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Abstract A 6-week feeding trial was conducted with
44-d-old European sea bass (Dicentrarchus labrax L.) in
order to examine the effect of various dietary phospho-
lipid (PL) sources on the incorporation of n-3 highly
unsaturated fatty acids (HUFA) in tissue lipids. From
weaning onwards the fish received diets prepared by
coating different lipid fractions (7.5% diet) on an ex-
truded basal diet (92.5% diet). The two PL-free control
diets contained 0.5 and 2% of an emulsifier blend, res-
pectively. Seven other diets contained 2% PL, differing
by their purity and origin (vegetable or animal). All diets
were rendered isolipidic by the addition of hydrogenated
coconut oil. Feeding the PL-supplemented diets, except
the diet containing hydrolyzed soybean PL (lyso PL),
resulted in a higher survival and a 10 to 30% better
growth as compared to the PL-free diets. No difference
according to the PL origin was observed. The sea bass
final lipid content increased with increasing body weight.
Also the lipid class composition of the fish was clearly
correlated with the final weight gain. Total neutral lipid
increased from 51% of total lipid (initial fish) to 76% for
fish fed the PL-free diets, and up to 88% for fish fed the
sunflower PL. Weaning the fish on the experimental
diets induced important changes in their fatty acid
profiles characterized by a decrease in 18:3n-3, 20:51-3
and 20:4n-6 and an increase in saturated fatty acids and
22:6n-3 (DHA). According to the fatty acid composition
of both total and polar lipid, the weaned fish could be
divided into three groups reflecting the dietary fatty
acids: a group fed the vegetable PL, a group fed the
animal PL and a PL-deprived group. An effect of dietary
PL on the incorporation of dietary n-3 HUFA, more
particularly DHA, was noticed. For a similar supply of
DHA through the neutral lipids in the diet, fish fed PL-
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supplemented diets (except for the lyso PL diet) had 10
to 25% higher DHA levels in total and polar lipid than
PL-deprived fish. This PL effect was already clear at the
end of the weaning and was not related to the presence
of n-3 HUFA in the PL source, as suspected in a pre-
vious study when feeding egg yolk PL. A better incor-
poration of DHA was not obtained by replacing the PL
by an emulsifier or by lyso PL with higher emulsifying
properties. Present results confirm a role of dietary PL in
the absorption of dietary neutral lipids, by a mechanism
other than emulsification.

Introduction

Dietary phospholipids (PL) are essential for good
growth and survival of larval and juvenile fish (Kana-
zawa et al. 1981, 1985; Kanazawa 1993; Geurden et al.
1995, 1997a, b). Because most animals can synthesize
PL, this requirement in fish, which is particularly pro-
nounced during early development, is unusual and
poorly understood (Sargent et al. 1993). Several hy-
potheses explaining the beneficial PL effect have been
formulated (reviewed by Coutteau et al. 1997). These are
related to physical roles [e.g. emulsifying (Koven et al.
1993) or antioxidative (McEvoy et al. 1995)], as well as
to specific nutritional properties of the PL molecule (e.g.
source of choline, inositol and of its constituent fatty
acids). However, the latter explanations did not explain
the beneficial PL effect seen in larval carp (Geurden et al.
1995, 1997a).

Recently, we observed better growth and a 50% in-
crease of the n-3 HUFA (highly unsaturated fatty acid)
level in turbot and sea bass lipid, when fish were fed a
diet containing 2% PL from hen egg yolk compared to a
PL-free diet with similar n-3 HUFA content (Geurden
et al. 1997b). Though, it was not clear whether this was
due (a) to a much better retention of the small amount of
DHA contained in the PL source than of the DHA
provided by neutral lipid (NL) or (b) to the aid of the
dietary PL in absorbing the NL dietary fatty acids. In
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the latter case, a PL effect could be expected either on
the emulsification of lipid in the intestinal lumen or on
the export of absorbed lipid from the enterocytes.

Because of the importance of n-3 HUFA in lipid
metabolism of marine fish (Sargent et al. 1993), we de-
cided to investigate the interaction between dietary PL
and n-3 HUFA incorporation. We examined if vegetable
PL sources (free of n-3 HUFA) were as efficient as ani-
mal PL sources (containing some n-3 HUFA) in en-
hancing the incorporation of dietary n-3 HUFA into fish
lipids. Furthermore, we compared the effect of these PL
with that of hydrolyzed soybean PL (lyso PL), selected
for its higher emulsifying properties, and with that of a
non-PL emulsifier blend.

Materials and methods

Experimental diets

Nine isolipidic diets were prepared as described previously (Geur-
den et al. 1997b) by coating a different lipid fraction (7.5% diet) on
a basal extruded nucleus (92.5% diet). The nucleus contained 4.3%
hydrogenated coconut oil and 69% of a protein mixture consisting
mainly of defatted fish meal (Coutteau et al. 1996). The nucleus
lipids (4.7% of dry diet) consisted for 3.8% of PL, resulting in less
than 0.2% PL on dry diet basis.

The coated lipid fractions had an equal level of fish oil ethyl
ester concentrate, providing approximately 2% n-3 HUFA on a
dietary dry weight basis. In the two PL-free diets, EM0.5 and
EM2.0, the PL were replaced by hydrogenated coconut oil plus,
respectively, 0.5 and 2% of an emulsifier blend with the same hy-
drophilic-lipophilic balance value as soybean lecithin. Seven diets
were formulated to contain 2% of various types of PL (Table 1).
Diet Ly-PL was supplemented with partially hydrolyzed (phos-
pholipase A,) soybean PL which consisted for 1/3 of sn-1 lyso PL.
Diets S-PL, S-PC and Sf-PL contained soybean PL, purified soy-
bean phosphatidylcholine (95% PC), and sunflower PL, respec-
tively. Animal PL were derived from hen egg yolk with a different
PC content, i.e. E-PL (60% PC) and E-PC (94% PC), and from
marine fish (M-PL). Details on the lipid class composition of the
PL sources are given in Geurden et al. (1995, 1997a). Generally, the
animal PL had a higher PC and a lower phosphatidylinositol (PI)
content than the vegetable PL. All vegetable PL were de-oiled and
had a PL content (% PL source) ranging from 51 to 97%. The
animal PL sources in diets M-PL and E-PL were not completely de-
oiled and consisted, respectively, of 19 and 27% of triglycerides.
The level of hydrogenated coconut oil varied according to the
purity of the PL source, rendering the diets isolipidic (Table 1).

The vegetable PL sources contained no fatty acids longer than
18 C, whereas the animal PL, particularly the marine PL, contained
some #n-6 and n-3 HUFA. Lyso PL had a higher ratio of saturated
to n-6 fatty acids than the non-hydrolyzed soybean PL (Table 1).

