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Abstract

Marine fish larvae fed formulated diets have sugped growth and survival compared to
larvae fed live feed for the first weeks. Live fasduccessfully used in the aquaculture
industry, although there are difficulties deliveyicontrollable concentrations of several
nutritional compounds. In research, the use of tdated diets is therefore essential to
accomplish proper nutritional dose response studies focus of this work was to study the
properties of a protein cross-linked diet and & heagulated diet used for nutritional studies
of marine fish larvae. The ability to deliver waseluble nutrients and changes in protein
quality due to production processes and exposueathing was emphasized. A pancreatic
proteinin vitro digestibility method, simulating stomachless figtvae, was used to
investigate the digestibility of various live feemsd feed ingredients. The sameitro

model was also used to study the effect of theymtion processes and the effect of increased

inclusion of hydrolyzed protein in compound diets.

Both diets showed substantial changes in proteatfitgudue to the production process and
exposure to leaching. The protein cross-linked ai@sshad a nearly complete loss of water-
soluble nitrogen (N) during cross-linking and tb#édwing washing steps and more than 90
% loss of other water-soluble micronutrients. Thatgin cross-linking led to a 25 %
reduction inin vitro protein digestibility. A large fraction of the sdlle N in the feed
ingredients was made insoluble by heat denaturaiimimg production of the heat coagulated
diet, but the concentrations of peptides and frema acids (FAA) were not influenced.
However, after exposure to leaching for 6 min nufshe soluble N fraction was lost and
there were no significant difference in concentrragi of soluble N between diets with
increasing concentration of hydrolyzed protein ragdrom 0 % to 45 % of total protein.

There were no significant differencesiimvitro digestibility between the four diets with



increasing concentration of hydrolyzed protein. ldoer, the leached diets showed
significantly reduced digestibility compared to thets that had not been exposed to
leaching. In conclusion, neither the protein criasised nor the heat coagulated diet may be

suitable for the delivery of water-soluble nutretd marine fish larvae.

The proteinn vitro digestibility of the protein cross-linked diet,a@teoagulated diets and a
commercial larval diet (53 — 73 %) were lower tificnzen live feed (84 — 87 %). The
digestibility of the soluble N fractions was sinmifar the marine meals and the live feed and
higher than the respective insoluble protein fatti However, the live feed contained 54-67

% soluble N in comparison to the marine meals ¢inét contained 11-17 % soluble N.

In the search for other possible diets to delivdulsle nutrients, lipid spray beads (LSB) were
investigated. LSB, as part of complex particles been an interesting candidate for
delivering soluble nutrients with a high retentefficiency, although the fatty acid profile of
the LSB have made them inappropriate when delivieréalge quantities. LSB with an
improved fatty acid profile were developed by irsttin of high concentrations of
phospholipids. Due to the hydrophilic behavior bbppholipids, the LSB dispersed in water
and could therefore be used to deliver water selabitronutrients to live feed. The riboflavin
content ofArtemia was increased from 55 + 0.6 mgkw) to 329 + 62 mg kg (dw) after 1

h enrichment. There is still a severe leaching o&taghly soluble nutrients and the LSB
might therefore not be able to deliver nutrientedes in large quantities such as FAA and
peptides. However, for nutrients needed in smadhdjties, the LSB seems to be a promising

tool.
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1 Introduction

1.1 Biological background

Although there can be large differences in reprtidactrategy between the different fish
species there are still many similarities. Onehefrnain choices of reproduction strategy is
the choice between producing a large number opoffg with a high mortality or to put
more energy into fewer offspring and increasingdha&nces for each individual offspring to
reach maturity. For instance Atlantic Cdgagus morhua) spawn 2.5 — 9 million eggs with a
diameter of 1.2 - 1.6 mm (Scott and Scott, 1988jjevAtlantic salmon $almo salar) spawn
only 10 000 - 15 000 eggs which are approximat8ly times bigger (5-7 mm) (Pethon,
1998). Although species as A. salmon, rainbow t(@uicor hynchus mykiss) and cat fish
(Anarhichas minor) produce large eggs, most fish species of commilarterest produce

large number of small pelagic eggs.

A natural consequence of producing small eggsasiching of small fish larvae

which are “the smallest independently functiorettebrates” (Segnet al., 1994). Fish

larvae are sensitive to mechanical disturbanceg hasmall mouth opening which reduce the
choice of food at exogenous feeding (Marte, 2008l @oor swimming abilities with most
species being nearly planktonic at an early stdtypeséret al., 1984; Leis, 2006). Most of
these species also have a digestive system that fslly differentiated and lack a functional
stomach at start of exogenous feeding. In additltege larvae have a low supply of
endogenous nutrients and therefore a need for eaolgenous feeding. The salmon fry for
example, have a yolk sack that lasts for 5-6 w¢Bk¢hon, 1985) compared to cod that has to
start exogenous feeding within 4-5 days after hatcl5o instead of being provided with high
guality endogenous nutrients the larvae have tesngrey to go through a rapid and complex

biological development.
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1.2 The digestive system of fish larvae

Dependent on the development of the digestive systdeosts can roughly be divided into
two groups called altrical and precocial (Rgnnestadi Hamre, 2001). Precocial species have
a digestive system that is differentiated intolgy/fimnctional system, with all organs
functional as found in adult fish, before staregbgenous feeding. These species can either
have a long embryonic phase where the developnoent®in the egg or a long yolk sack
stage (free embryo), also referred to as interntedidevelopment (Balon, 1999). Altrical fish
larvae have a digestive system that is not fulliedeéntiated at start of exogenous feeding and
lack several of the functional organs found atrlatages. The gastrointestinal tract is
separated into four regions, the oesophagus, foregdgut and hindgut . The altricial larvae
lack a functional sphincter that can close offst@mmach region (Rgnnesteidal., 2000) and
have not developed gastric glands producing hydooichacid (HCI) and pepsinogen (Luizi

et al., 1999; Kjarsviket al., 2004). They therefore lack an acidic environnvenich

denatures and unfold proteins and leaves the meptidds more open for further enzymatic
cleavage by pancreatic enzymes. In addition tlesedretion of pepsinogen into the stomach
which is activated by HCI into its active form @lpepsin. Pepsin pre-digests the protein
making it more soluble and accessible for furthemgueatic digestionin vitro digestion with
digestive extracts from the stomach of sea breZpar (s aurata) indicated that 35 % of the
protein in fish meal and 20 % of the protein caseis digested (Fernandez-Deizl .,

2001). The development of a fully functional stolmaccurs during metamorphosis for most
species (Luizet al., 1999; Ribeiraet al., 1999a; Elbaét al., 2004). However, there are
species which have shown a further development sifttamorphosis (Luizt al., 1999;

Ribeiroet al., 1999b; Kjgrsviket al., 2004).
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So from start of exogenous feeding until metamosg)dhe fish larvae’s digestion is fully
dependent on digestion performed by pancreaticreagyand brush border bond enzymes
(Kjarsvik, 2004; Hoehne-Reitan and Kjarsvik, 208@3ale et. al., 2007a). Although most
pancreatic enzymes such as trypsin, chymotryppiasés and amylases are present at first
feeding (Ribeiraet al., 1999b; Krogdahl, 2001; Caehal., 2003; Kjgrsviket al., 2004), the
enzyme activities are low for most fish larvae (€aet al., 1987; Munillamoran and Stark
1989; Gawlickeet al., 2000; Hoehne-Reitaat al., 2001; Kvaleet al., 2007a ). However, there
is an improved capacity in both pancreatic digesfioltinget al., 1999; Cahwt al., 2004)
and digestion performed by the brush border-mengbbanind enzymes as the digestive tract
matures (Kvalet al., 2007a). The capacity for protein digestion nmgdme extent also
depend on feed quantity and quality (Zamboninoritdand Cahu 1994; Pergsal., 1996).
Sole Golea senegalensis) larvae showed a more than ten fold increaseypsin activity from
day 2 after hatching to day 15 after hatching (Rtbet al., 1999b) and both cod and halibut
have shown a three to five fold increase in theifipeactivity of brush border-membrane
bound proteases towards the end of metamorphosédkt al., 2007a). This emphasizes
that the low protein digestion capacity at eartydh stages is not only influenced by the lack
of a functional stomach, but also significantlyegtied by an immature pancreatic and
intestinal digestion. As suggested by Tonheim (200vere might be a larger variability in
protein digestibility between different protein soes in altrical larvae than in precocial
larvae, because the protein is not denaturizedtanthtestinal proteolytic enzymes have to

attack natively folded proteins which have différemlecule forms.

Marine fish larvae have shown a pinocytotic absorpand digestion of macro-proteins by

enterocytes in the hind gut (Watanabe 1982; 19&hi#aet al., 1998), and the ability for

intracellular digestion is reduced at the end ofam®rphosis for both smelt (Hypomesus
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olidus) (Watanabe, 1982) and halibut (Lweizal., 1999). It has therefore been suggested that
this pinocytotic uptake compensates for the redabdity to digest protein extracellularly
(Govoniet al., 1986). However, intracellular digestion of hoegbsh peroxidase took from

10 to 24 h in smelt (Watanabe, 1982) and lipovitdhom Artemia seemed to be

intracellularly digested by Striped bassafone saxatilis) within 4 to 12 h (Kishidat al.,

1998). Due to this slow intracellular digestiomds been questioned if the pinocytotic uptake

of proteins contributes significantly to proteintmiion in fish larvae (Rgnnesta al., 2003).

The absence of a stomach also reduces the capabiitore food and the larva is therefore
more dependent on continuous feeding than adult 8sveral species have reduced ingestion
rate after metamorphosis due to increased conveediwiency and storage capacity of the
feed (Kjarsvik 2004). It is suggested that the sptar between the midgut and hindgut has a
stomach like function and releases controlled arteofhfood for final digestion in the
hindgut (Rgnnestagt al., 2003). However, there is a rapid passage of tteedigh the
digestive system of marine fish larvae comparealdt fish (see review by Gonosti.

al.1986). The evacuation time is affected by ingestaie (Laurence 1977; Canino and
Bailey, 1995) and continuously feeding larvae hange rapid evacuation than portion fed
larvae (Canino and Bailey 1995). An evacuation tohmore than 50 % of ingested protein
within 4 h after feeding a single meal to Atlartti@libut has been reported (Tonheshal .,
2005).The rapid evacuation time emphasizes thertapoe of strict demands of the

nutritional availability and quality of the ingedtéeed.

Altrical species can as juveniles and adults eitfgestrictly herbivore or carnivore, with great

diversity in anatomy and physiology of the digestsystem. However, independent of the

adoption of the digestive system for adult fish stradtrical species are strictly carnivore and
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feed on zooplankton with similar nutritional quwlitt is therefore suggested that they have
similar nutritional requirements until metamorplsoand a fully developed digestive system is
accomplished. In comparison to precocial speciasrttay be fed compound diets from first-
feeding, most altrical species are dependent enféied such as zooplankton, rotifers or
Artemia for a shorter or longer period to get good groarhd survival (see review by

Kolkovski, 2001). The period that the use of lieed is necessary is highly species dependent
and correlates with time for maturation of the digee system (Hoehne-Reitahal., 2001,

Yuferaet al., 2004).

1.3 Replacement of live feed with compound diets

Copepods are the main natural food for marineléislae and have shown to give increased
growth, survival and a reduction in malformationsnpared to the use of rotifef8r@chionus
sp) (Toledoet al., 1999; Rajkumar and Vasagam 2006) Anemia (Naes<et al., 1995;
McEvoy et al., 1998; Naess and Lie, 1998; Shiedtlal., 1999). However, copepods may not
be cultured in large quantities. They have to lheréd from fertilized lagoons in order to be
harvested in sufficient amounts, and the produdsatrictly season dependent. Harvesting of
copepods is therefore not optional for hatchehes have a year-round production and
rotifers andArtemia are therefore used by most hatcheries. Rotifedtsdaiemia are deficient

in several essential nutrients compared to theraldfiood for marine fish larvae (Van der
Meeren 2003) (table 1), which is suggested to bed¢hson for reduced larval performance.
However, it is to some extent possible to changafve the nutritional content by
feeding/enriching the live feed with nutrients fouo be deficient (Rainuzz al., 1994;
Merchieet al., 1995a; Harett al., 1999; Dhertt al., 2001; Monroiget al., 2003; Moreret

al., 2006b). An extensive amount of work has beerettallen to develop enrichment

protocols to change/improve the nutritional contfmotifers andArtemia (Watanabet al.,
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1983; Nicholst al., 1989; Rainuzzet al., 1989; Olsert al., 1993). This has led to
improved larval performance for most investigatpelcses (Olivottcet al., 2006; Parlet al.,

2006).

Table 1: Concentration of selected nutrients ifedint live feed (Van der Meeren, 2003)

Polar lipids EPA+DHA FAA Taurine Astaxanthine

% oftotlipid  Gkdg (dw) gkg' (dw) g kg* (dw) ug ¢ (dw)
Copepods 57.1 51.8 56.1 10.5 627
Rotifers 39.8 19.4 16.6 0.4 24
Artemia 1 15.4 18.4 33.7 8.2 ND
Artemia 2 17.4 29.2 27.5 7.3 ND

The rotifers (Brachionus plicatilis) were enrichgith Rotimac and Isochrysis sp.
Artemia 1 was enriched with DHA-Selco for 1 day.
Artemia 2 was 3 days old and enriched with DHA-8&ind Algamac 2000.

However, the use of live feed for nutritional seglhas major drawbacks due to limited
possibilities in delivering different and contrdila concentration of nutrients. Although it is
possible to increase and to some degree contraiaieentration of essential fatty acids in
both Artemia (Takeuchiet al., 1992; McEvoet al., 1996; Evjemo and Olsen 1997; Narogso
al., 1999; Sorgeloost al., 2001) and rotifers (Dheet al., 2001; Castekt al., 2003), there

are severe problems with rapid lipid metabolism, &nereby, an uncontrollable change in the
nutrients investigated (Olsahal., 1993; Eviemat al., 1997). Although live feed has a
significant higher concentration of polar lipidathreported used in most compound diets, it
has to be stressed thaatemia (17.8 % of tot lipid) and rotifers (39.8 % of tipid) have
significantly lower levels of polar lipids than agpods (57.1 % of tot lipid) (Meeren, 2003).
Attempts to enriclArtemia with PL and thereby change the lipid class comtipos
significantly have not been successful (Rainugza., 1994; Harekt al., 1999). Except for
vitamin C (Merchieet al., 1995ab, 1996ab, 1997ab), the enrichmetrtdmia and rotifers

with water-soluble micronutrients or its fat sokelolerivate is not thoroughly investigated.
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The enrichment is commonly achieved by either diaelclition of micronutrients to the
culture water or by adding the soluble nutrientBg emulsions fed to live feecultures.

The current enrichment methods may not be optimaltd low uptake efficiencies and a
large amount of micronutrients is therefore reqiifidamre, unpublished results). However,
for scientific purposes the enrichment by addibselenium to the water has increased the
content 4 fold in rotifers (Mollan and Hamre, unpsiibed). The crude protein amino acid
(AA) profile of rotifers (Srivastavat al., 2006) andArtemia (Aragaoet al., 2004Db) is difficult
to modify, but the concentration of free amino aqBAA) and the AA profile of the FAA is
significantly affected by enrichment media (Araghal., 2004b). The FAA concentration of
rotifers constitute for less than 6 % of the crpdatein content (Aragaet al., 2004a;
Srivastavat al., 2006) and a change in the FAA profile would mi&ly not affect the

crude AA profile. It is also questionable if chasge both FAA concentration and AA profile

can be controlled to such an extent that dose nsgpstudies can be accomplished.

The replacement of live feed with formulated fepder to onset of gastric development has
been thoroughly investigated during the last 30s/ésee review by Teshinghal., 2000;
Langdon, 2003), but most fish larvae still neee liged for the first period. However, there
has been an increased success in early weanimnghdafvae (Cahet al., 1998; Baskerville-
Bridges and Kling 2000a; 2000b; Hoehne-Re#bal., 2001; Cahwet al., 2003; Cahwet al .,
2004). Especially sea bass was fed solely on aulated diet with specific growth rate and
survival rates of 7-11% and 35-70 (%), respectiy€lghuet al., 1998; 2003; 2004).
Although solely feeding of compound diets from staeding leads to reduced larval
performance, co-feeding from an early stage mayongthe larvae nutrition with increased
growth and survival compared to feeding either typfeed (Champigneulle 1988; Walfoed

al., 1991b; Salhet al., 1994; Qinet al., 1997). As suggested by Pedersen and Hjelmeland
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(1988) and Le Ruyett al. (1993) this could be due to the additional enzyfnem the live
feed or more likely due to the additional supplcnide energy and essential nutrients not
delivered in sufficient concentration with rotifexsdArtemi However, the most important
benefit of co-feeding is the improved weaning sasa@nd shortening of the weaning period

(se review by Rosenlurd al., 1997).

Commercially, the choice between formulated feeduglive feed is related to financial
factors such as growth rate, survival, and raeddrmities. For scientific purposes, in
addition to good growth and survival, it is impart# have a good control over the
nutritional composition of the feed and have thparfunity to manipulate the composition in
a controlled manner, so that proper dose respdades may be carried out. It is difficult to
use live feed for dose response studies and fotauitiiets are therefore required. To
accomplish proper dose response studies it is gsistenhave compound diets that deliver
controllable concentration and quality of the rents we want to investigate. To increase the
nutritional knowledge of marine fish larvae at gatiages it is of great importance to
establish procedures to estimate fish larvae rements for different nutrients. It therefore
have to be an increased open source knowledgedtbamproblems involved in the

production and usage of formulated feed for natnil studies of marine fish larvae.

1.4 Effect of formulated feeds on the performance of nrine fish larvae

Stomachless fish larvae fed formulated diets happressed growth and survival compared
to larvae fed live feed (Cahu and Zambonino Infa@®1; Kolkovski, 2001). It is important
to emphasis that although they lack a functiomahstch (Govonet al., 1986; Pittmart al.,
1990; Segneet al., 1994), have a low digestive enzyme activity (€lnet al., 1987; Kvaleet

al, 2007a) and a low ability to digest complex prot@ionheimet al., 2004), marine fish
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larvae have the potential for a very rapid grovete (Houde, 1989; Kamlet al., 1992;
Conceicat al., 1997; Otterlegt al., 1999). Growth rates exceeding 25 % thgve been
reported for codGadus morhua) (Otterleiet al., 1999) and indicates an efficient utilization of
the nutrients in live prey. This early and rapidwth is mainly protein deposition (Houlihan

et al., 1995) and both high quality and quantity dietamgtein is therefore required.

In addition to a high protein deposition, a higbgrtion of the energy needed for metabolic
energy is derived from AA; 60 % of the energy metated by Atlantic halibut during the
first month of exogenous feeding came from AA (Restad and Naas, 1993). Tube feeding
of larval Atlantic Halibut Hippoglossus hippoglossus) showed that there was a higher
absorption efficiency of hydrolyzed protein compmhte intact soluble protein (Tonheieh

al., 2005). Marine fish larvae have an increased lwépato digest complex protein towards
the end of metamorphosis when the digestive tsactare differentiated. This seems to
coincide with the increased acceptance of compaligtd which usually contain complex
insoluble protein. Although the developmental stagiethe digestive system occurs in the
same order (Kjgrsvikt al., 2004), there can be large differences in timdeselopment

between species.

It is suggested that the high concentration of wstéuble N 54 + 2 %, 56.9 + 0.8 % and 54 +
0.4 % of total N inArtemia, Rotifers and copepods respectively (Carvadha., 2003;
Srivastavaet al., 2006; Tonheinet al., 2007) with high concentration of low molecular
weight N (Carvalhat al., 2003; Tonheinet al., 2007), may explain the high growth and
survival of larvae fed live feed compared to foratatl feed, which usually have much lower
concentrations of soluble N. Carvaldal., (2003) showed that nearly 90 % of the soluble N

in rotifers andArtemia was less than 500 D in size. To mimic the N pddive feed and
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obtain improved growth and survival, FAA or hydodg protein has been added to formulate
feeds for early stage larvae (Carvathal., 1997; Cahwt al., 1999; Kvaleet al., 2002;
Carvalhoet al., 2004). Although the results are varying andaautsistent, inclusion of small
concentrations of hydrolyzed protein in the dietgally improves survival and growth
(Zambonino Infantet al., 1997; Cahwt al., 1999; Carvalhet al., 2004), but inclusion of
higher concentrations have led to negative perdoica of several speciégpérusaurata L.,
(Kolkovski and Tandler 20008 yprinus carpio, (Carvalhoet al., 1997; Carvalhet al.,
2004);Dicentrarchus labrax, (Cahuet al., 1999);Hippoglossus hippoglossus (Kvaleet al.,
2002, 2007b)). However, it is a contradiction ttwaimulated diets with high levels of
hydrolysed protein, which actually is lower thae tavels of low molecular weight
nitrogenous compounds found in live feed, may keadecreased larval performance.
Supplementation of 40 % pepsin hydrolysed proteia heat coagulated diet improved
survival rates in cod@adus morhua), compared to lower levels of supplementation (e
al., 2007b). In contradiction, Atlantic Halibudippogl ossus hippoglossus) fed the same diets
had a decline in survival rate with increase ingementation of hydrolyzed protein (Kvale
et al., 2002, 2007b). It is suggested that this difieeein survival is due to halibut’'s slow
feeding behavior (Stoss al., 2004), and therefore increased loss of soluiiegenous
compounds proportional to the inclusion level ofifofyzed protein. As shown for marine
fish larvae, the larvae of common carp have anawgx survival with increased
concentration of soluble and hydrolyzed proteithm diet (Carvalhet al., 2004). However
two weeks after start of exogenous feeding there weabeneficial effect, indicating an
improved pancreatic protein digestion capacitytass for marine species (Tonheetnal .,

2004 2005).
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There is little available knowledge concerning @lvailability of the lipid delivered through
compound diets compared to live feed. Except fobj@ms regarding per-oxidation (Lopez
Alborset al., 1995; Tocheet al., 2002, 2003; Fontagretal., 2006), no quality changes
during the production process or storage has bemorted for compound diets for marine fish
larvae. Loss of lipid during feeding has not besgported and is presumed to not be a
problem. However, change in lipid quality duringg@uction of compound diets and changes
in digestibility dependent on lipid source needsher investigation. As discussed by Eviemo
et al. (1997) and reviewed by Coutteetal., (1997) phospholipids (PL) have beneficial
affect on several species of marine fish larvaga3ecithin is widely used in formulated
diets in small amounts and has shown to give gesdlts for several species of marine fish
larvae (Kanazawset al., 1983ab) However, if the PL content is considdcele of the similar
amount as found in copepods, the fatty acid prafilthe PL has to be considered. Turbot
larvae fed with high concentration of Soya PL haugaificant lower growth rate than the
marine phospholipids (MP) fed larvae and appearvdthve swollen enterocytes (Leifsein

al., 2003b). No reports have been found on probleghigating formulated diets with high
concentration of PL. Due to the difficulties withodifying the PL content oArtemia and
rotifers, the use of formulated feed is theref@guired to further investigate effect of

increasing the PL concentration.

Little is known about the recommended concentratmirmicronutrients for the different
species at the larval stage. The lack of knowlesig®th due to the focus on lipid and protein
nutrition and the technical difficulties in enrickent of live feed with water soluble nutrients.
As for FAA and peptides, an extensively leachinglbfvater soluble micronutrients would
probably occur in a short period of time (Marchetthl., 1999; Langdon 2003; Yufeghal.,

2003), but the loss of micronutrients from differé@rmulated diets has not been investigated
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thoroughly. Since all vitamins are per definitissential, deficiency in only one of the
vitamins may have severe effects. A major diffeesbetween micronutrients and
macronutrients are the low concentrations needeadll lbe difficult to compensate for a 60
% loss of nitrogenous compounds during feedinglenticronutrients may be compensated

for by including a larger concentration in the diet

Marine fish larvae have the ability to digest cdnpdrates from an early stage (Kjgrsetlal .,
2004), but there are indications that the enzyntigigcmay be most evident the first days of
start-feeding when the larvae ingest micro algger@¢ik et al., 2004). However, the low
concentration of glycogen in copepods (0.5 % dwgn(irket al., 2002) suggests that the need
for carbohydrate is very low. This is confirmed (bjertnes, 1991; Hamret al., 2003)

showing a decreased growth rate in halibut lanswegu7.5 % extruded wheat (Hanateal .,
2003). Carbohydrates are used as binders in sdeenalilated diets and should therefore be

considered.

Although dependent on parameters such as sizeyéexaste and binder (Caral., 1996;
Kolkovski et al., 1997a; Guthriet al., 2000), most investigated fish larvae ingest idated
diets from first feeding (Guthriet al., 2000; Clack, 2006; Seiliez al., 2006). Without co-
feeding of live feed, the larvae will show depresgeowth or death. Juvenile flounder
(Paralichthys Olivaceus) (Seikaiet al., 1997), Larval red sea bream (Teshehal., 2000),

blue spotted gobyAsterropteryx semipunctata) (Clack, 2006) have been reported to eat more
formulated feed (dw) than live feed and still havwsuppressed growth compared to fish fed
live feed. Red sea bream larvae at day 25 havershiake of a micro bound diet (MBD) to
be 10-20 times higher on a dry weight basis contptreotifers and 6 - 8 times compared to

Artemia at day 34 (Teshimet al., 2000). Dependent on the water content, formdléted
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can withhold up to 25 times the gross energy cdrdera wet weight (ww) basis compared to
live feed (Rosenlunet al., 1997). Considering the high energy content aedé¢ports on

high ingestion rates, it is unlikely that the degsied growth and survival of larvae fed
formulated diets, compared to larvae fed live fegdlue to lack of crude energy in the diet.

Rather, the difference is probably a question d¢fieat quality and availability.

1.5 Technical properties of the feed particles

There are great technological challenges produziftgmulated diet particle of high
nutritional quality small enough to be eaten b fasrvae with a length as short as 2 mm. It
might be technical rather than nutritional challesthat are the main limiting factor for an
early introduction of compound diets in large sqaieduction systems (Rosenluedal .,

1997).

1.5.1 Particlesize

An important factor for understanding the probleshproducing micro diets is related to the
ratio between surface area and size of the paffiable 2). The smaller the particle the larger
the ratio of surface compared to the weight ofgaeicle (Table 2). For instance halving the
diameter of a particle a larva has to eat eighe¢sims many particles to get the same amount
of nutrients. This indicates the importance of ating the particle size to the size of the larva.
A common problem for several types of micro-distthie large distribution in size of the
particles. Depending on the technology used, ttablpm seams to increase with decreased
particle size. It may be difficult to control suwal and growth if considerable amount of the
particles are unavailable for the larvae or thelfiean a size range to small for the larvae to

ingest sufficient amounts of feed. There is différn@rminology to describe particle size and
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the variation of particle size. Generally, partisiee distribution is reported as “number %" or
“volume %”. “Number %” is the relative number ofrpeles of each size fraction and the
“volume %" is the distribution of volume of partéd within each size range (Lobeira, 2002).
These two ways to describe size distribution wiko give a completely different picture
(Figure 1). In feeding trials the most common wayéscribe particle size distribution is to
either give the mean patrticle size + standard diewiar give the size range of the sieve used

for the different fractions.

Table 2: Relationship between particle size, plartic

. . . _l* -
volume and particle surface. The table is a summary ~ Farticle size  Particles'g Surface area’y

of table by (Vilstrup 2001) (Page 87) (um) (mn? g’
70 5568 103 85714
90 2619834 66667
120 1105243 50000
160 466274 37500
250 122231 24
500 15279 12

* Particle density is assumed to be 1 gfcm

Volume (%)

2550 50-75 75- 100- 125- 150- 175 200- 225 250- 215 300- 3%
0 15 150 175 200 25 250 25 0 35 B0 25-50 50-75 75- 100- 125- 150- 175 200- 225- 250- 275- 300- 325
100 125 150 175 200 225 250 275 300 325 350

Particle size Particle size

Figure 1: Distribution of particle size of protaiross-linked capsules measured as numbers of lpar(mumber
%) and as volume (volume %) of feed in each sitegmy, respectively. The mean size of the feedtbat
evaluated was 116 + 66 pm (number %).

Rehydration of formulated feed can lead to a sigaiit increase in particle size (Yufesta
al., 2005) and should be considered when choosirgfisiztion. The increase in particle size

by rehydration is both dependent on binder, fegdedients, particle size and if the feed is
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dispersed in fresh or saltwater (Heelan and Canrig#7; 1998; Shat al., 2001; Zhangt

al., 2004). A freeze dried alginate bound diet (Fedea-Diazet al., 2004, Yufera and
Fernandez-Diaz 2005) had an increase in diameder 15 % - 100 % dependent on particle
size (Yufera, 2005) with the largest increase e $or particles smaller than 200 pum. It is
therefore important to know the swelling propertéshe diet so the proper particle size can

be chosen.

1.5.2 Particle size of feed ingredients

Not only the nutritional quality, but also the pele size of the feed ingredients is of
importance when producing larval feed. To obtaireaen distribution of all non-soluble
nutrients in each individual feed particle, theadtiples must be several times smaller than
the diet actually produced. Micronutrients are rekith very small quantities and some may
be toxic in larger concentrations. An even disttidyu of micronutrients in most larval diets
may be accomplished by dissolving the micronutdaenteither water or fish oil, dependent
on solubility, and mix this solution thoroughly anthe feed mixture. On the other hand,
particle size of the micronutrients has to be abergd carefully for lipid spray beads (LSB)

that do not contain water (Onal and Langdon 2004ab)

1.5.3 Snkingrate

Several of the marine aquaculture species aréstitfiat spend most of their time after

metamorphosis on the bottom (halibut, turbot, solé Japanese flounder). However, pre-
metamorphosis all marine fish larvae are in theewablumn and are slow swimmers. This
means that all diets used at this stage should &#&we sinking rate and a good distribution

throughout the tank for the larvae to be able mwe the feed. Due to the high surface
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tension of water, some particles will not penetthtewater surface, but stay on top of the
water column and thus be unavailable for the laaracause environmental problems in the
tank (Rgnnestad and Hamre 2001; Leifebal., 2003a). To avoid this problem, some
hatcheries are pre-hydrating the feed in waterredfeding it to the larvae. A particle’s
sinking rate is dependent on size, structure anditye(Vilstrup, 2001), and chemical
interactions between the water and the surfackeoparticle may influence particles of small
size. A patrticle that is sinking too fast will less catchable for the larvae, and thus excessive
feeding is needed to increase feed availabilityweler, feed with neutral buoyancy may stay
too long in the water and loose a large fractiothefwater-soluble nutrients. In both cases
this may lead to environmental implications and owercial feed producers therefore

recommend increased water flow when formulated feeded instead of live feed.

