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The aim of the study was to determine the influence of dietary phospholipid concentration on survival and development in sea bass
(Dicentrarchus labrax) larvae. Larvae were fed from day 9 to day 40 post-hatch with an isoproteic and isolipidic formulated diet with
graded phospholipid levels from 27 to 116 g/kg DM and different phospholipid:neutral lipid values. The best growth (32 mg at the end
of the experiment) survival (73 %) and larval quality (only 2 % of malformed larvae) were obtained in the larvae fed the diet containing
116 g phospholipid/kg DM (P,0·05). These results were related to the amount of phosphatidylcholine and phosphatidylinositol included
in this diet (35 and 16 g/kg respectively). Amylase, alkaline phosphatase and aminopeptidase N activities revealed a proper maturation of
the digestive tract in the two groups fed the highest phospholipid levels. Regulation of lipase and phospholipase A2 by the relative amount
of their substrate in the diet occurred mainly at the transcriptional level. The response of pancreatic lipase to dietary neutral lipid was not
linear. As in mammals 200 g triacylglycerol/kg diet seems to represent a threshold level above which the response of pancreatic lipase is
maximal. The response of phospholipase A2 to dietary phospholipid content was gradual and showed a great modulation range in
expression. Sea bass larvae have more efficient capacity to utilize dietary phospholipid than neutral lipids. For the first time a compound
diet sustaining good growth, survival and skeletal development has been formulated and can be used in total replacement of live prey in the
feeding sequence of marine fish larvae.

Dicentrarchus labrax: Fish larvae development: Phospholipase A2: Phospholipids

A high increase in farmed fish production is expected
during the next few years. But fry availability is still a bot-
tleneck for the development of marine aquaculture indus-
try. As the capture of wild seed for fish aquaculture
cannot increase without ecological consequences, the
only alternative is the production of fry in hatcheries
(Naylor et al. 2000). For the moment, production in the
hatchery relies on a live prey feeding sequence. The
main live preys used are copepods and a small Crustacea
Branchiopod, Artemia, which are caught from the wild.
The use of live prey presents several disadvantages such
as high cost (for Artemia), low reliability in production
and variable nutritional quality. The main objective in
fish larval nutrition is to formulate a compound diet that
can be substituted for live prey as early as possible
during larval development (Watanabe & Kiron, 1994).
This inert diet must be attractive enough for the larvae,
with a diameter adapted to larvae mouth size, and must
meet the nutritional requirement of fish larvae.

For years, experiments in larval nutrition have been
conducted with dietary formulations close to those used

for juvenile stages. But the diets leading to good perform-
ances in juveniles induced high mortality and very poor
growth in larvae. It has been hypothesized that marine
fish larvae have insufficient digestive capacity to thrive
on a compound diet (Lauff & Hofer, 1984). More
recently, it has been shown that marine fish larvae have
digestive features different from that of juveniles (Cahu
& Zambonino Infante, 1995). The change from a primary
to an adult mode of digestion characterizes developing
animals and has been extensively described in upper ver-
tebrates (Henning, 1987). Therefore, research has been
undertaken to understand specificities in digestion in
order to determine specific nutritional requirements of
larvae. In particular, the molecular form of protein
supply has been extensively studied (Zambonino Infante
et al. 1997). Studies concerning lipid requirement, and
particularly phospholipid, have been initiated by Kana-
zawa et al. (1981, 1983). Recently, Zambonino Infante
& Cahu (1999) showed that high dietary lipid level
improved sea bass (Dicentrarchus labrax) development
and demonstrated that larvae have a high capacity to
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utilize phospholipids. Moreover, Geurden et al. (1997a)
have shown that the different phospholipids affect fish
larvae development. These authors conducted the study
with fresh water species, for which compound diets are
already available. Data on the requirement for the differ-
ent types of lipid have been put forward also for marine
fish species (Sargent et al. 1999) but the range of values
obtained by using enriched live prey as experimental diet
was wide (Izquierdo et al. 2000).

The aim of the present study was to determine the influ-
ence of dietary phospholipid level and phospholipid:neutral
lipid value on survival and development in marine fish
larvae. The experimental design was based on sea bass
larvae fed isolipidic and isoproteic microdiets from first
feeding.

