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Abstract

Cod hatcheries rely greatly on wild-caught broodstas egg quality from farm-
reared broodstock tends to be poor. Broodstockatidtlevels of essential fatty acids
have been linked to fecundity and egg quality inl.cArachidonic acid (ARA) and
astaxanthin (Ax) are important nutrients linkedfigh egg quality and differences in
levels have ben found between eggs from wild anehéd cod. The aim of this thesis
was to investigate the impact of dietary supplemwont with ARA and Ax on
fecundity and egg quality in cod. The first experithinvestigated the effect of feeding
a diet supplemented with ARA, for 1, 2 or 3 monghi®r to peak spawning. Results
showed that supplementation increased ARA in eggd that Groups fed the
supplement had improved fecundity and egg qualibough with no correlation
between the duration of supplementation and numbelity of eggs). The second
experiment investigated the effect of supplemeniatif Ax in broodstock diets on egg
quality in farmed cod and showed that Ax was talpninto eggs and that fish fed
supplemented diet had improved fecundity and egalityu The third experiment
compared the effect of diet supplementation withAA&hd Ax on egg quality in wild
and farmed cod and showed that despite the distgsglementation, wild origin fish
performed better on a number of egg quality andridity indices. However, it was not
possible to take the greater ages and spawningierpe of the wild broodstock into
account, which may have influenced the results. foheth experiment measured lipid
and fatty acid profiles of eggs from two UK cod dfadries. Variation was found
between farms and across seasons. Results showédsupplementation of cod
broodstock diet with ARA and Ax had a positive immpan egg quality and fecundity,

although effects were not consistent across allgeggjty parameters.
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CHAPTER 1. GENERAL INTRODUCTION

1.1 Atlantic cod

Figure 1.1 Atlantic cod picture by Dieter Craasmann

1.1.1 Gadoid species

Gadoid species include codcddus morhua Linnaeus, 1758), haddock
(Melanogrammus aeglefisly whiting Micromesistius poutasshuhake Merluccius
merluccius)and pollock Pollachius virens The order Gadiformes contains the family
Gadidae to which cod belong. There are 53 speni¢ise family Gadidae. The genus
Gadushas 3 species (Cohen et al. 1990). Adult fish eangsize from small (15 cm) to
very large (200 cm) and have a circumpolar to teatperange, mostly in the Northern
hemisphere. They are found mainly in demersal orthHmpelagic habitats although
some can be pelagic. Most are marine but some egpexan live in low salinity

conditions and some even in fresh water (Coheh €080).
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1.1.2 The biology and life cycle of Atlantic cod

The scientific name of Atlantic cogadus morhudLinnaeus, 1758) is derived
from the Greek word “gados” meaning fish. The speaiame “morhua” comes from
the Latin word for cod. The Atlantic cod is a celdter marine finfish. Cod have three
dorsal fins and a broad tail (Fig 1.1). A speclamcteristic of cod is a long thin organ
protruding from the lower jaw known as a barbelg(Bi.2) (Bigelow & Schroeder
2002). This organ is thought to be used to dgieey that may be buried in the sand
(Bigelow & Schroeder 2002). Their colour can vargni grey to brick red to almost
black. They have a well defined lateral line whidhs along each side of the fish, this
helps detect the presence of prey or predatord@ndentate in the water current and
avoid obstacles. Cod have separate sexes, maledeammles, and do not show
hermaphroditism (Cohen et al. 1990). Cod can deid kigh pressure when in deep
waters because it can secrete gases into the sadddy even when in deep water andat
high external pressure. Failure of the swim bladdedevelop in larvae leads to slow

growth and skeletal deformities (Falk-Petersen 2005

Figure 1.2 Atlantic cod showing the special charastic, the barbel (circled).
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The largest cod reported was 169 cm (Babayan IB&8yak 1984), the age of
this fish being about 30 years, according to agestgnates (Tomlinson & Abramson

1961; Nikolsky 1974; Bromage 1995) .

Atlantic cod mature at between 2 and 10 years (Gateal. 1990). At first
maturity, wild cod can vary in size between differstocks. For example, the age when
fifty percent of the stock is mature was found éoletween two and three years for cod
from the Irish sea, and between eight and ninesyfam the south western parts of
Greenland, reflecting the different growth rateshafse stocks (Garrod 1977; Bromage
1995) However, maturation of farmed cod can ocoutwo years (Bromage 1995)
which is earlier than wild cod from the same logat{Braaten 1984; Godg & Moksness

1987; Bromage 1995).

Spawning occurs in deep water off the continerttalfsand inshore, generally
during February though in many areas the reprodeideason runs from December to
June (Cohen et al. 1990). Spawning time variesrdowp to location. For example,
those in Norwegian waters spawn from February &y Mith peak spawning in March
to April when temperatures are between 4 afl€ §Solemdal 1982; Pedersen 1984;
Sundby & Bratland 1987; Bromage 1995; Pavlov et28l04). The development of
gonads is affected by temperature which, thusahaspact on the timing of spawning
(Howell et al. 2004). In general, cod can bear terapires from near freezing to°20
but usually are found below 1, and larger fish prefer colder water (Cohen et al
1990). While wild cod can live in areas of sulpezéo an upper limit of 23-24C,
under farm conditions the temperature at which fishre been held will affect their
future temperature tolerance (McKenzie 1934; Temgin & Fleming 1965; Bromage

1995).
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Spawning occurs in open water where fish congre@Rtse 1993; Morgan et
al. 1997). Eggs and sperm can remain viable fer ome hour in sea water (Kjorsvik
& Lonning 1983; Trippel & Morgan 1994) and the spémg takes place near to the
seafloor. One female fish can produce over onaanikkggs and it is one of the world’s
most fecund fishes. For example, an average 2 ikglée produces approximately 2.5
million eggs. The maximum production recorded wasilion eggs from a 34 kg fish
(Cohen et al. 1990). Generally speaking, the lafgerales produce more eggs and
fertilization of the eggs is external. (Oosthuiz&nDaan 1974; Kjesbu 1988). The
average size of cod eggs ranges from 1.4 to 1.§Kpensvik et al. 2004). In the water,
egg density is highest in late winter and earlyirgpbut they can be found all year.

Eggs hatch in two weeks to one month producinggielarvae.

Once the eggs have been fertilized they will floatthe currents until they
hatch. Development of larval cod is dependent otemwgemperature. The first stage
recognised is the yolk sac stage but as larvae grewchange shape to look more like
adult fish. After two to four months these larvattle and become demersal (Fahay et
al. 1999). Eggs and larvae have high mortality daslmay be the reason for their very
high fecundity. Larval cod are planktivorous andhhdensities of larvae can be found
where there are high densities of plankton. The dfethe juvenile cod includes
copepods, amphipods and other small crustaceathe irarly life stages, changing to
shrimp, spider crabs and squid in later stages.i\doel are mature they eat a wide
variety of fish and invertebrates and are consuier® top predators within much of

their range (Fahay et al. 1999).
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1.1.3 The commercial importance of cod: exploitation ancaquaculture

Figure 1.3 Distribution area @adus morhuavild populations (red) and countries with
aquacultural production (green). (From Marteinsdettal., 2005).

Atlantic cod are found from the Bay of Biscay ahd Baltic Sea to the Barents
Sea, around Iceland, along the southern coast @értand and from Newfoundland to

North Carolina in North America (Fig.1.3).

For many years cod has been a very important fabdifi Europe and North
America with a high economic value. However, inemcyears the catch of cod has
declined due to overfishing and environmental cleandn some areas the fisheries
have collapsed resulting in closure of these figlsefFig.1.4) (FAO 2008). In Canada
for example, cod peaked in 1968 at 1,866,000 tahfath to 482,000 tonnes in 1978

and this fishery has been closed in recent timé® dver-fishing has resulted in
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changes to the age that cod mature (currentlyd Z.3 years compared to 5.4 to 6.3

years in 1959) with reduced egg production.

Despite this fall in production the demand for doals remained high with
increased market value (Brown et al. 2003). In ortee address this demand,
aquaculture of cod has become a commercially viapigon in recent years. Cod
aquaculture has taken place for many years andiptiot has been increasing steadily
(Fig.1.5). Production in Scotland has grown fromt80nes in 2001 to 543 tonnes in
2006 (FRS 2006). The earliest experiments withirgi€od were undertaken in the

early 1980s with mass rearing of juveniles (Kvehseiested 1984).
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Figure 1.4 Global Capture production for cod frod8bQ to 2006 (from FAO Fishery
Statistics; FAO 2008).

Figure 1.5 Global Aquaculture production for cooinfr 1950 to 2006 (FAO Fishery
Statistic 2008).

Whilst a great deal of progress has been made guadtv-out of fish, a major
constraint to production remains the survival ofjegnd larvae from hatcheries.

Because the survival of eggs and larvae remainth@se has been considerable focus
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on the problems concerning the production of julesniMany factors affect survival of
eggs and larvae such as the environmental, phyar@glmicrobial conditions of egg
and larval rearing and nutritional requirementsotigh phases of first feeding and

weaning (Kvenseth & QGiested 1984).

1.2 Broodstock and nutrition

Of the factors that affect the quality of eggs el by farmed fish,
broodstock nutrition is one of the most importalgg@ierdo et al. 2001). This is
because all of the diet is generally provided bifiaial feed. Broodstock may need to
be reared for many years and if their diet is matinoal then levels of some essential
nutrients may become depleted over time (Izquiexdal. 2001). For example, some
studies have shown that in cod, fecundity is affecby feed intake during gonad
growth (Kjesbu 1991; Karlsen et al. 1995). HowevVeeds that are used for ongrowing
are not always optimal for broodstock. This hasnbglgown to be true for cod where
broodstock need a different formulated feed congpaoethat needed for growth and
survival of production fish (Izquierdo et al. 200ft)has been shown in species such as
sea bassOjicentrarchus labra sea breamOiplodus sarguy yellowtail (Seriola
quinqueradiata and halibut lippoglossus hippoglossughat modifying dietary fatty
acids and fat-soluble micronutrients can lead tanareased level of these nutrients in
the developing eggs with improved egg quality agsult (Watanabe & Miki 1993;
Ashton H.J et al. 1993; Verakunpiriya et al. 1997zesny & Dabrowski 1998;

Gallagher et al. 1998; Sargent et al. 2002).

During spawning, nutrients are taken from body me=e The composition of

the broodstock diet and the duration of feeding iamportant because in cod egg
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development begins between eight to nine montherbespawning (Sargent 1995;
Bromage 1995). During spawning appetite is redupadicularly in female fish, and
both male and female can lose body weight (10-50¢@sbu et al. 1991; Fordham &
Trippel 1999; Lambert & Dutil 2000). It is not cleahy female fish lose their appetite
at this time but possible reasons include their llemostate and hormone levels
(Thorsen et al. 2003). However, other researchshasvn that cod do continue to eat
although appetite is limited during spawning (Kjeset al. 1991; Kjgrsvik 1994;
Karlsen et al. 1995). In practice we see that idial fish stop feeding, or reduce
feeding during spawning, but others in the tankchhiave already spawned, or are still
to spawn still need to be fed. Therefore, if coddaistock do eat during this time it is
worth ensuring that feed provided is of the higlpsdlity to maintain health as feeding
conditions have a big impact on the egg quality sadindity of the fish. In gilthead
seabreamSparus auratait has been shown that feeding diet deficient in3 highly
unsaturated fatty acids (n - 3 HUFA) but rich inttboleic (18:1n - 9) and linolenic
(18:3n - 3) acids for a short period before andulghout the 2 months during spawning
has a positive effect. It has been recommendeded $eabream broodstock for at least

3 months before and during spawning (Almansa €it%9).

The main components of the diet are protein, ligidsluding polyunsaturated
fatty acids (PUFA)), vitamins, carotenoids and ératements (Kjarsvik 1990; Bromage
1995).The impact of feed quality, including proteumlity and digestibility, amino acid
content, lipid composition and vitamins, on egg dadal viability and performance
has been demonstrated in many species (Watanalle K§&svik et al. 1990). In
nature, lipid levels in fish are linked to food aldance with the highest levels found in
summer and lowest in winter (Bromage 1995). Spspgwning fish develop gonads

over winter and larval hatching is timed to coirecidith the highest levels of plankton

10
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on which the newly hatched larvae feed (Lovern & dal937; Bromage 1995).
During winter, some lipid will be used to provideeegy during periods of low feed
supply and some will be used for gonad productelyg$é & sperm). Lipids function in
two ways during gonadal development, to providergyn@nd to form vitellogenin (as

components of lipovitellin) during oocyte developth@azorra 2000).

The fatty acids that fish require to be providedtleir diet are known as
essential fatty acids (EFAS) since they cannot ysghgsised by the fish themselves
(Gurr & Harwood 1991). Broodstock seem to haveeddht specific requirements for
fatty acids and vitamins compared to juvenile figthmansa et al. 1999; Bruce et al.
1999; Ishizaki et al. 2001; Dabrowski & CiereszKiD2; I1zquierdo et al. 2001). Many
studies have shown that low levels of EFAs affextuhdity, egg quality, hatching
success, and larval quality and survival rate (\Watbe 1985; Rainuzzo et al. 1997).
The most important EFAs are arachidonic acid (ARB4n-6), eicosapentaenoic acid
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 23pnThese are essential for
normal growth, reproduction and the developmentgfis and larvae due to their
important role in cell membrane synthesis and fiongtparticularly in neural systems
that are vital for early development (Watanabe 1985nandez-Palacios et al. 1997,

Bell et al. 1997; Navas et al. 1997; Almansa e1899).

11
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1.3 Lipid requirements for marine fish including cod

Lipids can be described as “water-insoluble orgdmamolecules that can be
extracted from cells and tissues by nonpolar sa$yeng., chloroform, ether or benzene
(Gurr & Harwood 1991). Lipids are classified asheit simple or complex. Complex
lipids contain fatty acids and so can be saponifeedl include phospholipids,
triacylglycerols, waxes and steryl esters. Simped$ do not contain fatty acids and
cannot be saponified and include for example clelek(Jobling 2004). Fatty acids all
contain a long hydrocarbon chain and a terminabaayl group. They can be either
saturated or unsaturated with one or more doubtelfjothose with more than one
double bond are called polyunsaturated fatty a@risFA), and those with three or
more double bonds and contain 20 or more carbong Ibeadescribed as highly
unsaturated fatty acids (HUFAs) (Michael et al. 2;990bling 2004). They are

classified by the length of the carbon chain anahiber and position of double bonds.

The main Gg PUFAs of fish are EPA and DHA which are also HUFA.
However, these are not generally abundant in thenemanvironment (Sargent et al.
2002). The main HUFA in fish are eicosapentaenaiad a20:5n-3; EPA) and
docosahexaenoic acid (22:6n-3; DHA) of the n-3esedand arachidonic acid (20:4n-6;
ARA) of the n-6 series. Palmitic (16:0) acid is oolethe most common and major
saturated fatty acids found in fish (Huynh & Ki##809). The structure of palmitic acid
and oleic acid (generally the most common monoumatdd fatty acid) (18:1n-9),

ARA, EPA and DHA are shown in Fig 1.6.

In general most marine species have limited akititgynthesise HUFA, such as
DHA, EPA and ARA (Tocher et al. 1992; Mourente &cher 1993; Sargent et al.

1994; Bromage 1995; Bell 1998; Cunnane 2000) bec#lusy lack the enzymes to

12
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convert Gg (Fig 1.6) fatty acids to £ and G, HUFA due to the absence or very low
activity of 5-desaturase (Sargent et al. 2002). As a resulhisf and their key

physiological role EPA, DHA and ARA are considefedA in marine fish (Castell et

al. 1994; Bell et al. 1995; Bell 1998; Furuita &€t 2000; Jobling 2004). In contrast,
most fresh water fish can converts®UFA, 18:3n-3 and 18:2n-6, to DHA and ARA
although they also thrive when given HUFA (Sargeinal. 2002). ARA is a precursor
of eicosanoids, a group of oxidised ARA derivatimestabolites with a range of
bioactive functions and is therefore an essentaimonent of diets. The pathways for

these conversions are shown in Fig 1.7.

/\./\/\FM/\.)CL
OH|
Oleic acid (18:1r-9) o

VWVWDH

Figure 1.6 The structure of a saturated fatty apamitic acid 16:0, the
monounsaturated oleic acid (18:1n-9) and the tlee polyunsaturated fatty acids
essential to marine animal nutrition.

20:5n-3 = eicosapentaenoic acid (EPA); 20:4n-6aclddonic acid (ARA); 22:6n-3 =
docosahexaenoic acid (DHA).

13
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Eicosanoids
Omega-3 famlly pa = prostaglandin 1 = thramboxanc Omega-G famlly
po = prostzcycling b= leukotriens
a-linlenic acid £ - less imlammatoly linoleic acid
18:3 -3 1 - more inflamimalory 18:2 w6
# ___________ Afdesaturase - - — - — — _ _ [ _>'|
stearidonic acid y-linolenic acid
18:4 w-3 GLA 183 w6
# ————————————— elongase - = == = - =~ ==~ - - )vl
eicosatetraenoic acid pge; pafy, dihomo y-inolenic acid
20:4 w-3 txa, DGLA 20:3 w6
blocks It
___________ Abdesaturass - - - - - - - - - -
pgd; pge; pafs, pad: pge. pafs,
eicosapentaenoic acid pgis txay pgls tha, Itay Ithy m arachidonic acid
| EPA 20:5 -3 lta ltbs Itcs Itd lic, Itd, Ite AA 20:4 -6
e Nt = A
docosapentaenoic acid docosateiraenoic acid
DPA 22:5 -3 224 w6
f# ———————————— Addesaturase . = — — — — — — — — — = %T
N docosahexaenoic acid A/J-Ring Neuroprostane docosapentaenoic acid
DHA 226 u.|—3 17S Resolvins 225 U.I's
blocks prestanoids

Figure 1.7 Diagram showing pathways in the produnctéind metabolism of essential
fatty acids to form eicosanoids.

This is a file from the Wikimedia Commons, createg David R. Throop.
http://commons.wikimedia.org

Broodstock diets low in HUFA have been shown taultes eggs of poorer
quality when compared to those produced by fiskeivtg complete formulations
(Watanabe 1985). Different levels of EFAs have bieeimd to have a significant effect
on hatching and fertilization rates, and survivalsea bream (Fernandez-Palacios et al.
1995; Rodriguez et al. 2004), and sea bass (Brued. 4999). In addition to ARA
alone, the EPA/ARA ratio has been correlated wiffeknces in egg quality in cod
(Salze et al. 2005). Hatching success and othegeality parameters have been linked
to ARA concentration in wild cod (Pickova et al.91). Moreover, DHA/EPA ratio and
ARA levels have been linked to blastomere morphgldmtching rate (Pickova et al.

1997) and larval survival (Furuita et al. 2003).o8dstock fish therefore have an

14
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absolute requirement for n-3 and n-6 HUFA and pbbpbahave an optimal
DHA/EPA/ARA ratio which is likely species specifi§argent et al. 1990; Sargent et al.

1993).

1.4 Lipid use in early development

1.4.1 Lipid composition in cod eggs

The source of fatty acids in fish eggs is primafiym the adipose tissue of the
female fish via vitellogenin which enters the eggrinlg gonadogenesis (Bromage
1995). The main types of fatty acid sources in #gfgs are phospholipids, TAG and
cholesterol. In general, cod eggs contain arourtd 8 dry weight as lipid of which
13% is TAG and 72 % is phospholipid. The phosphalip made up of PUFA (46%),
DHA (16%) and EPA (11%) (Tocher & Sargent 1984)eThtty acid composition of
cod eggs is shown below (Table 1.1). In cod, ad a®&lmost other fish species,
phosphatidylcholine (PC) is the major egg lipidsslgFraser et al. 1988). ARA is
found in small quantities in marine fish phosphidg with highest levels found in
phosphatidylinositol (3% of total amount of cod g{Bell & Dick 1991) and is thought

to be involved in eicosanoid formation (Bromage 3)99
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Table 1.1 Typical lipid and fatty acid compositiohAtlantic cod eggs.
(Data assembled from Tocher and Sargent 1984).

Egg diameter (mm) 1.35
Moisture content (%) 74
Lipid content (% dry weight) 13.2
Polar lipid (% total lipid) 71.7
Neutral lipid (% total lipid) 28.3
Phosphatidylcholine (% total lipid) 45.6
Triacylglycerol (% total lipid) 12.5
Cholesterol (% total lipid) 6.1
Fatty acids in polar lipid (% total)

Saturates 28.1
Monounsaturates 20.3
20:4(n-6) 1.9
20:5(n-3) 15.3
22:6 (n-3) 28.6
Fatty acids in triacylgycerols (% total)

Saturates 21.3
Monounsaturates 41.5
20:4(n-6) 1.2
20:5(n-3) 10.9
22:6 (n-3) 16.0

The role of lipids as an energy source during egd larval development is
important because they provide most metabolic gnéeFgG are used by the embryo
for metabolic energy while phospholipids are usedinty for formation of cell
membranes in rapidly developing tissues (BromadggbL9EQggs must contain all the
energy required by the developing larvae prior xogenous feeding (Terner 1979;
Boulekbach 1981). It is also very important thagegontain enough n-3 and n-6
HUFASs in the form of both TAGs and phospholipidsattow normal development and
hatching of the larvae. In addition, there mustheugh pre-formed phospholipid for
the larvae to synthesise cell membranes (Broma@&)19he level and ratio of the
fatty acid composition changes as the embryo degetowards hatching (Bromage

1995).
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1.4.2 Lipid functions in fish

Fatty acids have two main functions, the first risléo provide energy for egg
and larval development, while phospholipids and RAUof the n-3 and n-6 series,
including ARA, also have an essential role in tberfation of cell membranes and
tissue (Bromage 1995). ARA is an essential HUFAumegl by all vertebrates. It is
present largely in the phospholipids of cell membesa DHA, is also required for
normal cellular function and is important for nduiasue deveopment especially the
brain and retina (Tocher & Harvie 1988; Mourenteakt1991) and is found in high
quantities in larvae. EPA also has a role in caimbranes and modulates formation of
eicosanoids from ARA by competing for enzymes #aithesise eicosanoids (Sargent

et al. 1993).

As described above, ARA is as a precursor and aggulof eicosanoid
production including prostaglandins (PG) of theekies such as PGE (Bell et al.
1995; Sargent et al. 1997; Sargent et al. 1999)ouidh modulation of the cortisol
release response, prostaglandins including FPt@lze a function in the stress response
of fish (Koven et al. 2003). In addition, PGs amgportant in the final maturation of
oocytes, as pheromones to stimulate male sexualimir, for synchronisation of male
and female spawning and may act directly to infagesperm motility. Biochemical
stress and malpigmentation in fish may result fexoess PGoroduction although the
mechanism is not clearly understood (Sargent &t989; Villalta et al. 2005; Bransden
et al. 2005; Villalta et al. 2005). For examplecmmmon soleolea soled..) larvae,
growth and survival was not found to be relateddtetary ARA levels though

malpigmentation levels were (Lund et al. 2007; Letdl. 2008).
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1.4.3 Astaxanthin

For cod eggs and larvae one of the most importardtenoids is astaxanthin
(Ax). Ax is the major carotenoid pigment in the marenvironment and cannot be
synthesised by fish and must be obtained entiretgpugh the diet (Davies 1985;
Matsuno & Hirao 1989; Schiedt 1998). Carotenoidgeha wide range of functions in
fish including reproduction, egg respiration, ceifowth and proliferation, as a
precursor of vitamin A, in vision, as a source @npent and as an antioxidant (Tacon
1981; Craik 1985; Torrissen 1990; Pavlov et al.40as role in reproduction may be
as a substance which increases fertilization r@@ésistiansen & Torrissen 1997). For
example, in rainbow trout, high levels of Ax anditeaxanthin in eggs were found to
improve fertilization rates (Craik 1985). In additi (Ahmadi et al. 2006) showed that
dietary supplementation with Ax in rainbow troutobdstock gave a significant
improvement in egg quality. Mikulin & Soin (1975und that Ax may help improve
egg quality during embryonic development. It hasoabeen suggested that Ax
functions as an antioxidant and protects agaigsit linduced free radical production

(Pavlov et al. 2004).

Many researchers have demonstrated the importdrdietary supplementation
with Ax for a variety of species including yellowta(Seriola quinqueradiafa
(Verakunpiriya et al. 1997), striped jadRseucocaranx dentgxVassallo-Agius et al.
2001), sea urchinLytechinus variegat¢qGeorge et al. 2001) and red seabream eggs
(Watanabe & Miki 1993; Verakunpiriya et al. 199&)lack of carotenoids in the diet of
broodstock has been shown to result in low feytiahd deformities in marine fish
larvae (Pavlov et al. 2004). However, it shouldnioéed that no correlation was found

between dietary carotenoid levels and egg madsjihatching rates and survival of
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alevins  (Torrissen 1984; Craik 1985; Tveranger 6198raik & Harvey 1986;

Christiansen & Torrissen 1997; Choubert et al. J99Be levels of carotenoids in eggs,
and egg size and length of time for embryonic dgwelent have been shown to be
correlated, such that species with large eggs medugher amounts of pigment than

those with small eggs (Mikulin 2003).

In cod, it has been shown that carotenoid conceoriain wild fish eggs are
higher than those of farm reared fish (Grung e1993; Salze et al. 2005). In addition,
it has been shown that dietary supplementation #uittior cod broodstock can increase
carotenoid concentrations in eggs (Grung et al.319®ifferences between the
astaxanthin content of eggs of different specieseHaeen seen in wild fish possibly
related to diet and geographical location. In geheeggs from pelagic spawning
species are colourless compared to demersal spgwpeties. Two reasons have been
proposed for these differences. The first relatesthe respiratory function of
carotenoids, and suggest little pigment is neegguketagic eggs due to the high oxygen
content of the surrounding water. It is thought terotenoids have an important role in
oxidative metabolism when environmental oxygen leaee low. The second relates to
the need of pelagic eggs to avoid predation andsua$, colouration may be a

disadvantage (Pavlov et al. 2004).
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1.4.4 Vitamin E

Vitamin E is a lipid soluble antioxidant which isportant in the normal
development of fish eggs and larvae (Hamre et@98). Vitamin E activity is shown
by at least two different types of molecule, tooequits and tocotrienols, of which the
former is more abundant (Palace & Werner 2006). oepherol with the highest
vitamin E activity is -tocopherol (NRC 1993). The main function of vitani is as an
antioxidant that protects biological membranesppiteins and lipid stores against
oxidation (Hamre et al. 1998). Vitamin E has agewof other functions including the
control of reproduction, testes function and mahege function (Pavlov et al. 2004).
Vitamin E has also been found to prevent potegtidimaging oxidative by-products
building up in tissues (Baker & Davies 1996). Limdidation and rancidity can be
measured using a TBARS (Thiobarbituric Acid ReaxtiSubstances) assay which
detects malondialdehyde (MDA; a product of lipididation). MDA can build up in
live fish as well as post-mortem and thefore theARRB assay is also an indication of
flesh quality (Frigg et al. 1990). Because vitaricannot be biosynthesised by fish it
is an essential component of their diet especsdlyin broodstock. It has been found
that the levels of vitamin E (measured acopherol) in fish eggs are correlated with
that of broodstock feed. Diets with a high levelHJFAs also require an increased
level of vitamin E to prevent oxidation (Pavlovat 2004). In addition, vitamin E has
been found to have a strong and positive effecegg hatching and larval success
(Pavlov et al. 2004). Therefore, a reduced numibepawning fish, hatching success
and low juvenile survival has been found when vitak level in the diet of broodstock

is not sufficient to meet requirements (Watanal#5).9
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1.5 Egg quality, fecundity and their determinants

1.5.1 Importance of egg quality and fecundity

Egg quality and fecundity of broodstock are verypamant for hatchery
operators. Problems with egg quality can affectléineae and lead to later production
problems such as slow growth, high mortality andoadeities. This can affect the
economics and profitability of production. Low fexlity of cod broodstock is also a
problem for cod hatcheries because of the highatityrin eggs (Bromage et al. 1992).
However it should be noted that poor survival tigtoweaning can also be due to
factors relating to environmental and feeding cbads as well as poor egg quality.
Poor egg quality affects buoyancy, fertilizatioeyvdlopment and hatch rates. Several

methods have been developed to assess the egty giidish (Kjarsvik et al., 1990).

