
Ž .Aquaculture 194 2001 173–190
www.elsevier.nlrlocateraqua-online

Reproductive performance in male European sea
ž /bass Dicentrarchus labrax, L. fed two

PUFA-enriched experimental diets: a comparison
with males fed a wet diet

J.F. Asturiano a,1, L.A. Sorbera a, M. Carrillo a, S. Zanuy a,),
J. Ramos a, J.C. Navarro a, N. Bromage b

a ( )Instituto de Acuicultura de Torre de la Sal CSIC , Ribera de Cabanes, 12595 Torre de la Sal,
Castellon, Spain´

b Institute of Aquaculture, UniÕersity of Stirling, Stirling, FK9 4LA, UK

Received 18 November 1999; received in revised form 15 May 2000; accepted 19 July 2000

Abstract

Ž .Reproductive performance of male European sea bass Dicentrarchus labrax fed a wet diet
Ž .WD was compared to that of fish fed two commercial pelleted diet enriched with polyunsatu-

Ž . Ž . Ž .rated fatty acids PUFAs by the use of Northern hemisphere fish oil ST or tuna orbital oil RO .
Broodstock growth, spermiation duration, milt production, milt spermatozoa density, sperm
motility, milt lipid composition, and fertilization rates were compared during the reproductive
season.

RO and ST males exhibited longer spermiation periods producing statistically higher milt
volumes and milt spermatozoa densities as compared to WD; no differences in quality or motility
of sperm were observed between groups. Although the fertilization rates of RO, ST and WD milt

Ž .at 3 and 24 h after fertilization were similar 88–90% , significantly higher rates of embryonic and
Žlarval survival were observed at 48 and 72 h after fertilization from eggs fertilized with ST 13.9%

. Ž . Ž .and 15.5% and RO milt 20.9% and 20.6% as compared to WD 1.0% and 1.2% . Analysis of
milt PUFA profiles revealed several differences between groups. Although total PUFAs were
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increased in all groups as compared to diet PUFA composition, a greater increase was noted for
ST and RO. In January and March, fish fed the WD exhibited more weight gain and attained
significantly higher weights, respectively, than RO fish. Results showed that although fish fed the
WD displayed increased weight gain, reproductive performance was enhanced in males fed the
commercially fabricated diets possibly reflecting benefits of PUFA-enrichment. q 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Diets based on fresh fish products commonly used for most farmed marine brood-
stocks have been implicated as a possible route for the accidental introduction of

Ž .pathogens such as nodavirus and viral haemorrhagic septicaemia VHS to the culture
system. Commercial diets reduce this risk as a result of industrial processing. Moreover,
commercial diets allow greater control over the biochemical composition. However,
satisfying the dietary lipid requirements of marine broodstock using such diets has

Ž .proved difficult, particularly with respect to their highly unsaturated fatty acid HUFA
composition.

Ž .Essential polyunsaturated fatty acids PUFA of the ny3 and ny6 series cannot be
synthesized in vertebrates and must be provided by the diet for the maintenance of

Ž .cellular structure and function Weber, 1990; Sargent et al., 1995 . Hence, dietary intake
strongly influences the fatty acid composition in plasma and cell membranes. Fish cells

Žcontain high levels of ny3 series fatty acids such as eicosapentaenoic acid EPA;
. Ž .20:5ny3 and docosahexaenoic acid DHA; 22:6ny3 in contrast to mammalian cells

Ž .which exhibit high levels of arachidonic acid AA, 20:4ny6 from the ny6 series
Ž .Henderson and Tocher, 1987; Sargent et al., 1989 . Consequently, considerable atten-

Ž .tion has focused on the ny3 requirements of marine fish Sargent et al., 1989, 1995 .
In attempts to increase reproductive performance in commercially important marine fish,
studies have shown that ny3 series enriched diets have profound effects on female
reproduction, influencing patterns of gonadal development, plasma levels of lipids and

Žsex steroids, egg quality and lipid levels, fecundity, hatching and survival rates Cerda et´
.al., 1994, 1995, 1997; Navas et al., 1997, 1998; Bruce et al., 1999 . However, only a

Ž .few studies Sorbera et al., 1998, 2000; Bruce et al., 1999 describe the influence of
Ž .series ny6 PUFAs i.e., AA on the reproduction of teleosts. Moreover, although

Žspermatozoa contain high levels of PUFA evident in the phospholipids Labbe et al.,´
.1993; Tinoco, 1982 , very little information is available on the effects of dietary PUFAs

on male reproductive performance in the teleost.
One of the main roles for PUFAs is that they are the metabolic precursors of

Ž .eicosanoids such as prostaglandins PGs , which are involved in steroidogenesis and
Žoocyte maturation in vertebrates Stacey and Goetz, 1982; Murdoch et al., 1993; Sorbera

.et al., 1998 . Studies using freshwater fish have shown that AA, through conversion to
Ž .PGs, stimulates testosterone production in goldfish Carassius auratus L. ovaries and

Žtestis Van Der Kraak and Chang, 1990; Wade and Van Der Kraak, 1993; Mercure and
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.Van Der Kraak, 1996 while other PUFAs, including EPA and DHA, attenuate
gonadotropin-stimulated steroid production in both the goldfish testis and trout and

Ž .goldfish ovary Wade et al., 1994; Mercure and Van Der Kraak, 1995 .
The aim of the present study was to compare the influence of two PUFA-enriched

Ž .diets on male European sea bass Dicentrarchus labrax broodstock reproductive
performance in vivo to males fed a wet non-enriched diet.