The fatty acid analysis of the coated experimental diets showed
similar amounts of n-3 HUFA (1.9 to 2.0% of dry diet) in all diets,
except in diet M-PL (2.5%) supplemented with the marine PL. The
higher content in linoleic acid distinguished the diets containing
vegetable PL (0.8 to 1.1% of dry diet) from the other diets (0.2 to
0.5%). Diets with animal PL had relatively more 16:0 and 18:0. The
total level of saturated fatty acids was influenced by the level
of hydrogenated coconut fat, being the highest in diet EMO0.5
(Table 1).

Experimental design

The 6-week feeding trial was conducted with European sea bass
(Dicentrarchus labrax L.) obtained from the commercial hatchery

Sepia International S.A. (Gravelines, France). During the 10-d
acclimation period the larvae received on alternating days freshly
hatched or 24-h enriched (Super Selco, INVE Aquaculture N.V.,
Belgium) Artemia nauplii (EG type, INVE Aquaculture N.V.,
Belgium). At the age of 44 d, the fish (3.54 mg dry wt ind™") were
randomly stocked (15 ind 17') in 30-liter tanks of a recirculating
rearing system. Weaning started the day of stocking and lasted for
11 d by gradually decreasing the daily number of Artemia nauplii
and increasing the amount of experimental diet (150 to 300 pm,
particle size) delivered by automatic feeders. For the subsequent
30 d, food supply (300 to 500 um, particle size) was continuous
(every 30 min) throughout the 12-h artificial light period. The daily
food amount ranged between 3 and 4% of the tank biomass. Each
of the nine diets was fed to triplicate groups of fish. Every day
uneaten food, faeces and dead fish were removed from the tanks
and ammonia-N, nitrite-N (0.2 + 0.1 and 0.5 + 0.1 mg 1™', res-
pectively) and temperature (21 + 1 °C) were measured.

Parameters

The percentage of final mortality was based on daily recordings and
corrected for the number of fish sacrificed in sampling. Fish were
starved for 16 h prior to each sampling. For the determination of
individual dry weight, samples of 30 to 40 fish from each replicate
were taken at the start (age: 44 d) and at weekly intervals starting
from the end of the weaning (55, 62, 69, 76 d) till the end of the
experiment (84 d). The fish were anaestethized with phenoxy eth-
anol, rinsed with tap water, freeze-dried and weighed. Pooled
freeze-dried fish were homogenized and stored under vacuum at
—20 °C for further analysis.

Lipid analysis

Total lipid was extracted according to the method of Folch et al.
(1957) as detailed in Coutteau and Sorgeloos (1995). After final
drying under nitrogen, the lipid extracts were weighed, redissolved
in chloroform/methanol (2:1) at a final concentration of 10 mg
lipid m1™" containing 0.05% butylated hydroxytoluene and divided
into subsamples.

A first subsample was used for the determination of the lipid
class composition of the initial and final fish lipids. Analyses were
performed by latroscan thin-layer chromatography and flame-
ionization detection (TLC-FID, latroscan Mark V) following
Fraser et al. (1985). The FID operated at an air flow of 2 liters
min~' and a hydrogen flow of 160 ml min™'. Approximately 20 pg
of lipid was spotted in triplicate at the origin of the Chromarods (S-
III type). After partial scanning of the neutral lipids, developed in a
mixture of hexane/diethylether/formic acid (85:15:0.04), the re-
maining polar lipids were separated in chloroform/methanol/water
(75:35:3.5) followed by a full scan of the rods. Identification and
quantification were based on the retention time and response fac-
tors of standards (Avanti Polar Lipids, Inc., USA).

A second subsample, for determining the total fatty acids, was
transesterified using a methanol/acetylchloride (20:1) mixture.

A third subsample, for determining the polar fatty acids, was
applied on 20 x 20 cm glass plates coated with silica gel G
(E. Merck). The separation of polar from neutral lipid classes was
mainly as described in Tocher et al. (1985) using unidimensional
TLC and a neutral development mixture consisting of hexane/di-
ethylether/glacial acetic acid (80:20:2). After exposure to iodine
vapour for visualizing the lipid classes, polar lipids were scraped off
the plate and transesterified by an overnight acid-catalyzed trans-
esterification (Christie 1982). An internal standard (20:2n-6) was
added prior to the reaction. The resulting fatty acid methyl esters
were analysed by injecting (on column) into a Chrompack CP9001
gas chromatograph operating with hydrogen (100 kPa) as carrier
gas and flame ionization detection. It was equipped with a 2.5 m
methyl deactivated precolumn connected to a 50 m polar capillary
column (BPX70, SGE, Australia) of 0.32 mm internal diameter and
a layer thickness of 0.25 um. Temperature was programmed to rise
from 85 to 180 °C. Peak identification was based on standard
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Table 1 Major lipid characteristics of the experimental diets and PL sources used for weaning and further growth of European sea bass

(Dicentrarchus labrax)

EMO.5 EM2.0 Ly-PL S-PL S-PC Sf-PL E-PL E-PC M-PL
Variable part of coated lipid fraction® (% diet)
PL source® - - 4.0 3.1 2.1 3.7 3.1 2.1 2.5
Emulsifier® 0.5 2.0 - - - - - - -
Coconut fat® 4.5 3.0 1.0 1.9 2.9 1.3 1.9 2.9 2.5
Fatty acid composition PL source (% fatty acids)
14:0 - - tr tr 0.1 tr 2.0 1.7 2.9
16:0 - - 30.3 19.3 13.8 16.1 25.9 322 21.9
18:0 - - 5.7 39 3.5 5.6 14.2 12.1 17.1
18:1n-9 - - 10.3 8.7 8.4 10.5 29.0 27.4 9.0
18:2n-6 - - 46.2 58.9 65.8 65.6 17.1 17.2 tr
18:3n-3 - - 5.9 8.2 5.9 0.3 0.1 0.2 0.1
20:4n-6 - - - - - - 4.7 3.1 4.7
20:5n-3 - - - - - - tr tr 10.0
22:6n-3 - - - - - - 3.5 2.5 10.5
Fatty acid composition experimental diets (mg g~' dry diet)°
14:0 14.8 11.1 .6 10.9 8.9 9.1 10.7 9.8
16:0 11.4 9.8 11.8 9.5 9.3 8.8 11.6 11.9 11.2
18:0 11.1 7.1 5.9 6.4 6.2 6.1 8.1 7.8 9.2
16:1n-7 0.5 0.8 0.3 0.4 0.4 0.5 0.6 0.6 0.8
18:1n-9 7.3 10.0 5.0 5.2 4.5 5.0 8.1 7.1 5.5
18:1n-7 0.7 0.8 0.7 0.8 0.9 0.8 0.8 0.7 0.8
20:1n-9 0.4 0.5 0.5 0.6 0.4 0.5 0.3 0.4 1.1
18:2n-6 2.7 2.9 8.8 11.0 11.6 11.3 4.9 43 2.6
20:4n-6 0.2 0.3 0.2 0.3 0.3 0.2 0.8 0.5 0.6
22:5n-6 0.1 tr 0.1 tr 0.1 0.1 0.2 0.2 0.2
18:3n-3 0.3 0.3 1.0 1.3 1.1 0.3 0.3 0.3 0.4
20:5n-3 5.7 5.8 6.2 5.8 5.5 5.9 5.9 5.7 7.9
22:5n-3 1.3 1.1 1.3 1.4 1.3 1.5 1.5 1.3 1.6
22:6n-3 11.9 12.0 12.7 12.4 11.7 12.1 12.9 12.5 15.1
Saturates 37.3 31.2 27.3 24.8 25.7 23.8 28.6 29.7 29.5
Monoenoics 9.1 12.3 6.5 7.2 6.2 6.9 9.9 9.1 8.4
n-6 PUFA 3.0 3.2 9.1 11.4 12.1 11.6 59 5.0 3.4
n-6 HUFA 0.4 0.2 0.3 0.4 0.4 0.3 1.0 0.7 0.8
n-3 PUFA 19.2 19.2 21.2 20.9 19.6 19.8 20.6 19.8 25.0
n-3 HUFA 18.9 18.9 20.2 19.6 18.5 19.5 20.3 19.5 24.6
n-3/n-6 PUFA 6.4 6.0 2.3 1.8 1.6 1.7 3.5 4.0 7.3
DHA/EPA 2.1 2.1 2.0 2.1 2.1 2.1 2.2 2.2 1.9