The fecundity of different species of fish variegngficantly. Some produce
many millions of eggs in one spawning whilst othersduce only thousands, whereas
some spawn in multiple batches over two to threathmwhile others produce only a
single batch per year (Bromage & Cumarunatunga&)98lantic cod are very fecund
and release their eggs in batches (Kjesbu 198%.cbhdition and age of cod females
determines the number and quality of eggs that theyduce with older more
experienced fish producing more eggs (Kjesbu 19%86sbu 1991; Kjesbu & Holm
1994; Chambers & Waiwood 1996; Kjesbu et al. 199@)e normal reproductive
strategy for the cod use in the present study iswsln Figure 1.8. Gonadal
development and vittelogenisis occurs from the mr@gg of June or July to February

the following year. Spawning occurs from March tay

21



CHAPTER 1. GENERAL INTRODUCTION

Machrahannish experimntal daylength 2006
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Figure 1.8 Cod spawning strategy and ambient dgyteduring 2006 at Machrihanish
Marine Environmental Research Laboratory.

Yellow arrow indicates spawning period, red arrowlicates development of gonads
and vittelogenesis.

Egg size is also considered to be an importanbfactrelation to fecundity. It is
generally accepted that as fish size increase®es fcundity and the diameter of the
eggs produced which means that the size of brockistoa determinant of fecundity
(Bromage 1995). Although older fish are larger theynot always produce more eggs
per unit weight (Bromage & Cumaranatunga 1988)cuRdity is therefore affected by
factors that influence fish size such as the dailg seasonal rates of feeding (Springate
& Bromage 1985; Bromage & Cumarunatunga 1988; Bgemat al. 1992) and
therefore, good quality broodstock diets are vemgartant to ensure high fecundity in

hatcheries. Fecundity can be measured as thentalber of eggs produced per batch
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or per unit weight of female broodstock. The bascbenumbers of eggs can be further

defined by their relative percentages of floating ainking eggs.

1.5.2 The determinants of egg quality

Egg quality is described as “those characterigtfdhe egg which determine its
capacity to survive” and is therefore very impottéor hatchery production efficiency
(Bromage et al. 1992). If hatcheries can identibpmpeggs, or batches of eggs at an
early stage then they can be discarded and timeemodirces saved. Accurate methods
for identifying poor quality eggs are thereforehagh importance to hatcheries. Such
egg quality assessment parameters have been deddlmpuse in hatcheries (Kjarsvik
et al. 1990; Fernandez-Palacios et al. 1995). Thesede morphological (Kjarsvik et
al. 1990; Thorsen et al. 2003) and biochemicalmpatars such as lipid (Sargent 1995;
Bell & Sargent 2003; Tveiten et al. 2004) or vitangsoncentrations (Ronnestad et al.

1997; Ronnestad et al. 1999; Maeland et al. 2003).

The ability of eggs to float or sink after fertdizon (in sea water) is used by
many hatcheries as a determinant of egg qualityEfMy 1984; Carrillo et al. 1989;
Kjarsvik et al. 1990). In cod, buoyant eggs aresagred good quality though not
always entirely reliable as not all floating egge tertilized. This determinant could be
combined together with other factors such as Ftating eggs can be measured as the
total weight of floating eggs produced each dag, namber of batches with floating
eggs or the total number of floating eggs per umgtight of female broodstock.
However in Atlantic halibut the number of floatimgigs has been found not to be a
good indicator of egg quality and this may be thsecfor other marine species (Pavlov

et al. 2004) .
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In many species of marine fish, fertilization ratay be used as a measure of
egg quality (Kjarsvik et al. 1990). However, theportion of eggs which are spherical
and with symmetrical cleavage is thought to be tebeindicator of quality and has
been link to the time elapsed between ovulation fantlization of the eggs (“over-
ripening”) (McEvoy 1984; Bromage et al. 199&pr cod, fertilization can be measured
by counting the percentage of eggs with normaltbtasre development which is
considered the most reliable method. Positiveetations have been found between
normal blastomeres in the earliest cleavage st@ipesvn in appendix 1), hatching rates
and viability of hatching yolk sac larvae in co8hields et al. 1997). In cod it has been
suggested that combinations of egg quality indisatoay give a better indication of

overall egg quality (Newton 2003).

Other methods for estimating egg quality and swvinclude blastomere, cell
symmetry, the appearance of the chorion, the sbafie egg, its transparency and the
distribution of oil globules (Kjarsvik et al. 1998romage et al. 1994). Egg size has
also been considered as a good indicator of eglifyjirasome species (Bromage et al.
1992), although, egg size is not generally accepiedn indicator of quality in all
species. While larger eggs generally produce ldinyethis is not consistently linked to
better survival and growth of larvae (Kjgrsvik ét B990). For example, in rainbow
trout, egg size was not found to be the main fagtdicating egg and fry quality
(Springate & Bromage 1985). For cod, which have Ism@ggs, size may not be a
practical measure of egg quality as it depends rondstock size and age (Kjarsvik
1994). The average size of cod eggs ranges fronn1148 mm (Kjgrsvik et al. 2004).
However, changes in the size of cod eggs have tgmorted with a reduction in dry

weight of between 20 — 30% as spawning progresgessivik 1994).
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Perhaps the most important indicator of egg quaditthe number of eggs that
survive and hatch. Two methods are used to measiiching rate. In the first, a known
number of eggs are incubated and the number of éggsl removed and counted each
day until hatching is complete. Alternatively, atdiaof eggs can be incubated until
hatched and all hatched larvae and dead eggs cburtte second method uses single
eggs cultured in microtitre well plates and the bemthat hatch recorded (Vallin &
Nissling 1998; Panini et al. 2001). The hatchintgrean be expressed as the total

number of hatched larvae per unit weight of fenteiodstock.

In addition to morphological methods of assessigg gquality, biochemical
analyses such as lipid or pigment composition clo de used. A number of
biochemical parameters have been used in this xtomteluding lipid,and fatty acid
concentrations (Salze et al. 2005) and free amaid eoncentrations as they are the
main sources of energy, membrane constituents aatkip growth for embryos
(Ronnestad & Fyhn 1993; Sargent 1995). The ideadl$eof EFA in broodstock diets
are not precisely known though a ratio of 2:1 f(AJEPA is recommended as this is
the ratio found in most fish eggs, but varies agditwy to species and between marine
and fresh water fish, with generally lower valuedhe latter (Tocher & Sargent 1984;
Cowey et al. 1985; Bromage 1995). A (n-3)/(n-6) RURtio of between 5:1 and 10:1
has also been suggested as beneficial (Bromagg.I®&&ause of the importance of Ax
in embryo growth and development and in increaderglization rates (Hubbs &
Strawn 1957; Hubbs & Stavenhagen 1958; Georgiet ;189kulin & Soin 1975; Craik
1985) the egg concentrations of this compound nmatgd be an indicator of egg quality

(Hartmann et al. 1947).
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Other factors that affect egg quality include pé&akmactors (age, spawning,
parental stress, genetics), environmental conditigrusbandry practices, temperature,
light, water quality, disease), and use of indugseawning as well as nutrition (Pavlov
et al. 2004). Other factors that have been suggiemseimportant include the size,
chemical composition, microbial colonisation, operning state of the egg and the
amount of stress experienced by the eggs (Broagemarunatunga 1988; Barker et
al. 1989; Hansen & Olafsen 1989; Kjagrsvik et al9Q9Barker et al. 1991; Bromage et
al. 1992). However, when freshly ovulated eggsifieent individuals are compared,
the nutritional status of the broodstock is gergrabnsidered to be the single most
important factor affecting egg quality (Watanab&3;%Kjgrsvik et al. 1990; Watanabe

& Kiron 1995).

Over-ripening of eggs is a very important factor egfg quality — even in
naturally spawning broodstocks, because if fematesstressed their behaviour may be
affected and they may not spawn their eggs at ftenal time in terms of freshness
and viability i.e. they mayretain them in the lumanthe ovary too long. If males are
stressed, they may not court the females to giemtthe stimulus to spawn eggs — or be
able to fertilize the eggs when they are spawnaesS can be caused by environmental
factors and wrong sex ratios, aswell as nutritioetiess. Even when spawning
behaviour is good, there are always someeggs &find in the ovary lumen after
spawning and these ten to be retained and arestielg when the next fresh batch is
spawned — so there will always tend to be a smatilyver of over-ripe eggs in amongst

the fresh eggs no matter how good the fish are (MygE McEvoy 1992).
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1.6 Current position

The decline in wild cod capture fisheries has meanincreased interest in cod
farming. However, problems with hatcheries suchthas quality of eggs and poor

survival have limited production potential.

Despite many advances in broodstock nutrition (Ma€l85; Watanabe 1985;
Bromage 1995; Pavlov et al. 2004) and significastearch effort on cod in Canada,
Norway and Scotland, larval quality and survivaksaremain poor and unpredictable
(Brown et al. 2003). For example, in 2003 a higtidence of deformities in hatchery-
reared juveniles of cod was recorded in Norway wntitrition being suggested as a
contributing factor (Cahu et al. 2003). Many of dbeproblems can be linked to a
limited knowledge of broodstock nutrition, (Vassafgius et al. 2001; Izquierdo et al.
2001) including for example, the conditioning ofobdstock outwith the spawning
season (Bromage et al. 2001). It is clear that El#tuding ARA and also carotenoid
pigments are very important for growth and develeptrof cod eggs. However, there

has been limited research on the role of EFAs thdiets.

In other species a significant amount of reseam@$ focussed on the role of
HUFA, vitamins, and the carotenoid pigment Ax. HUBRA important in reproduction
and development of eggs and larvae and low levelbroodstock diets have been
shown to influence fecundity, egg quality, hatchsugcess, numbers of normal larvae
and incidence of deformity (Watanabe 1985). Becamaene fish can synthesise only
limited amounts of fatty acids they must receiveitiHUFA requirements from the diet
and in the correct concentrations and ratios (Wadiari985: Sargent 1995; Rainuzzo et
al., 1997). The most important HUFA for succességdroduction are ARA, EPA and

DHA (Sargent et al., 2002). Supplementation of betock diets with EFA and
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carotenoids has the potential to greatly improvg egd larval quality as has been
shown in sea bass, sea bream, yellowtail and hafresny and Dabrowski 1998;
Ashton et al., 1993; Watanabe and Miki 1993; Vergiiya et al., 1997; Gallagher et

al., 1998; Sargent et al., 2002).

Some hatcheries find that cod broodstock of wiligiorproduce better quality
eggs in hatcheries than broodstock of farm origirese differences may be due to diet,
with farm reared broodstock being negatively impdcthrough long term feeding of
sub-optimal diets. Evidence for this comes fromfthdings of Salze et al. (2005), who
found differences in ARA levels, EPA/ARA ratios andarotenoid pigment
concentration between wild and farmed cod broodstwwbich were correlated with egg
quality. The benefits of using farmed broodstodk thrat they can be produced on site,
they are of known age and origin and there are xppibies to use selective breeding to
improve the stock. Such selection criteria coultlude suitability for farming, disease
resistance and improved growth rate. In additienfdrm-bred fish are adapted to farm
conditions and their health status is known. Howethee poor egg quality from farm
reared broodstock can result in low survival of/¢er and problems with their health
and welfare. Use of wild origin broodstock can @ssme problems such as the risk of
introducing disease, and the inability to use iaréf selection to improve stocks will be
viewed by the industry as unsustainable in thedongrm. Commercial hatcheries now
find it difficult to procure wild broodstock in th&nited Kingdon now because the

fishing quota has to be used.

In different stocks of wild cod ARA level has besimown to be correlated with
hatching success and improved egg quality parasm@@ckova et al. 1997). However,

no differences were found in DHA levels or DHA/EP#io in egg between wild and
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farmed broodstock (Salze et al. 2005). This findinggests that low levels of ARA and
HUFA could be, in part, responsible for dietaryatetl egg quality problems in farm
reared broodstock (Salze et al. 2005). In othecispesuch as halibut, sea bass and
Japanese floundePéralichthys olivaceysegg quality parameters were found to be
improved by adding ARA to the diet of broodstockyée et al. 1999; Furuita et al.
2003; Mazorra et al. 2003). However, when farm-bred broodstock were fed a diet
containing 0.8% or 3.2% ARA supplementation for éntins before they spawned no
significant differences in egg quality indicatorene found (Bell et al. 2005; Blanco

2005).

Carotenoid pigments are also important for eggityuahd have been found to
be lower in cod eggs from broodstock of farm origompared to those of wild origin
(Salze et al. 2005). Grung (1993), found similasutes but also showed that
supplementation of broodstock diets with caroteno&bulted in an increased
concentration in the eggs. The positive effect gfpgementation of broodstock diets
with carotenoids has been demonstrated in otherieppesuch as salmonids, red sea
bream and yellowtail (Watanabe & Miki 1993; Verakgirya et al. 1997) but as yet not

for cod.

As discussed above DHA is important in larval depetent whilst EPA and
ARA modulate eicosanoid activity. This is espegiathportant for cod that have long
lived broodstock which will receive artificial feem/er many years which could result
in dietary deficiencies. Supplementation of dietshwDHA, EPA, ARA and Ax to
improve larval quality have been used before wilime success in species such as
halibut, sea bass and Japanese flounder (Brudel&199; Furuita et al. 2003; Mazorra

et al. 2003).
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1.7 Objectives

Objective 1 To determine the optimum level of ARA in relatitmegg quality
in cod broodstock of wild origin by comparing eggatity in fish fed a diet containing

supplementary ARA for 0, 1, 2 or 3 months priop&ak spawning.

Objective 2. To evaluate the effect of carotenoid supplemanrtabn egg
quality in hatchery reared cod broodstock by commgaegg quality in groups of fish

fed diets with or without supplementary Ax.

Objective 3. To compare the relative effect of diets supplet@gmvith optimum

levels of ARA and Ax on egg quality in wild and fieed cod broodstock.

Objective 4. To determine egg lipid content and fatty acid cosifon,
especially ARA, DHA, EPA/ARA ratio and carotenoitrielation to egg quality in UK

cod hatcheries over a whole spawning season.
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2.1 The origin of broodstock

The broodstock of wild origin were captured durthg winter of 2003-4 from
the Firth of Clyde, UK. Fish were quarantined angbmned onto artificial diets at the
Machrihanish Marine Environmental Research LaboyafMMERL), then transferred
to broodstock tanks at Machrihanish Marine Farm (dMMF). Fish were returned to
MMERL in July 2005. All these fish would probablyave spawned in captivity in

spring 2005 for the first time.

The broodstock of farm origin came from the reasembdstock (F1 generation)
hatched at MMF during November 2003. They were sfiemed to MMERL in

February 2004. These were first time spawnersiimg006.

2.2 Experimental diet and feeding regime

The basal diet was based on a commercial moist fieedulation (Vitalis®
Marine Broodstock Mix) specially prepared to contab supplementary Ax or added
arachidonic acid and supplied by Skretting Ltd, (ggadge, UK) (formulation in
Appendix 1l). The feed was supplemented with addal nutrients depending on the
requirement of each experiment. The feed was segbphis a dry mix which was

constituted for feeding by the addition of watef7(Q/kg dry mix).

Feed supplements included Ax as Carophyll Pink®&4Estaxanthin w/w) and
ARA as Vevodar® oil containing 373 mg/kg ARA). Bowere supplied by DSM

Nutrition Products (Basel, Switzerland).
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The feed was prepared by first weighing out 5 kg meal and transferring to
the mixer (Fig 2.1.). Before adding to the feed & supplements were weighed and
mixed with water. Vevodar® is an oil and was spydirectly on the feed.
Astaxanthin is a powder and was mixed directly withter used to prepare the feed.
After adding supplements the feed was mixed wefle Tnixer was stopped when
necessary to loosen and break up any compacted féstte mixed, the feed was
removed by hand, rolled flat and chopped into pellef approximately 2.5 cin
(Fig2.2). Prepared feed was kept for 1 to 2 days feed bin, or for up to 1 month in

the freezer.

Figure 2.1 Preparation of feed, the mixer. Thewarnodicates the mouth of the feed
mixer.
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Figure 2.2 Final preparation of feed, manually giexpinto 2.5 cripellets.

2.3 Experimental tanks

Fish were held in Glass Reinforced Plastic (GRPpeerental tanks at
MMERL. Each tank was covered and individually eqa@ with four (36 W)
fluorescent tube lights and two (50 W) halogen larapabout 70 cm above the water
surface. The wild broodstock were kept in 4 met@meter tanks of 12 frvolume
(Fig.2.3) and the farm broodstock kept in 3 metesrgter tanks of 7 H{Fig.2.4) and a
water depth of 1.2 metres for each tank. A floveehwater was maintained at all times
but during summer when the water temperature tosdlow was reduced to allow a
water cooler to operate and maintain temperatungir@hmental conditions for each

experiment are outlined in the relevant chapters.
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Figure 2.3 Experimental tank layout of 4 metre dééenand 12 rhvolume, water depth
of 1.2 metres.

Figure 2.4 Experimental tank layout of 3 metre digenand 7 rhvolume tanks, water
depth of 1.2 metres.
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2.4 Environmental conditions

A drum filter (100 m) was used to filter the seawater supplying teke fanks
used for the experiments. The water inflow allovedircular flow of water to be
maintained in the tanks. The water flowed out tgfowa central drain. Tanks were
supplied with seawater at 40 L/min in a flow-thougisstem. The average water
temperature and salinity were recorded every daingiuhe experimental period and
are described in the relevant chapters. Oxygenesr@onnected to a computer were
used to monitor oxygen levels in each tank. Thegeryconcentration was maintained
at above 6.5 ppm using oxygen diffusers in the expmntal tanks. All fish were held
under simulated natural photoperiod (SNP) providgdluorescent lights located on

tank covers with simulated dawn/dusk using an aatangdimming system.

2.5 Broodstock husbandry

The wild-caught fish were acclimatised to farm atinds and held in tanks for
at least 12 months before the start of trials. Bitemdstock were allocated to four 12m

tanks in November 2005.

The farm broodstock fish were held in four tank8ahetre diameter and 7°m
volume. These fish were F1 generation hatched atFMN November 2003 and
transferred to MMERL in February 2004. They weraveping for the first time in

spring 2006.

In January 2006, the experimental fish were indigity weighed, screened by

ultrasound to determine sex and state of maturaéind then reallocated so that each
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tank contained a similar number and biomass of snatel females. Fish were fed to
satiation twice daily. The food that remained & llottom of the tank was observed to
determine the next day feeding rate. The fish viedeat approximately 1.5 % of body
weight. The bottom of the tanks were flushed daigept during spawning season, to

remove waste feed and faeces to maintain the \gatdity.

2.6 Egg collection

The cod usually spawned at night so the egg calleavas conducted in the
morning around 9.30 am. The 50fh plankton mesh egg collector was put under the

drain pipe from the tank (Fig 2.5 & 2.6).

Figure 2.5 Collection point for eggs. The arrowigades the collection apparutus.
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Figure 2.6 Collection of floating eggs, the half ®¥ipe is used to catch the floating
eggs from the surface and deposit them in the cadie outlet.

The arrow indicates the collector on the waterastaf

The outlet was opened at the surface otahk from the egg collection pipe. The

floating eggs came out through the overflowing @utind were directed into the 500

m mesh egg collectors to allow egg collection (Eg).

Figure 2.7 The collection of floating eggs at thekt outlet.
The arrow indicates the water flow from the broodkttank into the collection net.
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After collection the eggs were washed with cleaawsder until free of debris
(Fig 2.8). Then the eggs were placed in a 5 litrekiet with a 500 m mesh to allow the
water to overflow. From this point the eggs weraeghied as a total batch wet weight on

an electronic balance (precision +/- 1 g).

Figure 2.8 The egg collectors were washed untéretel of debris.

The arrow indicates the egg collection net whiclvashed into the white container.

The eggs were then transferred into a 5 litre butiked with seawater. After
approximately 15-30 minutes the floating eggs wsaparated from the sinking eggs.
The floating eggs from the surface of the bucketewthen siphoned into a separate
container (Fig 2.9). The sinking eggs were thenghed as wet weight using the

balance as above.
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Figure 2.9 Separation of floating and sinking eddee floating eggs are collected from
the surface of the bucket and siphoned into a agpaontainer.

Egg quality of the floating eggs was determinedngisa random sample
collected using a small aquarium net scoop andfeared to a small plastic 250 ml jar

(Fig 2.10).

Figure 2.10 Floating eggs transferred to a smalbgdore determining egg quality.
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A random sample of 100 eggs was then taken fantomyusing a Bogorov tray (Fig
2.11).

Figure 2.11 Bogorov tray use for counting eggs examining their developmet stage.

The number of non fertilised eggs and fertilisedysegvas determined by
examining blastomere morphology using a disseatmgyoscope (Olympus SZ3060)

Figure (2.12).

Unfertilized egg

< Fertilized egg

Fertilized egg

Figure 2.12 Blastomere morphology picture by Thoyst al 2003. Unfertilized (left)
and fertilized (middle and right) cod eggs.
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The net was then cleaned and replaced for collettie following day (Fig 2.13).

Figure 2.13 The cleaned egg collection nets.

2.7 Egg incubation

Survival and mortality rates were determined frommaadom sample of 2 g
(approximately 1000) of eggs taken from each brtmmitstank, each week. These were
incubated separately in 500 ml beakers of UV stedl, temperature (6-7C)
controlled water that was kept oxygenated with mrstone (Fig.2.14). Survival and

mortality were measured by counting the numbeivefédnd dead larvae after 15 days.
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Figure 2.14 Incubation of eggs using 500 ml beakéng beakers contain 2 grams of
eggs ( approximately 1,000 eggs), temperaturerigaited using the water bath.

Hatching rates of individual eggs were measuretaking a random sample of
36 eggs from each broodstock tank every week, ef shme developmental stage,
(blastomere) (selected using an Olympus disseatingyoscope). These eggs were
placed in a 96-well plastic microtitre plate witkasvater and placed in an incubator at 6
°C for 15 days. The total number of hatched eggs 4 days per plate were counted.
Russell (1976), showed that 15 days was the avetiage to hatch for cod eggs
incubated at 6C. Numbers were calculated from egg batch weighasmements

assuming 500 eggs/g.
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2.8 Egg quality assessment

Each day during the 92 day spawning period, egghleat were collected and
egg quality was assessed using standard technigaedescribed above, to measure
total egg production, floating egg production amedtilization rate. Dropout of eggs
within each broodstock tank was estimated over &r2deriod on five different dates.
Samples of floating eggs from all four tanks (11bB®ches per tank) were collected for
fatty acid analysis on different dates. Fourteetchiss of floating eggs from each tank

were incubated in order to attempt to determinethag rates.

Egg quality and production parameters are sumneasel described in Table
2.1. Eggs collected, refers to the actual weighegds collected in gram (g). Eggs
produced refers to the calculated number of eggsam multiplied by female biomass

(using the estimate that 1 g of eggs = 500 eggs).
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Table 2.1 Summary and description of egg qualityy anoduction parameters used
during experiments, including these for total, fing, fertilized and hatching eggs.

Egg quality parameter

Description

Total

€ggs

1.Total no. of eggs produced/kg female

= Total nendd sinking plus floating eggs
produced per day divided by average weight of
female per tank.

2.Mean no. per batch of eggs produced/kg female  otalo of eggs produced/kg female divided by
the number of batches produced.

3.Total weight of eggs collected (g) = The totalgi of eggs collected during
spawning ( sum of floating, sinking and drop out
eggs)

4.No. of batches collected = The total no of days on which batches were
collected.

5. Mean wt of collected egg batches (g) = The average of weight divided by batches.

Floating eggs

6. Total no of floating eggs/kg female = The total no of floating eggs divided by the tota
weight of female fish

7. Mean no of floating eggs per batch / kg femalg The mean wt of floating egg batches (g) divided
by total no of floating eggs/kg female.

8. Total wt of floating eggs (g) = The total weight of floating eggs each day

9. Mean wt per batch of floating eggs (g) = Tothbf floating eggs (g) divided by
number of batches with floating eggs

10. Total no of floating eggs/kg female = Total renof floating eggs collected each
day divided by the weight of female fish.

11. Mean no per batch of floating eggs/kg female  The mean of the total no of floating eggs/kg
female divided by number of batches with floating
eggs.

Fertilized eggs

12. Mean fertilization rate (% floating eggs) = Tihean of the rate as a percentage of floating
eggs.

13. Total no of fertilised eggs/kg female = Numbgeggs with blastomere divided by
weight of females

14. No of batches with fertilised eggs = no of bakproduced minus the number of
batches with no fertilized eggs.

15. Mean no per batch of fertilised eggs/kg female= no of batches with fertilised eggs divided by
the weight of females.

Hatched eggs

16. Mean hatch rate (% floating eggs) = The meahehatching rate as a percentage of
floating egg

17. Total no. of hatched larvae/kg female = Totahber of larvae hatching after incubatipn
divided by weight of females

18. Mean no. per batch of hatched eggs/kg female Mean hatch rate divided by no. of batches with

floating eggs.
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2.9 Collection and storage of samples for lipid amgsis

Random samples of 20 floating eggs were taken fpid lanalysis for
experiment 1 and 2 whilst in Experiment 3, 100 eggse collected (as it was found
that more lipid was required to improve analysentlivas present in 20 eggs). Samples
for biochemical analysis were collected from eantkt Wet egg samples were stored in
approximately 5 ml of a mixture of chloroform anetmanol (HPLC grade) at a ratio of
2:1 (v/v) in a sealed glass 7 ml vial. Dry egg skmpvere collected in plastic sample
vials (without chloroform and methanal) and stoired freezer at a temperature of -20

°C until required for analysis in the laboratory.

2.10 Biochemical analysis

2.10.1 Lipid extraction

The fatty acid composition and total lipid contentfeed and egg samples was
measured using the method of (Folch et al. 19579tly samples were placed in 15 ml
labelled glass test tubes, then 5 ml of chlorofanethanol (C:M) (2:1,v/v) was added
to the tubes. The samples were then homogenised asiUltraturraX” (the probe was
rinsed in C:M (2:1 v/v) between samples). The tubege stoppered and left on ice for
approximately 1 hour. After that, 0.25 vulume d@&% (w/v) KCl was added to 2.5 ml
of the homogenised sample. These samples werarixaa on a vortex mixer and left
to stand on ice for 5 minutes. Samples were tleetrituged at 400 x g average (1500
rpm, C 412 bench centrifuge) for 2-3 minutes. Aftas the top layer of the aqueous

material was removed by aspiration. The bottomrlayas then filtered into tubes
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through pre-washed with C:M (2:1 v/v) 11 cm Whatman 1 filter papers. The solvent
was then evaporated to dryness under a streamygeoxfree nitrogen (OFN). Then
1.5 ml of C:M with butylated hydroxy toluene (BHTWas added and the sample
transferred to a 2 ml glass vial. The solvent wantevaporated to dryness under a
stream of OFN and desiccatéd vacuoovernight The samples and tubes were re-
weighed and lipid re-dissolved in C/M (2:1 viv) 100% (w/v) butylated hydroxyl

toluene (BHT).

