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Abstract

Abstract

Commercial aquaculture for marine species is gaining importance in todays industry.

Over fishing of the natural recource has sadly meant that many of the higher predators

halibut, turbot, seabass, sea bream and tuna are now financially suitable for the industry.

This thesis covers a wide range of topics involving two of the most valuable marine

species, namely the Atlantic halibut and European seabas, from broodstock to larval first-

feeding.

Broodstock husbandry and especially nutrition are often the last to receive attention.

This study shows that careful management of the broodstock, firstly by the close timing of

stripping, secondly enhancement of the broodstock diet with n-3 and n-6 HUFA can

increase both fecundity and egg quality right up to the point where the larvae switch from

endogenous to exogenous feeding. The implications for the industry for these two species

are twofold. Firstly, The identification that halibut eggs can be fertilised within 6 hours of

ovulation with no detrimental effects on fertilisation rates and subsequent egg performance

means that eggs could be transported to specialist egg and larval rearing units. Thus the

potential exists for the industry to be divided into separate units dealing with different

stages of the life cycle much like the salmon industry. Secondly, the development of an

artificial pelleted brood stock diet would mean that problems of consistency and quality and

also the dangers of disease infection via the feed can be removed from broodstock

management.

The stage of first-feeding for halibut is stil considered to be the main bottleneck in

the production ofthis species. The current work has shown that small systems of 100-1 can

be used to successfully rear halibut larvae. Although careful consideration must be made

of the system design to ensure that predator (larvae) and prey (Artemia) remain

homogeneously dispersed. Also, the need to use rotifers at first feed has been shown to be

unecessary. However, nutrition of first-feeding larvae stil requires the use of wild

zooplankton to ensure successful pigmentation. Yet, Artemia supplied with commercial

enrichments stil perform adequately in terms of their overall growth.
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Chapter 1 General Introduction

Chapter i - General Introduction

1.1. Overview

Of the marine species under development for today's aquaculture, Atlantic halibut is the

one of the most highly prized. Its comparative rarity in the wild brought about by the

introduction of more efficient harvesting techniques has meant that this species commands

a high market value and is therefore of significant importance to commercial fisheries in

the North Atlantic. The high demand for halibut has resulted in a decline of the total catch

from 10,000 tonnes during the 1960's to around 4,000 tonnes annually today (Haug, 1990)

The net result is that the fisheries are now highly regulated.

The Atlantic halibut was first described by Carolus Linnaeus in 1758 and was first given

the name Pleuronectes hippoglossus (Norman, 1934). It was not until 1885 that the

Atlantic halibut received the current name Hippoglossus hippoglossus.

Halibut generally are found at depths of between 200 and 500-m in temperature ranges of

5-8°C and salinities between 34.5 and 35.2%0 (Kjørsvik et al., 1987; Haug, 1990). The

fish generally occupy the deepest depth during the winter months (Bowering, 1986). The

spawning habits of this elusive species in the wild are not clearly known. Maturity is size

dependant and reached between the ages of 5- 1 8 years old with maturing slightly earlier

17



Chapter 1 General Introduction

(Novikov, 1964). Halibut are multiple batch spawners and as such produce many batches

of eggs in a relatively short period of time, usually in a matter of weeks. The spawning of

this species extends from December to April in Norwegian waters, from March to May off

Iceland and from February to April in the western Atlantic (St-Pierre, 1984; Jákupsstovu

and Haug, 1988). The fecundity of the species is high with females of 20-60kg reported to

produce 6-16 batches of eggs of 10,000-200,000 eggs during one season. Thus the

potential exists for a single female to produce in excess of 3 milion eggs (Kjørsvik and

Holmefjord, 1995).

Since the early 1980's commercial interests in the UK and Norway have turned to the

development of Atlantic halibut as an alternative to the now well established salmonid

species. The most important factor in its selection was the high market value, despite the

early unsuccessful attempts of Rollefsen (1934) who identified the difficulties involved in

culturing the species.

The early attempts to culture the species were carried out using gametes stripped from wild

broodstock caught in the open seas. It was not until 1982 that the first steps towards the

domestication and culture of this species were made (Kjørsvik, 1990; Holmefjord et al.,

1993; Kjørsvik and Holmefjord, 1995).

All stages of the life cycle of the Atlantic halibut have warranted close attention and work

of the current study to investigate this species has been divided into three main areas:

1. Broodstock management and egg quality

2. Larval first-feeding

3. Broodstock nutrition.

18



Chapter 1 General Introduction

1.2. Broodstock Husbandry and Management

Broodstock holding facilities have largely remained unchanged since their development in

the early i 980' s. Broodstock are usually maintained in large land-based tanks, commonly

5-m or more in diameter and 2-m depth with flow-through water systems. Broodstock are

stripped manually as naturally released eggs are typically unfertilised. The problems of

large broodstock and the necessity to collect gametes was quickly established by Rabben

(i 987) who developed a technique using a lifting device placed within the tank to lift the

fish clear of the water so that eggs and milt could be collected without contamination by

seawater.

However, the environmental regime has undergone several changes since then. Firstly, the

control of water temperature is now a standard part of halibut culture. Initially broodstocks

were maintained on seawater of ambient temperature. Immediately, those institutions

outside Norway particularly in the UK began experiencing problems with their spawning

characteristics. Norwegian interests generally obtained their sea water from deep-water

supplies due to the natural topography of the surrounding coastline. Those located in the

UK, specifically at SEAFISH (Seafish Industry Authority's Marine Farming Unit Ardtoe,

Argyll, Scotland), drew water from shallow depth typical of the West Coast of Scotland.

Work published by Brown et al. (i 995) has demonstrated that broodstock kept in seawater

maintained at a constant 6°C, performed better than those un chiled and exposed to the

vagaries of ambient temperatures. The benefits of using a consistent cold temperature

manifest themselves in higher fertilisation and hatch rates, increased fecundity and low

incidence of abnormal cleavage patterns of the blastodisc.
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The second advance in the knowledge of halibut husbandry has been achieved through the

manipulation of the photoperiod. Using advanced and delayed photoperiods has brought

about the advantages of spreading the production effort over an extended period already

used successfully for the culture of other marine species (Devauchelle et al., 1987; Carrilo

et al., 1989).

However, even with improved husbandry one of the major difficulties facing the

development of a future halibut industry is variable egg quality. Even the well-established

salmonid species stil suffer from surprisingly high rates of mortality at the hatchery stage,

which commonly results in losses of up to 70% (Bromage & Cumaranatunga, 1988;

Bromage, 1990). One of the main culprits causing poor quality eggs is the ageing process

once the eggs have been ovulated. This process is known as over-ripening and is

characterised by a series of compositional and morphological changes which inevitably

result in a reduction in egg viability (Nomura et al., 1974; Sakai et al., 1975; Springate et

al., 1984; Kjørsvik et aL., 1990). Many fresh water species and some marine fish can retain

eggs within the abdominal cavity for many days without an apparent decrease in egg

viability (Gilet, 1991; Hirose et aL., 1979; Hay, 1986). Some species actually benefit from

a period of egg retention within the body cavity i.e. rainbow trout (Springate et al., 1984).

However, as halibut and other marine species currently of greatest importance to the

aquaculture industry (turbot, European sea bass, Atlantic cod) are multiple batch spawners

(Haug & Gulliksen, 1988; Kjesbu 1989; Mayer et aL., 1990). As multiple batch spawners,

these species pro~uce many batches of eggs in a relatively short period of time, usually in a

matter of weeks and often in the late winter to early spring (Kjørsvik et aL., 1987) with

distinct ovulatory rhythms. In turbot McEvoy (1984) demonstrated that by following the

20



Chapter 1 General Introduction

ovulatory rhythms of individual fish, determination of their optimum fertilisation profiles

and synchronising this with the timing of stripping, could significantly improve the quality

of eggs produced and the performance of the subsequent offspring.

Determination of the fertilisation profiles for captive halibut broodstock could prove to be

a valuable management tool in the development of a successful halibut aquaculture

industry, as it has been for turbot. Knowledge of how over-ripening affects fertility would

allow clearer definition of broodstock husbandry strategies and provide more precise

determination of the "window of opportunity" for fertilisation.

An additional determinant of successful embryogenesis and yolk sac-larval development may

be dependent on the adequate maternal provision of egg constituents, including energy

substrates. This supposition might be expected to apply especially to species such as Atlantic

halibut that have a prolonged duration of embryonic and pre-feeding laral stages, during

which the animal is reliant on endogenous reserves.

Diet-dependent differences in fish egg composition and viability have been reported for a

number of species (for example, review by Kjørsvik et al 1991; Mourente & Odrizola 1990a

and b; Harel et ai., 1992). However, halibut females exhibit inter-batch differences in egg

viability under uniform feeding conditions. Also, individuals within a uniformy man(lged

population show consistently different egg viabilities. Therefore, in addition to the effect of

broodstock husbandry in determination of egg quality it was decided to determine whether

such differences in egg performance could be attributed to variations in the lipid composition

of the eggs.
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1.3. Lipid Biochemistry

A common theme throughout this thesis is the importance of lipids in the culture of both

marine species Atlantic halibut and European sea bass. Their role in the areas of

broodstock nutrition, egg ami early larval quality and the performance of larvae during the

stage of transfer from endogenous to exogenous feeding, are introduced and finally

discussed in each of the relevant experimental chapters (Chapters 4, 5 and 6). But before

commencing some explanation of the structure and general function of lipids is required.

1.3.1. Lipid Structure and Fatty Acid Nomenclature

Lipids are a group of compounds generally insoluble in water which are widely involved in

the functioning of all organisms by playing an integral part in the structure of

biomembranes, energy storage and metabolic control (Gurr and Harwood, 1991).

Lipids can be initially divided into two broad categories, firstly, polar lipid such as

Sphingomyelin (SM), Phosphatidylcholine (PC), Phosphatidylserine (PS),

Phosphatidylinositol (PI), Phosphatidic acid! Cardiolipin (P A/CL),

Phosphatidylethanolamine (PE) and secondly neutral lipid i.e. triacylglycerol (TAG), sterol

esters (SE) and wax esters (WE). Polar lipid generally provides the structural components

of biomembranes, whilst neutral lipids are used primarily for energy storage. Botn the

structure of phospholipids (PC, PI and PE) and TAG mentioned in the thesis are based on a

glycerol backbone with two and three fatty acid chains per molecule for phospholipids and

TAG respectively (Figure 1. 1.). The third position in the phospholipid molecules is

occupied by the functional group i.e. choline, inositol and ethanolamine for PC, PI and PE

respectively.
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Triacylglycerol Structure

E'~j~:,~d Ch:1
I Fall A..d,eham I

I Fatty Acid Chain I

Phospholipid Structure

Figure i. i. Lipid class structure

There are three main fatty acids consistently referred to throughout the thesis known as

essential fatty acids or EFA (Figure 1.2). An explanation of EFA follows in section 1.2.2.
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Figure i.2 Essential fatty acids

To explain the nomenclature eicosapentaenoic acid (EPA or 20:5n-3) has been chosen.

Each fatty acid formula begins with the number of carbon atoms on the molecule. Figure

i.3 shows that EP A is a 20-carbon unit.
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EP A or eicosapentaenoic acid

j
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Figure 1.3. Eicosapentaenoic acid; fatty acid chain length

The number after the colon denotes the number of double bond in the molecule (Figure

1.4.).

EPA or eicosapentaenoic acid

Number of
Carbon Atoms

3 A",~" 5
CH,

\
C

C C=C\ / \C C
C C=C\ / \C C

C C COOH
\ / \ /
C C

Figure 1.4. Eicosapentaenoic acid; double bonds per molecule

The n-3 after the number of double bonds shows the point at which the double bonds begin

in the molecule. These are determined from the methyl end of the molecule, hence for

EPA this is three carbon atoms in from the end of the chain (Figure 1.5.).
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EP A or eicosapentaenoic acid

Number of
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Figure 1.5 Eicosapentaenoic acid; series

Similarly, DHA is a 22-carbon unit with 6 double bonds beginning at the third carbon atom

from the methyl end of the chain. Arachidonic acid is from the omega 6 series fatty acids

with 4 double bonds, beginning 6 carbon atoms from the methyl end of a 20-carbon unit

chain.

1.2.2. Fatty Acid Synthesis

In terrestrial vertebrates the main fatty acid responsible for the structural integrity of

biomembranes is the omega 6 series polyunsaturated fatty acid (n-6PUFA) arachidonic acid

(AA; 20:4n-6). However, certain omega 3 series polyunsaturated fatty acids,

eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), are

highly important in the structure of neural tissue i.e. brains and eyes, especially DHA.

Most vertebrates can produce these long chain PUF A from 18 carbon unit precursors, (J-

linolenic acid (l8:3n-3) and linoleic acid (l8:2n-6), via a series of elongation and

desaturation steps (see General Introduction). As both these fatty acids can only be

supplied from the diets they are therefore known as essential fatty acids (EFA). However,
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studies have shown that in general fish are much richer in omega 3 series PUF A, especially

EPA and DHA, (more commonly know as n-3 highly unsaturated fatty acids or n-3

HUF A), such that the role of AA in maintaining cell structure and integrity in terrestrial

vertebrates is replaced by DHA (Henderson and Tocher, 1987; Sargent et al., 1989).

The need for higher amounts of n-3 HUFA by marine fish species is compounded by the

fact that in general they lack the ability to synthesise these fatty acids de novo, due to loss

of the metabolic pathways for their production from linolenic acid or 18:3 n-3, as research

involving plaice and turbot has indicated (Cowey et a!., 1976; Owen et a!., 1972; Sargent et

al., 1995) (Figure 1.6). The problem lies with an apparent deficiency of the .65-desaturase

enzyme required for the desaturation step during the conversion of a-linolenic acid to EPA

(Sargent, 1995). The process is further handicapped by the 'Sprecher shunt', converting

EP A to DHA, which operates at a level insufficient to supply the quantity of DHA required

for normal growth and development (Voss et a!., 1991; Buzzi et al., 1997). Therefore,

EP A and DHA are essential fatty acids of marine fish diets and as such must be supplied

pre-formed. The same applies to AA and its inability to be synthesised from linoleic acid

or 18:3n-6 due to both pathways for n-3 and n-6 series fatty acids sharing the same enzyme

systems (Sargent, 1995).
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Figure 1.6. Production pathways for AA, EPA and DHA for marine fish species.

1.3. First-Feeding Larvae

The bottleneck in production for many species of fish developed for commercial

aquaculture has been the stage of the life cycle when the larvae switch from endogenous to

exogenously derived nutrition, known as first-feeding. Prior to this stage there is little if

any control over the nutritional input to the larvae, once the eggs are spawned and

fertilised, apart from the influence of environmental parameters over the rates of utilisation

of the endogenous reserves.

At first-feeding, fish larvae with well developed eyes rely primarily on visual cues in their

environment to initiate first-feeding i.e. colour and movement (Ivelev, 1961). Those

environmental parameters that influence the perception of prey items i.e. light-levels,

turbidity and prey density wil determine how competent larvae wil be at this critical
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period of their life cycle. Also, competition for food and cannibalism among larvae and

larvae/predator interactions wil affect not only their ability to initiate first-feeding but also

how successful they are once feeding has been established.

Nutrition has proved to be a major 'stumbling block' on which larval performance falters.

Before the total depletion of exogenous reserves, contained within the yolk-sac, the larvae

are sufficiently well developed to begin capturing and ingesting prey (Pittman et al., 1990).

This allows the larvae to initiate first-feeding before the supply of endogenous reserves

becomes criticaL. However, this overlap only provides a small window of õpportunity

within which to initiate exogenous feeding. Research has shown that this stage is reached

at 200-265Do after fertilisation in Atlantic halibut (Lein and Holmefjord, 1992). The

successful initiation of first-feeding far from guarantees the survival of halibut larvae as the

next critical stage of the life cycle stil has to be overcome, namely metamorphosis. During

this phase the larvae becomes laterally flattened and the left-hand eye migrates over the top

of the head to the right hand side. The fish pigments only on the right hand side and settles

on the bottom substrate to adopt a more demersallife style (Trumble 1993). The success of

this stage has been attributed to the nutrition of the larvae, specifically the n-3 HUFA

composition (Dickey-Collass & Geffen, 1992; Estevez, 1995, 1996; Devresse et al., 1994).

Several institutions have at one time or another investigated the feasibility of culturing

Atlantic halibut but attempts were unsuccessful and larvae died within two weeks

(Rollefsen, 1934; Forrester and Alderdice, 1973). In 1974 one research group produced

larvae that survived to first-feeding, but out a total of 5000 yolk-sac larvae only 3 began to

eat (Solemdal et al., 1974), providing an early indication of the difficulties to be expected

when the larvae switch from endogenous yolk reserves to exogenous nutrition. Even a

29



Chapter 1 General Introduction

decade later the 'art' of halibut culture has little improved. Blaxter et al. (1983) achieved

marginally greater success by producing two fully metamorphosed animals.

The difficulty of rearing halibut larvae is compounded by the inability to find them in great

numbers in the wild, such that the only knowledge has come from the exploits of

researchers in this field and by the transfer of information form other related or similar

marine fish species (Haug et al., 1989; Haug, 1990; Kjørsvik and Reiersen, 1992).

The greatest success to date for halibut, in terms of survival and growth, has been achieved

using extensive or semi-intensive larval rearing systems, which rely on using naturally

produced wild zooplankton as food source (Naas et a!., 1987; Holmefjord et al., 1989,

1993; Skjolddal et al., 1990; Harboe et al., 1994). Experiments using rotifers and Artemia

showed that the larval performance could not match wild zooplankton in terms of their

growth and survival (Bolla, 1989; Holmefjord et al., 1989). However, marine fish, because

of their inability to synthesise n-3 HUFA, require large amounts of EPA and DHA to be

supplied preformed in the diet (Sargent, 1995) to meet their essential fatty acid (EFA)

requirements and enable normal growth and development. These are lacking in rotifers and

Artemia.

First-feeding has been identified as a nutritionally critical stage for marine fish larvae. The

maternally supplied endogenous reserves are at their lowest and larvae must actively seek a

suitable exogenous food source. At the onset of first-feeding visual tissues, although

functional, are still developing. The neural tissues of the brain and eye of fish larvae are

particularly rich in DHA (and to a lesser extent EPA) and are the predominant tissue type

in the early stages of the life cycle. Bell et a!., (1995) demonstrated that in juvenile herring
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(Clupea harengus) fed DHA-deficient diets suffered impaired visual acuity. Watanabe et

aI. (1982) showed that the nutritional composition of brine shrimp could be enhanced by

allowing the Artemia to feed directly on EFA concentrates mixed into their water, a

process now known as enrichment.

Many authors have since demonstrated the effectiveness of enrichments rich in n-3 HUFA

using either commercially available oil emulsions or "in-house" products (Izquierdo et al.,

1992; Koven et aI., 1993; Navarro et aI., 1993; Tuncer et aI., 1993). This method of

Artemia production and enrichment is now firmly established in the production cycle of

many of today's commercially important species. However, despite considerable progress

in this area of study, external signs of nutritional deficiencies stil continue to be evident

e.g. the induced albinism in juvenile flounder Paralichthys olivaceus (Seikai et aI., 1987).

Certainly, for halibut these deficiencies become apparent at the time of metamorphosis and

pigmentation, hence the continued need for the improvement of first-feeding diets.

1.5. Broodstock Nutrition and Egg and Early Larval Quality

Due to limitations of the numbers of broodstock and the unwilingness to disrupt ongoing

investigations into egg and larval quality that might be prejudiced by manipulations of the

broodstock diet, it was deemed necessary to select an alternative species for

experimentation. Therefore, the European sea bass was chosen as the experimental species

to investigate the effect of broodstock nutrition on egg and early larval quality. By using

sea bass a sound dietary trial could be designed and executed, with suitable numbers of fish

and treatment replication, which were unachievable using Atlantic halibut.
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Many parallels exist between these two species which make seabass a suitable alternative

to halibut for this investigation. Both.produce many batches of eggs in a spawning season

which extends from early Winter to late Spring, dependant on geographical location

(Pawson and Picket, 1996; Trumble et al., 1993). However, seabass have the added

advantage of producing naturally fertilised eggs under culture condition, thus negating the

necessity to disturb stock during their reproductive phase (Carrilo et aI., 1989).

Commercial aquaculture has tended to overlook the nutrition of broodstock, many

providing their broodfish with industrially-caught fish, known as 'trash fish', in the

industry. Common to many attempting to produce halibut is the practice of providing

moist diets containing a wide range of whole fish and processed components. Broodstock

sea bass are more likely to be fed trash fish. Diets based on wet fish ultimately provide the

broodstock with a satisfactory source of nutrients. However, although adequate when

properly prepared, wet diets wil always suffer from problems of consistency, shelf-life and

freshness and are costly in terms of the man-hours needed to prepare them. These

constraints, coupled with suspected disease risks now thought to be attributable to the wet

fish components of halibut and turbot diets in the UK (i.e. the possible inadvertent transfer

of nodavirus and viral haemorrhagic septicaemia), have meant that the development and

optimisation of components of a dry fabricated diet has become a high priority for the

aquaculture industry.

Both Hardy (1985) and Watanabe (1985) identified the importance of the brood stock diet

on fecundity, egg viability and subsequent larval performance, but stated that it was a

relatively unexplored subject. Since then the endeavours of researchers using combinations

of wet fish and artificial diets have identified several key areas of broodstock nutrition
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which can influence the performance of offspring.

Despite the importance of all aspects of nutrition the majority of work in fish has focused

on the lipid requirements, specifically their n-3 HUFA composition because of the need to

supply these preformed in the diet. Studies carried out by several authors have

endeavoured to assess the impact of enhancement of the n-3 HUFA composition on

spawning performance and egg and early larval success, i.e.gilthead sea bream (Mourente

and Odriozola, 1990; Fernández-Palacios et al., 1995; Tandler et al., 1995) and Red sea

bream (Watanabe et al., 1984b,c. 1985; Watanabe et at., 1991; Watanabe and Kiron,

1994). All the above have concluded that the dietary intake of n-3 HUFA, in particular the

amounts of DHA, had profound effects on ovarian development and egg and early larval

performance.

However, recent studies have implied that the supply of n-6 HUFA, specifically AA, could

also influence early embryonic development as this needs to be supplied pre-formed in the

diet for transfer to the developing oocytes (Thrush et at., 1993; Bell et al., 1997).

Certain fatty acids i.e. dihomo-y-linolenic acid (20:3 n-6), AA and EPA, function as

precursors for the synthesis of locally acting hormones known collectively as the

. eicosanoids (Corey et at., 1980). In mammals AA is the preferred precursoi; for

eicosanoids synthesis as well as being the major component of membrane fatty acids

(Horrobin, 1978). Eicosanoids derived from AA are extremely potent, consequently once

produced they are metabolised rapidly to prevent over action. Eicosanoids are responsible

for a wide range of physiological roles including immune function, osmoregulation,

cardiovascular functions, neural control and the functioning of reproductive systems
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(Mustafa & Srivastava, 1989).

However, EP A modulates the production of eicosanoids derived from AA, as this fatty acid

competes directly with binding sites on the prostaglandin synthetase. Eicosanoids

produced from EP A have similar action to those from AA but at considerably lower

biological activity (Sargent, 1995). Research has shown that the diet can influence the

production and therefore the action of eicosanoids such that not only are the total amounts

of fatty acid supplied important but also the relative proportions with respect to each other

(Sinnhuber, 1969). More recently, research has confirmed that a similar situation exist in

fish, despite the abundance of EPA in their membrane phospholipids Tocher and Sargent,

1987; Bell et al., 1994.

The aim of this study was to produce an artificial broodstock diet to mimic the performance

obtained when using 'wet fish' diets in terms of egg and early larval quality. Although

system designs for the culture of the pre-feeding stages of marine fish have improved

markedly in recent years, the transition from one stage of the life cycle to the next often

means the physical transfer of individuals to a different system. Ultimately our aim would

be to enhance the nutrient status of the pre-feeding stages of the life cycle with respect to

their n-3 and n-6 HUFA composition, to facilitate enhanced growth and development of

prefeeding stages of the life cycle and produce a more robust individual capable of resisting

the inevitable rigors encountered in any culture system.
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1.6. Overall Aims

. The determination of factors affecting egg quality i.e. broodstock husbandry relating

the timing of stripping and the lipid composition of eggs.

. Investigation of the rearing parameters needed for the successful rearing of Atlantic

halibut first-feeding larvae.

. Development of a workable broodstock diet for the Eur.opean seabass, with special

emphasis on the n-6 and n-3 HUFA composition, and its effect on egg and early larval

quality.
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Chapter 2 - General Materials and Methods

1. Proximate Analysis

Feed samples used in Chapter 6 were analysed in triplicate for moisture (heating at 105°C

for 12h), crude protein (Kjeldahl), total lipid (Folch et al., 1957), ash (combustion at 550°C

for 24h), crude fibre (acid/alkali digestion and ashing) and carbohydrate by subtraction.

Feed samples were ground to a fine powder prior to any proximate analysis. Sub-samples

were then taken in triplicate for each of the following protocols.

1.1. Moisture content

Each sub-sample was first weighed then oven dried at 105°C for 12 hours and then

reweighed. The moisture content was then calculated using the following equation.

% moisture = ((wet weight- dry weight) / wet weight) x 100

1.2. Crude protein determination

Nitrogen content was determined by the Kjeldahl technique as follows

. Approximately 200mg of sample was transferred to a Kjeldahl digestion tube.

. Two mercury kjeltabs (BDH Chemicals Ltd, UK) and 5ml of concentrated sulphuric

acid were added to each digestion tube.

. The samples were placed in a digestion block at 420°C for 1 hour.

. The tubes were allowed to cool whereupon 20ml of deionised water and 5ml of sodium
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thiosulphate solution was added.

. The samples were distiled and titrated using a Kjeltec Auto 1030 Analyser (Tecator,

Hoganas, Sweden).

The protein content was then calculated using the followinf equation

% protein = ((sample titre - blank titre) x 750.875) / sample weight (mg)

1.3. Lipid determination

Samples were homogenised in 10 volumes of chloroform: methanol (2: 1, v/v) using an

Ultra-turrax tissue disrupter. The amount of total lipid was determined gravimetrically

using an Ohaus JA200B analytical balance after lipid extraction using the method of Folch

et al. (1957).

1.4. Ash content

The ash content of each sample was carried out by using the standard method of ashing

samples in a muffe furnace over 24 hours at 500°C and reweighing the remnants. The

percentage ash content of the dry sample was calculated by using the following equation.

% ash = (ash weight / dry weight) x 100

1.5. Fibre content

Fibre was determined using the following protocol.

. Approximately 19 of lipid-free sample was weighed into scintiglass crucible.

. The crucible was placed into the Fibretec Systems M 1020 Hot Extractor (Tecator) and

150ml of boiling 1.25 % sulphuric acid solution was added to the sample.

. 10 drops of octanol (GPR grade, BDH Chemicals Ltd) was added to each sample.

37



Chapter 2 General Materials & Methods

. The sample was boiled for 30 minutes whereupon the acid was removed and the sample

was washed with 150ml of boiling deionised water.

. The sample ihen had 150ml of boiling 1.25 % sodium hydroxide added plus 10 drops of

octanol and was boiled for a further 30 minutes.

. The alkaline solution was then drained off and the sample washed with 150 ml of

boiling deionised water.

. The crucible was placed in an oven at 110°C for 12 hours, allowed to cool and

reweighed.

. The crucible was then ashed at 550°C in a muffe furnace for 2 hours, allowed to cool

and reweighed.

The firbre content was calculated by the equation.

% fibre = ((dried crucible Wt. - ashed crucible Wt.) / sample weight) x 100

2. Total Lipid Class Analysis
The quantification of lipid classes was performed using double-development high-

performance thin layer chromatography (HPTLC) and scanning densitometry) following

the method described by Olsen and Henderson (1989). Ten ¡.g of total lipid were applied

to a 10 x 10-cm HPTLC plate that had been pre-run in hexane: diethyl ether (1:1 v/v) and

activated at 110°C for 30 min. The plates were developed to 6-cm in methyl acetate:

propan-2-ol: chloroform: methanol: 0.25% (w/v) aqueous KCl (25:25:25: 10:9 by volume)

to separate polar lipid classes with neutrallipids running at the solvent front. After drying,

the plates were developed fully in hexane: diethyl ether: acetic acid (80:20:2 v/v/v) to

separate neutral lipids and cholesterol. Lipid classes were visualised by charring at 160°C

for 15 min after spraying with 3% copper acetate (w/v) in 8% (v/v) phosphoric acid and
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identified in comparison with commercially available standards (Fewster et al., 1969).

Lipid classes were quantified by scanning densitometry using a Shimadzu CS-9000 dual

wavelength TLC scanner and a DR-13 recording integrator.

3. Fatt Acid analysis

Fatty acid methyl esters of total lipid were prepared by acid-catalysed transesterification of

250¡.g of total lipid for 16h at 50°C in 2-ml of 2% sulphuric acid in methanol plus 1-ml

toluene (Christie, 1982). The methyl esters were extracted first in 5-ml hexane then in 5-

ml hexane: diethyl ether (1: 1; v/v) after neutralisation with 2-ml of 6% KHC03. The

combined organic phases were dried under nitrogen. The methyl esters were redissolved in

0.2-ml chloroform: methanol (2: 1 v/v) and purified by TLC as detailed by Tocher et al.

(1985) (hexane: diethyl ether: acetic acid 90: 10: 1 v/v/v) before separation and

quantification by GLC (Carlo Erba Vega 8000, Thermo Separation Products Ltd., Stone,

UK) using a 30 m x 0.32-mm capilary column (CP Wax 52 CB, Chrompak Ltd., London,

UK). Hydrogen was used as a carrier gas and temperature programming was from 50°C to

150°C at 40°C min-1 and then to 230°C at 2.0°C min-i. Individual methyl esters were

identified by comparison with known standards.

Individual phospholipid classes were isolated by loading l-2mg of total lipid onto a 2cm

origin of a 20X20cm2 TLC plate and separated using the polar lipid solvent s~stem

mentioned above (Vitiello and Zanetta, 1978). Individual phospholipids were identified

under UV light after lightly spraying the plate with 2, 7-dichlorofluorescein in 97%

methanol containing 0.05% BHT. Each class was then scraped from the silica plate and

transmethylated as described by Christie (1982). Lipid classes were scraped from the silica

and transmethylated as described above.
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4. Experimental Locations
Studies on the Atlantic halibut were carried out at the Sea Fish Industry Authority Marine

Farming Unit at Argyll on the West Coast of Scotland. All experiments on halibut were

carried out between December and July of each year from 1990 to 1994. Seabass

broodstock nutrition trials were located at the Consejo Superior de Investigaciones

Cientificas, Instituto de Acuicultura, Torre de la Sal, Spain. Manipulation of broodstock

and sample collection was carried out between January and May of each year of the

experiment from 1995- 1997.

5. Experimental Design and Protocols
Each individual experimental chapter (Chapter3,4,5 and 6) contains the experimental,

design the systems used, the source of experimental animals and the husbandry and

sampling
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Chapter 3 - Effect of Overripening on Egg Quality in

the Atlantic halibut.

1. Introduction

When developing a new fish species for aquaculture one of the first problems encountered

is the adequate supply of eggs. To achieve the best eggs from captive broodstock requires

careful management of their environmental and nutritional regimes. But, even the well-

established salmonid species stil suffer from surprisingly high rates of mortality at the

hatchery stage, which commonly results in losses of up to 70% (Bromage &

Cumaranatunga, 1988; Bromage, 1990). Aside from nutrition and environmental

parameters, the main cause of poor quality in eggs is due to the aging process once the eggs

have been ovulated. This process is known as over-ripening and is characterised by a

series of compositional and morphological changes which inevitably result in a reduction

in egg viability (Nomura et al., 1974; Sakai et a!., 1975; Springate et al., 1984; Kjørsvik et

al., 1990). However, the duration of the over-ripening process varies greatly between

species. In rainbow trout, eggs stored in the abdominal cavity longer than 10 days begin to

suffer the effects of over-ripening, which manifests itself as drastic reductions of

subsequent egg and larval quality (Nomura et a!., 1974). However, Saikai et a!. (1975)

and later Springate et a!. (1984) showed that a short period of residence in the abdominal

cavity for rainbow trout was in fact beneficial to egg performance. Springate et al (1984)

identified the period of optimum fertilisation to be 4-6d post ovulation by the measurement
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of serum levels of 17a-hydroxy-20ß-dihydroxyprogesterone and 17a-hydroxyprogesterone

in maternal blood samples. On the other hand Fitzpatrick et al. (1987) showed that eggs

from the coho salmon could be fertilised successfully 20 days after ovulation with no

apparent decrease in egg quality. This phenomenon is not confined to freshwater species,

for example herring, achieved optimal fertilisation rates up to 14d post-ovulation when

eggs were retained within the body cavity (Hay, 1986). However, beyond these retention

times egg quality begins to decline rapidly, rendering the eggs unviable.

However, common to all the above mentioned species is the reproductive strategy of

producing one single batch of eggs, which can then be retained in the body cavity until

environmental conditions and/or conspecific interactions are ideal for spawning (Potts,

1984). The marine species currently of greatest importance to the European aquaculture

industry in Europe (turbot, European sea bass, Atlantic cod and Atlantic halibut) are all

multiple batch spawners (Haug & Gulliksen, 1988; Kjesbu 1989; Mayer et al., 1990). As

multiple batch spawners, these species produce many batches of eggs in a relatively short

period of time, usually in a matter of weeks and often in the late winter to early spring

(Kjørsvik et aI., 1987). This strategy possibly evolved as an adaptation to take advantage

of the abundant food source (i.e. spring blooms of phyto- and zooplankton) available to the

first-feeding larvae at that time of year (Gull and, 1977).

Another feature common to multiple batch spawners is the presence of regular ovulatory

rhythms, which are short in duration and often confined to a particular time of the day (Burt

et al., 1988). Research has shown that the ovulatory rhythms of turbot are regular, but

depending on the female the period between one ovulation and the next can vary widely

depending on the females (2.5-7.3d). Generally, spawning intervals of 3.5d were obtained
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for turbot, which proved to be very similar to those of halibut (Howell & Scott, 1989;

McEvoy, 1984; Smith 1987). Ferraro (1980) reported that wild turbot spawned at night in

their natural environment, but this was found not to be the case with domesticated stock

(McEvoy, 1984; Jones, 1972). However, Smith (1987) reported that halibut ovulatory

rhythms appeared to coincide with the hours of darkness. Hence, to avoid any major

changes all broodstock in the current experiment were routinely stripped at night for the

first stripping interval.

Short-term changes in nutrition can also result in immediate changes in spawning. It was

found that the reproduction of tilapia is stimulated by a decrease in food ration (Mironova,

1977), whilst in the three-spinned stickleback this led to an increase in the spawning

interval (Wootton, 1973). Halibut and turbot appear to reduce their food intake prior to

and during spawning such that food ration would seem to play little part in changing

spawning characteristics.

The production of multiple batches of eggs and regular, short ovulatory rhythms would

seem to negate the necessity for maintaining egg quality for long periods after ovulation.

In the natural environment the residence time of eggs in the body cavity, once ovulated, is

short. For example, turbot and cod eggs are ovulated spawned and fertilised within a

matter of hours; if not, the fertilisation rates drop immediately (McEvoy 1984; Howell &

Scott, 1989; Kjørsvik & Lonning, 1983). The optimum time for fertilisation for multiple

batch spawners, such as turbot and Atlantic cod would thus seem to be soon after ovulation

(Kjesbu et ai., 1990; McEvoy, 1984).

However, of these three only sea bass routinely spawns naturally and produces fertilised

eggs in the captive environment (Mayer et al., 1990). Captive halibut females release their
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eggs but only after a prolonged period of retention, after which the eggs are 'dumped' into

the water and remain unfertilised, as the males make no attempt to fertilise the released

eggs and show no apparent sexual behavior (Smith, 1987). Consequently, captive halibut

broodstock must be manually stripped and artificially fertilised using a technique

established by Mangor-Jensen (1989). This in itself is not a problem as the manual

stripping and fertilisation of broodstock provides an effective and efficient means of

managing the broodfish. McEvoy (1984) showed how regular monitoring of the

reproductive state of turbot broodstock could increase productivity. Frequent handling also

enabled the ovulatory cycles of individual females to be followed closely, so that eggs

could be stripped and fertilised at the optimum time to ensure the greatest larval survivaL.

Kjørsvik (1990) discovered that eggs stripped from wild Atlantic halibut, could be stored in

ovarian fluid ((ß 5°C) and fertilised at regular time intervals for up to 5h with no

detrimental effects on egg quality. Fertilisation rates decreased marginally when fertilised

after 8h, but dropped rapidly thereafter.

Determination of the fertilisation profiles for captive halibut broodstock could prove to be

a valuable management tool in the development of a successful halibut aquaculture

industry, as it has been for the development of turbot. Knowledge of how over-ripening

affects fertilisation would allow clearer definition of broodstock husbandry strategies and

provide more precise determination of the "window of opportunity" for fertilsation.
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Therefore, the aims of this study are:

. Assess the impact of egg retention within the body on fertilisation

rates.

. Evaluate how accurately fertilisation rates are reflected In the

performance of subsequent larvae.

. Compare in vitro storage of eggs to retention within the body cavity.
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2. Materials and Methods

2.1. Broodstock Husbandry

The halibut broodstock used in this study were originally wild stock caught using long-

lines, in the deep water around the Faeroes and Shetland Islands. The fish were caught on

fishing expeditions organised between 1983 and 1987 whereupon they were transferred to

the Seafish Industry Authority Marine Farming Unit (SEAFISH) at Ardtoe, Argyll on the

West Coast of Scotland. The fish were maintained in 6-m diameter circular tanks of 2.4-m

depth with a total capacity of 60-m3. The tanks were constructed from black vitreous

enamel panels fixed into a concrete base, covered with a thin layer of lose coarse substrate,

average particle size -2-cm diameter. The tanks were located in a covered area outdoors,

open at the sides to allow a dim but natural ilumination and supplied with continuous

sand-filtered sea water at ambient temperature. Egg traps, constructed of 2mm mesh, were

placed over the outlet of each tank to retain any eggs. Mature males used in this

experiment were generally less than 18kg in weight, whilst females were always heavier

(l8-35kg). Broodstock nutrition comprised of a mixture of two diets. Firstly, a formulated

moist sausage made on site, comprised of components shown in Table 3.1, were extruded

into food grade sausage skins (Devro Fresh) and cut into lengths of approximately 15cm.

The second diet consisted of herring supplied locally and stored frozen on-site. The fish

were fed ad libitum twice a week throughout the year, using a 1:3 mixture of formulated

sausage and whole herring. Food presented to the broodstock during the spawning season

(February to April), usually remained uneaten and was removed from the tanks.
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Table 3.1. Feed components used in the formulation of the moist sausage

halibut broodstock diet (% wet weight).

Components %
Whole whiting (minced) 66.6
Low temperature fish meal (L T94) 30.8
Fish oil (high n-3) 1.7
Standard salmon vitamin pre-mix (EWOS) 0.7

Vitamin C (Roche) 0.1
Mineral supplement (EWOS) 0.1
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Broodstock were recognised by external labels or more commonly by their unique skin

patterns. Both milt and eggs used in the experiment were expressed by manually stripping

the individuals using the following method. To begin with the water level in the tank was

lowered to 40-50cm. Once the water level was lowered the two people required for the

stripping operation entered the tank. Next, an aluminum table specifically designed for the

stripping of broodstock was placed into the tank. The table was approximately 2m long

with one end able to be collapsed and submerged, whilst the other remained above the

water surface. The selected broodfish was then guided onto the inclined surface,

whereupon the submerged end could be raised and fixed so that the whole animal was

lifted clear of the water surface. Eggs and milt were quickly stripped into individually

labeled, clean and dry graduated containers of a suitable size (2 and 0.25 1 beakers for the

eggs and milt respectively) by applying gentle pressure in a posterior to anterior direction

to the swollen gonad area. All material removed in this way was placed in an insulated

cool box and transferred to a purpose-built egg handling room maintained at 5°C.