? The constant coated lipid fraction contained 2.56% fish oil ethyl esters with approximately 50% n-3 HUFA (INVE Aquaculture N.V.,
Belgium), 0.02% a-tocopherol-acetate (Roche N.V., Belgium), 0.015% 1,2-dihydro-6-ethoxy-2,2,4-trimethylquinolin (Sigma E-8260)

® Except for the PL-free diets, diet codes refer to the origin and purity of the PL-source: Ly-PL, S-PL and Sf-PL, respectively, hydrolysed
soybean PL (lyso PL), soybean PL (Vamothin F1) and sunflower PL (Vandemoortele N.V., Belgium); S-PC, E-PL and E-PC: soybean PC
(Epikuron 200), hen egg yolk PL (Ovothin 160) and hen egg yolk PC (Ovothin 200) (Lucas Meyer GmbH, Germany); M-PL: marine PL

(CTPP, France)

¢ Glycerol mono-oleate/sorbitan monostearate,1/1 (Fina Chemicals N.V., Belgium)
4 Hydrogenated coconut fat, cocos 32/34 (Vandemoortele N.V., Belgium)
¢ Sums include minor fatty acids not given in the table (¢ trace amount, i.e. <0.1). Standard deviations are omitted for clarity. The

coefficient of variation for the individual fatty acids was <5%

reference mixtures (Nu-Check-Prep Inc., USA). Integration and
calculations were done with the help of the software program
Maestro (Chrompack, the Netherlands). The final fatty acid com-
position is expressed in milligrams per gram dry weight (diets) or as
a percentage of total fatty acids (fish). It is based on single (total
fatty acids) or duplicate (polar fatty acids) analyses performed on
each of the duplicate total lipid extracts.

Statistical analyses

Final results were subjected to a one-way analysis of variance and
Newman—Keuls multiple range test to determine differences in
means at P < 0.05. Regressions and principal component analyses
were performed with STATISTICA (Microsoft, StatSoft, Inc.).

Results
Survival and growth

Table 2 summarizes the rearing results for sea bass after
the 41-d feeding period. Mortality occurred mainly
during the 2 weeks following the end of weaning
whereafter it stabilized, except in groups fed the diets
EMO0.5, EM2.0 and Ly-PL. This resulted in a signifi-
cantly higher final mortality in the latter groups (12.5 to
13.7%) compared to groups fed the other diets (5.3 to
7.7%).
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Table 2 Dicentrarchus labrax. Observed mortality, dry body weight (DW), theoretical biomass (DW X survival, S), total lipid content
(TL) and lipid class composition of the initial sea bass (44 d old) and sea bass at the end (84 d old) of the feeding trial. Values sharing a

common superscript in the same row are not significantly different (P < 0.05) (tr trace amount, i.e. <0.1)
Initial  EMO0.5 EM2.0 Ly-PL S-PL S-PC SPL E-PL  E-PC M-PL

Mortality (%) 13.2° 12.5° 13.7° 7.7% 6.1 7.3 778 5.3 6.8
Dry weight, DW (mg) 3.54  75¢ 79°° be g51be 921b 99* 85%bc 902° 862>
DW x S (g) 6.5 6.9 6.6" 8.0%° 8.6 9.1 7.82° 8.6 8.0%°
Total lipid, TL (%DW) 14.9 21.24 21.49 21.9%  236° 24.1° 24.7° 22.5° 23.9° 22.8°
Lipid class composition (%TL)
Total neutral lipid 51.5 75.7° 75.5¢ 80.0¢ 85.1° 84.4° 88.0% 81.8° 84.4° 83.1%
Sterol ester 3.2 0.8 1.0 1.0 0.9 0.6 0.8 0.9 0.8 0.7
Triglyceride (TAG) 22.7 55.24 51.9° 593 625" 66.9° 66.3" 58.4%  64.4° 60.7
Free fatty acids 0.3 4.1 5.4 5.2 6.6 3.7 6.4 7.3 5.1 7.2
Cholesterol 25.6 15.6° 17.3° 14.5°  150% 1329 14.5%  15.1%  14.0° 14.3¢
Total polar lipid 48.5 22.4% 23.1% 19.2° 14.3¢ 14.0° 11.4° 16.4 1344 15.0°
Phosphatidylethanolamine

(PE)/phosphatidic acid 13.1 3.8° 4.0° 2.7° 2.4% 2.0° 1.5¢ 2.7° 2.2% 2.7°
Phosphatidylserine/

phosphatidylinositol 2.6 1.8%° 2.5% 2.6 1.6* 1.28% 0.5° 2.0%° 0.6° 1.3%0
Phosphatidylcholine (PC) 30.7 15.8% 15.7¢ 13.2° 9.9¢ 10.6c 9.9¢ 11.3¢ 10.2¢ 10.5¢
Sphingomyelin 2.1 1.0 0.9 0.7 0.4 0.3 0.3 0.3 0.3 0.4
Lyso phosphatidylcholine 0.0 tr tr tr tr 0.1 tr 0.2 0.1 0.2
TAG/PC+PE 0.52 2.8f 2.6 3.7° 5.1%¢ 5.4° 6.2* 4.2% 5.2b¢ 4.6

Throughout the experiment the dry body weight of
the sea bass increased from 3.5 to between 75 and
99 mg. Heterogeneity between replicates moderated the
statistical significance for dietary-induced growth dif-
ferences. Fish fed the PL-free diets (diet EMO0.5 and
EM2.0), but also the hydrolyzed soybean PL (diet Ly-
PL), had a 10 to 30% lower final weight than those fed
the PL-supplemented diets. Feeding diet Sf-PL yielded
the highest growth. A PC enrichment of the egg yolk
(diet E-PC) and soybean PL (diet S-PC) slightly en-
hanced growth as compared to the non-enriched PL in
diets E-PL and S-PL, respectively. The final theoretical
dry biomass was the highest for fish fed the PL-supple-
mented diets, irrespective the origin of the PL source (Sf-
PL, S-PC and E-PC: 8.6 to 9.1 g), and the lowest for
those fed the diets with the emulsifier or the lyso PL
(EMO.5, EM2.0 and Ly-PL: 6.5 to 6.9 g).

