

enriched Artemia and the weaning diet used in the 
present study provided levels of (n-3)HUFA well over 
those mentioned above; 13.2 mg/g dry wt for enriched 
Artemia and 14.7 mg/g for the dry pellet food. How- 
ever, the enriched Artemia only provided 
1.4 mg DHA/g dry wt, whereas the pellet diet con- 
tained 9.1 mg/g. Standard enrichment techniques are 
generally unable to routinely raise levels of DHA in 
Artemia higher than l-l .5 mg/g dry wt. The absolute 
requirement for DHA in most larval marine fish, 
including gilthead sea bream, is unknown but it is 
probable that Artemia, enriched by standard tech- 
niques, represent a deficient diet with respect to 
DHA. In consequence, marine fish larvae are sub- 
jected to an abrupt increase in dietary DHA levels 
during weaning from enriched Artemia to a dry pellet 
food. 

The brains of the gilthead sea bream post-larvae in 
the present study contained lower proportions of 
total polar lipids and the major phosphoglyceride 

classes (Table 2) than brains of turbot post-larvae of 
the same age (Mourente and Tocher, 1992b). Particu- 
larly noteworthy was the presence of significant levels 
of glycosylglycerides in brain lipids of gilthead sea 
bream. Glycosylglycerides are also present in small 
but significant amounts in lipids from brain and 
retina of rainbow trout (Oncorhynchus mykiss) and 
cod (Gadus morhua) (Tocher and Harvie, 1988; 
Tocher and Sargent, 1990), and seem to be involved 
in myelination processes (Sastry, 1985). In contrast, 
brain lipids of gilthead sea bream post-larvae con- 
tained larger proportions of neutral lipids, primarily 
triacylglycerol and steryl esters than the brains of 
turbot post-larvae (Tocher and Mourente, 1992b). 
The neutral glycerides may supply precursor diacyl- 
glycerol moieties for phospholipid biosynthesis and 
serve as sources of cholesterol and fatty acid in the 
course of biomembrane formation in the rapidly 
developing neural tissues (Sastry, 1985). 

In a previous study with turbot Scophthalmus 

maximus L. we observed that DHA was specifically 
accumulated in brain phosphoglycerides after wean- 
ing from enriched Artemia to a pellet diet (Mourente 
and Tocher, 1992b). In the present study, the in- 
creased DHA levels in brain phospholipids in weaned 
gilthead sea bream compared to unweaned fish were 
lower than the increase in phospholipid DHA ob- 
served in the earlier turbot study (Mourente and 
Tocher, 1992b). This may be a consequence of differ- 
ences between the diets used in the two studies. In the 
present study, the enrichment procedure produced 
Artemia that were more lipid rich and actually sup- 
plied more fatty acid (mg/g of dry wt) than the dry 
pellet food. As a result, the differences in brain lipid 
class and fatty acid compositions between weaned 
and unweaned fish were generally less striking. Fur- 
thermore, the enriched Artemia in the present study 
contained more than 1.4-fold more DHA than the 
enriched Artemia used to feed the turbot post-larvae 
in the earlier study. In consequence, the unweaned 
gilthead sea bream contained higher proportions of 
DHA in brain total lipids, CPL, EPL and PS than 
brains from the unweaned turbot (Mourente and 
Tocher, 1992b). Finally, the dry pellet diet used to 
wean the gilthead sea bream in the present study 
supplied less DHA than the weaning diet used in the 
earlier turbot study (Mourente and Tocher, 1992b). 
Therefore, although quantitatively less, the results of 
the present study are consistent with the earlier data 
showing a specific accumulation of DHA in brain 
phospholipids after weaning on to a DHA-rich diet. 