Materials and methods

Animals and diets

Eggs of European sea bass were obtained from Aquanord
(Gravelines, France). Larval rearing was conducted at the
Ifremer-Station de Brest and lasted 40 d, which corre-
sponds to the end of larval development. Newly hatched
larvae were transferred from incubators to twenty conical
fibreglass tanks (35 litres) with black walls (initial stocking
density of sixty larvae/l, i.e. 2100 larvae per tank). They
were supplied with running sea water, which had been fil-
tered through a sand filter, then passed successively
through a tungsten heater and a degassing column packed
with plastic rings. Throughout the experiment, the water
temperature and salinity were 208C and 35 g NaCl/l
respectively. The O2 level was maintained above 6 mg/l
by setting the water exchange up to 30 %/h (flow rate
0·18 litres/min). The light intensity was 9 W/m2 maximum
at the surface. All animal procedures and handling were
conducted in compliance with the Guide for the Care and
Use of Laboratory Animals (National Research Council,
1985).

Larvae were distributed into sixteen tanks before mouth
opening (day 6 post-hatching). Tank randomization was
conducted at the start of the experiment; four tanks per diet-
ary group. Larvae were fed from day 9 to day 40 post-hatch-
ing with a dry microdiet (patent WO0064273, 2 November
2000) containing (g/kg): fish meal 560; fish meal hydroly-
sate (provided by La Lorientaise, Lorient, France) 140; vita-
min mixture 80; mineral mixture 40 (mixes supplied
according to Gouillou-Coustans & Guillaume, 2001).
Diets of the four groups incorporated increasing levels of
soyabean lecithin (Nickerson, Marne la Vallée, France)
and decreasing levels of fish oil (La Lorientaise) and were
designated as PL3, PL6, PL9 and PL12 (Table 1). Micro-
diets were processed as follows: dietary ingredients were
mechanically mixed with water, pelleted and dried at
508C for 20 min. The pellets were sieved to obtain two
sizes of particles; 125–200mm used during the first 5 d
then 200–400mm until the end of the experiment. Fish
were continuously fed in excess for 18 h/d using a belt
feeder. Food ingestion was monitored by observing
the larvae digestive tract under a binocular microscope;
dietary microparticles being visible by transparency.

Assayed composition of the diets was (g/kg DM): protein
584; lipid 260; ash 120. So, diets differed only by their
lipid composition. Phospholipid and neutral lipid contents
in the diets were assayed by the Juaneda & Roquelin
(1985) method and eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA) concentration of the diet total lipid
was determined by GLC (Varian.3400 gas chromatograph
equipped with a DB Wax fused silica capillary column;
Varian SA, Les Ulis, France).

Sampling and dissection

To monitor growth, ten larvae per tank (four tanks for each
dietary group) were taken once weekly from each tank. For
this, water volume was lowered and ten larvae were col-
lected at one time using an appropriate net. These ten
larvae were representative of the tank population. At the
end of the experiment, larval survival rates were deter-
mined by counting individuals. Sixty larvae/tank (four
tanks per treatment) were sampled and examined under a
binocular microscope to determine spinal malformation,
i.e. scoliosis, lordosis and coiled vertebral column. The
malformation rate in each tank was determined as follows:
number of malformed larvae/sixty larvae) £ 100.

At day 9 and day 40, fifty larvae were collected for
enzymic studies from each tank before morning food
distribution; larvae were immediately stored at 2808C
pending dissection and assays. Fifty larvae were collected
for mRNA studies from only three tanks per dietary treat-
ment; these were dissected and RNA extraction was
immediately performed.

Dissection under the microscope was conducted on a
glass maintained at 08C; individuals were cut into four
parts as described by Cahu & Zambonino Infante (1994):
head, pancreatic segment, intestinal segment and tail, in
order to limit the assay of enzymes to specific segments.
This dissection inevitably produced a crude mixture of
organs in each segment. The pancreatic segment, besides
pancreas, contained liver, heart muscle and spine. The
intestinal segment contained intestine, muscle and spine.