Lipid content and lipid class composition of fish

The lipid content, expressed as a percentage of fish dry
matter, increased from 14.9% prior to weaning to 21.2—
24.7% at the end of the feeding experiment (Table 2). At
the same time, the proportion of neutral lipid, as a
percentage of total lipid, increased from 52% to 76-88%
which was mainly due to the increasing TAG level (from
23 to 52-67%). As a compensation, proportions of
cholesterol and polar lipid components decreased from
25 and 48% to 13—17 and 12-24%, respectively.

The final lipid content was clearly correlated to the
fish dry weight (> = 0.78). Fish with the lowest final
weight (those fed the PL-free diets and Ly-PL diet) also
had the lowest lipid content. The lipid of latter fish
consisted of a significantly lower percentage of neutral

lipid. Consequently, the ratio of TAG to PC + PE,
reflecting the ratio of storage to membrane lipid, was
also positively correlated ( = 0.89) to final weight.
When expressing the polar lipid classes as a percentage
of total polar lipid (data not shown), no effect of the
dietary PL composition on that of the fish was de-
tected.

Fish fatty acids of total and polar lipid

In order to visualize the fatty acid composition of the
diets and of fish total and polar lipid throughout the
feeding trial, a first principal component analysis was
performed. The analysis was based on specific individual
fatty acids (FA) of the n-3 (18:3n-3, 20:51-3 and 22:6n-3)
and n-6 (18:2n-6 and 20:4n-6) series and on the sum of
saturated and monoenoic fatty acids. Figure 1 repre-
sents the principal component plot of all the data, i.e. the
nine experimental diets and the total and polar lipid of
fish at six sampling times (fish ages in days): initial (44
d), weaned (55 d), intermediate (62, 69 and 76 d), and
final (84 d) sampling. The successive samplings are
represented in the plot as A, B, C, D and E, respectively.
The first axis explained 38% of the variance and sepa-
rated the sea bass into three groups according to sam-
pling time. The first group consisted of the initial fish,
the second of the weaned fish and the third overlapping
group of the intermediate and the final fish. The second
axis (25%) separated the diets from the fish. Within the
diet group a distinction was clear according to the
presence and origin of the PL source. For designating
the dietary influence on fish lipid, a second principal
component analysis was performed on fish sampled
during the last 3 weeks (at the ages of 69, 76 and 84 d) of
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Fig. 1 Dicentrarchus labrax. Principal component analysis based on
sum saturated fatty acids (FA), sum monoenoic FA, n-6 FA (18:2n-6,
20:4n-6) and n-3 FA (18:3n-3, 20:5#-3, 22:6n-3). A Diets are
represented in the upper part and fish total lipid (7L) and polar
lipid (POL) in the lower part. The plot shows the evolution (from
right to left) of the successive samples: Initial, A, B, C, D and E,
corresponding to ages 44, 55, 62, 69, 76 and 84 d post-hatch. B The
corresponding factor loading plot shows which FA contributed most
to the dispersion of the groups, i.e. along the first axis, the FA
characteristic for the initial Artemia-fed fish (20:51-3, 18:3n-3, 20:4n-6)
and along the second axis the saturated and monoenoic FA

the experiment (Fig. 2). Along the first axis (58%) there
was a marked separation of fish total lipid from polar
lipid. The second axis (26%) divided both the fish total
and polar lipid into three similar subgroups according to
the type of PL supplementation. Within the latter sub-
groups a gradient was observed referring to sampling
times.

Complete fatty acid analyses are shown for fish fed
diets EMO.5, S-PC, E-PC and M-PL, representing four
extreme diets at four of the six consecutive sampling
times (fish ages in days): initial (44 d), weaned (55 d),
2 weeks after weaning (69 d) and final (84 d). Table 3
shows the changes due to the weaning. There was a
strong decrease in 20:4n-6, 18:3n-3 and 20:51-3, as also
shown in Fig. 1, but also in other n-3 PUFA (polyun-
saturated fatty acids), e.g. 18:4n-3, 20:3n-3 and 20:4n-3.
Levels of saturated fatty acids, n-6 PUFA and DHA
(docosahexaenoic acid) increased strongly by weaning
the fish on the dry diets (Table 3). Two weeks after
weaning, the proportion of saturated FA rose from 22%
to approximately 40 and 35% of fish total and polar FA,
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Fig. 2 Dicentrarchus labrax. Principal component analysis based on
identical FA as in Fig. 1. A The plot shows different subgroups
according to the lipid fraction (total and polar), the age at sampling:
69 d (open symbols), 76 d (shaded) and 84 d (filled), and the dietary
treatments: animal PL diets: E-PL (%), E-PC (%), M-PL (@);
vegetable PL diets: Sf-PL (%), S-PL (#), S-PC (w), Ly-PL (O) and
PL-free diets EMO0.5 (%), EM2.0 (A). B The factor-loading plot
illustrates the FA responsible for separation of total and polar lipids
along the first axis and diets along the second axis

respectively (Table 4). These levels remained unchanged
during the rest of the experiment and were only slightly
affected by dietary levels (Table 5).

Feeding the soybean PC (diet S-PC) resulted in an
important increase in 18:2n-6, reducing the total lipid
n-3/n-6 ratio from 4.5 to 1.5. Feeding the animal PL
sources (diets E-PC and M-PL) increased the level of
arachidonic acid in the fish polar lipids (Tables 4, 5). The
DHA/EPA (eicosapentaenoic acid) ratio raised from 0.4
to 0.9-1.1 during weaning (Table 3) and reached final
values of 2.4 to 2.7 in total lipid and 3.1 to 3.4 in polar
lipid (Tables 4, 5). This was related to the continuous
decrease of EPA, which dropped in total lipid from 14.7
to 4.2-5.0%, combined with an increase of DHA.
Noteworthy is the higher DHA in fish fed the PL-sup-
plemented diets as compared to PL-deprived fish, which
was evidenced already at the end of weaning (Table 3).
Total lipid of the latter fish contained a significantly
higher proportion of monoenoic FA. Figure 3 shows
that the proportion of DHA in total lipid of each dietary
group decreased after a strong initial increase. This
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Table 3 Dicentrarchus labrax. Fatty acid composition (% fatty
acids) of total lipid of fish prior to weaning (initial fish, 44 d) and at
the end of the weaning period (55 d) for fish fed diets EMO0.5, S-PC,
E-PC and M-PL. Sums include minor fatty acids not shown in
table. The coefficient of variation for each individual fatty acid was
always <5%. Values sharing a common superscript in the same
row are not significantly different (P <0.05) (¢ trace amount, i.e.
<0.1)

