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Abstract The distribution of n-3 highly unsaturated
fatty acids (HUFA) over the major neutral and polar
lipid classes was determined for two predominant types
of live food used in the larviculture of marine ®sh
and shrimp, i.e. freshly hatched and HUFA-enriched
Artemia, and compared with data reported in the liter-
ature for wild copepods, representing the natural diet of
these larvae. Lipid class composition and their content
of n-3 HUFA, particularly eicosapentaenoic acid (EPA,
20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3),
were assessed in freshly hatched, HUFA-enriched and
subsequently starved Artemia franciscana. The n-3
HUFA enrichment was based on feeding Artemia a lipid
emulsion in which either fatty acid ethyl esters (EE, di-
luted with olive oil) or triacylglycerol (TAG) provided a
level of 30% n-3 HUFA. Enrichment of Artemia with
either type of the lipid emulsions resulted in an increase
of total lipid content from 20.0 to 28.2±28.7% of dry
matter mainly due to the accumulation of neutral lipid,
primarily TAG (from 82 to 158 mg g)1 dry wt in freshly
hatched and 24-h enriched Artemia). Enriched brine
shrimp utilized up to 27±30% of their TAG content
during 72 h of starvation at 12 °C. The absolute tissue
concentrations of polar lipids remained constant at 71 to
79 mg g)1 dry wt throughout the enrichment and sub-
sequent starvation. The level of n-3 HUFA increased
drastically during enrichment from 6.3% of total fatty
acids (8.2 mg g)1 dry wt) in freshly hatched nauplii to
between 20.4 and 21.8% (40.4 to 43.2 mg g)1 dry wt) in

24-h enriched Artemia and was not signi®cantly a�ected
by the source of n-3 HUFA. During starvation, 18:0,
20:4n-6 and 20:5n-3 were retained, whereas 18:4n-3,
22:5n-3 and 22:6n-3 were speci®cally catabolized. The
major polar lipids, phosphatidylethanolamine (PE) and
phosphatidylcholine (PC), of freshly hatched Artemia
showed very low levels of DHA (<0.1% of total fatty
acids) and carried about 45% of the total EPA present.
Enrichment with either of the emulsions resulted in an
increase of the neutral lipid fraction which concentrated
>64% of the EPA and >91% of the total DHA pres-
ent. This is in sharp contrast with the high levels of n-3
HUFA, in particular DHA, in the polar lipid fraction
reported for wild copepods. The contrasting distribution
of DHA in the neutral and polar lipid fractions of en-
riched brine shrimp compared to the natural diet may
in¯uence the e�cacy of this essential fatty acid for ma-
rine ®sh larvae in aquaculture systems.

Introduction

Dietary lipid is required by all animals for providing
metabolic energy, the synthesis of cell membranes, and
as a source of precursors for eicosanoids (Sargent et al.
1988). Although lipid is a quantitatively major nutrient
for ®sh growth, lipid requirements, particularly in larval
stages of marine species, remain poorly understood. The
larval requirements for n-3 highly unsaturated fatty ac-
ids (HUFA), primarily eicosapentaenoic acid (EPA,
20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3),
have been demonstrated for various species of marine
®sh (Izquierdo 1996; Sargent et al. 1997). A greatly re-
duced activity of the D5 fatty acid desaturase, which is
needed for the conversion of dietary 18:3n-3 to n-3
HUFA, has been found to be the background of this
requirement (Sargent et al. 1993). Recent studies with
various species of marine ®sh have revealed that DHA,
above all, plays an important role in various physio-
logical functions, including survival, growth, and pig-
mentation success (Kanazawa 1993a; Watanabe 1993;
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Reitan et al. 1994). The essentiality of DHA is most
critical during the early development of ®sh larvae when
the normal development of neural and visual functions
requires an increased dietary supply of DHA (Mourente
and Tocher 1992; Bell and Dick 1993; Bell et al. 1995).
Nevertheless, major controversies continue to exist over
what constitutes the optimal quantitative requirements,
the dietary balances between various essential fatty acids
(EFA) and the relative importance of various lipid
classes in supplying these fatty acids (Sargent et al. 1993,
1997). The bene®cial e�ects of dietary phospholipids on
the performance of larval and juvenile stages have been
demonstrated for a number of marine ®sh species, al-
though the mechanisms behind this requirement remain
unclear (Kanazawa 1993b; Coutteau et al. 1997). Vari-
ous authors have suggested that phospholipids may be
superior to neutral lipids as an EFA source for larval
stages, the digestive capacity of which may not be fully
developed (Olsen et al. 1991; Koven et al. 1993; Sargent
et al. 1993).

Due to the limited acceptance of arti®cial diets at
start-feeding in many marine ®sh species, most studies
determining larval nutritional requirements for EFA
have been carried out using enrichment techniques to
manipulate the composition of live feeds such as rotifers
(Brachionus plicatilis: Rainuzzo et al. 1994b) and brine
shrimp (Artemia sp.: Sorgeloos and LeÂ ger 1992). Rotifers
and Artemia are naturally de®cient in n-3 HUFA and
particularly DHA (LeÂ ger et al. 1986; Navarro et al.
1992a; Rainuzzo et al. 1994b). This can be corrected
prior to o�ering them to the ®sh larvae by prefeeding the
live preys with n-3 HUFA-rich products, such as micro-
algae, yeast-based diets, microparticulate diets, micro-
capsules, or emulsions (LeÂ ger et al. 1986; Coutteau and
Sorgeloos 1997). However, the lipid composition of live
preys can only be manipulated to a limited extent, and is
not completely de®ned, which strongly limits the research
possibilities. Thus, it is di�cult to incorporate a suitable
and stable range of concentrations of DHA and phos-
pholipids in live preys, particularly Artemia (Rainuzzo
et al. 1994a; McEvoy et al. 1996; Evjemo et al. 1997).