1.5.4 Feeding response

Most marine fish larvae have undeveloped eyesdt feieding (Blaxter and Staines, 1970)
and may therefore not be able to adapt to ligletisity and quality outside the larvae’s
optimal range. It is suggested that this is oniefreasons that feeding incident and thereby
survival of fish larvae may be highly effected ght intensity (Downing and Litvak, 2001),
light quality (Downing and Litvak, 2001), tank caolo(Downing and Litvak, 1999; Clack,
2006) and feed colour (Ostrowski, 1989; Denson@&mith, 1996). In individual feeding
studies all the mentioned parameters have showawue significant affects on the amount of
feed ingested and larval performance, but one @btsetting for the different parameters has
not been found. The use of black or dark tanksrasveral studies shown improved growth
compared to white tanks. It is suggested thatishi®cause a black tank will have less light
reflection than a white tank and will thereforegia better contrast and increase the

possibility for the larvae to target the feed. N¢heless, larval haddockigangogrammus
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aegelfinus) had increased growth in white tanks comparedaokitanks at low light intensity
(Downing and Litvak, 1999). It is suggested thatréhis cumulative effect between
background colours and light intensity and thabdaeckground has its own optimum light

intensity level (Clack, 2006).

The colour of the feed particle has been showriféztethe feeding efficiency (Dendrines

al., 1984; Clack, 2006). Sol&dlea solea) fed both naturairtemia and black stainedrtemia
had approximately 4 times higher ingestion ratblatk stained\rtemia compared to the
natural coloured\rtemia. (Dendrinost al., 1984). Clack (2006) found an interaction between
tank colour and colour of the feed particle on fegdncident. Blue spotted goby larvae
(Asterropteryx semipunctata) fed white particles (zein particles) in a tankhblack

background had a 36 % feeding incident while lafegieblack particles in tanks with a white

background had a 6 % feeding incident (Clack, 2006)

Taste also has a significant effect on feedingratifish larvae and FAA, among other
compounds, function as feed attractants (Kolkoeskl., 1997ab). According to Kolkovskt

al. (1997a) the FAA: glycine, alanine, arginine and &ammonium base betaine (Knutsen,
1992; Kolkovskiet al., 1997a) have stronger stimulatory effects orfeéleeing incident of sea
bream compared to other FAA. Krill hydrolysate igand attractant for several species
(Kolkovski et al., 2000) and a commercial diet coated with krillfglysate increased the
ingestion rate in Yellow perclirérca flavescens) with 24 %. The pospholipid
phospatidylcholine (PC) also stimulated the feediatyvity at an early larval stage of gilthead
sea bream, however this effect lasted only thée Zissdays (Kovert al., 1998). It is

suggested by Kovest al. (1998) that the choline trimethyl group of the &gs as the

attractant. This group is also found in the fidhaatant betaine (Mackie and Mitchell, 1985).

27



1.6 The different formulated diets

Several different formulation concepts have be&rstigated as potential for fish larval diets.
These can mainly be put into two categories; micuolnl particles and microencapsulated
particles. Different types of microbound diets aidely used for marine fish larvae (see
review by Langdon, 2003). These particles congiatumiform matrix throughout each
particle without a distinct surrounding wall (Largd2003; Onal and Langdon 2005a). The
matrix is bound by either carbohydrate or proteidbrs (gelatine, zein, alginate,
carboxymehtyl-cellulose, soluble fish protein, okdn, carrageenan etc.; (Le Ruyet et al.,
1993; Lopez-Alvarado et al., 1994; Baskerville-Bjed and Kling, 2000a; Guthrie et al.,
2000; Onal and Langdon, 2000; Garcia-Ortega eR@01; Hamre et al., 2001; Yufera et al.,
2002; Hagay, 2005; Onal and Langdon, 2005a). Thieskers create a non- or low soluble
matrix in the feed particle which holds the nuttgewithin the particle. The different binders
need different treatments (heating, cooling, drymrgchemical cross-linking) to produce the
binding matrix. Agar, carragenan and alginate atggaccharides obtained from algae. Diets
made with agar and carragenan need to be heate@t®5 °C due to a high melting point
and gelling when the feed solution is cooled do@n.the other hand, alginate bound
particles can be produced at low temperatures ingevith calcium chloride or other di or
trivalent ions. Chitosan is derived from chitip@lysaccharide and the structural part of
exoskeleton of crustaceans. Chitosan is soluléeintic solutions and is cross-linked in

alkaline solutions.

The binder used also affects the properties op#récles (Le Ruyett al., 1993; Lopez-
Alvaradoet al., 1994; Guthriest al., 2000). Weak binders might give to particles trat
highly digestible. On the other hand they may gafigintegrate in the water, making them

less available for ingestion by the fish larvaendgrs that are favourable with regard to
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minimising particle disintegration and nutrientdeang may be unfavourable with regard to
digestibility in the fish larvae (Le Ruyetal., 1993; Guthriet al., 2000). The concentration
of binder might also affect the digestibility arftbsild be considered. Different fish species
may respond differently to various binders (Pageidind Southgate, 1999) and should be
considered. For instance Halibut larvae have attd@rance for carbohydrates in the diet
(Hjertnes, 1991; Hamret al., 2003), indicating that formulated diets contagha high level
of digestible carbohydrates as a binding matehau&l be considered carefully. Generally,

microbound feeds may be produced on a large stadatively low production costs.

The binder used may affect feeding incidence: Gaitiral., (2000) found that Walley
(Stizosedion Vitreum) had similar feeding incident at first feedingatginate-bound particles
(68 £ 2 %), agglomerated particles (TIC Gums) (65%), zein-bound particles (69 + 7 %),
microextruded/maurmurmuriced particles (TIC Gun79) £ 8 %) andArtemia (71 + 6 %),
while MBD diets bound with carboxymethylcellulog¥ (+ 0.07%), starch (21 £ 10 %) and
Carragennan (20 + 0.8 %) had less than one thitdeofeeding incident at start feeding.
Interestingly the Walley larvae that initiated sfaeding did not have a significant difference
in the concentration of feed ingested, suggeshaglarvae that initiate feeding consume
similar amounts of feed independent on the bindedyGuthriest al., 2000). MBD have
shown differentn vitro protein digestibility dependent on the binder &=Ortega et al.,
2000a). Though it is not known to what degree tifferént binders are digested or if the
digestive enzymes penetrate the feed particleslgadts the different nutrients within the

ingested particles.

The different diets can be produced by using ayspoazle (Onal and Langdon, 2005ab),

agglomerating technology (Guthrie et al., 2000)uksmon technology (Jones et al., 1974,
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Langdon, 1989; Yufera et al., 1999,2005) or by lsing and sieving particles to wanted size
(Guthrie et al., 2000; Hamre et al., 2001). Crugland sieving is the most common method
in nutritional studies conducted on altrical fisiMae. The use of spraying to produce MBD
particles is beneficial for production of partickeghin the smallest size range, but not for
larger particles. As a consequence, it may becditfito accomplish a complete feeding trial
from start feeding through metamorphosis withowtrde in feed type. Depending on the
spraying system and set up used, the particlesipeatdmay be within such a narrow size
range that sieving is unnecessary. The particke @iz range is dependent on type of nozzle,
spraying pressure and viscosity of the feed satugjarayed. It may therefore be difficult to

reproduce a batch of feed with the same partizie. si

While microbound patrticles have a uniform matrisotigh the whole particles,
microencapsulated particles have an insoluble mangbsurrounding a core matrix (Figure
2). The concept of microencapsulation is often usaeéduce or control leaching of soluble
components from the core matrix, a strategy thatden proven effective, dependent on the
encapsulation technique used (Lopez-Alvaretda., 1994). Chitin/alginate, lipid and protein
encapsulated particles can be produced by sprawrigles into a bath or through a vapour
that contains a cross-linking agent or by usinglsifying technology (L6pez-Alvaradet al.,

1994; Ozkizilcik and Chu 1996; Onal and Langdon®0Qiferaet al., 2000; Haggay 2005).

B

Figure 2: Different types of microcapsules thatmaale for marine fish larvae. A) Microcapsule coritey a
single membrane (Protein walled particles: Jat@s., 1974; Langdon, 1989; Yufeshal., 1999) B)
Microcapsules containing a double membrane (Praoteifed particles coated with lipid; Lopez-Alvaradal.,
1994) C) Multi- core microcapsule (Protein wallegpsules containing LSB; Ozkizilcik and Chu, 1996) D
Coated microcapsules (microbound diets coated lipitthy Lopez-Alvaradeet al., 1994) E) Matrix particle (lipid
particles; Buchal and Langdon, 1998, Onal and Lang8004ab)
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One of the best described encapsulated diets oséalval feeding is a protein encapsulated
diet that is made with an emulsifying technologyn@set al., 1974; Jones 1980; Hayworth
1983; Langdon 1989; Lépez-Alvaradbal., 1994; Ozkizilcik and Chu 1996; Onal and
Langdon 2000; Yuferat al., 2000; Hagay 2005). An aqueous dietary solutoemulsified
with an organic solvent. The small emulsified aqugedroplets containing the dietary
nutrients and the wall forming protein are exposed chemical cross-linking agent. The
chemical cross-linker polymerises the water solptgeins at the interface between water
and the organic solvent phase, resulting in astedgbsule of cross-linked protein that
envelopes each particle. Although there have beamiping results with the use of the
protein encapsulated diet for feeding marine fesfade, most of the feeding trials are
preliminary and few feeding studies have invesédajrowth and survival over a longer time
period. Sea baskdtes calcarifer) larvae fed the protein encapsulated diet frost fieeding
were all dead at day 10, and larvae fed microcasdolgether with rotifers for 5 days and
than microcapsules alone for 1 week had a meanvsiirate of 2.4% (Walforeét al., 1991a).
Fernandez-Diaz and Yufera (1995) discovered thaligpersing the protein cross linked
particles in a gelatin solution, the digestibildfthe particles increased. The use of this diet
gave good growth and survival for sea bre§palus aurata L) larvae after only feeding
rotifers for the first 4 days (Yufer al., 2000). The technique is well suited for smadllec

laboratory preparation and no expensive equipnsemecessary.

Production of capsules with chitin, alginate ortbistrelatively easy and cheap and is well
documented in the medical literature. However, nobshe alginate bound particles are not
truly microencapsulated diets with a protective roeme of alginate, but microbound diets
with a porous gel (Yufera and Fernandez-Diaz, 2085%yell studied particle consists of a

microbound alginate bead coated with a thin mensddrchitin. The particles may be
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produced by spraying an aqueous dietary solutiomagwng alginate into a solution of
chitosan and calcium chloride (Gaserod et al., 1@@&erod et al., 1999; Yufera et al., 2000;
Vandenberg and De La Noue 2001; Vandenberg €2G@01). There are reports on the use of
chitin capsules as a formulated diet for marink ksvae (Hgggy 2005), and it is not yet
known to what degree fish larvae are able to ditfesthitin. Production processes and
leaching properties of chitin/alginate capsulesvest described for medical purposes (Chen
et al., 1996; Huguet and Dellacherie 1996; Hugaet., 1996; Bartkowiak and Hunkeler
1999; Shuet al., 2001; Vandenberg and De La Noue 2001; Vanderdtelg 2001; Cheret

al., 2002; Shu and Zhu 2002), but are not investiytiteroughly for use in larval rearing.

Lipid based particles can not be used as a comgietelue to a high lipid: core ratio and
clumping during feeding due to the hydrophobic hitreof the particles (Onal and Langdon,
2005). Nevertheless, they have interesting praogefar larval rearing purposes. In lipid
based particles, water soluble nutrients are entaigsl within a lipid matrix, and the
technologies used are based on the lipids abiligotidify at low temperature, either in a
cooled water bath for lipid walled capsules (LW®@pkz-Alvaradcet al., 1994) or in cooled
air for lipid spray beads (LSB) Buchal and Langdt®98). LSB can deliver a higher payload
than LWC (Buchal and Langdon 1998). Studies hawsvalthat up to 21 % glycine can be
incorporated within a LSB (Onal and Langdon 2004#)ile only a 6 % FAA payload has
been achieved with LWC (Lépez-Alvaraeial., 1994). The lower incorporation efficiency
of LWC is presumably due to loss of FAA due to l@ag in the water bath. To obtain a
satisfactory low leaching, the amount of saturdétty acids (FA) with a high melting point is
important (LOpez-Alvaradet al., 1994; Buchal and Langdon 1998). The problemhiatto
be solved is to make stable capsules with lipids &éine digestible and have a satisfactory

nutritional value. Japanese flounder younger tHad&/s did not manage to digest tripalmitin
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lipid walled capsules (Lopez-Alvaragbal., 1994). A similar type of capsule was broken
down at an earlier stage when oils with a lowertmglpoint were used, resulting in increased
leaching of the entrapped water soluble componkatilé 3; Lopez-Alvaradet al., 1994;
Buchal and Langdon, 1998). LSB containing menhadearine was broken down by a 3 days
old clown fish (Onal and Langdon, 2004b). Menhaskerine has an acceptable technical
guality and a higher content of n-3 fatty acidsithpids that have been used previously for
production of lipid based particles (Onal and Lamy@004b), and would be an interesting

candidate for further investigations.

1.7 Quality changes during manufacturing of larval dies

During the production of formulated diets there rbaya severe loss of nutrients and change
in the nutritional quality due to heating, chemicaéractions or exposure to leaching
(Gabaudan 1980; Garcia-Ortegial., 2000b; Yuferat al., 2002; Yuferaet al., 2003; Onal

and Langdon 2005b). Diets produced using a spragle®o form beads in a aqueous
solution, such as the chitosan and alginate boaniicjes, may have significant loss of
nutrients during the stay in the chemical solutdure to exposure to leaching (Huguet and
Dellacherie 1996; Vandenberg and De La Noue 20@hd€nberg et al., 2001). Nonetheless,
this may be solved by saturating the aqueous d¢iadsgsg and washing solution with the
soluble compounds which are encapsulated (Ostlmergsaaffner, 1992). This is described in
the medical literature for the encapsulation of lfg@ncentrations of one active compound
(Ostberget al., 1992, 1994). On the other hand, larval feedaiord complex blend of soluble
compounds which might give both technical and faianchallenges. Diets produced with
either heating or cross-linking of proteins wilMeaa significant decrease in water soluble
protein due to denaturation and/or polymerisatBoyget al., 1997; Garcia-Orteget al.,

2000b), and this may oppose with larval prefereriCasvalhoet al., 2004). The use of
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chitosan and/or alginate binding is a “mild” proaeslthat allows the protein within the feed
particle to maintain native properties (Leonetrdl., 2004). In addition, this method is well
suited to encapsulate and deliver live cells (Sogeret al., 2002, 2004), bioactive
ingredients (Pollet al., 1994) or fish vaccines (Potkal., 1994). On the other hand, there is
often high protein diffusion both during productipiheatleyet al., 1991; Rillinget al.,

1997; Vandenberg and De La Noue 2001; Vandendiag, 2001) and feeding (L6pez-
Alvaradoet al., 1994). Change in lipid quality of larval dietasnot been thoroughly
investigated, but oxidation during the productioagess might be a severe problem for
several of the diets and should therefore be imyetstd. Fish larvae may be more sensitive to
oxidised lipids than juvenile or adult fish (Fontaget al., 2006) and diets containing oxidised
lipids had a severe affect on survival and defaewiof sturgeon larvae (Fontageieal.,

2006). If a high proportion of oxidized lipid isggent during the production process, this
might affect the protein digestibility due to corapés made between the protein and the
oxidized fatty acids (Murragt al., 1977; Ufodike and Matty 1983; Sullivan and Rel§95;
Chonget al., 2002). As the nutritional value of the feed iedjents may change severely
during production, the production method and itpaet on the ingredients that are being used
must be considered carefully in order to obtainvaated nutritional composition of the final

diet.

1.8 Nutrient leaching from formulated larval diets

Loss of water soluble compounds are severe in dlallbdescribed formulated diets for
marine fish larvae (Lépez-Alvaragbal., 1994; Hamre 2006; Kvakt al., 2006) and > 90%
loss of FAA in less than 2 min has been observedlelr3; Lopez-Alvaradet al., 1994). The
high leaching rate from most micro feeds is a tesulapid hydration and short diffusion

distance within the small particles. In the protentapsulated diets, there is a significant

34



higher leaching rate of FAA from the diets produeedording to the method of Langdon
(1989) and Ozkizilcik and Chu (1996) (50 - 60 %2imin; Ozkizilcik and Chu 1996; Lépez-
Alvaradoet al., 1994) compared to the method of Ferndndez-Diaaifera (1995) (8 % in

5 min; Yuferaet al., 2002). Although LWC and LSB can deliver sigrafit amounts of FAA,
small peptides and micronutrients in a controlleahner (Table 3; Onal and Langdon, 2004a;
b; 2005), these particles are not capable of défigea complete diet. In addition the high
melting point of the lipids needed to efficientlsepent leaching. Which may oppose with the
nutritional requirements of fish larvae (Buchal drmshgdon, 1998, Lépez-Alvaradbal .,

1994).

Table 3: Loss of FAA after exposure to leachingZanin from selected formulated
diets for marine fish larvae (Lopez-Alvaradaal., 1994).

Particle type Leaching (%)
Microbound carragenan 85+7
Microbound alginate 81+2
Microbound zein 91+2
Protein encapsulated 50+1
Protein encapsulated and lipid coated 39+2
Lipid walled (tripalmitin + triolein) 47 +9

Lipid walled (tripalmitin) 4+2

To our knowledge, there is no available formulated that can deliver controlled amounts of
low molecular weight nitrogenous compounds and omatrients in a single digestible diet
with the appropriate proportions of macro and mattaents. In addition to a reduced
nutritional quality, leaching may affect the waderality by increased bacterial growth
(Regnnestad and Hamre 2001) and high ammonia |éBatskerville-Bridges and Kling,

2000c) and thereby reduced survival and loss oéttep(Rosenlundt al., 1997). An

important aspect when performing nutritional stadgethe masking effect of the water

quality on larval performance (Rosenlugidl., 1997)
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Leaching of protein increases with decreasing mudecize of the amino acid source
(protein < hydrolysed protein < serine; Kvatal., 2006). Though, in some diets the leaching
of hydrolysed protein appears to at the same ev&AA. In two microbound diets, a heat
coagulated and an agglomerated diet (Hoestmark; *&@#reet al., 2001), up to 54% and
98% of the hydrolysed protein, respectively, was foom the diet particles within 5 min
immersion in water (Kvalet al., 2006). The leaching potential from the smalbfearticles
(<1mm) seems to be reached within the first 1-5 afiier immersion in water (Lopez-
Alvaradoet al., 1994; Hamre, 2006; Kvakt al., 2006), but increasing the patrticle size to the
upper range of what is acceptable for the larvaléreduce the nutrient loss (Kvagtal.,

2006). To obtain a better understanding of leacpnogerties, and to make it easier to
compare different diets and diet recipes, leacbingrotein should be measured and
evaluated against the total content of water selpbbtein in the diets and not only towards
the crude protein content (N x 6.25). A diet witloa concentration of water soluble protein
may seem to have a low leaching rate, even if tiseael 00 % loss of the water soluble

fraction.

Studies on chitosan/alginate capsules have shaatrettiching of soluble protein is
dependent on the isoelectric point of the protehh, interaction of the protein with the
particle matrix, ion concentration of the matrien iconcentration of the leaching medium, as
well as the molecular size (Huguettal., 1996; Gaserod al., 1999). The leaching of neutral
molecules, such as the carbohydrate dextran, iflyramsrelated to the molecular size and to
some extent the flexibility of the molecule (Hugeedl., 1996). Formulated diets might have
a significant degree of leaching of water soluladgoohydrates as dextran (Wheatkewl.

1991; Cheret al. 1996; Gaserodt al. 1998; Brazel and Peppas, 1999), but no negative
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effects have been recorded with loss of water $elaéwrbohydrates for marine fish larvae.

1.9 Strategies for reducing leaching from formulated déts

There is no diet at the present time that seerbs wgnificantly superior to the others with
regard to the compromise between digestibility appropriate nutrient composition on one
side, and leaching at the other (LOpez-Alvareidal ., 1994). Nevertheless, microbound diets
have been used in weaning of larval fish speciéils good results (Cahat al., 1999;
Baskerville-Bridges and Kling 2000a; 2000b; HoelRtestanet al., 2001), despite the
extensive leaching from such diets (Lopez-Alvareida ., 1994; Hamre, 2006, Kvak al.,
2006). To reduce leaching from microbound or pro&icapsulated diets, coating with lipid
has been tried (Table 3; Lopez-Alvaradal., 1994). Unfortunately, the lipids needed to
reduce leaching have an unacceptable nutritiomapeosition, and the total lipid level may
become too high, as for the lipid walled capsuldisuse of material to coat whole feed
particles has to be considered carefully sinceilmgahaterial often has a low nutritional
value. Loss of water soluble nutrients is in m@ses diffusion driven, and the coating
thickness needed to prevent or decrease leachprgssmed to be independent of particle
size. If a 10 um film coat is required to reduoe fleaching to a minimum, this film coat will
be necessary if the capsule has a diameter of 76r 500 pum. For instance, a 10 um film
coat constitutes over 53 % of a capsule with a diemof 70 um but only 11 % if the

diameter is 500 um (Table 4).

Table 4: Coating material required to provide a 10

) , . % coating material (w/w) required to
um film coat for particles for selected sizes ade ° g (wiw) req

particles. The density of film coat and core are Particle size provide & 10 um film coat
assumed to be equal. The table is based on (um) (%)
(Vilstrup, 2001) page 87. 20 52.9

90 45,2

120 37

160 29,8

250 20,6

500 11,1

37



Even though lipid based particles can not deliveomplete larval diet, these particles are
still interesting candidates for incorporation imwacrobound particles to form a complex feed
(Villamar and Langdon 1993; Ozkizilcik and Chu 199al and Langdon 2005ab). There
are, however, technical challenges with incorpatatiSB into complex particles due to
leaching or melting of the LSB during the prod.q&ss (Onal and Langdon, 2005). A zein
bound complex diet with promising properties hasrbeeveloped to deliver FAA and
peptides to marine organisms (Onal and Langdon)2@@in complex particles are produced
by blending feed ingredients and LSB into a solutb zein and ethanol. Zein is alcohol
soluble and will act as the binder when the feexpray dried. Most FAA and peptides have a
very low solubility in ethanol so there will be ary low leaching of FAA from the LSB
during the feed production. Clack (2006) reportbaige retention of 96 % after 10 min
immersion in 90 % ethanol. To our knowledge, naligts have investigated the loss of

ethanol soluble nutrients during the productiorcpss.

Liposomes are lipid vesicles mainly made of a Plotinene enveloping a core with nutrients
dissolved in water. They have been proven sucdesafuers for water soluble nutrients
(New, 1990) and give a good retention of the inocaped nutrient (Monroig et al., 2003).
Unfortunately, the documented payload of waterldelmutrients in liposomes (Touraki et
al., 1995) is low compared to the payload obtainid LSB (Onal and Langdon 2004b). As
for LSB, liposomes can not be used as a completeddie to the high lipid content, but
liposomes have proved to disperse freely and cdaddirectly to bottArtemia (Hontoriaet

al., 1994; Touraket al., 1995; Tonheinet al., 2000; Monroiget al., 2003; Monroiget al .,

2006) and fish larvae (Kovest al., 1999, 2001). The use of liposomes to enfidiemia with
water soluble nutrients such as FAA (Tonhetral., 2000), antibiotics (Touralkt al., 1995)

and lipid (Ozkizilcik and Chu 1994; McEvay al., 1996; Monroiget al., 2003; Monroiget
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al., 2006) has been describes quite thoroughly. Mesistigated liposomes for delivering of
nutrients toArtemia or fish larvae have been produced with phosprasigontaining low
concentration of poly unsaturated fatty acids (PY6rginating either from Soya or egg yolk
(Hontoriaet al., 1994; Touraket al., 1995; Koveret al., 1999; Tonheingt al., 2000).
However, liposomes made with phospholipids fromingsources containing a large
concentration of n-3 PUFA have been produced aodessfully fedArtemia (McEvoy et al.,
1996; Monroig et al., 2003; Monroig et al., 200Bhe use of n-3 PUFA have shown to
increase the leaching rate severely (Monroig e2803), but with the inclusion of cholesterol
the liposomes could withhold the encapsulated $elotimpounds long enough to enrich
Artemia (Monroig et al., 2003). The problems with lipos@aee presumed to be the high

cost of production and low particle stability.
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2 Aim and objectives for the study

To investigate effects of production process offfolated larval diets and leaching during

feeding of the fish larvae, on quality, concentmatand digestibility of nutrients, with

emphasis on protein and free amino acids.

To investigate how the cross-linked protein wallegsule technique affects the
concentration and quality of both macro and mictoents andn vitro protein

digestibility of the diet.

To investigate the changes in protein quality beat coagulated diet with increasing
levels of hydrolyzed protein, due to processing l@aghing by exposure to water.
Investigate then vitro digestibility on the respective diets before aftdreexposure of

leaching.

To investigate the concentration of water solulstggin of selected live feed and
protein sources used in larval compound diets hathtvitro digestibility of water

soluble and water insoluble protein fractions.

To evaluate the effects of additions of phosphdmn the characteristics of LSB and

investigate the use of these LSB as a tool fovdgfiof micronutrients to marine fish

larvae through enrichment aftemia.
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3 Methodological considerations

3.1 Ingredients

The feed ingredients used in the present studees@nmercially available and presumed to
be products with relatively small nutritional varce between production batches. The pepsin
hydrolyzed cod fillet (Paper Il and Ill) was madearding to the method described by Kvale
et al., (2002). The complete hydrolyzed solution withibthe soluble and remaining

insoluble fraction was included in the differengtdi (Paper IIl) anch vitro digested (Paper

II). The fact that the hydrolyzed protein contairgesignificant concentration of insoluble
protein should be considered when comparing thdteeim Paper Il and 11l with other

studies.

3.2 The formulated diets

The production of the protein cross-linked dietg@a and Il), the protein heat coagulated
diet (Paper IIl) and the LSB (Paper 1V) were prastilan close collaboration with the
institutions that have developed the respectivesdieis assumed that diets produced in the
present studies are similar to previous studiethemespective diets. The production method
of the commercial larval diet Minipf§ (Paper 1I) is described by Hagay (2005), thougs it
not known if the production process for the invgsted diet deviates from the described
technology. Due to commercial interests, the type @ncentration of the different feed

ingredients are unknown.

The cross-linked protein capsules investigatedajep | and Il used Na-caseinate as the
cross-linking protein. In previous studies, acidqgipitated casein has been used as the cross-

linking protein (Yuferaet al., 1999, 2000, 2002, 2003; Chu and Ozkilcik 1999; kwihl.,

41



2006). There were no technical complications udlagcaseinate and it has previously been
successfully used to produce cross-linked protearaspheres (Millar, 1991; Heelan and
Corrigan, 1997; Corrigan and Heelan, 2001). Howeter change in cross-linking protein
should be considered, since there may be diffesemmckeaching rate and swelling properties.
The four heat coagulated diets were produced poiptanning of the work performed in
paper lll, and samples of the raw ingredient mixtcwuld therefore not be investigated. The
concentrations of soluble N and TCA soluble N ia thw ingredients were therefore
calculated. The analysed protein content of theviddal feed ingredients did not deviate
more than 4.3 % from the analysed crude proteitecr{Table 5), indicating that the

calculated values are within acceptable limits.

Table 5: Calculated crude protein (N x 6.25) analysed crude protein in four heat
coagulated diets with increased concentration pspehydrolyzed protein (n=3). The
inclusion levels ranged from 0 % to 45 % pepsinrblyed protein of total protein.

Diet 0 15 30 45
Calculated concentration 72 72 70 68
Analysed concentration 69.4+£0.3 68.6 + 0.1 a7074 66.9+0.3

3.3 Analysis of nitrogenous compounds

3.3.1 Analysisof crude protein

Crude protein (N x6.25), soluble N and TCA solullléPaper I, 1l and Ill) were analysed by
total combustion using a nitrogen analyser (Lece&bE®, St. Joseph, MICrude protein was
calculated as N x 6.25 (Jones, 1931) which is basegh amino acids profile equivalent to 16
% N and insignificant amounts of non-protein N. Hwer, this may be unsuitable for some
protein sources (Sosulski and Imafidon, 1990). gsialof the N content from recovered
amino acids has shown a significant variation urderprotein conversion factor

(Salovaananen and Koivistoinen 1996). However ctirecentration of non-protein N (FAA
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not included) in the fish based ingredients (Paplkrlil) are presumed to be low (Ruiz-
Capillaset al., 2002; Lapa-Guimaraesal., 2005; Karthikeyart al., 2006, 2007) and
SaloVaananen and Koivistoinen (1996) reported aprotein N content (FAA not included)

to range from 1.1 % to 4.8 % (of tot. N) in 26 dint species of fish. Based on these reports,
the use of N x 6.25 is presumed reliable sincedlagive differences between diets and

protein fractions analysed will be similar.

The concentration and solubility of the differemnrprotein N compounds is poorly
described for live feed. Bothrtemia and copepods (Paper Il) contain chitin in the
exoskeleton (Cauchi al., 1997; Brandt and Raben, 1919-2®)temia has 5.6 to 21 mg'g
(dw) chitin (Cauchieet al., 1997) or for 1.5 - 3.3 % of the total proteimtant (calculated
from chitin content by Cauchet al., 1997). Considering that 33 % of the crude protei
newly hatcheddrtemia (Paper I) is insoluble, the chitin will constiéutor 4.5 - 10 % of the N
in the non soluble fraction. The copepda anus finmarchius is reported to have 44 - 50 mg
g™ (dw) chitin (Brandt and Raben 1919) and mightefmne lead to a higher overestimation
of insoluble protein than showed fartemia. No references on the concentration of the
soluble non-protein N fraction was found fatemia and copepods, but according Carvalho
et al. (2003) the molecular weight distributionArftemia and rotifers where similar.
Srivastavaet al. (2006) found a nitrogen to protein conversiom 1@t4.46 for the crude
fraction and 3.52 for the soluble fraction of rets, although the AA profile of rotifers has a
crude AA profile equivalent to 15.96 % N and a &t#UAA profile equivalent to 16.2 % N
(calculated from AA profile by Srivastawhal., 2006). This indicates that approximately 28
% of crude N in rotifers and approximately 43 %ile# soluble N is non-protein N. The TCA
soluble fraction is presumed to have an even higbefprotein N content since the soluble

non-protein N is not presumed to be precipitated G¥. This uneven and unknown
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distribution makes it difficult to evaluate the Mtion solely based on N analyses. Based on
these data, the use of nitrogen to protein conweiisi not considered reliable for investigating

protein content in the different fractionsAftemia or copepods (Paper II).