Fatty acid Total lipid Total lipid

(44-d-old fish) (55-d-old fish)

Artemia EMO0.5 S-PC E-PC M-PL
14:0 0.5 4.7 4.5 4.6 4.7
16:0 12.9 17.7%* 17.0°  18.2%  17.0°
18:0 6.6 8.1 7.5 7.9 7.6
16:1n-7 2.0 2.2 2.0 22 24
18:17-9 16.3 17.6*  15.3°  16.2°  14.8°
18:1n-7 6.7 4.6 42 43 4.6
20:17-9 1.5 1.8 1.5 1.6 1.8
24:1n-9 0.2 0.5 0.3 0.4 0.5
18:2n-6 5.2 565 9.4 65° 53¢
18:3n-6 0.5 0.1°> 05 04 02°
20:3n-6 0.3 0.2 0.2 0.2 0.4
20:4n-6 2.5 2.1 2.0 22 2.1
22:4n-6 0.1 tr tr 0.1 0.1
22:5n-6 0.4 0.2 0.3 0.5 0.2
18:3n-3 13.8 6.3% 6.2° 58° 5.7
18:4n-3 2.0 1.1 0.9 1.1 1.2
20:3n-3 0.9 0.5 0.4 0.4 0.4
20:4n-3 1.2 0.4 0.6 0.6 0.5
20:51-3 14.7 9.7 10.7°  10.2*° 11.6°
22:51-3 1.5 1.4 1.5 1.5 1.7
22:6n-3 6.4 9.0° 10.2° 10.6® 1227
Saturates 22.1 323 309 32.2%  31.1%
Monoenoics 28.5 30.80  26.4°  27.7°  27.0%
n-6 PUFA 9.1 8.4° 12.3*  10.0°  8.7°
n-6 HUFA 3.3 24> 24 312 297
n-3 PUFA 40.4 28.5°  30.6° 302> 33.3
n-3 HUFA 24.6 211 234° 234> 26.4°
n-3/n-6 PUFA 4.5 34 255 30% 387
DHA/EPA 0.4 0.9 0.9 1.1 1.1

change in DHA content was not observed in the polar
lipid fraction where the DHA continued to accumulate,
reaching a final level of twice that in total lipid (Tables 4,
5). Lipid of fish fed the marine PL (diet M-PL) had the
highest DHA level, in accordance to the higher dietary
level (Fig. 3). Despite the similar DHA content in the
other diets, PL-deprived fish had accumulated less DHA
than other fish (Fig. 3). Throughout the experiment, a
positive correlation could be established between the
DHA level in the diet and that in the fish, irrespective the
origin of the PL-source (Fig. 4). However, this regres-
sion was not followed by the fish fed the PL-free diets
and diet Ly-PL. The latter fish contained significantly
less DHA than fish fed the PL-supplemented diets with
comparable DHA content. The lower DHA retention in
the EMO.5 fish as compared to, e.g., the E-PC fish was
also demonstrated by a comparison of the n-3/n-6 ratios
in diets and in fish.

Discussion

Present results showed that vegetable and animal PL are
both equally effective in improving survival as compared
to the PL-free diets. An exception here was the diet
supplemented with the hydrolyzed PL (lyso PL) which
did not perform as well as the other PL diets. Data on
growth were less conclusive, due to the high variability
between replicate tanks. However, in comparison to ei-
ther EMO0.5 or EM2.0 groups, the final weight of the fish
was significantly increased by supplementing the diet
with sunflower PL, which is free of n-3 and n-6 HUFA.
Similar results have been observed in carp (Cyprinus
carpio) larvae (Geurden et al. 1995). This confirms for
sea bass, a marine fish, that dietary PL exert a beneficial
effect on survival and growth without providing any
supplementary essential fatty acids, as reported before
for freshwater ayu (Plecoglossus altivelis) by Kanazawa
et al. (1985) and later emphasized by Sargent et al.
(1993). The levels of n-3 HUFA provided through ethyl
esters in present diets were sufficient to meet the n-3
essential fatty acid requirement of postlarval sea bass
(Coutteau et al. 1996). Therefore, a supplementary
provision of these fatty acids was not expected to im-
prove survival or growth. This was confirmed in the
non-superiority of diet M-PL with the highest n-3
HUFA content. As noted before (Geurden et al. 1997a),
the similarity in results between purified and less purified
PL sources suggests that the observed PL effect was not
due to the other lipids (mainly glycolipids) present in the
less purified PL sources.

Although it seems now well established that a positive
PL effect can be obtained without essential fatty acids in
the PL-acyl groups, the nature of the latter is not always
indifferent, possibly in relation to physical rather than
nutritional properties. In this respect, the literature in-
dicates two types of PL which do not enhance growth
and survival in fish as efficiently as other PL sources, i.c.
saturated PC (Kanazawa et al. 1985; Geurden et al.
1997a) and lyso PL (Geurden et al. 1995). The poor ef-
ficiency of lyso soybean PL was verified in the present
study for Dicentrarchus labrax. In fish, there is a lack of
information on intestinal extracellular phospholipase A,
activity (Henderson and Tocher 1987), as well as on the
absorption mechanisms of phospholipidic components.
Nevertheless, when feeding di-'*C oleic PC to carp, Iijima
et al. (1990) found that the radioactivity in the sn-1 po-
sition of plasma PC was twice that found in the sn-2
position, suggesting absorption of PL in the lyso sn-1
acyl form. Consequently, we hypothesized that, in anal-
ogy to mammals (Gurr and Harwood 1991), the uptake
of the pre-hydrolyzed PL by the intestinal absorptive
cells would be more quick and complete, resulting in a
more pronounced PL effect. This was however not con-
firmed by a higher growth of the sea bass fed the lyso PL.
On the other hand, Stafford and Dennis (1988) reported
a toxic effect of lyso PL on the membrane system. In the
present study, diets containing lyso PL did not appear
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Table 4 Dicentrarchus labrax. Fatty acid composition (% fatty acids) of total and polar lipid of sea bass 2 weeks after the weaning period
fed diets EMO0.5, S-PC, E-PC and M-PL. Sums include minor fatty acids not shown in table. The coefficient of variation for each
individual fatty acid was always < 5%. Values for total and polar lipid sharing a common superscript in the same row are not significantly

different (P <0.05) (¢r trace amount, i.e. < 0.1)

Fatty acid Total lipid (69-d-old fish) Polar lipid (69-d-old fish)