Table 1. Added lipid and composition of the lipid fraction in
the experimental diets (g/kg dry diet)

Diet. . . PL3 PL6 PL9 PL12

Added lipid in diets
Soyabean lecithin* 0 56 111 167
Fish oil 167 111 56 0

Lipid composition
Neutral lipids 229 203 173 137
Phospholipids 27 60 91 116
Phosphatidylcholine† 9 18 26 35
Phosphatidylinositol† 2 7 12 16
EPAþDHA 49 36 24 15

PL3, diet with 27 g phospholipids/kg; PL6, diet with 60 g phospho-
lipids/kg; PL9, diet with 91 g phospholipids/kg; PL12, diet with
116 g phospholipids/kg; EPA, eicosapentaenoic acid; DHA, doco-
sahexaenoic acid.

* Soyabean lecithin, provided by Nickerson (Marne-la-Vallée,
France), contains 620 g phospholipid/kg, including 260 g phospha-
tidylcholine, 200 g phosphatidylethanolamine and 140 g phosphati-
dylinositol/kg.

† Value calculated from raw material specifications.
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Analytical methods

The pancreatic segments were homogenized into 5 vol.
(v/w) of ice-cold distilled water. Amylase (EC 3.2.1.1)
activity was assayed according to Métais & Bieth (1968).
Phospholipase A2 (PLA2; EC 3.1.1.4) was assayed by
the reverse-phase HPLC method of Tojo et al. (1993).
Lipase (EC 3.1.1.3) was assayed according to Iijima et al.
(1998). Alkaline phosphatase (EC 3.1.3.1) and aminopepti-
dase N (EC 3.4.11.2), two enzymes of the brush-border
membrane, were assayed according to Bessey et al.
(1946) and Maroux et al. (1973), respectively. Purified
brush-border membranes from the intestinal segment hom-
ogenate were obtained according to a method developed
for intestinal scraping (Crane et al. 1979). The degree of
purification of the brush-border membrane, taking alkaline
phosphatase as a marker of cell membrane fraction, was
close to that reported by Crane et al. (1979), i.e.
13·5-fold. Enzyme activities were expressed as specific
activities, i.e. mmol hydrolysed substrate for alkaline phos-
phatase, aminopeptidase N, lipase and PLA2. Amylase
activity was expressed as the equivalent enzyme activity
required to hydrolyse 1 mg starch during 30 min at 308C.
Protein was determined by the Bradford procedure
(Bradford, 1976).

Reverse transcriptase–polymerase chain reaction analysis

Total RNA was extracted using the TRIzolw reagent kit
procedure (Life Technologies, Grand Island, NY). For syn-
thesis of cDNA, 5mg total RNA was treated with FPLCpure
Moloney-Murine Leukaemia virus reverse transcriptase
(RT) using the Ready-To-Go-T-Primed First Strand Kit
(Pharmacia Biotech, Uppsala, Sweden). Polymerase chain
reaction (PCR) was carried out by an initial denaturation
at 948C for 1 min, followed by thirty cycles at temperatures
of 948C for 30 s, specific annealing temperatures for 1·5 min
and 728C for 1 min; the final extension was conducted at
728C for 7 min. PCR mixture contained 0·8ml cDNA, 0·2
units Taq Polymerase (Appligene, Gaithersburg, MD),
100mmol dNTP (deoxyribonucleotide triphosphate)/l,
50mmol each primer and 1X Reaction Buffer (Appligene),
in a final volume of 50ml. Sequences and annealing tem-
peratures for the sense and antisense oligonucleotides
were: 50-gCCATCAATgACCCCTT-30 and 50-ggTgCAg-
gATgCATTgC-30 (508C) for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH); 50-ACTACggYTgCTACTg-30

and 50-CggTCACAgTTRCAgA-30 (488C) for PLA2; 50-
TgTggCTTCAACAgC-30 and 50-CgCTCCAAgRCTgTA-
30 (508C) for lipase, respectively.

These primers have been selected after alignment of
different species sequences of selected mRNA, obtained
using the Sequence Retrieval System WWW server at
EMBL-EBI (European Molecular Biology Laboratory-
European Informatics Institute, Cambridge, UK). Align-
ments of RNA sequence of species from different phyla
were necessary as fish RNA sequences were scarce. The
resulting PCR products have been cloned using the
TOPO-TA Cloning kit (Invitrogen, Leek, The Netherlands)
and sequenced by Cybergene (St Malo, France);
the obtained GAPDH, PLA2 and lipase sequences have

been registered by EMBL under AJ006883, AJ006339
and AJ275976 accession numbers, respectively.