All egg batches used in these experiments were derived from single females and fertilised

using pooled samples of milt from two males. Prior to the first collection of gametes an

estimation of the optimum time for stripping was made, by careful monitoring of the state

of maturation of each female and the appearance of eggs in the egg traps. The spawning

female, once identified, was allowed to spawn naturally twice more, whereupon the. time

between natural releases was used to estimate the periodicity of spawning.
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2.2. Egg Assessment

Assessments of egg development were carried out 12 hours after fertilisation, based on the

following 5 categories:-

Table 3.2. Categories of egg development and calculations for percentage 'Total' and

'Normal' egg development for halibut.

a Eggs fertilised with symmetrical cell cleavage (Figure 3. la).

b Eggs fertilised with asymmetrical cell cleavage (Figure 3.lb).

c Eggs with germinal disc but no apparent cell divisions.

d Eggs floating but unfertilised.

e Eggs sinking and therefore dead.

Total Eggs = L, ( a+b+c+d+e)

(~:.a+b+C)~
% Total Fertilisation = * ioo

Total Eggs

% Normal Fertilisation = ( a ) * 100
Total Eggs

*Eggs in category 'c' have been included as fertilised because

previous work demonstrated that activation only occurred in the

presence of milt

The eggs were placed into a Bogarov counting tray examined and categorised under an

Olympus SZ60 stereo microscope. Sperm motility was assessed under a Nikon TMS

microscope.
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Figure 3.1. High power photomicrographs showing symmetrical (a) and asymmetrical

cleavage (b) of halibut eggs at the four cell stage.
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2.3. Experimental Design

2.3.1. Experiment 1 - The impact of in vivo egg retention on subsequent egg viability.

This experiment was intended to assess whether or not the viability of ovulated eggs was

affected by the duration of time spent in the abdominal cavity before stripping.

In this experiment 4 females were used (numbered 1-4) yielding 5 batches of eggs. Once

the predicted time of ovulation was estimated, eggs were removed from the ovulating

female at 4 to 6 hourly intervals. Schematics detailing the timing of sampling from all

females are presented in Figures 3.2, 3.3 and 3.4. At each stripping time a small fraction of

eggs was removed (-lOOml), leaving the remainder in the abdominal cavity (between 1-21).

Triplicate 5ml samples of eggs were wet fertilised in 250ml plastic beakers using 20Jll of

milt and 5ml of seawater (ratio 250: 1 :250; eggs: milt: sea water; v:v:v) and mixed very

gently by hand and left undisturbed for 15mins. After the fertilisation period the eggs were

rinsed in sea water and then left to incubate in sea water for 12hours at 5-6°C. All sea

water used in the handling and incubation of eggs was filtered down to 5Jlm, UV irradiated

and adjusted to 37%0.

The success of larvae at hatching was assessed using the surviving fraction (egg categories

a, b & c) from the first batch of eggs stripped from female 1. This was to assess the effects

of in vivo storage on egg performance to just beyond hatching. The hatching apparatus

consisted of tw~lve 2-1 white plastic funnels supported in an upright position. Each funnel

was plugged with a small rubber bung with a hole driled centrally and fitted with a small

pipe and tap so that the sump could be drained. Sea water was delivered to the funnel via a
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Predicted
Ovulation

- l
(Hours Retained in Abdominal Cavity)

0 ) 6 ) 12 )18

l l l l
Stripped & Fertilised

l l l l
Evaluation of fertilisation success

at 16h post-fertilisation

l l l l
Transferred to Incubators

l l l l
Assessment of Hatching

Figure 3.2 Schematic of egg handling procedures for female 1 (first batch), experiment 1.

Eggs were stripped, fertilised and latterly incubated at the predicted time of

ovulation (Oh) and at 6, 12 and i8h post-ovulation after retention within the

abdominal cavity (in vivo).
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Predicted
Ovulation

l
(Hours Retained in Abdominal Cavity)

0 :. 6 ) 12 :'18

l l l l
Stripped & Fertilised

l l l l
Evaluation of fertilisation success

at 16h post-fertilisation

Figure 3.3 Schematic of egg handling procedures for female 1 (second batch), female 3

and female 4, experiment 1. Eggs were stripped, fertilised at the predicted

time of ovulation (Oh) and at 6, 12 and ISh post-ovulation after retention

within the abdominal cavity (in vivo).
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Predicted
Ovulation

l
(Hours Retained in Abdominal Cavity)

0 ) 4 ) 8 )12

l l l l
Stripped & Fertilised

l l l l
Evaluation of fertilisation success

at 16h post-fertilisation

Figure 3.4 Schematic of egg handling procedures for female 2, experiment 1. Eggs

were stripped, fertilised at the predicted time of ovulation (Oh) and at 4, 8

and 12h post-ovulation after retention within the abdominal cavity (in vivo).
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4mm airline, with an in-line tap to regulate the flow. Incoming sea water was drained from

each funnel via a 1 cm section of clear plastic tubing passed through a driled hole halfway

down the slopi!lg section of the funnel and covered with 2mm plastic net to prevent any

egg material escaping. Sufficient tubing was passed through to enable the lcm pipe to act

as internal standpipe. Mortality was quantified every three days until hatching by

switching off the flow to the funnel, allowing a short time for dead material to settle and

then briefly opening the sump tap to collect the dead eggs. The whole system was housed

within a temperature-controlled room maintained automatically at around 5°C in total

darkness, except red light when carrying out mortality assessments. The water supply was

from a reservoir chiled to around 5°C, filtered down to 5¡.m and UV-sterilised.

2.3.2. Experiment 2 - The effects of in vitro egg storage prior to fertilisation on egg

viability.

The second experiment was intended to investigate the effect of in vitro storage of eggs in

ovarian fluid on fertilisation success assessed according to the categories detailed in Table

3.2. Schematics detailng the timing of sampling from all females are presented in Figures

3.5 and 3.6. A lOOml sample of eggs was removed from each female at 4 to 6 hourly

intervals, so that a total of 4 batches were stripped from each female. Three replicate

samples were fertilised immediately as previously described. However, at the same time a

further 9 replicates were stored in their own ovarian fluid at 5°C contained within capped

10ml sample tubes. Each tube was placed horizontally so that eggs, while remaining

covered with ovarian fluid, would be stored at a high surface area: volume ratio. To further

improve the air circulation over the eggs the caps were removed and replaced regularly.

The remaining 9 replicates were fertilised in groups of three at 2, 4 and 6 hours post-
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stripping for each of the four stripping times. At each fertilisation event, milt collected

when the eggs were stripped was used to fertilise the 9 replicates stored in ovarian fluid.

Before fertilisation sperm motility was checked to evaluate sperm quality, which was

qualitatively ranked on a scale of 0-10 (0 = immotile; 10 = fully motile).

2.4. Statistical Analysis

All values were arcsine transformed and comparisons were first tested for homogeneity use

Bartletts test and tested for significant differences using ANOVA and Multivariate t test.

3. Results

3.1. The impact of in vivo egg retention on subsequent egg viability

3.1.1. Fertilisation Rates

Female 1 provided two suitable batches of eggs (i.e. containing ovulated eggs but not

released from the body cavity). Figure 3.7. shows how in vivo storage affected the

fertilisation rates of eggs derived from the first batch produced from female 1. Both total

and normal fertilisation rates gradually declined at each of the four stripping events

throughout the 18 hours the female retained the eggs. Again, the normal fertilisation rates

appeared to have been marginally lower when compared to the percentage of total eggs

fertilised. Overall, there was a significant decrease (po(O.05) in percentage total fertilsation

between each interval of 6 hours, with the exception of zero to 6 hours.
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Figure 3.7. The effect of egg retention within the abdominal cavity on the fertilisation

rates of halibut eggs from female 1, first egg batch. Values are expressed as

means ::SEM (columns annotated with different letters indicate significant

differences within total and normal fertilisation profiles, po:O.05).
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The second batch of eggs derived form female 1 was retained within the body cavity for 3

consecutive strips, but the remainder of the batch was dumped soon after the third stripping

(Figure 3.8.). The fertilisation rates indicated that the predicted optimum stripping time

appeared to be slightly premature, as total fertilisation rate was initially low at 34.6%.

However, after 6 hours storage in the abdominal cavity the fertilisation rate increased

significantly to 75.6% and showed very little decrease after a further 6 hours storage in vivo

(p-:O.05). The rates of normal fertilisation appeared to be slightly lower than the

comparable total fertilisation and showed a similar trend in the overall fertilisation profile,

but no significant differences were identified.

The fertilisation profile observed for the second batch of female 1, was seen again when

eggs derived from female 2 were fertilised at intervals of 4 hours (Figure 3.9.). As before,

the normal fertilisation rates appeared to be slightly lower than the percentage total egg

fertilisation, but stil not significantly different. However, statistical analysis showed that

the values obtained for each stripping time were all significantly different from each other

(p-:0.05).

Also, the apparent window of opportunity to obtain the best fertilisation rates appeared to

be smaller than that identified for female 1, with fertilisation rates declining more rapidly.

The fertilisation profies for females 3 & 4 are presented in Figure 3.10 and 3.11

respectively. Although the performance of eggs from each female appeared to be different,

both showed a similar fertilisation profile. Both profiles started with, their highest total

fertilisation rates at the predicted optimum time for stripping or time zero (79.8% & 42.6%;

female 3 & 4 respectively) and decrease to a minimum after 12 hours in the abdominal
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Figure 3.8. The effect of egg retention within the abdominal cavity on the fertilisation

rates of halibut eggs from female 1, second egg batch. Values are expressed

as means :lSEM (columns annotated with different letters indicate significant

differences within total and normal fertilisation profies, po:O.05).
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Figure 3.9. The effect of egg retention within the abdominal cavity on the fertilisation

rates of halibut eggs from female 2. Values are expressed as means :tSEM

(columns annotated with different letters indicate significant differences

within total and normal fertilisation profiles, pocO.05).
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Figure 3.10. The effect of egg retention within the abdominal cavity on the fertilisation

rates of halibut eggs from female 3. Values are expressed as means :tSEM

(columns annotated with different letters indicate significant differences

within total and normal fertilisation profiles, pc:O.05).
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Figure 3.11. The effect of egg retention within the abdominal cavity on the fertilisation

rates of halibut eggs from female 4. Values are expressed as means :tSEM

(columns annotated with different letters indicate significant differences

within total and normal fertilisation profiles, p.:O.05).

64



Chapter 3 Atlantic halibut - Egg Quality Determinants

cavity (35.0% & 4.7%; female 3 & 4 respectively). Both fertilisation profies showed a

significant increase 6 hours later after 18 hours in vivo storage (p-:O.05).

3.1.2. Egg Incubation

Floating eggs (categories a, band c) from the first batch of eggs produced from female 1

were incubated until hatching. This included eggs that had been stripped and fertilised

after 6, 12 and 18 hours' in vivo storage. Figure 3.12 indicates that the cumulative

mortality suffered by each group increased rapidly up to day 7 of incubation. For example

the percentage survival at 7 days post-fertilisation for those eggs stripped at the predicted

time of optimum fertilisation dropped significantly to 22.6% (p-:0.05). The survival of

eggs derived from 6 and 12 hours in vivo storage was 11.2% and 10.9% respectively. This

pattern of survival was a consistent feature seen throughout the term of incubation,

however, only at 5 days was the apparent change significantly different (p-:O.05). Eggs

stripped after 18h retention in the abdominal cavity were virtually all dead after 10 days of

incubation.

3.2. The effects of in vitro egg storage prior to fertilisation on egg viability.

This experiment aimed to show the impact of short-term storage of eggs in ovarian fluid on

subsequent performance at fertilisation. During the in vivo study, additional samples of

eggs were stored as described from female 1,2 and 4. Figures 3.13, 3.14 and 3.15 show

the percentage survival rates of those stored eggs fertilised after 2, 4 and 6h storage in

ovarian fluid fr?m females 2, 4 and 5 respectively. Generally, in vitro storage had little

detrimental effect on the fertilisation success, at least close to the predicted optimum time

of fertilisation. Figure 3.13 shows that no significant difference was identified between
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Chapter 3
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Atlantic halibut - Egg Quality Determinants

Predicted Ovulation 6h
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~ % Total Development
ltim¡www¡:¡II % Normal Development

o 2 4 6 0 2
Duration of in vitro
storage (hours)

4 6

Figure 3.13. Eggs retained within the body cavity for the first spawning of female .1, for

6,12 and 18 hours after the predicted time of ovulation were then stored in

ovarian fluid for 0, 2, 4 and 6 hours and then fertilised. Each bar represents

the % total (clear) and normal (shaded) development rates. Values are

expressed as means :tSEM.
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Figure 3. i 4. Eggs retained within the body cavity for female 2, for 4, 8 and i 2 hours after

the predicted time of ovulation were then stored in ovarian fluid for 0, 2, 4

and 6 hours and then fertilised. Each bar represents the % total (clear) and

normal (shaded) development rates. Values are expressed as means :tSEM.
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Figure 3.15. Eggs retained within the body cavity for female 4, for 6,12 and 18 hours

after the predicted time of ovulation were then stored in ovarian fluid for 0,

2, 4 and 6 hours and then fertilised. Each bar represents the % total (clear)

and normal (shaded) development rates. Values are expressed as means

::SEM.

69
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eggs stripped at the predicted optimum striping time and subsequently stored in ovarian

fluid for 6h and those stripped after 6h in vivo storage and fertilised immediately.

However, this does not seem to apply if the optimum stripping time was later than expected

as shown in Figure 3.14 for female 2. The results show that the improvement in

fertilisation rates obtained after 6h retention in the abdominal cavity did not occur when

eggs were stored for an equivalent time in ovarian fluid.

4. Discussion

Many researchers have shown that egg quality deteriorates with time after ovulation when

the eggs are released within the body cavity, although the duration varies greatly between

species. Salmonids can retain eggs within the body cavity for extended periods of time,

from a few days for the ayu, (Hirose et al., 1977), to several week for the coho salmon

(Fitzpatrick et ai., 1987). However, in species which are of greater relevance to halibut i.e.

turbot and cod, this period of retention is considerably less and is considered to be only a

matter of hours (McEvoy, 1984; Kjesbu et al., 1989). Prior to this study the only published

work on the effects of egg storage on fertilisation rate in the Atlantic halibut had been

carried out by Kjørsvik (1990). Kjørsvik discovered those fertilisation rates of eggs

stripped from wild caught broodstock and stored in ovarian remained consistently high

over the first 5h of storage at S°c. Fertilisation rates decreased marginally when fertilised

after 8h, but dropped rapidly thereafter.

Prom the 5 batches of eggs incubated, 3 different spawning profiles were obtained. The

aim would be to obtain the fertilisation profile obtained for female 1 at every spawning
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event. Here the eggs from this particular batch seem to have been stripped at, or certainly

near to, the actual time of ovulation, as confirmed by the high initial fertilisation rates.

Fertilisation rates then showed a downward trend from the 6h sampling interval onwards,

broadly agreeing with the work of Kjørsvik (1990).

The second batch of eggs from female 1 and the only batch from female 2 showed that egg

fertilisation rates increased at the second sampling interval after the predicted time of

ovulation.

The implication from these data was that the predicted time of ovulation or optimum time

of fertilsation was incorrect. One of the following three explanations could explain this

result. Firstly, the eggs were ovulated in an under-ripe state requiring, like trout, a period

of residence in the abdominal cavity, before attaining full ripeness (Springateet al., 1984).

Secondly, the eggs were again under-ripe but this time the first stripping event only served

to force the ovulation of eggs close to the point of ovulation. Finally, the eggs may have

been left over from the previous batch, thus accounting for the lower fertilisation rates

when eggs were stripped at the predicted time of ovulation.

The appearance of a bell shaped fertilisation profile for a multiple batch spawner would

appear to be unusual based on current literature. McEvoy (1984) suggested that any eggs

remaining in the body cavity of turbot prior to the next ovulation would be of such low

quality that they would fail to be fertilised. This study of turbot also revealed that eggs

were ovulated over a period of 4-6 hours and that the best egg performance in terms of

fertilisation and hatching success was achieved only if fertilisation was carried out within

10 hours of ovulation (McEvoy & McEvoy, 1989). The implication is that eggs are
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spawned soon after ovulation is completed. Similarly, Kjesbu et aL. (1989) reported that

cod eggs were spawned and fertilised soon after ovulation to avoid the detrimental effects

of over-ripening. Both authors indicated that no period of ripening occurs once the eggs

have been ovulated and cited this as a common feature of multiple batch spawners. Hence,

from these statements it is not unreasonable to conclude that not only were the eggs under-

ripe but they had been expressed prematurely. Therefore, the early removal of eggs in

these batches only served to force the ovulation of eggs that had not completed their final

maturation.

Further evidence to suggest that the eggs were not ovulated can also be derived from the in

vitro study carried out in tandem with the in vivo work in which eggs from female 2 were

stored in ovarian fluid. After the second stripping interval, the eggs fertilised immediately

showed a significant increase in fertilisation rate (p-:0.05). However, eggs stored in

ovarian fluid for an identical period of time (6h) did not show the same improvement in

fertility. This information again confirms the under-ripe status of the eggs, but also

supports the suggestion that the eggs had been prematurely expressed. The observation

that the egg quality improves when retained in the abdominal cavity but not when stored in

vitro in ovarian fluid implies that some form of maternal input was lacking once the eggs

were stripped. However, the in vitro study indicates that once naturally ovulated, the eggs

can be stored in ovarian fluid without any additional detrimental effects, other than those

associated with over-ripening.

Several studies have shown that for many species the use of fertilisation rates alone to

predict subsequent egg quality is a poor indicator of future batch performance. McEvoy

(1984) showed that in turbot high percentage fertilisation rates could be achieved up to 2
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days after the time of ovulation, but these were not then reflected in the subsequent

hatching rates which declined much earlier. Springate (1985) showed a similar outcome

for rainbow trout. The survival rate attained during the current experiment for halibut

implied that the performance at hatching was predictable from the fertilisation rates. A

possible explanation could be that the normal fertilisation rates used, not only took account

of general blastomere morphology, but also included those eggs which immediately

dropped out of suspension after the completion of the egg handling process.

Work by Shields et al. (1997) has taken the assessment of eggs using the blastomere

morphology one step further by characterising more fully the classes of early

developmental abnormalities and provided a more stringent means of assessing egg quality.

Investigations are currently under way to investigate the use of ultrasound techniques to

more precisely time the final stages of maturation leading up to ovulation based on the

techniques initially developed by Shields et al. (1992). So far this work has proved to be a

valuable tool for sex determination in cod and has shown great application for halibut

(Karlsen and Holm, 1994).

The overall conclusions are that the monitoring of spawning cycles greatly improves

productivity and promotes the more efficient use of halibut broodstock. Norberg et al.

(1991) demonstrated that the careful monitoring of broodstock ovulatory rhythms could

increase yields and fertilisation rates. The "window of opportunity" when the best

fertilisation rates can be achieved appears to occur soon after the completion of ovulation.

The current experiments conclude that halibut eggs wil suffer no detrimental effects on

fertilisation rates and subsequent egg performance as long as fertilisation occurs within 6
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hours of ovulation. It is suggested that this time period probably equates to the duration of

ovulation of the different eggs in a batch for this species.
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Chapter 4 - Lipid class and fatt acid composition of

eggs of Atlantic halibut (Hippoglossus hippoglossus,

L.) in relation to egg quality in captive broodstock.

1. Introduction

Atlantic halibut (Hippoglossus hippoglossus, L.) is one of the most promising alternatives to

salmonid culture for the aquaculture industry. Many institutions, both academic and

commercial have been engaged in research to improve the culture of this species of flatfish

since the early 1980's. A major problem experienced by those involved in this research is

variation of egg quality from their captive broodstocks, characterised by highly variable

fertilisation rates and variation in incubation success among the fertilised fraction.

As in other batch spawning fish species (review by Kjørsvik et al., 1990), egg viabilty in

halibut has been shown to relate to post-ovulatory age (Norberg et al., 1991; Holniefjord

1993; Bromage et al., 1993), but there is little information on the physiological or

biochemical characteristics associated with variability in this species. The rationale for

measuring the biochemical composition of eggs is that successful embryogenesis and yolk

sac-larval development may be dependent on the adequate maternal provision of egg
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constituents, including energy substrates. This supposition might be expected to apply

especially to species such as Atlantic halibut that have a prolonged duration of embryonic and

pre-feeding larval stages, during which the animal is reliant on endogenous reserves.

Diet -dependent differences in fish egg composition and viability have been reported for a

number of species (for example, review by Kjørsvik et al 1991; Mourente & Odrizola 1990;

Harel et al., 1992). However, halibut females exhibit inter-batch differences in egg viability

under consistent feeding conditions. Also, individuals within a uniformy managed

population show consistently different egg viabilities. This study aimed to determine whether

such differences correspond to differences in the lipid composition of the eggs. The main

cellular processes that could be affected by lipids in these early stages of development are

membrane formation and properties (specifically fluidity and permeability) and provision of

vital precursors for the synthesis of cellular messengers e.g. prostaglandins and leukotrienes

(Bell, Henderson & Sargent 1986; Gurr and Harwood 1991).

Lipid class and fatty acid composition of the two categories of eggs were analysed in this

study. Egg batches were classified as "viable" or "non-viable" according to fertilsation

success, blastomere symmetry, post-fertilisation and survival to hatch.
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2. Materials and Methods

2.1. Sample Collection

Pre-fertilised eggs were sampled from the majority of egg batches stripped during March and

April 1991 at the Sea Fish Industry Authority's marine farming unit at Ardtoe in Scotland.

Samples of pre-fertilised eggs (50 eggs per sample) were placed in hexane/propan-2-01 (3:2

v/v) and stored at -20 to -25°C. Solvents were supplemented with 0.01 % (w/v) butylated

hydroxy toluene (BHT) as antioxidant. Storage in hexane/propan-2-o1 rather than

chloroformmethanol 2: 1 (v/v) was chosen since propan-2-01 is a lipase inhibitor.

The remainder of each egg batch was fertilised with sperm obtained from two males and

assessed at 12 hours post-fertilisation for their fertilisation rate and blastomere symmetry at

the 4 to 8 cell stage of embryonic development. Of the total number of batches processed,

eight were selected for analysis on the basis of their performance at the end of the 1991

halibut spawning season. Of those selected four failed the 12 hour assessment and were

classified as "non-viable" batches, whilst the remaining four batches passed the 12 hour check

("viable" batches) and subsequently survived to hatch or first-feeding. Performance details of

the analysed batches are provided in Table 4.1.

2.2. Sample Analysis

The hexane/propan-2-ol was evaporated off under nitrogen, homogenised in

chloroformmethanol 2:1, v/v) and the total lipid extracted using the method of Folch, Lees &

Sloane-Stanley (1957). Total lipid weights were determined gravimetrically using a Metler H

64 analytical balance. Samples were stored in 2ml glass screw-top bottles in

chloroformmethanol (2: 1, v/v) under nitrogen at -20°C.
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Table 4.1. Collection and performance details of viable (V) and non-viable (NV) halibut

egg batches.

Female Eggs Batch
Code VINV CodeN3 V 3/111 9/3 91

N3 V 7/111 11/3 71N5 V 8/11 17/3 93W3 V 18/IV 9/4 91
W1 NV 14/IV 6/4 0W4 NV 16/IV 8/4 0
W8 NV 19/IV 9/4 12 Poor
W10 NV 20/IV 9/4 83 Poor
"fertilisation rate was calculated at 12 hours post-fertilisation from the floating egg fraction in 34S/oo sea water.
bVG = very good.

Date % Fertilseda Cell
Symmetry

VGb

VG

VG

%
Hatched

Fair

50

70

33

25

% to 1st
Feeding

41

44

67

Lipid classes were analysed using double development high performance thin layer

chromatography (HPTLC) on 10 x 10-cm silica gel HPTLC plates (E. Merck, Darmstadt,

FRG), following the protocol detailed by Olsen and Henderson (1989). The first solvent

system developed polar lipid classes to a distance of 4.5cm from the origin (methyl acetate:

propan-2-01: chloroform: methanol: H20 + 0.25%aq KCl w/v; 25:25:25: 10:9, by voL.(Vitello

& Zanetta 1978)). The neutral lipid classes were developed in a second solvent system up to

O.5cm from the top of the plate (hexane: diethyl ether: acetic acid; 90: 10: 1). The plates were

air dried then charred at 160°C for 20 minutes after spraying with copper acetate/phosphoric

acid reagent (Fewster, Burns & Mead 1969) and analysed by quantitative scanning

densitometry using a Shimadzu CS9000 densitometer.

Fatty acid methyl esters (FAME) of the total lipid extracts by esterification with 1 % sulphuric

acid in methanol for 16 hours at 50°C under nitrogen (Christie 1982) followed by

purification by thin layer chromatography (TLC). An internal standard of 17:0 free fatty acid

was added prior to transmethylation to quantify fatty acids. Analyses of FAME were
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performed on a Packard 436 gas chromatograph detailed in Tocher, Fraser, Sargent &

Gamble (1985).

3. Results

All the results shown are pooled data from "viable" and "non-viable" egg batches, with values

expressed as means :tSEM. Initial data obtained from the analyses showed that the mean

weights of total lipid (TL) extracted from viable and non-viable egg batches was not

significantly different, 0.26:t0.017 and 0.30:tO.044 mg egg-1 respectively. A comparison of

total lipid class profiles for viable and non-viable egg batches revealed that no significant

difference existed between the two categories (p)oO.05), with the exception of cholesterol

which was shown to be significantly greater (po:O.05) in the "non-viable" eggs (Figure 4.1).

Polar lipid classes predominated (67.1 %, viable and 67.0% non-viable), with

phosphatidylcholine (PC) being the major lipid class (43.2% and 43.5%). Triacylglycerol

(TAG) was the main neutral lipid class (18.8% and 17.8%). Fatty acid analysis of the two

egg categories showed no significant differences in the levels of individual fatty acids.

The mean fatty acid profie obtained from four viable egg batches is shown in Figure 42 and

summarised in figure 4.3. Five fatty acids predominated; 16:0, 18:0, 18:1n-9, 20:5n-3 and

22:6n-3.
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50

43.2 43.5 11 .Viable- egg batches

40 ~ -Non-viable- egg batches

Cl
Cl
C'

300
""

i'.'l
.-c... 20

~ 14.6 14.0 14.2 15.3

10

o
SM PC PI PE CH TAG

Lipid Class

Figure 4.1. Comparison of % lipid class composition of "viable" and "non-viable" halibut

egg batches. SM = Sphingomyelin; PC = Phosphatidylcholine; PI =

Phosphatidylinositol; PE = Phosphatidylethanolamine; CH = Cholesterol;

TAG = Triacylglycerol. '*' denotes a significant difference between groups

(p-:0.05) (values expressed as means :tSEM, n=4).
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14:0
15:0
16:0 17.3
16:1

16:2n-3
16:3n-3

18:0 4.8
18:1 n-9 9.0
18:1n-7
18:2n-6
18:3n-6

"' 18:3n-30
c: 18:4n-3
:: 20:0....
I' 20:1 n-9L1

20:1 n-7
20:2n-6
20:4n-6
20:4n-3
20:5n-3 11.9

22:1 n-11
22:1 n-9
22:5n-6
22:5n-3
22:6n-3 25.9

0 10 20 30

Mean % of Fatty Acid

Figure 4.2. Mean percentage total fatty acid profile of totallipids from "viable" halibut egg

batches. (Values expressed as means :tSEM, n=4).
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Figure 4.3. % fatty acid class totals from viable egg batches.
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4. Discussion

Halibut egg batches exhibiting grossly different viability characteristics were very similar in

their lipid composition, regardless of origin or date of collection. Cholesterol was the only

lipid component that showed a small but significant difference between egg categories. The

observed fatty acid profiles were similar to those recorded by Falk-Petersen et aI., (1986) for

halibut eggs collected from wild females at sea. However, the proportion of individual lipid

classes differed considerably between the two studies. Even after takng into account the

omission in the present study of the classes lyso-phosphatidylcholine (LPC) and sterol esters

(SE), the differences are stil quite marked. It is not clear whether these differences reflect the

actual egg compositions or the different analytical techniques used, specifically Iatroscan thin

layer chromatography-flame ionisation detection (Falk-Petersen et al. 1986) versus charing

and densitometry (this study).

In contrast to the results with halibut, Devauchelle et al., (1988) reported greater total lipid

percentages of the dry weight in non-viable (unfertilised) versus viable (fertilised) turbot egg

batches for both captive and hatchery reared broodstock. However, the lipid class and fatty

acid compositions of turbot eggs were comparable between categories. This corresponds to

the current findings on halibut eggs. Scott and Barbour (1992) similarly found little inter-

batch variabilty in turbot egg dry weights or calorific contents for eggs collected from

hatchery reared stock. Grung and Mangor-Jensen (1991) reported considerable intra- and

inter-batch variation in the total free amino acid content of pre-fertilised eggs, but these

differences did not correspond to egg survival up to eight days post-fertilsation. These

results indicate that, for broodstock fed on a consistent diet, differences in the maternal

provision of energy reserves are not a main determinant of halibut or turbot egg viabilty.
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The difference in the levels of cholesterol recorded in the egg batches in this study may be

important given the role of cholesterol in biomembranes. Cholesterol has a condensing effect

on phospholipids in biomembranes and also influences enzymic activity (Van Deenen et al.,

1962). Elevated cholesterolleve1s might therefore have had an adverse effect on the function

of egg membranes leading to reduced viability. Slight differences in membrane lipid

composition might affect their physico-chemical properties and also alter the supply of

precursor fatty acids for eicosanoid production, thus influencing the processes of fertilisation

and the initiation of cell divisions. However the presence of large amounts of egg yolk lipid

may have masked differences in membrane lipids in this study. Further work oñ the lipid

composition of egg membranes might therefore yield more conclusive results.
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Chapter 5 An investigation of some of the
environmental and nutritional aspects of rearing
Atlantic halibut larvae from first-feeding to
metamorphosis.

1. Introduction

A major bottleneck in production for many species of fish developed for commercial

aquaculture has been the stage of the life cycle when the larvae switch from endogenous to

exogenously derived nutrition, known as first-feeding. Prior to this stage there is little if

any control over the nutritional input to the larvae, once the eggs are spawned and

fertilised, apart from the influence of environmental parameters over the rates of utilisation

of the endogenous reserves.

Before the total depletion of exogenous reserves, contained within the yolk-sac, the larvae

are sufficiently well developed to begin capturing and ingesting prey (Pittman et al., 1990).

This allows the larvae to initiate first-feeding before the supply of endogenous reserves

becomes criticaL. However, this overlap only provides a small window of opportunity

within which to initiate exogenous feeding. Research has.shown that this stage is reached

at 200-265Do after fertilisation in Atlantic halibut (Lein and Holmefjord, 1992). The
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successful initiation of first-feeding far from guarantees the survival of halibut larvae as the

next critical stage of the life cycle stil has to be overcome, namely metamorphosis. During

this phase the larvae becomes laterally flattened and the left-hand eye migrates over the top

of the head to the right hand side. The fish pigments only on the right hand side and settles

on the bottom substrate to adopt a more demersallife style (Trumble 1993). The success of

this stage has been attributed to the nutrition of the larvae, specifically the n-3 HUFA

composition (Dickey-Collass & Geffen, 1992; Estevez, 1995, 1996; Devresse, 1994).

In this chapter the experiments have been divided into two sections. Firstly, to investigate

the optimisation of parameters required for the successful initiation of first-feeding and

secondly the impact of different nutritional regimes on halibut larvae after the initiation of

first-feeding to the onset of metamorphosis and pigmentation. The first section on

initiation of first-feeding has been further subdivided into the physical conditions to which

the larvae are exposed to during the investigative period and the nutritional regime with

relation to the prey type.

1.1. Physical Parameters for First-Feeding Larvae

At first-feeding, fish larvae with well developed eyes rely primarily on visual cues in their

environment to initiate first-feeding i.e. colour and movement (Ivlev, 1961). Those

environmental parameters that influence the perception of prey items i.e. light levels,

turbidity and prey density wil determine how competent larvae wil be at this critical

period of their life cycle. Also, competition in the form of larvae-larvae and larvae-

predator interactions wil affect firstly their ability to initiate first-feeding and secondly,

how successful they become once feeding has been established. In the wild, the
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reproductive cycles of marine species occupying temperate waters, are timed so that the

appearance of first-feeding larvae coincides with the spring bloom of planktonic flora and

fauna (Levinton, 1982). The natural environment provides a wide range and combination

of parameters satisfying the niche requirements of many organisms. However, artificial

culture systems are not fully able to mimic the conditions at sea, due to their relative size.

One method of production for halibut larvae has been through the use of what are known as

"extensive" systems. These are characterised by enclosing a large outdoor body of water

and encouraging the natural phyto- and zooplankton to bloom naturally or through the

addition of fertilisers. The larvae are then placed into the system at a pre-feeding stage,

whereupon feeding starts and larvae begin to harvest the naturally-produced live prey.

These types of system are generally low biomass and require very little maintenance.

However, this method, by its very nature limits the location of a potential halibut

production system to an inland, sheltered, deep-water site. Research and commercial

interests in the UK have opted for the alternative "intensive" method, whereby the rearing

system is land-based, using fixed permanent tanks, with a high degree of control over the

environmental parameters and the potential to increase biomass and output. But, by their

very nature land-based systems are relatively small, which means that rearing parameters

must be well defined.

One of the recognised rearing methods is the use of algae in the first-feeding systems,

known as "green" water systems. Many authors have discussed the relative merits of using

"green" water aI!d have attributed the benefits of algae to both physical and chemical

properties. By their very presence algae were considered to optimise the light regime so

that optimal feeding conditions could be provided in relatively small systems by rendering
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prey items more visible to the hunting larvae. This would be achieved as a result of the

suspended matter providing a visual contrast and the scattering the light to make prey more

visible (Boehlert and Morgan, 1985). Also, the light gradient provided in the tank systems

using algae enables a wide range of light levels to be provided over a relatively small

vertical distance, thus permitting larvae to position themselves optimally (Blaxter, 1976).

Hjelmeland et aI., (1988), suggested that algae could be responsible for triggering the

digestive secretions of larvae by their physical presence. Also suggested is that the

nutrition of the larvae might be positively influenced by careful choice of the algae either

directly, through ingestion of the algal cells (Moffat, 1981), or indirectly via the gut

contents of the prey items (van der Meeren, 1991). However, the main benefit of "green"

water appears to be through optimisation of the visual environment (Naas et al., 1992).

Certainly, it has been reported that the use of algae positively influenced first-feeding in

Atlantic halibut (Lein and Holmefjord, 1996). Therefore it was decided to adopt the

"green" water system as standard for all of the following experiments as the general

consensus is that this benefits the establishment of first-feeding..

The light regimes commonly used for halibut have ranged from a few lux to 2000lux

(Gulbrandsen, 1991, 1996; Holmefjord, 1993). Experience at Ardtoe had shown that low

light levels (-:lOOlux) and low algal densities had caused the larvae to "raft" on the surface

immediately after stocking into the first-feeding systems resulting in high mortalities.

These larval deaths were thought to be due to an inability of the larvae to detach

themselves from the surface film. Therefore, it was decided that to encol.rage the larvae to

swim away from the surface, higher light intensities would be used (-600lux) accompanied

by higher algal densities to provide a vertical gradient to allow the larvae to position
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themselves.

One of the aims when developing a species for aquaculture is the desire to rear the

organism at as high density as possible. However, Houde (1975) stated that the limits for

stocking density in sea bream, Archosargus rhomboidalis, were reached sooner than

expected and reported that stocking densities above 8 larvae ¡-I adversely affected larval

survival due, an increase of competitive interactions between larvae. Also mentioned was

the effect the build up of metabolites might have at higher densities of larvae but regular

water exchange or the use of flow through systems would solve this problem.

1.2. Nutritional Requirements for Larvae

The greatest success to date for halibut, in terms of survival and growth, has been achieved

using extensive or semi-intensive larval rearing systems, which rely on using naturally

produced wild zooplankton (Naas et ai., 1987; Holmefjord et al., 1989, 1993; Skjolddal et

ai., 1990; Harboe et ai., 1994). However, recently, the dangers of using wild zooplankton

in the culture of halibut has become clear as large losses of larvae have been attributed to

contamination from wild. For example the cestode, Bothriocephalus gregarius, which

infects turbot (Scophthalmus maximus) has been identified in three species of zooplan,kton

one of them being Eurythemora velox the importance of which wil become apparent later

(Robert and Gabrion, 1991). A way round this problem has been to collect adults from the

wild and allow them to breed in holding tanks thus removing the risk of parasitic infection

from the resultant offspring. However, the technological expertise needed to guarantee a

reliable production of copepods so far alludes most researchers in the field. Hence, to
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overcome the vagaries of zooplankton production, many workers in the field have either

totally or partially switched to using rotifers and Artemia as a source of larval nutrition.

Traditionally, in intensive rearing systems marine larvae are fed rotifers, Branchionus

plicatilis (l50,um), as the larvae grow this is replaced by the larger sized brine shrimp

Artemia (600,um) until larvae are sufficiently developed to be weaned onto inert diets.

The larvae of salmon and trout are large enough at first-feeding to immediately accept inert

diets. By contrast, the larvae of most commercially important species of marine teleost i.e.

cod, halibut turbot seabass and sea bream, require live prey at the onset of exogenous

feeding. The critical factor appears to be the size of larvae at first-feeding. Salmonids can

be 2.5cm or more in length at first-feeding, whereas marine species are much smaller e.g.

turbot, 3.5mm; seabass, sea bream and sole, 4.0-5.0mm; halibut, 7.5-8mm. Halibut and

sole are large enough to begin feeding on brine shrimp. Indeed, current practice in the

culture of Atlantic halibut in 1998 has rendered as obsolete the use of rotifers at first-

feeding. However, at the time of the present experiments it was common practice to use

rotifers. Therefore, one of the aims of this chapter was to disprove this theory and permit

the simplification of the halibut production cycle, thus reducing the energetic burden on

halibut larvae, previously forced to consume an inefficiently small prey item.

In terms of their ease of production, rotifers and particularly Artemia appear well suited to

meeting the live prey requirements of fish larvae reared in commercial operations. The

brine shrimp, which can be purchased as cysts, is easily cultured, resistant to handling and

provides an ideal live diet to initiate exogenous feeding.

However, all fish, particularly marine species require large amounts EP A and DHA to meet
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their essential fatty acid (EF A) requirements to enable normal growth and development

(Sargent, 1995). At the time of first-feeding it has been demonstrated that the larvae of

marine fish are at a nutritionally critical stage, as the maternally supplied endogenous

reserves are at their lowest and larvae must actively seek a suitable exogenous food source.

At the onset of first-feeding visual tissues, although functional, are stil developing. These

neural tissues of the brain and eye of fish larvae are particularly rich in DHA (and to a

lesser extent EP A) and are the predominate tissue type in the early stages of the life cycle.

Bell et al., (1995) demonstrated that juvenile herring (Clupea harengus) fed DHA deficient

diets suffered impaired visual acuity, showing that EFA requirements are -stil high

compared to later stages of the life cycle. However marine teleosts lack the ability to

synthesise these two EFA from their Cl8 precursor linolenic acid (18:3 n-3). This is due to

an apparent deficiency of the .05-desaturase required to convert 20:4 n-3 to EPA and the

'Sprecher shunt', which converts EPA to DHA, operates at a level insufficient to supply

DHA. Therefore, it is imperative that first-feeding diets contain sufficient EFA.

Sadly, it was soon realised that Artemia and rotifers on their own could not meet the

nutritional requirements of marine fish larvae, which resulted in poor growth and survival

(Bolla 1989; Holmefjord et al., 1989; Skjolddal et ai., 1990). These effects have been

attributed to their lipid composition and specifically the supply of long chain

polyunsaturated fatty acids EPA and DHA (Léger et al., 1986; Watanabe et ai., 1978;

Whyte et ai., 1994).