2. Materials and methods

2.1. Animals and treatments

Three-year-old male European sea bass were maintained under natural photoperiod
Ž .and temperature conditions ranging from 11.58C in January to 26.48C in August within

Žthe facilities of the Instituto de Acuicultura de Torre de la Sal east coast of Spain, 408N
. Ž .and 08E . Fish were divided into three groups ns8 and placed in 500-l fiberglass

Ž .tanks supplied with aerated flow-through sea water 37.8‰ salinity renewed every
Žhour. The WD group was fed with a wet diet consisting of trash fish, bogue Boops

. Ž . Žboops L. and squid Loligo Õulgaris supplied in a 3:1 ratio during 3 years 6r94–
. Ž .4r97 . The commercial PUFA-enriched diet groups RO and ST were fed with a

Žcommercial pelleted diet enriched with Northern hemisphere fish oil EWOS Technol-
. Ž .ogy Centre, Livingston, UK; ST for 1 year 6r94–6r95 . This diet emulated the most

successful diet, from previous work, in terms of female reproductive performance
Ž . ŽBruce et al., 1999; Navas et al., 1997, 1998 . Later, during almost 2 years 6r95 until

.the end of the sampling period 4r97 , the ST group was maintained on this diet while
the RO group received a similar diet with the lipid component replaced with tuna orbital

Ž .oil Ropufa 30, Roche Product, Heanor, UK , which is relatively low in EPA and
contains significantly more AA than standard fish oil. Fish were hand fed 4 days a week,

Ž .once a day at 1.1% ST and RO or 2.2% body weight in the case of WD to compensate
for the higher water content of the WD diet.

The three different diets had a similar energetic value as shown in Table 1. The
Ž .protein content was measured by a standard colorimetric method Lowry et al., 1951

Table 1
Ž .Composition of experimental diets percentage of dry weight

Composition WD diet ST diet RO diet
a bBogue Squid

Proteins 71 79 53 53
Lipids 20 8 22 21
Carbohydrates – 2 14 15
Ash 9 8 10 10
Fiber – – 1 1

Ž .Energetic value kcalrg 5.95 5.34 5.76 5.62

aB. boops.
bL. Õulgaris.
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after digestion with NaOH. The ash content was estimated by calcination in an oven at
6008C for 15 h. Fibre was determined gravimetrically prior to extraction in a Tecator
1020 Hot Extractor. Carbohydrates was calculated by difference. The total lipids were

Ž . Ž .extracted with chloroform–methanol 2:1 vrv Folch et al., 1957 dried at 408C under
Ž .nitrogen and determined colorimetrically Zollner and Kirsch, 1962 . Material for fatty

acid analysis of diets was stored in at least 10 volumes of chloroform–methanol 2:1
Ž . Ž . Ž .vrv containing 0.01% wrv butylated hydroxytoluene BHT as an antioxidant.

Ž .Lipids were extracted using the method of Folch et al. 1957 . Fatty acid methyl esters
Ž .were obtained by acid-catalyzed transmethylation Christie, 1982 and purified by thin

Ž .layer chromatography. Samples were analyzed following Bruce et al. 1999 . Fatty acid
compositions of all the diets are presented in Table 2.

For fertilization rate experiments, 15 malesrdiet were housed separately from the
above groups so milt could be freely obtained without altering evaluation of total
expressible sperm. These males were maintained under the same conditions as the
experimental groups described above. Unless otherwise noted, all products used were

Ž .purchased from Sigma St. Louis, MO .

2.2. Collection of milt samples and analysis of milt fatty acid content

Fish were sampled at 7-day intervals from 9r96 to 4r97 and fish weight and length
were measured at each sampling. After cleaning the genital area with fresh water and
thoroughly drying to avoid contamination of samples with feces, urine and sea water,

Ž . Ž .partial 9–12r96 or total 1–4r97 expressible milt was collected by applying gentle
Ž .abdominal pressure to anesthetized males ethylenglycol–monophenylether; 1 mlrl .