Bioencapsulation of Artemia is often considered as a
simple ®lling of the gut with little biotransformation of
the enrichment product in the digestive system of the
brine shrimp (Tocher et al. 1997). As a result, novel
enrichment diets are evaluated mostly based on their
capability to increase the content of n-3 HUFA in live
preys following a standard enrichment technique (e.g.
Dhert et al. 1993; Southgate and Lou 1995; McEvoy
et al. 1996). However, HUFA-enrichment in ®lter-feed-
ing organisms involves a complex chain of biological
processes, including particle ®ltration, ingestion, diges-
tion, assimilation and metabolism (Omori and Ikeda
1984). Despite the wide application of n-3 HUFA en-
riched Artemia and rotifers for feeding marine ®sh larvae
in commercial hatcheries, the mechanisms whereby in-
gested lipids are bioencapsulated in the live preys and
the form in which the EFA are available for the ®sh
larvae as compared to their natural diet are poorly

documented. On the other hand, the lipid class and fatty
acid composition of wild copepods, which are an im-
portant component in the natural diet of marine ®sh
larvae (Kinne 1977), have been described in several
studies of marine ecosystems (Tande and Henderson
1988; Fraser et al. 1989; Norrbin et al. 1990; Lokman
1993). Therefore, the present study aimed at determining
the distribution of n-3 HUFA over the major lipid
classes in two predominant types of live food used in
marine larviculture, i.e. freshly hatched and HUFA-
enriched Artemia. These results were compared with
data reported in the literature for HUFA levels in polar
and neutral lipid classes of wild copepods, representing
the natural diet of marine ®sh larvae. Also, the stability
of n-3 HUFA in Artemia was followed by evaluating the
e�ect of prolonged storage at reduced temperature on
the levels and distribution of n-3 HUFA. Furthermore,
fatty acid ethyl esters (EE) and triacylglycerols (TAG)
were compared with regards to their e�cacy as sources
of n-3 HUFA in enrichment emulsions containing sim-
ilar levels of n-3 HUFA.

Materials and methods

Hatching, enrichment and starvation of Artemia

Artemia franciscana cysts (Great Salt Lake, Utah, USA; INVE
Aquaculture N.V., Belgium; ARC No. 1311) were disinfected and
hatched in seawater at 28 °C under continuous illumination and
aeration following Van Stappen (1997). After 24 h of incubation,
freshly hatched nauplii were transferred to 1-liter cylindroconical
tubes (triplicate samples per treatment) ®lled with 0.45-lm ®ltered
seawater at a density of 200 ml)1 for enrichment over 24 h at 28 °C
with aeration giving in excess of 4 ppmoxygen. The enrichment diets
were added at the start and after 12 h of enrichment. Following
enrichment,Artemiawere rinsed on a sieve under tapwater to remove
all residual emulsion, and transferred to cylindroconical tubes at a
density of 50 ml)1 for up to 72-h starvation at 12 °C under contin-
uous aeration. Triplicate samples were taken after 24-h hatching, 24-
h enrichment, 24-h and 72-h starvation, rinsed on a sieve under
tapwater, dipped on absorbing paper till dry in appearance and
frozen ()22 °C) under nitrogen atmosphere until analysis.

The enrichment diets consisted of experimental oil emulsions
made available within the framework of the International Council
for the Exploration of the Sea ± Working Group on the Mass
Rearing of Juvenile Fish (ICES 1994). ICES emulsions were is-
olipidic and contained 30% of total n-3 HUFA with a DHA/EPA
ratio of 4 either as TAG or EE (ICES 30/4/C/3 and ICES 30/4/C/
EE, respectively). The ethyl ester concentrate (50% n-3 HUFA)
was diluted with olive oil to obtain similar levels of n-3 HUFA in
both emulsions, which resulted in a higher proportion of oleic acid
in ICES 30/4/C/EE and the presence of non-HUFA containing
TAG (Table 1).

Lipid and fatty acid analysis

Lipids were extracted from preweighed samples of Artemia by
homogenization in chloroform/methanol (2:1, v/v), containing
0.01% butylated hydroxytoluene (BHT) as an antioxidant, ac-
cording to Folch et al. (1957). Solvent was evaporated under a
stream of nitrogen and lipid extracts desiccated overnight in vac-
uum before their mass was determined gravimetrically. Lipid ex-
tracts were redissolved in chloroform/methanol (2:1, v/v;
containing 0.01% BHT) at a concentration of 10 mg ml)1 and
stored under nitrogen atmosphere at )20 °C until analysis.
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Lipid classes were separated by high-performance thin-layer
liquid chromatography (HPTLC) using a one-dimensional double
development (Tocher and Harvie 1988). Lipids were separated on
HPTLC plates (10 ´ 10 cm ´ 0.15 mm, silica gel 60 without ¯uo-
rescent indicator, Merck, Germany) using methyl acetate/isopro-
panol/chloroform/methanol/0.25% aqueous KCl (25:25:25:10:9,
v/v) and hexane/diethyl ether/acetic acid (80:20:2, v/v) as a devel-
oping solvent mixture for polar and neutral lipid classes, respec-
tively. Separated lipid classes were charred for 20 min at 160 °C,
after spraying the plate with 3% (w/v) cupric acetate in 8% (v/v)
phosphoric acid, and quanti®ed by calibrated scanning densitom-
etry using a Shimadzu CS-9001PC dual wavelength ¯ying spot
scanner (Olsen and Henderson 1989). The results were expressed as
milligrams of each lipid class per gram of dry weight.