Early experiments carried out by Watanabe et al., (1982) showed that the nutritional

composition of brine shrimp could be enhanced by allowing the Artemia to feed directly on

EFA concentrates mixed into their water, a process now know as enrichment (described in
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the Materials and Methods). Many authors since have demonstrated the effectiveness of

enrichment using commercially available oil emulsions or "in-house" products. This

method of Arte!!ia production and enrichment has now been firmly established in the

production cycle of many of today's commercially important species. However, despite

considerable progress in this area of study, external signs of nutritional deficiencies still

continue to be evident as shown by the induced albinism in juvenile flounder Paraliehthys

olivaceus (Seikai et at., 1987). Certainly, for halibut these deficiencies became apparent at

the time of metamorphosis and pigmentation.

Hence, the major aim of this chapter was to compare available enrichments for Artemia

with the use of wild copepods.

2. Materials and Methods

The experiments have been separated into those intended to investigate the environmental

and nutrition aspects of initiation of first-feeding in halibut larvae and a single experiment

to investigate the effects of 5 experimental diets on halibut juveniles from 14 days after

first-feeding to the on-set of fry settlement, pigmentation and metamorphosis. By using

larvae at a slightly later developmental stage, it was hoped that these individuals would be

more robust because they had survived the rigors of the early stages of first-feeding.
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2.1. Experiments to investigate the environmental and nutritional aspects of initiation of

first-feeding in halibut larvae

2.1.1. System Design

The experimental system consisted of 5 x 1000-1 tanks (75cm depth)O, supplied with

ambient seawater and iluminated with fluorescent light. Within each 1000-1 tank were 4 x

120-1 black plastic bags filed with sterile filtered sea water and suspended from flotation

rings. The whole system was contained within a temperature-controlled room held at

SOC:t 1.0. Prior to each experiment the water in each 120-1 bag was "greened" by adding

algae (Nannochloris atomus) to provide a vertical light gradient within each of the rearing

bags. Thus, the light regime in each bag was approximately 600-1ux at the surface reducing

to 40-1ux at the base (depth 71cm), except where specified. Each bag was stocked with

120 larvae all at 230Do from hatch.

2.1.2. Husbandry

Once stocked with fish the bags were left static for the trial duration for each experimental

period of 14 days. Environmental parameters were measured on a daily basis and included

temperature, salinity, oxygen level (% saturation), ammonia and pH. The levels of

ammonia were kept below 0.4 mg rl by a 20 litre exchange of seawater (approximately twice

during each experiment) using the following procedure. Water was first removed from the

base of each bag using a high surface area siphon. The removal of water was regulated to

take approximately 10- 15 minutes, so that larvae would not become trapped against the filter

gauze of the siphon. The water was replaced via slow siphon from the top of each bag using

filtered, sterilised and "greened" seawater, which had first been temperature acclimated to

avoid temperature shock.
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2.1.3. Diets

All experiments except for experiment 2 were fed Super Selco ™ enriched, AF grade, instar IT

Artemia nauplii (Artemia Systems NV, Belgium). In experiment 2 both prey types (rotifers

and Artemia) were enriched using Super Selco™. The enrichment procedures followed the

protocol provided with Artemia Systems products with some minor adjustments. Prey was

fed once daily at 12,000 and 60,000 per bag for Artemia and rotifers respectively dependent

on the experiment.

2.1.3.1. Protocol for the Rearing and Enrichment of Rotiers

Rotifers were cultured in 401 tanks. The culture media consisted seawater at 25°C and

salinity 20%0, containing microalgae (Nannochloris atomus) and fresh yeast, at a rate of 41

3g-1 tank-I dail. Enrichment was carried out in a 101 container using 2 doses of Super

Selco (Artemia Sytems NV, Belgium) at 50mg rI.

2.1.3.2. Protocol for the Hatching and Enrichment of Artemia.

Both hatching and enrichment of Artemia AF cyst were carried out in 300-1 conical tanks,

each equipped with a diffuse air stone and heater. The conditions used for the hatching of

Artemia cysts are as follows: salinity, 25-35%0; temperature, 25°C; bright ilumination and

strong aeration. AF grade Artemia cysts (Artemia systems) were stocked into the system at

a maximum of 1 -g rl. Once hatched (24h) the instar I nauplii were separated from the

empty eggshells and placed back in the 300-1 conical tank (g 100,000-rl, to which was

added Super SelçoTM (Artemia Systems) (g 0.6-g rl. Enrichment was carried out for 15-

hours to enable the instar IT nauplii to be harvested ready for the feeding between 9 and 10

am each day.
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2.1.4. Source of larvae

Larvae held in the incubation system described in the previous chapter (Chapter 4), were

transferred to the experimental system at a developmental stage of 230 degree-days.

Larvae for each experiment were derived from one batch of eggs.

Categories of surviving larvae

The surviving larvae from the first set of 5 experiments looking at the initiation of first-

feeding could be visually separated into one of the following three categories:

1. Good jaw morphology, able to successfully feed and consequently with a gut full

of prey items (rotifers or Artemia). These larvae at the end of the experiment

were noticeably larger, with deeper bodies.

2. Again, the jaw morphology was normal, however the gut in this category of

larvae was invariably empty and the larvae were visibly smaller with thin bodies.

3. Larvae in this group all had deformed jaws making feeding impossible,

consequently the larvae were thin with empty guts.

2.1.5. Experiment Design

2.1.5.1. Experiment 1: A comparison of different rearing systems for first-feeding larvae

A preliminary experiment to establish the use of the new 120-1 bag system compared to the
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larger 1000-1 systems traditionally used at SEAFISH, Ardtoe. Both systems were stocked

at 1 larvae-! and maintained on Super Selco ™ enriched AF grade stage IT Artemia nauplii

for a period of 14 days. At the end of the trial period the tank levels were lowered the

larvae removed, counted and assessed. The 120-1 bags were carried out in duplicate and a

single tank used for the 1000-1 system.

2.1.5.2. Experiment 2: A comparison the relative success of Artemia. or rotifers as a

suitable diet to initiate first-feeding in halibut larvae.

Two groups of four replicates each were fed either enriched AF grade instar IT Artemia

nauplii or enriched rotifers, Branchionus plicatilis.

2.1.5.3. Experiment 3: The effect of light intensity on the initiation of first-feeding in

halibut larvae.

Two groups of 4 replicates each were established in the trial system. The experiment was

set-up and run according the above protocol, with the exception of lighting. One group

received light levels approximately double those used in the previous experiment (-1100-

lux), whilst the ilumination of the second group was reduced by approximately half to

-350-1ux. Both groups were fed enriched AF grade instar IT Artemia nauplii.

2.1.5.4. Experiment 4: The effect of larval stocking density on the initiation of Jirst-

feeding in halibut larvae.

The effect of larval stocking density on the initiation of first-feeding in halibut larvae fed

enriched instar IT Artemia nauplii. Again the same experimental protocol was maintained.

However, the experimental groups were designed to investigate the effect of stocking

density on larvae first-feeding performance. Three densities of larvae were chosen; 0.5, 1
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and 2_r1, in replicates of four with prey densities to match the number of larvae.

2.2. An experiment to investigate the effects of 5 experimental diets on halibut juveniles

from 14 days after first1eeding to the on-set of fry settlement, pigmentation and

metamorphosis.

2.2.1. Source of larvae

Halibut larvae were derived from a single batch of eggs stripped from a broodstock female

at the SFIA and fertilsed with milt collected from two males. Egg incubation and rearing

of the pre-feeding (yolk-sac) larval stages was carried out according to the procedures

explained fully in Chapter 2. The diet trial utilised established feeding larvae that had been

reared for 13 days beyond first-feeding using the procedures described from the 1992 larval

rearing trials.

At first feeding (214DO from hatch), 520 larvae were transferred from a yolk sac larval

rearing tank to the above-mentioned system, under the same rearing conditions as those

mentioned above (2.1.5.2), where the only difference was that the water temperature was

maintained between 11 to 13°e. The larvae were again fed the enriched Artemia diet

(300mg rI, for 24 hours), but this time in two rations (lO:OOh and l6:30h) of 5,000 Attemia

per ration. On alternate days from day 3 to 13,20-1 of sea water was removed from.each

bag and replaced with an equivalent volume of filtered UV -sterilised sea water. Results

from the previous season and those from the current season demonstrated that daily

assessment of ammonia levels was both time consuming and unnecessary. The problems

associated with ammonia build up could be easily circumvented by water exchanges

mentioned above and so free valuable man-hours.
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2.2.2. Experimental Rearing Tanks

For the evaluation of different larval diets, successfully feeding larvae were transferred on

day 14 post-feeding (382Do), to twenty polythene lined cylindrical PVC tanks, located in

an insulated, air cooled room. The tanks were filed with 100-1 of 5-¡.m filtered, UV

sterilised seawater, containing 5-1 of Nannochloris. Twenty larvae were transferred at

random from the bags into each tank. Continuous overhead tungsten ilumination for each

tank was provided using a single variable light intensity 80Watt-flood lamp (City Electrical

Factors Ltd.), to provide a surface light intensity of 350 lux.

The waters in all tanks were held static from day 14 to 19, with a seawater trickle flow of

0.5-1 min-1 from day 20 onwards, for 8 hours per day via a surface inflow. The outflow,

located near the bottom of each tank, was connected to an external standpipe and protected

by a "banjo" filter screen having a 400-¡.m nylon mesh on the inside of the tank.

Nannochloris sp. was added daily to the tanks, just enough to obscure the tank floor.

Gentle aeration was applied from day 30. Water temperature, salinity and percentage

oxygen saturation were recorded on a daily basis from each tank.

2.2.3. Experimental Diets

Prior to the start of the experiment larvae were reared through the early stages of first feed

Ing on a diet of Super Selco enriched "AF" Artemia from day 14 to 19 (twice daily ration of

5,000 Artemia).

On day 20 each tank was allocated to one of 5 diet treatments, with 4 tanks per diet. Four

Artemia enrichment diets were tested plus one mixed diet of enriched Artemia and calanoid
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copepods (Eurytemora velox). The Artemia enrichment procedures and larval feeding

regimes are described below.

Dietary Treatme_nts (sources below)

iso "EG" grade Artemia cultured with Tahitian strain of Isochrysis sp.

ss

DHASS

"EG" grade Artemia enriched with Super Selco TM.

"EG" grade Artemia enriched with High DHA Super Selco TM.

GSP "EG" grade Artemia enriched with Golden Sea Produce (GSP), in-house dry

enrichment.

iso/cop Mixture of "EG" grade Artemia enriched with Tahitian strain of Isochrysis sp.

and calanoid copepods Eurytemora velox.

Artemia systems "EG" grade cysts (INVE nv) were used for all treatments. Tahitian strain

of Isochrysis sp. was batch-cultured at SEAFISH, Ardtoe. Super Selco and High DHA

Super Selco were obtained from INVE nv. GSP dry enrichment was obtained from Golden

Sea Produce Turbot Hatchery, Hunterston, Scotland. Artemia enrichment was carried out

in 25-1 conical polythene containers at 28°C, with vigorous aeration administered in two

doses of 300mg rI, All enriched diets were rinsed for 15mins using 5¡.m filtered UV-

sterilised seawater before feeding.

Copepods were collected daily by filtration from a 628m3 outdoor production tank. The

copepod zooplankton was size-fractionated using nylon mesh sieves, the 125-250¡.m

fraction being fed to the larvae as these considered to have a more beneficial fatty acid

profile than the adult stages (see below). This fraction meant that the larvae were fed

nauplii (excluding stage IT nauplii) and copepodites.
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At the onset of fry settlement on day 52, the surviving animals were removed from the

experimental tanks, enumerated and pooled into five 200-1 circular weaning tanks

according to diet type. During transfer each fish was examined and classified according to

eye migration and pigmentation and given a relative score (maximum of 5). Provision of

the experimental weaning diets was continued in the weaning tanks until day 78.

2.2.4. Sampling

The 5 experimental diets were sampled on weekly basis in order to monitor variability in

dietary lipid composition. Approximately 20,000 enriched Artemia from each of

treatments 1 to 4 and 5,000 copepods (treatment 5) were sampled on each occasion. The

samples were collected on filter paper, rinsed with distiled water, blotted onto filter paper,

then scraped into pre-weighed sample tubes (Nalgene cryovial, BDH 1.2ml) before storage

in liquid nitrogen.

Larvae were sampled for length, weight and lipid composition on the first day of stocking

into the experimental rearing tanks (day 14), and on the day of transfer to weaning tanks

(day 52). On day 14, four larvae were removed from the static rearing bags for individual

length and weight determination. Each larva was anaesthetised in MS222 60-mg rl (Ross

and Geddes, 1979) and standard length (upper jaw to tip of notochord) measured using an

eye piece graticule fitted to an Olympus SZ60 stereo zoom microscope. The larvae were

rinsed with distilled water, blotted onto tissue paper for 1min, the transferred to pre-

weighed vials for weight measurement on a Sartorius electronic balance (model S 11 0).

Length and weight measurements were also made for those larvae designated for lipid

analysis (14 samples in total), before storing in liquid nitrogen.
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On day 52 three larvae were sampled from each of the 5 weaning tanks once starved for

one feeding interval. Individual length and weight determinations were made as for day 14

larvae. After weighing the larvae from each diet treatment were then frozen in liquid

nitrogen awaiting lipid analysis.

2.3. Analysis

2.3.1. Lyophilisation

The approximate freeze-drying time for all sample types was determined using non-

experimental materiaL. Samples were placed in an Edwards Micro Modulo freeze-dryer

after first freezing in liquid nitrogen. Weight determinations were made hourly until a

constant weight was reached.

Samples destined for lipid analysis were re-hydrated in distiled water saturated with

propan-2-01 and in a sealed container under an atmosphere of nitrogen, for 30-min at 4°C

prior to lipid extraction. Propan2-01 was present to inhibit the action of lipases, which

would otherwise be active at this temperature.

2.3.2. Lipid analysis

All samples were homogenised in a volume of chloroform/methanol (2: 1, v/v) not less than

10: 1 (volume of solvent to weight of sample) but always sufficient to wash the entire

sample from the, storage bottle. The total lipid was extracted using the method of Folch et

al. (1957). Total lipid weights were determined gravimetrically using a Metler H 64

analytical balance. Samples destined for lipid analysis were pooled prior to lipid
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extraction, as the amount of lipid extracted was expected to be insufficient for analysis if

the replicates were considered separately. Extracted total lipid was stored in 2ml glass

screw-top bottles in chloroform/methanol (2: 1, v/v), with all solvent for storage

supplemented with 0.01 % (w/v) butylated hydroxy toluene (BHT) under nitrogen at a

maximum of -20°C.

2.3.3. Class Analysis

Lipid classes were analysed using double development high performance thin layer

chromatography (HPTLC) on 10 H 10 cm silica gel HPTLC plates (B. Merck, Darmstadt,

FRG), following the protocol detailed by Olsen and Henderson (1989). The first solvent

system developed polar lipid classes to a distance of 4.5cm from the origin (methyl acetate:

propan-2-o1: chloroform: methanol: H20 + 0.25%aq KCl w/v; 25:25:25:10:9, by vol.

(Vitello & Zanetta 1978)). The neutral lipid classes were developed in a second solvent

system up to 0.5cm from the top of the plate (hexane: diethyl ether: acetic acid; 90: 10: 1).

The plates were air dried then charred at 160°C for 20 minutes after spraying with copper

acetate/phosphoric acid reagent (Fewster et aL. 1969) and analysed by quantitative scanning

densitometry using a Shimadzu CS9000 densitometer.

2.3.4. Fatty Acid Analysis

Fatty acid methyl esters (FAME) of the total lipid extracts were prepared by

transesterification with 1 % sulphuric acid in methanol for 16 hours at 50°C under nitrogen

(Christie 1982), followed by purification by thin layer chromatography (TLC). An internal

standard of 21:0 free fatty acid was added prior to transmethylation to qllantify fatty acids.

Analyses of FAME were performed on a Packard 436 gas chromatograph detailed in

Tocher et aL. (1985).
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2.3.5. Statistical Analysis

Analytical procedures were identified from Sokal and Rolf (1981) and performed using

Minitab statistical software. Diet dependent differences in larval survival and growth

(length and wet weight) at day 52 were analysed using one way analysis of variance

(ANOV A). When significant F ratios were recorded, multiple pair-wise comparisons of

treatment means were performed using the multivariate t method.

3. Results

3.1. Experiments to investigate the environmental and nutritional aspects of initiation of

first-feeding in halibut larvae

3.1.1. Experiment 1 - The comparison of 120-1 and 1000-1 rearing systems

Figure 5.1 shows the comparative percentage survival rates of first-feeding larvae in the

new smaller experimental systems compared to the traditional method used at SEAFISH,

Ardtoe. The results indicate that the new 120-1 bag system did not adversely affect larval

survival when compared to the larger 1000-1 tanks traditionally used at SEAFISH Marine

Farming unit at Ardtoe. One might even be able to infer that the new system provided a

positive influence for larval halibut.
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3.1.2. Experiment 2 - Artemia versus rotifers

3.1.2.1. General Performance Characteristics

Figure 5.2 summarises the survival of larvae and clearly shows that, when presented with

enriched Artemia, the larvae performed better than those larvae receiving a diet of rotifers,

resulting in significantly (p.:0.05) more category 1 individuals (12.5% & 3.3%; Artemia &

rotifers respectively). The control group starved throughout the experiment produced, as

expected, no successful larvae. However, all three groups produce similar proportions of

category 2 and 3 larvae. The differences mentioned above are most obvious when

examining the change in dry weight of each category of larvae from the separate dietary

treatments with respect to the start of the experiment (Figure 5.3). Category 2 and 3 larvae

from all treatments lost approximately 40% of their dry material over the duration of the

experiment, which was significantly different from the start (p.:0.05).

By examination of Figure 5.3 we can see that feeding larvae from the Artemia fed group

gained significantly more weight and were thus heavier than those from the rotifer dietary

treatment and the starved control group (p.:0.05). Also, larvae category 1 larvae from the

Artemia group were the only ones to significantly increase their dry biomass with respect to

the larvae at the start of the experiment p.:0.05). However, larval length at the endof the

experiment presented in Figure 5.4 shows that the significant differences in performance

highlighted in Figure 5.3, are not so apparent when the lengths of category 1 larvae from

the two fed treatments are compared. However, category 1 larvae stil performed

significantly better in terms of their standard length, when compared to the rest (categories

2 and 3). Interestingly, category 2 and 3 larvae also achieved significant increases in

length.
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Figure 5.1. Comparison of 120-1 and 1000-1 rearIng systems showing the % larval

survival at the end of 14 days first-feeding. Numbers represented on the

graph are % survival for each category of larvae at the end of the

experiment. Values for 120-1 system :tSEM.
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Figure 5.2. % larval survival of larvae fed either enriched AF Artemia or enriched

rotifers. Numbers represented on the graph are % survival for each category

of larvae at the end of the experiment. (Values :tSEM).
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3.1.2.2. Lipid Composition

Due to the limitations of the numbers of larvae permitted for analysis the larvae destined

for lipid analysis were pooled for each experimental group. Therefore, following

differences presented in this part of the results section refers to visible trends in the data

and not statistically proved significant differences.

The amounts of total lipid extracted from pooled samples of larvae, from category 1 and

those that were starved are shown in Figure 5.5, alongside their respective dry weights at

the end of the experiment (mg larvae-I). Total lipid per larvae remained relatively

consistent compared to the change in dry weights with the levels of total lipid close to 200-

¡.g mg-I or 20 %. As samples were pooled no statistical analysis could be performed on the

data. However, the apparent improvements could be perceived in category 1 larvae (24%

& 22%; Artemia and rotifer groups respectively) compared to the larvae at the start (19%).

3.1.2.3. Lipid Class Composition

Figures 5.6-5.8 follow the change in lipid classes (ß%, ß¡.g larva-1 and ß¡.g mg-I) with

respect to larvae at the beginning of the experiment. Figure 5.6 indicates that the

percentage of each lipid class remained relatively unchanged for the group fed the enriched

Artemia, with the exception of phosphatidylethanolamine (PE). The same applied to the

larvae fed enriched rotifers but in addition the amount of triacylglycerol (TAG) showed a

noticeable decrease. The starved control group showed increases in the lipid classes

phosphatidylcholine (PC), cholesterol and sterol ester (SE) combined with a large decrease

in TAG. The change in the amount of lipid per larvae is summarised in Figure 5.7. In this

figure it is possible to surmise that the amounts of each lipid class in category 1 larvae from

both fed groups increase across the whole range of lipid classes. However, the Artemia fed
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group appeared to show a larger general increase compared to those category 1 larvae

receiving rotifers. The exception was TAG as this was noticeably less in rotifer fed larvae

even when compared to thosè at the start of the experiment. In the starved control group,

larvae were characterised by an apparent overall decrease in all lipid classes especially

TAG. Figure 5.8 details the changes in the absolute amounts of each lipid class and

indicates that in general the amounts of each lipid class in category 1 larvae. increased with

respect to the start. An exception to this was again in visible in the amount of TAG in the

rotifer fed group, which apparently decrease over the course of the experiment. The lipid

composition of the starved control group again was characterised by a large decrease of

TAG, but also accompanied by a large rise in sterol ester (SE).
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3.1.2.4. Fatty Acid Composition

Table 5.2 presents the full percentage fatty acid composition of category 1 surviving larvae

compared to the fatty acid composition of larvae at the beginning of the experiment and

those of the starved control group. Again, it is necessary to remind the reader that these

analyses were carried out on pooled samples, so discussion is limited to identify trends in

the data, as no statistical analyses could be performed. It is immediately apparent that the

fatty acid composition of the polar lipid fraction of larvae at the beginning of the

experiment was very similar to that of eggs (Chapter 4). The levels of DHA in the total

polar lipids are similar in the starved group (35.1 %) compared to the start (34.1 %), with the

amounts appearing to follow a decreasing trend in the rotifer and Artemia groups (25.9% &

20.9%; rotifers & Artemia respectively). Examination of the TAG fatty acids indicates the

occurrence of relatively little change in DHA of larvae fed the diet of enriched rotifers, but

an apparent slight reduction could possibly be seen in the starved control group and a large

reduction in the percentage of DHA in those larvae fed the enriched Artemia diet. Also this

was reflected in the ratio of DHA to EP A. All these trends of fatty acid utilisation can also

be seen in Table 5.3, which represents the absolute amounts of fatty acid (J.g) as a

proportion of the larval dry weight.
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Table 5.2. Percent fatty acid composition (expressed as FAME) of total polar lipid and

triacylglycerol (TAG) of category 1 larvae from larvae fed enriched Artemia

and rotifers compared to larvae at the start of the experiment and those from the

starved control group.

Polar Lipid TAG

Artemia Rotifer Starved Artemia Rotifer Starved
Fatty Acid Start Feeders Feeders Start Feeders Feeders

14:0 0.8 0.6 0.6 0.5 0.3 0.0 1.0 0.0
16:0 21.5 16.2 17.8 22.7 11.6 3.5 13.0 8.6
16:1 n-9 3.5 4.0 4.4 1.3 1.7 0.2 1.1 0.9
16:1 n-7 1.0 0.8 0.9 0.5 2.5 0.6 3.0 1.1

18:1 n-9 3.5 4.0 4.4 1.3 1.7 0.2 1.1 0.9
18:1 n-7 1.0 0.8 0.9 0.5 2.5 0.6 3.0 1.1

20:1's 1.6 1.3 1.5 1.5 1.7 4.3 4.4 4.9
22:1's 0.3 0.2 0.0 0.1 2.1 1.7 1.6 2.3

18:2 n-6 0.0 3.0 3.2 0.8 1.4 4.7 1.0 2.3
18:3 n-6 0.0 0.0 0.0 0.0 0.4 0.4 0.0 0.0
20:4 n-6 3.9 5.0 4.5 5.2 3.0 2.8 2.8 2.7

18:3 n-3 0.3 1.2 0.6 0.2 0.3 1.6 0.3 0.0
18:4 n-3 0.0 0.1 0.2 0.0 0.4 0.5 0.4 0.0
20:3 n-3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.0
20:4 n-3 0.2 0.2 0.7 0.2 1.2 0.6 0.4 0.4
20:5 n-3 11.0 13.6 9.9 9.0 9.0 11.8 10.6 8.5
22:5 n-3 1.3 1.0 2.5 1.2 1.8 0.0 1.8 6.6
22:6 n-3 34.1 20.9 25.9 35.1 26.4 8.1 30.1 19.2

I Sats 30.6 27.7 28.2 36.6 26.2 14.8 22.5 23.6

I Monas 17.3 24.6 22.2 20.5 26.4 45.9 26.9 29.3

IPUFA 0.4 4.6 4.1 1.3 3.4 7.0 3.1 3.0

I n-3 52.1 47.7 49.7 53.6 47.3 39.3 50.6 47.0

I n-6 47.6 39.0 41.3 46.6 42.0 26.4 46.0 36.1

I n-3:n-6 4.2 8.2 8.1 6.3 5.1 9.2 4.1 7.2
AA:EPA 13.8 13.3 14.5 16.5 17.4 29.2 18.9 22.6
DHA:EPA 11.2 4.7 5.1 7.4 8.2 2.9 11.2 5.0
AA:EPA 0.4 0.4 0.5 0.6 0.3 0.2 0.3 0.3
DHA:EPA 3.1 1.5 2.6 3.9 2.9 0.7 2.8 2.3
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Table 5.3. i.g mg-1 fatty acid composition (expressed as FAME) of total polar lipid and

triacylglycerol (TAG) of category 1 larvae from larvae fed enriched Artemia

and rotifers compared to larvae at the start of the experiment and those from the

starved control group.

Polar Lipid TAG

Artemia Rotifer Starved Artemia Rotifer Starved
Fatty Acid Start Feeders Feeders Start Feeders Feeders

14:0 0.5 0.5 0.4 0.3 0.1 0.0 0.3 0.0
16:0 13.3 13.3 13.7 14.9 4.5 1.7 4.0 1.5
16:1 n-9 2.2 3.3 3.4 0.8 0.7 0.1 0.3 0.2
16:1 n-7 0.6 0.7 0.7 0.3 1.0 0.3 0.9 0.2
18:1 n-9 5.5 6.9 6.7 8.1 5.8 11.8 4.1 3.0
18:1 n-7 0.4 7.4 4.0 0.0 1.4 6.7 1.0 0.6
20:1's 1.0 1.0 1.2 1.0 0.7 2.1 1.4 0.9
22:1's 0.2 0.2 0.0 0.1 0.8 0.8 0.5 0.4

18:2 n-6 0.0 2.4 2.5 0.5 0.5 2.2 0.3 0.4
18:3 n-6 0.0 0.0 0.0 0.0 0.2 0.2 0.0 0.0
20:3 n-6

20:4 n-6 2.4 4.2 3.5 3.4 1.2 1.3 0.9 0.5

18:3 n-3 0.2 1.0 0.5 0.1 0.1 0.8 0.1 0.0
18:4 n-3 0.0 0.1 0.1 0.0 0.2 0.2 0.1 0.0
20:3 n-3 0.1 0.2 0.2 0.1 0.1 0.1 0.0 0.0
20:4 n-3 0.1 0.2 0.6 0.1 0.5 0.3 0.1 0.1
20:5 n-3 6.8 11.2 7.6 5.9 3.5 5.6 3.2 1.5
22:5 n-3 0.8 0.8 1.9 0.8 0.7 0.0 0.6 1.1
22:6 n-3 21.1 17.3 19.9 22.9 10.3 3.9 9.2 3.3

i, Sats 19.0 22.8 21.6 24.0 10.3 7.0 6.9 4.1

i, Monas 10.7 20.2 17.0 13.4 10.3 21.8 8.2 5.1

i, Dienes 0.3 3.8 3.1 0.8 1.3 3.3 1.0 0.5

i, PUFA 32.3 39.3 38.2 35.1 18.5 18.6 15.4 8.2

i, n-3 29.5 32.1 31.7 30.5 16.4 12.5 14.0 6.3

i, n-6 2.6 6.8 6.2 4.1 2.0 4.4 1.2 1.3

i, n-9 8.5 11.0 11.1 10.8 6.8 13.8 5.8 4.0
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3.1.3. Experiment 3 - llumination, bright or dim?

Figure 5.9 outlines the results of the experiment to determine the ilumination required for

first-feeding halibut larvae. The result shows that the brighter ilumination had a

significantly (p~0.05) adverse effect on larval survival of category 1 animals (13.85% &

9.72%; 350 & 1 lOO-lux respectively), when compared to the lower ilumination.

3.1.4. Experiment 4 - Stocking density

Significant improvements in percentage survival of category 1 larvae were gained when

using larval densities of 0.5 and 2 larvae rl compared to the 1 larvae rl control as

presented in Figure 5.10 (p~0.05). The percentage survival of category 2 larvae was

significantly less than in the lowest stocking density compared to the remaining groups

(p~0.05). A decreasing trend of total larval survival (the sum of all categories of larvae)

was apparently correlated with stocking density. However, the only significant difference

was between the highest and lowest density groups (p~0.05).
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Figure 5.9. % survival of larvae from ilumination experiment using two light levels of

350 and 1100 lux. Values are express as means :!SEM.
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1 and 0.5 larvae rl. Values are express as means :tSEM.
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3.2. An experiment to investigate the effects of 5 experimental diets on halibut juveniles

from 14 days after first-feeding to the on-set offry settlement

3.2.1. Total Lipid Composition of Diets

The percentage total lipid composition of the five experimental diets (Table 5.4) was based

on a mean of three samples taken during the experiment, which showed that no significant

differences existed between the diets (p.:0.05). However, the amount of total lipid

extracted from samples of iso/cop diet did indicate a downward trend in the percentage

of total lipid. Samples taken separately to determine specifically if any variation existed in

the copepod culture system showed that a moderate change in the total lipid composition

occurred between the adult and copepodite stages (Table 5.5).

The adult copepods contained the highest percentage of lipid at 3.3% followed closely by

the intermediate copepodite stages (2.5%). However, the most striking difference could be

seen in the nauplii stages, which appeared to contain proportionately less total lipid than

either of the other two stages (0.3% total lipid). These changes in total lipid are also

reflected in the lipid class and fatty acid composition of the different life stages. Table 5.5,

indicates than the amount of polar lipid varies according to nauplib-copepodite::adult, with

neutral lipid following the reverse trend. This same variation applies to the

monounsaturated and PUFA respectively in their fatty acid compositions (Table 5.6).
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Table 5.4. Total lipid composition of experimental diets for 1993 larvae feeding

experiment.

Wet Weight (mg)

Sample Date ISO SS SSDHA GSP iSO/COP
24-9-93 286.3 172.2 206.3 270.4 380.4
30-9-93 268.9 232.2 242.6 248.6 629.8
7-10-93 325.9 234.0 284.4 320.6 513.4
Mean 293.7 212.8 244.4 279.9 507.9

Lipid (mg)

24-9-93 7.2 6.0 5.8 7.4 18.7
30-9-93 7.4 6.3 6.5 7.7 21.3
7-10-93 9.2 7.9 8.9 7.8 10.4

Mean 7.9 6.7 7.1 7.6 16.8

% Lipid

24-9-93 2.5 3.5 2.8 2.7 4.9
30-9-93 2.8 2.7 2.7 3.1 3.4
7-10-93 2.8 3.4 3.1 2.4 2.0
Mean 2.7 3.2 2.9 2.8 3.4
SEM 0.08 0.20 0.11 0.16 0.68
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Table 5.5. Percent lipid class composition of copepod stages of Eurytemora velox used

during 1993 larvae first-feeding experiment. (% total lipid 0.3,2.5 and 3.3% of

nauplii, copepodite and adults respectively).

Nauplii

Lipid Class Mean
Copepodites

Mean

Adults

Mean

LPC 2.4 1,0 1.4

SM 3.1 1.9 1.4

PC 18.1 13.0 10.7

PI 5 3.4 2.2
PA/CL 1.3 1.0 1.0

PE 12.3 10.0 7.6

PL 42.2 30.3 24.3

CHOL 16.1 7.2 6.0
FFA 7.2 4.2 5.9
TAG 32.6 54.6 60.5
NL 55.9 66.0 72.4
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Table 5.6. % Fatty acid composition of copepod stages of Eurytemora velox used during

1993 larvae first-feeding experiment. (% total lipid 0.3, 2.5 and 3.3% of

nauplii, copepodite and adults respectively).

Nauplii Copepodites Adults
Fatty Acid Mean SEM Mean SEM Mean SEM

14:0 2.6 0.4 4.4 0.2 2.6 0.4
16:0 15.7 0.5 15.4 0.1 15.9 0.5
18:0 3.1 0.2 1.6 0.1 1.6 0.2

16:1n-7 6.1 0.3 13.3 0.2 14.8 0.3
18:1 n-9 3.0 0.1 3.7 0.1 5.2 0.6
18:1n-7 4.5 0.1 4.2 0.1 4.3 0.1

20:1n-9 2.6 1.6 0.3 0.0 0.4 0.0
22:1 n-11 0.0 0.0 0.1 0.0 0.1 0.0
24:1 n-9 0.8 0.0 0.5 0.1 0.7 0.1

18:2n-6 1.8 0.5 2.7 0.1 2.9 0.2
18:3n-6 0.7 0.1 0.7 0.0 0.6 0.0
20:2n-6 0.5 0.1 0.4 0.0 0.4 0.0
20:3n-6 0.2 0.0 0.2 0.0 0.2 0.0
20:4n-6 3.4 0.2 3.1 0.1 3.2 0.2
22:5n-6 0.7 0.1 0.7 0.0 0.7 0.0

18:3n-3 3.4 0.1 4.9 0.1 4.4 0.1

18:4n-3 5.5 0.4 10.1 0.0 7.8 0.0
20:4n-3 0.3 0.1 0.2 0.0 0.1 0.1

20:5n-3 17.0 0.2 13.9 0.0 13.3 0.2
22:5n-3 0.5 0.1 0.5 0.0 0.4 0.0
22:6n-3 20.2 1.2 11.6 0.4 10.4 0.3

I Sats 22.3 0.6 22.4 0.3 23.1 0.6

I Monos 17.3 1.4 22.6 0.3 26.1 1.1

I PUFA 54.3 1.7 49.2 0.5 44.5 0.4

I n-3 47.0 1.5 41.3 0.4 36.4 0.2

I n-6 7.3 0.5 7.9 0.1 8.1 0.3

I n-3:n-6 6.4 0.4 5.2 0.0 4.5 0.2

AA:EPA 0.2 0.2 0.2

DHA:EPA 1.18 0.83 0.78
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3.2.2. Fatty Acid Composition of the Diets

Generally, comparisons of the Artemia and iso/cop diets (Table 5.7) showed that the

iso/cop contained higher proportions (%) of saturated (Sats) and monenoic fatty acids

(monoenes), whilst at the same time containing lower proportions of polyunsaturated fatty

acids (PUFA) and omega 3 series fatty acids (n-3's). Examining the monoenes in greater

detail by looking at the relative proportions of the individual fatty acids, it is revealed that

the Artemia groups are dominated by the C18 monoenes (18:ls), whilst 16:1 fatty acids

(specifically 16:1n-7) predominates in the iso/cop fed group.

The n-3 fatty acids are the predominant PUFA in all five diets. The total omega 6 series

fatty acids (n-6's) showed no significant differences between the diets, which in

conjunction with the significantly lower n-3's in the copepod group, resulted in a

significantly lower n-3: n-6 ratio in the iso/cop group (po:O.05). However, there were

some variations in individual fatty acids worthy of note. The analysis of the Artemia based

diets showed that the majority of the n-6 fatty acid was 18:2n-6, whereas the iso/cop diet

showed an equal distribution among a-linoleic acid (18:2n-6), arachidonic acid (20:4n-6)

and 22:5n-6. The levels of a-linoleic in the iso/cop diet were significantly lower than in

the Artemia diets, while there was a signifiCantly higher level of arachidonic acid in the

iso/cop diet. The higher amounts of n-3 fatty acid in the Artemia diets were due entirely

to linolenic acid (18:3n-3), characteristic of Artemia, whereas the n-3's in the iso/cop diet

were comprised mainly of eicosapentaenoic acid (EP A) and docosahexaenoic acid (DHA).

The relative proportions of these important fatty acids (EP A and DHA) in all diets, (DHA:

EP A) was very similar resulting in no significant differences between the diets. The ratio

of arachidonic acid (AA) to EP A showed some significant differences between diets, with
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two distinct groups emerging, with iso, GSP and .ISO/COP having a significantly higher

ration when compared to SS and SS DHA diets.

Table 5.7. % Fatty acid composition of diets used in 1993 larvae feeding trials

ISO SS SS DHA GSP iso/cop
Fatty Acid Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
14:0 1.1 0.09 0.6 0.08 0.6 0.03 1.4 0.08 3.8 0.38
16:0 10.1 0.10 10.1 0.64 9.7 0.19 11.1 0.33 23.7 0.73
18:0 6.3 0.14 6.7 0.69 6.1 0.05 8.6 0.98 1.8 0.17

16:1n-7 3.28 0.49 3.08 0.34 2.78 0.18 3.48 0.12 30.91) 2.15
18:1 n-9 15.4 0.20 16.0 0.45 15.1 0.07 15.2 0.45 5.7 0.05
18:1 n- 7 6.9 0.36 6.4 0.31 6.3 0.07 6.2 0.45 3.3 0.24
20:1n-9 0.6 0.03 1.5 0.17 0.6 0.03 2.4 0.31 0.5 0.00
22:1n-11 0.2 0.03 0.6 0.05 0.2 0.00 2.2 0.45 cr 0.03
24:1 n-9 0.3 0.05 0.5 0.09 0.6 0.12 0.4 0.07 0.9 0.12

18:2 n-6 4.68 0.20 4.98 0.21 4.58 0.03 4.08 0.05 1.21) 0.03
18:3 n-6 0.0 0.03 0.1 0.05 0.1 0.00 0.1 0.00 0.1 0.03
20:2 n-6 0.3 0.08 0.2 0.03 0.2 0.00 0.2 0.00 0.2 0.00
20:3 n-6 0.2 0.05 0.1 0.00 0.1 0.03 0.1 0.00 0.4 0.00
20:4 n-6 0.68 0.00 0.68 0.03 0.68 0.05 0.68 0.03 1.81) 0.14
22:5n-6 0.1 0.05 0.1 0.03 0.0 0.00 0.2 0.03 1.0 0.23

18:3 n-3 28.0 1.24 24.5 1.75 27.8 0.52 23.3 1.11 0.8 0.05
18:4 n-3 6.7 0.37 4.2 0.62 4.9 0.23 5.8 0.21 0.6 0.03
20:3 n-3 1.8 0.03 1.5 0.07 1.7 0.03 1.4 0.07 0.0 0.00
20:4 n-3 1.1 0.10 1.0 0.09 1.1 0.05 1.0 0.03 0.2 0.05
20:5 n-3 3.18 0.26 6.11) 0.36 5.81)c 0.55 3.88C 0.47 9.9d 0.45
22:5 n-3 0.0 0.00 0.6 0.09 0.2 0.03 0.1 0.00 0.2 0.00
22:6 n-3 1.28 0.17 2.781) 0.28 2.881) 0.21 1.781) 0.29 6.01) 1.66

L Sats 19.081) 0.32 19.081) 1.30 17.88 0.21 22.51) 1.33 30.6c 1.04
L Monas 26.78 0.97 28.081) 0.83 25.58 0.27 29.981) 0.10 41.4b 1.94
L PUFA 47.68 1.42 46.68 2.22 49.98 0.15 42.38 1.42 22.61) 2.29
L n-3 41.98 1.36 40.58 2.18 44.48 0.15 37.28 1.38 17.61) 2.13
L n-6 5.8 0.11 6.0 0.27 5.5 0.05 5.1 0.05 5.0 0.24
n-3:n-6 7.38 0.20 6.88 0.46 8.18 0.08 7.28 0.21 3.51) 0.33
AA:EPA 0.28C 0.02 0.11) 0.00 0.11) 0.00 0.28C 0.01 0.2c 0.01
DHA:EPA 0.4 0.05 0.4 0.06 0.5 0.02 0.4 0.03 0.6 0.14

letters a,b,c,d - denote a significant difference between Control & Ropufa (po:O.05)
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3.2.3. General Larvae Parameters

All groups gai!1ed considerable weight during the experiment, when expressed as dry

weight (Figure 5.11). The highest and lowest larvae dry weights were from the iso/cop

and iso fed groups respectively, followed an ascending trend of the order Super Selco, SS

DHA and GSP. All diet groups were significantly different from the Start (po:O.05),

however, when comparing the differences between diet groups only the iso and GSP

groups were significantly different from the iso/cop group (po:O.05). The gain in weight

of larvae from each diet group compared to the start, was confirmed by a significant

increase in the amount of total lipid in each diet group as seen in the Ilg of lipid per

individual larvae (Figure 5.12). However, the absolute amounts of lipid expressed per unit

of dry weight indicate that the amount of lipid significantly decreased in all diet groups

when compared to the beginning of the experiment (Figure 5.13) (po:O.05). Figure 5.14

shows that each diet group exhibited a significant increase in standard length compared to

the start of the experiment (po:O.05). However, between diet groups only the iso/cop

group showed a significant difference from the others (po:O.05). Interestingly, the relative

increase in length of all the diet groups compared to the weight gain was considerably less.