Samples were maintained on ice and total expressible milt was noted in mlrkg.
For analysis of milt fatty acid composition, milt was pooled from three fish per group

at the end of January. Aliquots of 4.5 ml were placed in glass tubes and lipids were
Ž .extracted using the method of Folch et al. 1957 and stored at y208C at a concentration
Ž . Ž .of 10 mgrml in chloroform–methanol 2:1 vrv containing 0.01% wrv BHT. Fatty

Ž .acid methyl esters were obtained by acid-catalyzed transmethylation Christie, 1982 and
purified by thin layer chromatography. Samples were analyzed in a Fisons 8000 series
high-resolution gas chromatograph using on-column injection in a 30 m=0.25 mm

Ž .DBwax capillary column J&W Scientific, Folson, CA .

2.3. EÕaluation of spermatozoa concentration and motility

Determination of spermatozoa concentration and assessment of motility were per-
formed on all spermiating males immediately following the collection of milt with
samples kept on ice and by the same observer to avoid bias in assessment. To avoid
sperm aggregation and achieve an appropriate concentration for counting, milt was
diluted with a mixture of 100 mM NaCl, 13.4 mM KCl, 83.3 mM glycine, and 26.2 mM

Ž .NaHCO adjusted to pH 8.5 Sorbera et al., 1996 . Density of spermatozoa was3
Ž .estimated after direct counting on a Thoma hemocytometer dilution 1r1500 or 1r3000
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Table 2
Ž .aFatty acid composition of experimental diets as percent of total fatty acids

Fatty acid WD diet ST diet RO diet
bBogue Squid

Saturated
14:0 1.9"0.0 3.6"0.1 5.8"0.1 3.8"0.1
15:0 0.7"0.0 0.5"0.0 0.4"0.0 0.9"0.0
16:0 20.1"0.0 32.6"0.2 12.2"0.1 18.7"0.2
18:0 8.3"0.0 3.6"0.2 1.6"0.0 4.5"0.0
Total 32.3"0.3 40.3"0.3 20.2"0.1 28.3"0.3

Monounsaturated
16:1ny7 4.1"0.0 1.3"0.1 4.1"0.0 4.6"0.0
18:1ny7 0.0 4.3"1.0 1.5"0.0 2.2"0.0
18:1ny9 10.5"0.2 1.6"0.1 11.2"0.1 12.6"0.0
20:1ny9 1.9"0.1 5.2"0.5 13.4"0.0 3.8"0.0
22:1ny11 0.6"0.0 0.7"0.2 19.3"0.0 5.0"0.0
Total 17.8"0.4 13.6"0.9 51.0"0.1 30.0"0.1

PUFA ny 3
18.3ny3 0.6"0.0 0.0 1.4"0.0 1.2"0.0
18:4ny3 0.5"0.0 0.3"0.1 2.4"0.0 1.2"0.0

Ž .20:5ny3 EPA 6.7"0.0 12.8"0.4 5.8"0.0 5.6"0.0
22:5ny3 2.4"0.0 0.0 0.6"0.0 0.8"0.0

Ž .22:6ny3 DHA 22.1"0.0 26.1"0.5 7.8"0.0 19.5"0.1
Total 33.9"0.7 39.6"0.1 19.3"0.1 29.3"0.1

PUFA ny6
Ž .18:2ny6 linoleic 2.6"0.0 0.4"0.0 4.6"0.0 4.9"0.1
Ž .20:4ny6 AA 4.6"0.0 0.9"0.0 0.4"0.0 1.4"0.1

22:5ny6 1.2"0.0 0.0 0.1"0.0 1.2"0.0
Total 9.2"0.8 1.5"0.1 5.5"0.0 7.9"0.1

Total PUFAs 43.1"1.5 41.1"0.0 24.8"0.1 37.2"0.3
ny3:ny6 PUFA 4.0 26.1 3.6 3.7
AA:EPA 0.7 0.1 0.1 0.3
DHA:EPA 3.3 2.0 1.3 3.5

aResults are expressed as mean"S.E.M. of three replicate analyses of different pools of each diet.
b Ž .Redon, M. and San Feliu, J.M. personal communication . Only those fatty acids present at levels of more´

than 1% in at least one of the diets have been included.

and expressed as spermatozoa per milliliter. In addition, sperm was microscopically
Ž .assessed for motility after a final dilution of 1:100 using sea water 37–38 grl salinity

Ž .as the activating solution Sorbera et al., 1996; Iwamatsu et al., 1993 . Dilutions were
done directly on the stage of the microscope and motility was characterized using an

Ž . Žarbitrary scale Chambeyron and Zohar, 1990 previously used in the sea bass Sorbera
.et al., 1996 . In this scale, 0 represented 0% of the population as being motile, I-25%,

II;25–50%, III;50–75%, IV;75–90%, and V;90–100% of the population. The
total duration of motility was also determined and expressed in minutes.
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2.4. Examination of fertilization rates

Milt was obtained at the beginning of February as described above from three
Ž .randomly selected malesrdietrexperiment 3 mlrmale housed separately from the

main experimental groups. Pools of milt from each diet were maintained on ice,
vortexed and the density, quality, and duration of motility of spermatozoa was deter-