Fatty acid composition of total lipid was determined following
the method of Christie (1989). Prior to fatty acid analysis, pre-
dominant polar (PC, PE) and neutral lipids (TAG, FFA) were
separated by thin-layer chromatography (TLC) on plates
(20 ´ 20 cm ´ 0.25 mm, silica gel 60 without ¯uorescent indicator,
Merck, Germany) using the polar and neutral solvent mixture (see
above), respectively. After spraying the plate with 2¢,7¢-dichloro-
¯uorescein (1% in 98% methanol) isolated spots were visualized

under ultraviolet light, scrapped o� and put into 11 ml quick ®t test
tubes for transesteri®cation. Fatty acids were transesteri®ed for
16 h at 50 °C using a mixture of sulfuric acid and methanol (1:100
by volume), and nonadecanoic acid (19:0) as internal standard.
Fatty acid methyl esters (FAME) were extracted with hexane,
dissolved in iso-octane and determined quantitatively with a
Chrompack CP9001 gas chromatograph equipped with an auto-
sampler. Injection was done on column into a very polar 50 m
capillary column, BPX70, with a diameter of 0.32 mm and a layer
thickness of 0.25 lm connected to a 2.5 m methyl deactivated
precolumn. The carrier gas was H2 and the detection mode ¯ame
ionization (FID). The oven was programmed to raise the initial
temperature from 85 to 150 °C at a rate of 20 °C min)1, from 150
to 152 °C at 0.1 °C min)1, from 152 to 174 °C at 0.7 °C min)1,
from 174 to 180 °C at 10 °C min)1 and to stay at 180 °C for 2 min.
Identi®cation was based on a standard reference mixture (GLC
68B, NU-Chech Prep). Integration and calculation were done with
the software program ``Maestro'' (Chrompack). FAME results
were expressed either as percent of total FAME or as milligrams
fatty acid per gram of dry weight.

Statistical analysis

Data represent means of triplicate analyses, except for the fatty
acid composition of individual lipid classes (see Table 4; n = 1),
and were subjected to one-way analysis of variance (ANOVA)
followed, when pertinent, by a Tukey's multiple range test to detect
signi®cant di�erences among means (P � 0.05). Data were checked
for homoscedasticity by the Bartlett test. Prior to statistical anal-
ysis, percentage compositions were arcsin transformed (Sokal and
Rohlf 1995).

Results

Enrichment of Artemia with the lipid emulsions resulted
in a signi®cant increase of total lipid content from 20.0
to 28.2±28.7% of dry matter (Table 2). This was due to a
signi®cant accumulation of neutral lipid, mainly as TAG
and to a lesser extent as free fatty acids (FFA), which
was independent of the use of either pure TAG or a
56:44% mixture of TAG/ethyl esters as a lipid source in
the emulsion (ICES 30/4/C/3 and 30/4/C/EE, respec-
tively). In agreement with the higher level of FFA in the
EE-based emulsion (Table 1), Artemia enriched with
ethyl esters showed a higher increase of FFA content
than brine shrimp fed the TAG-based emulsion (res-
pectively, 66% and 26% increase compared with the
level in freshly hatched nauplii; Table 2).

Total lipid decreased again during starvation at
12 °C, although signi®cantly lower levels were observed
only after 72 h of starvation (Table 2). Starvation in-
duced a selective utilization of the TAG reserves, which
proceeded initially slower for Artemia enriched with the
ethyl ester-based emulsion (nonsigni®cant 3% decrease
during the ®rst 24 h of starvation versus signi®cant 12%
for TAG-enriched Artemia; Table 2). At the end of the
72-h starvation period, Artemia had lost 27 to 30% of
the TAG reserves that it contained after enrichment. The
increased FFA content, which was built up during en-
richment, disappeared again during starvation. The ab-
solute tissue concentrations of polar lipids remained
constant in Artemia throughout enrichment and subse-

Table 1 Lipid class and fatty acid composition of the experimental
ICES (International Council for Exploration of the Sea) emulsions
containing n-3 HUFA either as triacylglycerols (ICES 30/4/C/3) or
fatty acid ethyl esters (ICES 30/4/C/EE) (PUFA polyunsaturated
fatty acids; HUFA highly unsaturated fatty acids; DHA doc-
osahexaenoic acid; EPA eicosapentaenoic acid)

ICES 30/4/C/3 ICES 30/4/C/EE

Total lipid (% wet weight) 62 62

Lipid class composition (% of total lipid)
Free fatty acids 3.4 5.9
Triacylglycerol 78.9 42.2
Fatty acid ethyl esters ± 33.1
Other (sterols, pigments,
non-identi®ed polar lipids)

17.7 18.8

Fatty acid composition (% of total fatty acids)
14:0 3.4 0.2
15:0 1.0 ±1

16:0 19.6 7.5
16:1n-7 4.3 0.8
18:0 5.4 3.0
18:1n-9 13.6 45.0
18:1n-7 2.2 1.4
18:2n-6 4.9 6.6
18:3n-6 0.2 0.4
19:1n-9 0.1 0.6
18:3n-3 1.1 0.8
18:4n-3 0.7 0.4
20:1n-9 0.6 0.4
20:4n-6 1.7 0.3
20:5n-3 5.7 5.2
21:5n-3 0.2 0.5
22:5n-6 1.8 0.5
22:4n-3 ± 0.5
22:5n-3 1.1 1.7
22:6n-3 24.6 22.1
Ssaturates2 30.5 10.9
Smonoenes 21.8 48.6
Sn-6 PUFA 9.0 7.8
Sn-3 PUFA 33.8 31.3
Sn-3 HUFA3 32.0 30.1
DHA/EPA 4.3 4.2

1 Not identi®ed
2 Sums include minor fatty acids (£0.3%) not mentioned in table
3 ³20:3n-3
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quent starvation. Due to the accumulation of neutral
lipid during enrichment, the proportion of total polar
lipid decreased from 35.5% of total lipid in freshly
hatched nauplii to 26.4±25.1% in enriched Artemia.

The level of n-3 HUFA increased drastically during
enrichment from 6.3% of total fatty acids (8.2 mg g)1

dry wt) in freshly hatched nauplii to between 20.4 and
21.8% (40.4 to 43.2 mg g)1 dry wt) in 24-h enriched
Artemia (Table 3). The level of n-3 HUFA in the en-
riched Artemia was not signi®cantly a�ected by the
source of n-3 HUFA, whereas the di�erent levels of the
other fatty acids in the emulsions were re¯ected signi®-
cantly in the fatty acid pro®le of the enriched Artemia. A
higher proportion of 18:1n-9 and lower content of sat-
urated fatty acids, 18:3n-3 and 20:4n-6, were thus ob-
served in the Artemia fed the ethyl ester-based emulsion.