Generally length increased by an approximate factor of 1.1 and weight by a factor of 10.

Figure 5.15 summarises the relative quality scores based on assessments made of eye

migration and pigmentation and shows that the iso/cop group produced the .most

morphologically correct larvae at the end of the experiment (po:O.05).
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Figure 5.1 1. The performance of larvae throughout the experiment comparing larval dry

weight (mg) per individual at the Start, to that of each dietary group at the

Finish of the experiment. Significant improvements in growth of each diet

group at the Finish compared to the Start are shown suffixed '*'. Points

suffixed with a different letter show significant differences between dietary

treatments (p -(0.05).
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Figure 5.12. The performance of larvae throughout the experiment compares total lipid

(mg) per individual at the Start, to that of each dietary group at the Finish of

the experiment. Significant improvements in growth of each diet group at the

Finish compared to the Start are shown suffixed '*'. Points suffixed with a

different letter show significant differences between dietary treatments (p

0:0.95).
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Figure 5.13. The performance of larvae throughout the experiment compares absolute

amounts of total lipid (mg) per individual at the start, to that of each dietary

group at the finish of the experiment. Significant improvements in growth of

each diet group at the finish compared to the start are shown suffixed '*'.

Points suffixed with a different letter show significant differences between

dietary treatments (p .:0.05).
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Figure 5.14. Performance of larvae throughout the experiment compares standard length

(mm) per individual at the start, to that of each dietary group at the finish of

the experiment. Significant improvements in growth of each diet group at the

Finish compared to the Start are shown suffixed '*'. Points suffixed with a

different letter show significant differences between dietary treatments (p

-:0.05).
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Figure 5.15. Relative quality scores for classification of larval physical performance

parameters. Points suffixed with a different letter show significant differences

between dietary treatments (p .:0.05).
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3.2.4. Larvae Lipid Class Composition

Table 5.8 summarises the percentage lipid class composition of the larvae fed the five

experimental diets and compared to those at the outset of the experiment. The major

component of the total lipid fraction of the larvae was neutral lipid (NL), dominated by

triacylglycerol (TAG). The next most abundant class, phosphatidylcholine (PC), could be

found in the polar lipid fraction (PL), followed closely by phosphatidylethanolamine (PE).

However, a notable exception was found in the lipid composition of the GSP diet group,

where the situation between PC and PE was almost reversed. Another change iñ emphasis

was also found when comparing PS and PI; PI being larger in the copepod group and PS

greater in all other diet groups, including the larvae at the start of the experiment.

Examining the percentage lipid class compositions of the larvae at the start of the

experiment compared to those at the finish of the experiment showed some significant

variations. The ISO and GSP groups were the least changed compared to the start in terms

of general class composition. In the GSP group PC showed a slight but significant decline,

whilst the amount of free fatty acid (FFA) in the ISO group showed a marginal but

significant increase (p-e0.05). Both the Selco groups (SS and DHA SS) showed significant

decreases in sphingomyelin (SM) and phosphatidylserine (PS) and an increase ÌnTAG

(p-e0.05). Accompanying these changes was a significant decrease in the percentage of PC

in the DHA SS group (p-e0.05). The iso/cop group also showed a significant decrease in

PS and an increase in TAG, but a significant increase in PI and a decrease in the NL class

sterol ester (SE) accompanied these changes (p -eO.05).
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Table 5.8. % lipid class composition of larvae showing the lipid classes at the start of the

experiment, compared to those at the finish as represented by the diet groups;

iso, SS, DHA SS, GSP and iso/cop.

ISO/

Lipid Start ISO SS DHASS GSP COP
Class Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

LPC 0.1 0.05 0.6 0.03 0.8 0.09 0.7 0.03 0.8 0.15 0.2 0.17
SM 2.3 0.20 1.6 0.17 M 0.15 1: 0.07 1.7 0.06 1.8 0.19
PC 19.9 0.72 17.6ab 0.56 17.5ab 0.86 16.4b 0.41 15.4b 1.43 20.9a 0.56
PS 3.8 0.15 3.5 0.18 2.9 0.19 II 0.14 3.6 0.44 2.8 0.19
PI 2.9 0.12 3.2ab 0.21 2.8b 0.09 2.8b 0.04 2.7b 0.13 3.5a 0.11

PE 15.1 0.37 15.5 0.30 13.9 0.41 15.2 0.72 16.0 0.58 13.7 0.35
PL 44.1 1.27 42.0 0.98 39.1 0.46 39.3 1.31 40.4 1.51 42.9 1.37
PC:PE 1.3 0.04 .1a 0.04 1.3ab 0.04 1:a 0.04 l,a 0.05 1:b 0.06

CHOL 16.6 0.56 18.3 0.53 16.7 1.10 18.1 0.52 18.6 1.03 14.8 0.39
FFA 5.2 0.58 7.8 0.12 6.4 1.26 5.9 0.29 6.5 0.14 3.6 0.32
TAG 24.0 1.07 23.4 0.05 30.4 2.46 27.5 1.22 25.4 2.17 32.2 1.25
SE 10.1 1.24 8.5 0.64 7.4 0.42 9.1 0.18 9.1 1.51 6.5 0.34
NL 55.9 1.27 58.0 0.98 60.9 0.46 60.7 1.31 59.6 1.51 57.1 1.37

letters a,b - denote a significant difference between diet group at the end of the experiment (p-c0.05)
underlined - denotes a significant difference between the diet groups and the start (p-cO.05)

Differences between the percentage lipid compositions of the diet groups themselves at the

finish of the experiment were confined solely to the polar lipid (PL) fraction and only in the

pc and PS. PC was significantly larger in the iso/cop group when compared to DHA SS

and GSP groups and a significant increase in Pi could be seen in the copepod group

compared to DHA SS, GSP and SS groups (p-c0.05).

As already stated above, the amount of total lipid per larvae showed a large increase during

the course of the experiment. Consequently, the amount of each lipid class in /-g larvae-i

also showed the same significant increase in each diet group when compared to the start of

the experiment (Table 5.9). Examination of the amounts of each lipid class per larvae from
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each diet group with respect to each other showed some differences in composition.

Table 5.9. ¡.g larvae-i lipid class composition of showing the lipid class composition at

the start and finish of the experiment for each diet; iso, SS, DHA SS, GSP and

iso/cop.

ART!
Lipid Start ART SS DHASS GSP COP
Class Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

LPC 0.2 0.16 9.2 0.95 21.2 5.57 14.0 1.60 16.9 4.83 7.2 5.87
SM 7.2 0.62 23.8a 5.03 36.1ab 5.05 22.6a 0.18 35.9ab 7.98 61.3b 5.16
PC 63.5 7.58 251.3a 32.08 483.7ab 105.12 332.8a 17.93 329.0a 91.52 738.6b 50.23
PS 12.1 1.41 49.3a 4.12 74.7ab 6.70 62.2a 1.64 69.7ab 12.97 97.5b 3.64
PI 9.5 1.22 45.4a 5.09 76.4ab 14.90 57.6a 3.55 55.5a 13.19 123.1 b 11.71
PE 48.1 5.34 221.4a 28.09 369.9ab 51.85 308.5ab 14.93 320.4ab 63.91 483.8b 32.05
PL 140.5 15.74 600.4a 74.33 1062.0ab 187.55 797.6a 38.54 827.3a 191.87 1511.4b 99.13

CHOL 52.3 5.25 266.4 45.97 436.8 40.04 367.6 /17.37 362.8 60.95 528.1 57.97
FFA 15.8 1.70 111.5 13.89 163.6 23.99 121.9 13.78 130.5 24.95 128.6 19.44
TAG 77.8 10.02 337.1a 48.55 843.0ab 192.96 567.2ab 67.94 537.2ab 133.74 1152.0b 142.53

SE 30.7 3.43 124.5 22.91 194.5 23.71 185.5 17.58 165.4 14.69 229.6 22.20
NL 176.6 16.26 839.5a 130.50 1637.8ab 257.57 1242.2ab 116.10 1195.9ab 231.79 2038.4b 232.62

TL 317.1 31.00 1439.9a 204.12 2699.8ab 445.03 2039.9ab 151.20 2023.2ab 418.68 3549.8b 325.36

All values from the 5 diets are significantly different from the start (p-:O.05)
letters a,b - denote a significant difference between diet group at the end of the experiment (p-:0.05)

underlined - denotes a significant difference between the diet groups and the start (p-:0.05)

The SS, DHA SS and GSP groups did not differ significantly from each other in all lipid

classes. However, all groups with the exception of SS showed some significant differences

to varying degrees with respect to the copepod group (p.:0.05). The larvae from the iso

diet group performed significantly worse than the iso/cop group in every lipid class

(p.:0.05), whereas the SS group showed no significant difference in any lipid class. The

polar lipid classes PC, Pi and the total polar lipid itself were all significantly less in the
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GSP group compared to the iso/cop group (p..0.05). DHA SS differed significantly in

the majority of polar lipid classes with the exception of PE (p..0.05).

The final representation of the lipid class composition of the larvae was as a proportion of

the dry weight (,ug mg-1) as shown in Table 5.10.

Table 5.10. ,ug mg-1 lipid class composition of larvae showing the lipid classes at the start

of the experiment, compared to those at the finish as represented by the diet

groups; iso, SS, DHA SS, GSP and iso/cop.

ART!

Lipid Start ART SS DHASS GSP COP
Class Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

LPC 0.11 0.10 0.9 0.04 1.3 0.17 1.1 0.04 1.3 0.22 0.4 0.30
SM 4.70 0.35 2.3ab 0.21 2.3ab 0.15 Ma 0.13 2.8b 0.09 lib 0.37
PC 40.35 1.64 24.7a 1.10 29.6ab 2.71 25.6a 0.82 24.9a 1.23 36.6b 1.41

PS 7.69 0.28 4.9 0.29 4.8 0.20 4.8 0.26 6.0 1.00 4.9 0.37
PI 5.97 0.28 4.5a 0.35 4.7ab 0.36 4.4a 0.10 4.4a 0.22 6.1 b 0.31
PE 30.70 1.35 21.8 0.71 23.2 0.38 23.8 1.23 26.3 2.09 24.0 0.75
PL 89.52 3.25 59.1 2.15 65.8 3.35 61.5 2.43 65.8 2.76 75.0 3.32

CHOL 33.74 1.77 25.7 0.48 27.8 1.02 28.4 1.14 30.6 3.26 25.9 0.34
FFA 10.39 1.06 11.0 0.28 10.5 1.55 9.3 0.45 10.7 0.74 6.3 0.64
TAG 49.26 3.54 32.9a 0.40 51.6b 6.25 43.0ab 1.57 41.2ab 2.26 56.2b 1.51

SE 20.50 2.66 12.0 0.77 12.3 0.14 14.1 0.13 15.3 3.27 11.3 0.81
NL 113.89 5.38 81.5 0.35 102.2 4.33 94.8 1.84 97.8 6.40 99.7 1.99
TL 203.41 6.96 140.7a 1.80 167.9b 7.53 156.3ab 1.80 163.6ab 8.07 174.8b 3.09

letters a,b - denote a significant difference between diet group at the end of the experiment (p-c0.05)
underlined - denotes a significant difference between the diet groups and the start (p-c0.05)

The amounts of all polar lipid classes and total lipid were significantly lower when

compared to the start, in all diet groups, with the exception of PC and Pi in the iso/cop

group, PS and PE in the GSP group and Pi in the SS group (p..0.05). Again, the iso group
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showed the most change with respect to the start, as all neutral lipid classes (excluding

FFA) were significantly less (p -:0.05). The iso/cop group was the only other to be

significantly different from the start with both cholesterol (CHOL) and SE showing

significant reductions (p-:0.05). Again, the iso/cop group was most different from the

other groups, with the iso group again differing the most, as PC, Pi in the polar classes,

TAG in the neutral classes and TL all significantly less (p-:0.05). Also, the SS group

showed a significant improvement compared to the iso group in TAG and TL (p-:0.05).

The DHA SS group differed from the iso/cop group only in the polar lipid classes and

showed significant less PC, Pi and SM (p-:0.05). The amount of SM was also significantly

less when compared to the GSP group (p-:0.05). The GSP group showed significant

reductions of PC and Pi only when compared to the iso/cop group (p-:0.05).

However, by examination of the absolute levels of lipid i.e. lipid weight expressed as a

proportion of the dry weight (Figure 5.13), we can see that generally the larvae at the start

of the experiment contained a higher amount of lipid when expressed as a proportion of the

dry weight. Examining the individual classes reveals some interesting exceptions. The

iso/cop group was the least changed from the start as PC and Pi both showed no

significant change and TAG exhibiting a significant increase (p-:0.05). The TAG in the SS

group showed no significant difference from the start. Comparisons between the groups at

the end of the experiment showed that in terms of the class composition the iso and

iso/cop groups were the most different from each other with the remaining groups

occupying the middle ground. Also the iso/cop group shows a change in emphasis when

looking at the relative magnitude of PS and PI. In the iso/cop grQup PI represents a

greater amount of the total lipid than PS. All the other groups including the start show that

PS is the larger component. The only class to show a significant increase was TAG in the
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iso/cop group when compared to the other diets at the end of the experiment (po:O.05).

3.2.5. Larvae Fatty Acid Composition

The percentage fatty acid composition of the larvae at the beginning of the experiment was

predominantly polyunsaturated fatty acid (PUFA) at 43.3%, dominated by the omega 3

series fatty acids (n-3's) eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid

(DHA; 22:6n-3) at 11.1 % and 14.3% respectively (Table 5.11). The monoenes were the

next largest category of fatty acid (26.7%) followed by the saturated fatty acids at 24.9%.

Both iso and GSP groups showed relatively little difference from the start of the

experiment with exception of the DHA: EP A ratio which was significantly reduced from a

starting value of 1.3 to 0.4 and 0.7 (iSO & GSP respectively) (po:O.05). Again, the

iso/cop group followed the same general pattern, but a significant reduction of the DHA:

EP A ratio was accompanied by a reduction in total omega 6 series fatty acids (n-6' s) and

an increase in the ratio of n-3: n-6 fatty acids (po:O.05). The SS and DHA SS groups

appeared to be quite similar as both showed significant reductions in the proportions of

total saturated fatty acids (saturates), 24.9%, 20.2% and 20.7%; start, SS and SS DHA

respectively) and DHA: EP A ratio (0.5 & 0.6; SS & DHA SS respectively) (po:O.05). Also,

in these two groups the amounts of total n-3' s significantly increased when compared to the

start; 32.9%, 39.2% and 37.5% (start, SS & DHA SS respectively).

Examination of the total values for the fatty acid groups does not tell the whole story. The

total monounsaturated fatty acids (monoenes) appear not to show any significant change

from the start of the experiment. However, all groups fed using solely Artemia as there

enrichment base showed significant declines in 16:1n-7 and increases in 18:1n-9 (po:O.05).
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In the ISO/COP group, not only were there significant changes in these fatty acids

compared to the start but also a change in emphasis with 16: 1 n-7 becoming the more

predominant. The n-3's were also subject to reorganisation with large significant increases

in 18:3n-3 and 20:3n-3 (p-(0.05), accompanied by general reductions of EPA and DHA.

But again the iso/cop group proved to be different as the proportions of 18:3n-3 and

20:3n-3 remained unchanged from the start of the experiment, but EPA significantly

increased (p-(0.05). The differences between diet groups have, in general, been mentioned

above. However, saturates in the SS and DHA SS groups showed a significant reduction

when compared to the iso/cop group (p-(O.05).

Table 5.12 presents the total amounts of fatty acid in ¡.g from the means of larvae analysed

from each diet group. In general, all dietary groups showed significant increases in their

total fatty acid composition with respect to larvae analysed at the beginning of the

experiment (p-(0.05). An exception worthy of note was the lack of a significant increase of

DHA in the ISO diet group.

Although, large differences in the total fatty acid per larvae could be seen, only when

comparing the iso and iso/cop groups could a significant difference be proved; 774.1¡.g

and 205L3¡.g per larvae for iso and iso/cop respectively (p-(0.05). The most striking

significant differences of individual fatty acids were seen in AA, EPA and DHA in the

iso/cop group compared to the rest of the dietary treatments, as all showed a significant

increase in the amount present per larvae in the iSO/COP diet group. In general the %

difference mentioned previously were apparent in the overall amounts per larvae. .
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Table 5.13 shows in full the amount of fatty acid (llg) in proportion the final dry weights of

the larvae.. Again, the overall pattern of change presented in Table 5.1 1 is reflected in the

changes in the absolute amounts of fatty acid. But, the data shows that the iso group

showed significant reductions in all total fatty acid groups (poeO.05). DHS SS and GSP

groups also showed a significant reduction in the total fatty acid as well as total monoenes

and saturates (poeO.05). All diet groups showed significant reductions of total n-6' s, with

the exception of GSP. The absolute amounts of fatty acid in the iso/cop group were the

least change from the start.

As in the early life stages of many species of marine teleost the major PUFA was DHA

followed by EPA producing a DHA: EPA ratio of 1.3. At the end of the experiment all the

groups had DHA: EPA ratios of less than 1. These changes in the DHA: EPA ratios are

accounted for by a variety of changes in the fatty acid composition of the experimental

groups (Figure 5.16). The iso, DHA SS and GSP groups all showed a significant decline

of both these fatty acids accompanied by a reduction of the ratio caused by a marginally

greater decline in DHA compared to the start (poeO.05). The SS group only showed a

significant decrease in the proportion of DHA to account for the ratio dropping below 1

(poeO.05). The Copepod group showed only a slight reduction in the absolute amount of

DHA (Table 5.13), however the ratio was stil forced below 1 by a significant increase in

the amount ofEPA (poeO.05).
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Table 5.11. % fatty acid composition of larvae sampled at the start and finish of the

e~periment.

ISO/
Start ISO SS SSDHA GSP COP

Fatty Acid Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

14:0 0.5 0.12 0.3 0.10 0.4 0.08 0.7 0.15 0.8 0.18 1.4 0.39
16:0 14.2 0.47 12.3a 0.47 11.2a 0.48 11.7a 0.30 12.5a 0.32 17.0b 0.64
18:0 7.6 0.17 7.8 0.08 7.4 0.21 7.0 0.23 7.4 0.21 4.9 0.36

16:1n-7 2.7 0.13 1.7a 0.05 2.0a 0.13 1.9a 0.18 1.9a 0.12 14.1b 2.18
18:1n-9 12.5 0.48 15.9a 0.35 15.8a 0.51 14.9a 0.18 14.9a 0.42 6.6b 0.75
18:1 n-7 6.1 0.23 6.5 0.10 6.8 0.20 6.0 0.11 5.7 0.21 5.9 0.33
20:1n-9 1.0 0.12 1.1 0.02 0.7 0.25 1.1 0.13 1.1 0.11 0.5 0.07
22:1 n-11 0.2 0.03 0.2 0.03 0.2 0.01 0.2 0.03 0.2 0.03 0.2 0.09
24:1n-9 1.1 0.34 0.9 0.23 0.1 0.08 0.1 0.04 0.1 0.08 0.3 0.04

18:2n-6 3.9 0.38 4.5a 0.08 4.6a 0.16 4.6a 0.11 4.4a 0.19 1.5b 0.20
18:3n-6 0.5 0.18 0.5 0.03 0.5 0.04 0.5 0.02 0.5 0.05 0.3 0.02
20:2n-6 1.2 0.22 1.3 0.31 1.2 0.31 1.1 0.28 1.3 0.50 0.7 0.26
20:4n-6 3.3 0.12 2.5a 0.12 2.1a 0.34 2.1a 0.12 2.4a 0.34 4.0b 0.25
22:5n-6 0.9 0.33 0.2 0.03 0.1 0.07 0.2 0.07 0.3 0.10 0.9 0.01

18:3n-3 1.6 0.22 12.1a 0.64 14.1a 1.38 14.1a 0.46 ii:!t 1.85 1.9b 0.60
18:4n-3 0.4 0.05 2.5 0.16 2.3 0.30 2.5 0.38 2.6 0.55 0.7 0.17
20:3n-3 0.3 0.04 3.2a 0.07 3.1a 0.23 ga 0.07 2.7a 0.23 0.6b 0.17
20:4n-3 0.4 0.05 1.4 b.05 1.2 0.14 1.4 0.14 1.3 0.10 0.6 0.04
20:5n-3 11.1 0.42 9.3a 0.42 10.6a 0.92 8.3a 0.48 7.9a 0.48 17.3b 0.50
22:5n-3 1.2 0.04 0.8 0.06 1.2 0.10 0.9 0.11 0.9 0.19 2.0 0.12
22:6n-3 14.3 0.92 4.1a 0.33 5.0a 0.31 5.3a 0.42 5.9a 0.73 11.8b 0.29

¿8ats 24.9 0.85 22.0ab 0.78 20.2b 0.81 20.7b 0.33 22.2ab 0.57 24.4a 0.87
¿Monas 26.7 0.72 27.9 0.29 27.3 0.31 25.8 0.54 26.2 0.36 28.7 0.99
¿PUFA 43.3 0.78 44.7 0.94 47.7 0.36 46.0 1.19 45.5 0.57 43.3 1.23
¿n-3 32.9 0.93 35.6 0.89 39.2 0.57 37.5 0.82 36.5 1.21 35.9 0.56
¿n-6 10.0 0.48 9.0 0.06 8.5 0.43 8.4 0.38 8.9 0.63 7.4 0.68
n-3:n-6 3.4 0.23 3.9 0.07 4.6 0.28 4.5 0.14 4.2 0.40 4.9 0.36
AA:EPA 0.3 0.01 0.3 0.03 0.2 0.01 0.3 0.01 0.3 0.03 0.2 0.01
DHA:EPA 1.3 0.09 O.4a 0.06 0.5ab 0.02 0.6b 0.02 0.7b 0.05 0.7b 0.02

letters a,b - denote a significant difference between diet group at the end of the experiment (po(O.05)

underlined - denotes a significant difference between the diet groups and the start (po(O.05)

141



Chapter 5 Atlantic halibut - Larvae First-Feeding to Metamomhosis

Table 5.12. /hg larvae-! fatty acid composition of larvae, sampled at the start and finish of

the experiment.

ISOI

Start ISO ss DHASS GSP COP
Fatty Acid Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

14:0 0.8 0.17 2.8 1.29 6.4 0.31 8.1 1.47 9.9 2.93 31.5 10.22
16:0 23.8 2.15 101.3 17.37 173.0 23.89 142.9 9.49 146.3 30.03 364.5 43.05
18:0 12.8 1.30 64.1 10.17 116.4 19.17 86.1 7.89 88.1 19.90 102.3 2.80

16:1n-7 4.6 0.70 13.8 2.57 30.7 4.69 22.9 1.74 23.4 5.37 311.4 75.98
18:1 n-9 4.6 0.58 11.8 2.72 17.7 1.88 16.6 1.63 20.2 1.64 16.5 1.58
18:1n-7 10.5 1.69 52.7 7.29 108.5 19.60 72.8 5.72 70.3 17.73 124.3 4.77
20:1n-9 1.6 0.21 9.0 1.21 12.8 5.62 12.9 1.14 13.3 2.81 11.0 1.28
22:1n-11 0.3 0.06 1.6 0.50 2.9 0.69 2.7 0.21 2.6 0.73 3.6 1.78
24:1n-9 2.2 0.80 7.7 2.93 2.4 1.93 0.6 0.49 0.6 0.46 5.6 0.84

18:2n-6 6.8 1.05 36.5 5.27 74.1 15.31 55.6 3.46 53.4 13.30 30.8 2.19
18:3n-6 0.9 0.28 4.3 0.36 8.2 1.94 6.4 0.60 6.2 1.78 6.7 0.20
20:2n-6 2.1 0.46 11.2 3.22 19.5 4.91 13.2 3.28 12.9 3.08 12.9 4.02
20:4n-6 5.7 0.68 19.93 2.89 31.13 4.08 25.23 1.01 26.43 3.52 84.3b 3.73
22:5n-6 2.0 0.92 1.93 0.23 1.93 1.59 1.93 0.77 2.33 1.14 19.3b 1.82

18:3n-3 3.0 0.83 99.1 14.83 231.6 59.78 171.7 13.30 169.3 51.30 37.0 11.28
18:4n-3 0.8 0.19 20.3 2.92 37.5 10.32 29.8 3.72 33.2 10.00 13.2 3.01

20:3n-3 0.5 0.13 26.0 3.96 51.1 12.79 37.9 2.70 33.5 9.50 12.7 3.04
20:4n-3 0.8 0.20 11.8 1.96 20.2 5.42 16.6 1.31 15.6 3.81 11.6 0.91

20:5n-3 19.3 3.01 77.23 14.07 163.53 23.15 101.63 9.56 93.63 21.57 367.8b 36.07
22:5n-3 2.0 0.26 6.83 0.89 18.93 3.06 10.43 1.17 9.63 1.09 43.3b 5.35
22:6n-3 23.4 1.53 32.53 3.56 78.03 10.34 64.43 5.37 66.53 12.58 253.1b 28.98

ISats 41.7 3.54 180.83 30.67 313.63 45.08 252.13 17.71 260.53 53.47 522.7b 57.15

IMonos 46.2 6.52 227.53 33.42 435.53b 85.67 314.63b 21.83 315.13b 71.60 613.8b 74.11

IPUFA 74.2 9.67 365.83 55.88 760.63b 146.64 560.23b 33.91 548.43b 128.18 914.8b 56.66

In-3 55.8 6.62 291.1 43.98 625.8 122.77 456.7 28.95 445.5 109.99 760.9 56.14

In-6 17.4 2.71 73.8 11.20 134.8 24.55 102.2 6.09 101.3 18.76 153.9 3.32

IFA 162.0 19.55 774.13 119.14 1509.83b 277.20 1126.93b 72.98 1123.93b 253.11 2051.3b 184.74

All values from the 5 diets are significantly different from the start (p-:0.05)
letters a,b - denote a significant difference between diet group at the end of the experiment (p-:0.05)

underlined - denotes a significant difference between the diet groups and the start (p-:0.05)
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Table 5.13. J-g mg'l fatty acid composition of larvae, sampled at the start and finish of the

experiment.

ISO/
Start ISO SS DHASS GSP COP

Fatty Acid Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

14:0 0.6 0.15 0.2 0.08 0.4 0.07 0.6 0.14 0.8 0.16 1.5 0.41
16:0 16.0 0.65 9.8 0.18 10.9 0.21 11.0 0.25 12.0 0.56 17.8 0.73
18:0 8.5 0.26 6.2 0.15 7.2 0.25 6.6 0.22 7.2 0.36 5.1 0.42

16:1n-7 3.0 0.14 1.3 0.06 1.9 0.06 1.8 0.17 1.9 0.08 14.7 2.14
18:1 n-9 14.1 0.62 12.6 0.53 15.5 1.41 14.0 0.13 14.3 0.22 6.9 0.83
18:1n-7 6.8 0.32 5.2 0.21 6.7 0.33 5.6 0.11 5.5 0.17 6.2 0.36
20:1n-9 1.1 0.11 0.9 0.03 0.7 0.26 1.0 0.12 1.1 0.09 0.6 0.08
22:1 n-11 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
24:1n-9 1.3 0.45 0.7 0.17 0.1 0.09 0.1 0.04 0.1 0.08 0.3 0.04

18:2n-6 4.4 0.373 3.6 0.06 4.63 0.41 4.33 0.10 4.23 0.10 1.6b 0.22
18:3n-6 0.6 0.18 0.4 0.03 0.5 0.06 0.5 0.01 0.5 0.04 0.3 0.02
20:2n-6 1.4 0.31 1.1 0.27 1.2 0.25 1.0 0.26 1.3 0.52 0.7 0.27
20:4n-6 3.8 0.15 1.93 0.04 2.03 0.21 1.93 0.11 2.43 0.39 4.2b 0.26
22:5n-6 1.1 0.39 0.2 0.02 0.1 0.08 0.2 0.07 0.2 0.10 0.9 0.01

18:3n-3 1.9 0.26 9.7 0.81 14.1 2.10 13.2 0.40 12.4 1.56 2.0 0.64
18:4n-3 0.5 0.06 2.0 0.19 2.3 0.41 2.3 0.35 2.5 0.47 0.7 0.18
20:3n-3 0.3 0.05 2.5 0.14 3.1 0.41 2.9 0.06 2.5 0.19 0.7 0.18
20:4n-3 0.5 0.07 1.1 0.08 1.2 0.20 1.3 0.13 1.2 0.07 0.6 0.05
20:5n-3 12.6 0.74 7.43 0.53 10.2c 0.38 7.83 0.46 7.73 0.63 18.1b 0.37
22:5n-3 1.3 0.07 0.7 0.03 1.2 0.05 0.8 0.10 0.9 0.21 2.1 0.11
22:6n-3 16.0 0.93 3.23 0.18 4.93b 0.03 5.03b 0.39 5.8b 0.86 12.4c 0.26

¿Sats 28.1 1.23 17.5b 0.28 19.63b 0.41 19.33b 0.27 21.4b 1.01 25.6c 1.06
¿Monos 30.2 1.49 22.23 0.50 26.83b 1.92 24.13 0.45 25.33 0.28 30.0b 0.75
¿PUFA 48.8 2.08 35.7b 1.87 46.9b 3.13 43.13b 1.07 43.93b 0.90 45.4b 1.48
¿n-3 37.1 1.47 28.43 1.60 38.5b 2.85 35.13b 0.72 35.13b 0.74 37.6b 0.82
¿n-6 11.3 0.74 7.2 0.27 8.3 0.43 7.9 0.36 8.6 0.83 7.8 0.73
¿FA 107.1 4.03 75.33 2.33 93.3bC 5.44 86.63b 1.65 90.6bc 1.98 101.0c 0.84

letters a,b,c - denote a significant difference between diet group at the end of the experiment (p.:0.05)
underlined - denotes a significant difference between the diet groups and the start (p.:0.05)
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Figure 5.16. Change in EP A and DHA in each dietary group at the finish of the

experiment compared to the start. Points suffixed with a different letter

show significant differences between dietary treatments (p 0:0.05), upper and

lower case for EP A and DHA respectively.

At the end of the experiment all the groups had DHA: EPA ratios of less than 1 (Table

5.11). These changes in the DHA: EPA ratios are accounted for by a variety of changes in
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the fatty acid composition of the experimental groups (Figure 5.16). The iso, DHA SS

and GSP groups all showed a significant decline of both these fatty acids accompanied by a

reduction of the ratio caused by a marginally greater decline in DHA compared to the start

(po:O.05). The SS group only showed a significant decrease in the amount of DHA to

account for the ratio dropping below 1 (po:O.05). The iso/cop group showed only a slight

reduction in the absolute amount of DHA (Table 5.13), however the ratio was stil forced

below 1 by a significant increase in the amount of EP A (po:O.05).

The absence of a large reduction of DHA and the rise in EPA was not unexpected as the

iso/cop diet contained no less than 10.4% DHA in the adult stages fed at the end of the

trial to a maximum of 20.2% in the nauplii stages which made up the majority of the

copepod diet during the first week of the triaL. This in conjunction with the high amounts

of EPA found in all stages of the copepod development (13.3 and 17.0% in adults and

nauplii respectively) resulted in DHA: EPA ratios ranging from 1.18, 0.83 and 0.78 in the

nauplii, copepodite and adult stages respectively (Table 5.6) and would account for the

fatty acid composition of the larvae fed this diet treatment.

The level of arachidonic acid (AA; 20:4n-6) in the copepod group showed no significant

change when compared to the start of the experiment when considering the absolute

amounts. The remaining experimental groups all showed significant decreases when

compared to the start of the experiment in both percentage and absolute amounts of AA

(po:.0.5) (Tables 5.11 and 5.13). The answer lies in the amounts present in the diets. The

iso/cop group contained approximately 2 fold more AA than the other diet treatments.

The level of 18:3n-3 was relatively low at the beginning of the experiment. All groups

showed significant increases in the proportion of this particular fatty acid, with the
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exception of the iso/cop group, which remained unchanged. Linolenic acid (l8:2n-6)

remained relatively unchanged from start to finish of the experiment, but again the

iso/cop group differed by exhibiting a decline in this fatty acid as significantly less was

present in the copepod diet (pc:0.05). When the monoenes are examined it can be seen that

there is no significant change throughout the trial period. Closer scrutiny of the results

reveals that the constituent monoenes are different, as groups iso, SS, SS DHA and GSP

show that the l8:l's, particularly 18:1n-9, was the predominant monoene, whilst in the

iso/cop group the 16:l's share equal proportions to the 18:l's. Copepods contain low

amounts of 18: l's with respect to the high proportion 16C monoenes (particularly in the

copepodite and adult stages), especially 16: In-7 which can account for up to 15% of the

total fatty acid composition (Table 5.6). Larvae fed solely on copepods would have had a

similar monenoic fatty acid composition to the copepod diet. However, 50% of the diet

from the copepod group was made up from Artemia fed Isochyrisis sp. and Artemia contain

large amounts of 18:l's (-20%) and relatively small quantities of 16:l's which would

account for the equal proportion of these two categories of monoenes in the copepod fed

group.

4. Discussion

4.1. Physical Parameters for First-Feeding Larvae

The outcome of experiment 1 confirmed that an alternative smaller system to the 1000-1

tanks traditionally used at SEAFISH Ardtoe could be successfully employed. The 120-1

system base on the design of Rabben et at. (1990) allowed replication of experiments
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within treatment groups and made better use of low numbers of larvae, previously

impossible using the larger tanks.

4.1.1. Light and first-feeding

The amount of ilumination plays an important part in the initiation of successful first-

feeding. Experiment 3 showed that lower levels of ilumination (350-lux) gave a

significantly higher (po:O.05) percentage of feeding larvae when compared to a higher light

levels (- 1100). However, the lower ilumination used in this experiment was much higher

than that used by Gulbrandsen (1991), who reported that the optimum light intensity

required by halibut larvae to promote the best feeding rates was much lower, at light levels

below 5-1ux. But, apparent from his experimental protocol, was the absence of algae in

the rearing system. The use of "greened" water in first-feeding larval rearing systems has

proved to be necessary for the successful initiation of first-feeding, as shown by the higher

incidence of feeding particularly in the early stages of this period of the life cycle (Naas et

al., 1992). For turbot larvae there is some nutritional basis for the presence of algae at

first-feeding. Scott and Middleton (1979) stated that this stemmed from the long chain

polyunsaturated fatty acid composition of particular algae, whereas Reitan et al., (1994)

attributed the benefits to the supply of critical micronutrients. The work of Hjelmeland et

al., (1988) leads to the conclusion that algae by their physical presence act to stimulate the

digestive enzymes such as trypsin, thus preparing the larvae for the imminent presentation

of live prey. However, most recently Guldbrandsen et al., (1996) has more realistically

concluded that the benefits stem from a combination of all three, either directly of

indirectly, but highlighted that the major function was likely to be that of light attenuation,

providing the more effective physical rearing conditions.
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4.1.2. Stocking Density and first-feeding

Work has conc~entrated on how prey density affects the ability of first-feeding larvae to

obtain sufficient nutrition. The following explanation of the results wil show how the

significant differences (po:O.05) in larval survival are probably due more to both larvae/prey

and larva/larvae interactions, rather than to stocking density per se.

Firstly, it is necessary to remind the reader that the number of prey items available to each

larva was theoretically the same in each bag as prey densities per litre were adjusted

according to the numbers of larvae. If larvae and Artemia were evenly distributed

throughout each bag then the lowest density group might be expected to show the lowest

percentage survival, as each larvae would have had to hunt through twice the volume to

obtain the same number of Artemia as the medium density group. However, it is important

to remember that Artemia and larvae are likely to have reacted differently to the

unidirectional light source. Artemia, certainly in the earlier stages of the life cycle, wil

have been positively phototactic and the larvae would seem to be the reverse (Mangor-

Jensen and Naas, 1993). The swarming of Artemia, reported by Gulbrandsen (1991), was

not apparent in this experiment, however large numbers of Artemia were seen at the surface

with few if any visible larvae. Therefore, within each bag there was likely to have been a

spatial separation of predator and prey, such that larvae would have to swim up to obtain

the available prey. The significantly higher percentage survival of the lowest density group

(see Figure 5.10), could be explained in terms of reduced larvae/larvae interactions, thus

encouraging the recruitment of borderline category 1/2 larvae to begin feeding successfully

(po:O.05). Conversely, the significantly lower percentage survival of category 2 larvae

would in part be explained by the above i.e. lower larvae/larvae interactions, and the
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expectation that some of the weakest category 2 larvae would die sooner due an increased

physical stress caused by having to hunt further for prey items and so more rapidly

depleting their already meagre endogenous reserves (poeO.05).

The high-density group also performed significantly better in terms of survival of category

1 larvae (poeO.05). Although larvae/larvae interactions are likely to be more frequent in the

highest density group the prey availability due to higher concentrations in the upper areas

of the water column would again encourage borderline category 112 larvae to begin feeding

successfully, due simply to an apparent increase in prey availability due to a hypothesised

improvement in prey availability. This would also account for the significantly higher total

larval survival, as more of the weakest category 2 larvae would persist to the end of the

experiment (poeO.05).

These results indicate that larval survival might benefit from the introduction of gentle

aeration and the reduction of light levels to minimise the spatial separation of predator and

prey.

4.2. Nutritional Requirements for Halibut Larvae

4.2.1. Nutrition and initiation of first-feeding in halibut larvae

When the first attempts to culture Atlantic halibut first-feeding larvae were carried out, it

was assumed that in general the methods would be similar if not identical to those

developed for turbot. This meant that initially rotifers would be used to encourage larvae
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to initiate first-feeding, followed by rotifer/Artemia mixtures and finally Artemia alone,

until the larvae were considered sufficiently developed to undergo weaning. However,

overlooked was the fact that turbot larvae at first-feeding are approximately -3.5mm in

length (Cunha, 1993), where as halibut are 9-lOmm and therefore considerably larger and

consequently capable of ingesting larger prey items. As stated the principle aim of the

second experiment was to simplify rearing techniques by proving that the use of rotifers

was unnecessary, thus rendering their use obsolete.