3.3.2 Analysis of soluble nitrogen

When analysing the concentration of soluble N (p&pke and 111) the diets and ingredients
were dispersed in phosphate buffer 80 mM (pH 8)thadnsoluble protein fraction was
precipitated by centrifugation. The solubility abgein is affected by ionic strength and pH
(Stefansson and Hultin, 1994) and medium shoulcopsidered when comparing these
results with other studies. The phosphate buffer wsed to be able to relate the solubility of
the different ingredients (Paper Il) and diets @adpand Ill) to differences in proteimn vitro
digestibility (Paper Il and 1l1). Kvalet al., (2007b) investigated the dietary protein soltyil
by estimating the amount of freeamino groups in the same four diets as investibate
paper Il (Figure 3). Although there are significamethodical differences, the two methods
show a similar trend of soluble protein. Indicatthgt the used for calculating soluble

proteinic compounds based on soluble N may beblelia

60
X
40 “

%

H
30 + /
20 - — ¥
Y —&— % soluble N of total N (Paper IIl)

10
—X=—% free a-NH2 of total a NH2

(Kvale et al., accepted)
0 \

0% 15 % 30 % 45 %

Figure 3: Concentration of water soluble protezoepounds measured as soluble N and free a-NH@ah h
coagulated diets with increasing concentrationegfgin hydrolyzed cod fillet (Paper 1lI; Kvale et,&d007b)
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3.3.3 Analysis of TCA soluble nitrogen

Precipitation with TCA was used (Greenberg and Si4i§79; Yvoret al., 1989) to analyse

the concentration of low molecular weight nitroges@ompounds (Paper I, Il and 1l1). As for
the analysis of soluble N, the different diets &l ingredients were dispersed in phosphate
buffer. Due to the high water solubility of mostionolecular weight nitrogenous

compounds, the choice of buffer solution is predugnaf less importance. The average
molecular weight of peptides soluble in 10 % TCAsvoetween 330 to 380 D (Greenberg and
Shipe, 1979). The molecular size fraction of theAT$dluble N was not analysed, so the
fractions of FAA and peptides in the diets and fegpledients are unknown (Paper I, Il and
ll). Previous studies on feed, feed ingredientd lare feed have focused on FAA
concentrations and to a lesser extent on low mtdeaweight N. This has to be considered

when comparing the present results with previouskwo

3.4 Leaching experiments

Leaching studies are usually performed in smalewablumes, mostly in a higher
concentration of feed per volume compared to fesiilduted in a fish tank. To make the
conditions more similar to tank feeding, it is ofgortance to have a higher water to feed ratio
than the saturation level of the investigated euts. Investigated leaching for the LSB
(Paper IV), two highly soluble compounds with knosalubility were used (glycine and

OTC). For glycine and OTC the initial concentratisas 520 and 2600, respectively, times
lower than the saturation level at 100 % loss efititorporated compounds. For the heat
coagulated diet (Paper lll), the source of solibie a complex mixture of different proteins,

peptides and FAA and the true solubility of thesmpounds are therefore unknown. The
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high loss of TCA soluble N during leaching trigt&per 1l1) indicates that the saturation level
was not reached. In tank feeding the particledadliag freely through the water column,

while in leaching trials the tubes are agitateldep the feed particle in suspension (Paper Il
and IV). Although the agitation of the leachingeslwas done carefully, this might affect the

leaching rate compared to tank feeding.

Several types of leaching media have been usaddy formulated diets (Table 6). Although
most of the investigated diets are meant for mdrgielarvae, the leaching trials are often
performed in distilled water (Paper 1V) or bufféPaper Ill) due to methodical
considerations. However, the medium should be densd carefully when comparing
leaching rates of different diets as done by (Léfakaradoet al., 1994). The pH and ionic
strength of different leaching media may affectsthwelling of particles (Heelan and
Corrigan, 1998; Beauliegt al., 2002) and swelling of particles is shown to seleaffect the
leaching rate (Heelan and Corrigan 1997; Lee arseRlmerg 2001; Shat al., 2001; Zhangt
al., 2004). The ionic strength and pH also interfavih the interaction between the protein
and matrix (Shu and Zhu 2002; Zhasigl., 2004). This is especially the case for alginate
and chitin capsules that have large variabilitioss of soluble compounds dependent on
leaching media (Ostberg al., 1994; Shu and Zhu 2002; Zhagt@l., 2004). However,
analysing the leaching rate of one specific typ®onulated diet with different levels of a
soluble compound (paper Ill), the choice of leaghmmedium will presumably not affect the

relative differences in leaching rate.
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Table 6: Selected parameters for investigatinghieacof water soluble compounds from compound dimts

fish larvae.

Compound analysed Analytical method

Leaching medm

Ref

FAA
C-labelled N
FAA
Riboflavin
Poly R (dye)
“C-labelled protein
OTC.HCI
Riboflavin
OTC.HCL
OTC.HEM
Lysine
*H-Leucine

“C-labelled protein

HPLC
Liquid scintillation
HPLC
Spectrophotometer
Spectrophotometer
Liquid scintillation
Spectrophotometer
Spectrophotometer
Spectrophotometer
Spectrophotometer
Ninhydrin
Liquid scintillation

Liquid scintillation

0.5 M borate buffer (pH
8.5)

3 % NaCl
Distilled water
Water
Distilled water
Sea water
Sea water
Sea water
Sea water
Sea water
Deionized water
Deionized water

Sea water

Lopez- Alvaradet al., 1994
Kvakt al., 2006
Yuferat al., 2002
Onal and Lang@®394,2005
Gmal Langdon, 2000
Partridge and Southgate, 1999
Buchal and damg1998
Buchal aaxpgdon, 1998
Langdon arth&u1998
Langdon anth&pt998
Ozkizilcik and GHL996
OzMKeik and Chu, 1996
Langdon, 1989

3.4.1 Exposure of LSB to leaching

The leaching experiments with LSB were carriedlmged on a modified method described

by Onal and Langdon (2004a). Preliminary studies\gul leaching rates of glycine from

LSB containing 100 % menhaden stearine similaréwipus results (Onal and Langdon

2000), but there was a large increase in lossyairgt with increase in soy lecithin

concentration. The large difference in leaching ratlicated that the increased dispersion of
the LSB affected the leaching rate (Paper V). Tas also observed by Onal and Langdon
(2004b) who showed that LSB with 5 % emulsifier laadmproved dispersion, leading to an
increased water contact of the particles and tlyesefigher leaching rate than for LSB
containing only triglycerides. To compare the leaghof LSB with different hydrophobic
properties it was necessary to use distilled wattr 0.1 % Sodium dodecyl sulphate (SDS)
to make the LSB more equally dispersible. Dispersif the LSB containing 100 %

menhaden stearine in 0.1 % SDS led to a 3 folceas® in loss of glycine while there was no
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significant effect of SDS on leaching of dispersibEB containing 40 % lecithin (Figure 4).
This indicates that the difference in leaching ra#es due to clumping of LSB with only
neutral lipids during the leaching studies. Althbubere was a large increase in dispersion of
the LSB containing 100 % menhaden stearine by W&ih§o SDS, there was still some
clumping during the leaching trials. This could kexp the difference (not significant) in

leaching between the LSB containing 0 and 40 %eathin (Figure 4).

120

100 -

80 -
60 -
40 -
20 -
0 - ‘ ‘

0% (dist. water) 0% (0.1 % SDS) 40 % (dist. Water) 40 % (0.1 % SDS)
Leaching conditions

Loss of glycine (%)

Figure 4: Percent loss of glycine after 10 min kéag of LSB in either distilled water or water caiming 0.1 %
SDS. LSB initially contained 16 % particulate glyeiand either 0 % or 40 % w/w soy lecithin. Dagmeans
of three replicates. Error bars represent standeavéhtions. LSB types sharing the same letter ate n
significantly different from each other (ANOVA, folved by Tukey HSD, p < 0.05).

As earlier reported, there is an increased losgabér soluble nutrients with a decrease in
particle size (Kvalet al., 2006). In addition to lecithin’s emulsifying perties, the increased
inclusion of soy lecithin led to an increased vatoof the molten lipid solution. Change in
viscosity may affect the size of the particles #reteby the leaching rate. The effect of
particle size on leaching from LSB produced witl tfescribed technology has not been
investigated and should be investigated more thgiriyun later studies. The ninhydrine
method (Doiet al., 1981) was not affected by the addition of 0.BEXS. The leaching trial
was not accomplished in saltwater due to a presiefiedt on the ninhydrine method.

Though, later investigations indicated that salewalid not affect the ninhydrine method and
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future studies may therefore be accomplished invatdr.

3.5 Nutrient analysis

All the nutrient analyses such as micronutrienmtsgde protein, fatty acid profile, lipid class
etc were done at NIFES according to accredited oastiNS-EN ISO/IEC17025). These
methods are well established and are continuowshghbverified. Most analyses were
accomplished with analytical replicates. ExcepttfaArtemia analysed for riboflavin (Paper
IV, see discussion below), all the analysed fegdedients (Paper I, Il and IIl) are included in
matrixes for which the methods are authorized. aredysed results of all nutrients are

therefore considered reliable.

3.5.1 Theanalysisof riboflavinin Artemia

Artemia is protected by a thick exoskeleton. It may bédlift to separate the nutrients from
the complex matrix and this could affect the aneftresults as for all matrixes analysed. In
addition, riboflavin crystals have low solubility water and a large fraction of the ingested
riboflavin may be crystals embedded in a lipid nxatr the intestine of thartemia (Paper

IVV). However, prior to the determination of ribofla by high-performance liquid
chromatography (HPLC) (Bronstatial., 2002), the freeze-dried samples were autoclaved
121 °C for 30 min in a solution of 0.1 M HCI. Thensples were then pH adjusted to 4.0 and
incubated over night at 37 °C. TAgtemia was completely dissolved, and any riboflavin still
incorporated in the LSB would most likely be releédd®y melting during the autoclaving at
121 °C. The unfed control (Paper IV) had similan@mtration of riboflavin as found by

(Meeren, 2003). It is therefore believed that thethmd is reliable.
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3.6 Thein vitro digestibility method

In vitro studies may be performed with intestinal extrégssy, 1997; Nankervis and
Southgate, 2006) or with commercially availabletpagses (Hset al., 1977; Saterleet al.,
1979).In vitro digestibility using intestinal extracts may giveiein digestibility rates more
similar toin vivo studies of the respective specie (Dehgl., 1993). However, there are
several methodological difficulties. The extractmirsufficient amounts of intestinal enzymes
from small fish larvae are difficult and theref@etract from juvenile or adult fish are used
(Chonget al., 2002). Chongt al., (2002) demonstrated vitro digestibility rates using three
different protocols with commercial proteases. @ihata obtained, correlated with each other
and within vivo digestibility of juvenile discus. These resultsrimstrate thain vitro studies
based on commercial enzymes may be used to evahgatelative differences in protein
digestibility of feed ingredients. The use of connone enzymes may also give improved
reproducibility compared to intestinal extract. Tgretocol used in paper Il and Il was a
combination of two protocols (Hst al., 1977; Saterleet al., 1979) tested by Chorayal.,

(2002) (Figure 5).

$ample homoge nised
In phosphate buffer, Protea
pH E0
Water s0duble
fraction
ue-ntrlfugatn-n "'3"'}‘1“” Cs ntrlfu-gatk}n Ddges ted protein

[supermatnts)

: ";h Undigested protein
Vs (pebet)
Insoluble fraction ......

(Tonheimet al., 2005)

Figure 5: Method used to investigate prot@iritro digestibility of feed and feed ingredients in Paipand 111

In a closedn vitro system, as used in this study, the pH could dtomd thein vitro
digestion leading to a decrease in enzyme activitg. magnitude of a pH drop is dependent
on the amount of protein digested, the initial gHhe feed ingredient and the buffer capacity

of the enzyme solution. The pH was not adjustest #fie different feed samples and acidic

50



ingredients could therefore reduce the buffer cépacior to thein vitro digestibility test.
The initial low concentration of FAA and peptidescasein (Paper IlI) and high digestibility

rates may indicates that buffer capacity was sefic

Theinvitro digestion method was developed using casein efegence protein. Casein is a
highly digestible milk protein used as a referepiaein in severah vitro digestibility
studies (Gopalkrishnan and Prakash 2000). Sewestirtals of casein were performed in
order to optimize then vitro method. In addition, casein was used as refergratein during
all thein vitro trials in Paper II. A reference protein with a lmodigestibility will give
indications of suboptimal conditions during theediion period. Unfortunately the heat
coagulated diets (Paper IIl) warevitro digested without casein as a reference protein.
However, all the investigated diets used the samgree solution within the same day and
the increased digestibility for all diets within hZPaper 1ll). The enzymes used in paper I
were from the same batch as used in paper Il, buiothar parameters were similar. It is
therefore presumed that the results are relialdenaay be compared with the results obtained

in paper Il.

In vitro protein digestion, are usually investigated at time interval (Hswet al., 1977,
Chonget al., 2002). In paper Il and lll, the protein digestil» was measured at different
time points: 0 h, ¥2 h, 1h and 12 h. The experinlesgtaup may give valuable information
such as the time of complete digestion and chamgelative difference in digestibility

between feed ingredients at different time poihts(and Pan, 1993; Paper Il and IlI).

Based on the high concentration of non-protein Nvimfeed (chapter 3.3.1), the useof

vitro digestibility where the digested protein is ddsed as TCA soluble N is not considered
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to be reliable. Live feed or other feed ingrediezastaining high concentrations of non-
protein N should therefore be determined by inaea$-AA or by detecting free amino
groups (Lindneet al., 1995). The well established pH stat method shaldo be considered,
although the method may not be suited for feed $estpat have been partially hydrolyzed

during their preparation (Dimesal., 1994).
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4 Discussion of results

4.1 Particle size

The protein cross-linked particles had a meangarsize of 114 + 68um (number %) (Paper
) similar to previous produced cross-linked digtaferaet al., 1999). The data confirms the
ability of the production method to produce stgideticles within a size range optimal for
start feeding of most marine fish larvae. The phatsize was measured in dry form (Paper ),
although Jayakrishnaat al. (1994) reported a 25 % increase in diameterlfLif@wrease in
volume) upon swelling in water. Dependent on théhoe used, the protein cross-linked diet
has been produced in a size range from 6.06 x| Zn3{Langdon 1989) to 171 £ 95 um
(Yuferaet al., 1995). The cross-linked particles are freezeddand contain a porous matrix
and have to saturate with water before they sink¢haet al., 1999). This has been shown to
be a rather rapid process for small particles (teswt shown), however, it may be
inappropriate to use freeze dried particles ofgdasize since the time before hydration and
sinking may be to long. It is therefore questioeabfreeze dried particles of a larger size

could be of practical use.

For the heat coagulated diet there was a goodlabar between size distribution described
as volume % and number % (Figure 6). However,Herprotein cross-linked diet there was a
large difference in size distribution describedhamber % or volume % (Figure 6). If fish
larvae fed the respective cross-linked diet (Figireould not ingest particles larger than 199
pum, 50 % of a diet with a mean patrticle size of £B8um (number %) would not be

ingested.
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Figure 6ab: Particle size distribution measuredHerprotein cross-linked diet (a) and the heagyutzed diet
(b) described as number % and volume % (Paper l1§nd

4.2 Change in nutritional quality due to feed productim.

For salmon and trout, most nutritional studiespagormed on diets produced with similar
production processes. In contrast, nutritional istaidn marine fish larvae has been performed
with numerous diets (Langdon, 2003), using diffegoduction processes. The same
ingredient composition in different type of digtsi\ve shown to have severe affect on larval
performance (Barrows and Lellis, 2006). FeedingdayValleye Gander vitreus) with the

same nutrient mix gave a survival rate of 49.14tdnd 27.6 = 9.9 dependent on the type of
diet used (Barrows and Lellis 2006). The large geann nutritional quality and protein
digestibility due to the production process (Pdp#r and Ill); stress the importance of

investigating the effect of the respective produtiprocesses on the nutritional quality. This
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is presumed to be of particular importance forgraein fraction, since soluble protein is
highly susceptible to denaturation (paper | anddhd is considered to be important for

marine fish larvae (Carvalra al., 2004).

There were severe changes in protein quality duhegproduction of the protein cross-linked
diet (Paper I) and heat coagulated diet (PaperNkparly all water soluble proteins were
made insoluble during the cross-linking process the concentration of TCA soluble N was
not largely affected by this process (Paper |)aber suggested (Lopez-Alvaradbal .,

1994; Yuferaet al., 2002). However, most of the TCA soluble N was msteaching during
the following washing stages (see Fig. 1, Papdt thay be difficult, if not impossible, to
produce a protein cross-linked diet with significamounts of water soluble protein.
However, FAA and peptides may be delivered in sigfit amounts if the particles are not
exposed to aqueous solution after the cross-linksuprding to method by Langdon (1989).
Due to denaturation, the heat coagulated diet hadw&ction in non-TCA soluble N, from 66
% to 30 % with increased inclusion of pepsin hygrzet protein (Table 7). According to the
results in paper Il, the fresh cod fillet contalis% non-TCA soluble N while the pepsin
hydrolyzed cod fillet contains 26 % non-TCA solubleThis suggests that fish fillet contains
heat sensitive native proteins, while the pepsufrblyzed cod fillet consists of a larger
fraction of heat stable, partly digested, solubtetgin and large peptides. The separation of
the non-TCA soluble fraction and inclusion into thieeaeated diets will both reduce the loss of
soluble N during production and reduce the leachatg compared to the use of FAA and
small peptides as shown by Kvaeal. (2006). The inclusion of heat stable, solubletgirs
such as casein, may also be a good alternatividits that are exposed to heat. Casein
appears to be highly digestible, according to sdvewitro digestibility studies (Lan and Pan

1993; Lazoet al., 1998; Gopalkrishnan and Prakash 2000; Papant)has been used in
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several compound diets with positive results (Catdi Zambonino Infante 1995; Robin and
Vincent 2003; Carvalhet al., 2004) Artemia cysts heat treated for 5 min at 60 °C, 80 °C and
96 °C had an approximate decrease in soluble profe80 %, 61 % and 74 % (of tot. soluble
protein) respectively (Garcia-Ortegigal., 2000b). This indicates that although heatinthef
ingredient mixture might be necessary during préidaqGarcia-Ortegat al., 2000a; Paper

[1), the temperature used should be kept as lopoasible for the respective diet.

Table 7: Concentration of non — TCA soluble N imtheoagulated diets with 0, 15, 30 and 45 % of the
protein being pepsin hydrolyzed cod fillet (Pag8r The concentration of non-TCA soluble N is baise
on the total concentration of soluble N minus tbeaentration of TCA soluble N (Paper I11).

0 15 30 45
Non - TCA soluble N (% oftot N) (% oftot N) (% of tot N) (% of tot N)
Feed ingredients 21 22 23 24
Produced diets 7 9 17 17

The concentration of FAA and peptides does not dedme affected by heat treatment (Paper
[II) and it is not presumed that other productioagesses will severely modify FAA and
peptides. For diets exposed to aqueous solutiangltire production process (Pakal .,

1994: Kellyet al., 2000; Onal and Langdon 2000; Yufetal., 2005), leaching may occur
during production as shown for the protein croegdd diet (Yuferaet al., 2002). The
commercial diet Minipr8” had a high content of TCA soluble N (32 + 1.9 %pér I1). As
described in section 1.6, most chitin particlesaoss-linked in an aqueous solution were
severe leaching may occur. The cross-linking ofodain or alginate particles by “falling”
through a fog of either alkaline solution or cafoighloride (Hgggy, 2005) seems to be a
good method to prevent production losses of solnbtaents. Unfortunately, the leaching

rate during feeding of this diet is not known.
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Both cross-linking and heat treatment led to aese irin vitro digestibility of protein
compared to the digestibility of the raw ingredge(ifable 8 and 9). Tha vitro digestibility
of the mixed ingredients for the heat coagulated idicalculated from th& vitro
digestibility of the respective ingredients (TaB)e Since the digestibility of the ingredient
mixture of the cross-linked diet was equal to then ©f the digestibility of the respective
ingredients (Paper Il), it is presumed that thewakion of the raw ingredients digestibility

for the heat coagulated diet is reliable.

Table 8: Proteitin vitro digestibility of raw ingredient mixture, crushedpin cross-linked particles
and whole protein cross-linked particles at différigme intervals. The protein digestibility is évated
as the concentration of TCA soluble N.

Relative dif. 1 h

Oh lh 12h and 12 h

(%0) (%0) (%0) (%0)
Raw ingredients 83+0.6 546+21 706+14 23
Crushed particles 15+09 304+08 543+x1.04 4
Whole particles 1.0+04 294+12 53.0+23
Relative dif. raw ingredients/whole particles 46 25

Table 9: Change in protein vitro digestibility in the raw ingredients (calculatethe produced diet, and the
leached heat coagulated diet after a pancreatistian for 12 h.

Concentration of hydrolyzed protein 0 15 30 45 Ref

(%0) (%0) (%0) (%0)
Sum of digested ingredients 80 81 82 82 Paper I
Heat coagulated diet 65 64 65 65 Paper Il
Leached heat coagulated diet 62 60 62 60 Paper Il

The reduced protein digestibility of heat treateztslis according to previous vitro andin
vivo studies (Garcia-Ortegat al., 2000ab; Garcia-Orteghal., 2001; Bustost al., 2003).
Larvae of African catfish@larias gariepinus) had a reduced growth rate usilsgemia cysts
exposed to more than 40 °C anasitro digestion of a microbound diet containing heat
treatedArtemia cysts had a significant lower digestibility thamarobound diet containing

untreated cysts (Garcia-Ortegiaal ., 2001). Diets produced without high temperatfeble
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10), and with a drying temperature below 40 °C @zaOrtegeet al., 2001) are therefore

recommended.

Table 10: Experimental diets produced without tti@itton of heat, which may be able to deliver
soluble proteins without denaturation or loss kachking during the production process.

Experimental diets Ref

Microextrusion marumerization (MEM) Barrows and li12006
Particle-assisted rotational agglomeration (PARA) arrBws and Lellis, 2006
Zein bound particles Onal and Langdon, 2005a
Carboxymethyll-cellulose bound particles Pousaadiexet al., 1999
Alginate bound particels (not bound in an aqoudstiom) Guthrieet al., 2000

Due to crushing and sieving, the protein heat cladgd diet has a uniform structure
throughout the particle, while the protein crosd«did diet has a protein membrane that differs
from the inner structure (Jones, 198@)vitro digestion of whole cross-linked particles and
cross-linked particles that were thoroughly crus$ieolwed no significant difference at either
1 hor 12 h (Table 8) (Paper Il and unpublishedltsy This indicates that it is the cross-
linking process that reduces the protein diges#tiyoiPaper Il) and not the production of an
indigestible outer membrane that can not be peteetitay proteolytic enzymes. In addition,
there was a more rapid digestibility of the rawradjents than of the produced cross-linked
diet (Table 8). The time for complete digestiordidferent feed and feed ingredients, may be

essential due to the short retention period of feedarine larvae and should be considered.

The cross-linked protein walled diet and the proteat-coagulated diet (Paper | and Ill) use
protein as a binder and it will therefore be pdssitith a complete enzymatic degradation of
the feed particles (Paper Il and Ill). However, toenmercial Maripro diet (Paper Il) use
chitin as a binder (Hagay, 2005) and the bindertivrefore not be digested in the pancreatic
in vitro digestibility system. Although the binder was ipestible, there was a 24 % better

protein digestibility compared to protein crosskd capsules (Paper lIn vitro digestibility

58



of diets containing non-protein binders is in adeamrce with previous studies showing a good
protein digestibility in systems not containing gmes to digest the respective binders
(Garcia-Ortegat al., 2000b; Garcia-Ortega al., 2001). Although binders that are presumed
to be indigestible can be used successfully (Rigerand Southgate 1999; Garcia-Ortelga

al., 2001; Yuferaet al., 2005; Barrows and Lellis 2006), the use of iegdigpility binders

should be more thoroughly investigated.

There was no change in the AA profile due to thedpction process of the cross-linked diet
(Paper I), except for a total loss of taurine dukeaiching (see chapter 4.5.3). Although the
production process led to a decrease in digesyilidr both the heat coagulated and the cross-
linked diet, the digested solutions had the samepfdile as the produced diet (Paper 11l and
results not shown). This indicates that both diesy be used to deliver the wanted AA

profile to fish larvae.

4.3 Feed ingredients

The water soluble N fraction left in the heat teghinarine meals consists mostly of TCA
(10%) soluble N (Table 11) which according to Gleeng and Shipe (1979) consists of
nitrogenous compounds below 380 D. The fish meadstigated in paper Il (Table 11) is
made from fresh frozen fish fillet (Coalfish) anadhsimilar concentration of soluble N
fraction as the heat coagulated diet (0 % hydraym®tein; Table 11), indicating a similar
change in protein quality during the fish meal prcttbn as in production of the heat
coagulated diet (Table 11). With similar N solulyiin the fish meal and the heat coagulated
diet (Table 11) and a lower digestibility of theaheoagulated diet compared to the fish meal
(Paper Il and 111), there may be no benefit usirggh fish fillet instead of fish meal as long as

the diet is exposed to heat. Considering the lggbhing rate of FAA and peptides, the use
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of fish fillet in a compound diet not exposed t@h@able 10) should be considered due to

the relative high concentration of soluble largdenolar weight N compared to fish meal

(Paper II).

Table 11: The concentration of water soluble anédEGluble N in several ingredients and larval diets

Sample Soluble fraction TCA soluble fraction Ref

(% of tot N) (% of tot N)
Rotifers 56.9 - Srivastawd al., 2006
Artemia (nauplii) 67 30 Paper Il
Calanus (copepod stage) 54 - Paper I
cod fillet 34 18 Paper I
Pepsin digested cod fillet 65 39 Paper I
Pankreatic hydrolyzed (12 h) 79.9+9.1 Paper Il
Pepsin + pankreatic (24 h + 12 h) 86+2.7 Paper |
Squid meal 11 15 Paper Il
Fish meal 17 15 Paper I
Roe meal 11 12 Paper Il
Stick water 100 63+0.6 Paper I
Casein 0 5+0.0 Paper I
Na'-caseinate 100 6+0.6 Paper Il
Protein encapsulated diet 29+0.9 3.4+£05 Phpe
Minipro 32+1.9 Paper IlI
Heat coagulated diet (0 % hydr.) 17.9+0.9 10066t Paper Il
Heat coagulated diet (15 % hydr.) 21.7+4 13+1 ape? Il
Heat coagulated diet (30 % hydr.) 36.7+0.8 20B#* Paper Il
Heat coagulated diet (45 % hydr.) 38+1 21.6+0.9 Paper Il

Stick water is the water soluble nitrogenous fatteft during fish meal production and
consists mostly of low molecular weight N (Tablg {Raper II). The nutritional quality of
stick water for marine fish larvae has not beemdtghly investigated, but the high content of
TCA soluble N suggests that it may be a promiseegifingredient for larval diets. However,
thein vitro digestibility indicated a very poor protein digbgity of the non TCA soluble N

fraction (Paper Il). If a diet containing stick wais exposed to severe leaching, there will be
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a rapid loss of the low molecular weight N (Kvétel., 2006) and the diet may be left with

the stick water fraction of low digestibility.

As suggested by Garcia-Ortegiaal. (2001) and Carvalhet al. (2004) the results in paper Il
and lll indicate that the soluble protein fractiwas a higher digestibility than the insoluble
protein fraction. There was no difference in thgegtibility of the soluble and non-soluble
casein (12 h) as presumed according tahamtro digestibility study with protease extract
from the midgut gland of mature grass shrir®prfonodon), showing a three fold increase in
digestibility (Lan and Pan 1993). However, aftdrdlr digestion, the soluble casein had a 24
% higher protein digestibility than the insolubkesein (Paper 1l), indicating a more rapid

digestion according to results by Lan and Pan (1993

4.4 Hydrolysis of feed ingredients

It is well accepted that addition of hydrolyzedteio will improve the performance of marine
fish larvae (Zambonino Infan&t al., 1997; Cahwt al., 1999; Carvalhet al., 2004).

However, a wide variety of hydrolyzed proteins haeen investigated, with large qualitative
differences dependent on the enzymatic hydrolymatiethod and the feed ingredients
hydrolyzed (Table 12). Previous studies have aitodthd an optimal level for inclusion of
hydrolyzed protein (Zambonino Infangeal., 1997; Kvalest al., 2002; Kvaleet al., 2007b),

but the initial concentration of low molecular gt compounds in the other feed ingredients
or the change in quality during the production psxshas been given little attention. Using
fresh fish fillet in a compound diet not exposedhéat, the concentration of soluble N would
be similar to the concentration of soluble N in tieat coagulated diet containing 30 % pepsin
hydrolyzed protein (paper Ill), although there wibbk significant qualitative differences in

the soluble fraction. The need for extra inclusabimydrolyzed protein is probably lower in a
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diet based on fresh fillet than if the diet is lthea fish meal. It may therefore be misleading
to recommend inclusion levels of hydrolyzed praotéinot an additional evaluation of the

other feed ingredients and the feed process i®eed.

Table 12: Concentration of soluble N (PhosphatéebyH (8) and TCA soluble N
in cod fillet exposed to different hydrolysatioretinods.