The e�ect of the 72-h starvation period on the fatty
acid pro®le of enriched Artemia revealed a similar evo-
lution in both types of enriched Artemia. The proportion
of 18:0, 20:4n-6 and 20:5n-3 increased during 72 h of
starvation compared to the level after enrichment
(respectively, +19/22%, +31/21%, and +40/30% for
TAG/EE-enriched Artemia; Table 3). In contrast, the
level of 18:4n-3, 22:5n-3 and 22:6n-3 decreased signi®-
cantlyduring starvation (respectively,)37/43%,)44/19%,
and )48/52% for TAG/EE-enriched Artemia).

The major phospholipids of freshly hatched Artemia
carried insigni®cant amounts of DHA (<0.1% of total
fatty acids in PE and PC; Table 4). As a result, mini-
mum 91% of the 0.2 mg g)1 dry wt of DHA found in
Artemia nauplii was present primarily in neutral lipid
classes such as TAG and FFA (Fig. 1). In contrast, the
level of EPA was over twofold higher in PE and PC than
that in TAG and FFA; and minimum 45% of the total
amount of EPA (7.1 mg g)1 dry wt) in the freshly hat-
ched brine shrimp was thus present in phospholipids.
Enrichment resulted in an increased proportion of EPA
in all studied lipid classes, except in PE (Table 4).
However, as a result of the high load of TAG in enriched
brine shrimp, 64% of the total EPA was incorporated as
TAG. The TAG fraction showed a 63- to 72-fold in-
crease of the DHA proportion compared to the level in
the freshly hatched nauplii, and contained over 90% of
the total DHA present in enriched Artemia (Fig. 1).
During starvation, the proportion of EPA tended to
increase or remain stable in all studied lipid classes, ex-
cept in FFA. By contrast, DHA levels decreased in
particular in the TAG fraction. The absolute amount of
DHA presented as TAG thus decreased with 70% over
72 h of starvation (Table 4).

Discussion

Few studies have dealt with the lipid class composition
of Artemia and even less regarding their variations due
to enrichment procedures to enhance its n-3 HUFA
content for marine larviculture. Literature data on the
lipid level of decapsulated cysts and freshly hatched

nauplii show a high variability due to di�erences
between various populations and harvests of brine
shrimp (LeÂ ger et al. 1986; Navarro et al. 1992b) as well
as analytical methodology (LeÂ ger et al. 1989; Coutteau
and Sorgeloos 1995). Lipid class composition of Artemia
found in the present study di�ered clearly from those
presented by other authors using di�erent analytical
techniques (Takeuchi et al. 1992). On the other hand, the
proportions of total polar lipid in Artemia enriched with
EE- or TAG-based emulsions are close to the values
reported for similarly treated brine shrimp by Rainuzzo
et al. (1994a) using the TLC-FID iatroscan technique
(27.4 to 27.9% versus 25.1 to 26.4% in the present
study). An increase of total lipid due to the expansion of
the TAG reserves has been observed during enrichment
of Artemia (Takeuchi et al. 1992; McEvoy et al. 1996) as
well as rotifers (Rainuzzo et al. 1994a, b), despite large
di�erences in initial and ®nal lipid contents reported by
various authors. For example, McEvoy et al. (1996)
obtained after 18 h of enrichment a total lipid content in
Artemia of 19.7% of which 12.5% (on a dry weight
basis) was TAG. However, these authors started their
enrichment with 6-h-old brine shrimp that contained
only 12.3% of total lipid and 7.2% of TAG. Conversely,
Takeuchi et al. (1992) reported an increase of lipid
content in Artemia from 33% up to 45% after 24 h of
enrichment with EE- or TAG-based emulsions.

Despite the vast amount of literature on n-3 HUFA
enrichment of Artemia, comparison of the present en-
richment results with data reported previously by other
authors is di�cult because of major di�erences in
the enrichment protocol (species and initial stage of the
Artemia; duration, dosage, concentration and type of the
enrichment diet; physical and chemical conditions) as
well as the lipid content and n-3 HUFA pro®le of the
enrichment diet. Comparisons may be facilitated
through a better standardization of the enrichment diets
used in nutritional studies with larval marine ®sh. In this
regard, a series of experimental emulsions were made
available through the International Council for the Ex-
ploration of the Sea ± Working Group on Mass Rearing
of Juvenile Fish which are a better alternative for com-
mercial enrichment diets as they have a stable formula-
tion between production batches and o�er a speci®c
range of (n-3) HUFA pro®les (ICES 1994). The present
enrichment results are comparable with those reported
recently for Artemia enriched with an experimental diet,
consisting of tuna orbit oil emulsi®ed with 12% herring
roe polar lipid, with a similar fatty acid pro®le as the
TAG-based emulsion used in this study (7.0% EPA and
24.2% DHA; McEvoy et al. 1996). In the latter study,
levels of EPA and DHA increased from 3.9 and 0 to 10.8
and 19.4 mg g)1 dry wt, respectively, over a 18-h en-
richment period starting from 6-h-old Artemia nauplii
(versus from 5.5 and 0.2 to 16.8 and 21.0, respectively,
over a 24-h enrichment in the present study). The higher
incorporation of DHA in proportion to that of EPA
observed by McEvoy and coworkers was thought to be
due to the better availability of DHA from the herring

85



T
a
b
le
3
F
a
tt
y
a
ci
d
co
m
p
o
si
ti
o
n
o
f
to
ta
l
li
p
id
s
(%

o
f
to
ta
l
fa
tt
y
a
ci
d
s
a
n
d
m
g
g

)
1
d
ry

w
t)
o
f
fr
es
h
ly
h
a
tc
h
ed

A
rt
em

ia
fr
a
n
ci
sc
a
n
a
,
a
ft
er
2
4
-h

en
ri
ch
m
en
t
w
it
h
n
-3
H
U
F
A
p
re
se
n
te
d
ei
th
er

a
s
tr
ia
cy
lg
ly
ce
ro
l
o
r
et
h
y
l
es
te
rs
,
a
n
d
su
b
se
q
u
en
t
st
a
rv
a
ti
o
n
fo
r
2
4
a
n
d
7
2
h
a
t
1
2