It has become increasingly accepted recently that 
(n-3)PUFA, specifically DHA, are essential for neural 
development and photoreceptor function (Neuringer 
et al., 1988; Bazan, 1990). Accumulation may occur 
either via de not~o biosynthesis of DHA from shorter 
chain precursors in the brain or may result from 
uptake of dietary DHA (via the liver) (Crawford, 
1987; Neuringer et al., 1988; Scott and Bazan, 1989) 
with incorporation into phospholipids oia turnover 
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Table 4. Fatty acid compositions of brain diradyl glycerophosphocholines and diradyl glyc- 
erophosphoethanolamines from 62-day-old gilthead sea bream (Sparus aurom. L.) postlarvae fed: 
(A) only enriched-Artemia and (El) enriched-/lrfemia until day 55 and then dry food for I week 

after weanine 

609 

Fattv acid 

14:o 
l5:O 
16:ODMA 
l6:O 
16:ln-9 
16:ln-7 
16:2 
16:3 
l8:ODMA 
18:ln-9DMA 
18:In-7DMA 
18:0 
18:ln-9 
18:ln-7 
l8:2n-6 
l8:3n-3 
18:4n-3 
20:o 
20:ln-9 
20: In-7 
20: 2n-6 
20 : 3n-6 
20:4n-6 
20: 3n-3 
20 : 4n-3 
20: Sn-3 
22:l 
22 : 4n-6 
22: 3n-3 
22: 5n-6 
22: Sn-3 
22: 6n-3 
24:ln-9 
Total saturated 
Total monounsaturated 
Total PUFA 
Total (n-6)PUFA 
Total (n-3)PUFA 

6% 
0.6 + 0.0 
1.2 i 0.1 

nd 
32.4 f 0.8 

1.8 +O.l 
1.9 +o.o 
0.7 i 0.0 
I.1 + 0.0 

nd 
nd 
nd 

7.9 f 0.1 
18.4 k 0.4 
3.5 i 0.1 
2.8 f 0.1 
2.7 + 0.1 
0.2 + 0.0 
0.2 + 0.0 
0.2 * 0.0 
0.1 * 0.0 
0.2 * 0.0 
0.2 f 0.0 
I .o f 0.0 
0.3 t 0.0 
0.3 * 0.0 
5.0 + 0.2 
0.3 * 0.0 
0.3 * 0.2 
0.5 * 0.2 
0.3 f 0.0 
0.5 f 0.1 
1.6?0.1 
0.5 * 0.1 

44.2 * 0.7 
27. I k 0.4 
20.4 f 0.4 

5.9 + 0.3 
13.5 * 0.2 

Diradyl 
glycerophosphocholines 

(W 

0.7 * 0.0 
I .2 * 0.2 

nd 
32.7 k 2.0 

1.6kO.l 
1.7 i 0.2 
0.6 + 0. I 
I .o f 0.0 

nd 
nd 
nd 

7.7 k 0.6 
18.5 k 1.6 
2.9 f 0.3* 
3.6 f 0.4* 
1.7 f 0.3’ 
0.1 + 0.0 
0.2 * 0.0 
0.3 * 0.0 
0.1 f 0.0 
0.2 + 0.1 
0.2 f 0.0 
I.2 + 0.2 
0.3 * 0.1 
0.3 f 0.1 
5.3 + 0.9 
0.2 i 0.0 
0.4 * 0.2 
0.3 * 0.2 
0.4 f 0.1 
0.8 kO.1’ 
4.4 i_ 0.7. 
0.8 5 O.l* 

44.3 + 2.9 
26.8 f 2.2 
23.2 f 2.2 

7.0 * 0.7 
15.2 i 1.8 

Diradyl 
glycerophosphoethanolamines 

(A) (B) 

0.2 F 0.0 
1.3*0.1 
0.6 ? 0.0 
6.1 k 0.3 
0.2 * 0.0 
0.6 k 0.0 
0.5 F 0.0 
0.9 f 0.0 
2.4 f 0.0 
0.6 f 0.0 
0.4 + 0.0 

17.9 * 0.3 
6.7 5 0.2 
5.5 + 0.1 
1.3 Ito. 
1.7 f 0.0 
0.1 * 0.0 
0.2 * 0.0 
0.4 i 0.0 
0.2 i 0.0 
0.3 + 0.0 
0.3 * 0.0 
4.5 * 0.2 
0.9 * 0.0 
0.9 i 0.0 