2.10.2 Preparation and purification of fatty acid nethyl esters (FAME)

The total lipid prepared as above was used to peejadty acid methyl esters.
The lipid sample, normally ~1 mg, was transfernetb ia small (15 ml) labelled test
tube and 17:0 free fatty acid added, if required,(a% of the total lipid mass to act as
an internal standard. The organic solvent was teeamporated to dryness under
nitrogen. Then 1 ml of toluene and 2 ml of the mgketting reagent, 1 % (v/v) sulphuric
acid in methanol, were added. The tubes were more@ vortex mixer and flushed
with nitrogen and stoppered with a piece of tissuepaper to prevent the stopper
blowing out upon heating. The tube was incubatesrmght (16 hr) at 5t in a hot-
block. The tubes were removed from the hot-bloak @led. The tissue was removed
and 2 ml 2% potassium hydrogen carbonate (Kg)&dded to neutralise the acid. Five
ml iso-hexane/diethyl ether (1:1, v/v) + 0.01% (WBHT was added and the tubes
were vortexed and centrifuged at 350-400 x g ave(a§00 rpm C312 or C412 bench
centrifuge) for 2 min. The upper organic layer wassferred to another clean test tube
and a further 5 ml iso-hexane/diethyl ether (1/) yno BHT) added to the original

tube before mixing and centrifuging as before. Tpper layer was added to the other

a7



CHAPTER2.MATERIALS AND METHODS

tube as above. The solvent was evaporated on tlegen evaporator and the FAME
re-dissolved in 100 ul iso-hexane. FAME were padfby TLC on 20 x 20 cm plates at
a lipid loading of < 1.5 mg/cm. Sample origins &ér.5 cm from the bottom of the
plate and samples separated by at least 1.2 cmantltm margin at the edge of the
plate. The samples were loaded using a 100 ul dHsssilton micro-syringe (the
syringe was repeatedly rinsed with iso-hexane batwsamples). The plate was then
chromatographed in iso-hexane/ diethyl ether/acatid (90:10:1, viv) to 1 — 1.5 cm
from the top of the plate. The plate was then rezdofrom the tank and the solvent
allowed to evaporate in the fume cupboard beforayspg with 1% (w/v) iodine in
chloroform to visualise the FAMEs. The plate waasked off with blank glass plates
so that only the very outer edge of the originstemexposed. This section was then
sprayed lightly with iodine. The FAME band wasarlg visible and was marked with
pencil. The FAMEs chromatograph as a doublet wéturated and monounsaturated
fatty acids forming the upper band and PUFA theeiowand (both bands were
removed). 0.5 cm above and below the iodine starewnarked in pencil to ensure all
the FAME were included. The sample FAME bands varenarked accordingly and
then scraped from the TLC plate into test tubesgusi straight edged scalpel blade.
Since the FAME band is heterogeneous it was vitaérisure that all the silica was
removed. FAMEs were eluted from the silica withriDiso-hexane/diethyl ether (1:1,
v:v), followed by mixing and centrifuging as dedeid above, to sediment the silica.
The solvent was removed to a clean 15 ml test tlibe.solvent was evaporated on the
nitrogen evaporator and the samples transferred ol glass vials in 1 ml of iso-
hexane, evaporated to dryness and re-dissolvesiohhaxane to a concentration of 1
mg/ml. The FAMEs were flushed with nitrogen or argand stored at -2G for gas

liquid chomatograpy (GLC) analysis.
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2.10.3 Separation and identification of FAME

FAME were separated and quantified by GLC usingaadCErba Vega 8160
(Milan, Italy) chromatograph equipped with cold cmumn injection and using a 30 m
X 0.32 mm id, 0.25 um film thickness, capillary woin (CP wax 52CB; Chrompak
Ltd., London UK.). Hydrogen was used as the cages at a flow rate of 2.0 ml/min
(constant flow mode). The temperature programmiras irom 56C to 150C at
40°C/min and then to 228 at 2C/min. The fatty acid peaks were detected by flame
ionisation detection (FID) at 280. The volume of the sample injected was 1 pl of 1
mg/ml FAME in iso-hexane. Individual methylestemsrgvidentified by comparison to
known standards and by reference to published (@atlaman et al. 1980). Peak data
were processed using the Chromcard for Windowssimer1.19) computer package

(Thermoquest Italia S.p.A., Milan, Italy).

2.10.4 Extraction of carotenoids

The carotenoid Ax, was determined in cod eggs freamples prepared
following extraction of lipids using the protocoéstribed in section 2.10.1. Solvent
extraction followed by analysis by high performaricgiid chromatography (HPLC)
was used to quantify dietary pigment concentratidiee sum of the peak areas was

calculated with reference to an Ax external stathiddhe method was as follows.

Extracted lipid samples were re-weighed after amsion then dissolved in iso-
hexane (1.5 ml) and mixed. This was then trandfetoea plastic tube using a Pasteur

pipette and centrifuged at 7,000 x g (10,000 rponBfmin.
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Then 1 ml was transferred to a 2 ml glass vial redsamples were read in a
spectrophotometer at 470 nm against an iso-hex#aek.bThe Ax standard was

measured at 470 nm, using quartz cuvettes agairisbéhexane blank.

The HPLC apparatus comprised of a pump and a Wai86 Tunable
Absorbance Detector with Millenium 32 Chromatognapklanager (Waters Inc.
Milford, USA) for data analysis. The column was &Hhrosorb 5u Silica 60 (150 x
4.6mm, Phenomenex, Macclesfield, UK) and the mqgfiilase was iso-hexane/acetone
(86:14, viv) at a flow rate of 1 ml/min and maximgpnessure of 1000 psi. The injection
volume was 50 pl and detection was by absorband@@nm. The total run time was

25 minutes.

To calculate the concentration of standard fromsiectrophotometer:

[C] = 1 x [Abs@470nm] x_ 10,000x DF
wi(9) 2,100

Where 2100 is the extinction co-efficient of Axigo-hexane
DF = dilution factor, C = concentration (pg/ml)
To calculate the concentration f standard fromsiectophotometer:
SC = [Abs@470nm] x_ 10,000
,1@0

where SC = standard concentration (ug/ml)

To calculate total and individual pigment concetitres from the HPLC:

Concentration (mg/kg) = _SC x y x DF
Std areatxof sample (Q)

Where y = the total carotenoid or individual pea&a.

50



CHAPTER2.MATERIALS AND METHODS

2.10.4 Analysis of lipid classes by HPTLC

Lipid classes in samples of total lipid were detewed by high performance
TLC (HPTLC) using double development chromatografzthgeparate polar and neutral
classes. Lipids were detected by charring and dfiehtusing a CAMAG 3 TLC
scanning densitometer (CAMAG, Muttenz, Switzerlawd}h identification of the

classes against known polar and neutral lipid stedsd

Samples were prepared using the lipid extractiastgool in 2.10.1 and the
following method applied. First, the top 2 cornefshe 10 x 10 cm HPTLC plate were
marked and pre-washed in a tank containing 20 rddroeform/methanol (2:1, v/v) to
the top of the plate. After pre-washing, the plates dried in a fume cupboard and then
in a vacuum desiccator to remove the solvent. Tae pvas activated in a drying oven
at 110°C for approx 20 min. A 5 mm band of silica was rewew from the top of the
plate with the straight edge of a scalpel. Witho#t pencil, the position of the origin
was marked 1 cm up from the bottom of the platethedolanned positions of the first
(5.5 cm up) and second (9.0 cm up) solvent froigs enarked. Using a 10 pl glass
Hamilton syringe, each sample was loaded on thginoes a 2 mm streak, using 1 to
1.5 pl of a 10 mg/ml total lipid stock solution. 8yringe was rinsed with C/M (2:1)
between samples. A known lipid class standard wsesl ias reference. Ideally this
should have a similar class profile to the sampleisg analysed. The plate was first
chromatographed in a polar solvent to the 5.5 cmmkmahe freshly made solvent
comprised methyl acetate/ propan-2-ol/ chloroforméthanol/ 0.25 % (w/v) KCL
(25:25:25:10:9 by vol). The plate was removed frdma tank, air dried in a fume
cupboard and then in a vacuum desiccator for at [Ea min. The plate was run in the

second neutral lipid solvent to the 9 cm mark. This also freshly prepared and
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comprised iso-hexane/diethyl ether/glacial acetic £80:20:2 v/v/v). The plate was
removed from the tank and air dried. The plate s@syed with 3 % aqueous copper
acetate (w/v) containing 8 % (v/v) phosphoric aéigcess solution was allowed to run
off and any excess removed at the bottom edgeeopltite. The plates were charred at
160 °C in an oven for 15-20 min. The lipid classes wi@n quantified by scanning
densitomet.using a CAMAG TLC scanner (tungsten lampavelength 370 nm) and

using CAMAG “ WIinCATS” Planar Chromatography manageftware, version 1.2.0.

2.10.5 Determination of vitamin E in cod eggs

For vitamin E analysis, the relevant number of ¢aiest tubes were labelled and
5 ml 2 % (w/v) ethanolic pyrogallol added to eathe wet weight of egg samples was
measured using a balance (approximately 1 g todeadmal places) and added to the
corresponding tubes. The samples were homogenigdte Ultraturrax, and the
stoppered test tubes incubated for 5 min in a wh&th at 70°C. The tubes were
removed from the water bath and 1 ml 60 % KOH adaledi the contents mixed. The
tubes were flushed with nitrogen, then stopperedl sitaken before returning to the
water bath for a further 20 min. The tubes werekshaat 5 minute intervals. Then
removed and cooled on ice. Four ml distilled wated 6 ml iso-hexane + BHT were
added and the tubes mixed by vortexing for exattiyinute to extract the vitamin E
into the iso-hexane layer. The layers were alloteegeparate. If two distinct layers did
not appear, the tubes were placed in a freezer ¥0for 10 min which should
facilitate the separation. The corresponding nunadfet5 ml test tubes were labelled
and 4 ml of the iso-hexane (top) layer was remanéal these tubes using 5 ml glass

pipettes. The solvent was evaporated to drynessrumttogen and 1 ml of methanol
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added to each of the tubes to re-dissolve the smr@fore transfering to 2 ml glass
vials prior to analysis by HPLC. The vials weresfied with nitrogen and removed to

the freezer for storage.

The HPLC analysis was conducted using a Thermoegam HPLC and a UV
3000 absorbance Detector with ChromQuest for Thek@osoftware. The HPLC
column was a LUNA 5u C18 (4.6 x 150 mm; PhenomeMegclesfied, UK) and the
mobile phase was methanol/ultrapure water (98:2 \Ilwe system used a constaMetric
4100 pump to supply the solvent at a flow rate .@f rhl/min at ambient temperature
and maximum pressure of 1000 psi. The injectiomwa was 50 pl and detection was

at 293 nm. The total run time was 25 min and théet order was:

-tocopherol, -tocopherol, -tocopherol, -tocopherol.

The following formula was used to calculate thea@ntration of Vitamin E in the fish

eggs:

Std conc ng /50 pl x_peak area x _Vol. iso-hexane x Vol.MeOH x 1
Average std.area Vol.layer removed Vol.injected tw

Where (std) is the concentration of the standaed! urs ng / 50 pl injection.

2.10.6 Measurement of thiobarbituric acid reactivesubstances (TBARS) in cod

eggs

The required number of large tubes were labell@d%ml| of 50 mM potassium
phosphate buffer pH 7.4 added. Cod eggs were weifbe? decimal places) into the
corresponding tubes and homogenised using thetuttax. A similar number of 15 ml

tubes were labelled, plus one for a reagent bldiokeach tube 2 ml of 10 % (w/v)
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trichloacetic acid, 2 ml of 1 % (w/v) thiobarbitaracid, and 50 ul of 0.2 % (w/v) BHT

in ethanol were added. One ml of the cod egg homattgewas added to each tube and
mixed gently making sure the stoppers were looke. flibes were placed in a pan of
boiling water on a hot plate for 20 minutes andkehaevery 5 min. The tubes were
removed and cooled on ice. The micro centifugeduwbere labelled and centrifuged at
10,000 rpm (7,700 g) in the micro centrifuge for mihutes. The supernatants were
transferred to plastic cuvettes and the absorbeemmded against a reagent blank at
532 nm. The concentration of malondialdehyde @A Teactive substances; TBARS)

can be calculated using the following equation:

pmole MDA/g tissue= (sample abs/0.156) x (50/wtisgue (g))

2.10.7 Extraction of eicosanoids from cod eggs— Rtaglandin E2 (PGE2)

The determination of PGEn cod egg samples was carried out using an enzyme
immunoassay kit (Prostaglandin, B Monoclonal; Catalog No. 514010; Cayman
Chemical Co., Ann Arbor, Michigan, USA). The assas carried out as described by
the manufacturer's protocol. The assay is a Mom@adloCompetitive Enzyme
Immunoassay and is based on competition between 2P@kd a PGE2-
acetylcholinesterase (AChe) conjugate (PGE2 traicerPGE2 monoclonal antibody.
During the assay, the PGE2 tracer levels are keptlf The amount that is combined
with the PGE2 monoclonal antibody is the invers¢hef concentration of PGE2 in the
assay wells. Once the enzyme reaction has beenlemughe amount of PGE2 in the

wells is measured using a spectrophotometer (anhd1)2
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Samples for the enzyme immunoassay were homogeimssgdeast 4 volumes
of Hank’s balanced salt solution (HBSS) containld§6 (v/v) ethanol and 50 pl/ml of
0.2M formic acid. Samples were then stored in azee at -20 C until extracted. The
purification of the sample was conducted as follofes cod egg homogenates and cell
media, samples were centrifuged in a bench ceggifor 5 min, as above, to remove

debris. The supernatant was extracted as follows;

The supernatant was loaded onto a C18 “Sep-Pakiidge which had been
washed first with 5 ml methanol followed by 10 ndtdled water (drip). Samples were
washed by slowly eluting with 10 ml distilled wateilowed by 5 ml 15 % ethanol

(v/v) followed by 5 ml hexane/ chloroform 65:35\/

The eicosanoids were then eluted into a stoppessdtabe with 10 ml ethyl
acetate. The Sep-Pak should then be regenerate@ddiyng with 10 ml methanol and
10 ml distilled water prior to loading the next gden The extract was then dried under
nitrogen, redissolved in 1 ml methanol and stored small glass vial at -2 before

analyis.

2.11 Statistical analysis

Egg quality indices used for group comparisonsudetl batch weights of eggs
collected, batch weights of floating eggs, feréitipn rate and hatch rate, and estimates
of mean numbers per batch of eggs spawned, eglgsteal, floating eggs, viable (ie
floating, fertilised eggs) and hatched eggs. Numbeere calculated in terms of the

biomass of female fish to compensate for smalledéfices in broodstock biomass and
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allow comparison with other stocks. Numbers wereutated from egg batch weight

measurements averaging 500 eggs/g.

Analysis of variance (ANOVA), or Kruskal-Wallis tss were used to identify
differences in egg quality or biochemical paramet@mtween individual groups. Where
differences were identified, appropriate multiptenparison tests were used to identify
differences between the group averages. Differemegs regarded as significant when
P < 0.05 (Zar 1999). Spearman’s rank test was usetktect any correlation between

fatty acid composition and egg quality.
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CHAPTER 3. DETERMINATION OF THE OPTIMUM LEVEL OF DIETARY ARACHIDONIC ACID
(ARA) IN RELATION TO EGG QUALITY IN WILD ORIGIN COD

3.1 Introduction

As previously discussed in the general introductrartrition of broodstock has
a major impact on gonadal growth, fecundity, egglity and larval growth (Watanabe
1985; Mourente & Odriozola 1990; Harel et al. 1993j all the nutritional factors in
broodstock diet that affect spawning quality ang egmposition, dietary essential fatty
acid content is considered to be the most imporféfdatanabe et al. 1984; Watanabe
1985). Fatty acids function in eggs and larvae ssuace of metabolic energy and also
as components of phospholipids in form cell anduis membranes (Sargent 1995).
ARA is a precursor of eicosanoids, an importantigrof compounds with a wide range
of biological functions which including a role imél maturation of oocytes (Bell et al.
1994; Sargent 1995; Sargent et al. 2002). Howetier EFA include ARA, EPA and
DHA which, in fish, cannot be synthesised from mRBFA (Tocher et al. 1992,

Mourente & Tocher 1993; Sargent et al. 1994; B888; Cunnane 2000).

Therefore, it is important to make sure that theobstock fish used in
aquaculture obtain all of these nutrients in theiret through appropriate
supplementation. Supplementation of broodstockwlitkt lipids during gonadogenesis
has been shown to have effects on egg quality padring success. (Watanabe et al.
1984; Watanabe et al. 1984; Mourente & Odriozola0lHarel et al. 1994; Watanabe
& Kiron 1995). For example, gilthead sea bream Hsbtock fed a diet of 1 % n-3
HUFA for a short period before spawning had incedakevels of EFA in their gonad
and produced higher quality eggs (Harel et al. 1998 European sea bass,
supplementation of broodstock diet with ARA harbehown to increase egg and

larval quality (Bell et al. 1997; Bruce et al. 1998upplementation is of special
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relevance for cod broodstock operations becauserttay be given artificial feed and
conditioned for spawning in tanks over many yedirghe diet is not nutritionally

complete this could lead to long term reductiofecundity and egg quality.

The nutrient content and time of feeding for brdodk is important because
during spawning nutrients are transferred from lbloely to the eggs (Sargent 1995;
Bransden et al. 2007). In Atlantic cod, egg develept starts about eight to nine
months before spawning which would suggest thatdlsould be fed supplements from
this time to give best performance (Sargent 19BBWwever, for hatcheries, it would
not be economical to feed them supplements for auoimg period. Blanco (2004), for
example, showed that supplementation of cod brookstiet with ARA at 0.8 % or 3.2
% for five months before spawning had no effecfemundity or egg quality, although
hatch rate and larval survival was low in both grun contrast, Ferndndez-Palacios et
al. (1995) showed that dietary supplementation Matity acids for just three weeks
before spawning can increase their levels in edggltbead sea bream. These findings
suggest that supplementation of cod broodstockdctnél carried out over shorter

periods or during the spawning period itself.

However, over-supplementation of diet with ARA Hhasen shown to make
gilthead seabream larvae more prone to stressghrimecreased PGEproduction and
could result in increased larval mortality (Kovehat 2001). Wild cod broodstock
eggs ARA levels have been found to be higher wihitee EPA/ARA ratio was lower
compared to the farmed broodstock (Salze et al5R0fild cod also had better egg
quality and fecundity than the farm-reared broodstd herefore, in this experiment
captive, wild-caught broodstock were used as adstahto study dietary ARA

supplementation. The first experiment investigatbe effect of feeding a diet
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supplemented with ARA, for 1, 2 or 3 months priorpeak spawning, on egg quality
from wild cod broodstock in order to determine tpéimum period of supplementation
for best reproductive performance. The principahsuges of egg quality used in the
study were total number of eggs produced per kgfentotal number of floating eggs
per kg female, mean fertilization rate, total nunsbef viable eggs produced per kg
female, and numbers of larvae produced per kg fenfilochemical measurements

focussed on fatty acid composition in eggs.

3.2 Materials and methods

3.2.1 Fish and husbandry

The experiment was carried out at MMERL. The experital design used four
treatment groups of wild-caught Atlantic cod braodk each housed in identical tanks.
The wild origin fish were caught during winter 08@3/4, in the Firth of Clyde (as
described in chapter 2) and had been quarantiretimatised to farm conditions for
two years and weaned onto artificial feed. Foregkperiments, the fish were allocated
to four 12nf tanks in November 2005. The number of fish in etk is shown in
Table 3.1. It is likely that these fish were natsfiitime spawners and would have
spawned in spring 2005. At the start of the expeninthe fish were weighed and

scanned by ultrasound (off Banuary 2006).

The environmental conditions for all fish were SINBm fluorescent lights.

Dawn and dusk were simulated by automatic dimmiggre 3.1.
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Machrahannish experimntal daylength 2006
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Figure 3.1 Daylength for fish at MERL during 2006perimental period, reproductive
strategy and feeding supplementation regime.

Red arrow indicates gonadal development and vgehesis. Yellow arrow indicates
fish spawning period (peak spawning shown by tiné& prrow). Green arrows indicates
feed supplementation (1, 2 and 3 months).

A flow of seawater was maintained at all times Buting summer when the
water temperature rose the flow was reduced tovalowater cooler to operate and
maintain temperature. The average water temperaluniag the experimental period
was 8°C (n=151, SD * 1.3) and ranged betwe€@ 5 10°C. The average salinity was
28 ppt (n=151, SD = 1.1) and ranged between 23-[#8 ppt (Figure 3.2). The sharp

reduction in salinity during March 2006 was mokely due to heavy rain at that time.
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Water quality
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Figure 3.2 Water quality during cod spawning. Terapge (C) in blue and salinity
(ppt) in red.

3.2.2 Experimental design

In January 2006 fish were reallocated, weighed serdened individually by
ultrasound to determine gender and state of mabarab that there were sixteen males
and eight or nine females in each tank. The biomassach tank was; Group A
(control) 78.6 kg, Group B (ARA supplement for 1 mto 75.6 kg, Group C (ARA
supplement for 2 months) 86.4 kg, Group D (ARA dapgent for 3 months) 78.9 kg.
(Table 3.1). The average individual fish weight @dein each tank was 3.26 kg. The
experiment used four treatment groups with one faarktreatment. Group A (control)
was fed an unsupplemented control diet throughwmispawning period and Groups B,
C and D were fed the ARA-supplemented diet for &nd 3 months prior to the peak-
spawning date, respectively. During the experinteate were three mortalities of fish

and, results were adjusted to account for thislgran).
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Table 3.1 Experimental design: distribution and nfegs of broodstock fish by
treatment group (M = males, F = females & Kg = grlam).

Group A (control), Group B fed ARA for 1 month, G C fed ARA for 2 months,
Group C fed ARA for 3 months, before peak spawningortality of fish during
experiment indicated.

Factor Group A Group B Group C Group D
Ratio of males to females 16 M: 9 E 16 M8 E 16 M: 9 E 16 M: 8 E
Total biomass of male fish (Kg) 45 8 449 541 475
Total biomass of female fish (Kg 328 30.8 324 314
Mean weight female (Kg) 364 3.85 3.60 3.92
Total biomass of fish (Kg) 78.6 75 6 86.4 78.9
Mortality 2 Females| No mortality  No mortality 1 Female
3.2.3 Feed

The basal feed was prepared as described in seton/evodar® oil (DSM,
Switzerland), containing 373 mg/kg ARA, was addethie mixture at a rate of 12 g/kg
dry mix to prepare the ARA-supplemented feed. Tdrecentration of Ax in the dry mix

was 0.05 g/kg or 50 ppm.

Feed formula for Control group

The control group diet had no added ARA. Five kg aheal was weighed and
transferred to the mixer. Then 2.5 g of CarophiyilkRvas weighed out along with 3.5
kg water. The mixer was switched on then the watkted along with the Carophyll

Pink. Mixing was continued until homogenous. Thaeniwas stopped when necessary
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to loosen and crumble the compacted feed. Whenmigkkd the mixer was stopped

and the feed removed by hand.

Feed preparation for the ARA supplemented group

Basal feed was prepared as described above. Vevddeas transferred into a
spray bottle and the spray bottle was tared to marthe balance. When the feed mix
had the appearance of gravel, the mixer was stopmed the compacted mixture
loosened and crumbled by hand. The mixer was réegtand 60 g Vevodar oil sprayed
onto the mix. The weight of the spray bottle wasaied frequently to avoid adding too
much. The diet was mixed until homogenous. The mixas stopped as necessary to
loosen the compacted feed. When well mixed, theemixas stopped and the feed
removed by hand. Before feeding to the fish, thedferas chopped into small pieces

(approx 15 x 15 x 15 mm) as shown in Figure 2.Clmapter 2.

Feed proximate compositions were; protein 38.35p6d 19.15%, ash 9.54%,
moisture 39.40% and energy 20.89 Kcal (Table 3RXpximate composition of
unsupplemented and supplemented diet were the $asmewere fed to satiation twice
daily. The concentrations of ARA in the feed, asaswred by GC, were elevated from
0.65% of total fatty acids (approximately 0.56 ¢/kgthe basal diet to 3.0% of total
fatty acids (or approximately 2.58 g/kg finisheedg in the ARA supplemented feed

(Table 3.3).
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Table 3.2 Average of feed proximate compositions3jnfor supplemented and
unsupplemented diet.

Proximate compositions Protein Lipid Ash Energy Moisture
Wet weight 38.35 9.15 9.54 20.89 39.40
Dry weight 63.29 15.10 15.74 20.89

Values are % for protein, lipid, ash and moisturd Kcal/g for energy values.

65



CHAPTER 3. DETERMINATION OF THE OPTIMUM LEVEL OF DIETARY ARACHIDONIC ACID
(ARA) IN RELATION TO EGG QUALITY IN WILD ORIGIN COD

Table 3.3 Fatty acid compositions of cod broodstdelkds with and without
arachidonic acid. Values are % weight of totalyfaitids.

Fatty acids Unsupplemented Supplemented
14:0 5.2 4.8
16:0 16.2 15.7
18:0 2.8 3.1
Total saturated 24.9 24.0
16:1n-9 0.0 0.0
16:1n-7 4.8 4.4
18:1n-9 12.8 13.2
18:1n-7 3.0 2.8
20:1n-9 9.6 9.4
22:1n-11 11.8 11.4
24:1n-9 1.3 1.2
Total monounsaturated 45.1 44.6
18:2n-6 4.8 5.1
20:3n-6 0.0 0.3
20:4n-6 0.6 3.2
22:5n-6 0.2 0.2
Total n-6 PUFA 6.0 9.3
18:3n-3 1.2 1.2
18:4n-3 2.6 1.3
20:4n-3 0.7 0.7
20:5n-3 6.6 6.3
22:4n-3 0.0 0.0
22:5n-3 0.9 0.9
22:6n-3 11.1 10.4
Total n-3 PUFA 23.4 21.1
Total 16 PUFA 0.5 1.0
Total PUFA 29.9 314
(n-3) / (n-6) 3.9 2.3
DHA/EPA 1.7 1.7
EPA/ARA 10.7 2.0

Values are mean, (n=4). Total saturated include@, 29:0 and 22:0.

The ARA-supplemented tanks were started on testndib added ARA at three
months before peak spawning on th& January 2006 (Group D), two months before

peak spawning on the %3February 2006 (Group C) and one month before peak
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spawning on the 13 March 2006 (Group B). All tanks were fed this tdientil

spawning was completed (Figure 3.1).

3.2.4 Egg quality assessment

Fish spawned from*1March to 3% May 2006 with peak spawning on™5
April 2006. Eggs were collected each day during@Realay spawning period. The egg
qguality was measured for all batches collected. Bgglity was assessed using the
standard methods described in Chapter 2. The ptessnmeasured included total egg
production, floating egg production and fertilizati rate. The number of dead eggs
remaining in each broodstock tank (dropout) wae at®asured over 24 h periods on
five different days. To do this the broodstock tamks flushed by dropping the drain
stand pipe and collecting the eggs in a net. Themeght of eggs was measured using

a balance.

Analysis of fatty acids was carried out on a sangblfoating eggs from eleven

to thirteen batches collected from all four tanksimy the experimental period.

Hatching rates were measured by incubating samgfieffoating eggs from
fourteen batches collected during the experimeatciing rates were measured for the
same eggs batches as used for biochemical anagsisaccording to the protocol

described in Chapter 2.
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3.2.5 Biochemical analysis

The fatty acid composition, lipid classes and tdéifatl content of feed and egg

samples were measured using standard laboratocgguees as explained in Chapter 2.

3.2.6 Data analysis

A number of egg quality indices were calculateéltow comparisons between
groups. These included batch weights of eggs delledatch weights of floating eggs,
fertilization rate and hatch rate, and estimatesnefin numbers per batch of eggs
spawned, eggs collected, floating eggs, viabldldating, fertilised eggs) and hatched
eggs. In order to compensate for small differenoebroodstock biomass and allow
comparison with other stocks these indices wereuatied in terms of the biomass of

female fish. A full description of the indices ugsdjiven in Chapter 2.

Statistical tests used to identify differences leswgroups included ANOVA or
Kruskal-Wallis tests. Multiple comparison tests geused to identify differences
between the group averages. The Mann -Whitneywastused to compare differences
between control and pooled groups and ANOVA for parng eggs produced / batch.
Correlation between egg fatty acid composition agd quality was measured using
Spearman’s rank test. Statistical analyses wemgedaout using Minitab 14.0 (Minitab

Inc, 2004).

Data from lipid analyses were analysed for homognesing Levene’s test.

Those sets that did not have normal distributionevieansformed using arcsine, square
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root or log 10 functions before further analysisatiStical analyses were carried out

using SPSS 16.0 (SPSS Inc, 2007).

3.3 Results

3.3.1 Egg quality and fecundity

Table 3.4 and Figures 3.2 and 3.3 summarise tineipal egg quality indices in
the four treatment groups in this experiment. Tador all three ARA treatment tanks

were also pooled for comparison with the controlugr.

In Group A (control), the total number of eggs proeld per kg female was
590,185 the mean number per batch of eggs prodoee#g female was 9,675. The
total weight of eggs collected was 24660 g. The lmemof batches collected was 61
(out of the total 92 days of spawning). Spawnirgrtetl on the *1 March 2006 and
continued until the $1May 2006. The cumulative egg production was less tfrom
each of the groups fed ARA i.e. diets B, C or (8i3). The total number of collected
eggs per kg female was 376,339 and the mean nupelbdyatch of eggs collected per
kg female was 6169. Approximately 47 % of the eggsk and were discarded and the

remaining eggs floated.