The summary of results (see Figure 5.2) shows that the use of Artemia significantly

improves larval survival during the initial phase of first-feeding (i.e. the first 14 days)

compared to those larvae fed exclusively on rotifers. Holmefjord et a!., (1993) showed that

the nutritional composition of rotifers would be more suited to the nutritional requirements

of marine larvae, particularly when considering the supply of EP A and DHA, because the

relative proportions of DHA to EPA achievable in rotifers was higher. However, as the

larvae increased in size the nutritional advantage of rotifers would be reduced as the

energetic burden of capturing the smaller prey items would negate the finer nutritional

gains of the diet. Gulbrandsen, (1993) showed that during the first two days of first-feeding

the larvae were non-selective, when presented with a mixture of the two prey types.

However, at the end of the experiment larvae selected the larger Artemia if presented with

equal numbers of both prey types. The outcome of experiment 2 (see Figure. 5.3)

emphasises the significant benefits attained when using enriched Artemia as the sole diet

during initiation of first-feeding (p..O.05). At this point it should be stressed that category

1 larvae from t~e fed groups, although both feeding were not the same when compared

visually a fact which was quite apparent when the gains in dry weight during the

experiment were considered. Interestingly, the same difference was not observed when
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examining the larval lengths at the end of the experiment (see Figure 5.4). The results

confirm that category 2 larvae were effectively non-feeding, both the decrease in dry

weight and the final lengths at the end of the experiment were not significantly different,

showing that despite little or no nutritional input, non-feeding larvae stil increased in

length implying considerable mobilisation of reserves. Yin and Blaxter (1986) showed the

same phenomenon in starved cod and flounder, attributing it to the supply of the remaining

endogenous reserves. This could indicate that up to a point the lack of nutrition, at least in

those larvae with normal jaw structure, could be reversed. However, the surviving halibut

larvae not feeding at the end of the experiment were possibly close to, if not past, the

"point-of-no-return" (PNR) based on the morphological characteristics used to assess the

nutritional status of cod larvae (Yin and Blaxter, 1986). By review of the results of

experiment 2 it is possible to get some idea of what exactly happened in terms of the

supply and utilisation of lipid throughout the experiment. As expected, the non-feeding

larvae (categories 2 and 3) utilised a considerable proportion of lipid specifically for energy

production i.e. TAG (see Figure 5.6). But those lipid classes known to be vital for the

structure and function of membranes, particularly neural membranes, have been conserved

i.e. PC, PE and cholesterol (Gurr and Harwood, 1991). However, the implication was that

despite conservation of these important lipid classes the lack of nutrition in the starved

group has caused a general reduction in both polar and neutral lipid (see Figure 5.6). As

mentioned earlier, survival of larvae and performance of successfully feeding individuals

fed exclusively on rotifers was significantly lower when compared to the Artemia fed group

(p-:0.05). The large depletion of TAG in the rotifer group implies that the nutrition was

inadequate and that the total supply of lipid was inadequate, as was s,hown to be the case

for larval sea bream (Koven et al., 1989). However, the inadequacy was probably due

more to the energetic inefficiency of having to eat rotifers rather than to a lack of actual
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lipid supplied in the diet. Alluded to in the results was an unexpected rise in the amount of

sterol ester in the starved control group. The only explanation might be that excess

cholesterol was esterified to sterol ester due to a combination of the conservation of

cholesterol and the poor physiological state of the larvae, which would otherwise have

metabolised the cholesteroL.

The fatty acid composition provides a valuable insight into how effective each diet has

been and also the effect of starvation on halibut first-feeding larvae. Firstly, it must be said

again that the analyses were carried out on pooled samples meaning that no statistical

techniques could be applied to the data. However, this does not mean that valuable trends

highlighted in the data cannot be discussed.

As the subject has received so much attention, this implies that the adequate supply of

PUFA during first-feeding is probably more critical to the survival of the individual than at

any other time in the life cycle. The larvae enter this phase of their development with a

lipid composition very similar to that of the egg. Once successful feeding has been

established rapid growth can occur so long as the nutrient supply can continue to meet the

energetic and structural demands of the developing larvae. In the natural environment

availability of prey is not always consistent, therefore some resilence of the larvae is

required. Experiments carried out to access the effects of starvation showed that fish. have

the ability to compensate for short-term drops in prey availability and this was seen in the

pattern of utilisation of lipid (Deplano et al., 1991). Jezierska et al. (1982) reported that

starving rainbow trout preferentially utilised saturated fatty acids from the main lipid depot

areas in the body resulting in a concomitant rise in the amounts of both monoenes and

especially PUFA. Koven et al. (1989) confirmed that the same was true in the larvae of sea
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bream (Sparus aurata), but specifically stated that n-3 PUFA were the most highly

conserved and of these DHA as the most prominent. The same occurred in turbot larvae

starved at first-feeding, where again DHA was the most highly conserved (Rainuzzo, et al.,

1994). This would be expected considering to its association with neural functions and the

inability of marine fish to produce DHA de novo (Sargent et al., 1995). The fatty acid

composition of polar lipid implies that starved halibut appeared to be doing the same by

conserving their DHA as seen by the level of DHA in the starved group (see Table 5.2).

But the implication from the data showing the absolute amount of fatty acid was that

although DHA was conserved in the polar lipid, the actual amount per unit dry weight in

TAG showed an apparent decrease by approximately one third (see Table 5.3). Once the

larvae begin successful growth it could be expected that the amounts of DHA would show

a decrease compared to the beginning of the experiment, due entirely to the change in

predominance of tissue types i.e. less neural tissue. Therefore, as the larvae grow the

proportion of neural and visual tissue types would decrease in relation to the remainder of

the body. Since neural and visual tissue are extremely rich in DHA as shown by the

preponderance of di-DHA molecular species of phospholipid (Bell and Dick, 1993)

compared to other tissues, it would follow that the relative amount of DHA in relation to

other fatty acids would show a decrease. This seems to be the case for larvae fed the

enriched Artemia (see Table 5.1). But the data also implies that the larvae received an

insufficient supply of DHA, either due to the enriched Artemia not providing sufficient

DHA or as á result of the physical separation of predator and prey mentioned earlier. The

results imply that the amount of DHA declines in TAG, and that the demands of the rapidly

growing larvae are not being met by the dietary supply, such that endogenous reserves are

being called in to play to meet the shortfalL. This outcome was shown by Koven et aL.

(1989) when sea bream larvae were fed Isochrysis enriched rotifers. Their conclusion from
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was that their diet was an insufficient supplier of n-3 PUFA. However, the reason for this

happening in the enriched Artemia group was probably due to doubts associated with the

rearing conditions, as speculated upon earlier.

4.2.2. An experiment to investigate the effects of 5 experimental diets on halibut juveniles

from 14 days after first-feeding to the on-set of fry settlement.

The practice of using Artemia in conjunction with lipid enrichments boosted with n-3

HUPA has revolutionarised the commercial culture of marine fish larvae. However, as a

result of the competition between commercial units to develop halibut for aquaculture, the

homogeneity of rearing techniques at the time of the current study was unfortunately

lacking, hence the necessity of an experiment to compare some of the various prey types

and enrichments.

This last experiment would require some modification of the system used for the first 4

experiments. The findings of experiments 1-4 and the demands of the larger larvae would

require that some form of water movement would be required to reduce the spatial

separation of predator (larvae) and prey (Artemia) and an increase the number of prey.

However, simply providing excesses of prey, particularly the Artemia, in the system used in

experiments 1-4 would have meant that prey items that remained uneaten would build up in

the system, increase in size and thus become unavailable to the larvae, possibly even

adversely affect the water quality and in theory distract the larvae form eating the new prey

items introduced at the next feeding time. Also, Artemia lose their enrichment once

removed from the enrichment tanks and place into the larval rearing system. To

154



Chapter 5 Atlantic halibut - Larvae First-Feeding to Metamorphosis

complicate matters it is now known that Artemia readily retroconvert n-3 HUFA (EPA and

DHA) accompanied by the formation of potentially toxic oxidation products (McEvoy et

al., 1995). A po_ssible solution to the problem might have been to feed the larvae less than

they might desire, to overcome the problem of residence of unenriched prey in the system.

However, this would inevitably exact some penalty on the growth. Hence the new rearing

system was fitted with a central drain and slow inflow to remove prey not eaten.

The end of the experiment revealed that the ART/COP diet, as expected due to its superior

DHA composition, produced the best larvae with the best "relative quality scores", based

on their eye migration and pigmentation, and highest final weight. The same results were

achieved by other authors when examining the effect of zooplankton on the performance of

halibut larvae (Bolla, 1988; Holmefjord et al., 1989; Næss et al., 1995). Copepods which

constitute the natural diet of most marine larvae (Fraser et al., 1989; Sargent, et aI., 1997),

are accepted as providing the best nutrition for halibut and are consequently used

throughout the emergent industry. The main advantage of copepods was the ability to

provide a superior lipid composition, specifically the n-3 HUFA. However, research has

shown that marine larvae fed Artemia enriched with lipid emulsions containing high

amounts of n-3 HUFA performed extremely well in terms of their growth and survival

compared to those with low levels of n-3 HUFA (Izquierdo et aI., 1992; Koven et al.,

1993; Navarro et al., 1993; Tuncer et al., 1993). The results of the present study concur

with the published work as the diet containing the highest level of n-3 HUFA (i.e.

iso/COp) produced the largest larvae. However, Næss et aI. (1994) showed that contrary

to previous experimentation (Holmefjord et al., 1989; Skjolddal et al., 1990; Harboe et al.,

1994) halibut larvae wil, like other marine species, grow sufficiently well if maintained on

a diet comprised solely of enriched Artemia. However, despite the good growth
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performance, halibut larvae stil require copepods at some point in their rearing to avoid a

high incidence of malpigmentation of larvae later on (Næss et al., 1994). This problem has

also been identified in several other flat fish species (Watanabe et al., 1978; Sekai et al.,

1987). Marbled sole fed diets low in n-3 HUFA develop problems during pigmentation

(Kanazawa, 1993), as do turbot (Devresse et ai., 1994). However, Deveresse et al. (1994)

stated that there was a high positive correlation with the ratio of DHA: EP A as well as the

amounts of n-3 HUFA, principally DHA.

Although the larvae in this study fed the iso/cop diet obtained the best "relative quality

scores", they were perhaps not as significantly different from the Artemia-based diets as

might have been expected. Comparison of the diets from the current study show that

although the iso/cop diet contained higher amounts ofn-3 HUFA in comparison to the

other Artemia based diets, the amounts were stil less than those of Næss et al. (1994). The

greatest difference lay in the amount of DHA in the iso/cop diet which resulted in a

DHA: EP A ratio less than 1 which was closer to 2 in the zooplankton diet of Næss et al.

(1994). This was due entirely to the algal-fed Artemia of the iso diet effectively 'diluting'

the amount of DHA consumed by the ART/COP group. However, not all the benefits of

the copepod diets can be attributed to their superior n-3 HUFA composition. McEvoyet

al. (1995) demonstrated that a high proportion of polar lipid. in Artemia enrichement diets

resulted in improved performance of high lipid enrichments due more to their abilty to

enhance digestion and guard against oxidation of lipids rather than their actual lipid

composition. Possibly over-looked, could be the beneficial effects of generally higher

amounts of polar lipid in the copepods as seen in the current study.

The accepted outcome of research to determine the optimal diet for first-feeding halibut
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that early stages can be successfully start-fed on enriched Artemia but copepods must be

provided after the 19th day of first-feeding to ensure successful pigmentation (Næss et al.,

1994).

Despite the benefits of cultivated copepods it must be recognised that their composition

can fluctuate depending on the developmental stage (i.e the nauplii with more polar lipid

and n-3 HUFA, and the adults with less n-3 HUFA and considerably more TAG, see Table

5.6) and the type of algae used during their culture. This linked with their more

complicated life cycle means a significant burden on the resources and manpower of any

commercial outfit. An alternative could be the weaning of animals sooner to reduce the

duration of the live feed-phase of the production cycle. In many species this could be a

problem as the production of small enough particles with the homogeneity of composition

required could be problematicaL. However, the relatively large size of halibut has meant

that within the last two years the need for early weaning has become a reality, with larvae

successfully weaned before the onset of metamorphosis (Brown, N pers comm.).

In conclusion, the results of the present study show that a much larger animal with

significantly better relative quality scores can be achieved with a diet using a mixture of

copepods and Artemia, reducing the burden of copepod production.
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Chapter 6 - Development of an artificial broodstock

diet for the European sea bass (Dicentrarchus labrax)
with special emphasis on the supply of essential fatt

acids.

1. Introduction

Within the last. decade the aquaculture industry in the UK and abroad has been searching

for viable alternatives to the traditional salmonid species i.e. Atlantic salmon and rainbow

trout. Most research and development has focused on marine species, such as turbot,

halibut, cod, sea bass and sea bream. Up to the present time, much of the work on marine

fish has concentrated on the early life stages; from pre-feeding (i.e. eggs and yolk-sac

larvae), through first-feeding and beyond to weaning. The improvement of techniques of

incubation and nutrition of these notoriously difficult early stages continues to result in

significant breakthroughs in these areas. However, despite the bias of work towards the

juvenile stages, the supply of seed still remains unreliable and relatively unresearched.

This high variability, particularly noticeable for Atlantic halibut, causes a large proportion

of egg batches to falter during the egg and yolk-sac stages. This situation, if permitted to

continue unchecked, would ultimately result in large financial losses to the aquaculture

industry. In order to improve the quality of egg supplies entering the production system,
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improvements need be made at the level of the broodstock, which can be divided, into

three broad areas. Firstly, Chapter 1 outlined how improvements in broodstock husbandry

and culture conditions positively influence the quality and performance of offspring.

Secondly, Bouza et aL. (1997) demonstrated how genetic factors with respect to the size of

the gene pool could eventually bias the quality of offspring, particularly when considering

the larger flatfish species (i.e. halibut and turbot) where the physical size of the broodstock

imposes limits on the numbers of broodstock. Finally, research has demonstrated that

females of mature broodstocks mobilise large quantities of macro- and micronutrients for

transfer to the developing oocytes during the teleost maturation cycle, derived from the

broodstock diet, either directly or indirectly from stored reserves (Wiegand, 1996).

Common to commercial aquaculture is the practice of providing marine broodstocks with

whole fish, known as 'trash fish' or moist diets containing a wide range of whole fish and

processed components. Broodstock nutrition for Atlantic halibut in the UK uses both these

types of diets, although the moist extruded diet tends to be the industry preference at the

present time, whilst sea bass broodstock are more likely to be fed trash fish. Diets based on

wet fish ultimately provide the broodstock with a satisfactory source of nutrients.

However, although adequate when properly prepared, wet diets wil always suffer from

problems of consistency, shelf- life and freshness and are costly in terms of the man":hours

needed to prepare them. These constraints coupled with suspected disease risks now

thought to be attributable to the wet fish components of halibut and turbot diets in the UK

(i.e. the possible inadvertent transfer of nodavirus and viral haemorrhagic septicaemia), has

meant that the development and optimisation of components of a dry fabricated diet has

become a high priority for the aquaculture industry.
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Both Hardy (1985) and Watanabe (1985) identified the importance of the broodstock diet

on fecundity, egg viability and subsequent larval performance, but stated that it was a

relatively unexplored subject.. Since then the endeavours of researchers using combinations

of wet fish and artificial diets have identified several key areas of broodstock nutrition

which can influence the performance of offspring.

Some of the minor components of diets such as ascorbic acid (vitamin C), a-tocopherol

(vitamin E) and carotenoid in the form of astaxanthin, are good examples of specific

chemicals whose presence enhances progeny success. Dabrowski and Blom (1994)

showed that additional vitamin C in the broodstock diet of rainbow trout played an

important role in the hatching success. Even the high mortality associated with early larval

feeding for trout and turbot could be reduced by increasing levels of vitamin C in the

broodstock feeds (Blom and Dabrowski, 1996; Merchie et al., 1996). Both vitamin E and

astaxanthin have been shown to have beneficial effects on egg and larval performance in

Red Sea bream and yellowtail tuna (Verakunpiriya et a!., 1997; Watanabe et a!., 1991),

brought about by their capacity as scavengers of free radicals. Surprisingly, astaxanthin

was found to have no significant effect on fertilisation rates and hatching in Atalntic

salmon, despite large amounts in the eggs (Christiansen & Torrisen, 1997).

More commonly dietary research has concentrated on the major constituents namely the

source of protein and lipid. Watanabe et a!. (1991) showed that the survival of progeny

from Red Sea bream could be effectively improved by using cuttlefish meal, when

compared to white fish meal, thought to be due to its superior quality as a source of protein

i.e. availability of amino acids. Spawning performance and egg quality can be reduced by

decreasing the dietary protein levels (Gunasekera et al., 1996). Generally, as long as a
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good quality fish protein (i.e. correctly processed by using low temperatures and stored) is

presented in sufficient amounts within diets (40-50%) then there is unlikely to be any

detrimental affe~ts on egg quality.

Despite the importance of all aspects of nutrition the majority, of work in fish has focused

on the lipid requirements. Lipids have an extensive role to play in the normal functioning

of the organism. Firstly, they provide the structural components of all biomembranes and

are vital for membrane transport processes, receptor function and enzymatic activities

(Gurr and Harwood, 1991). Secondly, lipids provide metabolic energy via the metabolism

of fatty acids, particularly important in fish as lipid rather than carbohydrate is the preferred

energy source (Cowey and Sargent, 1977). Lastly, lipids, specifically certain fatty acids,

are vital as precursors for the synthesis of local acting hormones known collectively as

eicosanoids, a term first used by Corey et a!. (1980).

The lipids of fish differ from those of terrestrial vertebrates as they contain predominantly

more omega 3 series fatty acids (n-3) as opposed to those of the omega 6 series (n-6),

particularly the highly unsaturated fatty acids EPA and DHA or n-3 HUFA (Henderson and

Tocher, 1987; Sargent et al., 1989). In general freshwater species of teleost are capable of

manufacturing EPA and DHA from the dietary supplies of the essential fatty acid Cl-

linolenic acid or 18:3n-3 (Buzzi, Henderson and Sargent, 1997). Yet, research involving

plaice and turbot has indicated that the situation is complicated in marine teleosts, as they

lack this ability. The problem lies with an apparent deficiency of the ~5-desaturase

enzyme required for the desaturation step during the conversion of Cl-linolenic acid to EPA

(Sargent, 1995; Cowey et a!., 1976; Owen et al., 1972). The process is further

handicapped by the 'Sprecher shunt', converting EPA to DHA, which operates at a level
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insufficient to supply the quantity of DHA required for normal growth and development

(Voss et aI., 1991; Buzzi et al., 1997). Therefore, EPA and DHA are essential fatty acids

of marine fish diets and as such must be supplied pre-formed.

The knowledge that marine fish contain high amounts of these n-3 HUFA, means that

dietary requirements wil also be high in order to facilitate the best growth rates, feed

conversions and disease resistance (Cowey et aI., 1976). Studies using juvenile marine fish

have shown that they require between 0.5 and 1.7% of the dry weight of their diet as long-

chain n-3 fatty acid (Sargent et aI., 1995). However, the developing egg and larval stages

of fish probably have greater requirements for n-3 HUFA as the neural and visual tissues,

which contain high proportions of n-3 HUFA, dominate the tissue types during the early

stages of development. Studies carried out by several authors have endeavoured to assess

the impact of enhancement of the n-3 HUFA composition on spawning performance and

egg and early larval success, i.e.gilthead sea bream (Mourente and Odriozola, 1990;

Fernández-Palacios et aI., 1995; Tandler et aI., 1995) and Red sea bream (Watanabe et aI.,

1984b,c. 1985; Watanabe et aI., 1991; Watanabe and Kiron, 1994). All the above have

concluded that the dietary intake of n-3 HUFA, in particular the amounts of DHA, has

profound effects on ovarian and embryonic development. Watanabe (1993) confirmed the

importance of DHA but pointed out that this fatty acid was most likely to be deficient in

artificial diets and hence reduced in subsequent eggs and larvae.

The problem of supply of n-3 HUFA in marine fish using artificial broodstock diets is

particularly challenging for the European sea bass, as the quality of eggs derived from

broodstock maintained on trash fish diets, were consistently better compared with those fed

artificial diets (Navas et al., 1997; Thrush et al., 1993). Sea bass broodstock fed trash fish
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produced eggs with DHA: EPA ratios around 5:1, whereas those derived from fish

maintained on artificial diets where at best 3: 1 (Navas et aI., 1993; Thrush et aI., 1993). To

achieve the higher ratio is always going to be difficult when using Northern Hemisphere

fishmeal and oil, as the DHA: EPA ratios are variable but more commonly around 1: 1. A

perfect solution to the problem would be to use processed fish products prepared from trash

fish of Mediterranean origin. However, at present no such source is readily available.

Nonetheless, a suitable source of oil was obtained, namely tuna orbital oil, which

originated as a by-product of the Japanese tuna fishing industry. This oil is characterised

by high amounts of DHA which coupled with the low amounts of EPA results in a high

DHA: EPA ratio and once combined with a Northern Hemisphere fish oil should produce a

more favourable DHA: EP A ratio.

However, the possibilty exists that other factors of the fatty acid composition are involved

in the determination of egg quality. Thrush et al. (1993) and later Bell et al. (1997)

identified that not only was the DHA: EP A ratio apparently higher in the better quality eggs

but also the amounts of arachidonic acid.

As already stated certain fatty acids function as precursors for the synthesis of locally

acting hormones known collectively as the eicosanoids (Corey et aI., 1980). In mammals

AA is the preferred precursor for eicosanoids synthesis as well as being the major

component of membrane fatty acids (Horrobin, 1978). Eicosanoids derived from AA are

extremely potent, consequently once produced they are metabolised rapidly to prevent over

action. This is irnportant as eicosanoids are responsible for a wide range of physiological

roles including immune function, osmoregulation, cardiovascular functions, neural control

and the functioning of reproductive systems (Mustafa & Srivastava, 1989).
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EP A modulates the production of eicosanoids derived from AA, as this fatty acid competes

directly with binding sites on the prostaglandin synthetase. Eicosanoids produced from

EP A have similar action to those from AA but at considerably lower biological activity.

Research has shown that the diet can influence the production and therefore the action of

eicosanoids such that not only are the total amounts of fatty acid supplied important but

also the relative proportions with respect to each other (Sinnhuber, 1969). More recently,

research has confirmed that a similar situation exists in fish, despite the abundance of EP A

in their membrane phospholipids (Tocher and Sargent, 1987; Bell et aI., 1994).

In addition to the high amounts of DHA, tuna orbital oil has elevated levels of arachidonic

acid. The amount of AA is approximately 3-fold greater than that found in a good quality

Northern Hemisphere fish oil, but is stil much lower than the amounts present in trash fish.

Although the levels of AA in tuna oil are probably still lower than required nonetheless, the

effects wil be monitored.

The aim of this study was to produce an artificial broodstock diet to mimic the performance

obtained when using 'wet fish' diets in terms of egg and early larval quality. Although

system designs for the culture of the pre-feeding stages of marine fish have improved

markedly in recent years, the transition from one stage of the life cycle to the next .often

means the physical transfer of individuals to a different system. Ultimately our aim would

be to enhance the nutrient status of the pre-feeding stages of the life cycle, to facilitate

enhanced growth and development and produce a more robust ind~vidual capable of

resisting the inevitable rigors encountered in any culture system. For this experiment the

European sea bass was chosen as the experimental species. By using sea bass, a sound
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dietary trial could be designed and executed, with suitable numbers of fish and treatment

replication, which were unachievable using Atlantic halibut. Sea bass presented an ideal

alternative to Atlantic halibut, as both species in their natural environment spawn once

annually and for duration of 3-4 weeks. During this time both species of fish produce

many batches of eggs at regular intervals and are thus multiple batch spawners.

2. Material and methods

2.1. Broodstock husbandry & egg sampling

Sea bass broodstock (2 years of age) of farmed origin were divided into two experimental

diet groups and maintained on the experimental diets for two years (i.e. 2 spawning

seasons). Broodstock were weighed on a regular basis throughout the experiment,

beginning as the fish were stocked into the experimental system. Each group consisted of

three replicate 8000-1 tanks, supplied with flow-through ambient seawater (37.8%0, pH8.3

(Q 2-1 min.1) and natural ilumination (400N & OOE). All six groups contained 6 to 10

females per tank and sufficient males to maintain a 2: 1 male to female sex ratio. The

broodstock were fed to satiation once daily on each of the experimental diets. Broodstock

were assessed every month so that length and weight measurements could be made, and in

turn calculations of specific growth rate (SGR), condition factor (CF) and relative

condition factor (RCF). The total length (TL) was calculated from the measured fork

length (FL) using the equation of Pawson and Pickett (1996) for seabass.
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SGR = In (Present weight) - In(Weight at last sampling)
no. of days since last sampling * 100

CF = (weight / length3) * 100

RCF = CF * 0.73341

TL = 0.0153 + 1.0727 * FL

Strong aeration was provided during the spawning season by a continuous ring-main at the

tank base, allowing water draining via 4 evenly-spaced internal standpipes. The purpose of

strong aeration was to maintain both categories of spawned eggs (viable "floating" and

unviable "sinking" eggs) in the water column, so that total eggs spawned could be collected

daily from a single conical mesh trap placed across the out-flow of each tank. Eggs

collected thus were always fertilised and derived from one female as seen by the

homogeneity of development. Egg viability was assessed by measuring the proportion of

floating viable eggs to sinking non-viable eggs suspended and allowed to settle in a 2-1

measuring cylinder, a method previously described by Carrilo et aL. (1989). Duplicate

samples of 100 eggs from each spawning were taken for lipid composition and wet/dry

weight determination giving a total of 400 eggs sampled for each spawn. Eggs were

counted out on small sieves 10cm in diameter and constructed of 2cm sections of UPVC

pipe and 64,um mesh. Egg wet weights were assessed by lightly tissue drying eggs whilst

on the sieve followed by weighing in a pre-weighed and labeled 2ml epindorf tube using a

Mettler AElOO balance. The tubes were then sealed and punctured so that all samplés of

eggs could be lyophilsed using an Edwards Micro Modulo freeze-dryer and again

weighed. Physical egg characteristics were determined utilizing a further sample of 100

egg viewed in a large watch glass using a binocular microscope (Olympus SZ60) equipped

with an ocular. Measurements included egg and oil droplet diameter measured to the
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nearest O.OI-mm and number of oil droplets per egg.

2.2. Egg Incubation

In the first spawning season, a total of 6 and 8 batches, from the Control & Ropufa diets

respectively, were incubated at 16°C. Three I-ml samples of eggs from each batch were

incubated in separate partitions of a 300-1 incubator. Each partition was comprised of a 30-

cn: section of l5-cm diameter UPVC pipe with an independent water supply maintained at

16°C and closed at one end with a 64-¡.m plastic mesh and suspended around the edge of

the 300-1 conical based incubator. An external standpipe regulated the level of water.

Hatching success was evaluated by removal of the IS-cm diameter partitioned unit

suspended in a suitably sized receptacle containing incubator seawater to ensure that larvae

remained submerged at all times. The entire apparatus was then suspended above a cool

low light source (300-1ux ) to enable counting. The counting of eggs and hatched larvae

was aided by a l-cm2 grid superimposed on to the base of the receptacle. The technique

was extended by a further assessment at 48h post-fertilisation. In addition incubations

were carried out in parallel using 96 well microtitre plates incubated in triplicate at 16°C

utilising a method first described by Shields et al. (1997) for Atlantic halibut. The

following year, due to the effectiveness of the technique and limitations on equipment and

space, all incubations were carried out again in triplicate using microtitre plates. During

the second spawning season 17 batches were incubated from the Control group and 13

from the broodstock fed the Ropufa diet.
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2.3. Diets

The EWOS Technology Centre in Livingston, Scotland, UK manufactured two

experimental diets adhering to specifications supplied by the author. The Centre contains a

pilot fish feed production plant, able to produce small quantities of experimental diets by

extrusion processing. The machinery specifications are as follows:

All diets were extruded using a Wenger X20 single screw extruder (Wenger, Sabetha,

California, USA). The extrusion conditions were as follows; 90°C conditioning

temperature, 30 second transit time in conditioner, 15% moisture addition, steam addition

was variable and a high shear configuration was used in the extruder.

Each diet consisted of a 9mm extruded pellet using a low temperature Northern hemisphere

fish meal and containing 20% lipid differing only in the source of fish oil (Table 6.1.),

sprayed on to the pellets after extrusion. The first of the two diets designated the Control

contained a good quality Northern Hemisphere fish oil, intended to emulate the most

successful diet to date, from previous work, in terms of subsequent egg and larval

performance (Navas et al., 1997). This diet differed only in the original source of the fish

oil i.e. a different manufacturer. The second diet (Ropufa diet) used a by-product of the

Japanese tuna fishing industry, tuna orbital oil (Ropufa 30, Roche Products, Heanor, UK),

particularly high in DHA (27.3%), relatively low in EPA (5.4%) and containing

significantly more AA (1.8%) than standard fish oils (0.5%)
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Table 6.1.

Seabass Broodstock Nutrition

Percent fatty acid composition of oils used in experimental diets

Fatty Acid Ropufa 30™Fish Oil

14:0

16:0

16:1's

18:0

18:1's

18:2 n-6

18:3 n-6

18:3 n-3

18:4 n-3

20:1's

20:2 n-6

20:3 n-3

20:4 n-3

20:5ti~3
22:1's

21:5

22:5 n-6

22:5 n-3

22~6:n-3

24:1 n-9

6.1

12.9

5.3

1.8

12.6

1.6

0.1

1.0

2.4

11.5

0.2

0.5

0.1

0.6

7.5

18.1

0.4

0.1

1.1

8.7

0.9

3.5

21.2

5.7

6.0

15.1

1.5

0.4

0.6

0.9

1.0

0.2

1;8

0.1

0.3

5:5

0.4

0.2

2.2

1.1

27:3

0.6

Fatty Acid Classes

I Saturates

I Monoenes

I Dienes

IPUFA
I n-3

I n-6

I n-9

21.4

48.3

0.2

26.3

22.8

2.8

23.0

32.8

22.7

2.7

44.9

38.2

6.1

14.5

Ratios
n-3 : n-6 Ratio

AA: EPA Ratio

DHA: EPARatio

8.3

0.06

1.2

6.2

0.34

5.0
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2.3.1. Diet Proximate Composition

Both experimental diets had essentially the same proximate composition (Table 6.2.). Only

minor significant differences (p-:0.05) were observed for moisture and carbohydrate.

Generally, the proximate composition followed the specifications set by the author.

Table 6.2. Proximate composition of experimental diets.

% Proximate Composition Control Ropufa

Mean SEM Mean SEM

Moisture
Protein

Lipid

CH0

Ash

Fibre

4.3 0;01

50.8 0.77 51.4 0.21

20.9 0.67 20.3 0.12

23.8 0.32 27;8
10.0 0.08 10.2 0.10

1.1 0.18 1.2 0.13

denote a significant difference betweenValues II BoldandShaded

Control & Ropufa (p-:O.05). Values expressed as means :iSEM.

2.3.2. Diet Fatty Acid Composition

The fatty acid composition of both experimental diets is presented in Table 6.3. .Also

shown for comparison in the same table are the fatty acids of the of the 'wet fish' diet

(Boops boops). As intended, the experimental diets differed quite considerably in their

fatty acid composition (Table 6.3.). Overall, the Control diet was dominated by monenoic

fatty acids (51.0%) particularly of the n-9 and n-11 series, whilst the polyunsaturated fatty

acids (PUF A) are the major fatty acid class (37.4 %) in the Ropufa diet. The diet

170



Chapter 6 Seabass Broodstock Nutrition

containing the Ropufa diet had significantly more AA (1.4%), amounting to a 3 fold

increase over the 0.4% found in the Control diet and this, in conjunction with the

significantly lower amounts of EPA, resulted in a 4-fold higher AA: EPA ratio (0.06 &

0.25; Control & Ropufa respectively). The Ropufa diet, containing the tuna orbital oil

(Ropufa 30™), was characterised by very large amounts of DHA (27.3%), with an

exceptionally high DHA: EPA ratio of 5 (Table 6.1). Once the oil was added to the

expanded pellet the level DHA was reduced (19.5%), due to the relatively lower amount of

DHA in fishmeal (-10%). The resultant DHA: EPA ratio in the fabricated pellet was stil

high at 3.5, more than double the ratio in the Control diet (1.3).

The Ropufa diet contained similar amounts ofDHA (19.5%) when compared to the 22.1%

in the 'wet fish' diet. The ratio of DHA: EPA in both diets was comparable i.e. 3.5 & 3.3

in the Ropufa & 'wet fish diets' respectively. Although a large increase in the AA level

and the AA: EPA ratio was achieved in the Ropufa diet (1.4 & 0.25; AA & AA:EPA ratio

respectively) this was below those values in the 'wet fish' diet (4.6 & 0.7; AA & AA:EPA

ratio respectively).
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Table 6.3.

Seabass Broodstock Nutrition

Percent fatty acid composition of experimental diets

Fatty Acid Ropufa 'wet fish'Control

14:0

16:0

16:1's

18:0

18:1's

18:2 n-6

18:3 n-6

18:3 n-3

18:4 n-3

20:1's

20:2 n-6

20:4-ñ-6

20:3 n-3

20:4 n-3

2O:5h~3

22:1's

21:5

22:5 n-6

22:5 n-3

22:6;1"'3

24:1 n-9

5.8

0.4

4.3

1.6

12.7

4.6

0.1

1.4

2.4

13.6

0.2

0.4

0.1

0.5

5;8

19.4

0.2

0.1

0.6

7.8

1.0

3.8 1.9
0.9 20.1
4.9 4.1
4.5 8.3
14.8 10.3
4.9 2.6
0.2

1.2 0.6
1.2 0.5
3.9 1.8
0.2

1.4-

0.1

0.4 0.2
5.6

5.4 0.6
0.2

1.2 1.2
0.8 2.4

19,5

0.7

Fatty Acid Classes

L:Satgrêitès

L: Møñoel1es

. L: Dienes

L:PUFA

Ln-~
L:n~6

L"n~~)

20.2

51.0

5.1

25.0

18.7

5.4

25.7

28.3 32;5
30.0 18;1
5.4 3.4

37;4-

28.4-

7.9

17.7

Ratios

n-3 : n-6 Ratio

AA : EPARatio

DHA : EPA Ratio

3.4

0.06

1.3

3.6 3.5
0.25 0.7
3.5 3;3
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2.4. Lipid analysis

Egg material destined for lipid analysis was stored in at least 10 volumes of

chloroform/methanol (2: 1 v/v) with 0.01 % (w/v) butylated hydroxy toluene (BHT) at -70 °C

prior to extraction. Dietary components and egg material were homogenised in 10 volumes

of chloroform: methanol (2: 1, v/v) using an Ultra-turrax tissue disrupter. The amount of

total lipid was determined gravimetrically using an Ohaus JA200B analytical balance after

lipid extraction using the method of Folch et al. (1957).

The quantification of lipid classes was performed using double-development high-

performance thin layer chromatography (HPTLC) and scanning densitometry. Ten J-g of

total lipid were applied to a 10 x 10-cm HPTLC plate that had been pre-run in hexane:

diethyl ether (1: 1 v/v) and activated at 110°C for 30 min. The plates were developed to 6-

cm in methyl acetate: propan-2-01: chloroform: methanol: 0.25% (w/v) aqueous KCl

(25:25:25: 10:9 by volume) to separate polar lipid classes with neutrallipids running at the

solvent front. After drying, the plates were developed fully in hexane: diethyl ether: acetic

acid (80:20:2 v/v/v) to separate neutral lipids and cholesterol. Lipid classes were

visualised by charring at 160°C for 15 min after spraying with 3% copper acetate (w/v) in

8% (v/v) phosphoric acid and identified in comparison with commercially available

standards. Lipid classes were quantified by scanning densitometry using a Shimadzu CS-

9000 dual wavelength TLC scanner and a DR-13 recording integrator.

Fatty acid methyl esters of total lipid were prepared by acid-catalysed transesterification of

250J-g of total lipid overnight at 50°C in 2-ml of 2% sulphuric acid in methanol plus 1-ml

toluene. The methyl esters were extracted first in 5-ml hexane then in 5-ml hexane: diethyl

ether (l: 1; v/v) after neutralisation with 2-ml of 6% KHC03. The combined organic phases
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were dried under nitrogen. The methyl esters were redissolved in 0.2-ml chloroform:

methanol (2: 1 v/v) and purified by TLC (hexane: diethyl ether: acetic acid 90: 10: 1 v/v/v)

before separation and quantification by GLC (Carlo Erba Vega 8000, TherIDo Separation

Products Ltd., Stone, UK) using a 30 m x 0.32-mm capilary column (CP Wax 52 CB,

Chrompak Ltd., London, UK). Hydrogen was used as a carrier gas and temperature

programming was from 50°C to 150°C at 40°C min-1 and then to 230°C at 2.0°C min-i.

Individual methyl esters were identified by comparison with known standards.

Individual phospholipid classes of blood leucocytes were isolated by loading i-ñig of total

lipid onto a I-cm origin of a 10 x lO-cm HPTLC plate and eluting with methyl acetate:

isopropanol: chloroform: methanol: 0.25% (w/v) aqueous KCl (25:25:25: 10:9 by volume).

Individual phospholipids were identified by spraying the plate with 0.1 % 2', 7'-

diclorofluorescein in 97% methanol containing 0.05% butylated hydroxytoluene (BHT)

and the lipid classes visualised under UV light. Lipid classes were scraped from the silica

and transmethylated as described above.

2.5. Data Analysis.

Replicates were pooled after variation between was tested using the Fmax test followed by

a Students 't' test. Difference between dietary treatments was also determined by a

Students 't' test. All percentage data was arsine transformed prior to statistical analysis.
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3. Results

3.1. Female Spawning Peiformance & Egg and Larval Characteristics

3.1.1. Spawning Season

The seabass broodstock under ambient temperature and photoperiod spawned naturally in

the spring of each year beginning at 3 years of age. The duration of spawning of

broodstock fed the Ropufa diet for the first year of production was marginally longer when

compared to the Control-fed fish. However, the second spawning season saw the

disappearance of this difference and an overall reduction in the duration of spawning for

both diet groups (Table 6.4).

Table 6.4. Duration of spawning season for each dietary group for each spawning

season.

Spawning Season Control Ropufa

First (1°)

Second (2°)

67 days

55 days

76 days

54 days

3.1.2. Broodstock Performance; Growth

The weighing of broodstock began as the fish were stocked into their respective tanks and

diet groups. Figure 6.1 shows the increase in female weight throughout the experimental

period. This graph shows that that there were no statistical differences between the growth
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Figure 6.1. Mean weight (g) of female broodstock throughout the experiment for both

diet groups Control and Ropufa encompassing both spawning seasons.

Shaded bars denote the duration of egg production for each spawning periods

labelled 10 & 20 respectively (values :tSEM).
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of each of diet group as seen in the total gain in body weight. However, the condition

factor (CF) showed a degree of separation between dietary treatments with the Control

group exhibiting a marginally lower CF throughout the experiment. The only significant

difference for CF between dietary treatments was February to March of the second

spawning season (p..0.05). Overall, the females appeared to grow more in the second year

than in the first. However, closer examination of the data reveals that the broodstock grew

relatively more between June and December of the first year (-74% increase in weight),

compared to the same time period in the second year of the experiment (-57%). This

statement was corroborated by the generally lower specific growth rates (SGR's) from the

June to December period of the second year of growth (Figure 6.2). The full annual

growing cycle is characterised by the most rapid growth from September to December,

followed by a period of quiescence until early autumn when growth rates once again

increased with the decline of ambient temperatures. Figure 6.4 shows the total length (TL)

of the female broodstock as calculated from the measured fork length (FL) using the

equation of Pawson and Pickett (1996). Female broodstock length increased gradually

throughout the experiment, not exhibiting the same periods of rapid increase seen in Figure

6.1 of the average female weights at each sampling point. Yet, the length of the Ropufa

group appears to be marginally less throughout the experiment (Figure 6.4). Figure 6.5

shows the relative CF of females during the experiment, manipulated to produce values

around unity in September/October so that comparisons could be made between the above

data and that obtained by Pawson et al. (1996).
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Figure 6.2. Mean specific growth rate (SGR) for female broodstock throughout the

experiment for both diet groups Control and Ropufa, encompassing both

spawning seasons. Shaded bars denote the duration of egg production for

each spawning periods labelled 10 & 20 respectively (values :tSEM). ,*,

denotes a significant difference between Control and Ropufa (po:O.05).
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Figure 6.3. Mean condition factor (CF) for female broodstock throughout the experiment

for both diet groups Control and Ropufa, encompassing both spawning

seasons. Shaded bars denote the duration of egg production for each

spawning periods labelled i ° & 2° respectively (values :tSEM).
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Figure 6.4. Mean total length (cm) for female broodstock throughout the experiment for

both diet groups Control and Ropufa, encompassing both spawning seasons.