17.6 f 0.6 
0.1 * 0.0 
0.4 * 0.3 
0.8 k 0.1 
0.5 f 0.1 
4.9 * 0.1 

14.6 k 0.1 
0.5 i 0.2 

26.6 i 0.1 
14.4 + 0.1 
51.7kO.9 

8.3 i 0.2 
43. I * 0.7 

0.2 + 0.0 
I .6 f 0.0’ 
0.7 * 0.0 
7.5 f 0.3. 
0.2 f 0.0 
0.7 + 0.1 
0.4 * 0. I 
0.9 * 0. I 
2.3 i 0.1 
0.6 k 0.0 
0.4 + 0.0 

18.3 f 0.4 
6.6 f 0.3 
4.4 f 0.0’ 
I .6 rt 0.0’ 
1.0 * o.o* 
0.2 * 0.0 
0.2 * 0.0 
0.7 & 0.0’ 
0.2 * 0.0 
0.2 * 0.0 
0.2 * 0.0’ 
3.9fO.l’ 
0.7 + 0.0; 
0.7 f 0.08 

13.3 * 0.7’ 
0.1 f 0.0 
0.7 f 0.1 
0.5 * 0.4 
0.4 * 0.2 
4.5 + 0.3 

18.6 f 0.6’ 
0.6 k 0.2 

28.8 f 0.4’ 
13.7 f 0.4 
49.2 + I.1 

8.4 + 0.1 
40.8 + 0.9 

Data are percentages of weight and are means + SD of three samples. Totals include some minor 
components (~0.1%) not shown. SD = 0.0 implies an SD < 0.05. Statistical analysis as in 
Table 3. DMA, dimethyl acetal; PUFA, polyunsaturated fatty acids; nd = not detected. 

(deacylation/reacylation) and/or direct transacylation 
(MacDonald and Sprecher, 1991). There are no 
data concerning these pathways in fish. However, 
in radiotracer studies performed in isolated brain 
cells from newly-weaned and 4-month-old turbot, 
the rank order of incorporation of [1-‘4C]DHA 
intl) phosphoglycerides was CPL > EPL > PS > PI 
am this was independent of the age of the fish 
am the time of incubation (Tocher et al., 1992). 
Tb:re was little specificity between DHA and 18 : 3n-3 
in the uptake processes and there was only very 
lim ted capacity to convert 18 : 3n-3 to DHA although 
the *e was significant conversion of EPA to DHA 
in the isolated turbot brain cells (Tocher et al., 
1992). Similar studies are required in gilthead sea 
bre#lrn to determine the capacity of fatty acid trans- 
formation by brain and liver cells in order to predict 
how much DHA can be synthesized in either brain 
or liver and how much DHA must be supplied by 
the diet. 

The possible physiological role(s) of DHA in neu- 
ral tissues are under intense investigation (Neuringer 

et al., 1988; Bazan, 1990) and the evidence indicates 
that, in mammals, DHA is most highly concentrated 
in synaptic membranes and in the disk membranes of 
photoreceptor cells of the retina (Bazan, 1990). 
Therefore, during development and differentiation of 
the central nervous system, DHA may be required 
especially for synaptogenesis, biogenesis of photo- 
receptor membranes and vision in general. This could 
be one of the most important and essential roles that 
this fatty acid plays during the early developmental 
stages of marine fish, particularly predatory species, 
in which prey capture is so essential at, and beyond, 
first feeding. 

The natural diet of gilthead sea bream larvae and 
post-larvae includes primarily copepods, polychaetes, 
amphipods, mysidacea and ostracods (Arias and 
Drake, 1990). These are generally richer in DHA than 
the enriched rotifers or Artemia used in hatcheries for 
rearing marine fish larvae and post-larvae (Sargent 
et al., 1990). Therefore, wild populations of gilthead 
sea bream will be able to obtain a sufficient and 
consistent supply of DHA in their natural diet. 