There was a total weight of 13,118 g of floatingge which gave a mean
weight per batch of floating eggs of 215 g. anataltnumber of floating eggs per kg
female of 200,195 eggs. The mean number per batibbating eggs per kg female was

3282 (Table 3.4).
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Mean percentage fertilization (as % floating eggsls 55 % and the total
number of fertilised eggs per kg female 125,222¢ Tdtal number of batches with
fertilised eggs was 59. The mean number per bdtédrtdised eggs per kg female was
2,122 and the mean percent hatch was 24 % equiviaea total of 48462 hatched

larvae per kg female (12.8 % of the total eggsectdd).
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Figure 3.3 Cumulative egg production in the fowatment groups during spawning
season.

Group A (control), Group B fed ARA for 1 month, G C fed ARA for 2 months,
Group C fed ARA for 3 months before peak spawning.

In Group B (Fed ARA 1 month), the total no. of eggeduced per kg female
was 738,132 the mean number per batch of eggs geddoer kg female was 11,905.
The total weight of eggs collected was 34,220g. itmaber of batches collected was

62 (out of the total 92 days of spawning). Spawrstagted on the {3March until the
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31st May. This group started spawning last whenpamed to other groups (Fig 3.2).
The mean weight of collected egg batches was 562atial number of collected eggs
per kg female was 556,097 and the mean number gieh lof eggs collected per kg

female was 8,969 (Table 3.4).

Approximately 49 % of the eggs sank and were diszhrand the remaining
eggs floated. There was a total weight of 17,35Rfjoating eggs which gave a mean
weight per batch of floating eggs of 284 g. andtaltnumber of floating eggs per kg
female of 281,981. The mean number per batch aitiig eggs per kg female was

4,623 (Table 3.4).

In terms of fertilization, the mean rate (as % filog eggs) was 56 % and the
total number of fertilised eggs per kg female 136, 7The total number of batches with
fertilised eggs was 57. The mean number per bdtédrtdised eggs per kg female was
3,013 and the mean percent hatch was 18 % of rilpaggs i.e. 9.4 % of total eggs

collected. The total number of hatched larvae geieknale was 52,005 (Table 3.4).

In Group C (Fed ARA 2 months), the total numberegfys produced per kg
female was 356,707 the mean number per batch & pgluced per kg female was
7,134. The total weight of eggs collected was 28,742 The number of batches
collected was 50 (out of the total 92 days of spagh The mean weight of collected
egg batches was 415 g, the total number of colleetiys per kg female was 320,337

and the mean number per batch of eggs collectekigolemale was 6,407.

Approximately 41 % of the eggs sank and were diszhrand the remaining
eggs floated. There was a total weight of 12,1&f fjpating eggs which gave a mean

weight per batch of floating eggs of 248 g andtaltoumber of floating eggs per kg
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female of 187,931 eggs. The mean number per batibbating eggs per kg female was

3,835.

Mean percentage fertilization (as % floating eggsls 70 % and the total
number of fertilised eggs per kg female 140,817e Tdtal number of batches with
fertilised eggs was 48. The mean number per bdtédrtdised eggs per kg female was
2,934 and the mean % hatch was 20 % (as percdigiating eggs). This equated to 12
% hatch of total eggs collected.. The total nundddnatched larvae per kg female was

38,526 (Table 3.4).

In Group D (fed ARA for 3 months), the total numlodéreggs produced per kg
female was 572,813 the mean number per batch & pgluced per kg female was
10,415. The total weight of eggs collected was 26,9 he number of batches collected
was 55 (out of the total 92 days of spawning). Tinean weight of collected egg
batches was 482 g, the total number of collectays @gr kg female was 442,727 and

the mean number per batch of eggs collected pérkgle was 8,045 (Table 3.4).

Approximately 48 % of the eggs sank and were daszhrand the remaining
eggs floated. There was a total weight of 13,877fjoating eggs which gave a mean
weight per batch of floating eggs of 262 g andtaltoumber of floating eggs per kg
female of 227,011eggs. The mean number per batftbating eggs per kg female was

4,283 (Table 3.4).

Mean percentage fertilization (as % floating eggsls 60 % and the total
number of fertilised eggs per kg female 152,231e Tdtal number of batches with
fertilised eggs was 50. The mean number per bdtértdised eggs per kg female was

3,045 and the mean percent hatch was 16 % (expressébo floating eggs). This
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equated to 8.2 % hatch of total eggs collected. tdted number of hatched larvae per
kg female was 36,225 and the mean no. per battlatohed larvae per kg female 683

(Table 3.4).

The differences in the total numbers of eggs preduwere because of the
differences in the number and size of batches.edxample, Group A and Group B
produced more batches of eggs than Groups C at &idition Groups B and D, fed
ARA for 1 month and 3 months respectively, produttesl highest number of eggs per
batch (Table 3.4). Egg production was thereforatgst in the Group B and lowest in
Group C. Statistically significant differences iretnumbers of eggs produced per batch
were found between group B and the group C. Howeterre was no statistically

significant difference in the number of eggs cdbelcper batch between groups.

There was also a statistically significant diffesenfound between the mean
number per batch of eggs collected per kg femadeafReter No 7 in Table 3.4). This
was significantly higher in group B than group Ar(kkal-Wallis, p<0.05). However,
there was no other consistent increase in egg ptduin the groups fed ARA (B-D).
In addition there was no statistically significaotrelation between the total number of

eggs produced by each group and the duration of AlR¥lementation.

Egg quality was better in the groups which receitredARA-supplemented diet
for 1, 2, 3 months when compared to the controugrahe mean weight per batch of
floating eggs per kg per female (Parameter No.Tabje 3.4) was significantly greater
in Group C and D when compared to group A and grBupn addition, the mean

number per batch of floating eggs per kg femalegater No. 15, Table 3.4) was
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significantly higher in the pooled ARA-treated gpsuwhen compared to Group A

(Mann Whitney U = 5914.0, P< 0.05).

The mean number of floating eggs from the pooledu@ fed ARA was 1.29
times greater than Group A. The number of floatggs per batch was also greater in

the groups that received the ARA diet (Fig 3.4).

The mean number per batch of viable (fertilizedgseger kg female was
significantly higher in the ARA-treated Groups (B-than in Group A (Fig 3.4). The
mean number of viable eggs (measured as totallyoeuwf floating eggs) in the pooled
ARA group was 1.41 times higher than in Group Aatidition the number of viable

eggs per batch was higher in the pooled ARA grobpmcompared to Group A.
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B mean no of eggs produced/kg/batch
@ mean no of eggs collected/kg/batch
DOmean no of floating eggs/kg/batch
W mean no of viable eggs/kg/batch

Figure 3.4 Egg production and egg quality paramsetercod broodstock fed an ARA
supplement.

Group A (control), Group B fed ARA for 1 month, G C fed ARA for 2 months,
Group C fed ARA for 3 months before peak spawning.
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Table 3.4 Egg production and egg quality indicatorsxperiment 1.

Egg numbers are expressed as numbers per kg fevaies within a row with a different superscripttér are significantly different (p <0.05). Values
within a row with * are significantly different (p<0.05§omparison only between Group A and all ARA treaim&nks pooled (B-D).
Comparison made using Krusk Wallace test. Grougdhtfol), Group B fed ARA for 1 month, Group C fARA for 2 months, Group C fed
ARA for 3 months before peak spawning.

Parameter Group A Group B Group C Group D + ARA pooled
Value+SD | N Value + SD N Value + SD N Value + SD N Value + SD N
1.Total no. of eggs produced/kg female 590185 61 738132 62 356707 50 572813 55 555884 + 191275 16[
2.Mean no. per batch of eggs produced/kg female 5963065 | 61| 11905 + 8868 | 62 | 7134 + 6026 | 50| 10415 + 8108° | 55| 9818 + 2441 | 167
3.Total weight of eggs collected (g) 24660 61 34220 62 20729 50 26537 b5/ 27162 + 6767 | 167
4.No. of batches collected 61 61 62 62 50 50 55 55 56 +6.0 167
5.Mean wt. of collected egg batches 404 + 337 | 61 552 + 411 | 62 415 + 350 |50 482 + 384 55 483 + 69 167
6.Total no. of collected eggs/kg female 376339 61 556097 62 320337 50 442727 55 439720 167
7.Mean no. per batch of eggs collected/kg femal¢ 6169+ 5143 | 61| 8969+ 6682° | 62| 6407 + 5412° | 50 | 8045+ 6263° [ 55| 7809 + 1298 | 167
8.Total weight of floating eggs () 13118 61 17352 61 12161 49 13877 53| 14463 * 2645 163
9.Mean wt. per batch of floating eggs (g) 215+245 61| 284226 |61| 248+247 |49| 262+249 |53 265+ 18 163
10.Total no. of floating eggs/kg female 200195 61 281981 61 187931 49 227011 53 232308 163
11.Mean no. per batch of floating eggs/kg femalg 3282* + 3736| 61| 4623 + 3671 | 61| 3835+ 3824 | 49| 4283+ 3954 |53 4247*+ 395 163
12Mean fertilization rate (% floating eggs) 550° 61 56%2° 61 70% 2 49 60%2° 53 62 + 7.2 163
13.Total no. of fertilised eggs/kg female 125222 59 171736 57 140817 48 152231 50| 154928 + 15635/ 155
14.No. of batches with fertilised eggs 59 59 57 57 48 48 50 50 52 + 4.7 155
15.Mean no. per batch of fertilised eggs/kg female2122*+ 2181 | 59| 3013 + 2853 | 57| 2934 + 3006 | 48| 3045 + 3656 | 50 2997*+ 57 155
16.Mean percent hatch (% floating eggs) 24 61 18 61 20 49 16 53 19+1.2 163
17.Total no. of hatched larvae/kg female 48462 61 52005 61 38526 49 36225 53| 42252 + 8525 | 163
18.Mean no. per batch of hatched larvae/kg female 794 + 904 61 853+681 61 786+ 784 49 683+631 |53 774 + 86 163
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Table 3.5 Fatty acid composition (% by weight datdatty acids) of Atlantic cod eggs.

Group A (control), Group B fed ARA for 1 month, G C fed ARA for 2 months,
Group C fed ARA for 3 months, before peak spawnibgata from Group B, C and D
were pooled in + ARA pooled column. Data analyssidg ANOVA.

Fatty Acid Group A Group B Group C Group D ARA Ped|
14:0 22406 21+1.0 2.3+09 1.8+0.7 203
16:0 249+4.1 245427  27.0£25 23.1+3.2 248+2.0
18:0 3.9+0.8 41+0.6" 46+0.7 35+05% 40+0.6
Total saturated 322+8%2 323+41 36.1+ 5.5 294+438 32.6+3.4
16:1n-9 1.6+05 1.4+04 1.6+0.8 1.4+03 61
16:1n-7 23+10 21408 28+3.1 20+07 2(B4
18:1n-9 9.7+47 9.3+3.3 9.7+3.7 9.9+37 963
18:1n-7 24+16 23+1.1 2.3+0.9 25+13 23+04
20:1n-9 30+1.4 22+15 21409 23+15 PMU1
22:1n-11 1.6+13 14+15 1.0+0.6 15+1.2 340.3
24:1n-9 05+0.2 04+0.2 0.5+0.1 04+0.2 HM0
Total monounsaturated 21.2+8.3 194 +6.7 20653+ 20.3+6.5 20.1+£0.6
18:2n-6 3.6+06 3.1+04 3.3%0.1 29+1.0 3012
20:3n-6 0.2+0.¥ 0.2+0.1 0.2+0.1 0.2+0.1 0.2+ 00
20:4n-6 1.8+04 2.1+0.7° 3.0+1.2° 22+05" 24+05
22:5n-6 0.3+0.06 0.2+0.0° 0.2+0.1° 0.2+ 0.7 0.2+0.0
Total n-6 PUFA 6.2+1.1 5.9+1.0 7.1+20 58.8 6.3+0.7
18:3n-3 0.6+0.4 0.6+0.3 0.8+0.7 05+0.1 062
18:4n-3 05+0.1 04+0.1 0.5+0.1 04+0.1 HM0
20:4n-3 05+0.1 0.4+0.1° 0.4+0.7 05+0.12 04+0.1
20:5n-3 145+2.9 121+1.7 12.1+25 132+1.7 125+07
22:4n-3 0.0+0.0 0.0+0.0 0.0+0.1 0.0+0.0 M0
22:5n-3 2.0+0.6% 1.5+0.2° 1.6 £0.2° 1.7+02° 1.6+0.1*
22:6n-3 315+59 26.8+3.8" 25350 291+43° 27.1+1.9
Total n-3 PUFA 449+731 41.9x58°  408:8.7 45.6 +6.6° 42.7+25
Total 16 PUFA 05+0.2 0.6+0.2 0.6+0.2 0.420 05+0.1
Total PUFA 51.6+7.8 48.3+6.4 48.5 + 10.0 51R4 49.5+2.0
(n-3) / (n-6) 74+11% 72+1.0 58+ 0.7 78+15 7.0+ 1.0
DHA/EPA 22402 22401 2101 55401 224013
EPA/ARA 8.4+17% 6.3+17 44+1T 51408 56+15

Values are mean = S.D. Group A (n=11), Group BX8% Group C (n=11), Group D (n=12) and Pooled (6} 3
Values within a row with the different supersciligtter are significantly different p <0.05. Totaltsrated includes
15:0, 20:0 and 22:0.

Values within a row with * are significantly diffent p<0.05, comparison only between Group A(n=ht) @l ARA
treatment tanks pooled (B-D)(n=36)
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3.3.2 Fatty acid composition of eggs

The results of selected fatty acids in eggs are silsnmarised in Table 3.5.
There was no statistically significant differencetvioeen levels of EPA or the ratio of
DHA/EPA between control and those fed ARA. Theres wasignificant difference in
DHA levels between Group C (25.3 %) and Group A%311%) but not between other
groups. There was a statistically significant di#fece in ARA levels between Groups
A and C, and between Groups B and C. The loweshm&A levels (%) were found
in the control group and highest in Group C (Fi$)3.In addition, there was a
significant difference in the EPA/ARA ratio betwedre control group and all diets
with ARA. The highest ratio of EPA/ARA was in thertrol group and the lowest in

the group C.

Arachidonic acid content in cod egg
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Figure 3.5 Egg ARA content and feeding treatment

Values in the figure with * are significantly difient p<0.05. Data analyed using
ANOVA. Group A (control), Group B fed ARA for 1 mtm Group C fed ARA for 2
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months, Group C fed ARA for 3 months, before pgadwsing. Data from Group B,C
and D were pooled.

Significant differences in egg EPA/ARA ratio werksaafound between the
control group (A) and all other groups, and betwdengroup B and C (p<0.001, r =

19.5 %).

There was a significant correlation found betwegg ARA level and the date
of collection for group B (p<0.01, r = 42 %,). Iddition, multiple regression analysis
of overall data showed a significant correlationtwsen eggs ARA levels and
EPA/ARA ratio (p<0.001 r = 87.2 %.). EPA and DHA/éts and DHA/EPA ratio were

also correlated (p<0.001, r =98.7 %). However,dheas no other correlation found.

There was a significant difference between levélpecific fatty acids in group
A and the ARA pooled group including; Total satech{F=6.620, p < 0.05), 18:1n-7 (
F=4.641, p <0.05), 20:3n-6 (F=5.509, p < 0.@2)5n-3 (F=12.738, p < 0.05) and (n-

3) / (n-6) ratio ( F= 8.868, p < 0.05) (Table 3.5).

The results of lipid class analysis of eggs aremmansed in Table 3.6 and Fig
3.4. The main lipid class found in Atlantic cod sggas phosphatidylcholine (PC), the
second largest «class was TAG, followed by cholester(CHOL),
phosphatidylethanolamine (PE), phosphatidylinosffl) and free fatty acids (FFA)
respectively. There were no significant differencethe percentages of PI, PE, CHOL,

FFA and TAG between groups.

PC percentage was significantly higher in group3b.2%) compared to group
C (30.7 %). Polar lipids percentage was signifisatiigher in Group D (56.6 %)
compared to Group C (48.6%). Neutral lipids peragatwas significantly higher in

Group C (51.4 %) compared to Group D (43.4 %). Hmuethere was no significant
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difference in lipid class percentage between Grdupnd the pooled groups (B-D)

results for all ARA-supplemented treatments.

Table 3.6 Egg lipid classes for the four individdadtary treatments and for the pooled

ARA supplemented treatments.

(Group A n=11, Group B n=13 Group C n= 11 Group12).

FA (%) Group A | Group B Group C | Group D |ARA Pooled
Value £ SD| Value £ SD | Value £ SD| Value £ SD| Value £ SD
Phosphatidylcholine |33.6 3. 33.7+4.7°|30.7+£4.4°| 36.2+ 4.0 | 33.6+4.8
Phosphatidyethanolamipe24+ 1.7 | 25+21| 131§ 27 £1/5 22 £18
Phosphatidylinositol | 13-1+1.8| 13.9+13 13624 148 +13 14l&
Cholesterol 183+2.2| 176+22 168+20 181+21 17.3+2
Free fatty acids 1.7+17| 25+29| 38+4Q0 22+1p 2830
Triacylglycerol 223+45| 215+3.6 21.9+34 20520 21BH
Total polar 54.0 + 4.7°/53.2 +5.3°|48.6 +7.5°| 56.6 +3.4*| 52.8+6.4
Total neutral 46.0+ 4.7 46.8+53"| 51.3+7.5 | 434+3.4 | 47.2+6.4

Values within a row with a different superscripttée are significantly different p
<0.05. Data analysed using ANOVA. Pooled valuestam&s B-D combined. Group A
(control), Group B fed ARA for 1 month, Group C fARA for 2 months, Group C fed
ARA for 3 months, before peak spawning.

When lipid class percentages were correlated wikiAAevels for all tanks there
were significant correlations detected between:aRft EPA/ARA ratio (p<0.05, r =

29.4 %). There was no correlation between TAG dhdrdipid classes.
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Figure 3.6 Lipid class compositions of cod eggs.

Values in the figure with * are significantly diflent p<0.05. Data analysed using
ANOVA. Group A (control), Group B fed ARA for 1 mtim Group C fed ARA for 2
months, Group C fed ARA for 3 months, before pgadwsing. Data from Group B,C
and D were pooled.

3.4 Discussion

3.4.1 Egg quality and fecundity

Previous studies have shown the importance of AiRRheé diet of cod and other
species. ARA has been linked to hatching succedther egg quality parameters in

wild cod (Pickova et al. 1997; Salze et al. 2005RA plays a role as a precursor of
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eicosanoids and in the control of ovulation, embgresis, development of the immune
system, hatching and early larval performafi€echer & Sargent 1987; Mustafa &
Srivastava 1989; Bell et al. 1994). It would be extpd that supplementation of
broodstock diets with ARA should lead to improvedundity and egg quality as has
been shown in other species, for example Europeanbass, Japanese flounder and
halibut (Bruce et al. 1999; Furuita et al. 20032drra et al. 2003). The results of this
experiment show that ARA supplementation of dietffanonth, 2 months or 3 months
before peak spawning did not significantly incredke overall number of eggs
produced. However, greater numbers of eggs peh atce produced by fish receiving
the ARA supplement and this parameter was 1.29timgher when compared with the
control group. In addition, the ARA-supplementetchas of eggs had greater numbers
of floating fertilized eggs. For hatcheries, fewed larger batches of eggs are better for
incubating than more, smaller batches. When datan fall the groups receiving an
ARA supplement were pooled they were found to h2&€% more mean number of
floating eggs/kg female and 41% more mean numbebateh of fertilised eggs than

the control group.

These results were not consistent between groupsrdasons for this finding could be
due to natural variability in condition between dustock populations in the tanks.
However, it should be noted that many other factarsinfluence egg quality including
genetics, broodstock age (Evans et al. 1996), rdiffees between spawning seasons,
stage in spawning cycle and other environmentatofac Evans et al (1996) for
example, showed that some egg quality parametermatease with the age of the

broodstock of Atlantic halibut.
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Other studies have also shown similar inconsistegults with ARA
supplementation of farmed cod broodstock. For exeymwhen cod were fed diets
containing 0.5, 1, 2 and 4% ARA, it had no effestgmnadosomatic index. Fecundity
was higher in the group fed 1% ARA, whilst thererevao differences in egg quality
between groups (Rosenlund 2006). In addition, lmmgn supplementation of cod diet
with ARA for 5 months had no significant impact egg quality and fecundity (Blanco
2005). These results contrast with the finding todes on other species which have
shown that ARA supplementation improved egg quadihd fecundity, such as in

halibut (Mazorra 2000; Bromage et al. 2001) anddoall (Castell et al. 2001).

3.4.2 Fatty acid composition of eggs

The results of this experiment show that ARA wascsasfully transferred from
diet to broodstock to eggs which confirms the fimgdi of other authors (Blanco 2005).
The control group had the lowest concentration BBAAwith the highest concentration
in eggs from the group fed ARA for 2 months befpeak spawning. The eggs from the
group fed ARA for 3 months before peak spawning hdevel of ARA between those
fed ARA for 1 month. In practical terms for hatdesy this would indicate that
supplementation for 2 months before peak spawrsngnough time to increase egg

ARA concentration during spawning.

There was no correlation between time of suppleatiemt of ARA and EPA,
DHA levels or EPA/ARA ratio and DHA/EPA ratios ig@s. This would suggest that
increasing ARA levels in the diet does not impactlee level of these other fatty acids

in eggs.
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In eggs from the group fed ARA for 1 month befoeal spawning there was a
positive correlation between egg ARA content andedaf sample collection
(Spearman’s r=0.687, p<0.01). This would suggest ARA was being accumulated
in these eggs as the season progressed. Thisatmmeilvas not found in the other
groups suggesting that ARA had accumulated in tlegges and may already have
attained a maximum level of incorporation. The natsm for this is not known but
may be related to individual fish in each tank aculating different levels of ARA

based on feed intake.

The results showed no significant difference inajg DHA/EPA ratio between
groups fed an ARA supplement. However, these ratgre consistent with those found
in other fish species at around 2:1 (Sargent 1998)is ratio is considered important
because a diet high or deficient in ARA, DHA andAEPan influence levels of
eicosanoids in eggs. This in turn can have a negatpact on egg production, larval
growth and development through increased stresg€B8a1995). In the present study,
the ratio between EPA/ARA ratio was highest in efjgen the control group and
lowest in eggs from the group fed ARA for 2 monthishas been suggested that low
EPA/ARA ratio may give better egg quality (Blanda08). This would suggest that egg
guality in the groups fed ARA should be better tlothis was not consistently found
to be the case. From the present study the rati@-3) / (n-6) showed a significant
difference between Group A 7.4 and Group D, 7.0 QM F= 8.868, p < 0.05) (Table
3.5). Ratios of 5:1 to 10:1 for (n-3) / (n-6) PUMRve been proposed as optimal

(Bromage 1995).

There was a significant difference found betweenpefeentages and timing of

ARA supplementation with the highest in the growd ffor 3 months before peak
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spawning. In codPC is the major egg lipid class (Fraser et al. 1988d and other
species such as Atlantic herrin@l¢pea harengysand halibut have no oil globule in
the eggs and yolk sac larvae. These fish have leweld of neutral lipids and
consequently high levels of phospholipids, pred@mily PC (Salze et al. 2005; Tocher
et al. 2008). PC is utilised during both embroyages and early larval development
(Tocher et al. 1985; Fraser et al. 1988; Rainuzzal.€1992; Finn et al. 1995). In the
present study, the group fed ARA for 3 months hgdicantly higher levels of polar
lipid. It has been proposed that polar lipids meynpote growth in juvenile cod (Olsen
et al. 1991). Therefore, the group fed ARA for 3ntis may have been expected to
have had better performance compared to the oftwerpg. However, there was no
significant correlation between lipid class pereget ARA or other fatty acids and the
duration of supplementation with ARA. There wereatler correlations between lipid

class percentages and timing of ARA supplement axtgmpooled groups.

ARA is preferentially concentrated in Pl in fishgsg(Bell & Dick 1991). Once
ARA has reached its optimum level any further additwill be deposited in other
phospholipid classes and TAG rather than more inTRis could also be a means for
eggs to conserve ARA for future larval developmént.other species such as the
Japanese flounder, larval growth improved with R@centage, but not with Pl or PE

increase (Kanazawa 1993).

Therefore, there are no clear patterns betweeriespélhe supplementation of
diet may result in changes to the lipid class rhtib result in no correlation with ARA

level.
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3.5 Conclusion

In conclusion, it was found that short term supm@atation of broodstock diets
with ARA for 1, 2 or 3 months before peak spawnirgsulted in increased
concentrations of ARA in eggs. Supplementation fowre than 2 months did not
provide any significant increase in egg ARA. Thuggests egg ARA may have reached
a plateau level then fallen back but was not ireeddurther by a longer period of ARA

feeding.

There was no correlation between egg productioeggrquality parameters and
the length of time supplementation was providedweleer, there were higher numbers
per batch of floating eggs per kg per female amtilifed eggs per kg female in the

three tank groups fed the ARA supplement thanenutsupplemented control group.

These results also suggest that the performanctheofcontrol group was
affected by the lack of ARA supplementation in tthet as they had the lowest
performance when compared to the pooled ARA grougswever, while the
supplementation of diets with ARA to 3 % of totaltty acids provided some limited

benefit it was not a major factor for improved m&guctive performance.
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CHAPTER4.EVALUATION OFTHE EFFECTOFASTAXANTHIN (AX)
SUPPLEMENTATIONON EGGQUALITY IN FARM-REAREDCOD

4.1 Introduction

Carotenoids, particularly Ax, are essential pigreemtith a wide range of
functions (as discussed in Chapter 1,). Ax is tlaomcarotenoid pigment in the marine
environment and cannot be synthesised by fish €8tHi998). Therefore it must be
obtained entirely through the diet, which must eamtsufficient levels (Davies 1985;
Matsuno & Hirao 1989; Schiedt 1998). It is also of¢he most important carotenoids
for cod eggs and larvae and has been shown tedamttal for growth of fish and as a
pigment source (Torrissen & Christiansen 1995). &@mple, a lack of carotenoids in
the diet of broodstock has been shown to resutivinfertility and deformities in larvae
(Pavlov et al. 2004). Nutrition is especially innfamt for cod broodstock particularly
since farm-reared fish may be conditioned for spagiin tanks and fed formulated
feed over a period of several years. More thanr@Qrally occurring carotenoids have
been identified in vegetables, fruits and seafoallsough they mostly originate in
plants, photosynthetic bacteria and algae wherg #w® accessory pigments in

photosynthesis and photoprotection (Isler 1981).

The influence of nutrient availability on reprodwet physiology and
broodstock performance in fish has been reviewedipusly (Hardy 1985; Bromage
1995; Pavlov et al. 2004) These studies have imgatst] the effects of a humber of
nutrient supplements including PUFA, vitamins C &hdand the carotenoid pigment
AXx. In cod, differences in carotenoid pigment corication have previously been
identified between wild and farmed cod broodstdsélte et al. 2005) These nutritional
differences were correlated with differences in ggglity, suggesting that sub-optimal

levels of carotenoid pigment may cause some egdityyaoblems in farmed cod
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(Salze et al. 2005). For example, Salze et al. 320fbund that carotenoid
concentrations were lower in eggs from farmed ¢@oh teggs from wild cod. Similarly,
Grung et al. (1993) also found lower concentratiohsarotenoid pigment in eggs from
farmed cod than wild cod and demonstrated thatudietarotenoid supplementation
resulted in an increased carotenoid concentratidha eggs. Numerous functions have
been proposed for carotenoids in fish eggs inclydilV protection, provitamin A
activity, improved respiratory function (Craik 198B6likulin 2000) and antioxidant
protection against free-radical damage (Edge €t1997). These findings suggest that
carotenoids are important in ensuring normal emtigyalevelopment and could also
affect hatching rates and larval survival (Tormss©84; Craik 1985; George et al.
2001). Carotenoids are also a source of pigmentatiche embryo (Pan et al. 2001)
and may be involved in photoreception processesnriBstad et al. 1998).
Supplementation of broodstock diets with Ax ha® deen shown to improve egg
guality in red sea bream and yellowtail (Watanab&i&i 1993; Verakunpiriya et al.
1997) Dietary carotenoid supplements have also showwssdiye relationship between
egg pigmentation and fertilization as well as seaviof rainbow trout eggs (Harris
1984; Craik 1985) while (Svensson et al. 2006) tbuhe colouration of female
Gobiusculus. flavescen@wo-spotted goby) was strongly related to theotmaroid

content of the eggs.