GAPDH, PLA2 and lipase were amplified using the
same cDNA sample; 1 to 10ml each PCR product were
applied on an agarose (1·2 %)–ethidium bromide (1 mg/l)
gel. cDNA spots were quantified with a Fluor-Se
Multilmager and its MultiAnalyst Software (BIORAD,
Hercules, CA) using appropriate calibration. We generated
a standard curve by plotting the u.v. absorbance of the
spots (resulting after a thirty-cycle PCR) against the
input concentration of the studied cDNA. The limits of
the exponential phase and the beginning of the saturation
phase of the amplification reaction were determined for
each gene to ensure the linear relationship between input
RNA and final RT–PCR product. The obtained values of
PLA2 and lipase mRNA were normalized relative to the
GAPDH mRNA, by the calculation of the PLA2:GAPDH
mRNA value and the lipase:GAPDH value. Indeed, Sölch
& Arnold (1996) have shown that this normalization
relative to GAPDH provides a widely applicable value
for comparative studies of gene expression at the mRNA
level.

Statistical analyses

Results are given as mean values and standard deviations
(n 4; n 3 for mRNA studies). Survival rates, malformation
rates and values of mRNA were arcsin (x1/2) transformed.
The variance homogeneity of the data was checked using
Bartlett’s test (Dagnelie, 1975). Larvae weight, survival
rate and values of enzymic segmental activity data were
compared by a one-way ANOVA followed by the
Newman–Keuls multiple range test (Dagnelie, 1975)
when significant differences were found at the (P,0·05)
level.

Results

The microdiets were efficiently ingested by the larvae of
the four dietary treatments from starting exogenous feed-
ing. A marked difference appeared in larval growth
among the experimental groups. The higher the dietary
phospholipid content, the greater the growth (P,0·05).
Larval final weight in the group fed PL12 was 18-fold
higher than in the group fed the PL3 diet (Fig. 1).

Survival rate was graded in the same order and went
beyond 73 % in the PL12 group (Table 2). Concurrently,
very few larvae exhibited malformation at the end of the
experiment in the PL12 treatment. The rate of spinal mal-
formations (scoliosis, lordosis, coiled vertebral column)
became significantly higher (P,0·05) when dietary phos-
pholipid level was lower. More than one-third of the sur-
viving larvae exhibited skeletal malformations in the PL3
treatment, while malformation rate reached only 2 % in
the PL12 treatment. The best results in growth, survival
and larvae quality were obtained in the group fed PL12
containing 116 g phospholipid/kg, and including 35 g phos-
phatidylcholine and 16 g phosphatidylinositol/kg (Table 1).

Amylase specific activity sharply decreased during
development (Table 2). Activities in 40-d-old larvae were
from 2·5- to 5·3-fold reduced relative to that assayed in
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9-d-old ones. At the end of the experiment, larvae fed diets
containing high phospholipid levels (91 and 116 g/kg DM)
showed a lower amylase specific activity than groups fed
low phospholipid levels (27 and 60 g phospholipids/kg).
Activities of alkaline phosphatase and aminopeptidase N
in brush-border membranes of enterocytes were higher
(P,0·05) and similar in larvae fed diets PL9 and PL12
relative to those assayed in larvae fed diets PL6 and
PL3. In general, there was a trend towards increasing
enzyme activities as the level of dietary phospholipid
increased (Table 2).

Lipase-specific activity of larvae was affected by the
triacylglycerol level in the diet (Fig. 2 (A)). Groups fed
the PL3 and PL6 diets, incorporating high neutral lipid
levels (229 and 203 g/kg DM), exhibited a lipase activity
four times higher than groups fed PL9 and PL12 (incorpor-
ating low neutral lipid levels, 173 and 137 g/kg DM,
respectively). The lipase:GAPDH mRNA values were
also higher in groups fed high neutral lipid levels than

in the other groups, but the differences were less
pronounced (Fig. 2 (B)).

PLA2 specific activity was highly influenced by the diet-
ary phospholipid level (Fig. 3 (A)). A 9-fold increase in
phospholipid activity was observed comparing the PL3
and PL12 groups. The value of PLA2:GAPDH mRNA
was higher in the group fed the highest phospholipid
level (PL12) than in the group fed the lowest phospholipid
level (Fig. 3 (B)). Nevertheless, the range of variation in
the phospholipase mRNA value was less important than
variations in phospholipase activity.