610 GABRIEL MOU~NTE and DOUGLAS R. TOCHFJ~ 

Table 5. Fatty acid compositions of brain phosphatidylserine and phosphatidylinositol from 
&?-day-old gilthead sea bream (Sparus mvala. L.) postlarvae fed: (A) only enriched-/lrfemia 
and (B) enriched-Arfemia until day 55 and then dry pellet diet for I week after weaning 

Fatty acid 

;4:0 
15:o 
16:O 
16:In-7 
16:2 
17:o 
16:3 
18:O 
18:ln-9 
18:tn-7 
18:2n-6 
18:3n-3 
18:4n-3 
20:o 
20:ln-9 
ZO:ln-7 
20 : 2n-6 
20 : 3n-6 
20 : 4n-6 
20: 3n-3 
20: 4n-3 
20: 5n-3 
22:l 
22: 3n-3 
22 : 5n-6 
22 : Sn-3 
22: 6n-3 

(A) (B) 

0.6 i 0.3 0.2 * 0.0’ 
2.2 + 0.2 3.1 fO.lf 
2.5 & 0.1 3.2 + 0.4* 
0.6 k 0. I 0.4 * 0.2 
0.2 * 0.1 0.3 f 0.1 
0.2 i 0. I 0.3 * 0.1 
0.4 i 0.2 0.7 i 0.1 

29.9 ? 0.8 31.2*0.4 

(A) (El 

0.8 i: 0.2 
6.5 i: I .4 
7.5 f 0.4 
0.8 rt 0.4 
0.5 k0.l 
05-tO.l 
1.1 -to.1 

25.6 t 1.6 
7.4 * 0.7 
3.2 +- 0.2 
1.2 + 0.1 

4.4 + 0. I 3.9 & 0.4 
2.8 + 0.1 2.1 +0.1* 
0.8; 0.0 0.8 + 0.1 
l.O_tO.I 0.5 + o.o* 
0.3 + 0.0 0.4 i_ 0.1 
0.3 k 0.0 0.5 * 0.1 

0.4 * 0.0 0.4+0.1 
0.3 rf- 0.0 0.2 * 0.0 

0.2 f 0.1 0.3 TO.1 
0.5 f 0.0 0.4iO.l 
1.1 +o.o 0.9 f 0.1 

1.0+0,0 0.6 k 0.2* 
1.1 +0.1 0.7 f 0.0' 
5.8 + 0.2 4.0 + 0.2' 
0.2 + 0.1 0.3 IO.0 
0.3 i 0.1 0.4 i 0.2 
1.0 2 0.1 0.7 + 0.4 
8.9 t-o.3 8.7 rt0.l 

1.1 To.2 

1.2:kO.l 

0.4 i_ 0.0 

0.7 * 0.4 

tr 

0.8 * 0.5 

0.6 f0.1 

8.1 +0.7 

0.4 i 0.2 

0.9 _t 0.5 

8.9 t 1.0 

1.7 * 0.3* 
8.7 + 0.5 

10.2 + 0.2* 
0.4 * 0. I 
0.5 i_ 0.3 
0.6 k 0.1 
1.3iO.l 

32.3 i 0.6* 
4.7 * 0.2’ 
is~o.I* 
I .2 * 0.0 
0.7 + 0.3 
I .o + os* 
0.4 * 0. I 
0.6 i 0.4 
0.1 + 0.0 
0.8 rt 0.5 
0.3 + 0.2 
5.7 + o.i* 

0.6 ; 0. I 
0.5 * 0.3 
5.1 & 0.3* 

tr 

tr 
1.2 i: 0.4 

2.1 kO.5 

0.8 :'O.l 
1.8 i 0.2 

28. I * 1.4 28.3 rt 0.8 4.8 i: 0.8 5.7 f 0.6 
Total saturated 35.6 i 1 .O 39.1 * 0.7* 41.3 t 3.0 54.1 + 1.3+ 
Total monounsaturated 8.8 * 0.3 8.0 + 0.5 12.1 i: 1.0 7.4 5 0.Y 
Total PUFA 51.2 f 1.8 49.6 i 0.5 36.1 i: 2.8 27.6 -i. 1.9’ 
Total (n-6)PUFA 3.7 + 0.2 4.4 + 0.5 13.7 rt 1.8 9.7 + 1.4 
Total fn-31PUFA 47.1 + 1.9 41.9 + 0.9. 21.7 + 1.3 15.9 ? 0.6* 

Phosphatidylserine Phosphatidylinositol 

Data are percentages of weight and are means + SD of three samples. Totals include some 
minor components (~0.1%) not shown. SD =O.O implies an SD~0.05. Statistical 
analysis as in Table 3. PUFA. polyunsaturated fatty acids; tr = trace amount ~0.1%. 