The aim of the experiment reported here was touatalthe effect of short-term
supplementation of Ax in broodstock diets on a nemif egg quality parameters in
farmed cod. Duplicate groups of farmed cod broadstwere fed either a control diet
with no Ax supplement, or an Ax supplemented diet,two months prior to peak

spawning. Egg numbers were expressed in terms mwiflée biomass to permit
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comparisons between stocks. The Ax content of egms carried out to examine the

effects of dietary treatment on Ax content.

4.2 Materials and methods

4.2.1 Fish husbandry and diets

The experimental design used two treatment gro@igglantic cod broodstock
each housed in duplicate tanks. The control groap f@d an unsupplemented diet with
no added Ax throughout the spawning period whitettieatment group was fed an Ax
supplemented feed, at a measured inclusion levéleifinished feed of 73.7 mg/kg dry
weight, for two months prior to the peak-spawnireged The broodstock were farm-
reared fish and were allocated to four fibreglasg fanks in November 2005. Tanks
were supplied with seawater at 40 L/min in a flowetigh system. The average water

temperature during the experimental period wa€ &nd the average salinity was 33
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Figure 4.1 Water quality during cod spawning. Terapge (C) in blue and salinity

(ppt) in red.

Experimental design

In January 2006, fish were weighed individuallyresmed by ultrasound to

determine gender and state of maturation and déd so that each tank contained a

similar number and biomass of males and femaldggr Aflocation each tank contained

34 or 35 males and 35 or 36 females (Table 4.1¢.Bibmass in each tank was; Tank 1

unsupplemented 1, 89.4 kg, Tank 2 unsupplement88.0,kg, Tank 3 Ax treatment 1,

91.5 kg and Tank 4 Ax treatment 2, 90.0 kg. Theaye individual fish weight in each

tank was 1.29 kg.
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Table 4.1 Experimental design and distribution raidalstock fish for experiment 2

Factor Tank 3.1 Control | Tank 3.3 Control | Tank 3.2 Ax | Tank 3.4 Ax
Ratio of males to females 34 M: 35F 34 M:36 F 34 M:36 F| 35 M: 36H
Total biomass of male fish (Kg) 40.4 39.6 39.6 41.7
Total biomass of female fish (Kg) 49.0 50.4 51.9 48.2
Mean weight female (Kg) 1.40 1.39 1.44 1.34
Total biomass of fish (Kg) 89.4 88.9 91.5 90.0
E:rin;age mortality during the spawning 3 1 4 4

Experimental design: distribution and biomass afodistock fish by treatment group
(M = males, F = females & Kg = kilogram). Contrahks no feed supplementation and
Ax tanks feed supplemented with Ax. Mortality a$Hiduring experiment indicated.

42.2 Feed

Basal feed was prepared as described in sectiorF@r2he Ax supplemented
feed, Carophyll Pink® (DSM, Basel, Switzerland)tiwa nominal Ax content of 10%
w/w, was added at a rate of 1g Carophyll Pink gediky mix. The concentration of Ax
in the finished feed, as measured by HPLC, was fykg dry weight. Fish were fed

to satiation twice dalily.

Feed formula for Control group

Vevodar oil was transferred from the storage comtiaio a spray bottle. Five kg

dry meal was weighed and transferred to the mirdr&a5 kg water, added and mixed.
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The spray bottle was placed on the balance and tareero. When the feed mix had
the appearance of gravel, the mixer was stoppedrendompacted mixture loosened
and crumbled by hand. The mixer was re-startedo@ngl Vevodar oil was sprayed onto
the mix. The diet was mixed until homogenous. Thixer was stopped when
necessary to loosen the compacted feed. When ¢denfas well-mixed, the mixer was

stopped and the feed removed by hand.

Feed formulation for treatment group (supplementedwith 100 ppm Ax)

The Ax supplemented diet was prepared as for theraoexcept that 5g
Carophyll Pink was added to the diet. Before fegdothe fish the feed was chopped
into small pieces (approx 15x15x15 mm) as shownFigure. 2.2 from General

Materials & Methods (Chapter 2).
4.2.3 Egg quality assessment

The spawning period was regarded as the period ffdarch to 3% May
2006, and the peak spawning date wa¥ Abril 2006. Each day during the 92 day
spawning period, egg batches were collected and cegdity was assessed using
standard techniques to measure total egg producfioating egg production and
fertilization rate. Dropout (number of sinking urtfissed eggs) within each tank was
measured, over a 24 h period, on five differeneslaBamples of floating eggs (good
quality and mainly fertilised eggs) were collectmd 14 different dates for hatch rate
determination and fertilization rate. Ax analysisswcarried out on floating eggs

collected from each tank on 11 different datesrdythe course of the spawning period.
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4.2.4 Biochemical analysis of astaxanthin concentratiom feed and eggs

Carotenoid pigments, including Ax, were extractexhf cod eggs largely using
the method of (Barua et al. 1993) Barua et al. 8J9%leven samples of 20 eggs were
collected from each of the four broodstock tanksrdfie spawning period and stored in
chloroform/methanol (2:1 v/v) with 0.01% (w/v) BHThe values presented for Ax are
average values for each tank (n =11). Total lipaswxtracted from the egg samples by

the method of Folch et al. (1957) as explainedhayer 2.

Carotenoid in diets was extracted after enzymaigesdion with Maxatase
enzyme (International Biosynthetics, Rijswijk, Netlands). Portions of ground diet
(1g) were mixed with 10 mL water and 110 mg Maxatesa 50 mL stoppered glass
tube followed by incubation in a water bath at°&@0for 30 min. Samples were then
extracted with 5 mL of absolute ethanol and 5 meetblyl acetate on a vortex mixer for
5 min. The homogenate was centrifuged (10@) % min) and the supernatant removed
to a stoppered glass tube. The pellet was re-agttac 5 mL ethyl acetate, centrifuged,
and the supernatant combined with the first sugamaFinally, the pellet was re-
extracted in 10 mL isohexane, centrifuged, and ghpernatant combined with the
pooled supernatant. The pooled supernatant wad dnder N and vacuum desiccated
for 2 h before dissolving the residue in 2 mL afliexane prior to analysis. The Ax was

separated and quantified using the HPLC method idbescabove.

4.2.5 Data analysis

Egg quality indices used for group comparisonsudet: batch weights of eggs
collected, batch weights of floating eggs, feréition rate and hatch rate, and estimates

of mean numbers per batch of eggs spawned, egigsteal, floating eggs, viable (i.e.

94



CHAPTER4.EVALUATION OFTHE EFFECTOFASTAXANTHIN (AX)
SUPPLEMENTATIONON EGGQUALITY IN FARM-REAREDCOD

floating, fertilised eggs) and hatched eggs. Numheere calculated in terms of the
biomass of female fish to compensate for smalkdsifices in broodstock biomass and
allow comparison with other stocks. ANOVA, or KragiVallis non-parametric tests,
were used to identify differences in egg quality,becochemical parameters, between
individual groups. Group comparisons were madegu8iNOVA with tank as a factor
nested within each treatment. Where differenceswdentified, appropriate multiple
comparison tests were used to identify differenbesween the group averages.
Spearman’s rank test was used to detect any cborelaetween fatty acid composition

and egg quality.

4.3 Results

Total carotenoid pigment concentration in the upémented control diet was
14.8 mg/kg and in the Ax-supplemented diet was #8g/kg. The concentrations
measured in the eggs were 0.98 + 0.48 and 2.72C:ry/egg for the unsupplemented
and Ax supplemented groups, respectively (Fig.ah@ 4.3). A significant correlation
was detected.between egg Ax content and fertibnatate (Spearman’s r = 0.3061, P <

0.01) in individual egg batches.
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Astaxanthin content of Atlantic cod egg
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Figure 4.2 Ax content of eggs from control cod l@stock and broodstock fed an Ax
supplemented diet for two months prior to peak spag:

Values are ng Ax/egg (mean = SD, n =22). Value$ wiaire significantly different p
<0.005. Data compare using ANOVA.
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Figure 4.3 Visual comparison of egg colour betwierodstock fed diets with (left)
and without (right) the Ax supplement.
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Figure 4.4 Egg production and egg quality paramsatecod broodstock fed a diet with
(Ax) and without (Control) added Ax.

Differences in the mean number of eggs spawnedn maaber of floating eggs and
mean number of fertilised eggs were statisticatpiicant (P < 0.05). Comparison
made using Kruskal Wallace test.

Table 4.2 and Fig.4.4 show data on egg productiwhegyg viability in the two
treatment groups. In the unsupplemented contraigrtotal production was estimated
to be 301,032 eggs per kg female. Dropout withentink was approximately 7% and
the number of eggs collected over the season w8248 eggs per kg female. A mean
of 123,022 eggs per kg female (44 % of those c@tBowere floating eggs. The mean
fertilization percentage of floating eggs was 3186 #he total number of viable eggs
was 42,573 eggs per kg female (15 % of eggs cel#eciThe mean hatch percentage
was 11 % of floating eggs incubated, and the tatahber of hatched eggs was 13,492

per kg female (5 % of collected eggs). The Ax sepmnted group produced
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numerically fewer batches of eggs, but the meanb®urper batch of eggs spawned per
kg female was significantly larger (p< 0.05). Herétion percentages were similar but
the weight per batch of floating eggs (p < 0.0linber per batch of floating eggs per
kg female (p < 0.01), and number per batch oflisetl eggs/kg female (p< 0.01) were
all significantly higher in the Ax supplemented gpothan in the control group.

Cumulative egg production for control broodstockl &moodstock fed Ax are shown in

Fig 4.5. These results show that after 15 dayggfoduction the broodstock fed an

Ax supplement had produced more eggs than constal f

Cumulative egg production +/- astaxanthin
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Figure 4.5 Cumulative egg production, over the 89 shawning period, from control
broodstock and broodstock fed an Ax supplemented di

Yellow shading indicates egg production from the@r fed Ax supplement. Blue
shading indicates egg production from the Contraup (without Ax supplement).
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Table 4.2
Parameter Control Astaxanthin Pooled
Tank 1 Tank 2 Tank 3 Tank 4 Control Astaxanthin
Value + SD N Value + SD N Value + SD N Value + SD N Value + SD N Value + SD N
1.Total no. of eggs produced/kg female 333725 69 8338 63 349900 54 321691 66 301,032 * 46,285 132 5,798 + 19,947 124
2.Mean no. per batch of eggs produced/kg female 7 4884 69 4259 + 3589 68 6033 £ 412D 58 48744234| 66 4548 + 409 132 5454 + 820* 124
3.Total weight of eggs collected (g) 29487 59 24621 | 63 32338 58 27792 66 27,054 + 3441 1B2 30,0651532 | 124
4.No. of batches collected 69 69 63 63 58 58 66 66 66+4.2 132 62+5.7 124
5.Mean wt. of collected egg batches 427 + 296 69 113929 63 558 * 388 5§ 421 + 304 66 409 * 26 132 90 #497 124
6.Total no. of collected eggs/kg female 312248 69 249520 63 320792 5§ 301766 66 280,884 * 44,355 13311,279 + 13,453 124
7.Mean no. per batch of eggs collected/kg female 5254 3073 69 3960 + 3337 63 5531 + 3778 58 453229 66 4244 + 400 134 5052 + 678 124
8.Total weight of floating eggs (g) 10677 67 13169 | 60 16421 53 13107 6 11,923 + 1762 1p7 14,7644823| 116
9.Mean wt. per batch of floating eggs (g) 159 #13| 67 219 +198 60 310 £ 221 53 208 + 158 63 94824 127 259 + 72.1** 116
10.Total no. of floating eggs/kg female 112678 69 133366 60 163046 55 142671 63 123,022 + 14,629 12152,859 + 14,407 118
11.Mean no. per batch of floating eggs/kg female 6331+ 1427 69 2223 + 2003 60 2964 + 2208 55 226310 63 1928 + 417 127 2615 + 494** 118
12.Mean fertilization rate (% floating eggs) 35 59 28 60 32 55 34 63 31.5+5.0 127 33.0+14 118
13.Total no. of fertilised eggs/kg female 40923 6 6 44223 57 60479 52 54488 g1 42,573 £ 2334 127 8874236 113
14.No. of batches with fertilised eggs 66 b6 57 57 52 52 61 61 61.5+6.4 123 56.5+ 6.4 113
15Mean no. per batch of fertilised eggs/kg female 620 + 684 66 776 + 824 5Y 1163 + 128} 52 893+ 913 61 698 + 110 123 1028 + 191** 118
16.Mean percent hatch (% floating eggs) 10 66 12 7|5 14 52 13 61 11014 128 135+ 0.7 113
17.Total no. of hatched larvae/kg female 11437 69 15547 60 22978 55 18313 63 13,492 + 2906 129 2G:89 118
18.Mean no. per batch of hatched larvae/kg female 166 + 144 69 259 + 232 60 418 + 308 55 291 + 218 63 212 + 66 129 354 + 90 118
Biochemical parameters
Ax (ng/egg) 1.31+1.06 11 | 0.64£0.37 11| 2.72+1.24 11 | 2.86 + 2.30 11 0.98 + 0.48 22 2.79 * 0.10 2p

Egg numbers are expressed as numbers per kg feMalees are mean = SD, n = 2. Significant diffeesin mean weights or numbers per batch betweecathtrol and Ax supplemented
groups are shown as * (P<0.05), ** (P<0.01) or {P<0.001). Comparison made using Kruskal Wallaseé Control Group fed no supplement, Ax Groupsiegplemented diet two months
before peak spawning. Pooled data combine tankkir respective Groups.
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4.4 Discussion

A previous study that measured cod egg pigment erdrations identified
higher levels of Ax in eggs from wild cod broodstammpared to farmed broodstock
held in the same hatchery (Salze et al. 2005). $tudy showed that eggs from wild
caught broodstock wild eggs contained around 3dimere Ax than the eggs from
farmed broodstock and that the fertilization petaga in the latter was about half of
that seen in the wild eggs. In the present stutgrtsterm supplementation of cod
broodstock diets with Ax, for a period of two mostbrior to peak spawning, increased
concentrations of carotenoids in the eggs by ardgufiold, indicating efficient and
rapid uptake. Whilst fish fed the diet supplementeith Ax produced fewer batches of
eggs, the mean number per batch of eggs spawnésifi@e was significantly higher
(by 20%) and the numbers of floating eggs and nusbkfertilised eggs per kg female
in each batch were also significantly improved @¥& and 47%. respectively). In
addition, a correlation between the Ax contenth&f e€ggs and fertilization success of

individual batches was identified.

These findings confirm that addition of Ax to theddoroodstock diets results in
uptake and deposition into eggs and provides sagmf improvements in egg quality,
similar to those found in other fish species. THécient transfer of Ax from
broodstock to egg has been shown previously, ih lbotl and salmonids, (Torrissen
1984; Grung et al. 1993) although improved egg iguddas not been consistently
observed in salmonids (Christiansen & Torrissen/1@houbert et al. 1998). However,

in marine species, including red sea bream anaw#lil, the addition of synthetic Ax
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or krill lipid that contains Ax, to broodstock dsetvas found to clearly improve a
number of egg quality parameters (Watanabe et98l1;1Watanabe & Miki 1993). In
red sea bream, the percentage of buoyant and lha¢giys as well as the percentage of
normal larvae was significantly increased in eggsmf broodstock fed an Ax

supplemented diet (Watanabe & Kiron 1995).

Supplementation of broodstock feeds with specifigtrients, particularly
contain fatty acids and fat-soluble micronutriemgjuding carotenoids, can lead to an
increase in levels of these nutrients in the dgyelpeggs and, in the case of sea bass,
sea bream, yellowtail and halibut, these have Isbemn to have a measurable impact
on egg quality (Ashton H.J et al. 1993; Verakuryairet al. 1997; Czesny & Dabrowski

1998; Gallagher et al. 1998; Sargent et al. 2002).

In addition to the benefits reported in fin fishete is also evidence from studies
on crustacean and echinoderm culture that suggeslars benefits of carotenoid
supplementation of broodstock diets. Inclusion wftaty carotenoids was shown to
improve egg and larval production in the edible seachin Lytechinus
variegateGeorge et al. 2001). Supplementation with HUFA &@ mg/kg Ax
resulted in increased total egg production and pggduction/female in cultured
Penaeus monodobroodstock (Huang et al. 2008) Similarly, survival Penaeus
vannameinauplii was increased following a carotenoid supyet while broodstock
diets lacking carotenoid resulted in reduced lafeald intake, increased deformities

and reduced survival (Wyban et al. 1997).

One explanation for the beneficial effects of Axamt egg quality could be that

Ax acts as a compound to improve fertilization bymslating and attracting
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spermatozoa (Hartmann et al. 1947). However, thiyabf carotenoid pigments to
absorb light and, thereby, quench or inactivatglsinoxygen and free radicals, is a
more likely reason for their nutritional efficaciMéyne 1996). The mechanism by
which the damaging effects of light (UV and visihland the subsequent generation of
reactive oxygen species, is attenuated, is a caeseg of the conjugated polyene
structure of carotenoids that allows sequestratind inactivation of these harmful
molecules (Nishigaki et al. 1994). This action afatenoids on control of damaging
free radicals has lead to intervention studies umén conditions that have a pro-
oxidant aetiology including heart disease, cansteoke, cataract, macular degeneration
and immune modulation (Mayne 1996). In natural spaw of cod, the eggs are
released into the upper layers of the oceans thdiath highly illuminated and oxygen-
rich, presenting an ideal environment for free calli generation. Thus, the
improvements observed in egg and larval qualityfammed cod, when diets are
supplemented with Ax, could be explained by bettgfoxidant protection both in the
diet and in the eggs and larvae themselves (Cowal £985; Pangantihon-Kuhlmann

et al. 1998)

A further explanation for the efficacy of Ax suppientation might be related to
stress reduction and enhancement of immune fundtanval fish, both in the wild and
in hatcheries, can be subjected to both osmotictleadnal fluctuations as well as to
pathogenic challenge. In tiger prawRefaeus monoddnstudies have shown that
dietary Ax supplementation can improve resistamcbdth osmotic stress, in the form
of salinity fluctuation, and thermal stress as @uction in temperature from 27 t8G
(Merchie et al. 1998; Chien et al. 2003). The plastal mechanism for improved stress

resistance was related to the increased energygtiod required to respond to stress
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that would generate more oxygen radicals that cbeldittenuated by the presence of
AX. Ax supplementation has been shown to improvaltheand immune function in
salmon and rainbow trout although the exact mesham not known (Thompson et al.
1995; Christiansen et al. 1995 owever, a study in mice, using spleen cell susioais
isolated from animals fed control or Ax supplementiiets, showed enhanced T-
dependent antigen specific humoral immune respansée supplemented mouse cells
(Jyonouchi et al. 1995). Similar immune enhancameaa modulation of T-dependent
antibody responses, has also been observed in lsureapplemented with Ax
(Jyonouchi et al. 1995). The benefits of Ax supmatation, seen in the present study,
suggests that hatcheries should check the stattieinfcod broodstock with regard to
dietary Ax concentrations in the pre-spawning peridf necessary, short term
supplementation should be used to boost theseentgrprior to spawning. If the status
of the broodstock is unknown, the hatchery shoaltser sending samples of eggs for
analysis at the start of each spawning period. Sests would assess the nutritional
status of eggs prior to spawning, thus allowingrective action to be taken before
spawning commences. More information on the Axustaif eggs from commercial
broodstock is required, and should be assesseataition to egg quality. Records of egg
guality in standard form (e.g. no of fertilised egger kg female) are necessary to allow

effective comparisons between eggs from differeabtstock populations.

Future studies should aim to determine the mostiefit forms, concentration
of Ax and other carotenoids and duration of suppletation required for optimal
response. More information is also required onrtile of environmental conditions,

husbandry and behavioural interactions in relatoospawning of cod broodstock.
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4.5 Conclusion

The results indicate that Ax uptake into eggs frihra broodstock diet was
highly efficient. Fish fed the diet supplementedhwAx produced fewer batches of
eggs, but the mean number per batch of eggs spéwnéemale was higher, and
numbers of floating eggs and numbers of fertilisggs per kg female in each batch
were also significantly improved. A correlation Wween the egg Ax content and
fertilization success of individual batches wasniifeed. This improvement in egg
quality demonstrated the potential value of Ax dapyentation of broodstock diets for
cod. Ax supplementation produced a 20% increastmnennumber of eggs per batch
spawned, a 37% increase in the number per batfibating eggs per kg female and a
47% increase in the number per batch of fertiliegds per kg female. These results
clearly demonstrate significant benefits of Ax sigppentation of cod broodstock feeds

in terms of improved egg quality and larval prodiorct
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5.1 Introduction

As described in the General introduction, broodstdeetary factors are
important in determining the quality of spawningceess and the lack of certain
essential nutrients and fatty acids can have ativegapact on egg quality and larval
growth and development (Watanabe 1985; Mourented§id2ola 1990; Harel et al.
1994; Izquierdo et al. 2001). Food intake of codirdy gonadal growth has been
shown to affect fecundity (Kjesbu 1991, Karlsen 39%However, manipulation of
PUFA levels in cod broodstock diets have also t&awn to increase fecundity, rate
and egg quality (Palov 2004; Salze et al. 2005 ddrrect ratio of DHA: EPA: ARA
in the diet is also important because elevating linel of DHA in the diet
simultaneously reduces the proportion of EPA, whaters the ratio of EPA:ARA
and affects interactions in eicosanoid productietwieen EPA and ARA. ARA is an
important precursor of eicosanoids in fish (2-seri®G) including PGE that is
involved in their stress response (Bell et al. 198&rgent et al. 1997; Sargent et al.
1999). PGE also helps modulate adaptation to salinity chan{jdsistafa &
Srivastava 1989). Elevated levels of RGRave been linked to an increase in tissue
content of ARA and malpigmentation in common s@eléa solea)arvae (Lund et

al. 2008).

Supplementation of broodstock diets with ARA hasrbshown to improve
egg and larval quality in a number of species idiclg Atlantic halibut (Mazorra
2000; Bromage et al. 2001), haddodWe{fanogrammus aeglefinugCastell et al.
2001), and summer floundePdralichthys dentatys(Willey et al. 2001). In captive

black sea bassCgbtropristis striata L) broodstock, for example, DHA and ARA
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levels in egg lipid were lower than those of wilddk sea bass. Fertilization success
was directly correlated with levels of DHA and ARAd was higher in wild black sea
bass than in the captive fish. This study also stbim the two sources of broodstock
(South and North captive black sea bass) fed diffefeed formulae, that the diet

lipids were broadly reflected in the egg lipid carspion (Gloria et al. 2009).

The egg phospholipid profile and reproductive sescef Atlantic cod
broodstock from two different stocks were compargdPickova et al (1997). In this
experiment, wild, Skagerrak, broodstock performettds than wild caught, Baltic,
broodstock that had been raised on a formulatedaliéwo years. The results of this
study also showed that the egg lipid profile frdra wild broodstock contained twice
as much ARA as the captive broodstock. From thislystARA was found to be

positively correlated with the hatching success (Rickova et al. 1997).

Carotenoids, and Ax in particular, are essentiahfarine fish. The functions
of carotenoids include enhanced reproduction ss¢cpgymentation, antioxidant
activity, egg respiration, cell growth and proldé&on, as a precursor of vitamin A and
in visual acuity (Tacon 1981; Craik 1985; TorrisskE990; Pavlov et al. 2004). Fish
are unable to synthesize carotenoids so they rbestprovided in the diet
(Christiansen & Torrissen 1997). Supplementatiobrobdstock diet of rainbow trout
with Ax increase the concentration in the eggs iamgtove egg quality and survival
whilst lowering the mortality rate (Ahmadi et alo@). Mikulin and Soin (1975)
showed that Ax may improve egg quality throughrite in metabolic processes
during embryonic development. It has been found thmgh concentrations of

carotenoids provide antioxidant protection to lipich tissues, though this protection
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may be indirect. In cod, carotenoid pigments arngartant for egg quality with lower
levels in eggs from broodstock of farm origin comgohto those of wild origin
broodstock (Salze et al. 2005). Supplementatidoraddstock diets with Ax has been
found to give increased concentrations in the e@®sing 1993). Many positive
effects of broodstock dietary supplementation with have been found in species
such as red sea bream and yellowtail (Verakunpetyal. 1997; Watanabe & Miki
1993); for example, diet supplementation with Aypnaved fecundity and egg quality

in yellowtail and striped jack (Watanabe & Vassalgius 2003).

Vitamin E is is an essential nutrient for fish miidn and provides antioxidant
protection in the lipid phase, for example for HUF&h cell membranes (Jobling
2004). It has been found that vitamin C (ascorhlii)a vitamin E and some B-
complex vitamins are found in high concentrationsgondal tissue indicating an
important role in reproduction (Blom & Dabrowskid® Sandnes et al. 1998; Jobling
2004) . Teleost fish eggs are rich in phosholigioistaining n-3 HUFAs (Furuita et al.
2000; Jobling 2004), which are vulnerable to patattve damage (Benzie 1996).
The presence of high levels of vitamins C and Ehénovaries during development of
the oocytes and egg (Blom & Dabrowski 1996) mayphel reduce peroxidative
damage (Jobling 2004). The level of vitamin E indatstock feed is correlated with
vitamin E in their eggs. If broodstock are givertdiwith high levels of HUFAs they
should also be given higher levels of vitamin Eptevent oxidation (Pavlov et al.
2004) and egg hatching rates and larval success lbeen linked to vitamin E levels
(Pavlov et al. 2004). If vitamin E levels are noffgient it has been found to reduce
the number of spawning fish, egg hatching succedsjaenile survival (Watanabe

1985). The supplementation and improvement of stuuk diets before spawning
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can significantly affect fecundity, egg quality atatval survival (Watanabe et al.
1984). This is an important consideration for hatgloperators who wish to improve

economic and production efficiency.

Another factor that has been shown to affect egglity and survival of
larvae is the source of the broodstock. Broodstufokild origin have been found to
have better spawning success than broodstock rof daigin (Pavlov et al. 2004). The
reason for this could be due to levels of spedipas in the wild fish which are
retained over many years. However, it could alsdumeto factors such as the greater
size of the wild broodstock, a better diet earlylifa before entering the hatchery
(micro nutrients may be retained), sub-optimal dmt farm reared broodstock,
genetic differences between broodstock of differengin, high variability in
individual broodstock performance, different agefs bwoodstock and different
stocking densities. Pickova et al (1997) propo$ed broodstock source rather than
diet could explain differences in phospholipid @ntand performance of cod eggs.
In addition, “over-ripening” of eggs (caused by alay between ovulation and
fertilization of the eggs) has been linked to pegg quality (McEvoy 1984; Bromage

et al. 1994).

This experiment aimed to examine the role of brémzkssource on spawning
success in Atlantic cod fed ARA and Ax supplemerfesstl in order to evaluate to
what extent the dietary modifications had succeededducing the difference in egg
quality between wild and farmed fish. The opportyiwas also taken to compare
vitamin E and TBARS as a measure of lipid oxidatioreggs from wild and farmed

cod broodstock.
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5.2 Materials and methods

5.2.1 Fish and husbandry

The experiment was carried out at the MachrihaMsiline Environmental
Laboratory (MMERL). The wild and farm broodstockigim were described in
chapter 2. Duplicate groups of wild caught and faesred broodstock were allocated
to four 12nf tanks in November 2006. The experimental tankewemetre diameter
and contained 12 frof seawater. The total tank depth was 1.5 m baemdepth was
kept to 1.2 m. Each tank was covered and indiviguaduipped with four (36 W)
fluorescent tube lights and two (50 W) halogen larapabout 70 cm above the water
surface. The environmental conditions for all fisare SNP from fluorescent lights.
Dawn and dusk were simulated by automatic dimmidgilow of seawater was
maintained at all times but during summer, whenwhter temperature rose, the flow
was reduced to allow a water cooler to operatenaaititain temperature. The average
temperature was $Gn= 150, SD * 1.2) and ranged betweefi 682C°. The average
salinity was 32 ppt (n=150, SD £ 0.8) and rangetivben 30 ppt — 33 ppt. Oxygen
levels were maintained at greater than 6.5 ppmutirout the spawning season

(Figure 5.1).
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Figure 5.1 Water quality during cod spawning. Terapge ¢C) in blue and salinity
(ppt) in red.