Discussion

The present study described a feeding experiment of marine
fish larvae using exclusively a dry microdiet. The previous
attempts of compound diet feeding as early as fish larvae
mouth opening have reported high mortality and poor
growth (Cahu et al. 1998; Yufera et al. 1999). The determi-
nation of dietary requirement and the formulation of a diet
for marine fish larvae represented for several years a
major objective of many laboratories. In contrast, diet for-
mulation has been easily achieved for some freshwater
species larvae, which are bigger at hatching.

The tested diets, only differing by their lipid mixture
composition, greatly affected both growth and survival of
sea bass larvae. The most efficient diet induced a survival
(73 %) that is higher than that generally observed with live
prey feeding. Interestingly, this high survival result corre-
sponded with a growth performance (32 mg at day 40)
similar to that generally obtained with an Artemia feeding
sequence. Indeed, sea bass larvae fed live prey, and reared
in the same laboratory conditions in several experiments,
reached around 30 to 35 mg at day 40, with 50 % survival
(Cahu & Zambonino Infante, 1994, 1995; Zambonino
Infante et al. 1996). At the same age, weight of sea bass
larvae produced in the hatchery hardly goes beyond
25 mg with a maximum of 40 % survival. Moreover, the
good survival and growth was associated with a low
number of skeletal malformations. Around 30 % of
marine fish larvae reared in hatcheries exhibit deformities
(Andrades et al. 1996). A great number of factors, such

Table 2. Survival and malformation rates of 40-d-old sea bass (Dicentrarchus labrax), and specific activities of amylase, alkaline phosphatase
and aminopeptidase in 9- and 40-d-old sea bass larvae fed the four experimental diets*

(Mean values and standard deviations)

Day 9 Day 40

Diet. . .
Initial PL3 PL6 PL9 PL12

Mean SD Mean SD Mean SD Mean SD Mean SD

Survival (%) 22c 1·0 52b 7·3 60b 1·3 73a 6·5
Malformation (%) 35a 4·5 20b 3·3 15b 2·1 2c 1·0
Amylase (U/mg protein) 3·2a 0·21 1·3b 0·27 1·3b 0·28 0·7c 0·06 0·6c 0·04
Alkaline phosphatase (mU/mg protein) ND 53c 15·8 179b 25·3 390a 68·7 328a 10·7
Aminopeptidase N (mU/mg protein) ND 42c 9·2 109b 15·4 172a 21·9 200a 16·5

PL3, diet with 27 g phospholipid/kg; PL6, diet with 60 g phospholipid/kg; PL9, diet with 91 g phospholipid/kg; PL12, diet with 116 g phospholipid/kg; ND, not
detected.

a,b,cMean values within a row with unlike superscript letters were significantly different (P,0·05).
* For details of diets and procedures, see Table 1 and p. 22.

Fig. 1. Growth of sea bass (Dicentrarchus labrax) larvae fed isopro-
teic and isolipidic diets containing different phospholipid levels:
27 g/kg diet (-†-); 60 g/kg diet (-O-); 91 g/kg diet (-B-); 116 g/kg diet
(-V-). Mean values are shown with standard deviations represented
by vertical bars (n 4). a,b,c,dMean values with unlike superscript
letters for the same day are significantly different (P,0·05). For
details of diets and procedures, see Table 1 and p. 22.
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as genetic or environmental parameters, have been
supposed to affect skeletal formation (Divanach et al.
1996). Among these factors, the influence of diet on
larval malformation has been experimentally demonstrated.
It has been shown in particular that vitamins (retinol and
ascorbic acid) and protein (peptide chain length) can
affect skeletal development in marine fish larvae. The
basal diet was formulated to meet protein and amino acid
requirements of sea bass larvae (Péres et al. 1996) and vita-
min requirements of fish (Gouillou-Coustans & Guillaume,
2001). The present study shows that the phospholipid con-
tent relative to the total lipid in the diet also influences the
skeletal formation process. A supply of 253 g neutral
lipids/kg including 116 g phospholipids/kg (diet PL12)
led to a very low percentage of deformities. When the
phospholipid:total lipid value was lowered, the rate of mal-
formed larvae increased. In a previous experiment (CL
Cahu and JL Zambonino Infante, unpublished results), no
differences were observed in sea bass larvae fed diets
containing increasing fat levels with a constant level of
phospholipid (230 g/kg total lipid). Taking these data
together, it appears that the malformation rate is more

linked to the proportion of phospholipid:neutral lipid than
to the overall lipid content in the diet.