Ž .mined for each. Ovulated eggs were obtained from females one female per experiment
fed with a wet diet. Ovulation was stimulated by an i.p. injection of 5 mgrkg LHRH

Žanalog followed by a second 10 mgrkg injection 4 h later Alvarino et al., 1992;˜
.Carrillo et al., 1995 . Mature eggs obtained via stripping 72 h after the second injection

were immediately placed in separate beakers to which the pooled milt from each diet
Ž 9 .was added 0.4 ml miltr100 ml eggs or 1.93=10 spermatozoar100 ml eggs . Eggs

and milt were gently mixed for 1 min using a feather. Sea water was then added at twice
the volume of eggs and milt and mixed for an additional 30 s. Finally, eggs were washed
with sea water and placed in sterile sea water. After 15 min, approximately 200 buoyant
eggs were removed to 30 ml beakers of sterile sea water and kept at 168C, under
humidity; with the sterile sea water being replaced every 24 h. At 3 and 24 h after
fertilization, the buoyant eggs were collected to determine the percentage of fertilization
and developing embryos, respectively. At 48 and 72 h after fertilization, all eggs and
larvae were collected to determine the percentage of embryo and larvae development,
respectively. Determinations were made by observation through a dissecting microscope.
Each sampling was performed in triplicate and the experiment was repeated five times at
the beginning of February coinciding with the maximum milt production period during
the reproductive season.

2.5. Statistical analysis

Percentage data were subjected to arcsin transformation prior to statistical analysis
Ž . Ž .Sokal and Rohlf, 1981 . One-way analysis of variance ANOVA was used to compare
the treatment groups. Post-ANOVA multiple comparison of means was carried out using
a Student–Newman–Keuls or a Tukey’s HSD test. When normality or equal variance
failed, one-way ANOVA on ranks was applied to data followed by a Dunn’s test.
Frequency of milt quality classes was assessed using the x 2 test. Student’s t-test was
used to compare initial and final mean of weight and length in every experimental
group. Differences were considered significant at p-0.05. All values are expressed as

Ž .mean"standard error S.E.M. .

3. Results

3.1. Fish length and weight

No significant differences were found in length between the three groups during the
Ž .sampling period 10r96–4r97 or between the initial and final mean length of each

Ž .group Fig. 1A . Likewise, fish weight was not significantly different between groups at
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Ž . Ž . Ž . Ž .Fig. 1. Growth of sea bass in length cm A and weight g B during the sampling period. Data represent
Žmean"S.E.M. of weekly samplings. Different lower case letters indicate statistical differences p-0.05;

.ANOVA, Student–Newman–Keuls test between groups at each sampling. Different upper case letters indicate
Ž .statistical differences p-0.05; Student’s t-test only between the initial and final mean weight in every

group.

Ž .the beginning or at the end of the sampling period Fig. 1B . However, WD achieved a
Žsignificantly greater weight in comparison with RO in January and March 1022.8"50.8

vs. 855.4"38.1 and 1000.7"51.7 vs. 831.6"44.3 for WD and RO in January and
.March, respectively . Comparison of the initial and the final weight in each group,

revealed that WD was the only group that had a significant increment in weight during
the sampling period.

3.2. Fatty acid composition of diets and collected milt

Table 2 indicates the percentages of fatty acids present in the experimental diets. The
WD diet consisted of two components: bogue and squid, with the total percentages of
saturated, monounsaturated, and polyunsaturated fatty acids similar in both components.
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However, the squid component contained a higher percentage of EPA as compared to
Ž .the bogue 12.8% vs. 6.7% . Large differences were also noted in the percentage of total

ny6 PUFAs, but the ny3: ny6 PUFA ratios for each were considerably higher
Ž .4.0% and 26.1% for bogue and squid, respectively than the ratios calculated for ST
Ž . Ž .3.6 and RO 3.7 . The total percentage of PUFAs was highest in WD which also
contained the largest percentage of total ny3 PUFAs. The ST diet had a high
percentage of monounsaturated fatty acids as compared to the RO and WD diets while
the RO diet contained a high percentage of total ny6 PUFAs.

Table 3 shows the fatty acid composition of milt collected from WD, ST and RO
groups. No statistical differences were obtained between groups in total saturated fatty

Ž . Ž .acids ;30% or ny3 PUFAs ;46% . Milt from ST had a significantly higher
amount of monounsaturated fatty acids, a lower percentage of ny6 PUFAs, and

Table 3
Ž .Fatty acid composition of milt from different diets as percent of total fatty acids

Fatty acid WD ST RO

Saturated
16:0 21.2"0.2a 22.5"0.2b 22.0"0.2b
18:0 6.2"0.0a 6.1"0.1a 6.2"0.7a
Total 29.8"0.2a 30.1"0.4a 29.6"0.3a