5.2.2 Experimental design

In January 2007, the fish were individually weighsedreened by ultrasound to
determine sex and state of maturation, and redafdcso that each tank contained a
similar number and biomass of males and females.nlimber of fish in each tank is

shown in Table 5.1.

The farm fish were allocated to tanks so that elghtmale and seventeen
females were contained in each. The mean farmiismasses in each tank were
111.4 kg and 106.3 kg. Wild fish were eleven orlwemale and eleven females in
each tank. The mean wild fish biomasses in eack waere 116.2 kg and 112.3 kg

(Table 5.1). The average individual fish weight each tank was 3.88 kg. The
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experiment used one diet treatment group with tauarees of broodstock (wild and
farmed) with duplicate tanks. During the experimémére were ten mortalities,
mainly female fish unable to release eggs and tesdre adjusted to account for this
(Table 5.1).

Table 5.1 Design for experimental tanks showingtrithgtion and biomass of
broodstock fish by treatment group.

(M = males, F = females & Kg = kilogram). Farm tardontain broodstock from farm
origin and wild tanks broodstock from wild origirMortality of fish during

experiment indicated.

Factor Farm (tank 4.1) | Farm (tank 4.2) | Wild (tank 4.3) | Wild (tank 4.4)

Ratio of males to females 18 M: 17F 18 M: 17F 11M:11F 12 M:11 F
Total biomass of male fish (kg) 503 46.9 56.9 522
Total biomass of female fish (kg) 61.1 59.4 59.3 60.1
Mean weight of females (kg) 3.59 3.49 5.39 5.46
Total biomass of fish (kg) 111.4 106.3 116.2 112.3
Eg:v?rlwieng;ng:ﬁgtg during the 1 Female 4 Females 2 Females 3 Females
5.2.3 Experimental diet

All fish received the same diet which was base@@ommercial moist feed

formula (Vitalis® Marine Broodstock Mix, Skrettingyincham, UK) specially

prepared to contain no supplementary ARA or Ax.dRe@as prepared by the addition
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of water (0.6 L/kg dry mix), ARA (Vevodar® oil, 8F/kg) and Ax (Carophyll Pink,

1.2 g/kg).
Feed formulation

The broodstock feed was prepared in a standardisgd Vevodar oil was
transferred from the storage container to a spadtyeb Ten kg dry meal was weighed
and transferred to the mixer. Then 12 g of CardpRyhk was weighed out and
dissolved in 3 litres of tapwater. The mixer wastsimed on then the Carophyll pink
solution was added. The container for CarophylkRims topped up with 3 litres of
tap water and the contents added to the mixersphegy bottle was tared to “0” on the
balance. When the feed mix had the appearanceawtigthe mixer was stopped and
the compacted mixture loosened and crumbled by.hEme mixer was re-started and
87 g Vevodar oil was sprayed onto the mix. The Wweigf the spray bottle was
checked frequently to avoid adding too much. Thet dias mixed until homogenous.
The mixer was stopped as necessary to loosen thpamed feed. When well mixed,
the mixer was stopped and the feed removed by aefdre feeding to the fish the
feed was chopped into small pieces (approx 15 x 15 mm) as shown in Figure 2.2

in Chapter 2.

The experimental diet was fed from approximatelp@nths prior to the peak
spawning date starting on 30anuary 2007. Fish were fed to satiation twicdydai
The mean concentration of ARA in feed, as meashye@C as 3.19 % of total fatty
acids (equivalent to 0.41 g/kg finished feed) and ddncentration as 80.2 mg/kg
finished feed. The EPA concentration in the feed @881 % total fatty acids (0.82

g/kg), and the EPA/ARA ratio was 2.0.
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5.2.4 Egg quality assessment

The spawning period was taken as the period frrfebruary to 11 May
2007, and the peak spawning date d$ Bfarch 2007. Eggs were collected each day
during the 104 day period. The egg quality was mueakfor all batches collected and
egg quality was assessed using the standard mettestsibed in Chapter 2. The
measurements used included total egg productiagtifiy egg production and
fertilization rate. The numbers of dead eggs remgiin each tank (dropout) were
also measured over a 24 h period on 8 differens.dagttches of eggs from all 4 tanks
collected on 22 different dates were incubatedetermiine hatching rates. Samples of

floating eggs were collected on 12 different débediochemical analysis.
5.2.5 Biochemical analysis

Total lipid content, fatty acid composition, and Aantent were measured in
feed. Total lipid content, fatty acid compositigkx, Vitamin E, TBARS, lipid class
and PGE were determined in egg samples using standardrdadsy procedures

(Chapter 2).
5.2.6 Data analysis

A number of egg quality indices were calculated altow comparisons
between groups. These included batch weights o$ egflected, batch weights of
floating eggs, fertilization rate and hatch rated aestimates of mean numbers per
batch of eggs spawned, eggs collected, floating,egi@ble (ie floating, fertilised
eggs) and hatched eggs. In order to compensatenfall differences in broodstock

biomass and allow comparison with other stockssehi@dices were calculated in
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terms of the biomass of female fish. A full destidp of the indices used is given in

Chapter 2.

Statistical tests used to identify differencesated to fish origin (Wild and
Farmed)) included ANOVAor Kruskal-Wallis non-parame tests, with tank as a
factor nested within each treatment. Multiple congman tests were used to identify
differences between the group averages. The Manhindy test was used to
compare differences between two groups and ANOMZA&mparing eggs produced /
batch. Correlation between fatty acid compositiod agg quality was tested using

Spearman’s rank test.

Data from lipid analysis were analysed for homoggngsing Levene’s test.
Those sets that did not have normal distributiomewgansformed using arcsine,
square root or logy functions before further analysis. Statisticallgs®s were carried

out using SPSS 16.0 (SPSS Inc, 2007).

5.3 Results

5.3.1 Egg quality and fecundity

Egg production and egg viability were differentvoeén the farmed and wild
stocks. For example, the number of batches cotleetes 72 and 77 out of 100 days

of spawning in farm fish and 64 and 74 batchesild fish.

Farmed fish produced eggs more frequently than fisld but there was no

significant difference between the two groups ie thean number of eggs produced
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per batch. Spawning started ori"I®ebruary for farm fish and & eb for wild fish.
Spawning stopped on th& 3ay for farm fish and the lMay for wild fish. The
cumulative production or viable eggs in farm fisasaless than for the wild fish (Fig

5.2).

The principal egg quality and fecundity indices tbe two groups in this

experiment are summarized in Table 5.2 and Figbu2and 5.3.

Cumulative egg production Farm and Wild
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Figure 5.2 Cumulative egg production over the spagvperiod, from wild and farm
origin broodstock fed supplemented diet.

Yellow shading indicates egg production from thenfrarigin Group. Blue shading
indicates egg production from the Wild origin Group

The total number of eggs produced during the spagveeason was 505,584

eggs per kg female in farmed fish and 594,017 e@gykg female in wild fish. No
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significant difference was detected in total eggdoiction between wild and farmed

fish.

More eggs per kg female were collected from wikhf(341,114 egg/kg) than
farmed fish (243,433 egg/kg) though this differemaes not statistically significant.
However, when the mean number per batch of egdsctedl per kg of female were

compared significant differences were found (F £513p <0.001).

Wild fish produced more floating eggs per kg of &en(131,727 egg/kg) than
farmed fish (88,678 eggs/kg). The mean weight peictb of floating eggs was
significantly different between wild and farm figh = 8.04, p <0.01). In addition, the
mean number per batch of floating eggs per kg femals also significantly different

between wild and farm fish (F=210.65, p < 0.001).

Wild fish produced a greater number of fertilizegye per kg female (94,205
egg/kg) compared to farm fish (62,991 egg/kg). €heere significant differences in
the mean number per batch fertilized eggs per kwafe when wild and farm groups
were compared (F- 136.55, p <0.001). However, peage hatch was not
significantly different between farmed and wild gps (15 % of floating eggs for

farm fish and 14 % for wild fish).

There were no statistically significant differendestween wild and farmed
fish for the remaining indices of egg quality aretundity. For example, the total
weight of eggs collected was 26,452 g in farmeld &ad 35,285 g in wild fish. The
total weight of floating eggs/kg female were 9,694nd 13,646 g for farmed and

wild fish, respectively, and the mean percentagdifation rate was similar between
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both groups at 63 % in farmed fish and 65 % in viidtl. The number of batches with
fertilised eggs in farmed fish was 64 % and wild%Jand the mean percent hatch or
percentage floating eggs in farmed fish was 15 &iamwild 14 %. The total number
of hatched larvae/kg female was 13,302 and 17,X#4fdrmed and wild fish,
respectively, and the mean number per batch ohbkdttarvae/kg female in farmed

fish was 195 and 270 for wild fish (Table 5.2).
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Table 5.2Egg numbers are expressed as numbers per kg female.

FARM WILD POOLED
Parameter Tank 4.1 Tank 4.2 Tank 4.3 Tank 4.4 Farm wild

Value + SD N |Value + SDN|Value £+ SD|N| Value +SD [N| Value £SD | N Value +SD | N
1.Total no. of eggs produced/kg female 330447 | 7880721 |72 329592 |64 838441 | 74505584 + 24768[149 584017 + 359811138
2.Mean no. per batch of eggs produced/kg female 142826977|9454 + 814472|5150 + 36986411330 + 107174| 6873 + 3651 (149 8240 + 4370 |138
3.Total weight of eggs collected (g) 32269 |7720635 |72 24099 |64 46470 |74 26452 + 8226|149 35285 + 15819138
4.No. of batches collected 77 77 72 72 64 64 74 74 75+ 35 (149 69 + 7.1 (138
5.Mean wt. of collected egg batches 419+ 316| 287 +251| 72 376 +264 | 64 628 +562 | 74 353* + 93 |149 502*+ 178 |138
6.Total no. of collected eggs/kg female 285932 | 7200935 | 72 233737 | 64 448492 | 74243433 + 601049 341115 + 151855138
7.Mean no. per batch of eggs collected/kg female7133 282977|2791 + 240472 3652 + 261964 6061 + 5733| 7#3252** + 652 | 1494856** + 1703138
8.Total weight of floating eggs (g) 13898| |73 5489 63 8454 58 18837 69 9694 + 5946 | 136 13646 + 7342| 127
9.Mean wt. per batch of floating eggs (g) 190 2273 87+84 |63 146+ 128 | 58 273+297 | 60 139** + 73 |136| 209* +90 |[127
10.Total no. of floating eggs/kg female 123530 | 7353816 |63 81462 |58 181991 | 6988678 + 49302136 131727 + 71085127
11.Mean no. per batch of floating eggs/kg female 6921+ 189173| 854 + 804 | 631404 + 124158 2638 + 3023 69| 1273** + 593 136 2021** + 873 127
12.Mean fertilization rate (% floating eggs) 70 73 56 63 68 59 61 69 63 +99 |136 65 + 49 (127
13.Total no. of fertilised eggs/kg female 96557 9| 6 29425 |59 59020 |5% 129390 66 62991 + 47469 12894205 + 49759 121
14.No. of batches with fertilised eggs 69 69 59 59 55 55 66 66 64 +7.1 |[128 61 + 78 |121
15.Mean no. per batch of fertilised eggs/kg femalE399 + 159269| 499 + 566 | 591073 + 112155 1960 + 2651| 66 949*** + 636 (128 1517+ + 627 |121
16.Mean percent hatch (% floating eggs) 16 73 14 63 14 58 13 69 15 + 1.4 136 14 + 0.7 12y
17.Total no. of hatched larvae/kg female 19766 | 737534 |63 11405 |58 23659 |69 13302 + 8649|136 17124 + 8665 137
18.Mean no. per batch of hatched larvae/kg fema@lel + 293 |73| 120 + 115|63| 197 + 166 |58 343 + 383 (69 195+ 107 |136) 270+ 103 12y

Egg numbers are expressed as numbers per kg feviaims withina row and within a broodstock source are signitigadifferent
at * (p<0.05), ** (p<0.01), *** (p<0.001). Compiaon made using Kruskal Wallace test. Wild Group fesh of wild origin,
Farmed group are fish of farm origin. Pooled datalgine tanks for their respective Groups.
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5.3.2 Fatty acid composition of eggs

The results of fatty acid analysis of eggs fromdwaind farmed groups are
summarized in Tables 5.3 and Fig 5.2. The conceoiaof ARA and DHA were not
significantly different between the farmed and wgidbups. EPA concentrations were
higher in eggs from farmed fish than the wild (F803, p < 0.05) and the ratios of
DHA/EPA and EPA/ARA were significantly different tveeen farm and wild fish.
DHA/EPA ratio was 2.7 for farmed and 2.5 for wilB=18.50, p<0.001) and the

EPA/ARA ratio was 4.0 for farmed and 4.4 for wildh (F= 9.47, p<0.05).
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Figure 5.3 Concentrations of the fatty acids ARERA and DHA and the ratios
DHA/EPA and EPA/ARA in eggs from broodstock of faomngin compared to wild
origin fish fed a diet supplemented with ARA and. Ax

Value with * are significantly different (p<0.05Comparison made using ANOVA
test.
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Table 5.3 Fatty acid analysis of farmed origin anld origin broodstock eggs. Values are % weightotél fatty acids.

|Fatty acid Farm Farm Wild Wild Farm Pooled Wild pooled
14:0 1.7+0.28 1.5+0.2 15+0.T° 1.5+0.1 1.6+0.2 15+0.1
16:0 22.4+0.9 20.8+0.3 20.8 + 0.4° 22.2+0.8¢ 21.6+1.0 21.5+0.9
18:0 25+0.1 2.3+0.2 2.3+0.3 25+0.3 2012 2.4+0.3
Total saturated 27.1+ 171 25.1+0.8 25.1+0.6° 26.6 + 0.9¢ 26.1+1.3 259+1.1
16:1n-9 1.3+0.3 1.2+0.1 1.3+0.1 1.2+0.1 1 (B2* 1.2+ 0.1*
16:1n-7 1.7+0.7 2.0+0.1 20+0.1 2.0+0.1 05 2.0+0.1
18:1n-9 12.5+ 0.4 12.4+0.2 12.4+0.6 12.7+0.6 125+ 0.3 12.6 + 0.6
18:1n-7 3.1+01 3.2+0.2 3.3+0.2 3.2+0.2 802 3.2+0.2
20:1n-9 3.0+0.2 29+0.2 28+0.1 2.8+0.2 2M2 2.8+0.2
22:1n-11 09+0.2 09+0.1 0.8+0.1 0.9+0.2 9 0.1 0.8+0.2
24:1n-9 04+0.1 0.4+0.1 04+0.1 0.4+0.1 HAUL 0.4+0.1
Total monounsaturated 23.0+£0.8 23.0+£ 0.5 2310+ 23.3+0.8 23.0+0.7 23.2+0.8
18:2n-6 3.3+0.1 3.1+0.2 3.2+0.2¢ 3.0+ 0.7 3.2+0.1 3.1+0.2
20:3n-6 0.2+0.0 0.2+0.0 0.1+0.0 0.2+0.0 000 0.2+0.0
20:4n-6 2.7 +0.3 29+0.4 2.6+0.3 27+0.2 8 £0.4 27+0.3
22:5n-6 0.3+0.1 0.3+0.0 0.3+0.0 0.3+0.0 HB1L 0.3+0.0
Total n-6 PUFA 6.1+ 0.4 6.7+0.3 6.5+ 0.3 6.06.% 6.7+0.4 6.5+ 0.4
18:3n-3 0.4+0.0 0.4 +0.0 0.4+0.0 0.4+0.0 H0 0.4+0.0
18:4n-3 0.5+0.0 05+0.1 0.5+0.0 0.5+0.0 HEBL 0.5+0.0
20:4n-3 0.6+0.0 0.5+0.0 05+0.2 0.5+0.0 H®BO 05+0.1
20:5n-3 10.8+ 05 11.1+ 0.4° 119+ 0.4° 11.4+ 0.8 11.0 + 0.5* 11.7 + 0.5*
22:4n-3 0.0+0.0 0.0+0.0 0.0+0.1 0.0+ 0.0 HMO 0.0+0.1
22:5n-3 1.6+0.1 1.6+0.1 1.6+0.2 1.5+0.1 A®B1 15+0.2
22:6n-3 286+ 1.0 30.3+0.7 29.6+ 1.6 285+ 1.0° 29.4+1.2 29.0+1.2
Total n-3 PUFA 425+19 445 + 0.6 446 + 1.4 429+ 1.0° 435+ 1.3 43.7+15
Total 16 PUFA 0.7+0.1 0.7+0.1 0.7+0.1 0.7.%0 0.7+0.1 0.7+0.1
Total PUFA 499+12 519+ 0.6 51.8 +1.4 50.1 + 0.9° 50.9+ 1.4 509+ 1.4
(n-3) / (n-6) 6.3+ 0.4 6.7+ 0.4 6.9 + 0.4 6.60.5 6.5+0.2 6.8+ 0.5
DHA/EPA 2.6+0.2° 27+0.F 25+0.0F 2.5+0.P° 27+0.2 25+ 0.1*
EPA/ARA 4.0+0.6° 3.9+0%8 45+0.5 43+0.6° 40+ 0.5 4.4+ 0.5

Values are mean + S.D. Farm (n=12), wild (n= 12) Booled (n= 24). Values within a row with the diffint superscript letter are significantly diffaren

p <0.05 Includes 15:0, 20:0 and 22:0.

Values within a row with * are significantly diffent p<0.05, comparison only between farm pooleg{i=and wild pooled (n=24).

Comparison made using ANOVA. Wild Group are fiswdifl origin, Farmed group are fish of farm origlooled data combine tanks for their

respective Groups.
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Table 5.4 Biochemical analysis of eggs from brooclsf farmed origin and wild origin.

FARM WILD POOLED

Farm Farm Wild Wild Farm Wild
Biochemical analysis Value £ SD | Value+SD | Value + SD | Value £ SD | Value £ SD | Value + SD
Astaxanthin (ng/egqg) 46+22 27121 16+1p 3618 3.7+£1.34 26+ 1.41
Vitamin E @-tocopherol) (mg) 3.8+0.5 3.7+ 0.6 3.2+0.9 BG7 3.8 £ 0.5* 3.4+ 0.7*
TBARS (umol MDA/egg) 0.2+0.14 0.2+0.24 0.4 + 0.55 0.3+0.30 0.2080| 0.3+ 0.06
PGE (pg/egq) 8.8+4.6 8.7+4.4 10.2+8.2 9.1+40 88+4.4 9.6 +6.3
Lipid class analysis
Phosphatidylcholine 29.0+£5.1 31.3+4.3 33.16t 4 33.6+ 3.8 30.2+4.8 33.4+4.1
Phosphatidyethanolamine 144+%22 132+1.8 | 13.0+20 | 126+2.3° 13.8+2.0 12.8+2.1
Phosphatidylinositol 3.6+1.1 3.2+1.7 34+£10 3011 3.4+0.3 3.2+£0.2
Cholesterol 18.4+2.2 18.0+ 2.5 16.4+2]1 16159+ 18.2+ 2.3 16.4+1.9
Triacylglycerol 185+ 3.6 184+ 3.3 18.0+ 3.2 .19 2.6 184+ 34 18.8 + 3.0
Free fatty acids 26+25 1.3+£0.6 1.3x0.6 1280 20+£1.9 15+14
Total polar 499+ 8.6 50.2 £ 6.7 52.1+6.9 5106 50.0+£0.2 51.5+0.8
Total neutral 50.1+ 8.6 49.8 + 6.7 47.9+6.9 4966 50.0£ 0.3 48.5+ 0.8
Values are mean = S.D. Farm (n=12), Wild (n= 18} Rooled (n=24). Values within a row with the sasuperscript letter are
significantly different. Values within a row withare significantly different p<0.05, comparisonyhktween farm pooled(n=24) and
wild pooled (n=24).
Comparison made using ANOVA. Wild Group are fishwdlfl origin, Farmed group are fish of farm origiPooled data combine tanks
for their respective Groups.

122



CHAPTER5. COMPARISON OF THE RELATIVE EFFECT OF DIETS SUPPLEMERD WITH
ARACHIDONIC ACID (ARA) AND ASTAXANTHIN (AX) ON EGG QUALITY IN WILD AND FARMED
cob

The results of Ax concentrations in cod eggs armamsarised in Table 5.4. The
concentration of Ax was slightly higher in farmHi¢3.7 ng/egg) than the wild fish (2.6

ng/egg) but this difference was not statisticaigngicant

Correlation analysis showed a significant positbeerelation between Ax and the
number per batch of floating eggs/ kg female (Spears r = 0.2953, p<0.05) and number
per batch of fertilized eggs/kg female (r = 0.2983,0.05). However, there was no

correlation between Ax content and any fatty acidoentrations or ratios.
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Figure 5.4 Mean vitamin E content in farmed andiveijgs (1g/100 eggs).

Farm Group refers to broodstock of farm origin paned to wild origin fish fed a diet
supplemented with ARA and Ax. Value with * are sfgrantly different (p<0.05).
Comparison made using ANOVA test. Bars indicataaddrd deviation of the mean.
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The results of egg vitamin E contemt-tocopherol) are summarised in Table 5.4
and Fig 5.3. There was a significant differenceMeen farmed fish and wild fish with
respect to egg vitamin E content. Farm fish hadhdrgegg vitamin E content (3.8 pg/100
eggs ofa-tocopherol) (F= 0.14, p< 0.05) than the wild fish4( ug/100 eggs oé&-

tocopherol).

There was no correlation between vitamin E with daly acids, egg quality

parameter or fecundity.

The results of concentrations of MDA were similarfarm (0.22 pmol MDA/egg)
and wild fish (0.33 umol MDA/egg) (Table 5.4). Thisfference was not statistically
significant. There was no correlation between MDA aany fatty acids, egg quality

parameters or fecundity.

The results of PGEconcentration in cod eggee summarised in Table 5.4 and
Wild fish had higher mean prostaglandin concerareti(9.6 mg/egg) than the farm fish

(8.8 mg/egg) although again there were no sigmficifferences between the groups.
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Figure 5.5 Mean lipid class composition of wild aladmed cod eggs. Farm Group refers
to broodstock of farm origin compared to wild onidish fed a diet supplemented with
ARA and Ax.

Comparison made using ANOVA test (no significarffedlences found). Bars indicates
standard deviation of the mean.

The results of lipid class analysis of eggs arersansed in Table 5.4 and Fig 5.4
Significant differences in PE were found betweeahet@nk p<0.05 [highest in farm fish
(14.4 %) and lowest in wild fish (12.6 %)]. Howeyearhen the results were pooled there

were no significant differences found between famd wild fish (Table 5.4 and Fig 5.5).

Correlation analysis was carried out between egityyparameters and the levels

of specific fatty acids including ARA, EPA and DH&nd their ratios (DHA/EPA and
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EPA/ARA). The analysis showed no statistically gigant correlation between levels in

wild and farmed fish.

5.4 Discussion

5.4.1 Egg quality and fecundity

The results of this experiment show that broodstafclwvild origin perform better
with respect to a number of egg quality and feciyndndices when compared to
broodstock of farm origin, despite the supplemeoatvith ARA and Ax. This general
finding confirms the observations previously repdrtby hatchery operators and of a
previous study (Salze et al. 2005) and suggestsf#utors other than status of these

nutrients are having a practical impact on eggityuel farm reared broodstock.

The main results of this study show that wild ftoduced a similar number of
batches of eggs (75 and 69 in 100 days) but thghtveif eggs collected was 33 % more
than those produced by farm fish. Individual caVé been recorded to spawn 15- 20
batches in 50-60 days (Kjesbu 1989). The highewspay rate in the present experiment is
because the fish were kept in a group and the nuofldiemales spawning at any one time
would be more than one. Wild fish also produced eneggs per batch with the mean
number per batch of eggs collected per kg femaiegb49 % more than farm fish. The
eggs produced by wild fish were of better qualdy, indicated by the higher weight of

floating eggs per batch, which was 51 % higher tiaam fish. In addition, the number of
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floating eggs was 59 % greater per kg female. Clidhrare known to produce more viable
eggs than younger fish (Kjgrsvik 1994). Lastly, thean number per batch of fertilized
eggs per kg female was 60 % higher in wild thamféish. These results were similar to
black sea bass where the percentage of fertiliped &om wild fish were higher than in
captive fish (Gloria et al. 200OHowever, it should be noted that the mean percentag

hatch was not significantly different between faand wild cod broodstock.

The reasons for these differences are not clear fiis result. However, it could be
due to the greater size of the wild broodstocketseb diet early in life before entering the
farm (micro and other nutrients may be retained)par diet for farm reared broodstock,
genetic differences between broodstock of differ@mgin, high variability in individual
fish performance and age differences and stockemsity (Kjarsvik 1994; Pavlov et al.

2004)

5.4.2 Fatty acid composition of eggs

The results of this experiment show that there wswene minor significant
differences in egg fatty acid and vitamin E cont&etween farmed and wild fish.
However, there were no differences in Ax, BGEBARS levels and lipid classes between
the farm and the wild origin broodstock fed a diepplemented with ARA and Ax. It
should be noted that there were small significafiér@nces in levels of some fatty acids
(16-1n-9 and 16-1n-7), EPA and in the ratio of DHRA and EPA/ARA. Previous
comparisons of the lipid contents in eggs for valtt captive Atlantic cod also found no

significant differences between fish origin (Sadzel. 2005). This is a similar result to that
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found in turbot when wild fish were compared withptive fish fed formulated diets
(Silversand et al. 1996) and in Striped trumpeteatr(s lineatg wild and captive
broodstock compared with fish fed either commeraat or a chopped fish diet

(Morehead et al. 2001).

EPA concentrations were higher in eggs from fariingdd than the wild (F= 2.003,
p <0.05). This has been found in other speciesexample the Striped trumpeter, whose
broodstock egg lipid profile was significantly @ifent in EPA and DHA between wild and
captive, and between captive fish fed differentd{®orehead et al. 2001; Bransden et al.
2007). The beneficial effect of EPA and ARA on erdtas been proposed by several
investigators. From the present study wild fish ha@D % better rate than farm fish. This
suggests that measuring only EPA levels in theadgge cannot be used as an indicator of
good egg quality in cod. However, the relative pmdipns of EFA (such as ARA, EPA and
DHA) has been suggested as a good measure ofygmatibd eggs (Pavlov et al., 2004). In
a previous study, Salze et al. (2005) found thie @EtEPA/ARA was linked to egg quality,
with lower ratios (approximately 5:1) in eggs fromild origin fish displaying better
performance than eggs from farm origin fish withigh EPA/ARA ratio of approximately
16:1. In the present study, EPA/ARA ratio for fafish was found to be lower (4.0:1) than
for wild fish (4.4:1), with wild fish performing leer than farm fish although the
differences in the EPA/ARA ratio were fairly minofrhis was due to higher EPA and
lower ARA levels in wild fish compared to the farthelf the egg ARA and Ax
concentrations in the present study are compar#tbge of Salze et al. (2005) it might be

expected that the eggs from farmed fish would haerormed equally well as the wild
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fish, but this was not found to be the case althoilng differences seen between groups

were small.

It has been proposed that the optimum ratio of CERX in broodstock diets of cod
should be a 2:1 as this is normally found in mast £ggs (Bromage 1995; Cowey et al.
1985; Tocher & Sargent 1984). In a previous studlg&et al. (2005) found no signifcant
differences in DHA/EPA ratios in eggs from wild gin broodstock (approximetaly 1.8:1)
and farm reared broodstock (2.0:1). In the presamdy, the ratio of DHA/EPA for farm
fish was significantly higher (2.7:1) than wildHi2.5:1), so a low DHA/EPA ratio was not
responsible for the differences observed. Theseltsesuggest that further study of the
importance of DHA/EPA ratios in broodstock dietdaggs is needed. Both EPA and
ARA are involved in cell-mediated functions and grecursors of eicosanoids including
PGE and PGE, respectively (Izquierdo et al. 2001; Tocher 200@)e results of this
experiment show the wild fish had a slightly higl& concentration in eggs (9.6 pg/egg)

than farm fish (8.8 pg/egg) alhough this differem@es not significant.

In the present study, the concentrations of Axggsewas slightly higher in farm
fish (3.7 ng/egg) than in wild fish (2.6 ng/egd)quigh this difference was not statistically
significant). Differences in the levels of egg Aavie been observed in previous studies and
in the present study (Chapter 4). The main reatomthese differences could relate firstly
to the respiratory function of carotenoids. Theosel reason could be the need of pelagic
eggs to avoid predation in an environment wher@wakion may be a disadvantage.