Several studies conducted on different fish species
(Kanazawa et al. 1981, 1983; Shield et al. 1999) showed
that fish do require dietary phospholipid, and the require-
ment seems to be higher in larvae than in juveniles
(Kanazawa, 1993). Moreover, Geurden et al. (1997a,
1998) suggested that phosphatidylcholine has a growth-
promoting effect and phosphatidylinositol prevents
deformity in carp (Cyprinus carpio) larvae. But our study
was not designed in order to obtain more information on
the role of the different phospholipid classes.

The present study demonstrated that phospholipid from
vegetable sources can be used in diets for marine fish
larvae, though they do not contain highly unsaturated
fatty acids. Geurden et al. (1997b) arrived at the same con-
clusions with young juvenile sea bass. A small amount of
marine phospholipids including high levels in highly
unsaturated fatty acids, mainly EPA and DHA, were incor-
porated in diets by fishmeal and fishmeal hydrolysate.
This small amount was sufficient to allow good larval

Fig. 2. Specific activity of lipase (A) and value of lipase mRNA:gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (B) in
40-d-old sea bass (Dicentrarchus labrax) larvae fed isoproteic and
isolipidic diets containing 27, 66, 91 and 116 g phospholipid and
229, 203, 173 and 137 g neutral lipid/kg dry diet (PL3, PL6, PL9
and PL12 respectively). Mean values are shown, with standard
deviations represented by vertical bars (n 4 for specific activity; n 3
for mRNA value). Mean values with unlike superscript letters are
significantly different (P,0·05). For details of diets and procedures,
see Table 1 and p. 23.

Fig. 3. Specific activity of phospholipase A2 (PLA2; A) and value
of PLA2 mRNA:glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA (B) in 40-d-old sea bass larvae fed isoproteic and
isolipidic diets containing different phospholipid levels: 27 g/kg diet
(PL3); 60 g/kg diet (PL6); 91 g/kg diet (PL9); 116 g/kg diet (PL12).
Mean values are shown, with standard deviations represented by
vertical bars (n 4 for specific activity; n 3 for mRNA value). Mean
values with unlike superscript letters are significantly different
(P,0·05). For details of diets and procedures, see Table 1 and
p. 23.
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growth and survival. Marine phospholipid appeared to be
essential for fish larvae development (Sargent et al.
1999). Nevertheless, we demonstrated that the efficiency
of phospholipid in larvae development could not be attrib-
uted to their EPA and DHA content. A concentration of
15 g EPA þ DHA/kg DM (diet PL12) is sufficient to sus-
tain good larvae development. The value found in the pre-
sent study is much lower than the minimal level, 27 g/kg,
recommended until now in the literature (Sargent et al.
1999; Zambonino Infante & Cahu, 1999).

Anatomical and functional development of larval tissues
continues during the first month of life in marine fish. In par-
ticular, larvae change from a primary to an adult mode of
digestion (Cahu & Zambonino Infante, 1995). Amylase
expression can be considered as an indicator of the matu-
ration of the exocrine pancreas. A decline of amylase is
observed during the normal maturation process (Péres
et al. 1998). This pattern can be compared with the decline
of lactase expression normally observed during early devel-
opment in mammals (Freund et al. 1990). The intestine also
undergoes a maturation process. In early larval stages, enter-
ocyte microvilli are poorly developed, with low activities of
brush-border-membrane enzymes. During the third week of
sea bass development, brush-border-membrane enzymes,
such as alkaline, phosphatase or aminopeptidase N, drasti-
cally increase (Cahu & Zambonino Infante, 1995). In our
study, amylase activity decreased from day 9 to day 40 in
the four dietary groups, as expected. This decrease was
more pronounced in the two groups fed high phospholipid
levels. On the other hand, the highest enzyme activities in
brush-border membranes were found in the groups fed the
high phospholipid level. The activity of alkaline phospha-
tase observed at day 40 could be the result of an adaptation
of the enzyme to one of its dietary substrates, phospholipid.
But phospholipid is not a potential substrate for aminopep-
tidase N, thus the high aminopeptidase N activities in groups
fed the high phospholipid level reflected a proper develop-
ment of digestion in brush-border membranes. These results
suggest that dietary phospholipid levels affect pancreas and
intestine maturation. The achievement of digestive tract
maturation in developing animals, fish as well as mammals,
must occur during a specific window of time. This is necess-
ary for the proper development of the animal.