Studies on the evolution of brain fatty acid compo- Bell M. V. and Tocher D. R. (1989) Molecular species 

sitions during the development of wild populations of composition of the major phospholipids in brain and 

marine fish are required to provide additional com- 
retina from rainbow trout (Salmo guirdneri). Biochem. J. 

parative data (Mourente and Tocher, 1992a). 
224, 909-915. 

Christie W. W. (1989) Gas Chromatography and Lipids: 
A Practical Guide, 1st edition. The Oily Press, Ayr, 

Acknowledgements-We are grateful to Mr Pedro Ruiz of El Scotland. 
Palmar marine fish farm belonging to Cultivos Piscicolas Crawford M. A. (1987) The requirements of long chain n-6 
Marinos S. A. (Cupimar S. A.) for access to the facilities and and n-3 fatty acids for the brain. In Polyunsaturuted Fatty 
their assistance during the experiments. We also thank Acids and Eicosanoids (Edited by Lands W. E. M.), 
Mr Satumino Gonzalez of the Instituto de Ciencias Marinas pp. 270-295. American Oil Chemists’ Society, 
de Andalucia (CSIC) for his collaboration in the determi- Champaign, IL. 
nation of drv weiaht. ash and elemental composition Fewster M. E., Burns B. J. and Mead J. F. (1969) Quanti- 
analysis. * 

. 
tative densitometri~ thin layer chromatography of 
lipids using cupric acetate reagent. J. Chromatogr. 43, 
120-126. 

Folch J., Lees M. and Sloane Stanley G. H. S. (1957) 
REFERENCES A simple method for the isolation and purification of 

total lipids from animal tissues. J. biol. Chem. 226, 
Arias A. and Drake P. (1990) Estados juveniles de la 497-509. 

ictiofauna en ios caiios de las salinas de la bahia de Cadiz. Koven W. M., Kissil G. W. and Tandler A. (1989) Lipid and 
Instituto de Ciencias Marinas de Andalucia (CSIC) and 
Consejeria de Gobernacion (Junta de Andalucia), 
(Cadiz), Spain. 

Ayala S., Castuma C. E. and Brenner R. R. (1991) Fatty 
acid composition and dynamics of phospholipids from 
hake (Merluccius hubbsi) spinal cord and brain and sea 
bass (Acanthustius brasilianus) brain. Biochem. Int. 23, 
163-174. 

Baaan N. G. (1990) Supply of n-3 polyunsaturate fatty 
acids and their significance in the central nervous sys- 
tem. In Nutrition &d the Brain (Edited by WurtmanR. 
J. and Wurtman J. J.), Vol 8, pp. l-24. Raven Press, 
New York. 

n-3 requirement of Sparus aurata larvae during starvation 
and feeding. Aquaculture 79, 185-191. 

Koven W. M., Tandler A., Kissil G. W., Sklan D., 
Friezlander 0. and Hare1 M. (1990) The effect of dietary 
(n-3) polyunsaturated fatty acids on growth, survival and 
swim bladder development in Sparus aurata larvae. Aqua- 
culture 91, 131-141. 

Kissil G. W. (1991) Gilthead sea bream Sparus aura&u. In 
Handbook of Nutrient requirements of Finish (Edited by 
Wilson R. @.), pp. 83388:CRC Press, London. 

MacDonald J. I. S. and Snrecher H. (1991) Phospholipid 
fatty acid remodeling in mammalian cells. biochim. 
biophys. Acta 1084, 105-121. 