Pavlov (2004), suggested that this explained whgeaneral, eggs from pelagic spawning
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species are colourless compared to demersal spgwpecies. The results of the present
study, though not statistically significant, suggethat the farm fish had higher levels of
Ax. However, this might simply be due to the premodietary history of the two
broodstocks which suggests that diet over the kemgn may be an important factor to

consider.

The correlation between Ax and egg quality pararsefier both wild and farmed
cod confirm that Ax supplementation can be usednfmrove reproductive performance in
cod broodstock. This finding confirms the obsemwatin previous studies and Chapter 4.
Ax has a role in reproduction perhaps acting asoanbne which increases rates
(Christiansen & Torrissen 1997). Dietary carotensigpplements have also shown a
positive relationship between egg pigmentation &ertlization, as well as survival, of

rainbow trout eggs (Harris 1984; Craik 1985; Ahmetdal. 2006).

There were significant differences between farmsl &nd wild fish in vitamin E
levels. Farm fish has higher vitamin E contentsthirir eggs compared to wild fish.
However, there were no correlations between vitaflavels and egg quality parameters.
Furthermore TBARS were similar suggesting thatedlédhces in vitamin E status and lipid
oxidation do not explain difference in egg qualitgtween wild and farmed fish. Higher
concentrations of vitamin E are thought to reduee tpercentage of abnormal eggs and
increase overall fecundity (Izquierdo et al. 200)e amount of vitamin E needed by adult
fish depends on levels of PUFA in the diet andrtligigree of unsaturation (Baker &

Davies 1996). If there are high levels of PUFA, éxample, and not enough vitamin E
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then broodstock egg quality and survival can beiced (Fernandez-Palacios et al. 1998).
Vitamin E in fish eggs enters the oocytes from nisand other tissue nutrient
redistribution during oogenesis (Palace & Werndd&0 High vitamin E diets can lead to
increased accumulation in all tissues (Palace &n&ef006). Before spawning, a large

portion of Vitamin E is redistributed to the ovaria fish (King 1985).

Lipid classes from the present study were simifaboth farmed and wild fish.
There were no correlations with any other fattyda@r egg quality parameters. Salze et al
(2005) found a correlation between ARA content thas positively related to egg quality
performance parameters such as and hatching suatesd his was similar to the pattern
in black sea bass (Gloria et al. 2009). Howevehasg been proposed that once ARA has
reached its optimum level any further increases el deposited in other phospholipid
classes and TAG, rather than in Pl, and withouh&rimprovement in egg quality. In this
case it would be expected that ARA would reach aimam level in eggs as dietary ARA
is increased. This would explain the differencesviben the results of the present study
and those of other authors in that both groupsiénpresent study may have exceeded the

optimal level of dietary ARA.

This finding shows that when both farm and wilddastock are fed identical diets
supplemented with ARA and Ax, the eggs produced Vexg similar levels of all fatty
acids as might be expected. Even though differeimcegg fatty acid profiles between wild
caught and captive broodstock were reported focispesuch as the European sea bass,

turbot and striped bass (Harrell & Woods 1995y&sand et al. 1996; Bell et al. 1997)
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this would normally be the result of fatty acid centrations in the diet provided (Bell et

al. 1997; Gloria et al. 2009).

It is not clear why wild and farm fish broodsto@dfthe same diet had significantly
different fecundity and egg quality. It is knowratHish egg quality is affected by many
factors other than diet and these include enviroriatefactors, genetics, stress levels,
husbandry, condition of broodstock, age, body sizé previous reproductive experience,
with the exception of genetics most of these cawo &le influenced by annual cycles
(Kjarsvik 1994; Marshall et al. 1998; Yaragina & Mhall 2000; Lloret & Ratz 2000;
Thorsen et al. 2003; Pavlov et al. 2004). The figdiof the present study are consistent
with the suggestion of Pickova et al. (1997) thred source of the stock may be a more

important factor than diet in determining egg fattyds in phospholipids of eggs.

5.5 Conclusion

In conclusion, this experiment has shown that tedopmance of wild origin and
farm origin broodstock does vary significantly ewehen fed identical diets supplemented
with ARA and Ax. Wild origin broodstock performecetber on a number of egg quality
and fecundity indices as has been observed in @&gtcituations. However, although
composition was made for the large size of the Wigtl it was not possible to take the
greater age and spawning experience of the wilodstock in to account, and this may

have influenced the results.
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There were few significant differences in leveldaity acids between eggs of farm
and wild broodstock except for some minor fattydadike 16-1n-9 and 16-1n-7, and the
EPA content, ratios of DHA/EPA, EPA/ARA and vitantinlevels. Ax showed a positive
relation to fertilization rate in both wild and faed fish. This suggests that a diet
supplemented with ARA and Ax was being used innailar way by the wild and farmed

fish.

These results also confirm that for hatcheriespdstock of wild origin will give
better reproductive performance over farm fish eamough they they have both received
a supplemented diet. Although this too may be duhey greater age, size and spawning
experience. In addition, percentage of floatingsegigy not be ideal as an indicator of egg

quality as differences did not translate into inya percentage of hatching.
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Chapter 6. Fatty acid and carotenoid content of Atlantic cod
eggs from Scottish hatcheries and their relationspiwith egg

and larval quality
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6.1 Introduction

The role of broodstock nutrition and its impactfenundity, gonadal growth, egg
quality and larval growth has been discussed inpifeeious chapters. One of the most
important elements of the diet of cod broodstock been shown to be EFA in particular
the HUFA, ARA, EPA, DHA and pigments such as AxeTéxperiments described in the
previous chapters have shown that supplementafialiets with ARA leads to improved
fecundity and some parameters of egg quality. Hewnewdespite the use of
supplementation in these experiments there renaalagye variation in the performance of

broodstock (both from wild and farmed stocks).

A number of authors have reported significant eéffeaf abiotic factors on the
performance of fish broodstock including seasompierature and spawning cycle effects
(Howell et al. 2004; Yanes-Roca 2006; Yanes-Rocaalet2009). These may affect
performance of broodstock and should be consideyeldatchery operators. For example,
low temperatures during vitellogenisis can impregg quality in some species (Bransden
et al. 2007; Yanes-Roca et al. 2009). Temperatige affects the rate of biological
processes and metabolic rate. It can also affectithing of spawning by impacting on the
development of gonads, particularly in species hmictv changes in temperature (such as
increasing spring temperature) are important tmg@é final maturation. Growth rates and
reproduction timing are linked to optimal temperatu(Howell et al. 2004) and the optimal
temperature for spawning of cod is 4 °® (Jobling & Pedersen 1995). Egg and larval

quality problems can therefore be related to factocluding environmental conditions,
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disease, pollutants and genetic variations (in dstmck) and not just broodstock diet
(Sargent et al. 1995). In nature, season can dfeot droodstock performance indirectly
through the quality of the food consumed (Sarg&#5). Fish lipid content can change
with the type of the food available in differenasens (Sargent et al. 1999). For example,
in many species, fish are known to accumulate $igldring spring to late summer when
food is abundant and their gonads start to devélbpse fish typically spawn in spring
with the fertilized eggs hatching to coincide walplentiful supply of summer plankton.
Many marine fish have the lowest levels of lipideen food availability is low, for
example, in winter when it is used for metaboliergry as well as for reproduction (Lovern
& Wood 1937; Bromage 1995). Generally, the energgduby fish for growth is greater
than that used for metabolic activities such as asegulation, although long term
migrations to spawning grounds can also use corabtieenergy. The formation of gonads
and gametes in fish can use a lot of energy asmdtiate when food supplies are low. Fish
like cod are usually lipid rich when they enter teinbut by the next spring after spawning
will have low lipid levels, with the liver being ¢hmajor lipid store (Sargent 1995). Such
seasonal changes in lipid content of the diet a@sdimpact on broodstock breeding
performance are of less importance to fish hatcbhesrators because the broodstock diet
is controlled. Prior to spawning, diets of captfigh can be supplemented with fatty acids

to ensure that diet levels are optimal.

Previous authors have shown the importance ofdhece of a stock with regard to
breeding success and fatty acid content of egghb. ¢fithe same species but from different

geographical areas can have very different lipafifgs (Morehead et al. 2001; Gloria et al.
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2009). This can be due to the different diets eSthfish or possibly to genetic variation.
For example, wild black seabas3eptropristis striatal.) broodstock from different areas
(North and South USA) consuming different feed conemts had egg lipid levels which
reflected those of their diets (Gloria et al. 2008)milar results have been found in
Atlantic cod with egg phospholipid profiles and meguctive success of broodstock
varying according to their geographical sourceK®va et al. 1997). Pickova (1997) found
differences in performance between wild (Skagestdck) broodstock and wild caught
(Baltic stock) broodstock that had been raised diarm diet for two years. Egg lipid

profiles of captive fish were found to contain h#ie levels of ARA found in the wild

broodstock.

When egg batches are examined from early spawmidgggs, they were found to
be smaller and of lower quality than those fromedabatches (Kjesbu et al., 1990
Merteindottuir and Syeinarsson 1998). Towards titead spawning batches of eggs in cod
were found to have poor quality (Kjesbu 1989). Tieduction in egg quality towards the
end of the spawning season is due to “exhaustibehergetic reserves of fish. The effect
of lipid content on egg quality and the spawningses has been used to establish the most

productive months in terms of egg viability (YariRsea et al. 2009).

The aim and objective of this experiment was toedeine whether egg lipid
content and fatty acid composition, especially AR A, DHA, DHA/EPA, EPA/ARA
ratio and carotenoid (Ax) level varied according hatchery location in the UK and
spawning time through the collection and analydiseg@g samples throughout a whole

spawning season.
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6.2 Materials and Methods

6.2.1 Fish and husbandry

Egg batches were collected and analysed from twatilans. The first was from
Machrihanish Marine Farms Ltd (MMF) (collected beem 4/10/07 and 24/10/07). The

second was from Viking Fish Farms (VFF) (colledtedween 4/10/07 and 29/5/08).

The aim of the experiment was to collect 50 egghed from each of the two sites.
However, operational problems at MMF prevented egliection after October 2007.

Ninety two egg batches were received from VFF avelve from MMF.

The location of both farms,VFF and MMF, is shownFig 6.1. Both are on the

West coast of Scotland and 155 miles apart.
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q o> 4

Figure 6.1 Location of the two cod farms where eggnples were collected. Arrows
indicates VFF and MMF farms.

The fish were maintained under the normal managemmditions of each farm.
There was no attempt to standardize husbandry virommental conditions between the
farms. The environmental conditions for broodstamk the farms were SNP from
fluorescent lights, a flow of seawater at all timegh a water cooler in operation to
maintain lower temperature in summer. The averaggemiemperature for VFF during the
experimental period was ®€. The environmental data for MMF was not availatile to

operational problems. The broodstock from VFF cdimom a variety of sources described
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in Table 6.1. This table shows the wide varietysofirces, environmental conditions and

diets for fish from VFF.

Limited environmental data were available from VF¥m including ambient

temperature data and daylength (Fig 6.2). Fishnks RU1, RU2 and RU3 were raised on

ambient + 3 months daylength.

Ardtoe 2007-08 Ambient water temperature and daylength
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Figure 6.2 Ambient sea water temperature for VFEnfaArdtoe during 2007-2008
sampling season. Ambient daylength and ambienimeBths indicated.

140



CHAPTERG. FATTY ACID AND CAROTENOID CONTENT OF ATLANTIC COD EGS FROMSCOTTISH HATCHERIES AND THEIR RELATIONSHIP
WITH EGG AND LARVAL QUALITY

Table 6.1 Summary of broodstock source, feed regingeenvironmental bacgroud from VFF.

Spawning Tank code SR ER Source of Year Nurr_]ber of Temperature Broodstock diet The_average Weight and lengths
Season no. broodstock class fish for fish
8°C Chill . . o
Autumn R1 MMF/ Ardtoe | Hatchery 2004 30 early August Pellet mix Skretting Vitalis repro 17 mm
and Dana 15 mm broodstock diet
Autumn F3 Ardtoe Hatchery 2003 13 gSgLi?rly 15 mm and 17 mm (pellet as above)
. Ireland 10 Chillon 11 )
Autumn F1 Ireland/Aultbe |  Wild not aged fish September Marine sausage
1stx Aultbea 7
spawn
Chill by 1.5
Autumn F2 Ardtoe/ MMF Hatchery 2004 43 oc Pellet 17/15 and 17/13 mm
Ambient Skretting and Dana
Spring i’:‘]?C\)NFS:;OCk Firth of Forth Wwild 2004/05 éﬁrtFI‘l]rth of Ambient Sausage diet 1284 g, 483 mm on 12 Sept 200
. . 15 Loch
Loch Nevis Wwild 2004/05 Nevis 978 g, 417 mm on 12 Sept 2007
. . Biomar 12 mm, Skretting co Europa 13 mm,
Spring R2 Ardtoe Orkney 2002 57 Ambient Skretting Vitalis 17 mm 4013 g, 648 mm on 11 May 2006
Milloort 7 Millport,6
Spring R3 port, wild 2002 Loch Ambient Sausage diet 5408 g, 721 mm on 22 Aug 2007
Loch Linnhe Linnhe
. . . Biomar 12mm/Skretting 13 mm Co Europa
Spring Big Tank Shetland Hatchery 2005 110 Ambient Skretting 17 mm Vitalis 3083 g, 628 mm on 30 Aug 07
Summer (3 Chill flow to
RU1 Ardtoe Hatchery 2003 waste (no Pellet 17/15 mm, Skretting and Dana
month delayed)
recycle)
Summer
(first spring RU2 Ardtoe Hatchery 2005 (.:h'" for short Pellet 13 and 17/15 Skretting
spawning time
season)
Summer RU3 Ardtoe Hatchery 2001 No chill 200  Marsausage diet
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6.2.2 Feed

Broodstock had been fed a variety of feed from cenwnal suppliers (Pelleted
feeds from Skretting (Vitalis), Danafeed, Biomamufgpa)) and farm made (Marine
sausage diet) sources according to normal produgtiotocols for each farm. It was
not possible to standardise feed or feeding reghnalysis of fatty acid contents was
carried out on farm produced marine sausage femd WFF (Table 6.2). No feed

samples were available from MMF due to operatigmablems.
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Table 6.2 Mean fatty acid composition of marinessae diet from VFF (Values are %
weight of total fatty acids).

Fatty acid VFF Feed
14:0 6.3+0.1
16:0 15.8+0.2
18:0 29+0.1
Total saturated 25.7+0.4
16:1n-9 0.0+0.0
16:1n-7 47 +0.1
18:1n-9 11.5+0.1
18:1n-7 24+0.1
20:1n-9 8.7+0.1
22:1n-11 13.5+0.5
24:1n-9 1.4+0.0
Total monounsaturated 42.7+0.4
18:2n-6 1.9+0.0
20:3n-6 0.1+0.0
20:4n-6 0.8+0.0
22:5n-6 0.3+0.0
Total n-6 PUFA 3.6+0.0
18:3n-3 1.3+£0.0
18:4n-3 2.8+0.1
20:4n-3 0.9+0.0
20:5n-3 7.4+0.0
22:4n-3 0.0+0.0
22:5n-3 1.4+0.0
22:6n-3 13.4+£0.0
Total n-3 PUFA 27.3+0.1
Total 16 PUFA 0.8+0.1
Total PUFA 31.6+0.1
(n-3) / (n-6) 75+0.1
DHA/EPA 1.8 £0.0
EPA/ARA 9.7 £0.2
Values are mean + S.D. n=4. Total saturated insld&e0, 20:0 and 22:
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6.2.3 Egg quality assessment

The egg quality was measured for all batches delieat both VFF and MMF.
Egg quality was assessed by farm staff using #edsird methods described in chapter
2. The quantities measured included total egg mialy floating egg production and
fertilization rate. Analysis of fatty acids was ©ad out on a sample of floating eggs
from ninety two samples from VFF and twelve batctedlected from MMF.
Fertilization rates were measured in all sampldeded according to the protocol

described in Chapter 2.

6.2.4 Biochemical analysis

The fatty acid and Ax composition in eggs and ttfatl content of feed were

measured using standard laboratory procedurespdaimed in Chapter 2.

6.2.5 Data analysis

A number of egg quality indices were calculateéltow comparisons between
the two sources. These included batch weights gt ewllected, batch weights of
floating eggs, fertilization rate and estimates noéan numbers per batch of eggs
spawned, eggs collected, floating eggs, viabldldating, fertilised eggs) and hatched

eggs. A full description of the indices used isegivn Chapter 2.

In order to compensate for the low number of samplalected at MMF the
data from twelve matching days (samples) from VFfensub sampled for comparison

(VEF 12).
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Statistical tests used to identify differences leswgroups included ANOVA or
Kruskal-Wallis tests. Multiple comparison tests geused to identify differences
between the group averages. The Mann -Whitneytastused to compare differences
between control and pooled groups and ANOVA for paring eggs produced / batch.
Correlation between fatty acid composition and epglity was measured using
Spearman’s rank test. Statistical analyses wemrgedaout using Minitab 14.0 (Minitab

Inc, 2004).

Data from lipid analyses were analysed for homoijgnesing Levene’s test.
Those sets that did not have normal distributionevieansformed using arcsine, square
root or log 10 functions before further analysisatiStical analyses were carried out

using SPSS 16.0 (SPSS Inc, 2007).

6.3 Results

6.3.1 Fatty acid composition of eggs

The fatty acid concentrations in eggs from tanksist- and VFF (all data and
sub samples) are shown in Table 6.3. Analysis tify facid percentages allows

biochemical comparisons of egg quality between garm

Comparison of the twelve samples from MMF (12) witkelve samples
collected over the same period (4 — 24 October 200 MMF and 4 October — 6
November 2007 for VFF) from VFF (12) show that @neerage level of ARA was

significantly higher, in MMF eggs at 2.2 %, (F= 1483, p<0.001) than VFF eggs at
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1.4%. While the average for EPA from VFF was 14.§P4205.719, p<0.001) which

was significantly higher than MMF at 11.9 %.

DHA in eggs from both locations was similar (MMF.286 and VFF 27.5 %).
The ratio of DHA/EPA at MMF was higher at 2.4 % (l65.767, p<0.001) than at VFF
at 1.9 %. Consequently, the ratio of EPA/ARA fronkFFV/was 10.5 (F=570.972,

p<0.001) being higher than MMF at 5.4 (Table 6.3).

Comparison of the twelve samples from MMF (12) witle full set of ninety
two samples from VFF (92) showed that eggs from Mhdid a higher percentage of
ARA and the DHA/EPA ratio than VFF eggs. The averagntent of ARA in eggs
from MMF was 2.2 % (F= 155.46, p<0.001), which veagmificantly higher than eggs
from VFF at 1.5 %. The average content of EPA igsefjom VFF was 13.5 % which
was significantly higher than those from MMF at®%. DHA from both places was

similar (MMF 28.1 % and VFF 28.8 %).

The ratio of DHA/EPA in eggs from MMF was higherZad (F= 5.282, p<0.05)
than those from VFF at 2.2. Consequently the m@ftiBPA/ARA in eggs from VFF was

8.9 (F=101.421, p<0.001) and in those from MMF Jdble 6.3) (Figure 6.3).
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Table 6.3 Mean fatty acid composition (% by weightotal fatty acids) of Atlantic cod
eggs from MFF 12 and VFF 92 and sub samples froifs VE

Fatty Acids MMF(12) VFF(12) VFF(92)
14:0 1.6+0.2 1.6+0.2 1.7+0.3
16:0 22.3+1.0 21.9+0.9 21.7+ 1.4
18:0 2.4+0% 31+04  31+04*
Total saturated 27.0+1.2 27.2+1.1 27.1+1.7
16:1n-9 1.1+ 02 1.2+0.% 1.2 +0.2*
16:1n-7 1.8+ 0% 23+0.f 21+0.3*
18:1n-9 13.3+03 122+08 124+0.7*
18:1n-7 3.1+0.2 3.0+£0.3 3.2+04
20:1n-9 28+0%2 1.9+0.2 1.9+ 0.4*
22:1n-11 1.2+ 02 04+03  05+0.3*
24:1n-9 0.4+0.0 0.4+0.0 0.4+0.1
Total monounsaturated 23.7+96 21.7+08 21.9+1.2*
18:2n-6 29+03 3.6+0.4 28+15
20:3n-6 0.1+0.0 0.2+0.F 0.2+0.1
20:4n-6 22+0.2 1.4+0.1° 1.5+0.2*
22:5n-6 02+0.8+ 03x00° 0.3£0.0*
Total n-6 PUFA 57+0.5 59+0.6 52+15
18:3n-3 0.4+0.% 0.5+0.0° 0.5+0.1*
18:4n-3 04+0.1 0.4+0.0 0.5+0.1
20:4n-3 0.5+0.0 04+0.P 05+0.2
20:5n-3 11.9+0.% 145+05 13.5+1.2*
22:4n-3 0.0+£0.0 0.0+£0.0 0.0+£0.0
22:5n-3 1.5+0.1 1.4+0.17 1.5+0.2
22:6n-3 28.1+1.1 275+ 1.1 28.8+ 2.4
Total n-3 PUFA 429+ 1% 447 + 1.8 452 +2.4%
Total Gig PUFA 0.7+0.% 05+0.1 0.6 +0.2
Total PUFA 493+18 511+17 51.0+22*
(n-3) / (n-6) 75+0.7 7.7+0.8 9.5+ 3.4
DHA/EPA 2.4+ 0.1 1.9+0.1° 2.2+ 0.3*
EPA/ARA 54+05%* 105+05 89+1.3*
Values are mean + S.D. MMF12 (n=12), VFF12 (n= YBF92 (n=92). For
comparison between MMF12 and VFF12, values withnowa the different
superscript letter shows significant difference pat0.05. Total saturated
ncludes 15:0, 20:0 and 22:0.

For comparison between MMF12 and VFF92, valuesiwihrow with * are
significantly different at p<0.05.

Comparison made using ANOVA.
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The main fatty acids are show in Figure 6.2 .

35.0

30.0

5.0

20.0

B MMF(12)
O VFF(12)
| VFF(92)

5.0

ARA EPA DHA DHA/EPA EPA/ARA

Figure 6.3 Mean percentage of the essential faitlsaARA, EPA, DHA and their
ratios in eggs collected from broodstock fish at Mihd VFF farms.

MMF12 refers to samples from MMF farm, VFF92 reféo all samples from
VFF farm and VFF12 refers to the sub sample fronkF8Z data. Comparison within
group were made using ANOVA. * indicates data digantly different at p< 0.05 the
different superscript letter shows significant eiffince at p<0.05. Bars indicate standard

deviation of the mean.

6.3.2 Season and fatty acid composition of eggs

The fatty acid levels of eggs from VFF by seasansimown in Table 6.4. One-

way ANOVA was used to compare the levels of fatiiglea and pigments.
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Comparison of means was carried out between sea&myys collected in
autumn had a significantly higher percentage ofld& than summer eggs, and
significantly higer levels of total monounsaturated 22:1n-11 than eggs collected in
spring. Total n-3 PUFA was different when compabstween spring and summer.
Summer-collected eggs had significantly higher @etages of 14:0, 18:0, 18:2n-6 and

total n-6 PUFA, (Table 6.4).
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Table 6.4 Mean fatty acid composition (% by weightotal fatty acids) of Atlantic
cod eggs collected at VFF according to season.

Fatty acid Autumn Spring Summer
14:0 1.7+0.3 1.5+0.% 20+0.4
16:0 21.6+15 21.9+0.8 21.7+0.9
18:0 30£08 32:x03 3703
Total saturated 269+ 1.8 27.2+1.0 28.1+15
16:1n-9 1.2+0.2 1.3+£0.2 1.2+0.1
16:1n-7 22+0.2 1.8+ 0.4 23+03
18:1n-9 125+ 0.6 125+ 0.9 12.1+0.3
18:1n-7 3.3+04 3.3+x03 29+0.73
20:1n-9 19+05 1.7+0.3 1.8+0.2
22:1n-11 06+0.2 04+0.2 0.7+04
24:1n-9 04+0.1 0.4+0.0 04+0.1
Total monounsaturated 221+%1 214+12 215+13°
18:2n-6 2714 27+£17 43:03
20:3n-6 0.2+0.1 0.1+00 0100
20:4n-6 1.5+0.2 1.6+0.1 1.6+0.1
22:5n-6 0.3+0.0 0.3+0.0 0.3+0.1
Total n-6 PUFA 51+1% 4917 66058
18:3n-3 05+0.1 04+01 0501
18:4n-3 05+£0.1 04+£01 0401
20:4n-3 05+0.2 04+0.1 0.4+0.0
20:5n-3 134+1.1 13.8+1.3 13.1+£0.7
22:4n-3 0.0+0.0 0.0+ 0.0 0.0+0.0
22:5n-3 1.5+0.2 1.6+0.1 1.5+0.1
22:6n-3 28.8+2.6 29.4+1.8 27.3+1.8
Total n-3 PUFA 452+2% 46.0+1.0 432zx273
Total 16 PUFA 0.6+0.2 0.6+0.2 06+0.1
Total PUFA 509+24 515+1.5 50.4 2.7
(n-3) / (n-6) 9.3+3.2 108+4.1 6.6 £ 0.3
DHA/EPA 22+0.3 22+0.3 2.1+0.1
EPA/ARA 9.1+14 85+1.0 8.3+0.4
Values are mean £ S.D. Autumn (n=65), Spring (n¥ 2hd Summef
(n=6). Values within a row with the different supernipt letter are
significantly different p <0.05. Total saturateacludes 15:0, 20:0 and
22:0. Comparison made using ANOVA.
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Figure 6.4 ARA content in egg collected over thaveping season in VFF eggs.
Autumn (red), Spring (green) and Summer (yellovgveped eggs are indicated.

ARA was measured from broodstock and eggs colleatedFF on different
dates in autumn, spring and summer. Figure 6.3 slibevARA content (as percentage

of total lipids) in 92 samples across spawning sesisrom VFF.
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Figure 6.5 The mean of the main essential fattgsapresent over the spawning season
in VFF eggs.

Autumn (red), Spring (green) and Summer (yellowgveped eggs are indicated. Bars
are standard deviation of the mean. Comparison hgdsing ANOVA (no significant
differences were found).

The average of ARA, EPA, DHA and DHA/EPA and EPR/Aratios in VFF

eggs were not significantly different between tieé seasons (Figure 6.5).
6.3.3 Axlevels in eggs collected at MMF and VFF farms

The Ax levels were significantly higher in eggsnrahe MMF farm when
compared to those from VFF, with the former beiri@ld higher than the latter (using
the comparison of the 12 samples from MMF and 9@psaes from VFF). The average
of Ax from MMF was 1.32 ng/egg (F=54.021, p<0.00dnd VFF 0.44 ng/egg.
However, there was no significant difference betwde two hacheries when the 12

MMF and 12 VFF sub samples were compared (Tablad3~igure 6.5).
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Table 6.5 Mean Ax levels in egg samples from MF& ¥RF farms.

MMF12 refers to samples from MMF farm, VFF92 referall samples from VFF farm
and VFF12 refers to the sub sample from VFF92 d&iimndard deviation of the mean
indicated.

Carotenoid
MMF (12) VFF (12) VFF (92)
Ave + SD N Ave + SD N Ave + SD N

Ax(ng/egg) 1.32+0.46 | 12 1.17 + 0.55 12 0.44+047 |92
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Figure 6.6 Mean Ax concentrations between MMF afdF Yarms.

MMF12 refers to samples from MMF farm, VFF92 refersall samples from VFF farm
and VFF12 refers to the sub sample from VFF92 dadas are standard deviation of
the mean. Comparison made by using ANOVA.* indicatatistically significant
differences between MMF12 and VFF92 at p< 0.05.
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There was no significant difference in Ax levelseiggs collected between the
three seasons of autumn, spring and summer (TableAdso there was no correlation
between Ax levels and other egg quality parametech as fertilization rate, floating
eggs, sinking eggs or total weight for all the detdlected across the seasons. The
average values for egg Ax concentration were higheshe autumn spawning fish,
although there was considerable variation betweatichles across all seasons. The
Kruskal-Wallis test analysis was carried out to pane the levels of Ax and volume of

egg quality parameters.