EMO.5 S-PC E-PC M-PL EMO.5 S-PC E-PC M-PL
14:0 8.6% 8.1 7.4° 7.6° 3.6 3.4% 2.7° 3.0%°
16:0 24.7 23.2 23.0 22.2 22.8° 21.9% 21.4° 22.2°
18:0 6.9° 7.5° 8.3% 7.9%° 9.4 9.3 9.5 9.8
16:1n-7 5.5% 3.2° 3.3° 3.1° 4.7° 2.6° 2.7° 2.5°
18:17-9 22.6 17.5° 20.1° 18.3% 17.7% 12.9¢ 14.3° 14.7°
18:1n-7 2.1 1.6 1.7 2.0 2.0 1.5 1.7 1.9
20:11-9 1.6 1.1 1.4 1.7 1.3 0.9 1.1 1.1
22:17-9 0.3 0.3 0.2 0.4 0.1 - tr 0.1
24:1n-9 0.3 0.1 0.3 0.4 0.7 0.5 0.6 0.7
18:2n-6 6.1° 12.12 7.0° 5.7 5.1%¢ 11.4% 6.7° 4.6°
18:3n-6 0.3 0.3 0.3 0.1 0.3 0.4 0.2 0.2
20:31-6 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2
20:4n-6 0.6° 0.6° 1.4 1.3 1.3° 1.0° 247 1.9%°
22:4n-6 tr 0.1 0.2 0.2 0.1 0.1 0.2 0.1
22:51-6 0.2 0.1 0.4 0.3 0.4 0.4 0.7 0.6
18:3n-3 0.9° 1.5% 0.9° 0.9° 1.1 1.3 0.9 1.0
18:4n-3 0.3 0.3 0.4 0.3 0.2 0.2 0.2 0.2
20:4n-3 0.1 0.1 0.2 0.2 0.2 0.1 - 0.2
20:51-3 5.2° 5.4° 5.7° 6.8° 7.1° 7.4° 7.5° 8.6
22:5n-3 1.0° 1.1° 1.2° 1.7% 1.2° 1.53b 1.7% 1.78
22:6n-3 10.6° 13.5° 13.6° 16.0% 17.1° 21.4° 21.9%° 23.0°
Saturates 40.6 39.4° 39.4° 38.5¢ 36.6° 35.3° 34.6° 35.8°
Monoenoics 33.5° 25.1¢ 28.7° 27.7° 28.5% 19.7° 22.7° 22.4°
n-6 PUFA 7.7 13.3% 9.5° 7.7¢ 7.5 13.4% 9.0° 7.5
n-6 HUFA 0.9° 0.9° 2.1% 2.0° 2.0% 1.7 3.5% 2.7°
n-3 PUFA 18.2¢ 22.2° 22.3° 26.1° 27.2° 31.9° 32.3° 34.7°
n-3 HUFA 17.0° 20.3° 20.8° 24.9% 26.2° 30.6° 31.2° 33.5%
n-3/n-6 PUFA 2.4° 1.7° 2.4° 3.4° 3.6° 2.4° 3.6° 4.7a
DHA/EPA 2.0 2.5 2.4 2.4 2.4 2.9 2.9 2.7

harmful as compared to the PL-free diets, excluding a
toxic effect at least for the levels used. Also for early carp
larvae lyso PL was not deleterious, as it yielded a growth
intermediate to that of larvae fed the original soybean PL
and no PL (Geurden et al. 1995).

The initial rationale for testing the lyso PL was re-
lated to its increased oil/water emulsifying properties.
Koven et al. (1993) showed a higher incorporation of
labeled oleic acid in 21-d-old seabream (Sparus aurata)
due to supplementing soybean lecithin to the diet. The
latter authors suggested that the lecithin stimulated the
absorption of dietary neutral lipid through its function
as emulsifier, complementary to bile secretion which
would be limited at this stage. According to present re-
sults an increased emulsification is not sufficient to ex-
plain the enhanced lipid absorption observed with PL
diets. This is related to the fact that lyso PL was inferior
to the other PL and because the substitution of the
phospholipids by an emulsifier blend did not replace or
imitate the PL effect. Kanazawa et al. (1985) also
showed that the addition of taurocholic acid to diets of
70-d-old ayu had no effect compared to a PL-free diet.
Furthermore, the 40-d-old sea bass have a fully opera-
tional digestive system (Person Le Ruyet et al. 1993), a

situation in which phospholipids should not be limiting
for appropriate micelle formation in the gut lumen.
The lipid class composition of the initial sea bass
resembled that given in Mourente et al. (1993) for 15-d-
old seabream. At the end of the feeding period, both
lipid content and lipid class profiles were affected by the
final size of the fish, which in turn was affected by the
dietary treatment. The ratio of adipose to membrane
lipids, approximated by TAG/PC+ PE, was positively
correlated to the weight gain of the fish, in agreement
with previous studies which used the lipid class compo-
sition as an indicator of the fish nutritional status
(Fraser et al. 1987; Hiakanson 1989). A final neutral lipid
content of as much as 76 to 88% of total lipid, consisting
mainly of triacylglycerol, is in accordance to values re-
ported for juvenile seabream (Mourente and Tocher
1993) and adult European sea bass (McClelland et al.
1995). The latter fish species have similar life-styles and
store their lipids principally in organs other than muscle,
i.e. liver and adipose tissue (McClelland et al. 1995).
The increase of neutral lipid with respect to polar
lipid during growth induced important changes in the
fatty acid composition of the total lipid. This was illus-
trated for instance in the relative level of total lipid DHA
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Table 5 Dicentrarchus labrax. Fatty acid composition (% fatty acids) of total and polar lipid of sea bass at the end of the experiment fed
diets EMO.5, S-PC, E-PC and M-PL. Sums include minor fatty acids not shown in table. The coefficient of variation for each individual
fatty acid was always <5%. Values for total and polar lipid sharing a common superscript in the same row are not significantly different
(P <0.05) (#r trace amount, i.e. <0.1)

Fatty acid Total lipid (84-d-old fish) Polar lipid (84-d-old fish)