Fatty acids in post-larval sea bream brain 611 

Mourente G., Tocher D. R. and Sargent J. R. (1991) Specific 
accumulation of docosahexaenoic acid (22: 6n-3) in brain 
lipids during development of juvenile turbot 
Scophthalmus maximus L. Lipids 26, 871-877. 

Mourente G. and Tocher D. R. (1992a) Lipid class and fatty 
acid composition of brain lipids from Atlantic herring 
(Clupea harengus) at different stages of development. 
Mar. Biol. 112, 5533558. 

Mourente G. and Tocher D. R. (1992b) Effects of weaning 
on to a pelleted diet on docosahexaenoic acid (22:6n-3) 
levels in brain of developing turbot (Scophthalmus 
maximus L.). Aquaculture 105, 363-377. 

N uringer M., Anderson G. J. and Connor W. E. (1988) The 

Domestic Animals (Edited by Mellinger J., Truchot J. P. 
and Lahou B.), Vol. 5, pp. 11-23. Karger, Basel. 

Sastry P. S. (1985) Lipids of nervous tissue: composition and 
metabolism. Prog. Lipid Res. 24, 69-176. 

Scott B. L. and Bazan N. G. (1989) Membrane docosahex- 
aenoate is supplied to the developing brain and retina by 
the liver. Pro;. natn. Acad. Sci. -tJ..?.A. 86, 2903-2907. 

Tocher D. R. and Harvie D. G. (1988) Fattv acid compo- 
sition of the major phosphoglycerides from fish neural 
tissues; (n-3) and (n-6) polyunsaturated fatty acids in 
rainbow trout (Salmo gairdneri) and cod (Gadus morhua) 
brains and retinas. Fish. Physiol. Biochem. 5, 229-239. 

Tocher D. R.. Mourente G. and Sareent J. R. (1992) 
Metabolism of [I-Yldocosahexaeioate (22:&t-3), 
[I-Yleicosapentaenoate (20: 5n-3) and [l-‘4C]linolenate 
(18: 3n-3) in brain cells from iuvenile turbot 
(Scophthalmus maximus L.). Lipids 21, 494499 

Tocher D. R. and Sargent J. R. (1990) Incorporation into 
phospholipid classes and metabolism via desaturation 
and elongation of various “C-labelled (n-3) and (n-6) 
polyunsaturated fatty acids in trout astrocytes in primary 
culture. J. Neurochem. 54, 2118-2124. 

Vitiello F. and Zanetta J. P. (1978) Thin layer chromatog- 
raphy of phospholipids. J. Chromatogr. 166, 637-640. 

Witt U., Quantz G., Kuhlman D. and Kattner G. (1984) 
Survival and growth of turbot larvae Scophthalmus max- 
imus L. reared on different food organisms with special 
regard to long-chain polyunsaturated fatty acids. 
Aauacult. Engineer. 3. 177-l 90. 

essentiality of n-3 fatty acids for the development and 
function of the retina and brain. A. Rev. Nutr. 8,517-541. 

0 sen R. E. and Henderson R. J. (1989) The rapid analysis 
of neutral and polar lipids using double-development 
HPTLC and scanning densitometry. J. exp. Mar. Biol. 
Ecol. 129, 1899197. 

0, trowski A. C. and Divakaran S. (1990) Survival and 
bioconversion of n-3 fatty acids during early development 
of dolphin (Coryphaena hippurus) larvae fed oil-enriched 
rotifers. Aquaculture 89, 2733285. 

Pggliarani A.: Pirini M., Trigari G. and Ventrella V. (1986) 
Effects of diets containing different oils on brain fattv acid 
:omposition in sea bass. YDicentrarchus labrax L.). i‘omp. 
Biochem. Physiol. 83B, 277-282. 

Sargent J. R., Bell M. V., Henderson R. J. and Tocher D. 
R. (1990) Polyunsaturated fatty acids in marine and 
.errestrial food webs. In Comparative Physiology. Animal 
Nutrition and Transport Processes: Nutrition in Wild and 

Zar _ J. H. (1984) B&statistical Analysis. 2nd edition. 
Prentice-Hall, Englewood Cliffs, NJ. 