Expression of lipolytic enzymes, in our experiment was
stimulated by the amount of their relative substrates in the
diet. The regulation of lipase and PLA2 occurred mainly
at the transcriptional level, since the differences in enzymic
activities globally reflected the different amounts of mRNA
of the different groups. The transcriptional regulation has
been previously evidenced for PLA2 (Zambonino Infante
& Cahu, 1999). The present study shows transcriptional
regulation for lipase in fish larvae, as described in mammals
(Wicker et al. 1988). Nevertheless, an additional regulation
seems to influence enzymic activities. Indeed, the activity of
PLA2 increased linearly, but to a greater extent than the cor-
responding mRNA levels; a 9-fold increase in activity v. a
1·6-fold increase in mRNA level when comparing PL3
and PL12. An involvement of a post-transcriptional mech-
anism in PLA2 regulation could be possible. It has been
already suggested (Zambonino Infante & Cahu, 1999)
that the efficiency of PLA2 mRNA translation could be

modulated by cholecystokinin. Lipase activity is 4-fold
higher in larvae fed high triacylglycerol levels compared
with low triacylglycerol levels. This range of response is
higher than in mammals, for which only a 2- to 3-fold vari-
ation was reported (Sabb et al. 1986). The response of pan-
creatic lipase to dietary fat is not linear. As in mammals, it
seems that 200 g neutral lipid/kg diet (mostly triacylgly-
cerol) set the threshold level above which substrate satur-
ation of pancreatic lipase activity is likely to occur. This
sharp augmentation in lipase activity could be, as for
PLA2, the result of a hormonal regulation. An involvement
of cholecystokinin in the stimulation of lipase expression
cannot be considered since groups exhibiting a high lipase
level have a low PLA2 level. These responses were induced
by diet composition, triacylglycerol levels varying inversely
to phospholipid levels. Among the gastrointestinal hor-
mones acting in pancreatic secretion, secretin is particularly
stimulated by dietary lipids (Scheele, 1994). The discoordi-
nated response between mRNA and activity of lipase in the
four dietary groups could be explained by secretin release.

The modulation of lipase response to neutral lipid amount
in the diet was rather undefined. In contrast, the response of
PLA2 to dietary phospholipid content was gradual and
showed a greater modulation range in expression. This obser-
vation suggests that marine fish larvae have a more efficient
capacity to utilize phospholipid than neutral lipids. There-
fore, it would explain in part why a lipid supply mainly in
phospholipid form is needed for larvae development.
Shield et al. (1999) noted that phospholipids are more
easily digested by halibut larvae than triacylglycerol and
suggested an absolute requirement in developing fish.
Indeed, several roles of phospholipid in developing fish
larvae have been put forward: energy supply; facilitation of
fat emulsification and digestion; enhancement of lipid trans-
port between organs and settlement of cell membranes
(Coutteau et al. 1997). Recently, a phospholipid requirement
has also been reported in juvenile marine fish (Olsen et al.
1999).

In conclusion, a dry microdiet sustaining good growth,
survival and harmonious larval development of a marine
fish species has been formulated for the first time. The diet
can be used from mouth opening, in total replacement of
live preys. The present study showed that dietary phospholi-
pid level is influential for sea bass development and that
larvae have, since the earliest stages, an efficient regulation
of lipolytic enzymes. The dietary role of phospholipid was
shown to be to a great extent independent from their n-3
highly unsaturated fatty acid moiety. Nevertheless, the opti-
mal phospholipid level remains to be found.
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Zambonino Infante JL, Péres A, Cahu CL, Quazuguel P &
Le Gall MM (1996) Sea bass (Dicentrarchus labrax) larvae
fed different Artemia rations: growth, pancreas enzymatic
response and development of digestive functions. Aquaculture
139, 129–138.

C. L. Cahu et al.28

https://doi.org/10.1079/BJN
2003880  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2003880