EMO.5 S-PC E-PC M-PL EMO.5 S-PC E-PC M-PL
14:0 8.2 8.3 7.7 7.5 3.8 3.6 3.5 3.4
16:0 24.9 24.1 24.9 24.5 22.8 22.3 22.6 22.3
18:0 6.8 7.3 7.4 7.8 9.0 9.4 9.4 9.4
16:1n-7 6.2% 4.0° 4.6° 4.0° 5.4% 3.1° 3.6° 3.6°
18:17-9 24.0° 1.3° 23.1° 22.7° 19.12 15.2¢ 16.8° 16.6°
18:1n-7 1.9% 1.3° 1.5° 1.4° 1.5 1.1 1.2 1.3
20:11-9 1.6 1.0 1.3 1.3 0.8 0.6 0.8 0.9
22:17-9 0.4 0.2 0.3 0.2 0.1 0.1 0.1 0.1
24:1n-9 0.4 0.1 0.2 0.3 1.3° 0.8° 0.9° 1.3¢
18:2n-6 6.2 11.82 7.1° 5.8° 4.4° 9.5% 5.0° 4.2°
18:3n-6 0.3 0.4 0.4 0.3 0.2 0.3 0.2 0.1
20:3n-6 0.1 0.1 tr 0.1 0.1 0.1 0.2 -
20:4n-6 0.5° 0.4° 1.0° 1.1# 1.1° 1.0° 1.8° 1.5%°
22:4n-6 - - 0.1 0.1 - tr 0.3 0.1
22:51-6 0.2 0.2 0.3 0.3 0.4 0.4 0.5 0.3
18:3n-3 0.6° 1.0° 0.5° 0.6° 0.5° 0.8° 0.4° 0.5°
20:4n-3 0.1 0.2 0.1 0.2 0.1 0.1 0.2 0.1
20:5n-3 4.2° 4.6° 4.5° 5.0 6.2° 6.6° 6.6° 7.12
22:5n-3 0.9 1.2 1.0 1.3 1.3 1.3 1.4 1.5
22:6n-3 9.8° 11.4° 11.3° 13.2% 18.8° 21.7° 22.0° 24.0°
Saturates 40.5 40.5 40.7 40.5 36.5 35.9 36.5 35.5
Monoenoics 36.22 27.9° 32.6° 31.2° 29.6% 22.1° 24.4° 24.9°
n-6 PUFA 7.3 12.9% 8.9° 7.8° 6.4° 11.3% 8.0° 6.2°
n-6 HUFA 0.8° 0.7° 1.4° 1.6 1.6% 1.5¢ 2.8% 2.0°
n-3 PUFA 15.9¢ 18.8° 17.8° 20.4* 27.1¢ 30.7° 31.0° 33.3%
n-3 HUFA 15.0° 17.5° 17.1° 19.7% 26.5° 29.7° 30.5° 32.7%
n-3/n-6 PUFA 2.2° 1.5° 2.0° 2.6° 4.2° 2.7° 3.95¢ 5.4
DHA/EPA 2.3 25 25 2.6 3.0 3.3 3.3 3.4
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which started to decrease 1 week after weaning due to
the diminishing proportion of DHA-rich lipid classes
(e.g. PE) in total lipid.

The principal component analyses, based on the fatty
acid composition of total and polar lipid of the fish,
illustrated the evolution of the weaned postlarvae into
different subgroups according to the fatty acid profile of
their diets. Similarities between fatty acid profiles of fish
lipid and dietary lipid have been reported repeatedly
(Castell 1979; Watanabe 1982; Henderson and Tocher
1987), and principal component analysis is a useful tool
for demonstrating that relation (Hove and Grahl-Niel-
sen 1991; Lie et al. 1993).

In marine fish, the enzymatic capacities of elongation
and desaturation of shorter chain »-3 fatty acids to
longer chain n-3 HUFA are very limited (Sargent et al.
1993). In wild populations of marine fish larvae, n-3
HUFA are provided by natural prey consumption. In
commercial aquaculture, however, the most commonly
used Artemia strains contain relatively low levels of
DHA. Subsequently, weaning the fish onto a DHA-rich
diet causes a drastic increase in DHA, as reported in
turbot brain (Mourente et al. 1991). Also in weaned sea
bass, tissue levels of DHA are well correlated with di-
etary DHA levels (Coutteau et al. 1996). In the present
study such a correlation could be established only for
groups fed the PL-supplemented diets, with the excep-
tion of the lyso PL diet (diet Ly-PL). It was clearly ev-
idenced that for a similar dietary DHA level, the PL-free
diets and diet Ly-PL resulted in much lower DHA in
both the fish total and polar lipid fraction. The above
finding confirms the beneficial role of dietary PL in
neutral lipid absorption (Koven et al. 1993; Geurden
et al. 1997b), but as discussed above, by a mechanism
other than enhanced luminal emulsification. The small
supplementary provision of DHA by the PL from egg
yolk did not noticeably influence the tissue level as
compared to the DHA-free vegetable PL. This was
questioned in a previous experiment where, similarly,
DHA levels in sea bass and turbot tissue increased
through the addition of egg yolk PL (Geurden et al.
1997b). In the latter study it was evidenced that the
lower DHA in PL-deprived compared to PL-fed fish was
not due to a delay in accumulation related to the lower
growth rate of the former. Hence, it can be speculated
that the higher DHA level in fish fed the PL diets is due
to an enhanced utilization of the DHA ethyl esters in
these diets. An in vitro study conducted with rat cells
showed a stimulation of the synthesis of intestinal lipo-
proteins by luminal PL (Field and Mathur 1995). Thus,
an enhanced export of the absorbed neutral lipids from
the enterocytes could subsequently lead to higher de-
livery of lipid and, thus, of energy and fatty acids, re-
sulting in enhanced growth.

In contrast to the fatty acids of the n-3 series (2% of
diet dry weight), only a minor quantity of »-6 fatty acids
was provided by the neutral lipid fraction (0.3% of diet
dry weight), which might explain the failure to detect an
effect of PL-supplementation on the absorption and in-
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corporation of the n-6 dietary neutral lipid fatty acids in
the fish.

In conclusion, present results demonstrated a bene-
ficial effect of dietary PL, derived from vegetable as well
as animal origin, on essential fatty acid incorporation in
postlarval sea bass. Because most of the tested PL were
mixtures of several classes, it would be of further interest
to examine the efficiency of the distinct PL classes for
marine fish, parallel to recent data obtained for start-
feeding carp larvae (Geurden et al. 1997a, c).

Acknowledgements This work was supported by the Flemish Fund
for Scientific Research (IG is a research assistant with the FWO),
the FKFO Project G.2043.90, the Ministry of Science Policy (GOA
project) and INVE Aquaculture N.V. (Belgium). We are grateful to
J. De Kock, R&D group Coordination Center, Vandemoortele
N.V. (Belgium), B. Gaeremynck, Lucas Meyer GmbH (Germany)
and P. Bouchez (CTPP, France) for the provision of the phos-
pholipid sources, and Biihler Ltd (Switzerland) for providing the
facilities and technical assistance for the extrusion of the experi-
mental diets. The help of B. Van Houcke, K. Van Ryckeghem, G.
Vandewiele and C. Mabhieu is very much appreciated. The authors
acknowledge P. Bergot (Unité Mixte INRA-IFREMER, St Pée-
sur-Nivelle, France) for the valuable suggestions for improving this
manuscript.