Shaded bars denote the duration of egg production for each spawning periods

labelled 1 ° & 2° respectively (values :!SEM).
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Figure 6.5 Mean relative condition factor (RCF) for female broodstock throughout the

experiment for both diet groups Control and Ropufa, encompassing both

spawning seasons. Shaded bars denote the duration of egg production for

each spawning periods labelled 1 ° & 2° respectively (values :!SEM).

3.1.3. Broodstock Performance; Egg Production

The majority of criteria used to assess spawning performance indicated a general trend of
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3.1.3. Broodstock Performance; Egg Production

The majority of criteria used to assess spawning performance indicated a general trend of

improvement ~ithin diet groups between spawning seasons, although no significant

differences were identified (Table 6.5). An exception was the number of egg batches per

spawning female for the Ropufa diet (2.3 & 2.1 during 1 SI(1 0) & 2nd(2°) spawning seasons

respectively). Broodstock spawning improved noticeably in the second year (91.7% &

43.3%; Control & Ropufa respectively), as less than a quarter of the females spawned

during their first season (23.3% for both Control & Ropufa). As a result of these findings

female fecundity (i.e. number of egg batches, volume of eggs per spawn and number of

eggs per kg of broodstock) has been expressed in relation to the number of spawning

females. Generally, broodstock fed the Ropufa diet showed an apparent improvement in

the number of egg batches produced per female over the Control group. The differences in

egg production were most obvious when considering the total volume of eggs produced by

each spawning female. The data indicate that the egg production yields were considerably

better in the Control-fed groups during the first spawning season. This situation was

subsequently reversed in the second year of spawning, in addition to an apparently large

increase in egg production per spawner (10; 447-ml & 267-ml and 2°; 852-ml & 904-ml

Control & Ropufa respectively). However, these differences between spawning seasons

were not so obvious when considering the total number of eggs produced in relation to the

weight of spawning females (10; 331,000 & 180,000 and 2°; 364,000 & 374,000 eggs kg-I

spawner-1 Control & Ropufa respectively). Importantly the number of eggs produced by

the Ropufa diet was stil lower than might have been expected from the results of the

second spawning season (see Discussion).
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Table 6.5.
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Spawning characteristics of broodstock from each dietary group. (Values

expressed as means :tSEM.).

RopufaSpawning Characteristics Spawning Control

Season Mean SEM Mean SEM

%:()f.Sp~""fllrig\Eemales 1 °
20

No. of Egg Batches per Female 1 °
2°

No. of Egg Batches per Spawning Female 1 °
2°

Mean Egg Batch Volul1e(rnl) 10
2°

Total Volume of Eggs per Spawning Female (ml) 1°

2°

Mea.riN()...afEggs...pera,ate~(*~.()3) 10

2°

Total No. of eggs per Spawning Female (x103) 1°
2°

Total No. of Eggs per kg of Spawning Female (x103) 1°

2°

Values in Boiaarid SMaêd denote a significant difference between Control & Ropufa (p-e0.05)

183

23.3 5.09 23.3 14.53

91.7

0.3 0.16 0.7 0.12

1.4 0.58 0.9 0.28

1.3 0.33 2.3 0.67

1.5 0.5 2.1 0.5

379

569 4 412 108

477 58 267 146

852 279 904 330

280

421 3 292 77

353 43 186 101

630 206 641 234

331 28 180 99

364 100 374 148
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3.1.4. Physical Egg Characteristics

Listed in Table 6.6 are the dates used to classify the physical characteristics of viable eggs.

Three parameters showed a significant difference between diet groups. Firstly, egg

diameter in the second season of spawning, was significantly higher in fish fed the Ropufa

diet (1221¡.m), compared to the Control group (1 1 92¡.m). Secondly, the dry weight when

expressed as a proportion of the total egg weight was significantly less in the Ropufa diet

group (11.9%) than in the Control (13.1%) containing the Northern Hemisphere fish oiL.

Thirdly, the proportion (%) of total lipid in eggs after freeze drying was significantly less

(po:O.05) in eggs derived from broodstock fed the Ropufa diet (24.2%) in comparison with

eggs from the Control group (22.3%). The majority of egg parameters indicated trends of

improvement for eggs from the Ropufa diet for both seasons i.e. the proportion of viable

eggs, volume, diameter, dry weight, wet weight and cell symmetry. Notably, the

significant differences (po:O.05) identified in the amount of lipid when expressed in

absolute (¡.g egt1) and relative terms (% of total lipid) which were independent of diet and

revealed that these parameters also decreased markedly between spawning seasons. In the

first year of spawning eggs from both diet groups contained 42.8¡.g of lipid per egg.

Again, in the second season of spawning, both diet groups contained approximately the

same amount of lipid (28.7 & 28.1¡.g; Control & Ropufa respectively). These changes

were reflected in the proportion (%) of total lipid extracted from eggs from each diet group

(po:O.05).
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Table 6.6. Physical characteristics of eggs from each of the dietary groups. (Values

expressed as means :tSEM.).

Physical Egg Characteristics Control RopufaSpawning

Season Mean

9.75% of Viable Eggs 1° 39.5

2° 60.3

1° 1184

2° 1192

1 ° 874

2° 892

1 ° 122.3

2° 120.2

1° 936.4

2° 929.0

1° 13.1

2° 13.0

1° 42.8

2° 28.7

1° 35.0

2° 24.2

1° 1.7

2° 1.5

2° 79.1

Egg :diameter (IJm) .

Egg volume (,ul)

Dry Weight per Egg (¡.g)

Wet Weight per Egg (¡.g)

%.Dry.Weight.ofTotal:EggW'éight

Lipid weight per egg (pg)

% Lipid per egg

No. of oil droplets per egg

% cell symmetry

SEM

11.15

25.3

18.4

0.12

0.26

1.23

0.81

0.48

0.63

0.31

0.09

Mean SEM

8.8

63.3

67.2

1207 12

7.5

17

37 926 28

944 24

123.3 4.9

124.3 2.5

1024.9 53.0

983.0 25.4

10

2.4

2.3

12.5

42.8

28.1

34.9

0.21

2.10

0.68

1.77

5.2

1.8

1.4

92.0

0.15

0.13

2.0

Values in Boldal1d.Shadéd denote a significant difference between Control & Ropufa

(p-:0.05)

Values in Italics denote a significant difference between spawning seasons (p-:0.05)
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3.1.5. Hatching Success
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Pre-hatching and hatching success are detailed in Table 6.7 below. Immediately apparent

is the general improvement between spawning seasons irrespective of diet treatment for all

three measurements of early egg performance i.e. % survival at 2 days post-fertilisation

and hatching, particularly conspicuous for total hatching rates for eggs derived from the

Control diet (po:O.05). In conjunction with this the Ropufa diet consistently performed

better in terms of egg quality. Egg survival at two days post-fertilisation was significantly

higher (po:O.05) in eggs from Ropufa fed broodstock in the first year of spawning (17.9% &

59.9%; Control & Ropufa respectively). Hatching rate expressed as a proportion (%) of the

total eggs spawned also differed significantly between diet during the first season of egg

production (po:O.05). Although there appeared to be general improvements in the hatching

characteristics of the eggs during the second spawning year, none of these were statistically

significantly different.

Table 6.7. Hatching characteristics of eggs from each of the dietary groups. (Values

expressed as means :tSEM.).

Hatching Characteristics

. % Survival 2 days post-fertilsation

Spawning Control

Season Mean

1 ° 17.9

2° 37.0

1 ° 16.8

2° 46.6

1° 8.2

2° 33.0

% Hatching Rate of Viable Eggs

% TotalHatching Rate

Ropufa

SEM Mean SEM

10:50 59;9 42:86'

7.50 54.4 7.25

5.35 37.3 6.58

8.19 69.4 6.77

7.51 51.9 7.01
)

Values in Böldiand'Shâdéd denote a significant difference between Control & Ropufa

(po:O.05)

186



Chapter 6 Seabass Broodstock Nutrition

3.1.6. Larval Performance

As already mentioned in the previous section, improvements in hatching success were seen

in both diet groups between. spawning seasons. Table 6.8 describes the rates of spinal

deformity encountered between diet groups and between spawning seasons. Clearly

represented is the substantial decline in deformity of larvae after hatching from 50.7%

(Control) and 40.5% (Ropufa) during the first season of spawning, to an insignificant

amount for both diet groups in the following year (0.08% & 0.09%; Control & Ropufa

respectively). During the second season of spawning, larval deformity was also assessed

just prior to first-feeding and here too a trend of higher survival could be seen for the larvae

derived initially from Ropufa fed broodstock (16.5% & 11.8%; Control & Ropufa

respectively).

Table 6.8. Larval spinal deformity rates soon after hatching and just prior to first

feeding. (Values are represented as means :tSEM).

Spawning

Season

Control Ropufa

Mean SEM Mean SEM

% Deformities post-hatching. 1 °

2°

2°

50.7

0.08

16.5

19.2

0.02

3.3

40.5

0.09

11.8

4.4

0.05

2.5% Mouth deformities at first-feeding

Table 6.9 represents the survival of larvae that would be transferred to the first-feeding

systems. Again, none of the differences between diet groups were statistically different.

However, as before in previous assessments of progeny quality, there was a trend towards a

greater overall production of larvae from broodstock fed the Ropufa diet.
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Table 6.9. Survival of characteristics larvae at first-feeding, with respect to the number

of female broodstock. (Values expressed as means :tSEM.).

Viable Larval Survival to First-Feeding Control Ropufa

Mean SEM Mean SEM

% survival to first-feeding 17.6 4.99 29.1 5.81

No. surviving to first-feeding /spawning female 121 66 212 95

(x103)

No. surviving to first-feeding /kg spawning 69 36 123 60
female. (x103)

3.2. Egg Lipid Class Composition

The lipid class composition is summarised In Table 6.10 where means denote the

percentage of each lipid class as a proportion of the total lipid extracted. The lipid class

composition was dominated by the neutral lipids (-80%) and in particular the sterol esters

previously identified for the first time in seabass by Bell et al. (1997). The lipid class

composition of the eggs was essentially the same in the Control diet for both spawning

seasons and the Ropufa diet in the second season of spawning. The lipid class content of

eggs from the Ropufa fed broodstock in the first spawning season was characterised by

more neutral lipid balanced by a lower overall polar lipid composition. However, when

eggs spawned by broodstock that received the dry diets were compared to those from

broodstock fed 'wet fish' diets it was evident that sterol ester makes up a significantly

greater proportion of the total lipid at the expense of triacylglycerol and to a lesser extent

the polar lipid classes.
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Table 6.10. Lipid class composition of eggs collected from each diet group from

consecutive spawning seasons. For comparison values are also included for eggs from fish

fed a 'wet fish' diet from a previous study (Bell et al., 1997).

Lipid Class Control Control Ropufa Ropufa 'wet fish'

1 ° 2° 1 ° 2°

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Polar Lipid

LPC 0.2 0.04 0.2 0.02 .Q 0.04 0.3 0.06 nd

SM 0.3 0.01 0.4 0.02 0.2 0.02 0.4 0.05 0.3 0.02

-PC 13.8* 0.53 14.1 0.27 12.4 0.16 14.0 0.41 11.1 0.48

PS 0.2 0.04 0.2 0.02 0.1 0.04 0.2 0.05 nd nd

PI .1 0.06 1.6 0.05 1.2 0.08 1.6 0.13 1.0 _ 0.04

PA/CL 0.5 0.04 0.6 0.04 0.4 0.05 0.7 0.06 0.5 0.10

PE 4.0* 0.09 4.2 0.06 3.5 0.11 4.2 0.10 3.2 0.14

L PL 20.4 0.64 21.2 0.32 17.9 0.26 21.5 0.65 16.1 0.67

Neutral Lipid

Chol 6.1 0.34 6.9 0.18 5.4 0.66 6.8 0.29 4.7 0.21

FFA 0.1 0.05 nd 0.9 0.49 nd nd

TAG 30.3 1.13 31.4 0.63 30.1 0.34 31.2 0.43 25.7 1.12

SE 43.1 1.84 40.6 0.64 45.7 0.39 40.5 0.69 53.5 1.77

L NL 79.6* 0.67 78.9 0.32 82.1 0.26 78.5 0.65 79.2 0.83

NUPL 3.9* 0.15 3.8 0.08 4.6 0.08 3.8 0.16 5.0 0.27

* - denotes a significant difference between Control & Ropufa (po:O.05)
underlined - denotes a significant difference for each diet between years 1 ° & 2° (po:O.05)

italics - denotes a significant difference between diets and 'wet fish' (po:O.05)

3.3. Egg Total Lipid Fatty Acid Analysis

Table 6.11 shows the percentage total lipid fatty acid compositions of the eggs from

broodstock fed the experimental diets, over the two spawning seasons. Overall, the

differences in fatty acids between the two diets remained the same over two consecutive

spawning seasons. Included in Table 6.11 is the fatty acid composition of eggs from

broodstock fed a 'wet fish' diet which was used in a previous study. The fatty acid
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composition of eggs from each diet group reflected the levels found in the diets i.e.

significantly higher monoenes and lower PUF A in the Control, compared to the Ropufa

diet. Although present, these significant differences are now less pronounced. However,

immediately obvious are the high levels of DHA in the eggs regardless of the levels found

in the diets. The eggs from the Control and Ropufa diets contained 20.1 and 26.4% DHA

in the first spawning season and 21.6 and 28.4% in the second, compared to the dietar

supply of 7.8 and 19.5% in the Control and Ropufa diets respectively. This selectivity for

DHA meant that the difference observed between DHA: EPA ratios in the diets (1.3 & 3.5;

Control & Ropufa), was drastically reduced in the eggs of both spawning seasons (3.0/3.1;

Control & 4.5/4.8; Ropufa). The significant differences in the AA: EPA ratio between the

diets (0.06 & 0.25; Control & Ropufa) was maintained in the resulting eggs (0.1/0.31;

Control & 0.110.25; Ropufa). The overall comparison of the fatty acid composition of eggs

from the experimental and 'wet fish' diets, revealed that the Control group differed

significantly in all pertinent comparisons i.e. lower AA, DHA, AA: EP A & DHA: EPA and

higher EP A. Similar differences are present when making the same comparisons between

the Ropufa and 'wet fish' diets. However, the differences were appreciably less and values

approached those of the 'wet fish'.
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Table 6.11. Summary of % fatty acid composition of sea bass eggs from broodstock fed

the experimental diets over two consecutive spawning seasons. For comparison values are

also included for eggs from fish fed a 'wet fish' diet from a previous study (Bell et al.,

1997).

Fatty Acid Control Control Ropufa Ropufa 'wet fish'
10 20 10 20

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
14:0 2.5 0.08 2.5 0.08 2.0 0.13 2.2 0.06 2.4 0.06
16:0 12.9 0.34 12.0 0.19 12.0 0.87 12.6 0.24 13.6 0.31

16:1's 4.9 0.10 5.1 0.11 5.3 0.39 5.8 0.16 9.8 0.28
18:0 3.4 0.13 3.5 0.09 3.7 0.14 3.7 0.07 3.6 0.08
18:1 's 21.8 0.55 21.6 0.43 18.3 0.53 18.1 0.36 22.0 0.41

18:2 n-9 0.4 0.01 0.3 0.00 0.2 0.01 0.2 0.01 t

18:2 n-6 5.3 0.15 5.1 0.10 5.0 0.10 4.8 0.09 1.7 0.02
18:3 n-6 0.2 0.03 0.1 0.00 0.2 0.03 0.1 0.01 0.1 0.01

18:3 n-3 0.9 0.02 1.0 0.02 0.8 0.03 0.8 0.03 0.8 0.04
18:4 n-3 0.8 0.03 0.8 0.03 0.6 0.05 0.6 0.02 0.8 0.03
20:1 n-9 0.1 0.02 0.1 0.00 0.2 0.06 0.1 0.00 0.8 0.10
20:2 n-6 0.4 0.05 0.3 0.01 0.5 0.05 0.2 0.01 0.3 0.03
20:3 n-6 0.1 0.02 0.1 0.00 0.2 0.03 0.1 0.00 t

20:4 n-6 01 0.01 0.7* 0.02 1.8 0.06 1.6 0.02 1.9 0.06
20:3 n-3 0.2 0.09 0.1 0.00 0.1 0.01 0.1 0.00 t

20:4 n-3 0.5 0.02 0.7 0.01 0.4 0.01 0.4 0.01 0.6 0.01

20:5 n-3 6.8* 0.08 6.£J 0.09 5.9 0.18 6.0 0.14 5.3 0.15
22:1 n-11 1.4 0.18 1.5 0.05 0.6 0.05 0.8 0.03 0.0 0.00
21:5 0.3 0.00 0.3 0.00 0.2 0.01 0.2 0.01 0.2 0.01
22:5 n-6 0.2 0.01 0.2 0.00 0.9 0.06 0.9 0.03 0.7 0.01

22:5 n-3 1.1 0.15 1.3 0.03 1.4 0.30 0.9 0.01 1.6 0.03
22:6 n-3 20.1* 0.56 21.6* 0.33 26.4 0.65 28.4 0.46 28.6 0.63
24:1 n-9 0.3 0.03 0.3 0.01 0.3 0.02 0.4 0.02 t

L Saturates 19.5 0.50 18.4* 0.25 18.5 0.82 19.3 0.28 20.3 0.43

L Monoenesa 37.5* 0.86 37.4* 0.48 31.9 0.51 30.6 0.49 32.6 0.33

L Dienes 6.2 0.14 5.8* 0.10 5.9 0.11 5.4 0.10 2.0 0.03

L PUFA 38.3* 0.50 39.6* 0.35 45.0 0.82 45.5 0.62 42.4 0.69

L n-3 30.8* 0.58 32.6* 0.32 36.0 0.77 37.3 0.55 37.6 0.71

L n-6 6.8* 0.18 6.4* 0.11 8.6 0.23 7.8 0.12 4.7 0.07

L n-9 28.2* 1.40 28.1* 0.49 21.5 0.81 21.6 0.49 19.8 0.47
n-3 : n-6 Ratio 4.6 0.17 5.1* 0.10 4.2 0.14 4.8 0.08 8.0 0.21

AA: EPA Ratio 0.10* 0.00 0.10* 0.00 0.31 0.01 0.27 0.01 0.36 0.01

DHA: EPA Ratio 3.0* 0.06 3.1* 0.07 4.5 0.13 4.8 0.13 5.4 0.18
* - denotes a significant difference between Control & Ropufa (p-.0.05)

underlined - denotes a significant difference for each diet between years i" & 2" (p-.0.05)
italics - denotes a significant difference between diets and 'wet tìsh' (p-.0.05)

includes 20: 1 n-11, 20: i n-? and 22: 1 n-9.
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3.4. Egg PC, PI & PEfatty acid analysis

After the analyses of the individual polar lipid classes phosphatidylcholine (PC),

phosphatidylinositol (PI) and phosphatidylethanolamine (PE) were completed, the fatty

acid data were then pooled for the analysis and presentation of the results. Figure 6.6

shows the influence the two experimental diets had on the fatty acid composition of the

eggs produced. All polar lipid classes had significantly elevated levels of AA (2.4, 24.0 &

1.9; PC, PI & PE respectively) in the broodstock fed the Ropufa diet, when compared to

eggs derived from Control diet group (0.9, 12.5 & 0.9). The amounts of EPA showed the

opposite trend and were significantly less in fish fed the Ropufa diet (10.7, 4.1 & 4.2; PC,

PI & PE respectively) in comparison with the eggs from the Control group (13.5, 9.1 &

5.7). The changes in AA and EPA mentioned above produced significant increases in the

AA: EPA ratio in each of polar lipid classes, such that the levels of AA analysed in eggs

from the Control group were 0.1, 1.4,0.2 in PC, PI and PE respectively and 0.2, 6.0 and

0.5 in the diet containing the Ropufa oiL. Interestingly, DHA showed no significant

difference between the two diets in all three polar lipid classes i.e. PC0!29.2 & 32.2;

PI0!10.3 & 8.8; PE0!36.1 & 37.1 for the Control & Ropufa diets respectively, even though

a small significant difference existed in DHA of the egg total lipid (p-=0.05). However, the

DHA: EPA ratios in the PC, PI & PE of the Ropufa diet (3.0, 2.1 & 8.8; PC, PI & PE) were

significantly greater than those of the Control diet (2.2, 1.2 & 6.4). The numbers in

brackets are the equivalent percentage values found in the eggs of broodstock fed

exclusively on wet fish. From Figure 6.6, it is evident that the fatty acid compositions of

the Ropufa diet, equate to the values found in the wet fish diet used in a previous study

(Bell et at., 1997).
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Figure 6.6. Summary of fatty acid composition of polar lipid classes PC, PI & PE from

eggs of broodstock sea bass fed the experimental diets (Control & Ropufa).

Values are expressed as means :tSEM. * denotes a significant difference

between diet groups (p.:0.05). Numbers in brackets are values from eggs

derived from broodstock fed a wet fish diet, carried out in a previous

experiment (Bell et al., 1997).
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4. Discussion

The increase in growth rate of both groups of broodstock in the early autumn coincides

with the onset of vitellogenesis (Cerda et aI, 1995), marking the transition between the

increase of gonad growth and the cessation of somatic growth; Mayer, 1990; Kelly 1988).

The changes in condition factor showed that the peak in stored reserves was reached just

prior to the on-set of spawning, decreasing markedly until after the termination of egg

production. These results concur with those of Pawson and Pickett (1996) derived from

their work on wild stocks of sea bass around the English coast. However, they state that

prediction of the initial occurrence of spawning was better correlated to the total length

rather than to the condition factor and speculated that spawning could only take place once

the females had attained a total length (TL) in excess of 42cm. The data of the current

study shows that less than half of the broodstock spawned during the first year of

spawning, even though the condition factors were higher than those shown by Pawson and

Pickett (1969). However, examination of the total length data shows that the broodstock

mean total length was only just above the critical length for spawning identified by Pawson

and Pickett (1969), which meant that some of the broodstock were below the critical length

prior to spawning. A possible explanation for this relationship to total length might be

derived from further statements in their paper. In it they mentioned that females of ::42cm

adopted a more adult mode of behaviour and could migrate to maintain temperatures of

their environment above 9°C and also enable increases in the prey items encountered

during the leaner periods of the year. Therefore, from this we can hypothesise that the

stimulus to fully mature and spawn is linked to the physical ability to embark on these

feeding migrations as a result of the females reaching a suitable body size and musculature.

In terms of growth of the two groups of broodstock females on the two experimental diets,
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there were no significant differences, as both diet groups showed comparable growth rates

with respect to weight and length. Yet, condition factor appeared to be consistently better

for the Ropufa diet although no significant differences were identified. As already

mentioned this does not seem to be the determining factor in the decision to spawn in

seabass. However, the consistently higher condition of the Ropufa group might still have

played an important part in the actual number and quality of future offspring. Certainly in

other fish species such as Atlantic salmon and yellowtail scad, the condition of the fish

determines the occurrence of spawning and the fecundity (Kadri et ai, 1996;

Venkataramani et al., 1995)

As mentioned earlier the number of spawning females during the first spawning season was

low, with the Ropufa diet yielding more, smaller batches of eggs. During the second

spawning season the situation was similar but reduced. However, although the number of

females spawning was apparently less than the Control group, the total number of eggs

produced per spawning female showed none of the apparent differences between the

dietary treatments identified during the first season of spawning. The causes for these

variations between seasons are probably different. As already mentioned the ability to

spawn is probably closer related to the length of the brood stock female and that 42-cm

would seem to be the critical length whereupon spawning can begin. The data for the first

season shows that although both groups had reached a mean length in excess of 42-cm

prior to the spawning season and were not significantly different, there nonetheless

appeared to be on average a slightly larger fish in he Control group. The implication is that

although the same proportion of individuals was able to spawn in the first spawning

season, the slight disparity between the length of the two groups prior to spawning (i.e.

marginally smaller Ropufa fed broodstock), could have affected the success of those that
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spawned, thus producing smaller batches of eggs from the Ropufa fed fish. The condition

factor corroborates this statement, as the values remained consistently higher for the

Ropufa group during the first season of spawning, reflected in the fecundity.

The reason for the failure of 66.7% of the Ropufa stock to spawn during the second season

of spawning is unknown, nothing in the data indicates why this occurred. However,

despite the failure of a proportion of the broodstock to spawn in both seasons the trends

identified during the first spawning season in egg and early larval quality were the same.

The results indicate that the Ropufa diet facilitates a higher survival of eggs and pre-

feeding larvae, which ultimately resulted in more robust larvae at the onset of first-feeding.

The results show that the improved performance of eggs and early larvae from broodstock

fed the Ropufa diet was linked to the enhanced EF A composition of the diet.

Many researchers have identified the importance of an adequate supply of EF A particularly

at a time of high demand in the life cycle i.e. vitellogenesis (Sargent, i 995). Certainly wet

diets, which have traditionally been used to feed broodstock, have proved to be the most

effective way of meeting the EFA requirements of the fish and ensuring good quality eggs.

However, the use of wet diets requires the careful management of the sources and supply of

components, to maintain the quality of the product. Furthermore, 'wet fish' has been

implicated as a possible route for the inadvertent introduction of pathogens to the culture

system, such as nodavirus and VHS (viral haemorrhagic septicaemia). Understandably,

many commercial interests have expressed their desire for an alternative to 'wet fish' i.e. an

artificially fabricated pelleted diet. However, as already mentioned, there is a high

developmental demand for EF A during the vitellogenic period. It is well known that

broodstock fish have dietary requirements for PUFA in relation to reproductive success,
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especially for n-3 fatty acids (Watanabe and Kiron 1995). The n-3 PUFA are important for

both membrane formation and function specifically fluidity and permeability. Marine

species of fish ~re not able to elongate and desaturate C 18 fatty acids to their C20 and C22

products and hence require essential 20 and 22 carbon n-3 PUFA to be provided in their

diets (Sargent et al., 1995b). Watanabe and colleagues (1995) clearly demonstrated the

importance of n-3 EFA on egg and larval quality by carrying out experiments manipulating

the pre-spawning nutritional regimes of Red Sea bream. They revealed that the levels of n-

3 EFA in broodstock diets (EPA and DHA) were of great importance in determining

subsequent egg and larval quality. Again a study carried out using broodstock gilthead sea

bream showed that a close relationship dietary fatty acid composition and egg quality was

found (Mourente & Odrizola, 1990b). Even in freshwater species, such as the Eurasian

perch, the supply of sufficient amounts of n-3 EFA in broodstock diets is vital to ensure

good quality of eggs and early larvae (Abi-ayad et al. (1997).

The results from the present study show that the broodstock fed the Control diet contain

significantly less n-3 EFA, specifically DHA (p.:0.05). However, closer examination of

the fatty acid composition of both diets and their respective eggs reveals that the difference

between the diet groups with respect to their n-3 EFA composition has been drastically

reduced in the resultant eggs. These results confirm that broodstock females exert

considerable selectivity on which fatty acids are mobilised from the muscle reserves into

ovarian lipids (Henderson et al., 1984). However, despite the apparent compensation by

the broodstock the egg quality suffered indicating that although the level of n-3 EFA in the

Control group was insufficient to support the higher degree of success attained in the eggs

derived from the Ropufa fed fish. Interestingly, examination of the DHA in the polar lipid

classes PC and PE leads us to draw the opposite conclusion. As a high proportion of the
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DHA destined for membrane formation is located in PE (and to a lesser extent PC), the

results reveal that both artificial diets appear to supply sufficient amounts of DHA to the

eggs, when compared to the 'wet fish' diet used during a previous experiment (Sargent,

1995). Other research carried out on the gilthead sea bream has shown that despite wide

differences in total HUF A within the diets the composition in the polar lipid were not

markedly different (Mourente & Odrizola, 1990a). However, this same graph identifies a

short-fall in the Control diet, as here the DHA: EPA ratio was considerably less than the

amounts found in both Ropufa and the 'wet fish' diets, there being a larger proportion of

EPA in the Control diet. Thus, although lower n-3 EFA in diets might be compensated for

by the broodstock in the polar lipid classes there would stil be lower amounts of n-3 EPA

in the reserve lipids i.e. TAG. This might become important at the critical period of the life

cycle during the transition from endogenous to exogenous feeding, a time during which the

larvae may undergo a short period of starvation.

Recently attention has turned to the influence of eicosanoids on teleost reproduction. This

group of compounds is derived from dihomo-y-linolenic acid (20:3n-3), AA and EP A.

However, the most biologically active eicosanoids are those derived from AA, (i.e. series 2

prostaglandins and series 3 leukotrienes) which is the preferred substrate of the enzyme

systems involved in eicosanoid production. These biologically active compounds derived

from AA (Bell et aI., 1994; Tocher and Sargent, 1987) are responsible for a wide range of

physiological roles including osmoregulation, cardiovascular functions, neural control and

the functioning of reproductive systems (Mustafa & Srivastava, 1989) and these are

important in the control of ovulation (Mustafa and Srivastava, 1989; Sorbera et aI., 1998)

and are probably involved in embryogenesis, development of the immune system, hatching

and early larval performance.. However, AA like its n-3 EFA homologues cannot be
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synthesised de novo by marine teleosts and therefore is also termed an essential fatty acid.

However, EP A plays an important role in the function of eicosanoids derived from AA, as

it competes with the enzyme systems producing eicosanoids from AA, thus exerting a

modulating influence over the quantity and efficacy of AA-derived eicosanoids. Although

AA has been shown to be important in growth, development and eicosanoid production in

juvenile turbot (Scophthalmus maximus) (Bell et aI., 1995; Castell et al. 1994), many

studies prior to the publication of Bell et al. (1997), have stil over-looked the importance

of AA particularly in relation to EP A in artificial diet formulations.

In previous studies the amounts and relative proportions of the fatty acids EPA and DHA

were optimised (Navas et aI., 1997). However, dietary levels of AA have also to be

enhanced, particularly with respect to their AA: EPA ratios (Bell et aI., 1995 & 1997). Bell

et al. (1997) showed that sea bass fed exclusively on 'wet fish' performed consistently

better than those fed on artificial diets which contained corn oil and fish oil as their lipid

component. As well as a lower DHA: EP A ratio, the artificial diet was characterised by a

comparatively low AA: EPA ratio of less than 0.1. The implied result of work carried out

by Bell et al. (1997) was that artificial broodstock diets contributed to reductions in

broodstock performance, due to a combination of higher EPA and lower AA and resultant

AA: EPA ratio when compared to wet fish diets.

The analysis of 5he polar lipid class phosphatidylinositol (PI) in the present study, clearly

shows that the levels of AA in the Ropufa diet were significantly greater than those found

in the Control and approached the levels found in the 'wet fish' diet. The importance of PI
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in cell membrane signal transduction combined with the knowledge that AA in fish eggs

appears preferentially concentrated in this lipid class (Bell and Dick, 1991) implies a

positive relationship between the amount of AA in the broodstock diets and subsequent egg

performance. These results confirm that it is imperative to maintain sufficient levels of AA

in broodstock diets with respect to EPA, in addition to providing adequate DHA, when

formulating artificial diets for marine broodstock.

5. Summary

1. Commercially fabricated diets allow greater control over the composition of

biochemical components and reduce the risks of disease introduction, which are a

significant concern when using the wet fish diets commonly used for most farmed

marine broodstocks.

2. The use of tuna orbital oil in the dry pelleted formulation has allowed the manipulation

of n-3 and n-6 highly unsaturated fatty acids (HUFA) in the resulting eggs, specifically

AA, EP A and DHA and produce an artificial diet with comparable performance to that

of 'wet fish'.

3. Finally, this study has shown that a commercially fabricated diet can be successfully

used as sensitive investigative tool for aquaculture research.
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Chapter 7 - General Discussion

The monitoring of spawning cycles greatly improves productivity and promotes the more

efficient use of halibut broodstock. This result was also demonstrated by Norberg et al.

(1991) that the careful monitoring of broodstock ovulatory rhythms could increase yields

and fertilisation rates. The "window of opportunity" when the best fertilisation rates can be

achieved appears to occur soon after the completion of ovulation. The current experiments

conclude that halibut eggs wil suffer no detrimental effects on fertilisation rates and

subsequent egg performance as long as fertilisation occurs within 6 hours of ovulation. It

is suggested that this time period probably equates to the duration of ovulation of the

different eggs in a batch for this species. The finding of Holmefjord (1991) that halibut

eggs when stripped too early can show improvements in hatch rates if stored for 3-6h prior

to fertilisation are thought to be incorrect based on the results current study and those

obtained for turbot (McEvoy, 1984). Halibut does not appear to require any period of

ripening once the eggs have been deposited within the ovary lumen.

This 'window of opportunity' has had important implications for the developing halibut

industry and has enabled the transport of "green" or unfertilised eggs between UK based

industry partners. This type of technology may, in the future, permit the partitioning of the

halibut industry in the UK and allow dedicated broodstock and egg production similar to

those found in the established salmon industries.
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The variation of egg quality between females maintained on an identical diet does not

appear to be due to any differences in the lipid composition. However, the small difference

in the levels of cholesterol recorded in the egg batches in this study may be important given

the role of cholesterol in biomembranes. Cholesterol has a condensing effect on

phospholipids in biomembranes and also influences enzymic activity (Van Deenen et at.,

1962). Elevated cholesterol levels might therefore have had an adverse effect on the function

of egg membranes leading to a reduced viability. Slight differences in membrane lipid

composition might affect their physico-chemical properties and also alter the supply of

precursor fatty acids for eicosanoid production, thus influencing the processes of fertilsation

and the initiation of cell divisions. However the presence of large amounts of egg yolk lipid

may have masked differences in membrane lipids in this study.

The bottleneck in halibut production is stil at the stage of first-feeding. The weak link is

brought about by the necessity of using zooplankton at some point during this critical phase

(Næss et al., 1994). The current work has shown that small systems of 100-1 can be used to

successfully rear halibut larvae. Although careful consideration must be made of the

system design to ensure that predator (larvae) and prey (artemia) remain homogeneously

dispersed. Also, the need to use rotifers at first feed has been shown to be unecessary.

However, nutrition of first-feeding larvae stil requires the use of wild zooplankton to

ensure successful pigmentation. Yet, Artemia supplied with commercial enrichments stil

perform adequately in terms of their overall growth.

Commercially fabricated diets allow greater control over the composition of biochemical

components and reduce the risks of disease introduction, which are a significant concern

when using the wet fish diets commonly used for most farmed marine broodstocks.
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However, satisfying the dietary lipid requirements of marine broodstock using arificial

diets has proved difficult, particularly with respect to their highly unsaturated fatty acid

(HUF A) composition as discussed earlier. The results showed that dietary manipulation of

these HUF A could improve levels and ratios of AA, EP A and DHA which were transferred

to the resulting eggs with improvements in early survival and hatching success repeated

over successive spawning seasons. The dry diet containing TOO facilitated comparable

reproductive performance to the wet fish diet (Boops hoops) previously considered being

the most effective brood stock diet. The improvements in reproductive performance are

appear to be linked to the n-3 HUFA composition, but it is also speculated that AA and its

competitive relationship with EPA in the formation of eicosanoids plays an important par

in the determination of egg quality.

There is now an increased awareness of the importance of importance to egg quality of the

inclusion of preformed AA in the diet of marine broodstock. Few studies have been

carried out to assess the requirements for AA. Castell et al. (1994) approximated that

juvenile turbot require in the region of 0.3% AA by weight in their diet. However, these

estimates are likely to be lower than expected due to the absence of competitive inhibition

of the prostaglandin enzyme systems by EP A due to its exclusion from the diet

formulation.

Finally, this study has shown that a commercially fabricated diet can be successfully used

as sensitive investigative tool for aquaculture research.
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Abstract
Egg quality, those characteristics of the egg that determine its capacity to survive, is a significiwt

problem for many species of fish currently being farmed. Litte is known about the determinants
of egg qualit)' and there is little agreement regarding reliable methods for its assesment. To be of
practica benefit, assessments should be simple to penorm and should be caed out as early in
development as is possible. Fertilzation rates are often used as measures of quality. For the Atlantic
halihut Hippog!ossus hippog/ossus, fertlization rate and assessments of cell symmetr at early

cleavage stages provide reasnable indicators of quality. Regardless of assessment method, it is
strongly recommended that penormance data from all batches of each broofish be examined when
sureying the overall quality of a stock. The misleading effects of poling such information are
demonstrated for a rainbow trout Oncorhynchus mykiss broostock. Although a lae number of
factors have ben implicated as possible determinats of egg quality, only 1) bacterial colonization
of the eggs, 2) nutritional status of the broofish and, 3) overripening, the process of aging that
occur when eggs are retained within the brood fish after ovulation. have been clealy shown to afect
egg quality.

The effec of overripening on fish egg quality is discussed in detaiL. Speciespecific differences
in the time scale of overripening are pointed out and related to spawning strategy and water
temperature. RJinbow trout eggs and those of other salmonids should be fertilized 'lithin approxi-
mately one week of ovulation. Oyerripening proceeds much more rapidly in wan water species,
e.g., tilapia eigs must be fertlized within an hour or so of ovulation. Egg viability also decreases
rapidly for batch spawning species. Fertli7.iition data arc presented for Atlantic halibut demon-
strting that eg quality decreases 4- h after ovulation. The ratc of o\'erripening was comparable

for eg held in ."itro in ovarian fluid to those retained within the ovarian lumen. Thes~ halibut

dJta combined with information from other marine and freshwater fish, indicate that overripening
is a significat determnant of egg quality for many if not all fish.

One of the most importt constraints to
e growth of aqua culturl production is the
~ble quaity of the egs that are available

S:~py¡g-:~to market-sized fish (Kjørs-
~~f~l:J~9Ø;i~e et aL. i 991). Good

rIr~~tI~~éfined as those that
m\~~~, ~.~ .~.:;. ~ i.. i~- -.~' :"~"':" ~', ". ;."e~~-iuthor.
t;-~'~~::';:'." .... :'::-\': : ~
~-. :....- .
.,"
~.- .

exhibit low levels of mortlüy at fertiliza-
tion, hatch and up to first-feeding: they
would also be expected to produce the

healthiest and fastest growing fry. although
egg quality effects on these characteristics
may be masked by a variety of environ-
mental and husbandry factors.

There are few species of fish under cul-
tivation that do not suffer from egg quality
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use eying rates as in~J~~~~(gulity':'?:
(Bromage and Cumaranati.oo~'¡iJ~RS)~:;.:.' . 1

Thert is, however, faFïêss~'méntre-~,
garding reiiabli" method~bfèR~~~fWtydas~
sessment for marine fish. !òÆãn'ý.futcheries
culturing marine species distingush '-good"
from "poor" quality eggs by virtue of the
eggs' ability to Roat or sink in sea water
respectively (McEvoy 1984; Carllo et a!.
1989: Kjørsvik et a!. 1990). Other authors
have suggested that the appearance of the
chorion, the shzipe of the e?-z, its transpar-
ency and distribution of oil globules C(1n f:e

related to quality (see review of Kjørsvik et
a!. 1990). However, for a number of species,
including the halibut. no such correlation of
buoyancy or of any other morphological

characteristic with quality has been consis-
tently reported.