Hydrolyzation method Soluble N TCA soluble N
% of total N % of total N

Untreated cod fillét? 34 (n=1) 18 +2.4
Pepsin hydrolyzed (24 Hj 65+3 40+ 4.2
Pancreatic hydrolyzation (12%) 79+9.1
Pepsin + pancreatic (24 h + 12) 86+ 2.7
TPaper Il

*Paper Il

The pepsin hydrolyzed cod fillet (Paper Il and Ws not separated into the respective
soluble and insoluble fractions; instead the coteghgdrolyzed product was incorporated
into the respective diets investigated in papeMihen hydrolyzing the main protein source
of the diet instead of adding increasing amounis different hydrolyzed protein source, the
diet will keep the same AA profile only differing solubility of the N fraction. This is in
accordance with Dabrowski al. (2003), that argued that the same source of proiil to be
fed in both intact and hydrolyzed forms to inveat&if inclusion of protein hydrolysis’s
leads to enhanced growth in larval fish. Howeuee, ion soluble fraction of the hydrolyzed
protein may have a lower digestibility than theoilble fraction of the non hydrolyzed
protein (paper Il). There were only small differeaen AA profile of the leached and not
leached diet containing 30 % hydrolyzed proteirpgpdll), indicating that there are no
severe differences in AA profile between the saudohd insoluble fraction of the hydrolysed
cod fillet (Paper Il and Ill). The pancreatic diges of the heat coagulated (paper Ill) and
cross-linked diet (results not shown) led onlyrwadl differences in AA profile between the

digested TCA soluble fraction and the not digestietl (Paper Ill). The inclusion of only the
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TCA soluble fraction of pancreatic hydrolyzed feegredients (Paper Il) may therefore be an
appropriate method and still have a similar AA pechs argued by Dabrowsét al., (2003).
Due to the indication that the insoluble fractidrhgdrolyzed ingredients has a lower
digestibility (Table 8 and 9), it may be recommdnidao separate the insoluble fraction prior

to inclusion of hydrolyzed ingredients to formuldidiets.

4.5 Leaching from formulated feeds

45.1 Leaching of proteins, Peptides and FAA

The leaching of the heat coagulated diets (Paperdhfirms previous studies showing a high
loss of both soluble protein and low molecular vagigitrogenous compounds when
compound diets are exposed to aqueous solutiore@-évaradoet al., 1994; Kvaleet al.,
2006). In addition, there was an increased losswimolecular weight nitrogenous
compounds compared to those of larger molecular(laper IlI; Kvalest al., 2006).
Interestingly, there was no significant differemecehe retained concentration of FAA and
peptides between the diets with increased condentraf hydrolyzed protein after exposure
to leaching for 6 min (Paper Ill). The data suppdine suggestions that loss of soluble N may
mask the effect of increased inclusion of hydroti/peotein in feeding trials with marine fish
larvae (Kvaleet al., 2002, 2007b). However, it should be emphasikatié min is a long
exposure to leaching and most particles will midsy be ingested within this period using

proper feeding routines.

45.2 Other micronutrients

The amount of soluble vitamins and minerals lostrduleaching from larval diets has been
given little attention, but may be severe (Mardhettal., 1999; Langdon 2003; Yufeghal.,

2003). The nearly complete loss of zinc and thiadua to water exposure of the cross-linked
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diet (Paper I) confirms that the loss of microrerits may be comparable to that of FAA
(Lopez-Alvaradeet al., 1994; Kvaleet al., 2006), although the cross-linked diet was exgose
to water for approximatelyl0 min. The mineralsedd and feed ingredients are naturally
found in the ash fraction. By washing pink Perchatrfer surimi production there was a
decrease in ash from 5 % (dw) to 1 % (Karthikestaad., 2006), indicating that most ash
compounds in fish fillet are water soluble. Depertde concentration of hydrolyzed protein,
the weight loss by leaching from the heat coagdldiets was 5 - 10 % higher (dw) than the
calculated weight loss of soluble N (Paper IIl)eMeight loss is similar to the concentration
of ash found in the four investigated diets (Kvatgublished ) and indicates a complete loss
of ash and thereby minerals during the leachirad. tim comparison to most EAA, that can be
delivered as part of an insoluble complex proteamcentrations of bound soluble

micronutrients present in conventional marine fieggledients seems to be small (Paper I).

45.3 Lossof Taurine

Taurine is an organic acid that is abundant irtiggies of many animals. It exists only in free
form and not as part of a complex protein. Tauisngescribed as a non-essential AA, but
there are several indications that taurine is didext early larvae stages. Japanese flounder
(Paralichtys olivaceus) (Chenet al., 2004, Cheret al., 2005, Kimet al., 2003, Kimet al.,

2005, Matsunargt al., 2003, Cheret al., 2002, Takeuchgt al., 2001) and Sea breafagrus
major) (Chenet al., 2004) fed taurine enriched rotifers showed inadagowth and

according to studies by Kiet al. (2005) juvenile Japanese flounder required &t lea

15 mg ¢ taurine in the diet. Both the protein encapsulaietiand the heat coagulated diet
had a 100 % loss of taurine after exposure to w&aper | and Ill). The initial concentration
of taurine in the raw ingredients of the proteioss:-linked diet (Table 13) was approximately

6 times lower than in copepods and 4.5 times |div@nArtemia (Table 13; Van der Meeren
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et al., 2003). The concentration of taurine in the heagotated diet was 3.9 times lower than
in copepods and 2.8 times lower thamemia (Table 13; Van der Meeragh al., 2003).
However, the concentration was 7.5 - 22 times higjen in rotifers (Table 13; Van der
Meeren, 2003; Srivastawhal., 2006). This indicates that most ingredients usedéfval

diets are insufficient in taurine and extra adaitshould be considered. In addition, there will

most likely be a severe loss of taurine from athve@ntional diets (Paper | and 1l1).

Table 13: Concentration of taurine in ingredientd lve feed for marine fish larvae.

Feed and feed ingredients Taurine Ref.
mg g* (dw)
Rotifers 0.21-0.62 Van der Meeren, 2003; Sraxzestt al., 2006
Artemia 13 Van der Meeren, 2003
Copepods 18 Van der Meeren, 2003
Heat coagulated diet 4.7 Paper Il
Raw ingredients protein encapsulated diet 2.9 Plaper
Protein cross-linked diet ND Paper |
Fish fillet 0.4-3.2 Zhao et al., 1998

4.6 Use of LSB to prevent leaching

Lipid particles containing soluble micronutrientisyugs or other chemical compounds have
shown promising for delivering of highly leachablEmpounds to marine organisms (Buchal
and Langdon 1998; Onal and Langdon 2000; 20044&00nal and Langdon 2005a; Clack
2006; Templee 2006). Briefly, the production methoglves melting of a lipid solution and
mixing core materials with the molten lipid. The ltea lipid solution is then sprayed into a
cold chamber where the lipid particles solidify.€T¢ore material can either be crystals or an
agueous solution/slurry (Figure 7). All nutrierggher soluble or insoluble, may be possible
to incorporate into LSB. The only restriction faliery of soluble compounds with LSB is

presumed to be compounds not resistant to the ratupe necessary to melt the lipid
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solution. For the LSB investigated in paper IV, thelting and spraying temperature was
approximately 60 °C, but if producing LSB contampimgher concentration of phospholipids
than used in paper IV, a higher temperature mayeoessary. Although solely feeding of
LSB to fish larvae has been accomplished (Onallamgjdon, 2004a), the most promising

use of LSB is incorporated into complex particlese(chapter 1.6).

Figure 7: A: LSB containing crystal compounds. BBB_containing aqueous slurry of soluble compoufds.
LSB made of menhaden stearine and 40 % soy leaithitaining crystal glycine (Paper IV). The pictise
taken after 10 min exposure to leaching and trenetl glycine crystal is marked with a red arrow.

4.6.1 Lipidquality of LSB

Previous studies of LSB have been performed witB h#de of triacylglycerides and waxes
(Buchal and Langdon 1998; Langdon and Buchal 1898 and Langdon 2004ab; 2005b;
Onal and Langdon 2005a). To be of practical use|. 8B have to be solid at room
temperature and may therefore not contain largeardnations of unsaturated fatty acids.
However, LSB made with menhaden stearine have showa digestible in fish larvae (Onal
and Langdon 2004b) and contains 10.6 % EPA (oF&j.and 9.1 % DHA (of tot. FA)
(results not shown). In addition to be in-dispdesib water (Paper IV), LSB made of
menhaden stearine has a relative low melting gbug making them impractical to use if not
incorporated into a complex particle (Onal and Ldorg 2005ab). In addition to the benefit of

producing water dispersible lipid particles (Papgr the use of phospholipids are beneficial
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due to the high melting point even with a high emtof unsaturated fatty acids. LSB
containing 75 % krill phospholipids has succesgfoben made (Nordgreen and Langdon,
unpublished) and the acetone precipitated krillgpholipids had an EPA content of 27 % (of
tot FA) and a DHA content of 12 % (of tot. FA) (Migreen and Hamre, unpublished).
Although a significant higher content of EPA and Athan in menhaden stearine, the krill

phospholipids were much harder at room temperahae the menhaden stearine.

The LSB used to enricArtemia contained 22.7 % wax, 16 % fish oil and 55 % lenit They
dispersed nicely and were easier to handle thahSBecontaining menhaden stearine. This
was probably due to the higher melting point ofgffan wax and increased lecithin
concentration. Although the LSB were more heatlstabwas still important that the beads
were kept cold during storage so the LSB did nosgeky, causing the particles to clump
before they were fully dispersed in the water. Bethat would withstand a higher mechanical
stress and higher temperatures during storage vimautif great importance for large scale
production of LSB. Increasing the melting pointhaitit jeopardizing the fatty acid profile is
an unsolved problem which needs further investgatit is questionable if a non-digestible
wax should be chosen instead of highly saturateg@i@h as palmitic acid (16:0). The use of
an indigestible wax may be beneficial since onbytiore unsaturated fatty acids in the
phospholipids or fish oil would be digested. Pdesiegative aspects of the use of waxes

would be reduced digestion and/or increased gutuaten.

4.6.2 Leaching fromLSB

The leaching rate of the investigated LSB were (@0 %; Paper IV) compared to previous
data (Onal and Langdon 2004ab; Buchal and Lang@68;1Clack 2006). As discussed in

section 4.6.2,this is probably due to clumpingh&f LSB in previous studies. However, there
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were a large increase in leaching when LSB wererparated into complex particles (Onal
and Langdon, 2005). This increase in leaching rat@ost likely because incorporated LSB
will be in contact with water on all sides equivaléo the dispersed LSB (paper IV). The LSB
incorporated into a complex particle (Onal and Ldorg 2005a) had the same loss within 20
min as the loss from the LSB in this study (Pap@r This indicates that the LSB containing
soy lecithin (Paper IV) did not have a higher laaghrate than LSB produced with menhaden
stearine (Onal and Langdon, 2004b). There was #asiratention of the OTC after exposure
to leaching for 20 min as for glycine, and inteirgglly there was a good retention of OTC
after the first minutes of burst release (Paper Afthough the loss of soluble compounds is
presumed to be too high for delivering of nutrieméeded in large quantities, such as FAA
and peptides, the LSB may have a retention effoyiesufficient to deliver micronutrients.

LSB containing similar levels of marine phosphalpis soy lecithin (Paper IV) have shown
similar retention efficiency as investigated irstiiork (Langdon, unpublished). LSB
produced with marine phospholipids may be incongalanto the complex particles in larger

guantities due to the improved fatty acid quality.

4.6.3 Leaching in ethanol

When producing complex particles containing L3t feed ingredients and the LSB are
dispersed in a solution of 90% ethanol and spraadd©Onal and Langdon, 2005a). FAA are
sparingly soluble in ethanol and there will be gmsiicant losses from the LSB during the
production process (Clack, 2006). As previouslgdssed, the use of complex particles may
be a more appropriate tool to deliver specific A&l anicronutrients instead of crude FAA.
Unfortunately, many of the micronutrients are hygbbluble in ethanol and may be lost
during the production (Table 14). OTC is succes$gincorporated into LSB (Paper V), but

OTC is highly soluble in ethanol and LSB made d® ¥ menhaden stearine had a 90 % loss
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after 10 min leaching in ethanol (Nordgreen, unghigld). This indicates that the use of the

complex particles (Onal and Langdon, 2005a) foivdeihg ethanol soluble nutrients should

be considered carefully.

Table 14: Solubility of selected micronutrientsaiater and ethanol.

Water soluble compounds Water Ethanol

FAA in general Highly soluble Low solubility
L-Proline Highly soluble Highly soluble
OoTC Highly soluble 1 gram per 35 ml
Taurine Highly soluble Insoluble
Thiamine Highly soluble Highly soluble
Riboflavin 110 mgt 45 mg It
Ascorbic acid Highly soluble Highly soluble
lodide Highly soluble Highly soluble
Iron (Ill) chloride Highly soluble Highly soluble
Sodium sulfate Highly soluble Insoluble

4.6.4 Livefeed enrichment with LSB

The recommended optimum patrticle sizeAotemia is 6.8 um and 27.5 um (Gelabert

Fernandez, 2001) and the smallest size classtefia (1-1.99 mm) had the highest ingestion

rate of particles measuring 10 um (Gelabert Ferea2003). This is significantly larger than

the reported particle size in standard lipid enauisi(Haret al., 2005; Legeket al., 1987).

Hanet al. (2005) reported that 50 % of the volume-weighieangter of emulsion droplets

(ICES; 30 % DHA and 50 % DHA) was bellow a partisiee of 1.07 £ 0.03 and 0.11 + 0.03

pum dependent on blending procedures and lipid tyu@liSelco product was reported to have

an emulsion patrticle size of approximately 2 pmggreet al., 1987). The LSB can be

produced within the size ranges suggested to bmalfior Artemia at all stages (Gelabert

Fernandez, 2001) and were efficiently ingestedtigmia (Paper V). The seven fold

increase in riboflavin concentration with one hearichment (Paper V), suggests that
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dispersible LSB may be an effective tool for enmemt of water soluble nutrients. However,
riboflavin has a low solubility (Fig 8), and OnalcaLangdon (2004ab) showed a several fold
increase in leaching rate with glycine comparedioflavin. This suggest a less efficient

enrichment of more soluble compounds as glycinpdéPR/).

Figure 8: Left: LSB prepared with paraffin wax,
soy lecithin and cod liver oil (227 g kg545 g kg
and 164 g kd) and 64 g kg riboflavin (Table 3,

LSB type 1). The picture was taken using an
epifluorescent microscope (Leica DM1000, Leica
inc) fitted with a UV light source (excitation 05@

- 490nm and emission of 515 - 528nm). LSB were
dispersed in seawater for one hour and 55 min and
riboflavin particles were still visible within the
beads (Paper IV).

There were indications thattemia masticated captured beads before ingestion (F@jre
and the particle size appropriate for enrichmeny tharefore be larger than the particle size
recommended by Gelabert Fernandez (2001) usingl&i@ed particles. Larger LSB, may
reduce the leaching rate (Kvaleal., 2006) and the incorporated nutrients may be more
rapidly released if the LSB are ruptured upon itiges Previous studies have indicated that
the intestinal content &rtemia constitutes for a insignificant part of the tdtpid content of
Artemia (Smithet al., 2002). However, the lipid content of newly hadArtemia (A.
franciscana) is 145 mg g* dw (Evjemoet al., 2001) while the lipid content of enriched
Artemia is reported to be 220-250 mg gw (Evjemoet al., 2001; Vander Meeren, 2003).
The present enrichment study (Paper 1V) suggeatghle intestinal lipid content would

represent from 18 to 30 % of the total lipid conteinthe Artemia (dw).
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Figure 9. Left Artemia enriched with LSB containing riboflavin after oneur enrichment; a string of faeces
can be seen (Leica, DM 1000). Right: Digestivettod@rtemia fed on riboflavin-containing LSB, filled with

fluorescent riboflavin, shows thAttemia ingested LSB. Whole LSB are not visible, indicgtthat they were

broken down. The picture was taken using an epilscent microscope (Leica, DM1000, Leica inc) ditteith

a UV light source (excitation of 450 - 490nm, endasof 515 - 528nm) (Paper 1V).

The lipid class composition iirtemia does not seem to be influenced by enriching watlap
lipids (Rainuzzcet al., 1994; Harekt al., 1999), and it may therefore be questionablesto u
marine phospholipids in enrichment products, dudaéchigh price of these products. On the
other hand, the use of enrichment products comgimarine phospholipids have shown
significantly increase the incorporation of DHA (EMoy et al., 1996; Harekt al., 1999).
Artemia enriched with herring roe phospholipids in tunbitad oil and Super Selco had DHA
concentrations of 19.4 +1.1 % and 7.4 + 1.1 %dbfA) respectively, although the two
enrichment products had similar concentration ofADNIcEvoy et al., 1996). In addition,
delivering of DHA in PL form gives a significantdtier DHA content in the polar fraction of
theArtemia (Harelet al., 1999). The environment for live feed enrichmieraptimal for
aggressive per-oxidation due to heavy aeratiorh tégperature and strong illumination.
DHA in PL form has shown to be less exposed toxydation than DHA in TAG form (King
et al., 1992b; 1992a; Sorg al., 1997). During a 10 week oxidation trial, 90 %ilod
phospholipids bound DHA was retained while 97 %hef TAG bound DHA was lost by

oxidation (Songt al., 1997).
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Although marine phospholipids (from Krill) has dateve high n-3 HUFA (47.9 % of tot FA)
(Monroiget al., 2006), there is a high concentration of palmatal (16:0) (26.5 % of tot FA)
compared to Super Selco (2.8 % of tot FA) (Monmtigl., 2006). Interestingly there were no
significant difference in the HUFA n-3 profile betenArtemia enriched with LUV detergent
liposomes made of krill phospholipids comparedi® $uper Selco enrichddtemia, and

only an increase in 16:0 from approximately 9 %approximately 11.5 % (Monroig al.,
2006). This indicates that marine phospholipids imayised for enrichment without a severe

increase in the concentration of 16:0.

4.6.5 Co-feeding fish larvae with LSB

LSB are not appropriate as a complete diet dulkeadnigh lipid content, but may be a good
tool as a supplement to deliver an additional cotraiion of chosen nutrients or bioactive
compounds which are difficult to deliver throughelifeed or compound diets. LSB have
previously been successfully start fed to larvageddra fish Danio rerio) and glowlight tetra
(Hemigrammus erythrozonus) (Onal and Langdon 2004a). Zebra fish start feith WSB
(menhaden stearine) containing OTC had a concenmtrat 119 ng OTC per larvae after one
single meal lasting for 2 h and a retention of 80TC per larvae after gut evacuation
(Temple and Langdon, unpublished). However, whémgusSB containing 100 %
triacylglycerol the LSB must be dispersed with arutsifier prior to feeding (Templee, 2007)
and it is questionable if this is a practical metifd_SB are to be used in large scale
experiments. The dispersible LSB (Paper 1V) wersssfully start fed to three days old
gobies and rockfish larvae (Nordgreen, unpublish&jrt feeding gobies at day three after
hatching with LSB containing fluorescent riboflay6i + 15 % (n= 3 tanks) ingested LSB
within one hour (Figure 10). The capability of aevae to digest the LSB was not

investigated and needs further investigation, alimoas seen figure 10, there is release of
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riboflavin seen in the hind gut indicating a rugtwf the LSB.

Figure 10: A three days old goby larvae with a teraf approximately 2 mm. The goby has been edtBig
containing fluorescent riboflavin. Left: Picturekéan with fluorescent microscope. LSB can be seagresn
fluorescent light in mid gut and hind gut. The piet was taken using an epifluorescent microscopeélL
DM1000, Leica inc) fitted with a UV light sourcex@tation of 450 - 490nm and emission of 515 - 5A8n
Right: Picture taken with normal light (Leica DMA@. The LSB can bee seen as black “spots” filtimg mid
gut of a three days old goby larvae.
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5 Conclusions

1. During production of the protein encapsulated desrly all water soluble
micronutrients were lost (Paper 1). It is not recoemdable to use this diet for
studying the effect of water soluble nutrients withchanges in the production
protocol. There was a reductionimvitro protein digestibility due to the production
process (Paper lll) that should be considered awvestigated more thoroughly.

2. Leaching of the formulated feeds in these studid€d a 100 % loss of Taurine (Paper
| and Ill). In addition, there is a low concenteattiof Taurine in fish meal based diets
(Paper | and 1ll) compared to copepods and additisnpplementation should be
considered. If Taurine proves to be an essentiaf@k4re-metamorphic fish larvae,
Artemia or Rotifers may be enriched with Taurine by udimg dispersible LSB (Paper
V).

3. More than 50 % of the crude protein in live feed anprocessed fish fillet is water
soluble N where half of this fraction is larger pdps and soluble proteins (Paper II).
Three different fish meals had a concentrationohdtse N ranging from 11 - 17 %
where nearly 100 % were FAA and small peptides €Pdp

4. Invitro digestibility indicated that digestibility of theater-soluble N fraction was

general higher than that of the insoluble N frac{Baper Il and IlI).

5. By inclusion of high concentrations of phospholgidto LSB, we were able to
produce LSB that dispersed freely and were goodtile=shfor delivering both lipid
and water-soluble compounds to suspension-feedersasArtemia. The
concentration of riboflavin was increased 7 foldhiw 1 hour enrichment.
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6 Future perspective

6.1 True leaching rate from formulated feed

This work support the hypothesis that high lose/afler soluble nutrients from formulated
feed during feeding may significantly effect largabwth and survival. Although there have
been done numerous studies onithétro leaching rate from different formulated feeds, no
studies have to our knowledge tested the true iegehte upon ingestion. There might be
significant variations in feeding rate between sgecTherefore, a formulated diet fed to one
specie under optimal conditions might be eateniwidss than a minute, while a slow
feeding specie fed in access might use severatoreat most of the feed. It would be of great
interest to investigate the real loss of nutriemqsn ingestion with diets of known vitro
leaching rate. This could be done by incorporasirspluble and a non soluble marker in
different compound diets for marine fish larvae.dyng this, we may be able to compare the
difference in ratio between the soluble and nontdel marker in the diet and in the fish after
feeding. This may show ifi vitro leaching studies have under or over estimatedethehing
rate. We may also be able to compare the differenfeeding rate between species, feeding

systems and tank systems.

6.2 Fat soluble derivates

Although microspheres as LSB and liposomes are igingitools delivering highly soluble
compounds to marine fish larvae, although they n@ybe suitable for large scale
commercial production. Existing commercial dietsyd a high leaching rate. A way to solve
this problem may be to substitute water solubleromatrients with a fat soluble derivate

(Table 15). To successful use a fat soluble dexjtae derivate must be converted into its bio
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available and bio active form by the larvae. Asgbdalmitate (AP) (Merchiet al., 1995b;
Merchieet al., 1996a; Merchiet al., 1996b; Merchiet al., 1997a; Merchiet al., 1997hb)

and Lipiodol™ (Moreret al., 2006a) enricheArtemia have successfully been used to
increase the supply of their respective water deldbrivate (ascorbic acid and iodine) to fish
larvae, although it has been shown that Europeaibass fed AP enriched dry diets had a
lower assimilation and deposition compared to Eeappsea bass fed a diet with
supplemented ascorbic polyphosphate (Mereh&., 1996b). Benfotiamine (Geyeral.,
2000) and riboflavin tetra butyrate (Yaaial., 1970) which gave promising results for
chicken and rats and the potential for supplemgritiamine and riboflavin to fish larval
diets should be investigated. Phospholipids migh&f important phosphor source for bone
development. For marine fish larvae the use of phossalts may lead to leaching and

reduction in the delivery.

Table 15: Fat soluble derivates of water solublensins used in feeding trials.

Water soluble vitamin Derivate Tested fish Ref

lodide Lipidiol Halibut Moreret al., 2006a

Merchie et al., 1996a; Merchet

Vitamin C ascorbyl palmitate Turbot al., 1996b
Vitamin C ascorbyl palmitate Sea bass Merehid., 1996b
Merchieet al., 1995b; Merchiet

Vitamin C ascorbyl palmitate African catfishal., 1997b
Vitamin C ascorbyl palmitate Rohu carp Mitra andKiiapadhyay, 2003
Thiamin thiamin propy! disulfide Chicken Geyatral., 2000

thiamin tetrahydrofurfuryl Geyeret al., 2000
Thiamin disulphide Chicken
Thiamin Benfotiamine Chicken Loew 1996
Riboflavin Riboflavin Tetrabutyrate Rats Yagial., 1970
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6.3 Further development of LSB

The dispersible LSB containing high concentration lgcithin proved to be a promising tool
for enrichment of water soluble nutrientsddemia (Paper IV) and Rotifers (unpublished
results). However, the success of delivering higllluble micronutrients will most likely be
reduced compared to the less soluble riboflavipéP#/) and needs further investigation.
The enrichment study in paper IV was terminatedraih hour, and most of the riboflavin is
therefore most likely still in the gut, the capébifor the Artemia to digest incorporated
nutrients are therefore unknown. If LSB are to beduas a vehicle for lipid enrichment, the
LSB have to contain marine phospholipids insteasbgflecithin. Stable LSB containing 75
% krill phospholipids have been successfully pradu@Nordgreen, unpublished). However a
vast amount of work has to be accomplished to yéath technical and nutritional aspects of

using LSB in lipid enrichment of live feed.

77



7 References

Aragao, C., Conceicao, L.E.C., Dinis, M.T., FyhnJKH2004. Amino acid pools of rotifers aAdemia under
different conditions: nutritional implications féish larvae. 234, 429-445,

Balon, E.K., 1999. Alternative ways to become aejpile or a definitive phenotype (and on some péngjs
linguistic offenses). Environmental Biology of Fesh56, 17-38.

Barrows, F.T., Lellis, W.A., 2006. Effect of dietrgzessing method and ingredient substitution ord fee
characteristics and survival of larval walleggander vitreus. Journal of the World Aquaculture Society
37, 154-160.

Bartkowiak, A., Hunkeler, D., 1999. Alginate-oligdtosan microcapsules: A mechanistic study relating
membrane and capsule properties to reaction conditChemistry of Materials 11, 2486-2492.

Baskerville-Bridges, B., Kling, L.J., 2000a. Devahoent and evaluation of microparticulate diets darly
weaning of Atlantic codsadus morhua larvae. Aquaculture Nutrition 6, 171-182.

Baskerville-Bridges, B., Kling, L.J., 2000b. Eanyeaning of Atlantic cod Gadus morhua) larvae onto a
microparticulate diet. Aquaculture 189, 109-117.

Baskerville-Bridges, B., Kling, L.J., 2000c. Larvallture of Atlantic cod Gadus morhua) at high stocking
densities. Aquaculture 181, 61-69.

Beaulieu, L., Savoie, L., Paquin, P., Subirade,2002. Elaboration and characterization of wheytginobeads
by an emulsification/cold gelation process: Appica for the protection of retinol.
Biomacromolecules 3, 239-248.

Blaxter, J.H.S. and Hempel, G., 1965. The feedingeoring larvae and their ecology in relation ¢éeding.
Calif. Coop. Oceanic. Fish. Invest. Rep. 10: 79-88.

Blaxter, J.H.S., 1969. Visual Thresholds and Spé@&ensitivity of Flatfish Larvae. Journal of Expeental
Biology 51, 221-.

Blaxter, J.H.S., Staines, M., 1970. Pure-Cone Retand Retinomotor Responses in Larval Teleostsndbof
the Marine Biological Association of the United i§olom 50, 449-&.

Boye, J.I., Ma, C.-Y., Hardwalker, V.R., 1997. Timal denaturation and coagulation of proteins. In:
Damodaran, S., Paraf, A. (Eds.), Food proteinsthail applications. Marcel Dekker, New Yourk, pp.
25-56.

Brazel, C.S., Peppas, N.A., 1999. Mechanisms afteand drug transport in relaxing, swellable, loydhilic
glassy polymers. Polymer 40, 3383-3398.

Bronstad, I., Bjerkas, I., Waagbo, R., 2002. Thedi®r riboflavin supplementation in high and lomeegy diets
for Atlantic salmorSalmo salar L. parr. Aquaculture Nutrition 8, 209-220.

Buchal, M.A., Langdon, C.J., 1998. Evaluation pfdispray beads for the delivery of water-solubkgarials to
a marine suspension-feeder, the Manila claapes philippinarum (Deshayes 1853). Aquaculture
Nutrition 4, 263-274.

Bustos, R., Romo, L., Yanez, K., Diaz, G., Romo, Z003. Oxidative stability of carotenoid pigmeiatsd
polyunsaturated fatty acids in microparticulatetslieontaining krill oil for nutrition of marine fis
larvae. Journal of Food Engineering 56, 289-293.

Cahu, C., Infante, J.Z., Escaffre, A.M., Bergot, Raushik, S., 1998. Preliminary results on seasbas

(Dicentrarchus labrax) larvae rearing with compound diet from first feegl Comparison with carp
(Cyprinus carpio) larvae. Aquaculture 169, 1-7.

78



Cahu, C., Zambonino Infante, J., 2001. Substitutdbrive food by formulated diets in marine fishrdae.
Aquaculture 200, 161-180.

Cahu, C., Rgnnestad, I., Grangier, V., Infante,Z1,12004. Expression and activities of pancreatizymes in
developing sea bass larvd@igentrarchus labrax) in relation to intact and hydrolyzed dietary miot
involvement of cholecystokinin. Aquaculture 23852308.

Cahu, C.L., Infante, J.L.Z., 1995. Effect of the Istular-Form of Dietary Nitrogen Supply in Sea Bhasvae -
Response of Pancreatic-Enzymes and Intestinal d2ejets. Fish Physiology and Biochemistry 14, 209-
214.

Cahu, C.L., Infante, J.L.Z., Quazuguel, P., Le @dlM., 1999. Protein hydrolysate vs, fish meatampound
diets for 10-day old sea badscentrarchus labrax larvae. Aquaculture 171, 109-119.

Cahu, C.L., Infante, J.L.Z., Barbosa, V., 2003.eEffof dietary phospholipid level and phospholipideutral
lipid value on the development of sea bd3éntrarchus labrax) larvae fed a compound diet. British
Journal of Nutrition 90, 21-28.

Canino, M.F., Bailey, K.M., 1995. Gut Evacuation Wfalleye Pollock Larvae in Response to Feeding
Conditions. Journal of Fish Biology 46, 389-403.

Cara, J.B., Moyano, F.J., Cardenas, S., Fernaniiz-D., Yufera, M., 2003. Assessment of digestimeyme
activities during larval development of white breamall 63, 48-58.

Carr, W.E.S., Netherton, J.C., Gleeson, R.A., DeiGyD., 1996. Stimulants of feeding behavior inhfis
Analyses of tissues of diverse marine organismsloBical Bulletin 190, 149-160.

Carvalho, A.P., Escaffre, A.M., Teles, A.O., Berdet, 1997. First feeding of common carp larvaeliets with
high levels of protein hydrolysates. Aquaculturgetnational 5, 361-367.

Carvalho, A.P., Oliva-Teles, A., Bergot, P., 2083reliminary study on the molecular weight profi€soluble
protein nitrogen in live food organisms for fisimae. Aquaculture 225, 445-449.

Carvalho, A.P., Sa, R., Oliva-Teles, A., Bergot, Z2204. Solubility and peptide profile affect thilization of
dietary protein by common car@yprinus carpio) during early larval stages. Aquaculture 234, 319-
333.