°C
.
D
a
ta
re
p
re
se
n
t
m
ea
n
s
�

S
D
(n

=
3
).
D
i�
er
en
t
su
p
er
sc
ri
p
ts
in
th
e
sa
m
e
ro
w
fo
r
ea
ch

ty
p
e
o
f
d
a
ta

d
en
o
te
si
g
n
i®
ca
n
t
d
i�
er
en
ce
s
(P

<
0
.0
5
)
(0
.0
,
tr
a
ce

<
0
.1
%
)

%
o
f
to
ta
l
fa
tt
y
a
ci
d
s

m
g
g
)
1
d
ry

w
ei
g
h
t

F
re
sh
ly

T
ri
a
cy
lg
ly
ce
ro
l
en
ri
ch
m
en
t

E
th
y
l
es
te
r
en
ri
ch
m
en
t

F
re
sh
ly

T
ri
a
cy
lg
ly
ce
ro
l
en
ri
ch
m
en
t

E
th
y
l
es
te
r
en
ri
ch
m
en
t

h
a
tc
h
ed

2
4
-h

en
ri
ch
ed

2
4
-h

st
a
rv
ed

7
2
-h

st
a
rv
ed

2
4
-h

en
ri
ch
ed

2
4
-h

st
a
rv
ed

7
2
-h

st
a
rv
ed

h
a
tc
h
ed

2
4
-h

en
ri
ch
ed

2
4
-h

st
a
rv
ed

7
2
-h

st
a
rv
ed

2
4
-h

en
ri
ch
ed

2
4
-h

st
a
rv
ed

7
2
-h

st
a
rv
ed

1
4
:0

0
.9
a

0
.9
a

0
.8
a

0
.8
a

0
.5
b

0
.4
b

0
.5
b

1
.2
b
c

1
.6
a

1
.4
a
b

1
.2
b
c

1
.0
c
d

0
.8
d

0
.8
d

1
4
:1
n
-5

0
.9
a

0
.5
a
b

0
.5
a
b

0
.4
b

0
.4
a
b

0
.4
a
b

0
.3
b

1
.2
a

1
.0
a
b

0
.9
a
b

0
.6
b

0
.8
a
b

0
.8
a
b

0
.5
b

1
6
:0

1
2
.9
a

1
2
.0
b

1
1
.9
b

1
1
.9
b

8
.3
c

8
.2
c

8
.4
c

1
6
.8
c

2
2
.1
a

1
9
.8
a
b

1
7
.5
b
c

1
7
.6
b
c

1
6
.4
c

1
3
.3
d

1
6
:1
n
-7

4
.8
a

3
.9
a
b

3
.8
b

3
.8
b

2
.3
c

2
.3
c

2
.1
c

6
.2
a
b

7
.2
a

6
.4
a
b

5
.6
b
c

4
.9
c
d

4
.5
d

3
.4
e

1
7
:0

0
.7

0
.8

0
.9

0
.8

0
.3

0
.4

0
.5

0
.9

1
.4

1
.5

1
.1

0
.7

0
.8

0
.9

1
7
:1
n
-7

1
.1
a

0
.9
a
b

0
.8
a
b

0
.9
a

0
.4
c

0
.5
c

0
.6
b
c

1
.4
a
b

1
.6
a

1
.4
a
b

1
.3
a
b
c

0
.8
c

1
.0
a
b
c

0
.9
b
c

1
8
:0

4
.8
b
c

4
.6
b
c

5
.0
a
b

5
.5
a

3
.6
e

3
.8
d
e

4
.4
c
d

6
.2
c

8
.5
a

8
.4
a

8
.2
a
b

7
.6
a
b

7
.6
a
b

6
.9
b
c

1
8
:1
n
-9

1
9
.5
b

1
8
.1
b

1
8
.6
b

1
9
.3
b

3
3
.6
a

3
4
.7
a

3
5
.4
a

2
5
.2
e

3
3
.5
c

3
1
.2
c
d

2
8
.5
d
e

7
1
.1
a

6
9
.3
a

5
5
.8
b

1
8
:1
n
-7

9
.8

8
.4

9
.1

9
.6

7
.9

8
.9

8
.9

1
2
.8

1
5
.7

1
5
.4

1
4
.2

1
6
.8

1
8
.1

1
4
.0

1
8
:2
n
-6

5
.5
b

5
.3
b
c

5
.2
c

5
.3
b
c

5
.8
a

5
.9
a

5
.8
a

7
.2
d

9
.9
b

8
.8
b
c
d

7
.9
c
d

1
2
.3
a

1
1
.9
a

9
.2
b
c

1
8
:3
n
-3

2
6
.7
a

1
6
.5
b

1
6
.5
b

1
6
.9
b

1
3
.0
c

1
3
.5
c

1
3
.3
c

3
4
.7
a

3
0
.5
a
b

2
7
.6
b
c

2
5
.0
c
d

2
7
.5
b
c

2
7
.1
b
c

2
1
.0
d

1
8
:4
n
-3

3
.6
a

1
.6
b

1
.4
b
c

1
.0
d

1
.2
c
d

1
.1
c
d

0
.7
e

4
.7
a

2
.9
b

2
.3
b

1
.5
c
d

2
.5
b

2
.2
b
c

1
.0
d

2
0
:1
n
-9

0
.3
a
b

0
.5
a
b

0
.4
a
b

0
.5
a

0
.3
b

0
.3
b

0
.4
a
b

0
.4
c

0
.8
a

0
.7
a
b

0
.8
a
b

0
.6
a
b
c

0
.6
a
b
c

0
.6
b
c

2
0
:4
n
-6

0
.8
c

1
.8
b

2
.1
a
b

2
.4
a

0
.6
c

0
.7
c

0
.8
c

1
.0
b

3
.4
a

3
.4
a

3
.5
a

1
.3
b

1
.4
b

1
.2
b

2
0
:5
n
-3

5
.5
e

9
.0
c
d