Fertilization rate may prove to be as good
an index of quality in marine species as it ..
is for the salmonids, although it is reported
not to correlate well with later patterns of
survival in a number of marine fish (Kjørs-
vik et a!. 1990). One problem may be the
definition of fertilization rate. Correlations
between quality and overall rates of fertil-
ization may be obscured in marine species
by simply recording the total percentage of
eggs fertilized. Supplemental information
on chromosome appe2.laI1ce and ceil sym-
metry has proved usetul for a number of
species (Kjørsvik et a1. 1990). The present
\-'lork on halibut distinguishes five categories
of development immediately after fertiliza-
tion (Table i and Figs. 1 a, b, c). Of these,
the proportion of eggs that are spherical in
shape and show symmetrical cleavages (Figs.
la. c) LS thought to provide the best index
of quality and hence of subsequent perfor-
mance.

Another requirement that is important in
all assessments of quality is to include data
for all batches of eggs and not just recor~
mean (pooled) development rates. Wher-
ever possible, individual egg batch survval
figures should be included for each brood-
stock fish. The reasons for this approach

'IR()\\.\(;i: ;:T \1..

;Jroblèrns. E\cn :òi' the c;aimonids and rain-
~)()W trout Oncnr/n'nc!llIS tìzvkiss in pJ.rtic-

ui;u'. '.vhere husbandry pr:cticcS arc 'vvcll es-
lJbiishcd, losscs in the hatchery may be
c;urprisingly high with. on J verage. only 30%
of strip;Jcd eggs reaching market size
iBromagc and Cumaranatunga 1988:
Bromage 1990). Among marine species, egg
q uali ty is a more signifìcant problem. Be-
sicies the difficulties of providing optimum
cuI ture condi tions for egg incubation and
(hc yolk-sac fry. other reasons for variable
e~g survivals rc;¡¡ain unpro',¡en. ~¡lethods of

isscssing cgg quality (~ind thus providing an
early inciication of the survival and perfor-
mance charactenstics ofbatches of eggs) are
also subject to considerable controversy.

Some of these qucstions are considered in
the present review. which focuses on the
importance of overrpening in the deter-
mination of egg quality and in particular the
significance of this process as an egg quality
determinant in the Atlantic halibut.

Assessments oJ Egg Quali(v

One of the major obstacles to the study
of egg quality in different species of ash is
the diffculty of establishing parameters of
quality that provide reliable predictions of
performance. Preferably. these predictive
assessments should be simple to perform

(lnd not require lengthy otsophisticated lab-
oratory procedures. They should also be ca-
pabk of being carred out as soon after ovu-
lation and/or stripping as possible to avoid
unnecessarily occupying hatchery staff üme
and incubation facilities on what may prove
to be unproductive batches of eggs.

In salmonids the percentage rate of fer-
(iJization. assessed either at 1.2 h at the Lime
of the first or second cleavage division or
after 7 d with the formation otthe primitive
streak, provides a reliable indicator of sub-
sequent performance with survivors from

batches of eggs with poor fertilization rates
generally performing badly at all subsequent
stages of development (Springate et a!. 1984).
As a result of the good correlation between
eying and fertilization rates on the one hand

:~.1
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ecome a little clearer when the full range
fsurvival values are examined. Fig. 2 shows
:ie mean and range of fertilization rates and
urvival levels for rainbow trout eggs until
.ay :120. This clearl\' shows that, included.. '" '"
:i the average values, are batches of eggs
pawned by individual fish with almost 0%
.nd 100% survivals. Mean values, even with
.ppropriate confidence intervals, can never
ruly represent the full range of egg quality
n a stock of broodfish. Furthermore, some
iatcheries and also some scientific studies
:xclude individual batches of eggs with 100%
nortalities (blanks) from their data sets. In
nany ways, an improved understanding of
;yhy all the eggs from an individual fish have
lied may be more instructive than trying to
i.ribute cause to less pronounced differ-
~nces in quality.

Determinants of Egg Quality

Many factors have been suggested as pos-
;ible determinants of egg quality: the nu-
:rition and genetic make-up of the brood-
:ish; the size, chemical composition,
nicrobial colonization, and the overrpen-
ing of the egg (Bromage and Cumaranatunga
1988; Kjørsvik et aL. 1990; Bromage et aL.
1991). However, of these, only bacterial col-

:mization (Barker et al. 1989; Hansen and
Olafsen 1989), the nutritional status of the

broodfish (Watanabe et al. 1985; Kjørsvik
et aL. 1990) and overrpening, which is the
aging process that occurs in an egg in the

period follov,'ing ovulation up to fertiliza-
tion (Kjørsvik tt al. 1990; Bromage et aL.

1991), have been clearly shown to influence
egg quality.

Overripening and Egg Quality

Followig ovuation, unfertilized eggs un-
dergo a process of aging, commonly de-
scbeas overrpenig (Nomura et al. 1974;
Saet aL1975; Springate et al. 1984:
KJ0fsVi~; etål.d990). Durng overr pening,
.,,:.....1j (..,~.J:'~ - '0.'. .'l' . '." ,:,--",;" ( -. .'."" i 'fUÎdçrò"a,šees of morphological and
~. :l'lf';:'$ff~ri'i/":';'c",,:.::::.s and also a ro res-

: , .~ ,..I/"7!:,.;.;.;,,L.; ',"'. P g
.. .' ~')îñt'''''' . ":Õi-'viability (Sakai et al.

i..' .l........,.l,.-.-.. Il'''¿'~~''':l'' lJ. ".,1" J
;: .:1StS-Pi~tê"'êïal. 1984). ln all species
ia~.' "~l..i-'~l"-q" ....;."'v~r~~":.~~/.." .
~~r:c.:~.:..: ~ '::'':::~'_~:~/'?g~~''i~.f'' ',~_':
~~~.~..~ .' ,.i,::t~ ,
....

;:'~;'
~..l.:'

~;~ ,.
¡.,.-

~~~~i~;.:;...~;.
~.j:~~~~E~~~;l~lti~.. .~,.

TABLE 1. Caiegorì::aiìo/1 or poieniia! egg quafU\ ¡¡¡.
dices in ihe halibut.

1. Egg sinking (dead).
") Egg floating but unfertilized.
... Egg with germinal disc but uncleaved-'
4 Egg fertilized but with asymmetrical cleavage.
5. Egg fertilized with symmetrical cleavage.
Normal development/fertilization = eggs in categon

5.
Total development/fertilization = eggs in categories

3,4 and S.

a NB Category 3 eggs are included in the fertilized

group because previous trials in this laboratory hdve
demonstrated that activation of Atlantic halibut eggs
only occurs in the presence of sperm. In some other
studies these eggs are not included in total development
rates because in a numbe.. offish, blastodisc formation
follows activation and not necessarily egg and sperm
nuclei fusion; such eggs do not undergo clea vage.

so far investigated. this loss in quality would
appear to occur irrespective of whether the
eggs are retained in the body of the female
following ovulation and before stripping or
whether they are stripped and stored in virro
in ovarian fluid. At present it is not clear
whether the structural and other changes

which occur during overripening are re-
sponsible for the deterioration in egg quality

or merely gross symptoms of the overrpen-
ing process. In many instances, viability of-
ten appears to decline before any structural
changes are visible.

The period of optimum ripeness (the time
when the highest fertilization and egg and
larval survival rates are achieved) varies with
different species of fish (Table 2); the rate
of overripening is also temperature depen-
dent, with higher and lower temperatures

curtailing and extending the period of op-
timum ripeness, respectively, for most spe-
cies of fish (Gillet 1991). Most of the studies
of overrpening and egg quality have been

carred out with fish in which oviposition
does not naturally follow ovulation under
laboratory or hatchery conditions. but the

eggs have to be stripped from the broodfish.

By leaving eggs in the same or series of dif-
ferent female broodfish for varying periods
of time. the effects of overripening on egg
quality can be investigated.

.:;, ~ ;.
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In the rainbow trout, the period of opti-
urn ripeness occurs 4- d after ovulation

lO C (Fig. 3). Eggs fertilized immediately
ter..-and up to 3 d after ovulation show
ightly reduced survivals compared to those
ripped after 4- d. Although it is not clear
hether this constitutes a definite period of
nderrpeness, a similar phenomenon has
een reported for the ayu Plecoglossus al-

velis (Hirose et al. 1977) and a Japanese
atfish Limanda yokahamae (Hirose et al.
979). In the trout, survivals to eying, hatch
nd swim-up broadly parallel the changes
1 fertilization rates seen with time (Sprin-
ate et al. 1984; Fig. 3), although eggs re-
ained in the broodfish for longer than 12 d
an often be fertilied but subsequently show
to further development. With insuffcient
:hecking and stripping of broodfish, over-

ipening has been shown to be a significant
:ause of losses in rainbow trout hatcheries
Bromage and Cumaranatunga 1988). By
:ontrst, much shorter periods of optimum
"Ipeness are found in Oreochromis (Fig. 4,
:Zana, unpublished) and Carassius auratus
Formacion 1991), whereas flatfish gener-
:tHy show periods of optimum ripeness that
ire intermediate in duration (Table 2).

Overripening and Egg Quality in
the Atlantic Halibut

The relationship between egg viability and
ovulation has been further investigated in
the present study by examining the fertil-
ization success ?f eggs stripped from indi-
vidual broodstock at different times after
the predicted time of ovulation. The im-
)ortnce of closely monitoring ovulatory
rhythms in order to maximize the yield of
good quaty egs has recently been empha-

sied by Norberg et al. (1991). Thus, in the

)~ì'j
,-:: :\1t~1, -.1

". ~. ~1 ;;,.",\/tt i
,
i

FERT. EYE. HATCH SWIM UP

100
l l l~ best

l
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50

o 2030 50 120
Time(days)

FIGURE 2. Mean (:iSEM; N = 15) fertilization rales
and survival rates al eying. hatch and swim-up (%
ages) of batches of rainbow IroUl eggs. Included are
the highest and lowest individual values from Brom-
age and SpringaLe (unpublished).

present study, a group of established female
Atlantic halibut broodstock weighing in ex-
cess of 18 kg were maintained along with
male fish in a 6 m diameter, 60 m3 capacity
circular tank with constant sea water inflow
and fed on a wet fish diet twice a week.
Individual female fish were observed, han-
dled and gently stripped to establish the pe-
riodicity of their ovulatory cycles; these had
previously been shown to occur every 3-4
d. Sixty ml samples of eggs were stripped

from each female at or shortly before the
predicted times of ovulation, defined as time
zero. Further samples were collected at 4 to .
6 h intervals until the egg supply was ex-

hausted or the females released (dumped)

+-

fjGU):~-:/!!i~miogaphs of whole mounts of halibuL eggs showing diferent categories of development (sce
~~rrallt.t1fJJgai!j¿~7f~Lower power view of group of eggs wiLh mainly symmetrical cleavages bia including

rø~.útn!~rtfé;.~Vfed bUl uncieaved blastodisc (bl) and asymmeLrically-cleaved (ac) examplcs. bj High

~lPql~i(t?Ý~ilfR~"åsmmetrical cieavage. c) High power view 0/ egg wiLh symmetrical cleavage. Magni-
i;'t~lo.ns; 41.'fJ5);b and c (x 60).
~~:v ~:;~.'~,~:..-.~, :~~~';~~:f. :.", ~:.,~~. . .
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Orcochromis ni!oliclls
Prochi!odus plaicnsis
Roccus saxaialis
Curassills auratus
,v( acculochella pceli
..risgurnus anguilicaudat us
Hippoglossus hippoglossus

I h

1 li
i h

2-3 h

2-3 h

3-8 h

+-6 h

Rhamdia sapo
Cadhus morhua
Clarias macrocephalus
Scophihalmus ma.--imus
Plecoglossus allivelis
Limanda yokahamac
Salvelinus alpinus
Oncorhynchus mykiss
Clupea harengus
Oncorhynchus kisutch

5-9 h

9-12 h

10 h

10-20 h

1-2 d
2-3 d

5 d

4- d
14 d
20 d

Rana (unpublished)
Fortuny ct a!. (1988)
Stevcns (1966)

Formacion and Lam in Formacion (1991)
Rowland (i 988)
Suzuki (1975)

Kjørsvik et aL. (1990); Bromage et aL. (1991); Holmefjord
(i 99 i)

Espinach Ros et aL. (1984)
Kjørsvik and Lonning (1983)

Mollah and Tan (1983)

McEvoy (1984); Howell and Scott (1989)
Hirose et aL. (1977)
Hirose et aL. (1979)
Gillct (1991)
Springate et a!. (1984)
Hay (1986)
Fitpatrick et a!. (1987)

j
j

their remaining eggs. Three 5 ml subsam-
ples of eggs were fertilized at each sampling
period using a milt pool from three males
(250 parts of eggs: one part of milt: 250 parts
of sea water, v:v:v). Rates of development
were determined 12-14 h after the mixing
of sperm with the eggs using the five cate-
gories of egg development described in Ta-
ble 1 (dead, unfertilized, fertilized or acti-
vated with a blastodisc but no cleavage, and
fertilized with either normal symmetrical or
asymmetrical cleavages).

lf(da)
FIGURE 3. Effect of varying periods of egg retention in

broodfih rainbow troll onfertilzation rates and sur-
vival rales (% age) to eying and hatch (N = 15) from
Bromage and Springate (unpublished).

From the series ofbatches of eggs stripped
from individual fish, temporal changes in
development rate in relation to overrpen-
ing were recorded. These also provided an
indication of the timing and duration of the
period of optimum ripeness. Egg shape,
chorion appearance and egg neutral buoy-
ancy did not relate to time of strip.

Data were recorded from the ovulations
of five separate fish, showing three types of
"fertilization profile." In the first, egg de-

velopment rate remained high over the en-
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(unpublished).



ire 16 h sampling period (Fig. Sa). It should
ie noted that only total egg development
ate was recorded for this particular profile.
(jørsvik (1990) similarly reported high de-
relaiment rates over a 12 h period for hal-
but broodstock held at 4 C (unpublished

lata of Holmefjord). More recent trials at
\rdtoe have shown that, while total devel-
)pment may remain high over this time
;cale, the proportion of category 5 eggs
showing symmetrical cell divisions) de-
;reases within 6-8 h. The second and pre-
iominant fertilization profile exhibited high
'ates of development for the first 6 h after
Jredicted ovulation (Fig. Sb). This was fol-
owed by a gradual reduction of develop-
nental success over the succeeding 12 h.
fhis is the most commonly reported trend
.n egg viability associated with overrpening
Table 2) and, as is typical for batch spawn-
~rs, viability falls relatively rapidly post-
Jvulation. The final profile-type indicated
3. period of possible "underrpeness" for eggs
:;tripped very close to ovulation. Egg de-
velopment rate was low at the first sampling
period (0 h), increasing to a maximum after
4- h and then faI.ing over the next 8 h (Fig.
Sc). This trend is similar to that described
3,bove for trout. Further evidence for un-
:ierrpeness in early-stripped halibut eggs is

provided by Holmefjord (1991). In this
study, eggs were expressed over a 12 h pe-
riod ranging from 6 h prior until 6 h after
predicted ovulation. Egg viability, as reflect-
ed in hatch rate, was lower at the earliest
sampling period, rising thereafter.

A probable reason for the varied types of
developmental profiles seen with egg reten-
jon in this work is the diffculty of accu-
rately determining the time of ovulation.
Successive ovuations may also occur at ir-
re interval in some individuals, as has").;\." .. ~'. : . ." . ".- ", -, ; .."0,

l)n. shown- for cutured turbot (McEvoy

l?~~.1~:ng~~~~~~:.§cott 1 98~) a.nd. halibut
'9 ~,. .,r : if ~:~l~99lt or their timing may

ae' ", ~. ~.~ri~ing stress. All these~, t,;'te this study's inter-

.\~ting overrpening

. . " ""ì.' ' ,_.. ;i~'.:in the halibut.
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Stripping batches of eggs and storing these

at.: C in ovarian fluid for up to 6 h appeared
to produce similar rates of development to
those achieved when the eggs were retained
in the body of the broodfish for the same
period of time (Fig. 6). This finding may be
helpful if eggs stripped close to ovulation
are found consistently to go through a pe-

riod of reduced fertility or underrpeness
(i.e., egg batches as per Fig. Sc). Under these
conditions, it might be preferable to store
the eggs in 'Jitro until the point of optimum
ripeness has been reached. This would ::è-
quire better methods of timing o'~'ulation
and of estimating the post-ovulatory age of
c:ggs. However, at ,-\rdtoe it has oniy aee:J
possible to strip small voìumes of "u.nder-
ripe" eggs; the majority of any egg batch is
not ovulated at the time of strip. tvIcEvoy

(1984) similarly found that the peak: fertil-
ization and hatching rates of turbot eggs co-
incided with a large increase in the volume
of expressable eggs. If this is generally the
case, underrpeness may be oflittle practical
significance to halibut broodstock: husband-
ry. More detailed studies are required to
examine the time scale of the ovulatory event
in this species.

The trials reported above have used egg
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hatchery operatlOns that.thes.nures-a.~

ícasonable predictors ofsubseh¿hteg per- . ~:~

tormance. at least until hatch. H~wever, this 

3
relationship certainly needs to be tested ,:5
thoroughly, ::md further wor-x: such as that
reported in HolmdJord (1991) is recom-'
mended.

Overall, it would appear that ovcrrpcn-
ing is a significant determinant of egg qual-
ity in a wide range of fish spe.cies including

the halibut. Further understanding of the

process of overripening together with an

ability to accurately time ovulation, partic-
u1Jrly in batch spawners, should enable con-
siderable improvements to be made in the
supply of hatchery-reared juvenile fish.
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Lipid class and fatty acid composition of eggs of
Atlantic halibut, Hippoglossus hippoglossus (L.), in
relation to egg quality in captive broodstock

M. P. BRUCE, R. J. SHIELDSt, M. v. BELL* & N. R. BROMAGE
Institute of Aquaculture and * NERC Unit of Aquatic Biochemistry, School of Natural
Sciences, University of Stirling, Stirling, Scotland and t Sea Fish Industry Authority,
Marine Farming Unit, Ardtoe, Acharacle, Argyll, Scotland

Abstract. Lipid class and fatty acid analyses were carried out on eight batches of pre-fertilized
eggs of Atlantic halibut, Hippoglossus hippoglossus (L.). These batches were classified as
'viable' or 'non-viable' according to fertilization rate, blastomere symmetry and incubation
success. The lipid class and fatty acid compositions were very similar between egg categories
with exception of cholesterol which was shown to be significantly greater in the 'non-viable'
eggs. Polar lipid classes predominated (67.1% and 67.0% of the total lipid for 'viable' and
'non-viable' egg batches respectively), with phosphatidylcholine (PC) being the major class
(43.2% and 43,5%) and triacylglycerol (TAG) the main neutral lipid class (18'8% and 17'8%).
Gas liquid chromatography of fatty acid methyl esters from the total lipid revealed no
significant differences in fatty acid composition. The fatty acid profiles of viable egg batches
showed five major fatty acids 16:0 (17'3%),18:0 (4'8%), 18:1n.9 (9%), 20:5n-3 (11'9%) and
22:6n-3 (25'9%). The results are discussed in terms of the potential role of ¡ipids as egg quality
determinants in fish.

Introduction

Atlantic halibut, Hippoglossus hippoglossus (L.), is one of the most promising alternatives to
salmon id culture for the aquaculture industry. Many institutions both academic and

commercial have been engaged in research to improve the culture of this species of flatfish
since the early 1980s. A major problem experienced by those involved in this research is the
variation in egg quality from their captive broodstocks, characterized by highly variable

fertilization rates and unpredictable differences in incubation success among the fertilized
fraction.

As in other batch spawning fish species (review by Kjørsvik, Mangor-Jensen &

Holmefjord 1990), egg viability in halibut has been shown to relate to post-ovulatory age
(Norberg, Valkner, Huse, Karlsen & Grung 1991; Bromage, Shields, Young, Bruce,
Basavaraja, Dye, Smith, Gilespie, Gamble & Rana 1993; Holmefjord 1993), but there is
little information on the physiological or biochemical characteristics associated.. with
variability in this species. The rationale for measuring the biochemical composition of eggs is
that successful embryogenesis and yolk sac-larval development may be dependent on the
adequate maternal provision of egg constituents, including energy substrates. This suppo-
sition might be expected to apply especially to species such as Atlantic halibut which have a

Correspondence: Mr M.P. Bruce, Institute of Aquaculture, University of Stirling, Stirling FK9 4LA, Scotland.
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prolonged duration of embryonic and pre-feeding larval stages during which the animal is
reliant on endogenous reserves.

Diet-dependent differences in fish egg composition and viability have been reported for a
number of species (for example, review by Kjørsvik et al. 1991; Mourente & Odrizola 1990;
Harel, Tandler & KissiI1992). However, halibut females exhibit interbatch differences in egg
viability under uniform feeding conditions. Also, individuals within a uniformly managed
population show consistently different egg viabilities. This study aimed to determine whether
such differences correspond to differences in the lipid composition of the eggs. The main
cellular processes that could be affected by lipids in these early stages of development are
membrane formation and properties (specifically fluidity and permeability) and provision of
vital precursors for the synthesis of cellular messengers, e.g. prostaglandins and leukotrienes
(Bell, Henderson & Sargent 1986; Gurr & Harwood 1991).

Lipid class and fatty acid composition of two categories of eggs were analysed in this
study. Egg batches were classified as 'viable' or 'non-viable' according to fertilization success,
blastomere symmetry, post-fertilization and survival to hatch.

Materials and methods

Sample collection

Pre-fertilized eggs were sampled from the majority of egg batches stripped during March and
April 1991 at the Sea Fish Industry Authority's marine farming unit at Ardtoe in Scotland.
Samples ofpre-fertiized eggs were placed in hexane/propan-I2-01 (3:2 v/v) and stored at -20
to -25°C. Solvents were supplemented with 0.01 % (w/v) butylated hydroxy 

toluene (BHT)
as antioxidant. Storage in hexane/propan-2-01 rather than chloroform/methanol 

2: 1 (v/v) was

chosen since propan-2-01 is a lipase inhibitor.
The remainder of each egg batch was fertilized with sperm obtained from two males and

assessed at 12h post-fertilization for their fertilization rate and blastomere symmetry at the
four to eight cell stage of embryonic development. Of the total number of batches processed,
eight were selected for analysis on the basis of their performance at the end of the 1991 halibut
spawning season. Of those selected four failed the 12-h assessment and were classified as
'non-viable' batches, whilst the remaining four batches passed the 12-h check ('viable'
batches) and subsequently survived to hatch or first-feeding. Performance details of the
analysed batches are provided in Table 1.

Table 1. Collection and performance details of viable (V) and non-viable (NV) halibut

Female Eggs Batch % Cell % % to 1st

code V/NV code Date fertilized" symmetry hatched feeding

N3 V 3/II 9/3 91 VGb 50 41

N3 V 7/II 11/3 71 VG 70 44

N5 V 8/II 173 93 VG 33 67

W3 V 18/IV 9/4 91 Fair 25

W1 NV 14/IV 6/4 0

W4 NV 16/IV 8/4 0

W8 NV 19/IV 9/4 12 Poor
W10 NV 20/IV 9/4 83 Poor

"fertilization rate was calculated at 12 h post-fertilization from the floating egg fraction in 34.5%0 sea water.
bVG = very good.
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Sample analysis

The hexane/propan-2-ol was evaporated off under nitrogen, the eggs resuspended in
chloroform/methanol (2: 1, v/v) and homogenized using a teflon-in-glass Potter homogenizer.
Total lipid was then extracted using the method of Folch, Lees & Sloane-Stanley (1957).
Total lipid weights were determined gravimetrically using a Metier H 64 analytical balance.
Samples were stored in 2-ml glass screw-top bottles in chloroform/methanol (2: 1, v/v) under
nitrogen at - 20oe.

Lipid classes were analysed using double development high performance thin layer
chromatography (HPTLC) on 10 x 10cm silica gel HPTLC plates (E. Merck, Darmstadt,
Germany), following the protocol detailed by Olsen & Henderson (1989). The first solvent
system developed polar lipid classes to a distance of 4.5cm from the origin (methyl acetate:
propan-2-01; chloroform: methanol: 0.25%aq KCl w/v; 25:25:25:10:9, by vol (Vitiello &
Zanetta 1978)). The neutral lipid classes were developed in a second solvent system up to
0.5cm from the top of the plate (hexane: diethyl ether: acetic acid: 90:10:1). The plates were
air dried then charred at 160°C for 20min after spraying with copper acetate/phosphoric acid
reagent (Fewster, Burns & Mean 1969) and analysed by quantitative scanning densitometry
using a Shimadzu CS9000 densitometer.

Fatty acid methyl esters (FAME) of the total lipid extracts by esterification with 1%
sulphuric acid in methanol for 16h at 50°C under nitrogen (Christie 1982) followed by

purification by thin layer chromatography (TLC). An internal standard of 17:0 free fatty acid
was added prior to transmethylation to quantify fatty acids. Analyses of FAME were
performed on a Packard 436 gas chromatograph detailed in Tocher, Fraser, Sargent &
Gamble (1985).

Results

All the results shown are pooled data from 'viable' and 'non-viable' egg batches with values
expressed as means ::SEM. Initial data obtained from the analyses showed that the mean
weights of total lipid (TL) extracted from viable and non-viable egg batches were not
significantly different, 0.26 :: 0.17 and 0.30 :: 0'44mg/egg respectively (t-test, P? 0'05). A
comparison of total lipid class profiles for viable and non-viable egg batches revealed that no
significant difference existed between the two categories (P ? 0'05), with the exception of
cholesterol which was shown to be significantly greater (P -: 0.05) in the 'non-viable' eggs

(Fig. 1).
Polar lipid classes predominated (67' 1 %, viable and 67 '0% non-viable), with phosphati-

dylcholine (PC) being the major lipid class (43.2% and 43'5%). Triacylglycerol (TAG) was
the main neutral lipid class (18'8% and 17'8%).

The mean fatty acid profile obtained from four viable egg batches is shown in Fig. 2 and
summarized in Fig. 3. Five fatty acids predominated -16:0, 18;0, 18:1n-9, 20:5n-3 and 22:6n-3.
Fatty acid analysis of the two egg categories showed no significant differences in the levels of
individual fatty acids.

Discussion

Halibut egg batches exhibiting grossly different viability characteristics were very similar in
their lipid composition, regardless of origin or date of collection. Cholesterol was the only
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Figure 1. Comparison of % lipid class composition of 'viable' and 'non-viable' halibut egg batches. SM =
Sphingomyelin; PC = Phosphatidylcholine; PI = Phophatidylinositol; PE = Phosphatidylethanolamine; CH =
Cholesterol; TAG = Triacylglycerol. '*' denotes a significant difference between groups (P -: 0.05) (values
expressed as means :t SEM, n = 4).
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Figure 3. % fatty acid class totals from viable egg batches.

lipid component which showed a small but significant difference between egg categories.
(P-:0.05). However, TAG also showed a difference of similar magnitude between egg
categories, but this was not significant (P::Q.Q5). It seems unlikely that this slight difference
in the lipid class composition could account for such a dramatic difference in egg viabilty.

The observed fatty acid profiles were similar to those recorded by Falk-Petersen,
Falk-Petersen, Sargent & Haug (1986) for halibut eggs collected from wild females at sea.
However, the proportion of individual lipid classes differed considerably between the two
studies. Even after taking into account the omission in the present study of the classes
lysophospliatidylcholine (LPC) and sterol esters (SE), the differences are stil quite marked.
It is not clear whether these differences reflect the actual egg compositions or the different
analytical techniques used, specifically Iatroscan thin layer chromatography-flame ionization
detection (Falk-Petersen et al. 1986) versus charring and densitometry (this study).

In contrast to the results with halibut, Devauchelle, Alexandre, Le Corre & Letty (1988)
reported greater total lipid percentages of the dry weight in non-viable (unfertilized) versus
viable (fertilized) turbot egg batches for both captive and hatchery-reared broodstock.
However, the lipid class and fatty acid compositions of turbot eggs were comparable between
categories. This corresponds to the current findings on halibut eggs. Scott & Barbour (1992)
similarly found little interbatch variability in turbot egg dry weights or calorific contents for
eggs collected from hatchery-reared stock. Grung & Mangor-Jensen (1991) reported
considerable intra- and interbatch variation in the total free amino acid content of
pre-fertilized eggs, but these differences did not correspond to egg survival up to 8 days
post-fertilization. These results indicate that, for broodstock fed on a uniform diet,
differences in the maternal provision of energy reserves are not a main determinant of halibut
or turbot egg viability.

Changes in membrane lipid composition might affect their physico-chemical properties
and also alter the supply of precursor fatty acids for eicosanoid production, thus influencing
the process of fertilization and the initiation of cell divisions. However, the presence of large
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amounts of egg yolk lipid would have masked differences in membrane lipids in this study.
Further work on the lipid composition of egg membranes might therefore yield more

conclusive results.
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Groups of European sea bass Dicentrarchu.l /ohrax L., broodstock were fed two pelleted,
lipid-enriched diets (maize oil, low essential fatty acid (EFA) or fish oil, high EFAJ. Those fed
the high EFA diet for 12 months or only during vitellogenesis (September to February) with the
low EFA diet fed for the remaining 6 months, showed improved egg quality and higher
hatching rates when compared to two groups fed the high EFA diet during either previtel-
logenesis (February to September) or the spawning period (February to April). The higher
quality eggs contained higher levels of total n-3 fatty acids, including increased levels of both
docosahexaenoic acid (DHA) and eicosapaentaenoic acid (EPA). High levels of triacylglycerol
(T AG) were linked with the poorer quality eggs from those groups fed the low EFA diet during
the period of vitellogenesis. The present work identifies vitellogenesis as the period in the
maturation during which EFA are incorporated most effectively into the developing oocytes.

(Q i 997 The Fisheries Society of the British Isles

Key words: lîpids; eggs; sea bass; broodstock diet; n-3 PUF A.

INTRODUCTION

Economically viable aquaculture is heavily dependent upon a reliable supply of
fertile eggs and juvenile fish, which can be produced only from a broodstock
population maintained under adequate environmental and nutritional regimes.
The quality of broodstock diet has long been accepted as a factor that greatly
affects spawning performance and subsequent egg quality. Several studies have
investigated the influence of altering dietary nutrient composition on subsequent
spawning performance and egg and larval quality (Luquet & Watanabe, 1986;
Bromage et aI., 1992). In recent years, the greatest emphasis has been placed on
the lipid composition of broodstock diets and their influence on egg quality.

Experiments have been carried out on a wide variety of fish species, e.g.
gilthead sea bream Sparus aúrata (L.) (Mourente & Odriozola, 1990; Fernández-
Palacios et aI., 1995), red sea bream Pagrus major (Temminick & Schlegel)
(Watanabe et al., 1984b,c, 1985) and rainbow trout Oncorhynchus mykiss

(Walbaum) (Watanabe et al., 1984d). All these experiments have shown that the
dietary intake of essential fatty acids (EF A), especially the long-chain polyun-
saturated fatty acids (PUF A) of the n-3 series, specifically docosahexaenoic acid

§Author to whom correspondence should be addressed. Tel. +44 (0)1786 467929; fax: +44 (0)1786
472133: email: mpbl(fstir.ac.uk
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(DHA), 22 : 6 (n-3) and eicosapentaenoic acid (EPA), 20 : 5 (n-3), have profound
effects on ovarian and embryonic development. DHA is essential for growth and
development of marine fish since they have a very low activity of ~5 fatty acyl
desaturase and are probably unable to elongate and desaturate EPA to DHA at
a rate suffcient to satisfy requirements (Sargent et at., 1989, 1995a). Eggs and
larvae produced from broodstock fed diets containing these long chain n-3
PUFA, performed consistently better than those deficient in EFA. Watanabe
(1993) pointed out that DHA was of great importance in embryonic develop-
ment when compared to other EF A and it was this fatty acid that was most likely
to be missing in artificial diets and hence reduced in subsequent eggs and larvae.
More recently, arachidonic acid (AA; 20: 4n-6) has been recognized as being
equally important in determining the quality of eggs, as this provides the basic
material for the formation of certain prostaglandins important in finalmatu-
ration (Thrush et al., 1993; Bell et at., 1997). In addition, AA has been shown to
be essential in the growth and development of juvenile turbot Seophthalmus

maximus L. (Castell et at., 1994).
However, it has been diffcult to establish the absolute requirements of fish for

these important fatty acids, since not only are the absolute amounts of these fatty
acids important, but also the relative proportions of DHA to EPA, AA to EPA
and of omega 3 (n-3) to omega 6 (n-6) series fatty acids (March, 1993; Bell et at.,
1997.

In sea bass Dicentrarehus labrax L., Cerdá et al. (1995) have stressed the
influence of dietary lipid on reproductive performance, reporting dramatic
reductions in fecundity and egg viability of broodstock fed with commercial diets
deficient in n-3 PUF A compared with those fed a whole fish diet. However,
specific studies to test the importance of long-chain PUF A in the diets of
broodstock sea bass and their effects on egg and larval quality are lacking.

The objectives of the present study were to observe the effect of increasing
EFA content of sea bass broodstock diet on egg and larval quality, and to
identify the period of time in the maturational cycle when inclusion of EF A had
its greatest effect on offspring viability.

MATERIALS AND METHODS

BROODSTOCK AND DIETS
In June 1992, eight groups of 30 1'5-year-old broodstock sea bass (mean weight and

length 413-4:l 17.3 g and 32.9:l 1.0 cm) were transferred to eight 8000-1 glass-fibre tanks
and maintained in an aerated, flow-through seawater supply, left at ambient temperature
and photoperiod (400 Nand 00 E). High and low EFA diets (Tables I and II) were
produced by soaking a commercially available pelleted feed (9 mm pellet and fish oil,
BOCM Pauls, Renfrew, Scotland) in fish oil or maize oil respectively, immediately prior
to feeding. Following this procedure the total lipid content of both the high and low
EF A diets was elevated from 9 to 20%. Four feeding regimes of two replicates each were
established: group September-February, which received the high EF A diet between 15
September and 15 February, coinciding with the period of active vitellogenesis; group
February-April, which received the high EFA diet between 15 February and 15 April,
during the spawning period; group April-September, which was fed the high EF A diet
between 15 April and 15 September, in the previtellogenic period; and finally group' all
year', which was fed the high EF A diet throughout the year. Biopsies of ovarian tissue
were taken to confirm these stages of gonadal development. Those groups not receiving
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TABLE i. Approximate composition ('1.) of total
weight) of the experimental diets

Component Quantity
(%)

Protein
Oil
NFE*
Water
Ash

48
20
14

5

9

*Nitrogen-free extract.

the high EF A diet for the whole year were fed an isocaloric diet, containing a low EF A
content for the remainder of the year. During the following 2 years, all groups were

hand-fed daily until satiation.

DATA COLLECTION
During the course of two successive spawning seasons, naturally fertilized eggs were

collected each day on fine meshed screens placed across the tank outflows. For each
spawning, the proportion of viable (floating) to non-viable (sinking) eggs was determined
using a 2-1 measuring cylinder filled with sea water as described by Carrilo et al. (1989).
Further aliquots of viable eggs (1 ml) were transferred in triplicate to incubation facilities
for assessment of survival to hatch. The percentages of egg viability and hatching rates
were assessed from all the data collected at the end of the experimental period. The
females were weighed at the beginning of the experiment and at the end of each spawning
season, to ascertain any possible effects of female size on egg quality.

LIPID ANALYSIS
Duplicate samples of 100 eggs from each spawning were stored in 10 volumes of

chloroform/methanol (2: 1 v/v) with 0-01 % (w/v) butylated hydroxy toluene (BHT) at
- 70° C prior to extraction. Samples were then homogenized in chloroform/methanol
(2: 1 v/v). Total lipid was extracted using the method of Folch et al. (1957) and weights
were determined gravimetrically using an Ohaus JA200B analytical balance. Lipid
classes were analysed according to the double-development high-performance thin-layer
chromatography (HPTLC) method described by Olsen & Henderson (1989) using
10 x 10"cm silica gel plates (E. Merck, Darmstadt, Germany). The solvent systems used
to develop polar lipid (PL) and neutral lipid (NL) classes were methyl acetate: propan-
2-01: chloroform: methanol :0'25%aq KCl (25: 25 : 25 : 10 : 9 by volume) and
hexane : diethyl ether: acetic acid (80: 20 : 2 v/v/v), respectively. The plates were then
sprayed with copper acetate/phosphoric acid reagent (Fewster et aI., 1969) and charred at
160° C for 20 min, before analysis by quantitative scanning densitometry using a

Shimadzu CS9000 densitometer. Fatty acid methyl esters were prepared by
transesterification of 250 mg of total lipid with 1 % sulphuric acid in methanol and toluene
(2 : 1 v/v) at 50° C for 16 h (Christie, 1982). These were purified by thin-layer chroma-
tography (TLC) prior to analysis using a Packard 436 gas chromatograph, as detailed by
Tocher et al. (1985).

STATISTICAL ANALYSIS
Duplicates were pooled after vanation between duplicates was tested using the

F max-test followed by a t-est. Statistical differences in the percentage rates of egg

viability and hatching between groups, were tested using a Kruskal-Wallis non-
parametric analysis of variance followed by multiple comparisons as described by
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TABLE I!. Fatty acid composition of the total
lipid extracted from the experimental diets

Fatty acid
Diets

Corn oil Fish oil

14: 0

16: 0

15: 0

16 : Is
18: 0

18 : Is
18 : 2 n-6
18: 3 n-6

18:3n-3
18:4n-3
20: Is
20: 2 n-6

20: 4 n-6

20: 4 n-3

20: 5 n-3

22: Is
21 : 5
22: 5 n-6

22: 5 n-3

22: 6 n-3

Total saturates
Total monoenes
Total dienes

Total PUFA
Total n-3

Total n-6

n-3 : n-6
DHA:EPA

3.2
0.2
13.6
10.0
2.3
18.0
27.7
0.1
1.0
1.5
4.9
0.2
0.3
0-4
4.9
7.3
0.2
ND
0.5
5,7

19.3

40.2
27.9
42.5
14.0
28.3
0.5
1.2

5.9
0-4
13.6
7.8
1.8
12.2
3.8
0.2
0.9
3.0
11.5
0.2
0.5
0.5
8.8
15.6
0.3
0.1
0.7
8.1

21.7
47.1
4.0

27.1
22.0
4.8
4.6
0.9

Values are weight % of total fatty acids.
ND, Not detected when the fatty acid accounts for

..0.01 % of total fatty acids.
*Includes more than one monoene.

Connover (1980). Non-parametric data were assessed using the Kolmogorov-Smirnov
test for normality of distribution and Bart1etts test for homogeneity. Percentages of lipid
class and of fatty acids were compared between groups using one-way analysis of
variance (ANOV A) followed by the multiple range Hest for parametric data and a
Kruskal-Wallis test for non-parametric data.

RESULTS

SPAWNING CHARACTERISTICS
In the first spawning season egg viability and survival to hatching were higher

(P':O'05) (Fig. 1) in fish fed the high EFA diet, either throughout the year (all
year) or during vitellogenesis (September-February), when compared to those
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FIG. I. Summary of the % viability (D) and % total survival to hatching (~n for each diet group, during
spawning seasons (a) 1993 and (b) 1994. Values represent the means of batches sampled from each
diet group during the spawning season ( :I S.E.), suffxed with letters in lower case for % viability
and upper case for % total survival to hatching. Columns labelled with different letters indicate the
presence of a significant difference (P':0'05).

given the high EF A diet during spawning (February-April) or the previtellogenic
period (April-Septem.ber). The same trends in egg performance was observed
during the second spawning season, with small improvements in percentage of
viable eggs for both April-September and all year groups and an increased

survival to hatching for all groups when compared to the previous spawning
season.