Castell, J., Blair, T., Neil, S., Howes, K., Merc8r, Reid, J., Young-Lai, W., Gullison, B., Dhe®t, Sorgeloos,
P., 2003. The effect of different HUFA enrichmemhwdsions on the nutritional value of rotifers
(Brachionus plicatilis) fed to larval haddockMelanogrammus aeglefinus). Aquaculture International
11, 109-117.

Champigneulle, A., 1988. A 1st Experiment in Magsafing of Coregonid Larvae in Tanks with a Dry Food
Aquaculture 74, 249-261.

Chen, R.H., Tsaih, M.L., Lin, W.C., 1996. Effectisobain flexibility of chitosan molecules on theeparation,
physical, and release characteristics of the pegpeapsule. Carbohydrate Polymers 31, 141-148.

Chen, X.G., Zheng, L., Wang, Z., Lee, C.Y., Park]).H2002. Molecular affinity and permeability dffdrent
molecular weight chitosan membranes. Journal ofcAgural and Food Chemistry 50, 5915-5918.

Chong, A.S.C., Hashim, R., Ali, A.B., 2002. Assessinof dry matter and protein digestibilities ofested raw
ingredients by discus fislBfmphysodon aequifasciata) using in vivo and in vitro methods. Aquaculture
Nutrition 8, 229-238.

Clack, B., 2006. Development of Microparticulateds and Methods to Improve Acceptability of
Artificial Diets by Blue Spotted Goby Larva@gerropteryx semipunctata L.). Oregon State University,
Newport, pp. 104.

79



Conceicao, L.E.C., Houlihan, D.F., Verreth, J.A1097. Fast growth, protein turnover and costs rotgin
metabolism in yolk-sac larvae of the African cdtfigClarias gariepinus). Fish Physiology and
Biochemistry 16, 291-302.

Corrigan, O.l.,, Heelan, B.A., 2001. Characterizatiof drug release from diltiazem-loaded polylactide
microspheres prepared using sodium caseinate amy wiotein as emulsifying agents. Journal of
Microencapsulation 18, 335-345.

Cousin, J.C.B., Baudinlaurencin, F., Gabaudar 9B7. Ontogeny of Enzymatic-Activities in Fed arasfing
Turbot, Scophthalmus-Maximus L. Journal of Fish Biology 30, 15-33.

Coutteau, P., Geurden, I., Camara, M.R., Bergat,SBrgeloos, P., 1997. Review on the dietary effexit
phospholipids in fish and crustacean larvicultésguaculture 155, 149-164.

Dendrinos, P., Dewan, S., Thorpe, J.P., 1984. Ingrent in the Feeding Efficiency of Larval, Postuad and
Juvenile Dover SoleSplea-Solea L) by the Use of Staining to Improve the Visihjliof Artemia Used
as Food. Aquaculture 38, 137-144.

Denson, M.R., Smith, T.1.J., 1996. Larval rearingd aveaning techniques for white bass Morone chiysop
Journal of the World Aquaculture Society 27, 194-20

Dhert, P., Rombaut, G., Suantika, G., Sorgeloos2@01. Advancement of rotifer culture and manipata
techniques in Europe. Aquaculture 200, 129-146.

Dimes, L.E., Haard, N.F., Dong, F.M., Rasco, B.Porster, |.P., Fairgrieve, W.T., Arndt, R., Hardy,W.,
Barrows, F.T., Higgs, D.A., 1994. Estimation of #io Digestibility .2. In-Vitro Assay of Protein in
Salmonid Feeds. Comparative Biochemistry and Phlygyol08, 363-370.

Dong, F.M., Hardy, R.W., Haard, N.F., Barrows, F.Rasco, B.A., Fairgrieve, W.T., Forster, I.P., 399
Chemical-Composition and Protein Digestibility afuftry by-Product Meals for Salmonid Diets. 116,
149-158.

Downing, G. and Litvak, M.K., 1999. The effectspdfotoperiods, tank colour and light intensity oowgth of
larval haddock. Aquaculture International 7, 362-38

Downing, G., Litvak, M.K., 2001. The effect of ligmtensity and spectrum on the incidence of fiestding by
larval haddock. Journal of Fish Biology 59, 1566-85

Elbal, M.T., Hernandez, M.P.G., Lozano, M.T., Aguib, B., 2004. Development of the digestive tratt
gilthead sea brean§garus aurata L.). Light and electron microscopic studies. Aquiture 234, 215-
238.

Evjemo, J.O., Coutteau, P., Olsen, Y., Sorgelogsl 7. The stability of docosahexaenoic acichio Artemia
species following enrichment and subsequent starvaAquaculture 155, 135-148.

Evjemo, J.O., Olsen, Y., 1997. Lipid and fatty acidhtent in cultivated live feed organisms compacetharine
copepods. Hydrobiologia 358, 159-162.

Fernandez-Diaz, C., Yufera, M., Canavate, J.P., afoy F.J., Alarcon, F.J., Diaz, M., 2001. Growthd an
physiological changes during metamorphosis of Sainsgje reared in the laboratory. Journal of Fish
Biology 58, 1086-1097.

Fernandez-Diaz, C., Yufera, M., 1995. Capacity dth@ad Seabreangparus-Aurata L, Larvae to Break Down
Dietary Microcapsules. Aquaculture 134, 269-278.

Fontagne, S., Bazin, D., Breque, J., Vachot, Crn&ele, C., Rouault, T., Bergot, P., 2006. Effadtslietary

oxidized lipid and vitamin A on the early developmhend antioxidant status of Siberian sturgeon
(Acipenser baeri) larvae. Aquaculture 257, 400-411.

80



Gabaudan, J., Pigott G. M., Halver, J. E. 1980. &tfiect of processing on protein ingredients fovdd diets:
biological evaluation. Proceedings of the World Malture Society 11, 424-432.

Garcia-Ortega, A., Koussoulaki, A., Boer, H., VénreJ., 2000a. In vitro protein digestibility &rtemia
decapsulated cysts and nauplii, and of microbouets dor larval fish. Aquaculture Research 31, 475-
477.

Garcia-Ortega, A., Verreth, J., Van Hoornyck, Aeg8er, H., 2000b. Heat treatment affects proteadityuand
protease activity in decapsulated cystauwiémia when used as starter food for larvae of Africatfista
Clarias gariepinus (Burchell). Aquaculture Nutrition 6, 25-31.

Garcia-Ortega, A., Huisman, E.A., Sorgeloos, Prréfa, J., 2001. Evaluation of protein quality ifcrobound
starter diets made with decapsulated cystrtgmia and fishmeal for fish larvae. Journal of the World
Aquaculture Society 32, 317-329.

Gaserod, O., Smidsrod, O., Skjak-Braek, G., 199@rddapsules of alginate-chitosan - | - A quantiastudy
of the interaction between alginate and chitosammBterials 19, 1815-1825.

Gaserod, O., Sannes, A., Skjak-Braek, G., 1999rddapsules of alginate-chitosan. Il. A study of stdp
stability and permeability. Biomaterials 20, 773378

Gawlicka, A., Parent, B., Horn, M.H., Ross, N., @gs I., Torrissen, O.J., 2000. Activity of digestienzymes
in yolk-sac larvae of Atlantic halibutHfppoglossus hippoglossus): indication of readiness for first
feeding. Aquaculture 184, 303-314.

Gelabert Fernandez R., 2003. BioencapsulatioArtemia: Il. Influences of the particle concentration het
enrichment process. Aquaculture 216, 143-153.

Geyer, J., Netzel, M., Bitsch, I., Frank, T., Bits®k., Kramer, K., Hoppe, P.P., 2000. Bioavailapitf water-
and lipid-soluble thiamin compounds in broiler dgos. International Journal for Vitamin and
Nutrition Research 70, 311-316.

Gibbs, B.F., Kermasha, S., Alli, I., Mulligan, C,N1999. Encapsulation in the food industry: a revie
International Journal of Food Sciences and Nutritk0, 213-224.

Gopalkrishnan, M.V., Prakash, J., 2000. Optimumetiraquirement for enzymic hydrolysis of food proei
Journal of Food Science and Technology-Mysore 3%;32.

Govoni, J.J., Boehlert, G.W., Watanabe, Y., 198t Physiology of Digestion in Fish Larvae. Envirantal
Biology of Fishes 16, 59-77.

Greenberg, N.A., Shipe, W.F., 1979. ComparisorhefAbilities of Trichloroacetic, Picric, Sulfosajitc, and
Tungstic Acids to Precipitate Protein Hydrolysates Proteins. Journal of Food Science 44, 735-737.

Guthrie, K.M., Rust, M.B., Langdon, C.J., BarrowsT ., 2000. Acceptability of various microparticidaliets to
first-feeding walleye Stizostedion vitreum larvéeguaculture Nutrition 6, 153-158.

Hamre, K., Naess, T., Espe, M., Holm, J.C., Lie,ZD01. A formulated diet for Atlantic halibutl{ppoglossus
hippoglossus, L.) larvae. Aquaculture Nutrition 7, 123-132.

Hamre, K., Opstad, |., Espe, M., Solbakken, J., Ken®.l., Pittman, K., 2002. Nutrient compositionda
metamorphosis success of Atlantic halibudippoglossus hippoglossus, L.) larvae fed natural
zooplankton oArtemia. Aquaculture Nutrition 8, 139-148.

Hamre, K., Ofsti, A., Naess, T., Nortvedt, R., HolinC., 2003. Macronutrient composition of formethtiets
for Atlantic halibut Hippoglossus hippoglossus, L.) juveniles. Aquaculture 227, 233-244.

Hamre, K., 2006. Nutrition in cod (Gadus morhuayd® and juveniles. ICES Journal of Marine Scieé8e
267-274.

81



Han, K., Geurden, I., van der Meeren, P., Bai, S30rgeloos, P., 2005. Particle size distributiortiwo lipid
emulsions used for the enrichmentArtemia nauplii as a function of their preparation methaud
storage time. Journal of the World Aquaculture 8cB6, 196-202.

Harel, M., Ozkizilcik, S., Lund, E., Behrens, Pla¢®, A.R., 1999. Enhanced absorption of docosamia
acid (DHA, 22 : 6n-3) imArtemia nauplii using a dietary combination of DHA-richqapholipids and
DHA-sodium salts. 124, 169-176.

Hayworth, L.W., 1983. Microencapsulation procesk, pp. 4.

Heelan, B.A., Corrigan, O.l., 1997. In vitro anadysf the release of incorporated agents from sodiaseinate
microspheres. Journal of Microencapsulation 14783-

Heelan, B.A., Corrigan, O.l., 1998. Preparation awdluation of microspheres prepared from wheygqimot
isolate. Journal of Microencapsulation 15, 93-105.

Hjertnes, T., Gulbrandsen, K.E., Johnsen, F., @Gui\d. 1991. Effect of dietary protein, carbohyeliend fat
levels in dry feed for juvenile halibuH{ppoglossus hippoglossus L.). In: Kaushik, S.J., Luquet, P.
(Ed.), Fish Nutrition in Practice, Biarritz, France

Hoehne-Reitan, K., Kjorsvik, E., Reitan, K.I., 20(@evelopment of the pH in the intestinal tractlarival
turbot. Marine Biology 139, 1159-1164.

Hoehne-Reitan, K., Kjgrsvik, E. 2002. Early digestfunctional development of liver and exocrinegaas in
teleost fish. 26th Annual larval fish conferencemdtican Society of Fisheries, July 22-26.2002;
Storebg, Norway.

Hoestmark, O., Nygaard, E., 1992. Feed and proioesgroduction thereof. European Patent office, Mhn
Germany, pp. 5.

Hagay, I., 2005. Improvements in or relating toapsulation, European Patent Office, Norway.

Hontoria, F., Crowe, J.H., Crowe, L.M., Amat, F994. Potential Use of Liposomes in Larviculture aas
Delivery System througArtemia Nauplii. Aquaculture 127, 255-264.

Houde, E.D., 1989. Comparative Growth, MortalitpdeEnergetics of Marine Fish Larvae - Temperatung a
Implied Latitudinal Effects. Fishery Bulletin 877 #-495.

Houlihan, D.F., Pedersen, B.H., Steffensen, J.Fecliin, J., 1995. Protein-Synthesis, Growth andr@sies in
Larval Herring Clupea-Harengus) at Different Feeding Regimes. Fish Physiology &mdchemistry
14, 195-208.

Hsu, H.W., Vavak, D.L., Satterlee, L.D., Miller, &, 1977. Multienzyme Technique for Estimating Rint
Digestibility. Journal of Food Science 42, 1269-327

Huguet, M.L., Dellacherie, E., 1996. Calcium algsdeads coated with chitosan: Effect of the stmecof
encapsulated materials on their release. Procesh@&mnistry 31, 745-751.

Huguet, M.L., Neufeld, R.J., Dellacherie, E., 19@&lcium alginate beads coated with polycationitypers:
Comparison of chitosan and DEAE-dextran. Processti&imistry 31, 347-353.

Infante, J.L.Z., Cahu, C., 1994. Development angpRase to a Diet Change of Some Digestive Enzym&ga
Bass Dicentrarchus-Labrax) Larvae. Fish Physiology and Biochemistry 12, 3@3-

Infante, J.L.Z., Cahu, C.L., Peres, A., 1997. Rhgubstitution of di- and tripeptides for nativegins in sea
bass diet improves dicentrarchus labrax larval kbgwveent. Journal of Nutrition 127, 608-614.

Jayakrishnan, A., Knepp, W.A., Goldberg, E.P., 1994sein Microspheres - Preparation and Evalua®a
Carrier for Controlled Drug-Delivery. Internationsdurnal of Pharmaceutics 106, 221-228.

82



Jones, D.A. 1980. Microencapsulation process, Emagratent office, Munich, Germany.

Jones, D.A., Munford, J.G., Gabbott, P.A., 1974cid¢capsules as Atrtificial Food Particles for Aqaéfilter
Feeders. Nature 247, 233-235.

Kamler, E., Szlaminska, M., Raciborski, K., Barsig, Jakubas, M., Kuczynski, M., Przybyl, A., 1992.
Bioenergetic Evaluation of 4 Formulated Diets far Cyprinus-Carpio L) Larvae as Compared with
Zooplankton Fed and Starved Larvae. Journal of AhiRhysiology and Animal Nutrition-Zeitschrift
Fur Tierphysiologie Tierernahrung Und Futtermitteikle 67, 1-15.

Kanazawa, A., Teshima, S., Inamori, S., Matsubldra1983a. Effects of dietary phospholipids on dgitoaf the
larval red sea bream and knife jaw. Memoirs of Haeulty of Fisheries, Kagoshima University. 32,
109-114.

Kanazawa, A., Teshima, S., Kobayashi, T., Takaeg, IMashita, T., Uehara, R., 1983b. Necessity ofadie
phospholipids for growth of the larval ayu. Memaifsthe Faculty of Fisheries, Kagoshima University.
32, 115-120.

Karthikeyan, M., Dileep, A.O., Shamasundar, B.AQO@. Effect of water washing on the functional and
rheological properties of proteins from threadfiredm (Nemipterus japonicus) meat. International
Journal of Food Science and Technology 41, 1008101

Karthikeyan, M., Dhar, B., Mandal, D., Kakati, R0Q07. Proximate composition and biochemical quadity
small indigenous fish species of North-East Ind@urnal of Food Science and Technology-Mysore 44,
36-39.

Kelly, S.P., Larsen, S.D., Collins, P.M., Woo, NSY,.2000. Quantitation of inert feed ingestiondrval silver
sea bream Sparus sarba) using auto-fluorescence of alginate-based mictapdate diets. Fish
Physiology and Biochemistry 22, 109-117.

King, M.F., Boyd, L.C., Sheldon, B.W., 1992a. Etleof Phospholipids on Lipid Oxidation of a Salm®ii
Model System. Journal of the American Oil Chem$&tsiety 69, 237-242.

King, M.F., Boyd, L.C., Sheldon, B.W., 1992b. Antidant Properties of Individual Phospholipids isalmon
Oil Model System. Journal of the American Oil ChstmmiSociety 69, 545-551.

Kishida, M., Johanning, K.M., Bengtson, D.A., Speckl.L., 1998. Intestinal uptake of lipovitellirom brine
shrimp @rtemia franciscana) by larval inland silversidddehidia beryllina) and striped bas#vorone
saxatilis). Comparative Biochemistry and Physiology a-Molacand Integrative Physiology 119, 415-
421.

Kjarsvik, E., Pittman, K., Pavlov, D., 2004. Frorertilisation to the end of metamorphosis-Functional
development. In: Moksness, E., Olsen, Y. (Eds.)ltuga of cold-water marine fish. Blackwell
Publishing Ltd, Oxford, UK, pp. 204-278.

Knutsen, J.A., 1992. Feeding-Behavior of North-Seabot Scophthalmus-Maximus) and Dover SoleSplea-
Solea) Larvae Elicited by Chemical Stimuli. Marine Biokp§13, 543-548.

Kolkovski, S., Arieli, A., Tandler, A., 1997a. Vialand chemical cues stimulate microdiet ingestiosea
bream larvae. Aquaculture International 5, 527-536.

Kolkovski, S., Koven, W., Tandler, A., 1997b. Theoaee of action ofArtemia in enhancing utilization of
microdiet by gilthead seabrea®arus aurata larvae. Aquaculture 155, 193-205.

Kolkovski, S., Czesny, S., Dabrowski, K., 2000. Wéerill hydrolysate as a feed attractant for flahvae and
juveniles. Journal of the World Aquaculture Socigly 81-88.

Kolkovski, S., Tandler, A., 2000. The use of sqgpidtein hydrolysate as a protein source in micrisdier
gilthead seabrea®parus aurata larvae. Aquaculture Nutrition 6, 11-15.

83



Kolkovski, S., 2001. Digestive enzymes in fish Eevand juveniles - implications and applicationfotonulated
diets. Aquaculture 200, 181-201.

Koven, Parra, Kolkovski, Tandler, 1998. The effettietary phosphatidylcholine and its constitutatty acids
on microdiet ingestion and fatty acid absorptioterm gilthead sea brearparus auratus, larvae.
Aquaculture Nutrition 4, 39-45.

Koven, W., Barr, Y., Hadas, E., Ben-Atia, |., Ch&n, Weiss, R., Tandler, A., 1999. The potentialipbsomes
as a nutrient supplement in first-feeding marisé farvae. Aquaculture Nutrition 5, 251-256.

Koven, W., Kolkovski, S., Hadas, E., Gamsiz, K.nd@lker, A., 2001. Advances in the development ofrad@ets
for gilthead seabrearfparus aurata: a review. Aquaculture 194, 107-121.

Krogdahl, A., 2001. Fordgyelsessystemet hos kafoisfisk-oppbygging og funskjon (in Norwegian). In:
Waagbg, R., Hamre, K., Lie, &. (Eds.), Fiskerneeritygstnaeringen Forlag og Bokkklubb AS, Bergen,
Norway, pp. 11-35.

Kvale, A., Harboe, T., Espe, M., Naess, T., Hanig, 2002. Effect of predigested protein on growtid a
survival of Atlantic halibut larvaeHippoglossus hippoglossus L.). Aquaculture Research 33, 311-321.

Kvale, A., Yufera, M., Nygard, E., Aursland, K., #ae, T., Hamre, K., 2006. Leaching propertiesioée
different micropaticulate diets and preference bé tdiets in cod Gadus morhua L.) larvae.
Aquaculture 251, 402-415.

Kvale, A., Mangor-Jensen, A., Moren, M., Espe, Mamre, K., 2007a. Development and characterisation
some intestinal enzymes in Atlantic co®aflus morhua L.) and Atlantic halibut Kippoglossus
hippoglossus L.) larvae. Aquaculture 264, 457-468.

Kvale, A., 2007b. Weaning of Atlantic coG4dus morhua) and Atlantic halibut Klippoglossus hippoglossus).
Studying effects of dietary hydrolysed protein angkstinal maturation as a marker for readiness for
weaning. University of Bergen, Bergen, Norway, p.

Lan, C.C., Pan, B.S., 1993. Invitro Digestibilitinhilating the Proteolysis of Feed Protein in thellit Gland
of Grass ShrimpRenaeus-Monodon). Aquaculture 109, 59-70.

Langdon, C., 2003. Microparticle types for delivgrinutrients to marine fish larvae. Aquaculture ,2259-275.

Langdon, C.J., 1989. Preparation and EvaluatioRrofein Microcapsules for a Marine Suspension-Fedde
Pacific OystelCrassostrea-Gigas. Marine Biology 102, 217-224.

Langdon, C.J., Buchal, M.A., 1998. Comparison pfdiwalled microcapsules and lipid spray beadstlfar
delivery of water-soluble, low-molecular-weight miaals to aquatic animals. Aquac Nutrition 4, 275-
284.

Lapa-Guimaraes, J., de Felicio, P.E., Guzman, E.2@5. Chemical and microbial analyses of squitsaie
(Loligo plei) during storage in ice. Food Chemistry 91, 477-:483

Laurence, G.C., 1977. Bioenergetic Model for Analysf Feeding and Survival Potential of Winter Fider,
Pseudopleuronectes-Americanus, Larvae During Period from Hatching to Metamorpbog-ishery
Bulletin 75, 529-546.

Lazo, J.P., Romaire, R.P., Reigh, R.C., 1998. Etaln of three in vitro enzyme assays for estingapnotein
digestibility in the Pacific white shrimpPenaeus vannamei. Journal of the World Aquaculture Society
29, 441-450.

Le Ruyet, J.P., Alexandre, J.C., Thebaud, L., Megrt., 1993. Marine fish larvae feeding: Formuadéts or
live prey? Journal of the World Aquaculture Socigdy 211-224.

Lee, S.J., Rosenberg, M., 2001. Microencapsulatidheophylline in composite wall system consistiigvhey
proteins and lipids. Journal of Microencapsulati@ 309-321.

84



Leger, P., D., Naessens-Foucquaert E., Soorgdhop$987. Techniques to manipulate the fatty aoidilp
in Artemia nauplii and the effect on its nutritional effe@ness for the marine crustaddgsidopsis
bahia M. Pp. 411-424 in P. Sorgeloos, D. A. Bengtson, Décleir, and E. Jasper, edartemia
Research and Its Application. Vol. 3. Ecology, @Qrtig, Use in Aquaculture. Universa Press,
Wetteren, Belgium.

Leifson, R.M., Homme, J.M., Jostensen, J.P., Lie, @yklebust, R., Strom, T., 2003a. Phospholipids i
formulated start-feeds - Effect on turb&dphthalmus maximus L.) larval growth and mitochondrial
alteration in enterocytes. Aquaculture Nutritiord3;54.

Leifson, R.M., Homme, J.M., Lie, O., Myklebust, RStrom, T., 2003b. Three different lipid sources in
formulated start-feeds for turbotSopphthalmus maximus, L.) larvae - effect on growth and
mitochondrial alteration in enterocytes. Aquacudtblutrition 9, 33-42.

Leis, J.M., 2006. Are larvae of demersal fisheskian or nekton?, Advances in Marine Biology, Vdl, pp.
57-141.

Leonard, M., de Boisseson, M.R., Hubert, P., Déklgie, E., 2004. Production of microspheres based o
hydrophobically associating alginate derivatives digpersion/gelation in aqueous sodium chloride
solutions. Journal of Biomedical Materials Resedtalht A 68A, 335-342.

Lindner, P., Eshel, A., Kolkovski, S., Tandler, Adarpaz, S., 1995. Proteolysis by Juvenile Sea Bass
(Dicentrarchus-Labrax) Gastrointestinal Enzymes as a Method for the @atain of Feed Proteins.
Fish Physiology and Biochemistry 14, 399-407.

Loew, D., 1996. Pharmacokinetics of thiamine deives especially of benfotiamine. International rhal of
Clinical Pharmacology and Therapeutics 34, 47-50.

Lopez-Alvarado, J., Langdon, C.J., Teshima, S.an&zawa, A., 1994. Effects of Coating and Encatisul®f
Crystalline Amino-Acids on Leaching in Larval Feedsjuaculture 122, 335-346.

Lopez Albors, O., Gil, F., RamirezZarzosa, G., kedpR., GarciaAlcazar, A., Abellan, E., Blanco, Xazquez,
J.M., Moreno, F., 1995. Early muscle injuries irstandard reared stock of sea bBSsentrarchus
labrax, (L). Aquaculture 138, 69-76.

Luizi, F.S., Gara, B., Shields, R.J., Bromage, NIR99. Further description of the developmentefdigestive
organs in Atlantic halibutHippoglossus hippoglossus) larvae, with notes on differential absorption of
copepod andvrtemia prey. Aquaculture 176, 101-116.

Mackie, A.M., Mitchell, A.l., 1985. Identificatiorof gustarory feeding stimulants for fish applicagoin
aquaculture. In: Cowey, C.B., Mackie, A.M., BellGJ (Eds.), Nutrition and feeding in fish Academic
Press, London, UK., pp. 177-189.

Marchetti, M., Tossani, N., Marchetti, S., Bauce, G999. Leaching of crystalline and coated vitasnin
pelleted and extruded feeds. Aquaculture 171, 83-91

Marte, C.L., 2003. Larviculture of marine speciasSoutheast Asia: current research and industrgpeads.
Aquaculture 227, 293-304.

McEvoy, L.A., Navarro, J.C., Hontoria, F., Amat, Bargent, J.R., 1996. Two novltemia enrichment diets
containing polar lipid. Aquaculture 144, 339-352.

McEvoy, L.A., Naess, T., Bell, J.G., Lie, O., 199Bipid and fatty acid composition of normal and
malpigmented Atlantic halibutHippoglossus hippoglossus) fed enrichedArtemia: a comparison with
fry fed wild copepods. Aquaculture 163, 237-250.

Meeren, T.v.d., 2003. Kartlegging av biokjemiskhoid i copepoder som basis for kvalitetsvurderimdoa i
oppdrett av marin fiskeyngel (in Norwegian). IMRefi8en, pp. 40.

85



Merchie, G., Lavens, P., Dhert, P., Dehasque, MlisNH., Deleenheer, A., Sorgeloos, P., 1995aiadan of
Ascorbic-Acid Content in Different Live Food Orgams. Aquaculture 134, 325-337.

Merchie, G., Lavens, P., Dhert, P., Pector, R.,i,S8f.M., Nelis, H., Ollevier, F., DeLeenheer, Aorgeloos,
P., 1995b. Live food mediated vitamin C transferDi@entrarchus labrax and Clarias gariepinus.
Journal of Applied Ichthyology-Zeitschrift Fur Angandte Ichthyologie 11, 336-341.

Merchie, G., Lavens, P., Dhert, P., Gomez, M.GNklis, H., DeLeenheer, A., Sorgeloos, P., 1996&tddy
ascorbic acid requirements during the hatcheryytioin of turbot larvae. Journal of Fish Biology, 49
573-583.

Merchie, G., Lavens, P., Storch, V., Ubel, U., NeHl., DeLeenheer, A., Sorgeloos, P., 1996b. Infteeof
dietary vitamin C dosage on turbdcéphthalmus maximus) and European sea bad3identrarchus
labrax) nursery stages. Comparative Biochemistry and iBlogsy a-Physiology 114, 123-133.

Merchie, G., Lavens, P., Sorgeloos, P., 1997a.n@miition of dietary vitamin C in fish and crustacdarvae: a
review. Aquaculture 155, 165-181.

Merchie, G., Lavens, P., Verreth, J., Ollevier, Relis, H., DeLeenheer, A., Storch, V., Sorgeld®s,1997b.
The effect of supplemental ascorbic acid in endctiee food for Clarias gariepinus larvae at
startfeeding. Aquaculture 151, 245-258.

Millar, F.C., 1991. Physicochemical investigationos caseins as pharmaceutical excipients in solidage
forms., Trinity College. University of Dublin, Duibl

Mitra, G., Mukhopadhyay, P.K., 2003. Dietary ess#ity of ascorbic acid in rohu larvae: Quantificet with
ascorbic acid enriched zooplankton. Aquaculturerhmtional 11, 81-93.

Monroig, O., Navarro, J.C., Amat, |., Gonzalez,Mnat, F., Hontoria, F., 2003. EnrichmentArtemia nauplii
in PUFA, phospholipids, and water-soluble nutriensing liposomes. aquaculture International 11,
151-161.

Monroig, O., Navarro, J.C., Amat, F., Gonzalez, Bermejo, A., Hontoria, F., 2006. Enrichment Atemia
nauplii in essential fatty acids with different ggof liposomes and their use in the rearing ahegd
sea breamSparus aurata) larvae. Aquaculture 251, 491-508.

Moren, M., Opstad, I., Van der Meeren, T., Hamre, 2006a. lodine enrichment éfrtemia and enhanced
levels of iodine in Atlantic halibut larvaél{ppoglossus hippoglossus L.) fed the enrichedrtemia. 12,
97-102.

Moren, M., Opstad, I., Van der Meeren, T., Hamre, 2006b. lodine enrichment @&frtemia and enhanced
levels of iodine in Atlantic halibut larvaédippoglossus hippoglossus L.) fed the enrichedirtemia.
Aquaculture Nutrition 12, 97-102.

Moser, H. G., Richards, W. J., Cohen, D. M., FahayP., Kendall, A. W., Richardson, S. L. (edsB49
Ontogeny and systematics of FisheBmerican Society of Ichtyologists and Herpetologists Special
Publication 1, 1-760.

Moyle, P. B. and Cech, J. J. 1996 Modern fishesFigshes, an Introduction to Ichthyology, pp.
1-5. Prentice Hall, New Jersey, USA.

Munillamoran, R., Stark, J.R., 1989. Protein Digestin Early Turbot LarvaeScophthalmus-Maximus (L).
Aquaculture 81, 315-327.

Murray, M.W., Andrews, J.W., Deloach, H.L., 1977ffdeéts of Dietary Lipids, Dietary-Protein and
Environmental Temperatures on Growth, Feed Conwerand Body-Composition of Channel Catfish.
Journal of Nutrition 107, 272-280.

Naess, T., Germainhenry, M., Naas, K.E., 19951 [Feeding of Atlantic HalibutHippogl ossus-Hippogl ossus)
using Different Combinations @frtemia and Wild Zooplankton. Aquaculture 130, 235-250.

86



Naess, T., Lie, O., 1998. A sensitive period dufirgf feeding for the determination of pigmentatipattern in
Atlantic halibut, Hippoglossus hippoglossus L., juveniles: the role of diet. Aquaculture Resda29,
925-934.

Narciso, L., Pousao-Ferreira, P., Passos, A., 1@is,1999. HUFA content and DHA/EPA improvements of
Artemia sp. with commercial oils during different enrichmh@eriods. Aquaculture Research 30, 21-24.