1
0
.3
b
c

1
2
.6
a

8
.4
d

8
.7
c
d

1
0
.9
a
b

7
.1
b

1
6
.8
a

1
7
.2
a

1
8
.6
a

1
7
.8
a

1
7
.3
a

1
7
.3
a

2
2
:5
n
-6

0
.0
c

0
.8
a

0
.7
a

0
.3
a
b

0
.0
b
c

0
.0
c

0
.2
b
c

0
.0
c

1
.4
a

1
.1
a
b

0
.5
b
c

0
.0
c

0
.0
c

0
.4
c

2
2
:5
n
-3

0
.0
b

0
.8
b

0
.6
b

0
.4
b

1
.0
b

0
.9
b

0
.8
b

0
.0
c

1
.4
a
b

1
.0
a
b
c

0
.7
b
c

2
.0
a

1
.8
a

1
.2
a
b

2
2
:6
n
-3

0
.2
e

1
1
.3
a

9
.0
a
b

5
.9
c
d

1
0
.5
a

7
.5
b
c

5
.0
d

0
.2
d

2
1
.0
a

1
5
.2
b

8
.7
c

2
2
.3
a

1
5
.1
b

7
.9
c

S
sa
tu
ra
te
d
1

1
9
.7
a

1
8
.8
a

1
9
.2
a

1
9
.4
a

1
3
.1
b

1
3
.2
b

1
4
.2
b

2
5
.5
c
d

3
4
.8
a

3
2
.0
a
b

2
8
.7
b
c

2
7
.8
b
c

2
6
.4
c
d

2
2
.4
d

Sm
o
n
o
en
es

3
6
.9
c

3
2
.9
e

3
4
.0
d
e

3
5
.1
d

4
5
.4
b

4
7
.7
a

4
7
.9
a

4
7
.9
c

6
1
.0
c

5
7
.0
c

5
1
.7
c

9
6
.2
a

9
5
.5
a

7
5
.6
b

Sn
-6

P
U
F
A

6
.7
b

8
.4
a

8
.4
a

8
.3
a

6
.8
b

6
.9
b

6
.9
b

8
.7
d

1
5
.5
a

1
4
.0
a
b

1
2
.2
b
c

1
4
.5
a
b

1
3
.7
a
b

1
0
.9
c
d

Sn
-3

P
U
F
A

3
6
.7
b
c

3
9
.8
a

3
8
.5
a
b

3
7
.3
b

3
4
.6
c

3
2
.3
d

3
1
.0
d

4
7
.5
c

7
3
.8
a

6
4
.6
a
b

5
5
.0
b
c

7
3
.2
a

6
4
.6
a
b

4
9
.0
c

Sn
-3

H
U
F
A
2

6
.3
e

2
1
.8
a

2
0
.7
a
b

1
9
.4
b
c

2
0
.4
a
b

1
7
.7
c
d

1
7
.1
d

8
.2
e

4
0
.4
a
b

3
4
.7
b
c

2
8
.6
c
d

4
3
.2
a

3
5
.3
b

2
6
.9
d

1
S
u
m
s
in
cl
u
d
e
m
in
o
r
fa
tt
y
a
ci
d
s
n
o
t
sh
o
w
n
in

ta
b
le

2
³2
0
:3
n
-3

86



T
a
b
le
4
P
ro
p
o
rt
io
n
(%

o
f
to
ta
l
fa
tt
y
a
ci
d
s)
a
n
d
co
n
te
n
t
(m

g
g
)
1
d
ry

w
t)
o
f
E
P
A
,
D
H
A

a
n
d
to
ta
l
n
-3

H
U
F
A

in
th
e
tw
o
m
a
jo
r
p
o
la
r
(P
C
p
h
o
sp
h
a
ti
d
y
lc
h
o
li
n
e;
P
E
p
h
o
sp
h
a
ti
d
y
l-

et
h
a
n
o
la
m
in
e)
a
n
d
n
eu
tr
a
l
(T
A
G
tr
ia
cy
lg
ly
ce
ro
l;
F
F
A
fr
ee

fa
tt
y
a
ci
d
)
li
p
id

cl
a
ss
es

in
fr
es
h
ly
h
a
tc
h
ed

A
rt
em

ia
fr
a
n
ci
sc
a
n
a
,
a
ft
er

2
4
-h

en
ri
ch
m
en
t
w
it
h
n
-3

H
U
F
A
p
re
se
n
te
d
ei
th
er

a
s

tr
ia
cy
lg
ly
ce
ro
l
o
r
et
h
y
l
es
te
rs
,
a
n
d
su
b
se
q
u
en
t
st
a
rv
a
ti
o
n
fo
r
7
2
h
a
t
1
2

°C
.
D
a
ta

a
re

b
a
se
d
o
n
o
n
e
a
n
a
ly
si
s
(n

=
1
)

%
o
f
to
ta
l
fa
tt
y
a
ci
d
s

m
g
g
)
1
d
ry

w
ei
g
h
t

F
re
sh
ly

T
ri
a
cy
lg
ly
ce
ro
l
en
ri
ch
m
en
t

E
th
y
l
es
te
r
en
ri
ch
m
en
t

F
re
sh
ly

T
ri
a
cy
lg
ly
ce
ro
l
en
ri
ch
m
en
t

E
th
y
l
es
te
r
en
ri
ch
m
en
t

h
a
tc
h
ed

2
4
-h

en
ri
ch
ed

7
2
-h

st
a
rv
ed

2
4
-h

en
ri
ch
ed

7
2
-h

st
a
rv
ed

h
a
tc
h
ed

2
4
-h

en
ri
ch
ed

7
2
-h

st
a
rv
ed

2
4
-h

en
ri
ch
ed

7
2
-h

st
a
rv
ed

P
C 2
0
:5
(n
-3
)

7
.9

1
1
.9

1
4
.6

1
3
.2

1
4
.9

1
.9
2

2
.6
1

3
.0
8

3
.6
1

3
.7
1

2
2
:6
(n
-3
)