Table 6.6 Effect of seasons on mean Ax conceafrgtin egg samples from VFF.
Standard deviation of the mean indicated.

Carotenoid
Autumn Spring Summer
Mean + SD n Mean + SD n Mean + SD n
Ax(ng/egg) 049+051 | 62  0.29+0.33 21 0.28 80.1| 6

Distribution of egg Ax concentrations over the spaw season. Ax was
measured from broodstock and eggs at VFF accorttingeason (Table 6.6). The
Kruskal-Wallis test analysis was carried out to pane the levels of Ax and volume of

egg quality parameters.
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Figure 6.7 The Ax concentration over the spawniagssn for VFF eggs. Autumn

(red), Spring (green) and Summer (yellow) spawrggbare indicated.

The variation in the egg Ax concentrations betwdlem three seasons was

shown in Figure 6.6.

6.3.4 Fecundity and egg quality comparing seasons

Data on egg quality and fecundity from VFF by seasare shown in Table 6.7.

The results show differences in all parameters éetwseasons.
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Table 6.7 Seasonal variation in egg quality paramdtom eggs collected from VFF
between October 2007 and May 2008. Standard dewiafithe mean indicated.

Autumn Spring Summer

Mean = SD n | Mean = SD n Mean+=SD | n

Total weight of eggs (g) 1308 + 1135 58 1095+ 851| 11| 285 +58 3

Average weight of sinking eggs (g) 485.5 + 535|065 | 138.1+131%5| 10| 113.7+605| 3

Average weight of floating eggs (g) 907.9+781}2 4 |51025.8+865.6 10 171.3+56H5 |3

Average fertilization rate of eggs (%9) 81.4+28.3|59| 89.6+19.3 18§ 66.6+33.2 5

The results show a significantly increased numbesiriking eggs recorded in
the autumn spawners compared to the spring and surgroups although the latter
contained only a small number of egg batches. Hewethe percentage of floating
eggs was highest in the spring spawners at 94 % avitumn spawners having 69 %
and summer spawners 60 % of floating eggs. Featibm rate of eggs was not

significantly different between the seasons.

6.4 Discussion

6.4.1 Fatty acid concentrations and farm location

Significant differences in the fatty acid profild the two hatcheries were

observed from this study.

The lipid analysis of the eggs showed that the Mdfgs were significantly
higher in ARA, lower in EPA and the EPA/ARA ratiorapared to the VFF eggs. Both

ARA and EPA had the same trend when compared ubmdgMFF/VFF12 or VFF92
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samples. DHA/EPA and EPA/ARA ratios were signifitamifferent between the two
hatcheries. There may be a number of reasons fer dbservation. Firstly, the
relationship between the concentration of ARA ig égids and that of broodstock has
been described in a number of species (Tocher argkBt, 1984). The positive impact
on egg and larval quality of higher ARA and lowelPAARA ratio has also been
described (Bruce et al. 1999; Mazorra et al. 2008addition, it was not possible to
compare egg quality perameters between MMF and Médause data on broodstock
sex, size and number per tank were not availalblegilthead seabream a positive
relationship between fatty acid levels in broodktdiets and egg quality was reported
(Mourente & Odriozola 1990). In this study, anadysif the feed from VFF showed
lower levels of ARA (0.8 %), compared to the valseen in earlier chapters of this
thesis. However, it was not possible to collectifeamples from the MMF farm, and its
ARA content, at the time of egg collection, was momkn. As shown in Chapter 3,
supplementation of broodstock diets with ARA caterathe levels in eggs. This factor
should be considered by hatchery operators, edlyesiaen broodstock are being kept

in captivity and fed artificial diets (Moreheadadt 2001).

6.4.2 Fatty acid concentrations and seasons

Levels of ARA, EPA, DHA and DHA/EPA and EPA/ARA i@ in eggs were
not significantly different across the seasons. Tdte between n-3 / n-6 PUFA in
spring showed the highest values. According to &#rd1995) the ratio of these should
be between 5:1 and 10:1, whilst in spring spawrggs drom VFF the ratio was 10.8.
However, there was no significant difference in thigo between seasons. The ratio of

DHA/EPA should be ~2:1 and was similar in all semsae. 2.2:1, 2.2:1 and 2.1: 1
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respectively in autumn, spring and summer. Howevkere were no significant

differences between seasons.

The captive fish from the farms were kept with coléd temperature and
photoperiods maintained at all times. Thus, thisid@robably explain why season had
no effect on the farms. There was no correlatiaméen biochemical measures of egg
guality and morphological parameters such as iteatibn rate, floating egg or sinking

egg numbers.

6.4.3 Fatty acids and fecundity

While the results show differences in all paraméaetors between MMF and
VFF it was not possible to compare this due to laicitata on broodstock sex, size and

number per tank.

6.4.4 AX

There was no significant difference in the leveigh@ carotenoid pigment Ax
between the two hatcheries when the MMF 12 and YEFsamples were analysed.
However, when the MMF 12 samples were compareddd/FF 92 samples there were
significant differences with MMF (1.32 ng/egg) bgi-fold higher than VFF (0.44
ng/egg). Levels of Ax varied across the seasons gher levels in autumn spawned
eggs. These data were from VFF farm only. Accordimghe record from the farm
these data were collected from various sourcesgilis) and tanks were fed different
diets e.g. commercial pellets from Skretting VaalDanafeed, Biomar and Europa and
farm produced marine sausage diet (Table 6.1). dbh&ervation could explain the

variation at different dates.
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Evidence from the literature suggests that incrassgg carotenoid
concentrations are linked to improved egg and laguality in Atlantic cod (Salze et
al., 2005). The mechanism by which Ax exerts berafactivity for egg and larval
quality is not fully clarified but some possible pbanations exist. There were no
significant differences across the seasons duextartl no correlation between Ax and

other egg quality parameters such as fertilizatate, floating eggs and sinking eggs.

6.5 Conclusion

In this study, levels of lipid and the fatty acidofile of eggs from two
hatcheries were found to vary significantly. Thariation was found between batches
obtained from the different farms and from the sdaren at different times of the
spawning cycle. The farms used broodstock souroes fifferent locations that were
fed with a variety of supplemented or unsupplentnliets. Both these factors could

explain the differences in fatty acid levels betwéams.

However, others factors besides the broodstock khay be important in
determining the lipid content and fatty acid prefdf the eggs. For example, the fatty
acid composition of fish egg lipids is not only ei@hined by the broodstock diet but

also varies between different stocks (Pickova.et297).

In the present study, season appeared not to &fitgtacids in the captive fish.
This could be because fish were kept in a contloBavironment for temperature,
oxygen, light and diet. Whilst wild fish dependad bn the food they eat which varies

with season, ARA levels in eggs during spring waightly higher than other seasons.
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Although improvements in broodstock performance ntey influenced by
individual nutrients it is also likely that broodsk source and genetics, season of
sampling and photoperiod as well as diet broodsteeker temperature and other
environmental conditions also influence overallfpenance and these are all worthy of

further study to elucidate their individual andleotive roles in egg quality.

The results highlight the difficulty in collectinghorphological data on egg
guality and husbandry data (fish age, size and aed)feed samples and to measure
these factors systematically on different farmse Hmalysis of egg fatty acid profile
though is possible and combined with morphologmoalasurements could strengthen

egg quality assessment carried out by hatcheries.
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Chapter 7. General Discussion,

Conclusions and Future Perspectives
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7.1General

One of the main problems in cod hatcheries is lawdl quality resulting in
poor survival and growth (Brown et al. 2003). Hatgbs currently address this issue by
using wild caught cod broodstock because they alieved to have significantly better
performance. This use of wild origin broodstock catroduce disease and means that
artificial selection to improve stock cannot berea out. Whilst these problems may
be due to environmental or other factors, pooraugtlarval quality can be due to poor
broodstock nutrition (Vassallo-Agius et al. 200zqgdierdo et al. 2001). Broodstock
nutrition has a major impact on spawning succesh wutrients such as EFAs and
antioxidants of particular importance. HUFA congeimt particular have been found to
be important in reproduction and development ofseggd larvae, with low levels in
broodstock diets having a negative affect on fettyndgg quality, hatching success,
numbers of normal larvae and incidence of deforfWatanabe 1985). ARA, EPA and
DHA are the most important HUFA involved in sucdakseproduction (Sargent et al.,
2002). Levels of ARA and carotenoid pigments (Agye been shown to be linked to
hatching success and egg quality in different stamkwild cod (Pickova et al. 1997).
Levels of ARA and Ax have been found to be loweeggs from broodstock of farm

origin compared to those of wild origin broodst¢8alze et al. 2005).

This study investigated the impact of dietary sepgntation with ARA and Ax
on egg quality in cod. Four experiments were cotatlicin the first experiment
(Chapter 3) the impact of dietary supplementatiatth \\RA was investigated in wild
cod broodstock. An ARA supplemented diet was eldrbodstock for 1, 2 or 3 months

prior to peak spawning. The experiment looked Bgcé$ on egg quality parameters in
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order to determine the optimum period of supplewrugont for best reproductive
performance. The second experiment (Chapter &Hshgyated the impact of dietary
supplementation with carotenoid (Ax) on egg quapgrameters in farm origin cod
broodstock. The third experiment (Chapter 5) ingeséd the impact of dietary
supplementation with both ARA and Ax on farmed amtd origin broodstock egg

quality parameters. The fourth experiment (Chap)emvestigated whether egg lipid
content and fatty acid composition, especially ARERA, DHA and DHA/EPA and

EPA/ARA ratio and carotenoid (Ax) levels varied aing to hatchery location in the
UK and with spawning time. In this experiment eggnples were collected from two

cod hatcheries throughout a spawning season.

7.2 The impact of ARA and Ax supplementation on egg cality and

fecundity

The results of the present study show that, in igg&nsupplementation of cod
broodstock diet with ARA and Ax had a positive impan fecundity and some eggs
quality parameters. However, the effect of ARA gementation was not consistent

across all egg quality parameters.

In the first experiment, ARA supplementation of duistock diet for 1, 2 or 3
months before peak spawning had no significant ehgan the number of eggs
produced when compared to the control group. Whaga &tom groups receiving the
ARA- supplemented diet were pooled, they produc@® limes more eggs per batch
when compared with the control group. Batches afsefyjom fish that received the
ARA supplemented diet has significantly more flogtifertilized eggs, 29 % more

mean number of floating eggs/kg female and 41 %enmean number per batch of
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fertilised eggs than the control group. Howeversth results were not consistent

between the groups supplemented with ARA for défifieperiods of time.

The reasons for these inconsistencies could beratatariability between
broodstock populations, though other factors sschemetics, broodstock age (Evans et
al., 1996), differences between spawning seasaage sSn spawning cycle and other
environmental factors which can influence egg dualSimilar results have been
reported before. For example, Rosenlund, (200&)ddhat when cod broodstock were
fed an ARA supplemented diet (0.5, 1, 2 or 4% ARBR)had no effect on
gonadosomatic index in male or female fish or egaglity parameters but did increase

fecundity in the group fed 1% ARA.

In the second experiment, supplementation of coddstock diet with Ax for a
period of two months before peak spawning resulied 20 % greater mean number
per batch of eggs spawned/kg female, a 37 % greataber of floating eggs and 47 %
more fertilised eggs per kg female. A significaptrelation was also found between
egg Ax content and fertilization success in indinatl batches. These results confirm
that Ax has an important role in cod reproductidhis has been demonstrated in other
species, such as rainbow trout, where dietary eaodd supplements resulted in a
positive relationship between egg pigmentation fentilization and improved survival
(Harris 1984; Craik 1985; Ahmadi et al. 2006). Foeg research has suggested Ax
may act as a substance which increases fertilizatbes (Christiansen & Torrissen

1997).

In the third experiment, the diets of wild and faomgin cod broodstock were
supplemented with ARA and Ax. The results showeat tiroodstock of wild origin

performed better over a range of egg quality ardrfdity indices when compared to
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broodstock of farm origin. For example, wild origiish had a 49 % higher mean
number per batch of eggs collected per kg femada flarm origin fish. In addition,
wild origin fish produced a 51 % greater weightfloating eggs per batch and a 60 %
higher mean number per batch of fertilized eggskgdiemale, than in farm origin fish.
However, mean hatching rates were not significadifferent between farm and wild
origin fish. The reasons for these differencesrarteclear from these results. A similar
result has been reported in previous studies (Sdlaé 2005) and has been observed in
black sea bass where the percentage of fertiliggd &om wild fish were higher than
in captive fish (Gloria et al. 2009). Reasons fwrse findings could be due to factors
such as the greater size and age of the wild obgiedstock, a better diet early in life
before entering the farm (micro and other nutriantsy be retained), a poor diet for
farm reared broodstock, genetic differences betwsmodstock of different origin,
high variability in individual fish performance artifferent age ranges and stocking
density (Kjgrsvik 1994; Pavlov et al. 2004). Feample, it has been reported that cod
have a very high potential fecundity and a positre&ationship is found between
relative fecundity and fish size (Kjesbu et al91p In addition (Vadstein et al. 1993)
suggested that problems with survival, growth anality of cod larvae could be due to
bacterial infections during the egg and yolk-sagest In many species, high mortality
of larvae has been linked to the presence of batfmathogens (Muroga et al. 1990),
and these effects may be unrelated to the quality eggs and larvae.
In the last experiment, levels of ARA and Ax in sggom two cod hatcheries were
measured along with data on egg production oveomaptete spawning season. The
results of this study found differences in the @goduction parameters measured with
more eggs produced by MMF broodstock. However, Ml operational problems

which meant they could not provide data on the remdnd weight of female fish
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contributing to the data, whilst at VFF the lackspkcialised ultrasound equipment also
meant that it was not possible for them to deteenfish gender. Therefore, at neither
farm was it possible to adjust data for these factnd report true fecundity. These
findings highlight the difficulty encountered measg fecundity on cod hatcheries that

employ different production techniques.

7.3 Fatty acid and Ax composition in eggs

The results of the present study show that dietanyplementation of cod
broodstock diet with ARA and Ax successfully inged levels in the eggs produced by

the broodstock.

In the first experiment, supplementation of broodktdiet for 1, 2 or 3 months
before peak spawning with ARA successfully resultedransfer of ARA to eggs,
resulting in increased concentrations in eggs wbempared to the control group.
Those fed a supplemented diet for 2 months prigpeak spawning had the highest
levels of ARA in their eggs. These findings showattfarms can successfully
supplement the diet of broodstock with ARA in thaee months prior to peak
spawning and that this will be rapidly transferr@dto the eggs. Although
supplementation for only two months is enough twease egg ARA during spawning.
Increasing ARA levels in the diet did not impadajrsficantly on the level of other fatty
acids in eggs. This is largely because ARA is atiredly minor component of the
overall egg fatty acid composition. The result® abow that there were differences in
levels of egg lipid classes from the broodstock A&A supplement for 3 months (for
example, with significantly higher levels of polépid). The percentages of PC

compared to time of ARA supplementation showed ésghPC in the group fed ARA
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for 3 months before peak spawning. PC is the mainli@id class in cod (Fraser et al.
1988) which has low levels of neutral lipids andnsequently high levels of

phospholipids (Salze et al. 2005; Tocher et al.820@C is utilised during egg and
larval development (Finn et al. 1995; Fraser e1@88; Rainuzzo et al. 1992; Tocher et
al. 1985) and it has been proposed that polardipidy promote growth in juvenile cod
(Olsen et al. 1991). However, there were no otlwretations between lipid class
percentages and timing of ARA supplement even pathied groups. Correlations were

also found between lipid class percentages inctulie and EPA/ARA ratio.

The results of the second experiment showed thaiplesmentation of
broodstock diet with Ax results in uptake and déjms of Ax into eggs and provides
significant improvements in egg quality, similar tttose found in other fish species.
The concentrations measured in the eggs from &dhttie Ax supplemented diet were
almost three times greater than those from therabgtoup (2.79 ng/egg compared to
0.98 ng/egg). A significant correlation was alsdedted between egg Ax content and
fertilization rate in individual egg batches. Theproved egg quality in farmed cod fed
diets supplemented with Ax may be the result ofrompd antioxidant protection for

these fish and their eggs (Cowey et al. 1985; Raitga-Kuhlmann et al. 1998).

In the third experiment, egg fatty acid, vitamin Ex, PGE, TBARS levels and
lipid classes were compared between farm originwaifdi origin broodstock fed a diet
supplemented with both ARA and Ax. The results siuhat there were significant
differences in egg fatty acid and vitamin E leva¢édween the wild and farmed origin

fish but there were no differences in levels of RGE, TBARS level and lipid classes.

For example, the level of EPA was greater in eggs fwild origin broodstock

than those of farm origin broodstock. This resal been found in other species such as
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the striped trumpeterLétris lineatg with EPA and DHA levels in eggs from
broodstock of wild and captive origin, as well aptive origin fish fed different diets
were significantly different (Morehead et al. 20(Bransden et al. 2007). The
EPA/ARA ratio for farm fish was lower (4.0) thanlaifish (4.4) because of higher
EPA and low ARA levels in eggs from wild origin fiscompared to those of farm
origin. Pavlov (2004), found the relative propongoof EFAs (such as ARA, EPA and
DHA) differed and could be a good measure of eggityuin cod. In addition, lower

ratios of EPA/ARA have been linked to better eggliqu in cod (Salze et al., 2005) as

was shown in the first trial described in this thes

Vitamin E concentrations were higher in the egg$aained fish than in those
from wild fish, and there was no difference in tomtent of TBARS. This suggests that
vitamin E is not a limiting nutrient in relation twd egg quality, and that there was no
difference in the production of MDA (as assessedlBRRS) due to lipid oxidation

within the eggs.

In the fourth experiment levels of ARA and Ax ingsgrom two cod hatcheries
were measured along with data on egg productior fEsults showed significant
differences in egg fatty acid profile between th® thatcheries. For example, MMF
eggs were found to be higher in ARA, lower in ERAl dhe EPA/ARA ratio compared
to the VFF eggs. The ratios of DHA/EPA and EPA/AR®&re also found to differ
significantly between the two hatcheries. This treteship has been described in a
number of species (Tocher and Sargent, 1984). HigltA and lower EPA/ARA
ratios had a positive impact on egg and larvaligual Atlantic halibut (Bruce et al.,
1999; Mazorra et al., 2003). One possible reasothfo differences in egg ARA levels

could be the level of ARA in the broodstock dietwhs found that feed from the VFF
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hatchery had low levels of ARA (0.8 %) which coexiplain the differences between
this farm and MFF. Feed samples from MMF farm warértunately not available for
analysis so its ARA content was unknown. Howevappgementation of broodstock
diet at MFF with ARA was carried out during thatasen (W.Roy, personal
communication). There was no correlation betweeg gality and morphological
parameters such as fertilization rate, floating egginking egg numbers from the two
farms. Seasonal data were collected only froenRF hatchery. The levels of fatty
acids such as ARA, EPA, DHA and DHA/EPA and EPAAARtios in eggs were not

significantly different across the seasons.

Levels of Ax in eggs from the two hatcheries weog significantly different
when the samples collected over the same period s@mpared. However, if all the
samples from MFF were compared with all the samples) VFF, MMF eggs had
three times the concentration of Ax. At VFF farimere was no significant difference in
AX in eggs between seasons. There was no cornelagtween egg quality parameters

such as fertilization rate, floating eggs and sigkeggs and egg Ax levels.

These results could be explained by the fact ihtere kept under controlled
farm conditions (temperature, photoperiod and diet}the wild, the diet of fish will

vary according to season.

7.4 General conclusions

The first experiment investigated the impact oftale supplementation with

ARA for 1, 2 or 3 months prior to peak spawning,emy quality in wild cod in order to
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determine the optimum period of supplementationkfest reproductive performance.

The results showed that:

Short term supplementation of broodstock diets ViR for 1, 2 or 3
months before peak spawning resulted in increasedentrations of

ARA in eggs

Supplementation for more than 2 months did not idleany significant

increase in egg ARA

There was no correlation between egg productionegg quality
parameters and the length of time supplementati@s wrovided.
However, there were higher numbers per batch aitifig eggs per kg
per female and fertilized eggs per kg female inttiee tank groups fed

the ARA supplement than in the single unsupplentemtentrol tank

group

The performance of the control group was affectedhle lack of ARA
supplementation in the diet as they had the loeggtquality paremeters

when compared to the pooled ARA groups

The supplementation of diets with ARA to 3 % ofalotatty acids provided
some limited benefit but it was not a major factor improved reproductive

performance

The second experiment investigated the effect oftdlerm supplementation of
Ax in broodstock diets on a number of egg qualiragmeters in farmed cod. The

results showed that:
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Ax uptake into eggs from the broodstock diet waghlyi efficient

A correlation between the egg Ax content and fedilon success of
individual batches was identified. This improvement egg quality
demonstrated the potential value of Ax supplemantadf broodstock

diets for cod

Higher numbers per batch of eggs spawned per kgléemumbers per
batch of floating eggs per kg female, and numbersbptch of fertilised
eggs per kg female were measured in groups of éargn fish fed the

Ax supplement

The third experiment compared the relative effdctliets supplemented with
optimum levels of ARA and Ax on egg quality in wighd farmed cod. The results

show that:

The performance of wild origin and farm origin bdstock does vary
significantly even when fed identical diets suppdmted with ARA and

AX

Wild origin broodstock performed better on a numikeegg quality and
fecundity indices as has been observed in some eocmth hatchery

situations

There were few significant differences in levelsfatty acids between
eggs of farm and wild broodstock except for someanfatty acids like
16-1n-9 and 16-1n-7, and the EPA content, ratiosD&fA/EPA,

EPA/ARA and vitamin E levels
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The level of Ax in eggs (pooled data) were positiveorrelated with
fertilization rates. Vitamin E concentrations ireteggs from farmed fish
were not lower than in eggs from wild fish, and TB® were no higher
in eggs from farmed fish, suggesting that a lackitdmin E or other
antioxidant niutrients in the diet was not respblesifor differences in

egg quality.

For hatcheries, broodstock of wild origin may app&a give better
reproductive performance over farm fish even thotlygy have both
received a supplemented diet. However, if the wiidin broodstock are
larger this would also result in greater numberegfys and improve

reproductive performance.

The last experiment compared whether egg lipid emntand fatty acid
composition, especiallfRA, EPA, DHA, DHA/EPA, EPA/ARA ratios and carotedo
(Ax) level varied according to hatchery location time UK and spawning season

through the collection and analysis of samplegygkeThe results show that:

Levels of lipid and the fatty acid profile of egilyem the two hatcheries

were found to vary significantly

Variation was found between batches obtained frdfardnt farms and

from the same farm at different times of the spaggruycle

The farms used broodstock from different geogragdhacations and fed
the fish a variety of supplemented or unsupplentediets. Both these

factors could explain the differences in fatty deidel between farms
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Other factors besides the broodstock diet may bg@oitant in

determining the lipid content and fatty acid pefif the eggs.

The present study encountered a number of problemmish meant that
comparison of results between farm and wild bromastvas difficult. These problems

can be addressed in future experiment by ensuneighe following are considered; -

The age and size of broodstock should be matched

More replicate tank can be used

Environmental condition should be standardised H(sas temperature,

salinity and photoperiod regimes)

Morphological and biochemical egg quality paramestrould be

measured for all trail, including analysis of eggeness (McEvoy 1992)

Improvement to the broodstock holding tank sucliesper water and

dimmer light along with improve egg collector.

7.5 Future perspectives

Cod farming and hatchery operation in particuldr stquires further research
to address key problems which constrain productB®rodstock management and
nutrition are areas where significant work is nekde cooperation between industry
and research. The results of the present studyestigge following areas for future

research:
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Dietary supplementation for cod broodstock with ARAd Ax should be
considered in order to improve spawning succeslev#ls of these are
unknown prior to spawning then testing could allessessment of

broodstock nutritional status so that early corvecaction can be taken

More research is required on the ARA and Ax staiieggs from
commercial broodstock. Efforts should be made @oddrdise recording
of egg quality parameters in order to allow bett@mparisons between

broodstock populations

The ARA and Ax requirement of cod broodstock shdwdestablished
experimentally especially with regards to earligages of gonad

maturation

The most efficient chemical forms and concentratioh ARA and Ax

for use in cod broodstock feeds should be detemnine

More research is needed on the effect of enviromaheronditions,
husbandry and behavioural interactions in relatmispawning success

of cod broodstock

Hatcheries should check the status of their coddstock with regard to
dietary Ax concentrations (pre-spawning) and if dezk provide short

term supplementation

ARA and Ax levels should be considered when deyalp diet
formulations for cod production, especially for ddstock nutrition,

immune function and egg and larval quality.
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APPENDIX

Figs. 2—-26. Stages of embryonic development irAthentic codGadus morhugbar 300 m).

In Figs. 2-15, shows the dorsal view, shows the lateral view. Figs. 16—26 show lateral
views only. Fig. 2: 1-cell stage (315 minutes pdettilization mpf). Fig. 3: 2-cell
stage(405mpf). Fig. 4: 4-cell stage (540 mpf). FHg8-cell stage (675 mpf). Fig. 6: 16-cell
stage (810 mpf).

* Modified from Hall et al. 2004, Stages of EmbryoDevelopment in the Atlantic Cadadus
morhua Journal of morphology 259:255-270.
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Appendix Il. Feed detalils

Data on Skretting Feed used for cod experiments

Company address:-

Skretting, Shay Lane, Longridge
Preston UK

Feed hygiene regulation
Approval no AGB193E1318
VMR Approval n0 2015414

Feed type:-

Marine Broodstock Mix

A complete feeding stuff for fish. Feed accordiagnstructions in Skretting technical
literature. Contains fishmeals, cannot be feditoinants

UFAS-compound feeds

Certificate Reg NO190

Oil 15.00%; Protein 60.00%; Ash 13%; Fibre 1%; $@itmrous 1,90%; Copper
10mg/kg; Vitamin A 12 000 iu/kg; Vitamin D3 2000/kg, Vitamin E ( as alpha-
tocopherol acetate ) 500 iu/kg Vitamin presentli@st before Jan 22 2007 date of
manufacture Mar 16 2006

Contains in descending order

Fish meal, Crustacean meal, Fish Proteine Condentéheat gluten, Fish Qil,
Vitamins, Lecithin, Glucan, Minerals, Nucleotide,

Contains permitted antioxidants (Ethoxyquin, BHHA

Also contains selenium

Store in cool dry place

Net weight indicated on delivery net

Registered Office Town (UK)

Ltd; Wincham, Northwich Cheshire UK
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Appendix Ill. Publications and presentations arisng from

the project

Sawanboonchun, J., Roy, W. J., Robertson, D. AB&l, J. G. 2009, The
impact of dietary supplementation with astaxantiinegg quality in Atlantic
cod broodstock (Gadus morhua, L.), Aquaculture Newk35.

Sawanboonchun, J., Roy, W. J., Robertson, D. ABdl, J. G. 2008, The
impact of dietary supplementation with astaxantiinegg quality in Atlantic
cod broodstock (Gadus morhua, L.), Aquaculture, 288, no. 1-4, pp. 97-101.

Roy, W., Bell, G, Sawanboonchun, J. Davie, A, Feang, Fernandes, D,
Gnassou, J and Robertson, D. (2007). Cod broodstatition, Arachadonic
acid and astaxanthin as determinants of egg qudtityal Report. (Scottish
Aquaculture Research Forum No.014).

Oral presentation®LAnnual international Aquaculture students confeeegd’
October 2008: Atlantic cod broodstock nutrition:eTiole of arachidonice and
astaxanthin as determinants of egg quality.

Poster show in Aquaculture UK 2008 conference inefore 23 May 2008:
The impact of dietary supplementation with astal@nton egg quality in
Atlantic cod broodstockGadus morhual.).

Poster show in %1 Annual international Aquaculture students confeee29’
October 2008: The impact of dietary supplementatuith astaxanthin on egg
quality in Atlantic cod broodstocli3adus morhual.) (won a prize).

Poster show in International Symposium- Aquaculysestainable future —
Edinburgh 21-22 April 2009: The impact of dietarypplementation with
astaxanthin on egg quality in Atlantic cod brood&t@Gadus morhugal.).

In progress
Poster show in larvi 2009,"Sfish & shellfish larviculture symposium Ghent
University, Belgium.7 - 10 September 2009: The inotpaof dietary

supplementation with arachidonic acid on egg gualitAtlantic cod broodstock
(Gadus morhugalL.)
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