New, R.R.C., 1990. Liposomes, a practical appro@cffiord University Press, New York.

Nichols, P.D., Holdsworth, D.G., Volkman, J.K., D#ih, M., Allanson, S., 1989. High Incorporatiori o
Essential Fatty-Acids by the Rotifer Brachionusz&tilis Fed on the Prymnesiophyte Alga Pavlova-
Lutheri. Australian Journal of Marine and Freshwaesearch 40, 645-655.

Nolting, M., Ueberschar, B., Rosenthal, H., 1998/pEin activity and physiological aspects in lark@dring of
European sea basPBitentrarchus labrax) using live prey and compound diets. Journal opligul
Ichthyology 15, 138-142.

Olivotto, I., Rollo, A., Sulpizio, R., Avella, MTosti, L., Carnevali, O., 2006. Breeding and regtime Sunrise
Dottyback Pseudochromis flavivertex: the importance of live prey enrichment during védr
development. Aquaculture 255, 480-487.

Olsen, Y., Reitan, K.I., Vadstein, O., 1993. Depamzk of Temperature on Loss Rates of Rotifersdsipand
Omega-3-Fatty-Acids in Starvétachionus-Plicatilis Cultures. Hydrobiologia 255, 13-20.

Onal, U., Langdon, C., 2000. Characterization ab twicroparticle types for delivery of food to atial fish
larvae. Aquaculture Nutrition 6, 159-170.

Onal, U., Langdon, C., 2004a. Lipid spray beads defivery of riboflavin to first-feeding fish larea
Aquaculture 233, 477-493.

Onal, U., Langdon, C., 2004b. Characterizationimtlispray beads for delivery of glycine and tyresto early
marine fish larvae. Aquaculture 233, 495-511.

Onal, U., Langdon, C., 2005a. Development and cheariaation of complex particles for delivery of imm
acids to early marine fish larvae. Marine Biology611031 —1038.

Onal, U., Langdon, C., 2005b. Performance of zeinrd particles for delivery of riboflavin to eafigh larvae.
Aquaculture Nutrition 11, 351-358.

Ostberg, T., Graffner, C., 1992. Calcium Alginatathites for Oral Multiple Unit Administration .1.il6t
Investigations of Production Method. Acta PharméicauNordica 4, 201-208.

Ostberg, T., Lund, E.M., Graffner, C., 1994. Caftcidlginate Matrices for Oral Multiple-Unit Administtion
.4. Release Characteristics in Different Mediaednational Journal of Pharmaceutics 112, 241-248.

Ostrowski, A.C., 1989. Effect of Rearing Tank Baekgnd Color on Early Survival of Dolphin Larvae.
Progressive Fish-Culturist 51, 161-163.

Otterlei, E., Nyhammer, G., Folkvord, A., Stefangs8.0., 1999. Temperature- and size-dependenttiyrofv
larval and early juvenile Atlantic codadus morhua): a comparative study of Norwegian coastal cod
and northeast Arctic cod. Canadian Journal of Fisk@nd Aquatic Sciences 56, 2099-2111.

Ozkizilcik, S., Chu, F.L.E., 1994. Uptake and Methdm of Liposomes byrtemia-Nauplii. Aquaculture 128,
131-141.

Ozkizilcik, S., Chu, F.L.E., 1996. Preparation attharacterization of a complex microencapsulated fdie
striped bass Morone saxatilis larvae. Journal afrbncapsulation 13, 331-343.

87



Park, H.G., Puvanendran, V., Kellett, A., Parri§tC., Brown, J.A., 2006. Effect of enriched rotifem growth,
survival, and composition of larval Atlantic co@ddus morhua). Ices Journal of Marine Science 63,
285-295.

Partridge, G.J., Southgate, P.C., 1999. The eféécbinder composition on ingestion and assimilatimin
microbound diets (MBD) by barramunidates calcarifer Bloch larvae. Aquaculture Research 30, 879-
886.

Pedersen, B.H., Hjelmeland, K., 1988. Fate of Tirypsid Assimilation Efficiency in Larval Herrin@Clupea-
Harengus) Following Digestion of Copepods. Marine Biology, %67-476.

Peres, A., Cahu, C.L., Infante, J.L.Z., LeGall, M.Mpuazuguel, P., 1996. Amylase and trypsin resgong
intake of dietary carbohydrate and protein depemd tbe developmental stage in sea bass
(Dicentrarchuslabrax) larvae. Fish Physiology and Biochemistry 15, 232-

Pethon, P. 1998. Ascheougs store fiskebok. Norsjesfi farger. % revised edition. H. Ascheough and Co.

Pittman, K., Skiftesvik, A.B., Berg, L., 1990. Mdmlogical and Behavioral-Development of Halibut,
Hippoglossus-Hippoglossus (L) Larvae. Journal of Fish Biology 37, 455-472.

Polk, A.E., Amsden, B., Scarratt, D.J., Gonzal, @khamafe, A.O., Goosen, M.F.A., 1994. Oral Delvar
Aquaculture - Controlled-Release of Proteins fromit@san-Alginate Microcapsules. Aquacultural
Engineering 13, 311-323.

Pousao-Ferreira, P., Morais, S., Dores, E., Nardiso1999. Eggs of gilthead seabream Sparus alraés a
potential enrichment product of Brachionus sphim larval rearing of gilthead seabre&parus aurata
L. Aquaculture Research 30, 751-758.

Qin, J.G., Fast, A.W., DeAnda, D., Weidenbach, R1IB97. Growth and survival of larval snakehe@tafna
gtriatus) fed different diets. Aquaculture 148, 105-113.

Rainuzzo, J.R., Olsen, Y., Rosenlund, G., 1989. Hifiect of Enrichment Diets on the Fatty-Acid Corajtion
of the RotiferBrachionus-Plicatilis. Aquaculture 79, 157-161.

Rainuzzo, J.R., Reitan, K.I., Jorgensen, L., Ol&n1994. Lipid-Composition in Turbot Larvae Fetvé Feed
Cultured by Emulsions of Different Lipid Classes71699-710.

Rajkumar, M., Vasagam, K.P.K., 2006. Suitabilitytbé copepod, Acartia clausi as a live feed forb8ea
larvae (ates calcarifer Bloch): Compared to traditional live-food organisms wéiirecial emphasis on
the nutritional value. Aquaculture 261, 649-658.

Ribeiro, L., Sarasquete, C., Dinis, M.T., 1999astblogical and histochemical development of theesliye
system ofSolea senegalensis (Kaup, 1858) larvae. Aquaculture 171, 293-308.

Ribeiro, L., Zambonino-Infante, J.L., Cahu, C., BjriM.T., 1999b. Development of digestive enzynrelivae
of Solea senegalensis, Kaup 1858. Aquaculture 179, 465-473.

Rilling, P., Walter, T., Pommersheim, R., Vogt, WL997. Encapsulation of cytochrome C by multilayer
microcapsules. A model for improved enzyme immahtion. Journal of Membrane Science 129, 283-
287.

Robin, J.H., Vincent, B., 2003. Microparticulatetdi as first food for gilthead sea bream laiSaa us aurata):
study of fatty acid incorporation. Aquaculture 22563-474.

Russell, F.S., 1976. The eggs and planktonic stafBsitish marine fishes. Academic Press, LonddK, 524
p.

Rgnnestad, I., Naas, K.E., 1993. Routine metabdlisAtlantic halibut at first feeding—a first stépwards
an energetic model. In: Walther, B.T., Fyhn, HEHs., Physiology and Biochemistry of Marine Fish
Larval Development. University of Bergen, Bergeorhay, pp. 279-284.

88



Rgnnestad, I., Dominguez, R.P., Tanaka, M., 200&o@eny of digestive tract functionality in Japames
flounder, Paralichthys olivaceus studied by in vivo microinjection: pH and assirtida of free amino
acids. Fish Physiology and Biochemistry 22, 225:235

Rgnnestad, I. and Hamre, K. 2001 Marine Larversfgfle ernaeringskrav (in Norwegian).
In:Fiskerneering (Waagbg, E., Hamre, k. and Lie,e@ds), pp. 297-311. Kystnaeringen Forlag og
Bokklubb AS, Bergen, Norway

Rgnnestad, I., Tonheim, S.K., Fyhn, H.J., RojassfaalC.R., Kamisaka, Y., Koven, W., Finn, R.N., jésen,
B.F., Barr, Y., Conceicao, L.E.C., 2003. The suppfyamino acids during early feeding stages of
marine fish larvae: a review of recent findings.uaqulture 227, 147-164.

Rosenlund, G., Stoss, J., Talbot, C., 1997. Coifgeharine fish larvae with inert and live dietsquaculture
155, 183-191.

Ruiz-Capillas, C., Moral, A., Morales, J., Monte®,, 2002. Characterisation of non-protein nitrogerhe
Cephalopods voladotl(ex coindetii), pota {Todaropsis eblanae) and octopusE|edone cirrhosa). Food
Chemistry 76, 165-172.

Rgnnestad, I., Hamre, K., 2001. Marine Larver- fblesernaeringskrav. In: Waagbg, R., Espe, M., Harr,
Lie, @. (Eds.), Fiskeernaering. Kystneeringen Fo€aBokklubb As, Bergen, pp. 297-311.

Salhi, M., Izquierdo, M.S., Hernandezcruz, C.M.,n&alez, M., Fernandezpalacios, H., 1994. Effectipid
and N-3 Hufa Levels in Microdiets on Growth, Sumalivand Fatty-Acid Composition of Larval
Gilthead Seabreangarus-Aurata). Aquaculture 124, 275-282.

SaloVaananen, P.P., Koivistoinen, P.E., 1996. Detetion of protein in foods: Comparison of nettpin and
crude protein (Nx6.25) values. Food Chemistry 5732.

Schwinger, C., Koch, S., Jahnz, U., Wittlich, Paji®v, N.G., Kressler, J., 2002. High throughputagsulation
of murine fibroblasts in alginate using the Jet@utechnology. Journal of Microencapsulation 18-27
280.

Schwinger, C., Klemenz, A., Busse, K., Kressler2004. Encapsulation of living cells with polyntesystems.
Macromolecular Symposia 210, 493-499.

Scott, W. B. and Scott, M. G. 1988 Atlantic fisid<anada. Can. Bugg. Fish. Aquat. Sci. 219.
731 pp.

Segner, H., Storch, V., Reinecke, M., Kloas, W.nklg W., 1994. The Development of Functional Diiyest
and Metabolic Organs in Turb&cophthalmus-Maximus. Marine Biology 119, 471-486.

Seikai, T., Takeuchi, T., Park, G.S., 1997. Congmariof growth, feed efficiency, and chemical conifjms of
juvenile flounder fed live mysids and formula feeader laboratory conditions. Fisheries Science 63,
520-526.

Seiliez, I., Bruant, J.S., Infante, J.L.Z., Kauslsk, Bergot, P., 2006. Effect of dietary phosgbidlievel on the
development of gilthead sea bream (Sparus aurategd fed a compound diet. Aquaculture Nutrition
12, 372-378.

Shields, R.J., Bell, J.G., Luizi, F.S., Gara, BrpRage, N.R., Sargent, J.R., 1999. Natural copepalsuperior
to enrichedArtemia nauplii as feed for halibut larvaglipppoglossus hippoglossus) in terms of survival,
pigmentation and retinal morphology: Relation tetdiy essential fatty acids. Journal of Nutriti®91
1186-1194.

Shu, X.Z., Zhu, K.J., Song, W.H., 2001. Novel phhsitive citrate cross-linked chitosan film for drogntrolled
release. International Journal of Pharmaceutics 29:228.

89



Shu, X.Z., Zhu, K.J., 2002. The influence of mudfent phosphate structure on the properties ot#dlyi cross-
linked chitosan films for controlled drug releasBuropean Journal of Pharmaceutics and
Biopharmaceutics 54, 235-243.

Smith, G.G., Ritar, A.J., Phleger, C.F., NelsonMM.Mooney, B., Nichols, P.D., Hart, P.R., 2002.a@ges in
gut content and composition of juveniletemia after oil enrichment and during starvation. Aquace
208, 137-158.

Song, J.H., Inoue, Y., Miyazawa, T., 1997. Oxidatstability of docosahexaenoic acid-containing oilshe
form of phospholipids, triacylglycerols, and etlegdters. Bioscience Biotechnology and Biochemistry
61, 2085-2088.

Sorgeloos, P., Dhert, P., Candreva, P., 2001. ®#sedbrine shrimpArtemia spp., in marine fish larviculture.
Aquaculture 200, 147-159.

Sosulski, F.W., Imafidon, G.I., 1990. Amino-Acid-@position and Nitrogen-to-Protein Conversion Faxtor
Animal and Plant Foods. Journal of Agricultural a&abd Chemistry 38, 1351-1356.

Srivastava, A., Hamre, K., Stoss, J., Chakrab&t, Tonheim, S.K., 2006. Protein content and ananial
composition of the live feed rotifeBfachionus plicatilis): With emphasis on the water soluble fraction.
Aquaculture 254, 534-543.

Stefansson, G., Hultin, H.O., 1994. On the Soltpilif Cod Muscle Proteins in Water. Journal of Agttural
and Food Chemistry 42, 2656-2664.

Stoss, J., Hamre, K., Otterd, H., 2004. Weaningrandery. In: Moksness E., K.E.a.O.Y. (Ed.), Cwtof cold-
water marine fish. Blackwell Science Ltd., OxfouK.

Sullivan, J.A., Reigh, R.C., 1995. Apparent didaility of selected feedstuffs in diets for hybrittigsed bass
(Morone saxatilis female XMorone chrysops male). Aquaculture 138, 313-322.

Taha, F.S., Mohamed, S.S., 2004. Effect of diffedEmaturating methods on lipid-protein complextrfation.
Lebensmittel-Wissenschaft Und-Technologie-Food ri@meand Technology 37, 99-104.

Takeuchi, T., Toyota, M., Watanabe, T., 1992. Dietdalue ofArtemia Enriched with Various Types of Oil for
Larval Striped Knifejaw and Red-Sea Bream. Nippais&n Gakkaishi 58, 283-289.

Templee, E., 2006. Delivering Oxytetracycline tesEFeeding Zebrafisbanio rerio (Hamilton) and
GobyAsterropteryx semipunctata (Ruppell) Larvae Using Lipid Spray Beads.

Teshima, S., Ishikawa, M., Koshio, S., 2000. Nignal assessment and feed intake of micropartieudaits in
crustaceans and fish. Aquaculture Research 317691-

Tocher, D.R., Mourente, G., Van der Eecken, A.,efw, J.O., Diaz, E., Bell, J.G., Geurden, |., Laydp.,
Olsen, Y., 2002. Effects of dietary vitamin E ortiaxidant defence mechanisms of juvenile turbot
(Scophthalmus maximus L.), halibut Hippoglossus hippoglossus L.) and sea brean§farus aurata L.).
Aquaculture Nutrition 8, 195-207.

Tocher, D.R., Mourente, G., Van der Eecken, A.ef, J.O., Diaz, E., Wille, M., Bell, J.G., Olsa&h, 2003.
Comparative study of antioxidant defence mechanismsarine fish fed variable levels of oxidised oil
and vitamin E. Aquaculture International 11, 19%21

Toledo, J.D., Golez, M.S., Doi, M., Ohno, A., 199%se of copepod nauplii during early feeding stafe
grouper Epinephelus coioides. Fisheries Scienc8%%,397.

Tonheim, S.K., Koven, W., Rgnnestad, I., 2000. &nrient ofArtemia with free methionine. Aquaculture 190,
223-235.

Tonheim, S.K., 2004. Protein digestion and posipiednamino acid utilisation in stomach-less mariigh
larvae, NIFES. University of Bergen, Bergen, pp. 72

90



Tonheim, S.K., Espe, M., Raae, A.J., Darias, MR@&nnestad, ., 2004. In vivo incorporation of [U]@-amino
acids: an alternative protein labelling procedune tise in examining larval digestive physiology.
Aquaculture 235, 553-567.

Tonheim, S.K., Espe, M., Hamre, K., Rgnnestad2dQ5. Pre-hydrolysis improves utilisation of digtarotein
in the larval teleost Atlantic halibuH{ppoglossus hippoglossus L.). Journal of Experimental Marine
Biology and Ecology 321, 19-34.

Tonheim, SK., Nordgreen, A., Hamre, K., Rgnnestadigggy |. 2005b. In vitro digestibility of laréeeds and
feed ingredients, Larvi 2005, Ghent, Belgium. 5eptember.

Tonheim, S.K., Nordgreen, A., Hogoy, I., Hamre, Rgnnestad, I., 2007. In vitro digestibility of wasoluble
and water-insoluble protein fractions of some comnfish larval feeds and feed ingredients.
Aquaculture 262, 426-435.

Touraki, M., Rigas, P., Kastritsis, C., 1995. Lipo® mediated delivery of water soluble antibiot@she larvae
of aquatic animals. Aquaculture 136, 1-10.

Ufodike, E.B.C., Matty, A.J., 1983. Growth-Responsnd Nutrient Digestibility in Mirror CarpCyprinus-
Carpio) Fed Different Levels of Cassava and Rice. Aquacel31, 41-50.

Vandenberg, G.W., De La Noue, J., 2001. Evaluatibprotein release from chitosan-aginate microckgssu
produced using external or internal gelation. Jauof Microencapsulation 18, 433-441.

Vandenberg, G.W., Drolet, C., Scott, S.L., de laudlaJ., 2001. Factors affecting protein release fatginate-
chitosan coacervate microcapsules during producsind gastric/intestinal simulation. Journal of
Controlled Release 77, 297-307.

Villamar, D.F., Langdon, C.J., 1993. Delivery ofefdry-Components to Larval Shrimpefaeus-Vannamei) by
Means of Complex Microcapsules. Marine Biology 1635-642.

Vilstrup, P., 2001. Microencapsulation of food iedients. Leatherhead Publishing, 255 pp.

Walford, J., Lim, T.M., Lam, T.J., 1991a. Replacinge Foods with Microencapsulated Diets in the iRepnof
Sea-Bass l@tes-Calcarifer) Larvae - Do the Larvae Ingest and Digest Proké@mbrane
Microcapsules. 92, 225-235.

Walford, J., Lim, T.M., Lam, T.J., 1991b. Replacinge Foods with Microencapsulated Diets in the fepof
Sea-Bass l@tes-Calcarifer) Larvae - Do the Larvae Ingest and Digest Prok@mbrane
Microcapsules. Aquaculture 92, 225-235.

Watanabe, T., Kitajima, C., Fujita, S., 1983. Nigrial Values of Live Organisms Used in Japan faass
Propagation of Fish - a Review. Aquaculture 34,-148.

Watanabe, Y., 1982. Intracellular Digestion of Hweslish-Peroxidase by the Intestinal-Cells of Teleé@rvae
and Juveniles. Bull. Jap. Soc. Fish. 48, 37-42.

Watanabe, Y., 1984. An Ultrastructural-Study ofdwcellular Digestion of Horseradish-PeroxidasehzyRectal
Epithelium-Cells in Larvae of a Fresh-Water Coffigh (Cottus-Nozawae). Bull. Jap. Soc. Fish. 50,
409-416.

Wheatley, M.A., Chang, M., Park, E., Langer, R919Coated Alginate Microspheres - Factors Infliegthe
Controlled Delivery of Macromolecules. Journal giphied Polymer Science 43, 2123-2135.

Yagi, K., Yamamoto, Y., Nishigak. ., Ohkawa, H97D. Direct Absorption of Riboflavin Tetrabutyrdteough
Digestive Canal. Journal of Vitaminology 16, 247824

Yufera, M., Fernandez-Diaz, C., Pascual, E., 19&eding Rates of Gilthead Seabrea®afus-Aurata),
Larvae on Microcapsules. Aquaculture 134, 257-268.

91



Yufera, M., Pascual, E., Fernandez-Diaz, C., 1298ighly efficient microencapsulated food for reariearly
larvae of marine fish. Aquaculture 177, 249-256.

Yufera, M., Fernandez-Diaz, C., Pascual, E., Saietseg M.C., Moyano, F.J., Diaz, M., Alarcon, FQarcia-
Gallego, M., Parra, G., 2000. Towards an inert ftiefirst-feeding gilthead seabream Sparus aurata
larvae. Aquaculture Nutrition 6, 143-152.

Yufera, M., Kolkovski, S., Fernandez-Diaz, C., Dabski, K., 2002. Free amino acid leaching from at@in-
walled microencapsulated diet for fish larvae. Aguture 214, 273-287.

Yufera, M., Kolkovski, S., Fernandez-Diaz, C., Riacd, J., Lee, K.J., Dabrowski, K., 2003. Delivgrin
bioactive compounds to fish larvae using microesogied diets. Aquaculture 227, 277-291.

Yufera, M., Fernandez-Diaz, C., Vidaurreta, A., &ad.B., Moyano, F.J., 2004. Gastrointestinal ptl an
development of the acid digestion in larvae andygaweniles of Sparus aurata (Pisces : Teleostei).
Marine Biology 144, 863-869.

Yufera, M., Fernandez-Diaz, C., Pascual, E., 200%d microparticles for larval fish prepared byemmial
gelation. Aquaculture 248, 253-262.

Yvon, M., Chabanet, C., Pelissier, J.P., 1989. bty of Peptides in Trichloroacetic-Acid (Tca) Btons -
Hypothesis on the Precipitation Mechanism. Intéomatl Journal of Peptide and Protein Research 34,
166-176.

Zhang, L., Guo, J., Peng, X.H., Jin, Y., 2004. Rrapon and release behavior of carboxymethylated
chitosan/alginate microspheres encapsulating bosggmm albumin. Journal of Applied Polymer
Science 92, 878-882.

Zhao, X.H., Jia, J.B., Lin, Y., 1998. Taurine cante Chinese food and daily taurine intake of @si& men,
Taurine. Advances in Experimental Medicine and &jgi 3, pp. 501-505.

92



Paper |






=

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Evaluation of cross-linked protein capsulesfor
delivering nutrientsto marinefish larvae and

suspension-feeders

Andreas NordgreénManuel Yufer8and Kristin Hamr

& National institute of nutrition and seafood resbaidIFES), Post-box 2029 Nordnes, 5017

Bergen Norway

P Instituto de Ciencias Marinas de Andalucia (CSKpartado Oficial, 11510 Puerto Real,

Cadiz, Spain.

*Address corresponding author:

National institute of nutrition and seafood resbaidIFES)
Post-box 2029 Nordnes 5817 Bergen

Norway

Phone: +47 55 90 51 00

Fax: +47 5590 52 99

e-mail: Andreas.Nordgreen@nifes.no

Key words: fish larvae, diets, nutrition, microspdee capsules encapsulation, interfacial

polymerisation



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Abstract

Cross-linked protein capsules as a vehicle fowvdgji of nutrients to marine fish larvae and
marine suspension-feeders were investigated. Taetgfof the production process on both
gualitative and quantitative changes in protemidland micronutrient concentrations were
evaluated. There were no changes in lipid conceotrand only minor (but statically
significant) differences in crude protein concetiras as a result of the encapsulation
process. However, there was nearly a completeoiossiter-soluble nitrogen during capsule
production - almost 100 % of the water-soluble @irotvas cross linked and made insoluble
and 79 % of the TCA-soluble N was lost. Peptidetfaee amino acids were lost during the
capsule washing stages, but except for a 100 Yolkatssirine, small changes in the amino
acid profile were observed. There was a more tl@e¥ %oss of water-soluble micronutrients
such as thiamine, vitamin C and zinc during cappueluction, and only minor increase in
concentration of thiamine and zinc in the diet figreasing the levels of these minerals and
vitamins were possible. The fat-soluble vitamin &wmot affected by the production process
and can be delivered at controlled concentratibasyitamin A had loss ranging from 4-57
% with increased inclusion of vitamin A. With theigting production protocol, the results
suggest that cross-linked protein capsules arsuitgble for the delivery of water-soluble

nutrients to fish larvae and marine suspensiondeed
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Introduction

There are many factors that influence survivaliwghoand deformities when rearing marine
fish larvae, but malnutrition is one of the majactors responsible for reduced growth and
survival (see reviews by: Rainuzeboal., 1997; Koven, 2003; Kvalg al., in press). To gain
more knowledge of the nutritional requirementsiffedent species of marine larvae, we need
to carry out numerous basic nutritional dose-respatudies were larvae are fed controllable
concentrations of the nutrient of interest. Livedesuch as rotifers adtemia, are
successfully used for feeding fish larvae and &fbave been undertaken to develop
enrichment protocols for live feed to increase dgtoand survival (Watanalat al.,1983;
Nicholset al., 1989; Rainuzzet al., 1989; Olsert al., 1993). Although the improved
enrichment protocols have increased both growthsamdval (Kolkovskiet al., 2000;

Olivotto, 2006; Parlet al., 2006), the use of live feed for nutritional saslhas major
drawbacks due to limited possibilities in delivgriive feed with different and controllable
concentration of nutrients. Although it is possitiencrease and, to some degree, control the
concentration of essential fatty acids in batkemia (Sorgeloot al., 2001; McEvoy&t al.,
1996; Narcisa@t al., 1999; Evjemo & Olsen, 1997a; Takeuehal., 1992) and rotifers (Dhert
et al., 2001; Casteltt al., 2003), there are severe problems with rapid lipetabolism and,
thereby, an uncontrollable change in the nutrientsstigated (Olsen 1993; Evjerabal .,
1997b). In addition to metabolism of enriched ligitere are major technical problems with
delivering water-soluble nutrients with live fedthe replacement of live feed with
formulated feeds has been thoroughly investigateohg the last 30 years (see review by
Langdon, 2003; Teshina al., 2000). There has been significant progress, tilut s
formulated diets that give results comparablewe feed for rearing larvae from the first

feeding stage have not been developed (BaskeBiliges & Kling, 2000). A formulated
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diet needs to fulfill several technical and nubri@l criteria to be used for rearing early fish
larvae with success (Langdon 2003). In additiogdod growth and survival, a formulated
diet used for nutritional studies needs to delaa@mtrolled concentrations of nutrients. It is,
therefore, important to develop a flexible partiglpe for delivery of diets with a wide range
of compositions. In addition, it is important toveééop a dietary particle that can incorporate
and deliver water-soluble nutrients to fish larvBleere are severe problems delivering water-
soluble nutrients to marine larvae due to leaciiirupez Alvaradcet al., 1994; Kvaleet al.,
2006), although improvements have been made (Yéfeda 2002; Onal & Langdon,
2004ab).

Nylon-protein walled capsules (Chaettal., 1966) were first evaluated in nutrition
studies with marine organisms by Joekal. (1974). The invention is based on a process
whereby an aqueous dietary solution is emulsifean organic solvent. Small emulsified
agueous droplets, containing dietary nutrientsaangll forming nylon monomer, are
exposed to a chemical cross-linking agent produstalgle microcapsules that contain the
nutrients (Changt al., 1966; Jonest al., 1974). Nylon-protein capsules proved to be
indigestible by ay#Plecoglossus altivelis) and red sea breaf@hrysophrys major) at an early
stage (Kanazawet al., 1982; Teshimat al., 1982), but further developments (Jones, 1980;
Hayworth, 1983; Langdon, 1989) led to a diet thead hmproved digestibility and did not
contain non-digestible compounds such as nyloreproT he modified capsules were used in
several feeding trials with different larval spes;ibut the protein-encapsulated diet proved to
be poorly broken down by sea bass lantasets calcarifer) (Chu & Ozkizilcik, 1999) and
striped bass larvae (Chu & Ozkizilcik, 1999), alijb zebrafish@anio rerio) larvae could
break down the cross-linked, protein-walled caps(@nal & Langdon, 2000). By
resuspending cross-linked, protein-walled bea@sgelatin solution, beads with a softer and

thinner wall were developed (Ferndndez-Diaz & Ya&fd995). This modification led to



97 improved digestibility and growth of gilthead sesdom Qoarus aurata) fed on encapsulated
98 diets (Yufereet al., 1995; Yufereet al., 1996; Fernandez-Diaz & Yufera, 1995). Feeding
99 trials with gilthead sea breafSparus aurata) showed that the diet could be successfully used
100 to rear larvae from day four after first-feedingifraet al., 1999). In addition to improved
101 growth and survival, the modified cross-linked,teio-walled capsules were reported to
102 show good retention of free amino acids (FAA) (éfet al., 2002; Kvaleet al., 2006).
103 Considering these promising reports, we evaludtegotential of using cross-linked,
104 protein-walled capsules for delivery of differenitments to marine fish larvae and
105 suspension-feeders. The effects of the capsuleapagpn process on qualitative and
106 quantitative changes in both macro and micronussierere investigated.

107

108 Materials and methods

109

110 Production process

111 Microencapsulated diets were prepared by interf@alymerization of the dietary protein
112 according to method described by Yuferal. (1999; Fig. 1). In the present study 20 g of
113 feed ingredients were used for each batch produdezidietary ingredients (20 g dw) were
114 dispersed in 180 ml of Tris buffer (Ph 9). Two paof this solution were emulsified in five
115 parts of a soy lecithin (2 % wi/v) solution in cylsexane (Fluke Chemica, > 99.5 %) with
116 homogenization (IKA, 45-mm ‘ship propeller’ stirjdor 8 min at 1000 rpm at room

117 temperature (22 °C) (Fig. 1, step 1). Nine g ofdiwess-linking agent (1,3,5-

118 benzenetricarboxylic acid chloride (trimesoyl cidey)), dissolved in 20 ml diethyl ether, was
119 then added to the emulsion with continuous stirang the reaction continued for 8 min (Fig.

120 1, step 2). The microcapsules formed were alloweskttle (Fig. 1, step 3) and the
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cyclohexane—lecithin solution was removed by deataont (Fig. 1, step 4). After washing
with cyclohexane twice (altogether approximatel® &@l) and decanting of remaining debris,
the microcapsules were dispersed in an aqueousaobf gelatin (5% wi/v; Type B: From
Bovine skin, G9385, Sigma) while stirring at lowespl for 5 min (Fig. 1, step 5) at 38 °C.
After dispersion in the agueous solution of gelgtiime capsules were retained on an 80 um
sieve (Retsch, test sieve) and rinsed under potaeymgvater (Fig. 1, step 6), and then
dispersed in a 38 ppt sodium chloride solution (®Zea salt, Akzo Nobel) for 5 minutes

(Fig. 1, step 7) before freezing and freeze drying.

The concentration of sodium caseinate was kepttanhat 390 mg Kgfor the investigated

diets.