0
.0

2
.6

1
.4

1
.9

1
.4

0
.0
0

0
.5
7

0
.3
0

0
.5
1

0
.3
4

Sn
-3

H
U
F
A

8
.7

1
5
.4

1
6
.3

1
5
.8

1
6
.7

2
.1
0

3
.3
7

3
.4
5

4
.3
0

4
.1
6

D
H
A
/E
P
A

0
.0

0
.2

0
.1

0
.1

0
.1

0
.0
0

0
.2
2

0
.1
0

0
.1
4

0
.0
9

P
E 2
0
:5
(n
-3
)

8
.0

8
.5

1
3
.2

8
.9

9
.7

1
.2
5

1
.4
8

1
.8
3

1
.4
5

1
.2
1

2
2
:6
(n
-3
)

0
.1

2
.0

1
.0

2
.0

0
.9

0
.0
2

0
.3
5

0
.1
4

0
.3
2

0
.1
1

Sn
-3

H
U
F
A

8
.5

1
3
.2

1
4
.5

1
3
.7

1
0
.8

1
.3
4

2
.3
0

2
.0
0

2
.2
4

1
.3
5

D
H
A
/E
P
A

0
.0

0
.2

0
.1

0
.2

0
.1

0
.0
2

0
.2
4

0
.0
8

0
.2
2

0
.0
9

T
A
G 2
0
:5
(n
-3
)

2
.7

8
.3

9
.7

6
.7

8
.7

2
.0
9

1
0
.5
8

8
.4
8

1
1
.1
9

9
.1
7

2
2
:6
(n
-3
)

0
.2

1
4
.4

6
.2

1
2
.5

5
.6

0
.1
6

1
8
.4
0

5
.4
2

2
0
.7
8

5
.9
5

Sn
-3

H
U
F
A

3
.4

2
4
.0

1
7
.4

2
1
.5

1
5
.8

2
.6
6

3
0
.7
7

1
5
.1
6

3
5
.5
9

1
6
.7
1

D
H
A
/E
P
A

0
.1

1
.7

0
.6

1
.9

0
.6

0
.0
8

1
.7
4

0
.6
4

1
.8
6

0
.6
5

F
F
A 2
0
:5
(n
-3
)

3
.7

5
.1

1
0
.4

4
.5

7
.9

0
.1
0

0
.1
6

0
.4
5

0
.2
0

0
.2
6

2
2
:6
(n
-3
)

1
.9

1
.2

8
.2

5
.6

4
.0

0
.0
5

0
.0
4

0
.3
6

0
.2
5

0
.1
3

Sn
-3

H
U
F
A

6
.9

8
.8

2
1
.0

1
3
.0

1
3
.6

0
.1
8

0
.2
8

0
.9
1

0
.5
7

0
.4
5

D
H
A
/E
P
A

0
.5

0
.2

0
.8

1
.2

0
.5

0
.5
3

0
.2
4

0
.7
9

1
.2
4

0
.5
0

87



roe polar lipid as they did not observe this when Tween
80 was used to emulsify the tuna orbit oil.

Fatty acid ethyl ester concentrates are commonly
used in enrichment diets for live food to reach higher
concentrations of n-3 HUFA and DHA/EPA ratios than
is possible with TAG ®sh oils. The low levels of EE
recovered from the Artemia after 24 h of enrichment
with the emulsion containing EE demonstrated an e�-
cient metabolic conversion into TAG. This con®rms
earlier ®ndings that ethyl esters are e�ectively assimi-
lated and incorporated into the TAG fraction of rotifers
(Rainuzzo et al. 1994a) as well as Artemia (Takeuchi
et al. 1992). Nevertheless, so far few studies have eval-
uated the relative e�cacy of ethyl esters compared to
TAG for HUFA boosting of live food. Rainuzzo et al.
(1994a) obtained a more e�cient enrichment in Artemia
with an emulsion containing ethyl esters compared to an
emulsion based on TAG (8.9 and 6.9% n-3 HUFA of
Artemia dry weight, respectively), but interference from
the simultaneous variation of total n-3 HUFA content
(81 and 68%, respectively) and DHA/EPA ratio (5.8 and
1.3, respectively) in the emulsions could not be excluded.
The present results showed that EE and TAG are
equivalent sources of n-3 HUFA for Artemia enrichment
using ICES emulsions. This appears to be in contradic-
tion with Takeuchi et al. (1992) who reported a higher
incorporation of n-3 HUFA but a similar increase of
total lipid content in Artemia enriched for 24 h with
emulsi®ed ethyl esters compared to an emulsion based
on TAG with the same fatty acid pro®le (27% EPA,

13% DHA, 43% n-3 HUFA). It should be noted that
enrichment studies only evaluate the end result of a
chain of biological processes, including ingestion, di-
gestion and metabolic conversion. As each of these may
be in¯uenced in a di�erent way by the choice of the n-3
HUFA source, it is not possible to conclude on the
relative digestibility of EE and TAG from the present
study. The use of free fatty acids in egg yolk±based
emulsions resulted in poor enrichment results due to the
poor stability of the emulsions (Takeuchi et al. 1992).
Although no di�erences were observed in physical ap-
pearance of the emulsions used in this study, it is not
known to what extent di�erent oil sources may cause
small shifts in particle size distribution and/or stability
of emulsions which may in turn a�ect the ®ltering e�-
ciency of Artemia.

A decrease of the DHA level in enriched Artemia
during storage at low temperatures has been observed
for various species, including A. franciscana (LeÂ ger et al.
1987; Triantaphyllidis et al. 1995; Evjemo et al. 1997). A
similar speci®c utilization of 18:4n-3 and 22:5n-3 was
observed during starvation, whereas 18:0, 20:4n-6 and
20:5n-3 were retained. Most species of brine shrimp
appear to lack a requirement for DHA and even in eye
phospholipids of adult Artemia grown on the alga
Dunaliella, EPA was the major PUFA (7.1 and 14.1% in
PC and PE, respectively) whereas DHA occurred only in
trace amounts (Navarro et al. 1992c). The amount of
DHA present in TAG decreased about twice as fast as
the TAG fraction itself during starvation, which indi-
cated that DHA was exchanged for other fatty acids in
the TAG prior to being metabolized. It is not known
through which mechanism the DHA is degraded.
Retroconversion of DHA into EPA via 22:5n-3 was
suggested by Watanabe (1993) as one of the possible
reasons why the incorporation of DHA in Artemia is less
e�cient than that of EPA. Further research using puri-
®ed DHA is required to unravel the metabolism of this
particular fatty acid in brine shrimp.