LIPID CLASS AND FATTY ACID COMPOSITION; DIETS

The fatty acid analyses of the two experimental diets, unlike the proximate
composition (Table I), exhibited marked differences (Table II). The diet
enriched with maize oil (low EF A diet) had a lower proportion of n-3 fatty acids
(n-3) and a higher proportion of n-6 fatty acids (n-6) and PUF A, than the diet
enriched with fish oil (high EF A diet). The high levels of n-6 in the low EF A diet
and the accompanying twofold increase in the level of PUF A, were due entirely
to an elevated level of linoleic acid (18: 2n-6), typical of vegetable oils.
Consequently, the high levels of n-6 had a marked effect on the ratio of n-3 to n-6
in the low EF A diet, reducing the ratio by a factor of nine when compared to the
high EF A diet.
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LIPID CLASS COMPOSITION; EGGS
Overall, the lipid class composition of the eggs (Table ILL, Fig. 2) was

predominantly neutral lipid, dominated by wax ester followed by triacylglycerol
(T AG). The largest polar lipid class was phosphatidylcholine (PC) at approxi-
mately 11 % of the total lipid. In both spawning seasons the feeding of high EF A

diets to broodstock groups at different stages of ovarian development did not
produce any differences in the total lipid content of the eggs (Table ill).
Similarly, there were no significant differences in the phospholipid classes
analysed. However, there were differences in the neutral lipid composition of the
eggs from the four diet groups. Eggs spawned during the first spawning season
by broodstock maintained on the high EF A during spawning (February-April)

and previtellogenesis (April-September), showed significantly higher (P-'0'05)
levels of triacylglycerol (TAG) when compared to the groups receiving the high
EF A diet during vitellogenesis (September-February) or for the entire year (all
year). During the second spawning season, only the all year group showed a
significant lower value (P-'0'05) when compared to the other diet groups.

The differences between wax ester profiles for the first spawning season in each
diet group, were opposite to the levels of TAG, such that the lowest levels of wax
esters were observed in the groups with the lowest egg quality (February-April
and April-September groups). In the second year of spawning, all groups

showed an apparent increase in the levels of wax esters with respect to the first
(Fig. 2). In the second spawning season, the differences of wax esters between
groups were not as distinct as in the first season. The exception was the higher
levels of wax esters in the all year, but this apparent difference was not

statistically significant from the rest within the all year group (Fig. 2).

FATTY ACID COMPOSITION; EGGS
The most abundant fatty acids in the total lipid of the eggs were the 16: 0,

18 : 1, 18 : 2n-6 and DHA (Table IV). In groups with good quality eggs shown
by the highest hatching rates (September-,February and all year), the monoenes
of 18 carbon units were the most abundant fatty acids followed by DHA. Fish
receiving the high EF A diet during the April-September or February-April
periods, contained higher levels of linoleic acid than DHA.

In the first spawning season, the most important differences were those related
to the total n-3 fatty acid content. Significantly higher (P-'0'05) amounts of n-3
fatty acid were shown in the groups fed the high EF A diet throughout the year
(all year) or during September-February, when compared to those fed the high
EF A diet during February-April or April-September. At the same time, the all
year group showed significantly (P-'0'05) lower amounts ofn-6 fatty acids than
any of the other groups. Eggs produced by the September-February group had
a significantly lower (P-'0'05) percentage of total n-6 fatty acids, than eggs from
the February-April and April-September groups, but still significantly higher
than those of the all year group. The ratio of n-3 to n-6 fatty acids within the
experimental groups followed the same pattern as the total n-6, with the highest
(P-'O'05) ratio in the all year group, when compared with all other groups.
Again, the September-February group had a significantly (P-'O'05) higher ratio
than the February-April and April-September groups, but lower than the all
year group.
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during the spawning season (:I S.E.), suffxed with letters in lower case for 1993 and upper case for
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years (P~0'05). No other classes within groups were significantly different.

o

Eggs spawned by fish in the February-April and April-September groups
had significantly higher quantities of linoleic acid (18 : 2n-6) than the remain-
ing two groups (P":0'05). The eggs of both September-February and all year
groups showed significantly higher values (P":0'05) of 18 : 4n-3 and of EPA
than February-April and April-September groups. The highest (P":0'05)
levels of DHA appeared in the eggs of fish maintained on a high EF A diet
throughout the year (all year), where it accounted for 20% of the total fatty
acids. However, eggs produced by the September-February group had signifi-
cantly higher (P":0'05) amounts of DHA than either groups February-April or
April-September.

During the second spawning season, all groups showed a general decrease in
the levels of PUF A. The amounts of total n-6 fatty acids, in particular
18 : 2n-6, increased in the September-February group and decreased in the
February-April and April-September groups. The result of these changes
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gilthead sea bream clearly conserved DHA over EPA in the phospholipid
fraction during food deprivation (Koven et al., 1993). Also, in the same species
it has been reported that there is a greater assimilation of DHA over EPA into
the main larval phospholipids, particularly the PE fraction, and also that this is
well correlated with growth (Koven et al., 1993). The essential requirement of
DHA was corroborated further in a study carried out using young turbot fed
with diets low in PUFA (Bell et af., 1985); these juveniles showed a significant
weight loss during the experiment, although there had been a selective retention
of DHA at the expense of EPA. This experiment suggested that DHA has a
more important biochemical function in the phospholipids than EPA and
therefore, appeared to have a higher biological value for gro'vth than EPA. The
importance of DHA in developing systems of marine fish larvae has been
demonstrated previously (Bell et af., 1995; Mourente et af., 1995).

The most abundant fatty acids in the total lipids of the eggs of bass in this
study (i.e. 16: 0, 18: i, EPA and DHA) were the same as those described for
other marine fish species such as Atlantic halibut (Falk-Petersen et al., 1989;
Bruce et al., 1993), red sea bream (Izquierdo et al., 1989) or gilthead sea bream
(Mourente & Odriozola, 1990; Fernández-Palacios et af., 1995). A clear
relationship was observed between the fatty acid composition of the broodstock
diets and the fatty acid composition of the eggs. These results demonstrate that
egg fatty acid composition can be successfully influenced by changes in the

maternal diet, as has been observed in red sea bream (Watanabe & Kiron, 1995)
and gilthead sea bream (Zohar et af., 1995).

In sea bass, Cerdá et af. (1995) observed a marked reduction in the survival of
eggs from broodstock fed commercial diets compared with those from

broodstock fed whole fish diets, containing higher n-3 PUF A, especially DHA,
and a higher n-3 : n-6 ratio. In the present experiment, the fatty acid composi-
tion of eggs from sea bass broodstock, which received the high EF A diet either
throughout the year (all year) or during the period of vitellogenesis (September-
February), in both spawning seasons, had higher total n-3 values (particularly
DHA and EPA) and higher ratios of n-3 : n-6, than those obtained from the
other groups receiving the high EF A diet during the spawning (February-April)
or previtellogenic periods (April-September). These changes were correlated
with the higher numbers of viable eggs at spawning and hatching rates in the all
year and the September-February groups obtained during the first spawning
season. Again, the data show that a close link exists between the content of n-3
PUF A (particularly the amounts of DHA with respect to EPA), and egg quality.

In many species there is an appropriate time when broodstock must receive
high EFA diets to maintain an acceptable egg quality. In gilthead sea bream egg
composition and spawning quality of broodstock were affected by dietary
essential fatty acid levels only after 2 or 3 weeks of feeding (Harel et al., 1992;
Fernández-Palacios et af., 1995). In certain species of sparids, with short

vitellogenic periods, spawning quality is affected by dietary lipid just prior to
spawning (Watanabe et af., 1985). In coho salmon Oncorhynchus ldsutch

(Walbaum), with a long period of vitellogenesis, eggs reflect the dietary fatty acid
profiles only after 2 months of feeding (Hardy et al., 1992). In sea bass, the
administration of a high EF A diet during vitellogenesis (September-February)
produced eggs of similar quality to those of the group fed the high EF A diet
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throughout the year. This indicates that the timing of the provision of dietary
fatty acid is important and identifies the period of vitellogenesis as the key time
for the incorporation of essential fatty acids into the developing oocytes.

In summary, the present work has shown that the fatty acid composition of the
diet has a marked influence on the quality of the eggs spawned by the

broodstock, showing that the quantities and ratio of DHA and EPA present in
the eggs correlate directly to the normal development of eggs up to hatching and
may be equally important in early larval development. Nevertheless the vitel-
logenic period appears to be the most influential time during which these

important PUF A, especially DHA, are incorporated most effectively into the
developing oocytes.

We thank the European Union for support for project numbers FAR3 AQ 2406 E UK
and AIR2 CT93 1005; and BOCM Pauls for provision ofthe diet.
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Abstract

Samples of sea bass (Dicentrarchus lahrax) eggs from broodstock which had been fed either a
formulated pelleted feed, containing fish and corn oil, or a local trash fish, bogue (Boops boops-J
were analysed for lipid class compositions, fatty acid compositions of phosphatidylcholine (PC),
phosphatidylethanolamine (PE) and phosphatidylinositol (pI) and wax ester and fatty alcohol

compositions of wax esters. The pelleted feed contained l.3 mg g - i of arachidonic acid (20:4n-6;
AA) and an AA/eicosapentaenoic acid (20:5n-3; EPA) ratio of O.L while the trash fish contained
4.8 mg g- i AA and an AA/EPA ratio of 0.7. Docosahexaenoic acid (22:6n-3; DHA) concentra-
tions were similar for both diets (about 23 mg g - i). The fatty acid compositions of PC, PE and PI
from eggs of fish fed trash fish contained significantly more AA, 22:5n-6 and DHA compared to
fish fed the pelleted feed. The AA/EPA ratios in these phospholipids were around five-fold
higher in the trash fish-fed group compared to those fed the fish and corn oil containing diet. In
PI, which contains characteristically high levels of AA, the AA/EPA ratios were 1.5 and 8.6 for
eggs derived from broodstock fed the pelleted diet and the trash fish, respectively. Determination
of Iipie! class compositions of sea bass eggs revealed the presence of high levels of wax esters
which were previously unrecorded in this species. The use of broodstock diets containing blends

Abbreviations: AA, arachidonic acid; BHT, butylated hydroxy toluene; DHA, docosahexaenoic acid; EPA,

eicosapentaenoic acid; HPLC, high-performance liquid chromatography; HUFA, highly unsaturated fatty acid;
PC, phosphatidylcholine; PE, phosphatidylethanolamine: PI, phosphatidylinositol; PUFA, polyunsaturated fatty
acid; TLC, thin-layer chromatography
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of corn oil and Northern hemisphere fish oils may be undesirable in that they contain high levels
of 18:2n-6 and have low ratios of DHA/EPA and of AA/EPA. In an effort to improve egg
quality and larval viability, efforts should be directed towards establishing the best ratio of
DHA/EPA/ AA in formulated feeds such that requirements for neural function and visual
performance are maximised and that production and efficacy of eicosanoids arc adequate to permit
physiological functions to operate efficiently.iD i 997 Elsevier Science B.Y. All rights reserved.

Kenl'rds: Lipius: Eggs: Sea bass: Wax esters: ii-J PUF¡\

-!o?

1. Introduction

It is well established that fish contain high levels of highly unsaturated fatty acids
(HUFA) of the n-3 series, principally docosahexaenoic acid, (22:6n-3; DHA) and
eicosapentaenoic acid, (20:5n-3; EPA) and consequently have a high dietary requirement
for these fatty acids (Sargent, 1989, Sargent, 1995). The requirement for a dietary source
of these long-chain HUFA arises from a deficiency of ó'5-desaturase. In fact, all marine
fish studied to date either lack or have very low activity of this enzyme, which is
necessary for the formation of 20:5n-3 and 22:6n-3 from their C 18 precursor, linolenic
acid, 18:3n-3 (Sargent, 1989, Sargent et a\., 1993). Moreover, the ability of marine fish
to convert 20:5n-3 to 22:6n-3 is at best limited (Tocher et a\., 1992; Mourente and

Tocher, 1993), and thus, it is important to consider the optimal dietary ratio of
DHA/EPA required to supply sufficient 22:6n-3 to satisfy requirement. The formation
of 22:6n-3 from 20:5n-3 is believed to operate via ó'6-desaturation of 24:5n-3 to 24:6n-3
followed by chain-shortening to 22:6n-3 (Voss et aL., i 99 i) and is apparently too slow to
satisfy 22:6n-3 requirements in developing marine fish. One of the major roles of n-3
HUFA is as components of membrane phospholipids and 22:6n-3 is especially abundant
in the membranes of neural tissues, i.e. eyes and brains (Tocher and Harvie, 1988; Bell
and Dick, 1991). Adequate DHA supply is particularly important in rapidly growing and
developing marine fish larvae which have a high percentage of neural tissue in their
relatively small body mass. A deficiency of DHA has been shown to impair vision at
low light intensities in juvenile herring (Clupea harengus L.) (Bell et aI., 1995a). It is
also important that eggs contain the correct balance of DHA/EPA to ensure proper
larval development on hatching. These considerations are especially important when we
consider that many of the marine fish oils on which broods tack diets are based have
DHA/EPA ratios of ~ i and that these may either provide insufficient DHA or a
potentially harmful excess of EP A.

Much recent work has emphasised the importance of obtaining the correct balance of
n-3 HUFA to ensure larval development (Takeuchi et aL., 1990; Watanabe, 1993) but has
tended to overlook the dietary requirement for n-6 HUF A, principally arachidonic acid
(20:4n-6; AA), which must also be supplied pre-formed in the diet. Coupled with the
likely excess of EPA over DHA is the established ability of EPA to inhibit competitively
the production and efficacy of eicosanoids derived from AA (Lands, 1989). However,
despite the high EPA/ AA ratio in fish, AA is still the major eicosanoid precursor in fish
cells (Anderson et aL., 1981; Tocher and Sargent, i 987), although EPA is a potent
inhibitor of AA-derived eicosanoid production (Bell et aL., 1994a).
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Fatty acids mobilised from the neutral lipid reserves of female broodstock adipose
tissue during gonadogenesis are transferred via serum vitellogenin to developing eggs in
the ovary. Thus, the essential fatty acids vital for early survival and development of
newly hatched larvae are determined by the lipids derived directly from the dietary input
of broodstock in the period preceding gonadogenesis (Kjorsvik et al.. 1990: Sargent.
1995). In the present study sea bass broodstock were maintained on either a practical-type
pelleted diet in which the lipid component 'vas supplied by a mixture of a Northern
hemisphere fish oil and corn oiL. or, a locally caught 'trash fish', Bogue (ßoops fJoops) .
The lipid composition of eggs obtained from these broodstoek were determined.

2. Materials and methods

2./. Experimental material

The eggs analysed were as described by Thrush et al. (i 993) from broodstock sea
bass (DicelZtrarc!lus labra.\:) (0.3-1.3 kg) maintained at the Instituto de Acuicultura,
e.S.Le. 12595 Torre de la SaL, Castellon, Spain in 12000-1 tanks supplied with aerated
seawater at ambient temperature and subjected to natural photoperiod. Brietly, fish were
fed to satiation on either a pelleted diet containing a mixture of fish oil and corn oil, or
'trash' fish, Bogue (Soops hoops) , for 6 months prior to the onset of spawning. The
diets contained 284.7 and 109.9 mg lipid g-l dry weight, respectively. The tank fed the
pelleted feed contained seven females and II males while the tank fed the trash fish
contained seven females and 15 males. Five egg samples were obtained from the former
and six from the latter. The fish spawned soon after sunrise or occasionally at sunset. On
almost every occasion only one female spawned at anyone time which was confirmed
by the homogeneity of egg development. If more than one female produced eggs, it was
immediately apparent on examination of the eggs. All batches analysed were from single
female egg batches and the newly fertilised eggs were collected on fine mesh screens
placed across the tank outflows. Wet weights were recorded. and subsamples of
approximately ten eggs were stored in glass vials containing chloroform/methanol (2: I,
v/v) containing 0.01% (w/v) butylated hydroxy toluene (BHT) at -70°C prior to
extraction.

2.2. Lipid extraction CllZd alZalysis

The eggs and diets were homogenised in ten volumes of chloroform/methanol (2: i,
v Iv) using a Polytron tissue disrupter and total lipid extracted by the method of Fotch et
at. (1957). The chloroform layer was evaporated under nitrogen and the lipid weight
obtained after 2 h vacuum desiccation. Lipids were dissolved in chloroform/methanol
(2: i, v/v) containing 0.0 i % (w / v) BHT at a concentration of 10 mg ml- i and stored at
- 20°C prior to analysis.

The quantification of lipid classes was performed using double-development high-
performance thin layer chromatography (HPTLC) and scanning densitometry as de-
scribed in detail previously (Bell et aI., 1994b).
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Table I
Fatty acid composition of sea bass broodstock dicts (rng per g dry wcight)

Fatty acid Fish oil/corn oil diet Trash fish dict

1..1:0 15.2 2.0

16:0 39.8 2 i. I

18:0 7.5 '6.7

Total saturates" 66.R 34.1

16: i n-9 i 11-7 15.0 4.3

i R: i n-91 n-7 41.1 10.8

20:ln-! l/n-9 21.9 1.9 J
22:ln-ll/n-9 34.4 0.6

24: i n-9 0.3 0.7

Total mOl1oencs I 12.4 19.0

i R:2n-6 13.9 2.7

18:2n-6 0.5 0.2

20:2n-6 0.5

20:4n-6 1. 4.8

22:4n-6 1.4

22:5n-6 0.5 1.
Total n-6 17.1 10.5

18:3n-3 3.5 0.6

18:4n-3 6.9 0.5

20:4n-3 1.9 0.2

20:5n-3 18.7 7.0
22:5n-3 2.4 2.5

22:6n-3 23.5 23.2

Total n-3 62.5 36.3

Total PUFA 79.6 46.8

n-3/n-6 3.7 3.5

DHA/EPA 1. 3.3

AA/EPA 0.1 0.7

"Includes 15:0, 17:0 and 20:0.

-, not detected.

Table 2

Lipid class composition of sea bass eggs. Values are weight % of total lipid

Lipid class/diet

Sphingomyelin
Phosphatidylcholine
Phosphatidylinositol
Phosphatidic acid
Phosphatidy lethano1am ine

Total polar lipid
Cholesterol
Triacylglycerol
Wax ester
Total neutral lipid

Fish oil/corn oil diet

0.4:10.1
11. :12.7

1.0:1 0.4

0.4:1 0.2

2.9:10.9
16.4:15.0
5.3:1 1.0

28.6:1 1.

49.7:1 5.0

83.6:1 5.0

Trash tish diet

0.3:10.1
10.9:10.8
1.0:1 0.1

0.5 :10.3
3.1 :10.2

15.8:11.5
4.6:10.6

26.4:1 1.9

53.2:1 3.4

84.2:1 1.5

Values are means:l SD from five replicate samples.
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Individual phospholipid classes were isolated by loading 1-2 mg of total lipid onto a
2 cm origin of a 20 X 20 cm2 TLC plate and eluting with methyl
acetate/isopropanoljchloroform/methanol/0.25% (w /v) aqueous KCI (25:25:25: 10:9
by vol.. Individual phospholipids were identified by spraying the plate with O.IO/,

2' ,7'-dichlorofluorescein in 97% methanol containing 0.05% BHT and the lipid classes
visualised under UV light. Lipid classes were scraped' from the silica and acid-catalysed
transmethylation performed overnight at 50°C as described by Christie (1982).

The wax ester fraction was obtained by separation of 2 mg of total lipid on a 20 X 20
cm2 TLC plate which was eluted with hexane/ diethylether /acetic acid (70:30: i,
v/v Iv). The band corresponding to wax ester (identified by comparison with a
commercial standard) was scraped from the plate and fatty acid methyl esters were
prepared as described above.

Table 3

Fatty acid composition of phosphatidylcholine from sea bass eggs. Values are weight % of total fatty acids

Fatty acid

14:0

16:0

18:0

Total saturates ¡¡

16: i n-7

18: In-9
18: 1 n-7

20: I n-9

22: I n-I I

24:1

Total monoenes b

i 8:2n-6

i 8:2n-6

20:2n-6
20:2n-6
20:4n-6
22:5n-6
Total 0-6
18:30-3
18:4n-3
20:4n-3
20:5n-3
22:5n-3
22:6n-3
Total 11-3

Total PUFA
n-3/n-6
DHA/EPA
AA/EPA

Trash fish dietFish oil/corn oil diet

0.6::0. i
15.6::0.6 '
1 1.9:: 0.2'
28.7 ::0.5 '

1.9:: 0.8
11.9::1.1
2.8::0.4
1.9:: 0.2'
0.3 ::0.2

0.2::0.1
19.1:: 1.8 .
9.4::0.3
0.2::0.1 *
0.6::0.1
0.1 ::O.O

0.7 ::0.1 *

0.2:: 0.1 *

11.2::0.3 *
0.5 ::0.2

0.3 ::O.I

0.3 ::O.i

12.1 :: 0.4
1.0::0.2

23.4::2.5'
37.5::2.7'
48.7:: 2.4

3.4::0.3 '
1.9::0.2'
0.06::0.01'

0.7 ::O.i

18.5::0.8
10.5 ::0.2

31.1::0.7
2.6::0.1
9.7:: 1.0

2.9::0.1
0.7 ::O. i
t

0.1 ::O.O

15.9::1.0
0.6::0.1
0.1 ::O.O

0.2::0.0
t

3.0::0. I
0.7::0.1
4.5 ::0.2

0.4::0.3
0.2::0.1
0.3 ::O.i

10.1 ::0.4

0.9::0.1
32.3:: 1.9

44.2:: 2.3

48.7 ::2.2

9.8::0.7
3.2::0.2
0.30 ::0.02

Values are mean:: SD from five replicate samples.
¡¡ Includes 15:0. 17:0 and 20:0.
b Includes 20: 1 n-l1, 20: 1 n-7 and 22: 1n-9.

t, trace value ~ 0.05%.
, Values are significantly different P ~ 0.05. SD ~ 0.05 are tabulated as 0.0.
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The fatty alcohol fraction of egg wax esters was obtained after total i ipid transmeth-
ylation. The fatty alcohol band. which was identified against a fatty alcohol standard run
in hexane/diethylether/acetic acid (90: 10: i, w Iv), was scraped from the TLC plate
and acetylated using the following procedure. The fatty alcohol bands from four 2-mg
samples of total egg lipid were placed in a i 0 ml stoppered test-tube to which 3 ml of
acetic anhydride /pyridine ( i :2. v/v) were added and incubated at 37°C for i 5 min. with
occasional shaking. One millilitre of distilled water was added and the mixture extracted
with 3 X 5 ml hexane/diethyl ether (1:1, v/v). The upper solvent layer was removed
and washed three times with 3 ml of H20 to remove pyridine. The extract was dried
under nitrogen and taken up in hexane/BHT prior to analyses of acetyl alcohols by
gas-liquid chromatography. Separation and quantification of methyl esters and acetyl
alcohols was performed by gas-liquid chromatography (Carlo Erba Vega 8000. Fisons
Ltd, Crawley, UK) using a 30 m X 0.32 mm capillary column (CP Wax 52 CB.

Table 4

Fatty acid composition of phosphatidylethanolamine from sea bass eggs. Values are weight % of total fatty
acids

Fatty acid Fish oi I j corn oi I diet Trash fish diet

14:0

16:0

18:0

Total saturates a

16: I ii-7

18: i n-9

18: i n-7

20: i n-9

22: I n-II
24: i

Total monoeiies b

18:2n-6
i 8:3n-6
20:2n-6
20:3ii-6
20:4n-6
22:5n-6
Total n-6

18:3n-3
18:4n-3

20:4n-3
20:5ii-3
225n-3
22:6ii-3
Total ii-3
Total PUFA
n-3 jn-6
Total dimethylacetal

DHAjEPA
AAjEPA

0.5 ::O.I

10.5 ::0.7 '

12.5:: 1.0

24.4:: 1.1

0.4::0.1
9.5 ::Oo4 .
4.0::O.6
3.4::O.2 .
0.5 ::0.2 '

0.2::O.0
17.9::O.2 '
6.6::2.2 '
0.2::0.0 '
1.1 :: 0.1 .
0.1 ::O.O

0.9 ::O.i .

0.3::O.1 .
9.3 ::2.1 ..
0.4::0.1
0.11:0.0
Oo4:: 0.3

7.5 ::0.7

1.:: 0.2

29.7:: 1.8

39.4:: 2.6

48.6:: 1.5

4,4:: 1,4

3.2::0.1
3.9::0.1
0.12 ::0.02

Oo4::O.!
12.9:: 1.1

13.3:: 1.5

279::2.7
0,4::O.1
7.5:: 1.0

4.7 ::0.6

1.:: 0.2

0.1 ::o.O
0.2:: 0.0

14.7 ::0.3

0.9::0.4
t

0.3 ::0.2

0.1 ::o.O
3.4::0.1
0.7 ::0.2

5,4::0.2
0.3:: 0.0

O. ¡ :: 0.0

O.5:: 0.3

5.1 ::o.3

O.9:: 0.3

35.5:: 2.6

42.2:: 2.5

47.8::2.4
7.8::0.8
4.2 ::0.3

6.9::O.8
0.66:: 0.05

Footnotes as described for Table 3.
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Chrompak Ltd., London, UK). Hydrogen was used as a carrier gas and temperature
programming was from 50°C to i 50°C at 40°C min - i and then to 230°C at 2.0°C
min - i. Individual methyl esters and acetyl alcohols were identified by comparison with
known standards.

2.3. Materials

TLC and HPTLC plates, coated with silica gel 60, were obtained from Merck,
Darmstadt, Germany. All solvents were of HPLC grade and obtained from Rathburn
Chemicals (Walkerburn, Peebleshire, Scotland, UK).

2.4. Statistical analysis

Significance of difference (p -( 0.05) between dietary treatments was determined by
Student's t-test.

Tablc 5

Fatty acid composition of phosphatidylinositol from sca bass eggs. Values arc weight % of total fatty acids

Fish oil/corn diet

0.7:t0.l
10.4:t0.1 .
24. I :t 1.5

36.3:t 1.
0.4:t0.1 .
13.3:t 1.0

2.2:10.5
1.1:tO.I'
0.2:10.1
0.1 :to.1

17.3:1 1.4

7.7:11.0 .
0.1 :10.0
1.2:t0.2 .
0.3:10.1 .

16.7:1 1.0 .
0.2:10.0

26.2 :10.2 '
0.4:t 0.2

0.4:t 0.2 '
0.3:t 0.2

11. :t 1.0 .
0.5:t 0.1

4. i :to.4 *
16.7 :to.5 '

42.9:t0.6
0.6:t 0.1 '
O.4:tO.l '
1.5 :10.1'

Trash fish dietFatty acid

14:0

16:0

18:0

Total saturates a

16: In-7
18: In-9
18: In-7
20: In-9
22: In-I

24:1

Total monoenes b
18:2n-6
18:3n-6
20:2n-6
20:3n-6
20:4n-6
22:5n-6
Total n-6

18:3n-3
18:4n-3
20:4n-3
20:5n-3
22:5n-3
22:6n-3
Total n-3

Total PUFA
n-3/n-6
DHA/EPA
AA/EPA

0.7 :10.2
9.3:10.1

23.8:t 0.6

34.5:1 0.4

0.8 :to.2

12.2:10.8
3.2:10.8
0.6:10.1
0.3:10.0
0.3:10.1

17.4:1 0.4
1. :10.5

t

0.2:10.1
0.1 :10.0

29.5:t0.7
0.2:t 0.1

31.:10.8
0.3 :10.1

t

0.2:10.1
3.5:10.5
O.4:tO.l
6.2:t 1.1

10.5:t 1.
41.:: 1.0

0.3 ::O.i

1.8 :: 0.3
8.6:1 1.0

Footnotes as described in Table 3.



114 .Ie;. &11 1'1 al. / Aqlltlclllliire /41) (/1)1)/) /0/- i /1)

3. Results

Two groups of sea bass broodstock were fed diets containing either fish meal and a
blend of fish and corn oils, which was rich in both EPA and DHA. or a local trash fish.
The fatty acid composition of the two diets arc shown in Table I. The practical-type
pelleted feed contained 1.3 mg g-I of AA and an AA/EPA ratio of 0.1 while the trash
fish contained 4.8 mg g-I AA and an AA/EPA ratio of 0.7. The DHA/EPA ratios
were 1.3 and 3.3 for the pelleted and trash fish diets, respectively. The lipid class
compositions of bass eggs are shown in Table 2. There were no significant differences
between fish fed the pelleted diet and those fed the trash fish. The eggs contained more
than five times more neutral lipid than polar lipid with the highest values represented by
wax esters and triacylglycerols. Phosphatidylcholine (PC) was the most abundant polar
lipid class. The fatty acid compositions of PC are shown in Table 3. PC had ratios of
AA/EPA of 0.06 and 0.3 for fish fed the fish oiljcorn oil pelleted diet and the trash
fish diets, respectively. In addition, the PC from fish fed the trash fish contained
significantly higher levels of total saturated fatty acids, AA, 22:5n-6 and DHA but
significantly lower levels of 20: I n-9. total monoenoic fatty acids, i 8:2n-6. 20:2n-6, total
n-6 PUPA and EPA. Broadly similar changes in fatty acid compositions were apparent
between dietary treatments in phosphatidylethanolamine (PE) which are shown in Table
4. In PE the AA/EPA ratios were 0.12 and 0.66 for the pelleted and trash fish diets,
respectively. The fatty acid compositions of phosphatidylinositol (pI) are shown in Table
5. PI contains the highest levels of C20 PUPA of all membrane phospholipids and the

Table 6

Fatty alcohol composition of wax esters from sea bass cggs. Values are wcight % of total fatty alcohols

Fatty alcohol Fish oil/corn oil dict

3.4:10.6 *
0.2:10. i

39.1:1 1.5 *
0.4:10.1 *
9.9:1 1.5

0.4:1 0.0

0.3:10.1
53.7:12.4'

1.7 :10.2
17.9:10.6 '
30:10.6
1.1 :1 O. I'

5.5 :10.9'
0.4:1 0.1

3.3:10.6'
0.6:10. i
3.:10.4

36.8:1 2.7 *
4.7:1 0.3

Trash fish diet

14:0

15:0

16:0

17:0

18:0
20:0
24:0
Total saturatcs
i 6: 111-7

I X: I n-9

I X: 1 n-7

20: I n-I i

20: I n-9

20: I n-7

22: 1 n-II

22: I n-9

24: i

Total monoenes
i 8:2n-6

5.1 :10.6
0.3:10.1

44.5:1 2.0

1. :10. i
9.8 :10.6
0.4:10.1
0.3 :10.0

62.2:1 I.X
4.1:1 1.0

I3X:1 1.7
4.2:10.4
t

2.0:10.3
0.5 :10.2
1.0:10.3
0.3 :10.2
4.6:1 1.

30.5:1 1.0

0.5 :10.1

Values are significantly different P -e 0.05.
t. trace value -e 0.05%.
Values are mean:1 SD from three replicate samples.
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Table 7

Fatty acid composition of wax esters from sea bass eggs. Values are weight c/r of total fatty acids

Fatty acid Fish oil/corn oil diet Trash fish diet

1.4:tO.2
5.6:t 0.5 "

275:t0.7
1.9:t0.1
1.:t 0.1"

0.3:t 0.1 '
36.7:t1.1
39.0:t 1.6 '
0.5:t 0.1

0.1 :to. i

0.2:t O. I"
0.1 :t 0.0 '

39.9:t 1.6 '
1.:t 0.2

0.9:t0.1
0.8:t0.1 '
5.3:t 0.5 .
0.7:t 0.2 '
9.1:t 1.9

18.5 :t2.4 '

58.4:t0.9 .
0.5:t0.1'
0.05 :t 0.0 I .

0.2:t 0.1

1.0:t 0.1

0.2:t 0.0

2.6:t 0.3

11. :t 07
27.0:t 2.3

1.8:t 0.3

0.5 :t 0.1

14:0

16:0

18:0

Total monoenes "
16: I n-7

18: i n-9

18: In-7

20: i n-9

22: I n-l i
Total monoenes b
18:2n-6
20:2n-6
20:2n-6
20:3n-6
22:5n-6
Total n-6

i 8:4n-3

18:4n-3
20:4n-3
20:5n-3
22:5n-3
22:6n-3
Total n-3

Total PUFA
n-3/n-6
AA/EPA

0.2:t 0.0

0.9:t0.1
t

41.0:t 1.5

4.0:t0.9
0.3:t O. i

t

1.6:t0.1
i. :to.1

7.5:t0.9
1.:t0.1
1.2:t 0.2
l.:t0.1
7.1:t0.6
2.7:t0.1

31.4:t2.4
45.5:t 2.5

53.0:t 1.7

6.2:t 1.1

0.22:t0.03

Footnotes as described in Table 3. Values are mean:t SD from three replicate samples.

effect of diet on AA/EPA ratios was particularly marked. PI had ratios of 1.5 and 8.6
for eggs derived from broodstock fed the fish oil/ corn oil diet and the trash fish,
respectively.

Analyses of the lipid class compositions of sea bass eggs revealed the presence of
high levels of wax esters. The fatty acid and fatty alcohol composition of sea bass eggs
from the broodstock fed the two different diets are shown in Tables 6 and 7. The fatty
alcohol compositions were broadly similar in both dietary treatments with eggs from
broodstock fed fish oil/corn oil containing diets having more 20:1n-ll, 20:1n-9,

22:1n-11 and 18:2n-6 and less 14:0, 16:0 and 16:1n-7 compared to fish fed trash fish.
The fatty acid compositions of sea bass egg wax esters from broodstock fed fish
oil/corn oil containing diets contain more 20:1n-9, 22:1n-11 and 18:2n-6 but less
16:1n-7, AA, 22:5n-6, EPA, 22:5n-3 and DHA compared to broodstock fed trash fish.

4. Discussion

Fish tissues are naturally rich in the highly unsaturated fatty acids (HUFA) of the n-3
series, DHA and EPA, and consequently have a high dietary requirement for these fatty
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acids (Hcnderson and Tocher, 1987: Sargent, 1989). Marine fish generally rcquire
between 0.5 and 1.0% of the dry wcight of their dict as n-3 HUFA and this can he
rcadily satisficd by feeding diets based on fish mcals and containing fish oils as
supplementary lipid (Sargent et ai', 1993: Sargent, 1995). However. the requirement of
rapidly growing and devcloping larval stagcs is likely to be even highcr. and because of
the relatively slow conversion of EPA to DHA, the efficacy of the latter fatty acid as an
essential dietary supplcment is increased in early life stages (Watanabe. 1993). Thus,
when establishing a requirement for n-3 HUFA the consideration of what constitutes an
optimal DHA:EPA ratio becomes vital, especially when one considers the high require-
ment of DHA for neural function (Bell et ai', i 995a), and the relatively high neuroso-
matic index in larval fish. It is therefore important that eggs contain the correct balance
of DHA/EPA to ensure proper larval development on hatching.

A recent study by Thrush et al. (1993) reported that sea bass eggs derived from
broodstock fed a diet containing fish meal and a blend of fish and vegetable oils, which
was rich in both EPA and DHA, produced eggs of lower survivability compared to eggs
from broodstock fed local trash fish. In the present study, the percentages of viable eggs
(those tloating and actively dividing) were 45.2 :: 7.8% and 25.8 :: 5.7% for fish fed the
trash fish and pelleted diets, respectively. The percentages of viable eggs which hatched
were 28.7:: 8.2% and 8.1 :: 5.0% for fish fed the trash fish and pelleted diets,
respectively. Clearly those eggs obtained from broodstock fed trash fish were of superior
quality compared to those fed the pelleted diet.

Eggs from broodstock fed the diets described above were analysed and their lipid
compositions determined. In general the levels of DHA were significantly higher and
those of EPA significantly lower in the PC and PE fractions of eggs from fish fed trash
fish compared to those fed fish oil/corn oiL. This resulted in DHA/EPA ratios of 1.9
and 3.2 in PC and 3.9 and 6.9 in PE for fish fed fish oil/corn oil or trash fish,
respectively. During larval development, both before hatching and during the yolk sac
phase, egg PC is hydrolysed to provide fatty acids for energy but DHA is largely
retained and reacylated into PE where it can be incorporated into the membranes of
rapidly dividing cells (Ronnestad et aI., 1995; Sargent, 1995). Clearly the higher levels
of DHA present in egg phospholipids from fish fed trash fish would allow more DHA to
be incorporated into vitally important neural membranes thereby enhancing physio-
logical function and survivability.

While the importance of supplying sufficient n-3 HUFA to rapidly growing marine
fish larvae has been widely accepted, the significance of providing adequate n-6 HUFA,
principally 20:4n-6 (AA), has been neglected. Recently we have established a require-
ment for AA in the growth and development of juvenile turbot and it is likely that larval
marine fish have a similar or even greater demand for AA (Castell et aI., 1994; Bell et
aI., 1995b). Analyses of eggs and/or newlyhatched larvae from eight species of marine
teleosts indicate that AA levels are several-fold higher than in the normal body lipids of
these fish. This suggests that AA is specifically concentrated in fish eggs and underlines
the high biological importance of this fatty acid (Tocher and Sargent, 1984; Falk-Peter-
sen et aI., i 989; Gronkjaer et aI., i 995). In the present study the AA/EPA ratio in PC
and PE was over five-fold higher in fish fed trash fish compared to fish fed the pelleted
feed. In PI, which is especially enriched in C20 PUFA in both mammals and fish, and
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which is regarded as a potential source of precursors for eicosanoid production (Bell et
al.. 19~n: Sargent, 1989), the effect of diet on the AA/EPA ratio was particularly
marked. PI had ratios of AA/EPA of 1.5 and 8.6 for eggs derived from broodstock fed
fish oil/corn oil and trash fish, respectively. Although most fish tissues have an

EPA/ AA greatly in excess of unity, AA is still the major eicosanoid precursor
(Anderson et aI., 198 I: Bell et a!. 1994a). However, EPA can modulate the production
and efficacy of AA-derived eicosanoids (Lands. 1989: Bell et aI., 1994a) and thus the
differences in AA/EPA ratios observed in the present study have profound conse-
quences for both the spectrum and quantity of eicosanoids produced by the broodstock

and by the eggs and larvae derived from them. Specifically, the broodstock fed the trash
fish should produce more of the AA-derived, series 2 prostaglandins which are impor-
tant in the modulation of ovulation (Mustafa and Srivastava, 1989) and are probably
involved in embryogenesis, egg hatching and subsequent larval performance and surviv-
ability. Considerable evidence exists that prostaglandins and lipoxygenase-derived

eicosanoids are important in the modulation of osmoregulation via the control of ion
channels and pumps (Buttner et aL., 1989: Beckman and Mustafa, 1992). Clearly, in
addition to producing an optimum ratio of DHA/EPA in fish diets, the consideration of
what constitutes a desirable EPA/ AA ratio should be of equal importance. While no oils
are readily available which are enriched in AA it should be stressed that the dietary
EPA/ AA ratio should not be underestimated when considering the formulation of
broodstock diets. Diet formulations containing DHA/EPA ratios )- I and EPA/ AA of
-( 3 as well as the exclusion of 18:2n-6-rich vegetable oils should be beneficial in terms
of larval quality and survivability.

Analyses of lipid class compositions of sea bass eggs also revealed the presence of
high levels of previously unrecorded wax esters, which provide an important source of
energy in addition to or in place of triacylglycerols (Sargent, 1989). Wax esters have
also been observed in other marine fish species including sea bream (C. Rodriguez-

Gonzalez, personal communication, 1996), mullet (Spener and Sand, 1970) and turbot
(Silversand et aL., 1996) but are absent in others like halibut (Ronnestad et aL., 1995),

cod, herring, saithe, haddock, whiting, capelin and sand eel (Tocher and Sargent, 1984).
The fatty acid and fatty alcohol compositions of the wax ester fraction broadly
represented the dietary fatty acids consumed by the broodstock.

This study suggests that broodstock dietary regimes which increase the ratio of
DHA/EPA and AA/EPA should be beneficial in improving quality and survivability of
sea bass larvae.
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