Exp. 1. Changein protein quality and quantity

Three stages of the production process were irgadstl to determine when changes in
protein quality and quantity occurred during thedarction process. The first step to be
analyzed was after mixing the ingredients and aglthie Tris buffer at pH 9. The dietary
mixture was freeze-dried before further analyslkse Mhext step to be analyzed was after cross-
linking the capsule walls and washing the capswids cyclohexane (Fig. 1, step 4) - instead
of adding the capsules to the gelatin solution theke frozen and freeze-dried. The third step
to be analyzed was the finished encapsulatedThetdiets’ composition is given in Table 1
(diet 1) and their micronutrient content is givarliable 3 (diet 3). Three replicate batches
were produced for each of the three investigatedymtion steps. The concentrations of
crude protein (N x 6.25), soluble N and TCA (1026luble N were investigated at the three
described production steps. The amino acid (AAjileravere also analysed at the three

different stages during the production process.
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Exp 2: Changein lipid quality and quantity

Three stages of the production process were imgagsti (according to Exp.1) to determine
when changes in lipid quality and quantity occurfBotal lipid and lipid classes were
analysed at each production step. The diets’ composs given in Table 1 (diet 1) and their

micronutrient content is given in Table 3 (diet 3).

Changes in lipid classes and fatty acid compositiere investigated to evaluate if an uptake
of the soy lecithin used as surfactant and if aanéval uptake of soy lecithin from the
cyclohexane solution was influenced by changeberdietary lipid source (Table 2). The
possibility of using marine phospholipids instedday lecithin as a surfactant was also
investigated (Table 2). The different investigaipal sources investigated (Table 2)
constituted for 17 % (dw) of the raw ingredienThe diets” composition of other macro
nutrients are given in table 1 (diet 2).The desatiliets were produced in triplicates. The
concentration of thiobarbituric acid reactive sabstes (TBARS) is a measure of lipid
peroxidation and was analyzed to determine if thsszlinking process led to an oxidation of
the lipid and if this oxidation was affected by ngang the lipid sources in both the diet and

the surfactant.

Exp. 3: Retention of micronutrients

To investigate changes in micronutrient content pogkible correlations between added and
encapsulated micronutrients, a micronutrient mimststing of two water-soluble minerals,
two water-soluble vitamins and two fat-soluble mias were chosen (Table 3). Five diets
were prepared in duplicate with increasing coneiains of micronutrients (Table 3). Diet

number 3 (Table 3) had a micronutrient concentrabiased on recommendations from NRC
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(1993) for larger fish and the nutrient contentopepods (Hamre, unpublished). The diets’

composition of macronutrients are given in tabldigt 1).

To investigate where during the production procgsmtitative changes occurred, three
stages of the production process were investigatszbrding to Exp.1). The concentration of
zinc, thiamine and vitamin C were investigatechatthree described productions steps. The
diets’ composition is given in Table 1 (diet 1) ahdir micronutrient content is given in

Table 3 (diet 3).

Analytical methods

Dry matter content of the diets were determinedigratrically after drying for 24 h at 104
°C. Particle size was evaluated by taking pictureger the microscope of several random
capsule samples of each production batch and megsarticle size automatically with
Image Pro plus (version 4). A minimum of 400 capswere measured per capsule batch.
Crude protein (N x 6.25) was determined by totahlbastion using a nitrogen analyzer (Leco
FP-528, St. Joseph, MIyotal AA profiles were analyzed according to metledcribed by
Cohenet al., (1989). The samples were hydrolyzed N HCI for 22 h at 110 °C. The
hydrolyzed solution containing free AA was thenlgped by using the Waters high pressure
liquid chromatography (HPLC) analyzer system (Piieg) after pre-derivatization with
phenyl isothiocyanate (PITC) usimgrleucine as internal standard. The AA were iifiedt

by differences in retention time and detected byai?54 nm. Totdipid was determined
gravimetrically after extraction with chloroform:thanol 2:1 (Bligh & Dyer, 1959). Total
fatty acid composition was analyzed according ® &iLambertsen (1991) and individual-
fatty acids were identified by known-purified stands. Lipid-class composition was

analysed by HPTLC analyser (latron Laboratories,, lhokio Japan), using the method



197 described by Jordat al. (2007), modified after Be#t al. (1993).. Thiamin was determined
198 by HPLC analysis and fluorescence detection (etxaita366nm, emission: 435 nm)

199 according to method given by CEN (Comité EuropesiNdrmalisation; TC 275 WI

200 002750053 (2002) N134, Foodstuffs -DeterminatioNitddmin B1). Vitamin C was analyzed
201 by HPLC using electrochemical detection of ascodaid according to method by Maelagid
202 al. (1999). Zinc and iron were analyzed by first Wigesting the capsule samples in a

203 Milestone microwave laboratory system (Milestoneri$le, Italy; Julshamat al., 2000)

204 and then determining the zinc and iron concentnatloy flame atomic absorption

205 spectrometry on a Perkin-Elmer 3300 AAS instrun{diarway, CT) (Julshamet al., 1998;
206 Liasetet al., 2003).Vitamin A was measured as all-trans-retinol (adirg-ROH) and was

207 analyzed by HPLC with a UV detector (325 nm) acowgdo Morenet al. (2002) (modified
208 method of Noll (1996)). Vitamin Euf tochopherol) was analyzed by normal phase HPLC
209 with fluorescence detection (excitation 289 nm,smin 331 nm) according to Lambertsen
210 and Braekkan (1959) with modifications by letkal. (1994). Thiobarbituric acid-reactive
211 substances (TBARS) were determined as describéddoyreet al., 2001). For the analysis
212  of water-soluble nitrogen and TCA (10 %) solubleagen, capsule samples were ground
213 (Retsch MM301) for 30 seconds with a frequency®Hz. Then 0.2 g of capsule samples
214 were weighed into 15 ml Nunc plastic tubes. Seveofrmphosphate-buffered saline (PBS, pH
215 7.4) were added to each sample and agitated wett€X) before being shaken for 2 hours on
216 ashaking table at room temperature (22 °C). Thgkss were centrifuged for 15 minutes at
217 4000 RPM at 20 °C, the supernatant was removethangellet was re-suspended before
218 being centrifuged again. The tubes with the peliete frozen and freeze-dried before the
219 pellet was analyzed for crude protein (N x 6.25).

220

221 Statistical methods
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234
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238
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240
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245

Data are expressed as means +* standard deviateyeghvee or more replicates were
measured and means * ranges are used when duphgate measured. Crude protein content
(N x 6.25), soluble nitrogen and TCA (10 %) solubitieogen were analyzed by one-way
ANOVA followed by Tukey’'s HSD multiple comparisoadt. Changes in Amino acid (AA)
profiles due to the production process were andlygeone-way ANOVA (Sokal and Rohlf,
1969) followed by Tukeys’s HSD multiple comparigest. Change in lipid content, lipid

class composition and fatty acid profile was anadiywith one way ANOVA followed by
Tukeys’s HSD multiple comparison test. The effdanoreased inclusion of micronutrients
was analyzed by regression analysis. Means wergdaned significantly different at

0.05. All statistical analyses were performed ustafistica 7.1 (Statsoft, Inc, Tulsa, USA).

Results

Protein encapsulation proved to be an efficientwo@to produce diets for delivery of lipid
and complex protein. However, large volumes of nigaolvents were needed for the
production of the protein cross-linked diet, appmeately 1.3 | of cyclohexane was needed to
produce 15 g of protein capsules (dw). The ovesgisule diameter was 114 + 68um. The
total efficiency of encapsulation (mass of capsolasined from the total mass of ingredient
mixture) was 76 + 4 % on a dry weight basis. Changeliet composition did not affect
encapsulation efficiency (P 0.05). The water content of produced and freemszl drapsules

were 1.8 £ 0.4 and was not affected by the investd) diets composition ¢°0.05).
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Exp. 1. Changein protein quality and quantity

The protein cross-linked capsules could deliveorarollable concentration of crude protein
(N x 6.25) with relative small differences betweecuded and analyzed concentration in the
produced diet. However, significant effects betwemiuded and analysed concentration

were found (Table 4).

Although significant (R0.05), the changes in crude protein content duhegroduction
process were rather small (Table 4), but the cqatalé changes in the protein fraction were
large. Nearly all water-soluble protein was craskdd during the encapsulation process
(Table 4). The TCA-soluble nitrogen was not craskdd (Table 4), but was largely lost due
to leaching during the washing stages (Table 43eBkfor taurine there was no significant
change (P 0.05) in the AA profile during the production pess (Fig. 2). There was no
significant difference (P 0.05) in taurine concentration between the rawadgnts and the

cross-linked diet, but taurine was not detectabliae finished diet (Fig. 2).

Exp 2: Changein lipid quality and quantity

No significant differences (P 0.05) in total lipid concentration between theredjents and
the finished diet were found, but there was a ficant increase in the concentration of
phospholipids (Table 5). There was a significantease (R0.05) in lipid after the cross-
linking process that was reduced during the waskiages (Table 5). The production of
protein-encapsulated particles without use of stafes was not successful. Marine
phospholipids were successfully used as a surfaatahthe capsules seemed to have a
similar quality as capsules made with soy lecitsrthe surfactant. There was no significant
difference (p>0.05) in encapsulation efficiency agehe different diets - the mean

encapsulation efficiency for all diets was 77 * 61Pdiets which had no inclusion of soy
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288
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290

291

292

293

294

295

lecithin in the ingredient mixture, there was aHlfincrease 18:2n-6 when soy lecithin was
used as surfactant, compared to use of marine pbbgls as the surfactants (Table 6). This
indicates an uptake of surfactant during the prodncAn interaction between increased
amounts of phospholipids added to the diet anceas®d uptake of surfactant during the
production process could not be detected. There weisignificant difference (0.05) in
phospholipid concentration in the encapsulatedtdetused marine phospholipids as a
surfactant and those which used soy lecithin (T&ple

The production process did not lead to any seperexidation of lipids (TBARS) and
there were no significant difference XF.05) between the four investigated diets. The

TBARS concentration for the four diet combined idst 2 nmol &.

Exp. 3: Retention of micronutrients

There was an overall high loss of the water-solublients except iron during production
(Fig. 3). No loss of vitamin E was demonstrated,thare was an increased loss of vitamin A
with increased inclusion (Fig. 3). A positive cdateon (P=0.017) was found between the
inclusion of thiamine and loss of thiamine, theslo$ thiamine ranged from 92.3 % - 96.6 %
(Fig. 3). However, the total concentration of thinenincreased 7.6 times from 0.49 mg‘kg
to 3.7 mg kg as the amount of added thiamine increased in dlieass (Fig.3). There was an
overall large loss of zinc during production angositive correlation (P=0.0005) was found
between the inclusion of zinc and loss of zincti#esinclusion of zinc increased from 8 mg
kg to 120 mg kg, the loss increased from 86 % in diet 1 to 9:%iét 5 (Fig. 3). As seen
in Table 7, there was no loss of zinc and thiandmeng the first part of production, but a
nearly a complete loss during the washing parhefroduction process. Vitamin C was
completely lost during the cross linking procesahl€ 7) and vitamin C was not detected

(detection limit, 1.1 mg K3 even at the highest inclusion level. Iron wasiretd in the
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318

capsules during the production process (Table @ tlaere was also a good correlation
(P<0.00001) between added and analyzed iron (lrig\ §ood correlation (P<0.00001)
between the amount aftocopherol in the diet and the concentration addasl demonstrated
and little or nan-tocopherol was lost during the production pro¢€ss. 3). Increased
amounts of all-trans-ROH added to the diet coreelg§P<0.00001) with analyzed amounts in
the diet, but as the inclusion of all-trans-ROHréased from 0.625 mg Kgo 10 mg kd, the

loss increased from 4 % in diet 1 to 57 % in 8i€Fig. 3).

Discussion

The main objective of this study was to characeeaad quantify changes of macro and micro

nutrients that occur during the production of crlissked protein-walled capsules.

General production process

For all ingredient mixtures, the capsules seemsdally to have been successfully
encapsulated. The overall encapsulation efficiemay approximately 75 % (dw) and was
similar to previous results (Yufeehal., 2002). There was a considerable amount of debris
decanted during the cyclohexane washing procegs 1Fstep 3-4), however there was no
loss of dry matter after cross-linking and cyclodwes washing. The mean particle size of the
freeze-dried capsules were 114 + 68um, howevegapsules were only investigated in dry
form and the size was not measured after re-hymrailihe sieve used to rinse the capsules,
had a mesh size of 80 um. With a sieve of this #ize most likely that a significant amount
of the capsules were lost during washing. This exglain the 25 % loss of dry matter during

the production process, the loss of water-solubfepounds by leaching should however also
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be considered. The different diet ingredients ditlaffect the particle size, however, these

results may have been affected by loss of the smedipsules due to sieving.

Changein protein quality during production process

There were changes in protein quality due to chahaoss-linking and leaching
during the different washing stages, as shown ihgaaly complete loss of both soluble N and
TCA-soluble N. The loss of TCA-soluble N was in aaance with Ydferat al. (2002) who
reported a 92.5 % loss of lysine during product®ihwater-soluble protein was rendered
insoluble after cross-linking, but the concentnatod TCA-soluble N was minimally affected
by this process. This indicates that most low madbacweight N was not linked to protein by
the polymerization process as earlier suggestaa axplanation for the loss of low
molecular weight N (Lopez —Alvaradal., 1994; YUuferaet al., 2002). However, most of the
TCA-soluble N was lost by leaching during the fallnog washing stages.

There were no major effects of either cross-linkanghe washing process on the AA
profile, except for a 100 % loss of taurine atdleéatin dispersion and washing stages.
Taurine exists only in free form and not as pagpraiteins. Taurine will therefore be exposed
to severe leaching if not incorporated into a digh good retention properties. Although
taurine is described as a non-essential AA, thexenalications that taurine is an essential AA
at early fish larvae stages. Japanese flourielralichtys olivaceus) (Chenet al., 2004; Chen
et al., 2005; Kimet al., 2003; Kimet al., 2005; Matsunart al., 2003; Cheret al., 2002;
Takeuchiet al., 2001) and sea breamagrus major) (Chenet al., 2004) fed on taurine-
enriched rotifers showed increased growth compargdun-enriched rotifers. The
concentration of taurine in the raw ingredient® (&g g* dw) was approximately 6 times
lower than in copepods (18 mg gw, Van der Meeren 2003) and 4.5 times lower than

Artemia (13 mg ¢* dw, Van der Meeren 2003). This study confirms tliats made with

14



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

marine meal as a main ingredient have a low conagon of taurine (Nordgreest al.,
submitted) and additional supplementation of taunmay be considered. According to Kém
al. (2005), juvenile Japanese flounder requiredastl#5 mg taurine pef‘gapsule. To
produce a protein-encapsulated feed containingd.5hidw) taurine, approximately 200 mg
g*would have to be included in the capsule ingrediesssuming that losses during
production were equal to the loss of lysine refblie Y Uferaet al. (2002) or similar to the
losses of zinc and thiamine in the present.

Yuferaet al. (1996) reported that the crude protein contewliéts made with gelatin
was 18.6 % higher than that of diets that were edsh alcohol. These results suggested that
there was an uptake of gelatin during the disparsidhe hot gelatin solution. Change in
crude protein concentration due to increased Ibpsotein in the alcohol washed diet is
unlikely since protein solubility will be markedlgwer in ethanol than in water (Pace, 2004).
Gelatine has a high concentration of the AA glydi2e %) and proline (15%), and an uptake
of gelatin may lead to a change in the concentnaigiche respective AA. The small changes
in AA profile during the production process indiesithat uptake of gelatin in the capsules are
limited.

Due to the interfacial cross-linking processgéafractions of the dietary protein has to
consist of water-soluble or water-dispersible grot®ntaining free amine groups (Jones,
1980). According to Jones (1980) any hydrophiliatein with sufficient reactive amino
groups may be used, especially if the proteins laanadatively high concentration of lysine,
histidine and arginine that contais two amine geo(dones, 1980). Protein capsules prepared
with nylon-protein (Jones, 1974), purified crabtpro (Langdon 1989; Langdon and
DeBevoise, 1990), whey protein (Lee and Rosenb@0§) aloumin (EI-Mahdt al., 1998;
Yuferaet al., 2000), or caseine (Fernandez-Déhal., 1994; Ozkizilcik and Chu 1996;

Yuferaet al., 1996) have been successfully made. Most invastigprotein encapsulated

15



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

diets, had a casein fraction of 500 g*Kgw) (Yuferaet al., 1999, 2000, 2002, 2003; Alarcon
et al., 1999), however a protein encapsulated diet auinta260 g ki casein (dw) was
successfully produced and investigated for leactivgleet al., 2006). Protein encapsulated
diets containing less than 250 g'kgasein (dw) may give unstable capsules (M. Yufera,
unpublished observations). In this study the cafsairtion constituted for 390 g Kgdw) and
approximately 55 % of the total crude protein. Watlch a high proportion of the protein
source being the cross-linking protein, it is offonamportance that it is has an acceptable
AA profile and good digestibility. Water soluble aseinate as used in this study has
successfully been used to produce cross-linkegpraticrospheres (Millar, 1991, Quigy

al., 1992, Heelan & Corrigan 1997, Corrigan & Hee2®91). However, cross-linked
microspheres used as larval feed have mostly besluped with acid precipitated casein
(Yuferaet al.,1999, 2000, 2002, 2003, Chu & Ozkilcik 1999, kaatlal., 2006). Acid
precipitated casein is insoluble in water, butokiBilized at alkaline pH and therefore
alkaline solutions are used when producing cradsetl casein microspheres. It should be
considered that the use of Na caseinate insteedsein, may affect technical properties such
as leaching rate, but considering the similar &d9SAA during the production process in the
present study and in the study of Yufetral. (2002), it is unlikely that there are large
differences.

Casein has been used as the main protein sousex@nal experimental diets for fish
larvae and juveniles (Carvallbal., 1997; Carvalhet al., 2004; Fontagnet al., 2006;
Ostaszewsket al., 2005; Alamet al., 2005; Wanget al., 2004). However, Carvalre al.
(2004) showed that insoluble casein had a negatflteence on larvaCyprinus carpo
performance during the first two weeks of exogerfeesling, compared to soluble sodium
caseinln vitro digestibility of the protein-encapsulated diet #nel ingredient mixtures for

the same diet, showed a decrease in protein digagtirom 71 £ 1.4 % to 53 + 2.3 % due to
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394 the production process (Tonheetnal., 2007). In vitro digestibility of soluble casdiNa

395 Casein) and in-soluble casein was similar afteln {Ponheimet al., 2007), indicating

396 that the decline im vitro digestibility was due to the covalent cross-linkireactions and not
397 areduction in solubility. It is not likely thatrige fractions of water-soluble protein can be
398 delivered with the protein encapsulated diet, atersng that all the soluble protein in this
399 study was cross-linked. There may be a possililigy soluble protein with low

400 concentrations of free amino groups (if existingyld be delivered without being

401 cross-linked.

402 Previous studies indicates that protein-encapstidiets have reduced leakage rates
403 compared to other investigated formulated dietp@zA\lvaradcet al., 1994; Kvale, 2004;
404  Yuferaet al., 2002). Lopez Alvarado (1994) reported leaching@®®o FAA in 2 minutes

405 from a protein-encapsulated diet and Ozkizilcik &uJ1996) reported a loss of 45 % lysine
406  within 4 minutes of exposure to leaching while Yrafet al. (2002) reported a loss of 17 %
407 FAA in 60 minutes and Kvalet al. (2006) reported a 30 % loss of serine in 60 naisuthe
408 large differences in leaching rates among thesartepre probably due different initial

409 concentrations of FAA. The diets investigated bpén-Alvaradcet al. (1994) and Ozkizilcik
410 and Chu (1994) were produced according to LangddrCebevoise (1990) where the diet
411 was only washed in cyclohexane and freeze-driedonitgelatin dispersion and aqueous
412 washing steps (Yufergt al., 1999). The concentration of FAA in the microgmaaated diet
413 was 0.53 % (dw) in the diet investigated by Yuferal. (2002), while the diet investigated
414 by Lopez Alvarado (1994) had approximately 20 % FHal).

415

416 Changein lipid quality

417 There was a significant increase in crude lipidosmration after cross-linking, but during the

418 washing processes the lipid concentration retutodie initial level. However, the
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440

441

442

443

phospholipid content increased from 26 to 33 %. dtrenges in crude lipid and lipid class
composition are not fully understood and need &irthvestigation. The decrease in lipid
concentration in the diet from the cyclohexane-weasstage to the finished diet may be due
to a loss of lipid during washing or an increasenotein by uptake of gelatin, but as
discussed above, there were no change in the Algptibat could explain the change in lipid
concentration. It is therefore unlikely that thease in lipid concentration were due to
uptake of gelatin. The increase in phospholipidcemtration was to small to explain the total
increase in lipid during this production step.

The use of a surfactant, such as soy lecithiectdfthe rate of the wall formation
(Jones, 1980) and may be used to control particée(8ones, 1980). The surfactant helps
emulsify the aqueous droplets and is supposedpcove contact between the hydrophilic
and hydrophobic phases (Jones, 1980). Accordidgnes (1980), surfactants are not
essential in the process; however, in this studyysre not able to produce stable protein

capsules without using either marine phospholipidsoy lecithin as surfactants.

Micronutrients

Fat-soluble vitamins, such as vitamin E and A, lsamelivered in a controlled manner
without severe losses during production. There nealoss of vitamin E during production,
but there was an increase in relative loss of vitaifrom 4 % to 57 % with increased
inclusion amounts. It is not known whether thiglige to analytical problems, leaching into
the cyclohexane or chemical destruction duringstioking. However, losses of vitamin A
were relatively small compared to those for thearnsabluble micronutrients.

Both zinc and thiamine were efficiently encapsudataut high losses occurred during

the washing stages. The increased loss (%) ofznthand thiamine with increased inclusion
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may be due to better retention of the zinc anchiima naturally occurring in the capsule
ingredients or that increases in concentration teadcreases in leaching rates. Vitamin C
(ascorbyl monophosphate) was not detectable &féeprtoduction process, but in contrast to
thiamine and zinc, vitamin C was degraded durimgcttoss-linking process. This may be,
because the vitamin C was covalently bond to téepr matrix during the crosslinking
process as earlier reported for other incorporatedpounds (Willmot et al., 1989,
Cummingset al., 1991, Quigget al., 1992, Willmott et al., 1992). Willmott et al.q22)
reported that doxorubicin (anti-tumour agent) wagatently bound during encapsulation in
casein cross-linked particles. Howeveryitro trypsin digestion of the cross-linked particles
released the covalently bound doxorubicin whichlséid its anti-tomour activity intact. This
may also be the case for vitamin C. In comparisoiné complete loss in this study, YUfeta
al. (2003) reported an incorporation efficiency @& 8.1.2 % for both ascorbyl-
monophosphate and ascorbyl-polyphosphate. Thendasthe complete loss of vitamin C in
this study compared to the study by Yuferal. (2003) is probably due the higher initial
incorporation of vitamin C (30 -70 g RgYufera et al., 2003) compared to that used is thi
study (0.1 — 1.6 g k. Although the iron added to the diet was watduisie, there was no
loss during the encapsulation process. This is i@y due to precipitation when iron was
added to the Tris buffer (pH 9), as indicated tsual observations. The precipitation of iron

may influence the availability of this mineral fiorarine fish larvae and should be considered.

Conclusion

The main goal of the investigation of the protenta&psulated diet was to evaluate the change
in nutritional quality during the production proseand to better understand how the
encapsulation process affected the nutrients $dhbdinal concentration of encapsulated

nutrients could be predicted. There were no larfferdnces in the concentration of added
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and analysed crude protein and crude lipid. Allexabluble protein was made insoluble by
cross-linking, while nearly all the TCA-soluble Nagrwashed out during the washing stages
of the production process. With the existing prdoturcprotocol, the diet can not deliver
soluble N. Nearly all water-soluble micronutriemtsre lost during the production process.
The results suggest that this particle type is aiske for use in nutritional studies on the
requirements for water soluble nutrients. To usephrticle type for requirements studies, it
is suggested not to carry through the gelatineetiggpn and washing stages. However, the
reported decrease in digestibility by not acconiyatig these production steps has to be

considered carefully.
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L egionsto figures

Figure 1: 1) The dietary solution is emulsifiecciclohexane with stirring. 2) The cross-
linker (trimesoil) is dissolved in ether and addedier constant stirring for 8 minutes 3) The
stirrer is stopped and stabile cross-linked cagssidtle. 4) The cyclohexane-lecithin solution
is decanted, the capsules are washed with cycloleexéce. 5) The capsules are stirred in a
gelatin solution for 5 minutes. 6) The capsulesveaished in fresh water. 7) The particles are
dispersed in saltwater for 5 minutes. 8) The cassate rinsed in fresh water before freezing

and freeze drying.

Figure 2: Concentration of AA at three differerdges in the capsule production process.
Concentrations of the different AA are given as Rtotal AA. Error bars represent standard

deviations (n=3).

Figure 3: Concentrations of encapsulated microentsi in five diets with increasing levels of
added micronutrients. Two separate batches of eacfpsulated diet were produced. Error

bars represent means + ranges (n=2).
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758 Table 1: Diet “1” was used to investigate changesutritional quality and quantity of

759 protein, lipid and micronutrients during the protioe process (Exp. 1, 2 and 3). Three
760 separate batches of capsules were produced foroédioh three production steps

761 investigated. The micronutrient concentrationshim ¢apsule are those of diet “3” given in
762 Table 3. Diet “2” was used to investigate the dffdaifferent types of lipid in the diet (Exp.

763  2) (see table 2 for lipid used).

Diet 1 2
Concentration  Concentration

I ngredients gkg® gkg?

Sodium caseinate 390 390

Squid medl 120 120

Pepsin hydrolysated cod

roe’ 120 110

Cod roé 120 110

Dextrin® 100 10

Soy lecithirt 50 (see table 2)

Cod liver oiP 100 (see table 2)

Marine phosholipifl (see table 2)

764

765 !Tine, Oslo, Norway

766 “Rieber & Sgnn ASA. Bergen, Norway.

767 *Grinded Sagogryn, Varenr: 8051, HOFF, Norway
768 “Lecithin Granulat, Biosym A/S, Ikast, Denmark
769  °Méller's tran naturell, Peter Méller, Oslo, Norway
770  °PhosphoNorse, Eximo AS, Tromsg Norway

771

772

773

774

775
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796

Table 2: Four different diets (each preparediplitate) were produced to investigate the
effect of lipid source on the production proceset®1 and 2 were produced to investigate if
emulsifying phospholipids were taken into the dieting the production process. Diets 3 and
4 were produced to investigate if there was in@éagptake of surfactant phospholipids when
the diet had a higher content of phospholipidsid_geroxidation was analyzed for all diets.
The included lipid constituted for 17 % (dw) of thiferent diets. The diets compositions of

other nutrients are given in Table 3 and the migtoant content is given in Table 4 (diet 3).

Diet Lipidin diet Lipid in cyklohexane solution

1 50 % fish oit and 50 % marine phospholipid soy lecithirt
2 50 % fish oit and 50 % marine phospholipid marine phospholipids
3 marine phosholipfd soy lecithirf

4 fish oift soy lecithirt

I Méller's tran naturell, Peter Méller, Oslo, Norway
’PhosphoNorse, Eximo AS, Tromsg Norway

3Lecithin Granulat, Biosym A/S, Ikast, Denmark
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Table 3: Concentrations of micronutrients addethéofive different diets. Two batches were

made for each micronutrient concentration.

Diet 1 2 3 4 5
Micronutrients mgkg®? mgkg? mgkg® mgkg' mgkg?
Thiamine
mononitraté 5 10 20 40 80
Vit CP 100 200 400 800 1600
Vit E€ 50 100 200 400 800
Vit A 0.625 1.25 2.50 5 10
Iron® 15 30 60 120 240
Zinc' 8 15 30 60 120

#Rovimix B1, Roche
®Rovimix®, STAY-C® 35, Roche
¢ Rovimix E, Roche

9Rovimix A, Roche

lron (Il) Sulfat (FeS@ * 7 H,0

"Zinc Sulfat (ZnSQ)* 7H,0
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832
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834

835

836

837

Table 4: Concentration of encapsulated crude pr¢ie¢ix 6.25), soluble nitrogen (% of tot N)

and TCA (10 %) soluble nitrogen (% of tot N) atebdifferent stages in the production

process. The proportion of soluble nitrogen is gigs % of total N in the diet. Three separate

batches of capsules were produced for each ohtke production steps (mean + SD, n=3).

Raw ingredients Cyclohexane washing Finished di
(%) (%) (%)
Crude protein (%) 632 0.5 51.4+0.6 58.8+0.2
% Sol. N of tot. N 622+ 2.1 12.6+1.2 2.9+0.9
% TCA-sol N of tot. N 159+ 0.3 12.8+0.3 3.4+05
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838 Table 5: Total lipid (% dw), total polar lipids (&6 total lipid) and produced amount of
839 microcapsules (g dw) at three different stagesnduthe encapsulation process. Three

840 separate batches of feed are produced at each tirge production steps (mean £+ SD, n=3).

Rawmaterial After cross-linking Finished diet

Lipid (% dw) 26 +2.2 42311 29.6+1.1
Tot PL % of tot lipid 26+ 0.5 31.8+05 33.8+11

Produced amount (g) 19450.1 19.9+1.1 13.8+15

841
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864

865

866

867

868

869

870

871
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874

875

876

877

Table 6: Concentration of 18:2n-6 given as % ddlttdtty acids (FA) in diets with different
concentrations of marine phospholipids and dietsipced with either marine phospholipids

or soy lecithin as the surfactants in the cyclonexsolution (mean = SD, n=3).

Lipid in diet Lipid in cyclohexane solution 18:In- Phospholipid
% of FA % of tot. lipid

50 % fish oil and 50 % marine
phospholipids soy lecithin 42+1.1 20.0+4.3

50 % fish oil and 50 % marine o
marine phospholipids

phospholipid 0.83 +0.07 18.3+3.0
marine phospholipids soy lecithin 6.8+0.2 3584
fish oil soy lecithin 49+04 148+1.2
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885

Table 7: Concentrations of zinc, thiamine and vitaf at three different stages during the
production process. Three batches of capsulespvedeiced and analyzed for each
production step. The concentrations of micronutdeme given in mg k(mean + SD, n=3).

nd = not detected

Ingredients Cyclohexanewashing  Finished diet

mg kg™ mg kg™ mg kg™
zZinc 78.9+1.7 66.2+1.8 4.4+1.6
Thiamine 29.4+1.9 21.7+0.7 1.3+0.3
Vitamin C 415 + 23 nd nd
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i Before washing
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Errata

Paper 11

“Trypsin-digested cod fillet” should be changedpepsin-digested cod fillet” throughout

paper Il

Table 2:

"Trypsin- digested cod fillet”, should be changed'pepsin- digested cod fillet” as shown

bellow.