The live preys commonly used in larviculture,
Artemia nauplii and rotifers, are in terms of HUFA
nutrition intrinsically unsuitable feeds for marine ®sh
larvae as they are naturally de®cient in these essential
fatty acids (Sargent et al. 1997). This has been largely
resolved by the development of bioencapsulation tech-
niques which allow propagators to ``tailor'' the total n-3
HUFA content of Artemia and rotifers to the nutritional
requirements of the larvae of any particular species of
marine ®sh (LeÂ ger et al. 1986; Sorgeloos and LeÂ ger 1992;
Izquierdo 1996; Rainuzzo et al. 1997). The importance
of the DHA content as well as the ratio of DHA to EPA
in nutrition of marine ®sh larvae is well documented
(Watanabe 1993; Kanazawa 1993a; Reitan et al. 1994).
This is further corroborated by the fact that wild cope-
pods, the natural prey for marine ®sh larvae (Kinne
1977), are generally rich in n-3 HUFA with a DHA/EPA
ratio of 1.5 to 2 (Fraser et al. 1989; Lokman 1993; Naess
et al. 1995; Sargent et al. 1997). However, major di�-
culties are encountered with most species of Artemia,

Fig. 1 Artemia franciscana. Percent distribution of A EPA and B
DHA in the major lipid classes of A. franciscana after hatching, after
24-h enrichment and subsequent 72-h starvation at 12 °C. Data
represent the amount of each fatty acid (mg g)1 dry wt) recovered
from each of the lipid fractions (TAG, FFA, PC, PE, mg g)1 dry wt;
Table 4) expressed as a percentage of the amount found in total lipids
(mg g)1 dry wt; Table 3). Average values are presented for the
enrichment with triacylglycerol and ethyl esters
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including the most commonly used species A. francisc-
ana, when trying to obtain a high DHA/EPA ratio, due
to the speci®c break-down of DHA in brine shrimp
during enrichment (Dhert et al. 1993). Also, unlike the
DHA in copepods, DHA incorporated in enriched
Artemia is rapidly catabolized during starvation in the
®sh tank prior to being ingested by the larvae (Evjemo et
al. 1997). The present study furthermore showed that
even if the EFA pro®le of copepods could be mimicked
in Artemia by enrichment, still there would be an im-
portant di�erence in the source of the n-3 HUFA be-
tween these two types of live preys. It was shown that the
n-3 HUFA boosting of Artemia resulted in an expansion
of the neutral lipid fraction which concentrated >64%
of the EPA and >91% of the DHA present in enriched
Artemia. Despite the successful enrichment in terms of
the EFA pro®le of total lipid, in the phospholipid frac-
tion, the proportion of DHA remained <3% and the
DHA/EPA ratio was only 0.2. In contrast, the polar
lipid fraction in various species of wild copepods showed
average levels of EPA and DHA of 23.6 and 27.3%,
respectively (Table 5). The proportion of these fatty
acids was considerably lower in the dominant neutral
lipid classes, i.e. 1.8- and 1.9-fold for EPA and 4.0- and
8.8-fold for DHA in TAG and wax esters (WE), res-
pectively. The distribution of n-3 HUFA over polar and
neutral lipid ¯uctuated in copepods with the amount and
type of neutral lipid reserves, which in turn depended on
the species and the season (Table 5). Nevertheless, an
approximate ratio between the DHA and EPA present
in polar lipid (PL) and that occurring in neutral lipid
(NL) was calculated based on the proportion of the
major lipid classes in total lipid (WE, TAG, PL), their
fatty acid pro®le and approximate fatty acid content
(PL: 74%, TAG: 95%, WE: 50%; R.J. Henderson,
personal communication; Table 5). The average ratio
EPA in PL/EPA in NL was 1.7 in copepods, which
corresponded well with the ratio determined analytically
in the present study for freshly hatched Artemia nauplii
(1.5; Table 5). Enrichment increased the absolute level
of EPA in Artemia, though it simultaneously reduced the
proportion of EPA presented as phospholipid down to
0.4. The situation for DHA was even more extreme with
an average ratio of DHA in PL/DHA in NL of 2.6 in
copepods versus £0.1 in Artemia, irrespective of HUFA
enrichment (Table 5).

Wild zooplankton often remains a superior diet
compared to the common aquaculture food chain of
rotifers and enriched Artemia (Naess et al. 1995). The
importance of the di�erent source of DHA in the major
live food fed in marine ®sh hatcheries and the natural
diet of marine ®sh larvae remains to be investigated.
Polar lipids may be superior to neutral lipids as an EFA
source for larval stages whose digestive capacity may
not be fully developed. PL are more polar and may be
more easily emulsi®ed and thus less susceptible to a
hypothetical bile salt limitation for their assimilation
(Koven et al. 1993; Sargent et al. 1993). In this way,
Olsen et al. (1991) suggested that larval and early ju-

venile cod may have an absolute need for polar lipids,
both for the supply of energy and for essential fatty
acids, because of the limited digestibility of neutral lip-
ids. On the other hand, various studies have demon-
strated that phospholipids enhance the e�ciency of
dietary HUFA presented as neutral lipid in arti®cial
diets in postlarval ®sh and shrimp (Geurden et al. 1997;
Kontara et al. 1997). The high polar lipid content in live
feed (7 to 8% on a dry matter basis in Artemia) may
thus enhance the utilization of the n-3 HUFA present as
TAG, representing the bulk of n-3 HUFA in enriched
Artemia.
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