Monounsaturated
16:1ny7 1.2"0.0b 0.5"0.0a 0.6"0.8a
18:1ny7 2.3"0.0c 1.8"0.0b 1.6"0.0a
18:1ny9 8.4"0.1c 7.9"0.2b 7.3"0.1a
20:1ny9 1.3"0.0a 3.3"0.1c 1.8"0.1b
22:1ny11 0.3"0.0a 2.4"0.0c 1.5"0.1b
Total 14.0"0.1a 16.6"0.4b 13.1"1.0a

PUFA ny 3
Ž .20:5ny3 EPA 4.7"0.1a 5.6"0.2b 6.6"0.1c

22:5ny3 1.3"0.0b 1.3"0.0b 0.8"0.0a
Ž .22:6ny3 DHA 40.1"0.4b 38.4"0.5a 38.8"0.3a

Total 46.5"0.5a 45.7"0.8a 46.6"0.4a

PUFA ny6
Ž .18:2ny6 linoleic 0.6"0.0a 1.2"0.0c 1.0"0.0b
Ž .20:4ny6 AA 3.3"0.1c 1.7"0.0a 2.8"0.0b

22:5ny6 1.0"0.0b 0.5"0.0a 1.5"0.0c
Total 5.6"0.0b 3.9"0.1a 5.8"0.0b

Total PUFAs 52.1"0.5b 49.6"0.9a 52.4"0.4b
ny3:ny6 PUFA 8.2"0.1a 11.7"0.2b 8.1"0.1a
AA:EPA 0.7"0.0c 0.3"0.0a 0.4"0.0b
DHA:EPA 8.6"0.1c 6.9"0.2b 5.9"0.1a

Results are expressed as mean"S.E.M. of three replicates, each originating from a separate pool of milt
collected from three different malesrdiet. Only those fatty acids present at levels of more than 1% in at least
one of the diets have been included. Different letters indicate significant differences between diet for each fatty
acid, p-0.05.
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therefore, a higher ny3:ny6 ratio. The percentage of total PUFAs in milt was
significantly lower for ST. However, these values from all groups were increased as
compared to percentages available in the diet; a greater increase was observed in milt
from RO and ST. All the groups exhibited levels of DHA independent of the dietary
DHA concentrations with WD milt containing significantly higher levels than RO and
ST. Statistical differences were also detected in the EPA content of milt between groups,
with RO exhibiting the highest concentrations followed by ST and WD. Thus, WD milt

Ž . Ž .had the statistically highest DHA:EPA ratio of 8.6 followed by ST 6.9 and RO 5.9 .
Ž .The percentage of AA in milt increased fourfold from 0.4% to 1.7% and twofold

Ž .from 1.4% to 2.8% with respect to the diet composition in ST and RO, respectively. In
the WD, the percentage of AA in milt was lower than the bogue composition. This
resulted in an increased AA:EPA milt ratio for RO and ST. The AA:EPA ratio for WD
milt, although significantly higher than RO and ST, was similar to that provided by the

Ž .diet. The ny6 PUFA 22:4ny6 docosatetraenoic acid , although not detected in any
Ž .of the diets, was found in low percentages -1% in the milt of all groups.

3.3. Percentage of spermiating males and duration of milt release period

Table 4 shows the percentage of spermiating males observed during the spermiation
period. RO and ST groups had a significantly higher percentage of spermiating males as

Table 4
Ž . Ž . ŽPercentage of spermiating males % , total expressible milt mlrkg , spermatozoa concentration sper-

9. Ž .matozoarml=10 and sperm motility min of milt collected from sea bass fed WD, ST or RO diets during
the period of December–March

October November December January February March April

Spermiating males
WD 0 16.5"7.1a 63.3"3.7a 69.8"83a 33.0"0.0a 2.8"2.8a 0
ST 6.3"63 65.6"7.9b 87.5"0.0b 70.6"21.2a 96.5"3.5b 46.5"15.9b 0
RO 16.5"16.5 73.8"3.6b 95.8"4.2b 100.0"0.0b 100.0"0.0b 46.5"10.5b 7.0"4.0

Total milt collected
WD nd nd nd 2.1"0.3a 2.5"0.7a 0a –
ST nd nd nd 3.7"0.3ab 5.3"0.5b 3.2"0.4b –
RO nd nd nd 4.4"0.4b 4.8"0.5b 2.2"0.3b 2.3"0.8

Milt concentration
WD – 2.1"0.4 3.5"0.4a 4.3"0.3a 4.3"0.4a 3.0"0.0 –
ST nd 3.2"0.4 4.9"0.4b 7.3"0.3b 6.2"0.4b 4.7"0.4 –
RO 3.2"0.3 3.4"0.3 5.6"0.4b 7.5"0.5b 7.1"0.5b 3.8"0.3 3.0"2.4

Sperm motility
WD – 1.8"0.3 1.9"0.2 2.5"0.2 1.4"0.3a – –
ST 0.5"0.5 1.7"0.2 2.2"0.2 2.6"0.2 1.9"0.1b 1.5"0.1 –
RO 1.6"0.4 1.7"0.1 2.1"0.1 2.4"0.2 1.9"0.1b 1.4"0.1 1.5"0.2

ŽData represent mean"S.E.M. of monthly samplings; different letters indicate statistical differences p-0.05;
.ANOVA, Student–Newman–Keuls test between groups at each month. nd: Not determined.
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compared to WD during November, December, February and March . In January, only
RO had a significantly higher percentage of spermiating males as compared to the other
groups.