References

Castell JD (1979) Review on lipid requirements of finfish. In:
Halver JE, Tiews K (eds) Proc World Symp on Finfish Nutri-
tion and Fishfeed Technology. Vol. 1. Hamburg, 20-23 June
1978. Heenemann Verlaggesellschaft GmbH and Co., Berlin, pp
59-84

Christie WW (ed) (1982) The analysis of fatty acids. Separation,
identification and structural analysis of lipids, 2nd edn. Perga-
mon Press, Oxford, pp 63-90

Coutteau P, Geurden I, Camara MR, Bergot P, Sorgeloos P (1997)
Review on the dietary effects of phospholipids in fish and
crustacean larviculture. Aquaculture, Amsterdam (in press)

Coutteau P, Sorgeloos P (1995) Intercalibration exercise on the
qualitative and quantitative analysis of fatty acids in Artemia
and marine samples. Cooperative Research Report 211, Int
Council Explor Sea, Copenhagen

Coutteau P, Van Stappen G, Sorgeloos P (1996) A standard ex-
perimental diet for the study of fatty acid requirements of
weaning and first ongrowing stages of marine fish: a compari-
son of extruded and extruded/coated diets. Archs Anim Nutr
49: 49-59

Field FG, Mathur SN (1995) Intestinal lipoprotein synthesis and
secretion. Prog Lipid Res 34: 185-198

Folch J, Lees M, Stanley GS (1957) A simple method for the iso-
lation and purification of total lipids from animal tissues. J biol
Chem 226: 497-509

Fraser AJ, Sargent JR, Gamble JC, McLachlan P (1987) Lipid and
fatty acid composition as indicators of the nutritional condition
of larval Atlantic herring. Am Fish Soc Symp 2: 129-143

Fraser AJ, Tocher DR, Sargent JR (1985) Thin-layer chromatog-
raphy—flame ionization detection and the quantitation of ma-
rine neutral lipids and phospholipids. J exp mar Biol Ecol 88:
91-99

Geurden I, Charlon N, Marion D, Bergot P (1997a) Influence of
purified soybean phospholipids on early development of carp.
Aquacult Int 5: 137-149

Geurden I, Coutteau P, Sorgeloos P (1997b) Effect of a dietary
phospholipid supplementation on growth and fatty acid com-
position of European sea bass (Dicentrarchus labrax L.) and
turbot (Scophthalmus maximus) juveniles from weaning on-
wards. Fish Physiol Biochem 16 (in press)



698

Geurden I, Marion D, Charlon N, Coutteau P, Bergot P (1997c¢)
Comparison of different soybean phospholipidic fractions as
dietary supplements for common carp, Cyprinus carpio, larvae.
Aquaculture, Amsterdam (in press)

Geurden I, Radiinz-Neto J, Bergot P (1995) Essentiality of dietary
phospholipids for carp (Cyprinus carpio L.) larvae. Aquacul-
ture, Amsterdam 131: 303-314

Gurr MI, Harwood JL (1991) Lipid biochemistry. An Introduc-
tion, 4th edn. Chapman and Hall, London

Hiékanson JL (1989) Analysis of lipid components for determining
the condition of anchovy larvae, Engraulis mordax. Mar Biol
102: 143-151

Henderson RJ, Tocher DR (1987) The lipid composition and
biochemistry of freshwater fishes. Prog Lipid Res 26: 281-347

Hove TH, Grahl-Nielsen O (1991) Fatty acid composition of start-
feeding salmon (Salmo salar) larvae. Aquaculture, Amsterdam
96: 305-319

Iijima N, Aida S, Mankura M, Kayama M (1990) Intestinal ab-
sorption and plasma transport of dietary triglycerides and
phosphatidylcholine in the carp (Cyprinus carpio). Comp Bio-
chem Physiol 96A: 45-55

Kanazawa A (1993) Essential phospholipids of fish and crusta-
ceans. In: Kaushik SJ, Luquet P (eds) Les Colloques. Vol. 61.
Fish Nutrition in Practice, 24-27 June 1991. Biarritz, INRA,
Paris, pp 519-530

Kanazawa A, Teshima S, Inamori S, Iwashita T, Nagao A (1981)
Effects of phospholipids on growth, survival rate and incidence
of malformation in the larval ayu. Mem Fac Fish Kagoshima
Univ 30: 301-309

Kanazawa A, Teshima S, Sakomoto M (1985) Effects of dietary
bonito-egg phospholipids and some phospholipids on growth
and survival of the larval ayu, Plecoglossus altivelis. Z. angew
Ichthyol 4: 165-170

Koven WM, Kolkovski S, Tandler A, Kissil GW, Sklan D (1993)
The effect of dietary lecithin and lipase, as a function of age, on
n-9 fatty acid incorporation in the tissue lipids of Sparus aurata
larvae. Fish Physiol Biochem 10: 357-364

Lie O, Sandvin A, Waagbe R (1993) Influence of dietary fatty acids
on the lipid composition of lipoproteins in farmed Atlantic
salmon (Salmo salar). Fish Physiol Biochem 12: 249-260

McClelland G, Zwingelstein G, Weber J-M, Brichon G (1995)
Lipid composition of tissue and plasma in two Mediterranean
fishes, the gilt-head sea bream (Chrysophrys auratus) and the
European sea bass (Dicentrarchus labrax). Can J Fish aquat
Sciences 52: 161-170

McEvoy LA, Navarro JC, Bell JG, Sargent JR (1995) Autoxidation
of oil emulsions during the Artemia enrichment process.
Aquaculture, Amsterdam 112: 79-98

Mourente G, Rodriguez A, Tocher DR, Sargent JR (1993) Effects
of dietary docosahexaenoic acid (DHA; 22:6r-3) on lipid and
fatty acid compositions and growth in gilthead sea bream
(Sparus aurata L.) larvae during first feeding. Aquaculture,
Amsterdam 112: 79-98

Mourente G, Tocher DR (1993) Incorporation and metabolism of
14C-labelled polyunsaturated fatty acids in juvenile gilthead sea
bream Sparus aurata L. in vivo. Fish Physiol Biochem 10: 443—
453

Mourente G, Tocher DR, Sargent JR (1991) Specific accumulation
of docosahexaenoic acid (22:6n-3) in brain lipids during devel-
opment of juvenile turbot Scophthalmus maximus L. Lipids 26:
871-877

Person Le Ruyet J , Alexandre JC, Thébaud L, Mugnier C (1993)
Marine fish larvae feeding: formulated diets or live prey? J Wid
Aquacult Soc 24: 211-244

Sargent JR, Bell JG, Bell MV, Henderson RJ, Tocher DR (1993)
The metabolism of phospholipids and polyunsaturated fatty
acids in fish. In: Lahlou B, Vitiello P (eds) Aquaculture: fun-
damental and applied research. Coastal and Estuarine Studies,
American Geophysical Union, Washington DC, pp 103-124

Stafford RE, Dennis EA (1988) Lysophospholipids as biosurfact-
ants. Colloids and Surfaces 30: 47-64

Tocher DR, Fraser AJ, Sargent JR, Gamble JC (1985) Fatty acid
composition of phospholipids and neutral lipids during em-
bryonic and early larval development in Atlantic herring (Clu-
pea harengus, L). Lipids 20: 69-74

Watanabe T (1982) Lipid nutrition in fish. Comp Biochem Physiol
73B: 3-15