The total milt release period varied for each group. RO displayed the longest
spermiation period followed by ST and finally WD, which had the shortest period. Milt
was first detected in WD in the middle of November and spermiation ended at the
beginning of March. The milt release period for ST extended from the end of October to
the end of March while the period for RO began at the end of October and lasted until
the middle of April.

3.4. Total milt Õolume collected

No positive correlations were detected between water temperature, fish weight, or
Ž 3. Ž .condition factor weightrlength and milt volume collected data not shown . A

significant difference in the duration of peak milt volumes collected was noted between
groups. For the WD group, maximum milt volume was collected at the beginning of
February and had already decreased by the middle of the month. RO and ST groups, on
the other hand, produced peak milt volumes at the beginning of February that were
maintained until the end of February and the beginning of March, respectively.

Significantly different total milt volumes were collected for each month from each
Ž .treatment group Table 4 . During January, the largest total milt volume was obtained

from RO while WD exhibited the lowest volume; ST displayed an intermediate milt
volume value. ST and RO exhibited similar milt volumes during February and March,
which were significantly higher than those of WD.

3.5. Milt spermatozoa concentration

Statistical differences in milt spermatozoa concentration were observed between
Ž .groups during part of the reproductive period Table 4 . The concentration of spermato-

zoa in milt from RO and ST was significantly higher than WD milt in December,
January and February. There were no significant differences between groups in milt
spermatozoa concentration in March. Significant differences were observed between
groups in the cumulative spermatozoa concentration achieved during the reproductive
season with RO and ST producing significantly higher spermatozoa per milliliter
Ž 9 9 .6.9"0.3=10 and 6.2"0.2=10 spermatozoarml, respectively as compared to

Ž 9 .WD 4.1"0.2=10 spermatozoarml .

3.6. Sperm quality and motility duration

ŽFig. 2 illustrates the frequency of occurrence of each sperm quality class from 0 to
.V observed in males fed the different diets for each month. All experimental groups

were actively producing milt in November and a range of quality classes was observed
for all groups. From December through February, a higher frequency of class V was
noted for all groups correlating with the maximum milt production period. No statistical
differences in sperm quality were found between groups within each month.
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Ž .Fig. 2. Frequency of sperm quality classes from 0 to V observed for each month from milt of sea bass fed
WD, ST or RO diets.

ŽDuration of motility was similar for all groups during December and January Table
.4 . In February, WD fish produced sperm with significantly shorter motility and milt

production in this group ended at the beginning of March.

3.7. Fertilization rates

At the beginning of February when fertilization experiments were performed, no
statistical differences in spermatozoa concentration or motility of milt pooled from the
diet groups for fertilization experiments were found.

Fig. 3 illustrates the percentage of live fertilized eggs, developing embryos and larvae
observed 3, 24, 48, and 72 h after fertilization, respectively. No statistical differences in

Ž . Ž .fertilization rate 3 h; 88–90% or differences in embryo survival at 24 h 77–89%
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Ž . Ž . Ž .Fig. 3. Percentage of live fertilized eggs 3 h , embryos 24 and 48 h and larvae 72 h from sea bass eggs
fertilized with sperm from fish fed WD, ST or RO diets. Data represent mean"S.E.M. of five replicate
experiments. Milt originated from three males per diet per experiment and eggs were obtained from one female
per experiment fed the WD diet. Different individuals were used for each experiment. Different letters indicate

Ž .significant differences p-0.05; ANOVA, Tukey’s HSD .

were detected. However, at 48 h after fertilization, survival of embryos from eggs
fertilized with milt from the WD groups was significantly lower than that of ST or RO.
Similarly, significant differences were found at 72 h after fertilization when the
percentage of larval survival was significantly higher from eggs fertilized with milt from
RO and ST groups as compared to those of the WD group. There was no significant
difference between RO and ST at these times.

4. Discussion

The results from the present study demonstrate that male European sea bass fed two
commercial PUFA-enriched diets exhibited enhanced reproductive performance as com-

Ž .pared to fish fed a wet diet. Fish fed RO and ST in particular RO displayed longer
spermiation periods, higher total milt volumes and spermatozoa densities, and a higher
percentage of spermiating males than the WD group. No influence of diets on spermato-
zoa motility duration or frequency of quality class was detected. However, although no
significant differences were observed in the initial fertilization rates of the different
groups, significantly higher rates of embryonic development and larval survival were
observed with eggs fertilized with milt from RO and ST. However, fish fed WD showed
significantly higher weights in January and March of the reproductive season.
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Although males were maintained separate from females throughout the experiment,
the length of the spermiation period observed for the experimental groups was not
affected. In fact, other males in the facility fed the same diets but housed with females

Ž .exhibited similar durations of spermiation data not shown . These results suggest that
the major factors influencing spermiation in this species are environmental factors such
as photoperiod or water temperature. Moreover, these results corroborate previously

Ž .reported data Sorbera et al., 1996 showing that the frequency of stripping had no
deleterious effect on the length of the spermiation period in the European sea bass in

Žcontrast to studies reported by other authors Suquet et al., 1992, 1994; Zohar et al.,
. Ž .1984 . After sampling three times during the reproductive season, Billard et al. 1977

reported a spermiation period for European sea bass from December until the end of
Ž .February. However, the results presented here from sampled fish Table 4 and

Ž .non-sampled fish data not shown show a spermiation period which extends from the
middle of November to the beginning of March for the WD, the end of October to the
end of March for ST, and the end of October until the middle of April for the RO diet.

Ž .The energetic values for the three diets used were similar Table 1 . There were
differences in the percentages of proteins between the commercial diets, RO and ST
Ž . Ž .53% for each , and the WD diet 71% and 79% . In fact, the improved growth of the
WD fed fish could be related to the higher dietary protein level of their food, as they
would have eaten more total protein during the course of the experiment. However,
previous studies have demonstrated that while protein deficiencies in the diet have
detrimental effects on European sea bass reproduction, crude protein levels provided at a

Žminimum of 40% or more do not influence reproductive performance Cerda et al.,´
.1994, 1997; Navas et al., 1998 . Differences were also noted in carbohydrate content

although these differences appear in several previous studies and were not considered
Žinfluential on reproductive performance Bruce et al., 1999; Cerda et al., 1994, 1995,´

.1997; Navas et al., 1997, 1998 . The percentage of total lipids were similar in the RO
Ž .and ST diets 21% and 22%, respectively as well as in the major part of the WD diet,

Ž . Ž .the fish B. boops component 20% . However, both components of the WD diet used
for these studies had higher percentages of EPA and DHA and ny3:ny6 PUFA ratio,

Ž .while the RO and ST diets contained higher percentages of linoleic acid 18:2ny6 , the
Ž .precursor to AA Table 2 . Although the commercial diets had lower percentages of total

PUFAs, male reproductive performance was enhanced as compared to fish fed the WD
diet. Since total lipid content was similar in the three diets, it is possible that the PUFA
lipid composition may be influencing reproductive performance.

Dietary fatty acids have been shown to influence the fatty acid profiles of sperm in
Ž . Ž .trout Labbe et al., 1993, 1995; Watanabe et al., 1984 , birds Blesbois et al., 1997 and´

Ž .in the European sea bass Bell et al., 1996 . The results from the present study suggest
that European sea bass can incorporate dietary PUFAs into milt since a similarity was

Ž .seen in the percentage of ny3 PUFAs EPA in particular in milt as compared to the
percentages available in the experimental diets. These results also support other studies
comparing wild and cultured European sea bass in which sea bass milt fatty acid

Ž .composition reflected dietary lipid intake Bell et al., 1996 .
On the other hand, linoleic acid, the precursor of AA, was significantly lower in RO

and ST milt as compared to the percentages present in RO and ST diets. These results
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suggest the possibility of de novo synthesis of AA from its precursor. In contrast to
freshwater fish, it has been suggested that synthesis of long chain AA and docosate-
traenoic acid PUFAs occurring through elongation and desaturation of the shorter

Žprecursor fatty acid linoleic acid is absent or minimal in marine fish Bruce et al., 1999;
.Mourente and Tocher, 1994; Sargent et al., 1995 . However, results from this study

suggest that the increase of AA and docosatetraenoic acid in RO and ST milt may be
due to conversion of the available dietary linoleic acid thus reflected in the decreased
levels of this precursor molecule in the milt from these groups. Similar results were also
observed in roosters where authors concluded that low levels of linoleic acid in
spermatozoa and seminal plasma had been replaced by AA and docosatetraenoic acid
Ž .Blesbois et al., 1997 . It must also be noted that the levels of docosatetraenoic acid

Ždetected in milt were low 0.3"0.1%, 0.1"0.0%, and 0.1"0.0% for WD, ST, and
.RO, respectively and possibly this PUFA was also present in the diets in low amounts

that were not detected. More experiments are necessary to determine if in fact elongation
and desaturation of linoleic acid is occurring in this species.

Interestingly, the percentage of DHA was increased in milt from all the groups as
compared to the levels available in the diets. Moreover, the percentage of AA in milt
was increased fourfold in ST and twofold in RO as compared to the percentage available
in the diets. Thus, sperm in which the percentage of AA was increased as compared to

Ž .dietary values RO and ST had significantly higher fertilization success rate. These
results may indicate that reproductive performance was in fact affected by the fatty acid
composition of the sperm.

Significant differences were noted in total saturated and monounsaturated fatty acids
between diets. However, these differences did not correlate with reproductive perfor-
mance. Comparison of fatty acid compositions of the milt from fish fed the different
diets revealed no significant differences in total ny3 PUFAs. However, differences
were noted in ny6 PUFAs with ST milt exhibiting the lowest total and thus, the
highest ny3:ny6 ratio. EPA was highest in RO milt and lowest in WD even though
the EPA content of WD diet was higher; the good performance displayed from the RO
group suggest that incorporation of this PUFA is perhaps important to sperm function.
ny3 PUFAs have been shown to be involved in the control of membrane permeability
Ž .reviewed by March, 1992 . No correlation was found between total PUFAs in milt as
compared to reproductive performance. However, the highest levels of AA in milt

Ž .correlated with the lower overall reproductive performance WD , which seems to be in
contrast to the fact that a significantly higher fertilization rate was observed in the sperm

Žin which the percentage of AA was increased as compared to dietary values RO and
.ST . Factors other than AA could therefore be affecting the reproductive performance.
Studies have shown that male European sea bass fed diets with varying levels of

ny3 and ny6 PUFAs exhibit depressed testicular steroidogenesis which may result in
Ž .a delay in timing and extent of spermiation Cerda et al., 1997 . Moreover, if the in vitro´

Ž .studies Wade and Van Der Kraak, 1993; Wade et al., 1994 showing the regulatory
effects of AA, EPA, and DHA on testicular function are taken into account, the results
from this study demonstrating enhanced reproductive performance in fish fed commer-
cial PUFA-enriched diets may reflect the fact that the state of the gonad may be further
influenced by the dietary availability of essential PUFAs. In goldfish testis, in vitro
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studies have shown that AA stimulates testosterone production, whereas ny3 PUFAs,
Žparticularly EPA, may function as inhibitory regulators Wade and Van Der Kraak,

.1993; Wade et al., 1994 . Recent in vitro studies in European sea bass testis demon-
strated that AA-stimulated PG series E production was enhanced in the presence of

Žgonadotropin, while EPA and DHA were ineffective Asturiano et al., 1997, 1999,
.2000 . It has been proposed that the inhibitory actions of EPA and DHA may in part be

Ž .due to inhibition of PGE formation from AA Wade et al., 1994 . In addition, high2

cellular levels of EPA and DHA are known to displace AA and compete for cyclooxy-
genase enzymes which convert these PUFAs to eicosanoids which are less effective than

Ž .PGE in reproductive events Murdoch et al., 1993; Weber, 1990 . In this regard, results2

from this study show that fish fed diets lower in EPA and DHA composition and
ny3:ny6 ratios had enhanced reproductive performance.

In previous studies involving examination of female reproductive performance, the
ŽWD proved to be the most beneficial Bruce et al., 1999; Cerda et al., 1994, 1995, 1997;´

.Navas et al., 1997, 1998 contrary to the results obtained in this study for males. The
WD used in this study consisted of two components: bogue and squid. The squid was

Žincluded with the intention of increasing the total EPA content of the diet 12.8% vs.
.6.7%, respectively since a higher percentage of EPA results in a higher ny3:ny6

Ž .ratio and better female reproductive performance Bruce et al., 1999; Cerda et al., 1995 .´
From the results of this study, it appears that the dietary PUFA requirements for male
reproductive success may be different. Males fed WD displayed higher weight gain in
November and December and significantly greater weights in January and March as
compared to the other groups. However, since broodstock are not intended for sale, this
advantage of the wet diet is secondary and the improved reproductive parameters
observed with RO and ST are more desirable. For female European sea bass, it has been
reported that lipid egg composition and the number of spawnings were improved with

Ž .ny3 PUFA-enriched diets Bruce et al., 1999; Cerda et al., 1995; Navas et al., 1998 .´
Since steroidogenesis and eicosanoids are essential for testicular function, it is possible
that contrary to what has been reported in females, a reduction in these ny3 dietary
PUFAs and an increase in AA resulting in an altered ny3:ny6 PUFA ratio may
improve male European sea bass reproductive performance.

5. Conclusion

In summary, this study demonstrated that male European sea bass fed commercial
PUFA-enriched diets exhibited enhanced reproductive performance as compared to fish
fed a wet diet. However, fish fed the wet diet had a significantly greater weight gain in
November and December and increased weight in January and March as compared to
fish fed the other diets. Because broodstock are not intended for sale, this advantage of
the wet diet is outweighed by the improved reproductive benefits in terms of spermiation
duration, total milt production, milt spermatozoa density, and fertilization success
displayed by fish fed the commercial diets. Further studies are necessary to determine
the exact nutritional factors involved and to clarify definitively the role of dietary
PUFAs in male sea bass reproductive function.
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