Sample Water-soluble  Insoluble S.D. n

(analytical

fraction (%)  fraction (%) sample)

Artemia (nauplii) 67 33 2.8 4

Calanus (copepod stage) 54 46 2.2 4

Squid meal 11 89 2.6 4

Fish meal (Rieber,

Norway) 17 83 1.6 4

Roe meal 11 89 11 3

Pepsin-digested cod fillet 65 35 3.0 1

Fresh frozen cod fillet 34 66

Stick-water 100

Casein 100

Na+-caseinate 100

Whey protein 100

The errata is in bold.

“Hydrolysed cod fillet” refers tofepsin-digested cod fillet” (Page 430; Table 3)
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Abstract

In vitro methods have previously been utilised for the rapid and reliable evaluation of protein digestibility in fish. In this study
we used in vitro methods to compare the digestibility of various live and artificial larval feeds and feed ingredients. Given previous
suggestions that water-soluble dietary proteins are efficiently digested and utilised by stomachless fish larvae, we also analysed the
content of water-soluble nitrogen in the feeds and feed ingredients and then measured the specific in vitro digestibility (simulated
midgut conditions) of the water-soluble and insoluble fractions. The soluble nitrogen fractions were generally more digestible than
the insoluble nitrogen fractions (P<0.05). A soluble reference protein (Na'-caseinate) was digested faster than the similar but
insoluble reference protein (casein) although their final digestibility was the same (94%). Frozen live feeds (4drtemia fransiscana
and Calanus finmarchicus) contained high fractions of soluble nitrogen (54—67%) and also had high digestibility in vitro (84 and
87%, respectively). The in vitro digestibility of two formulated larval feeds tested was lower (53 and 70%) than the frozen live
feeds. The digestibility of the ingredients of the protein-encapsulated feeds particles was reduced as a result of the production
process (from 71 to 53%, respectively). Three meals of marine origin (fish meal, squid meal and fish roe meal) all had low contents
of water-soluble nitrogen (11—17%) but showed different degrees of digestibility (77, 77 and 49%, respectively). The results also
demonstrated that while pre-hydrolysis of a feed ingredient (fresh frozen cod fillet) almost doubled the water-soluble nitrogen
fraction (from 34 to 65%) the positive effect of pre-hydrolysis on in vitro digestibility was much lower (from 80 to 86%). This
demonstrates the complexity of assessment of bioavailability of dietary protein sources in larval fish; a number of factors such as
leaching rates from feed particles, digestibility, digestion rates and absorption rates all need to be taken into account.
© 2006 Elsevier B.V. All rights reserved.
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protein digestion (e.g. Jany, 1974; Rennestad et al.,
2003; Tonheim et al., 2005). In a functional gastric
stomach, proteins are exposed to proteolytic active pep-
sin under denaturing acid conditions (pH 2 to 5), which
may accelerate the proteolysis of ingested dietary pro-
teins. In stomachless larvae dietary protein digestion has
to rely solely on the intestinal digestion which is per-
formed by pancreatic proteases and mucosa-associated
proteases. It has also been shown that dietary protein can
be taken up by pinocytosis in larvae and be digested
intracellularly in the enterocyte by lysosomal prote-
olysis (Watanabe, 1981; Govoni et al., 1986), although
the quantitative significance of this route of absorption
remains to be determined (Rennestad and Conceicao,
2005).

Fish larvae have high dietary amino acid (AA) re-
quirements due to their high growth potential (e.g.
Houde, 1989; Conceigdo et al., 1997; Otterlei et al.,
1999) and extensive combustion of AA in their energy
metabolism (Rennestad and Naas, 1993; Finn et al.,
1995, 2002). The digestibility of dietary proteins is
therefore crucial to their utilisation efficiency and an
understanding of the specific digestibility of feed in-
gredients is important for the formulation of optimal
diets for larvae in aquaculture. However, little is known
about the digestibility of various protein sources used in
compound diets for first-feeding marine larval fish. The
digestibility of different sources of protein in adult fish
and other animal models is of only limited relevance to
larvae, because of differences in the digestive physiol-
ogy of larval and juvenile/adult stages.

Current best practice for first-feeding fish larvae in-
volves the extensive use of live feeds such as rotifers,
Artemia and copepods (e.g. Kolkovski, 2001). Exper-
imental studies have shown that it is possible to first-
feed some stomachless marine fish larvae exclusively on
compound diets (sea bass, Dicentrarchus labrax, Cahu
et al., 1998; Japanese eel, Anguilla japonica, Pedersen
et al., 2003; gilthead sea bream, Sparus aurata, Robin
and Vincent, 2003. However, both sea bass and gilthead
sea bream larvae grew more poorly than larvae fed live
feeds (Cahu et al., 1998; Robin and Vincent, 2003).
Growth on compound diets was also poor in the Japa-
nese eels (Pedersen et al., 2003), but this species had not
previously been successfully first-fed in an artificial
system. A sufficient supply of dietary amino acids is a
prerequisite for high growth rates. Compound feeds
usually have high nutrient density, high relative protein
content and are based on ingredients that have good
amino acid balance as far as sustaining growth in
juvenile fish is concerned. It is therefore unlikely that
inferior growth in fish larvae fed compound diets is the

result of low quantitative protein content or a poor
amino acid profile, but is more likely to be a result of
other qualitative differences and specific larval dietary
requirements.

Carvalho et al. (2004), who studied freshwater com-
mon carp, Cyprinus carpio, larvae, found that replacing
insoluble casein with soluble Na'-caseinate in a starter
diet improved both growth and survival. The protein
sources used in their study are very similar except for
their water solubility. For this reason, and because com-
mon live feeds, unlike formulated feeds, contain a high
proportion of water-soluble protein (Fyhn et al., 1993;
Hamre et al., 2002; Helland et al., 2003; Carvalho et al.,
2003), Carvalho et al. (2004) suggested that protein
solubility is important as a determinant of digestibility in
larvae.

FAA and small peptides are usually water soluble and
are efficiently absorbed from the intestine without pre-
vious digestion, and can thus be regarded as pre-di-
gested dietary protein. Although pre-hydrolysis will
enhance digestibility, substantial supplementation of
compound diets with pre-hydrolysed protein has been
reported as having a negative impact on the growth
and survival of some marine fish larvae (S. aurata,
Kolkovski and Tandler, 2000; D. labrax, Cahu et al.,
1999). On the other hand, Day et al. (1997) found that
substituting 100% of fish meal with pre-hydrolysed fish
protein in a compound weaning diet for Dover sole
(Solea solea) resulted in improved survival.

The specific digestibility of soluble versus insoluble
proteins has not been studied in fish larvae. The positive
effects of Na'-caseinate as reported by Carvalho et al.
(2004) may be due to soluble proteins being more ex-
posed to intestinal proteases or being more efficiently
taken up by pinocytosis. High feed intake and gut
evacuation rates have been reported in fish larvae,
(Govoni et al., 1986), and these may be important fac-
tors in poor protein digestion and utilisation in larvae
(Govoni et al., 1986, Tonheim et al., 2005). An im-
portant prerequisite of successful compound starter diets
for fish larvae may thus be sufficient quantities of highly
digestible dietary proteins.

The true digestibility of different protein sources in
larvae can only be measured in vivo. However, methods
for in vitro digestion assessment using commercial
available proteases have been used for rapid, easy and
reproducible evaluation of the digestibility of feeds and
feedstuffs (Hsu et al., 1977; Saterlee et al., 1979; Lazo
et al., 1998). Chong et al. (2002) compared dry matter
and protein digestibility in discus fish (Symphysodon
aequifasciata) assessed by three different methods: the
in vitro protocols of Hsu et al. (1977), Saterlee et al.
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(1979), Lazo et al. (1998); in vitro digestion using gut
extract from the discus fish; and in vivo digestibility
assessed in feeding trials with fish itself. They found that
relative digestibility, as measured by simple methods
involving only a few proteases in a single reaction step,
correlated well with digestibility measured in vivo. In
vitro digestibility can thus be a useful first approach to
selecting candidate protein sources for follow-up studies
in larvae.

In order to improve our understanding of bioavail-
ability of larval feeds, we investigated the solubility and
in vitro digestibility of the water-soluble and water-
insoluble fractions of live feeds and selected protein
sources that are widely used or have a potential for use
in larval compound diets.

2. Materials and methods
2.1. Feed and feed ingredients

A total of 13 feeds and feed ingredients was eval-
uated (Table 1). The live feeds, squid meal, fish roe
meal, fish meal, fresh frozen cod fillet and pepsin-
hydrolysed cod fillet were homogenised in phosphate
buffer (pH 8.0) at 4 °C. The insoluble fraction of each
homogenate was separated from the soluble fraction by
centrifugation. Pellets were resuspended in phosphate
buffer and centrifuged twice in order to wash the pellet.

Two compound larval diets were included in the
study: one commercial microbound diet (Minipro™)
and one protein-encapsulated micro-diet. Minipro™
was based on fish meal, fish protein hydrolysate, squid
meal and herring stick-water as the main ingredients and

Table 1
Feeds and feed ingredients evaluated

the feed particles were prepared by using a carbohydrate
binder and a spray technique. The protein-encapsulated
diet was based on Na'-caseinate, 39%; squid meal,
12%; cod roe, 12%; pepsin hydrolysed cod roe, 12%;
dextrin, 10%; soya lecithin, 5%; cod liver oil, 10%. The
microcapsules were prepared according to Yufera et al.
(1999), with some modifications. The dissolved feed
ingredients (water phase) were immersed in a non-polar
solvent before the addition of an agent (1,3,5-benzene-
tricarboxylic acid chloride), which induced cross-
linking between the dietary protein molecules at the
interface between the two phases.

2.2. In vitro measurements

Several different methods and procedures have pre-
viously been used to measure protein digestibility in
vitro. In this study, digestibility was assessed as a per-
centage of nitrogen in the soluble fraction after treatment
of the protein source with proteases and subsequent
precipitation of undigested protein by trichloroacetic
acid (TCA).

Crude protein content (NX6.25) was determined in
all separated fractions and in the compound feeds by an
FP-528 nitrogen analyser (Leco, MI, USA). The pre-
viously separated insoluble fractions, dry compound
feeds and insoluble casein were resuspended in 1 ml of
phosphate buffer (pH 8.0) in Eppendorf tubes in
amounts corresponding to 20 mg of crude protein. The
previously separated soluble fractions, soluble Na'-
caseinate, whey protein and stick-water were added to
Eppendorf tubes in amounts corresponding to 20 mg of
crude protein and diluted with phosphate buffer (pH 8.0)

Feeds and feed ingredients Origin

YUrtemia franciscana (nauplii)
Calanus finmarchicus (copepod)
**Minipro™
**Protein-encapsulated feed
Micronised squid meal
Micronised fish meal
Micronised fish roe meal
pepsin-digested cod fillet
3Fresh frozen cod fillet
Stick-water

Decapsulated and hatched at IMR*, Austevoll, Norway

Captured and frozen at sea, Calanus AS, Tromse, Norway

Produced by Maripro AS, Austevoll, Norway

Produced by NIFES according to Yufera et al., 1999

Obtained from Rieber, Bergen, Norway

Obtained from Rieber, Bergen, Norway

Obtained from Rieber, Bergen, Norway

Wild captured, hydrolysed at NIFES, Bergen, Norway

Wild captured

Water-soluble fraction from boiled herring, produced by Maripro AS, Austevoll, Norway

Casein Tine AS, Oslo, Norway

Na'-caseinate
Whey protein

Tine AS, Oslo, Norway
Tine AS, Oslo, Norway

*Institute of Marine Research;** Formulated diets; ' Decapsulated, hatched and enriched for 20 h according to standard protocols at IMR before being
rinsed with water, frozen and stored at —20 °C; *Ground fillets (136 g) were acidified by addition of 6 M of HCI (46 ml, pH 4.2). Hydrolysis was
initiated by adding a mixture of water (18 ml), glycerol (9.5 ml) and pepsin (10.2 g) and hydrolysis allowed to continue at room temperature over
night. The hydrolysate was thereafter neutralised to pH 7.6 by adding 6 M NaOH (55 ml). *A fresh fillet, frozen and stored at —20 °C.
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to a final volume of 1 ml. A mixture (final volume
100 pl) of trypsin (type IX, bovine pancreas), chymo-
trypsin (type I, bovine pancreas) and bacterial protease
(type X1V, Streptomyces griseus), all obtained from
Sigma-Aldrich, MO, USA, was added to each tube to
final concentrations of 73, 145 and 64 mg ml~ !,
respectively. Digestion was performed at room temper-
ature (22 °C). Proteins were precipitated and the in vitro
digestion terminated by adding 250 ul of 40% TCA. For
each component analysed, four parallel tubes were
terminated and sampled 0, 1 and 12 h after addition of
the proteases. The tubes were centrifuged and the crude
protein content in the supernatant (350 pl), which con-
tained proteolysis products, FAA and small peptides,
was analysed and regarded as representing digested
protein. Crude protein in the precipitate, containing in-
tact protein and large peptides, was regarded as repre-
senting undigested protein. Casein was introduced as a
reference protein every time in vitro digestion was
performed, as a control of reproducibility.

Minor errors (<3%) in the calculation of supernatant
volume due to changes in suspended material according
to the degree of proteolysis were corrected for.

3. Results and discussion

Digestibility was assessed by elementary nitrogen
analysis of the TCA solubles after treatment with crys-
talline proteases in an alkaline buffer. Compared to the
results of Garcia-Ortega et al. (2000), who separated
digested nitrous compounds from undigested nitrous
compounds by filtration, the present analyses of the
soluble fraction represent an improvement as most of
the samples contained more nitrogen in the soluble than
the insoluble fraction. In future studies, further im-
provements could be made by determining the in-
crease in free amino acids by amino acid analysis, or by
detecting free amino groups, as demonstrated by
Lindner et al. (1995).

3.1. Contents of water-soluble nitrogen

The distribution of crude protein into water-soluble
and insoluble fractions varied among the feeds and
feedstufts (Table 2). The live feeds, Artemia and Calanus,
contained high fractions of soluble nitrogen; 67 and 54%
of total N respectively. This was in accordance with high
levels of water-soluble nitrogen in Artemia and rotifers
(54 and 61%, respectively), as previously reported by
Carvalho et al. (2003). Fresh frozen cod fillet contained
35% of water-soluble nitrogen. Pepsin hydrolysis almost
doubled the water-soluble nitrogen fraction in cod fillet to

Table 2
Distribution of crude protein (Nx6.25) into water-soluble and water-
insoluble fractions

Sample Water-soluble Insoluble SD. n
fraction (%)  fraction (%) (analytical)

Artemia (nauplii) 67 33 28 4

Calanus 54 46 22 4
(copepod stage)

Squid meal 11 89 26 4

Fish meal 17 83 1.6 4
(Rieber, Norway)

Roe meal 11 89 1.1 4

Trypsin-digested 65 35 30 3
cod filet

Fresh frozen cod 34 66 1
fillet

Stick-water 100 -

Casein 100 -

Na'-caseinate 100 -

Whey protein 100 -

65%. The squid, fish and roe meals contained lower levels
of 11, 17 and 11% respectively.

3.2. In vitro digestibility

The in vitro digestibility after 12 h, assessed as
percentage of analysed nitrogen in the TCA-soluble
fraction, showed that the water-soluble fractions from
the live feeds, the hydrolysed cod fillet and the meals
were digested to 90% or above (Table 3). The water-
soluble fraction of the fresh frozen cod fillet, together
with whey protein and stick-water, both of which
consists entirely of water-soluble proteins, were
digested to some lesser extent, 75+6.4%, 68+1.9 and
71+0.7, respectively.

The insoluble fractions of the live feeds, hydrolysed
(pepsin-digested) cod fillet, fish and squid meals were
all digested to above 70% (71-76%), while the insol-
uble fraction of the fish roe meal was digested to a lesser
extent (43+1%). The insoluble fraction of the fresh
frozen cod fillet had the highest digestibility of the
insoluble fractions (82+2.5%). These results suggest
that, in a pancreatic digestive system, the water-soluble
protein fractions of live feeds and feed ingredients are
more digestible than the insoluble protein fractions
(P<0.05), when all insoluble fractions are compared
with all soluble fractions, All water-soluble fractions
contained a high initial proportion of TCA-soluble
nitrogen (36—93%). This fraction was, according to the
definition used in this study, already digested before the
proteases were added.

The initial levels of TCA-soluble nitrogen in the
Calanus soluble fraction consisted of 93% of total
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Table 3

In vitro digestibility of some feeds and feed ingredients used in starter diets for fish larvae in Aquaculture

Digestibility of water-soluble fractions Digestibility of insoluble fractions (%)

“Total digestibility (%)

(%)
0h 1h 12h n 0Oh 1h 12h n Oh lh 12h n
(analytic) (analytic) (analytic)
Artemia 3719 66+6.7 91+£7.0 4 17+£0.2 46+04 71+3.6 2 30 59 84 -
Calanus 93+3.8 88+8.9 96+6.1 4 9+0.2 45+1.0 72+0.8 2 54 68 87 -
Cod fillet 36+£2.5 55+74 75+64 4 8+0.1 55+1.3 82+25 2 18 55 80 -
Hydrolysed cod fillet ~ 55+2.7 80+4.8 92+2.7 4 10+1.4 42+1.9 76 (n=1) 2 39 67 86 -
Fish meal 56+7.0 99+4.8 103+24 4 6+0.9 46+0.8 71+02 2 15 55 77 -
Squid meal 79+7.5 85+4.3 90+7.1 4 7+14 42+0.5 75+23 2 15 47 77 -
Fish roe meal 57454 71456 91+09 4 6+04 21+0.8 43+1.0 2 12 27 49 -
Casein 540.0 61+4.0 94+3.0 2
Na'-caseinate 60,6 82424 94=1.7 6
Whey protein 14£1.2 24+£39 68+19 4
Stick-water 63+£0.6 73+£0.0 71+£0.7 4
Minipro™ 32+41.9 47+2.0 70+3.0 2
Protein-encapsulated 1£04 29+£1.2 53+£23 4
diet

Mixed ingredients for
protein-encapsulated
diet

8+0.6 54+2.1 71+14 4

# Total digestibility was calculated as the weighed digestibility based on the digestibility of the water-soluble and water-insoluble fractions. Hence,

errors and analytical parallels are not presented.

nitrogen. This strongly suggests that autolysis had taken
place in this sample, a possibility that cannot be rejected,
as the Calanus sample was obtained frozen from a
commercial supplier and its history of treatment from
capture to freezing was not known in detail. The Arte-
mia sample, on the other hand, was rapidly frozen and
kept frozen at —20 °C until analysis, and during ex-
traction of water-soluble nitrogen the temperature was
kept at 4 °C in order to avoid autolysis. In spite of this
Artemia also contained a high initial level of TCA
solubles (37.8%), far above the levels of free amino
acids (FAA) that have been reported for Artemia in the
literature (Hamre et al., 2002; Helland et al., 2003).
Carvalho et al. (2003) found that 89% of the Artemia
nitrogen was in macromolecules larger than 500 Da. As
peptides larger than this may be soluble in TCA, these
values may represent the true level of FAA and small
peptides in Artemia. Alternatively, they may include
some hydrolysis products of autolysis in spite of the
rapid freezing and low temperature during extraction.
However, if autolysis during the extraction contributed
to the high initial content of water-soluble nitrogen in
the Artemia, the same contribution from autolysis to the
total proteolysis in the gut after ingestion by fish larvae
would be expected. The high initial levels of TCA-
soluble components in the live feed samples thus sug-
gest high protein availability in larvae. On the other
hand, there is a possibility that the freezing and thawing

of the Artemia sample in the present study contributed
to some extent to protein degradation and the increased
solubility and digestibility of the Artemia, beyond that
of live Artemia ingested by fish larvae.

The measured digestibility of the soluble Na'-
caseinate after 12 h did not differ (P>0.05) from that
of insoluble casein. After 1 h, however, the digestibility
of soluble Na'-caseinate was significantly higher
(P<0.05), suggesting a lower initial digestion rate of
insoluble casein. One possible reason for the difference
observed after 1 h is the poor hydroscopic properties of
the casein, which formed large hydrophobic aggrega-
tions in the reaction tubes, which would have reduced
the effective contact surface between the casein mole-
cules and the proteases. Carvalho et al. (2004) reported
significantly improved survival and some improved
growth in first-feeding carp larvae on compound diets
when insoluble casein was replaced by Na'-caseinate as
the only protein source. Since feed ingestion rate was
not monitored in their experiment, the possible positive
effect of the solubility of Na'-caseinate cannot be sep-
arated from possible differences in palatability between
diets. However, no evidence for such a different effect
on palatability has been presented and due to the high
molecular weight of casein, differences in leaching be-
tween the two diets were unlikely to occur. The mea-
sured difference in initial digestibility between insoluble
casein and Na'-caseinate in the present study supports
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the notion of improved digestibility as an explanation
for the improved performance of the soluble Na'-
caseinate in the early feeding larvae in the study of
Carvalho et al. Visual observations made during this
study showed that all suspended insoluble fractions
were more hydrophilic than the insoluble casein and
were therefore better dispersed in the buffer in the
reaction tubes. Even so, the average initial digestibility
(at 0 h) of insoluble casein exceeded that of all the other
insoluble fractions (Table 3). This suggests that the
insoluble fractions of the fish-, squid- and fish roe-
derived ingredients are even less available than the
insoluble casein that produced poor growth and survival
in carp larvae (Carvalho et al., 2004). This further sup-
ports the idea that low dietary protein availability could
be a limiting factor for growth and survival in first-
feeding larvae fed compound diets based on such pro-
tein sources. Feeding experiments with compound diets
for marine larvae (sea bass, D. labrax) have shown that
casein may support growth and survival in the early
feeding stage (sea bass, Cahu and Zambonino Infante,
1995; sea bream, S. aurata, Robin and Vincent, 2003)
when intestinal proteolysis is considered to be poor. On
the other hand, diets with casein as the only protein
source did not to support growth in sea bass larvae over
time just as well as fish-based or mixed protein sources
(Cahu and Zambonino Infante, 1995), suggesting that
casein as the only protein source did not fully meet the
amino acid requirements of the larvae of this species.
However, in these experiments insoluble casein or a mix
of insoluble casein and soluble casein and pre-hydro-
lysed casein were used. To the best of our knowledge,
marine larvae have yet to be fed with compound diets
based on Na'-caseinate as the only protein source, as in
the study of Carvalho et al., 2004 on freshwater carp
larvae.

The total digestibility of the live feeds and the
complex ingredients was not analysed per se, but was
calculated from the specific digestibility of the water-
soluble and insoluble fractions (Table 3). Theoretically,
this value can differ from the digestibility of the un-
separated feed ingredients due to protease inhibition
from other ingredient constituents (Alarcon et al.,
1999). The in vitro digestibility of the live feeds (84
and 87%) was greater than that of the compound diets
(Minipro™, 70+3%, protein encapsulated diet, 53+
2.3%). Of the feed ingredients, cod fillet was more
digestible in vitro than the squid, fish and fish roe
meals. Fish roe meal distinguishes itself as the least
digestible protein source in this study, at 48%. All the
other feeds, feedstuffs and reference proteins were
digested to between 68 and 95%.

3.3. Pre-hydrolysis of dietary protein

The two live feeds tested contained high levels of
TCA-soluble nitrogen which, as pointed out above,
seems to be readily available for utilisation by the fish
larvae. The feed ingredients tested contained various
levels of TCA-soluble nitrogen, although these levels
may be increased by hydrolysis before incorporation
into feed particles, as shown for cod fillet (Table 3). Pre-
hydrolysed protein sources are frequently added to
compound larval diets (Cahu et al., 1999; Hamre et al.,
2001; Kvale et al., 2002) in order to increase the avail-
ability of dietary AA. However, this strategy may fail if
nutrient leaching is not prevented due to the increased
solubility and lowered molecular weight of the hydro-
lysis products and thus the potential leaching from feed
particles before ingested by the larvae. Rapid rates of
loss (>90% in 2 min) have been reported for free amino
acids supplementing compound diets (Lopez-Alvarado
etal., 1994; Kvéle et al., 2006). Free amino acids should
be regarded as extremes with regards to leaching rates;
however, extensive leaching of nitrous compounds from
microdiets based on intact fish protein sources (Opstad
and Hamre, 2003) demonstrates that leaching will occur
also for water-soluble macromolecules. Leaching rates
of peptides should be regarded as intermediate and a
function of molecular weight and to a certain extent, of
the amino acid composition too. Our cod fillet results
show that pre-hydrolysis with pepsin almost doubles the
content of water-soluble nitrogen, while total digestibil-
ity increased only from 55 to 67% at 1 h and from 79 to
86% at 12 h. In a feeding trial, pre-hydrolysis of a
protein source such as cod fillet might therefore reduce
rather than improve the total availability of the protein if
a significant proportion of the water-soluble cod fillet or
pre-hydrolysed cod fillet is lost by leaching to the water
before being ingested. Nutrient leaching is time-
dependent and nutrient loss may therefore also depend
on tank design, feeding protocols and the feeding
activity of the species concerned. Supplementing pre-
hydrolysed protein sources in compound diets may thus
be advantageous in species that ingest formulated feeds
rapidly and that can be kept in small systems, while this
strategy may fail and even have negative effects in
species whose feeding behaviour is more sedate and
thus eat more slowly, and that also require larger tank
systems, such as larvae of Atlantic halibut (Kvale et al.,
2006). Negative absorptive and metabolic effects of pre-
hydrolysed protein sources in compound larval diets
have been observed and discussed by several authors
(e.g. Cahu et al., 1999; Kolkovski and Tandler, 2000;
Dabrowski et al., 2003). Unfortunately, the leaching
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rates of the micro-particulate diets in these experiments
were not reported, making it difficult to distinguish
between the possible negative effect of ingested pre-
hydrolysed protein on absorption and metabolism
(flooding) and the negative effects of reduced total
dietary and digestible protein ingested due to substantial
leaching from the feed. In our opinion this makes it very
difficult to evaluate the effects of such inclusions in
feeding trials. At the same time, some leaching of
nutrients are positive due to their roles as attractants
(Kolkovski et al., 1997; Koven et al., 2001).

3.4. The effect of feed preparation on dietary protein
digestibility and availability

The in vitro digestibility of the mixed ingredients of
the protein-encapsulated particles was equal to the sum
of the analysed digestibility of the individual protein
sources, suggesting that there were no significant
protease inhibitor effects of any of the ingredients of
this diet formulation (Alarcon et al., 1999). The in vitro
digestibility of the finished protein-encapsulated parti-
cles, however, was significantly (P<0.05) reduced in
comparison with that of the mixed ingredients. After 1 h,
the digestibilities of the particulated feed and the mixed
ingredients were 29% and 54% respectively, but the
relative difference decreased thereafter, eventually
ending at 53% and 71% after 12 h (Table 3). A lowering
of the digestibility as a result of the diet formulation
process could be expected, due to the cross-binding
of proteins which probably yields fewer degradable
reaction products.

The final digestibility at 12 h was higher for the other
formulated feed tested (Minipro™, 70+3%) than for the
protein-encapsulated particles (53+2.3%). In compari-
son with the protein-encapsulated particles, Minipro™
contained substantially higher initial levels of TCA
solubles (31.84+2.0% vs 1+£0.4%) and was thus more
similar to the composition of live feeds. However, in
contrast to live feeds, in which the nutrient content is
protected by biomembranes and homeostatic regulation,
small soluble components supplementing compound
feeds may largely be lost by leaching in water (Lopez-
Alvarado et al., 1994, Kvéle et al., 2006). The avail-
ability of the Minipro™ TCA soluble protein fraction to
larvae will thus depend on the rate and extent to which it
leaks from the feed particles after it has been added
to the water. The finished protein-encapsulated feed
leaches its water-soluble added ingredients at a low rate
(Yufera et al., 2002). However, a recent study (A.
Nordgreen, NIFES, Bergen, Norway, pers. comm.) in-
dicates that repeated washing of microcapsulate feeds in

water during the production process seems to leave little
of leachable components. Any leakage during produc-
tion may alter the composition of the microcapsules in
favour of the water-insoluble fractions. This may thus
also have direct implications for the total protein digest-
ibility of this feed. The other micro-diet was presumedly
more similar to the list of ingredients with regards to
biochemical composition when the in vitro digestibility
was performed. Thus, it is difficult to compare and
evaluate these specific micro-diet preparation methods
in terms of their impact on protein digestibility, on the
basis of the present study.

A potential strategy for improving dietary protein
availability in compound feeds would be to prevent
leaching by efficient encapsulation of feed particles that
are supplemented with high levels of FAA, peptides and
soluble protein, in order to mimic live feeds. Another
potential strategy would be to design feeds that contain
intact protein sources which would resist leaching due to
their large molecular size, but that are still highly di-
gestible. Nat-caseinate appears to be a candidate in the
latter category, due to its high digestibility, although it
might be necessary to supplement it with other amino
acid sources in order to satisfy the larval demands for
amino acids. However, our results confirm that the
digestibility of intact proteins that are highly digestible
per se may be significantly reduced during the feed
preparation process. Thus, some effort still needs to be
put into developing micro-feed preparation techniques
that combine particle stability and nutrient leaching on
one side with adequate digestibility on the other.

3.5. Correlation between in vitro and in vivo digest-

ibility

Various approaches have been tried in order to de-
velop reliable and cost-efficient methods for the eval-
uation of protein digestibility. Compared to in vivo
measurements, in vitro assays are easier to perform and
are much more cost efficient; however, their relevance
can only be confirmed by in vivo experiments. In vitro
studies may be based on intestinal extract from a species
of particular interest (e.g. Jany, 1974; Nankervis and
Southgate, 2006) or on commercial available crystalline
proteases (e.g. Hsu et al., 1977; Saterlee et al., 1979). In
this study, our aim was to evaluate the digestibility of
some feeds and potential protein sources in stomachless
fish larvae in general. Commercial enzymes were thus
used as this was expected to improve the reproducibility
of data as compared to using larval intestinal extracts
from one species of fish. This approach was also
supported by the findings of Chong et al. (2002), who
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showed that in vitro protein digestibility rates, as
evaluated by three different protocols, correlated well
among themselves and also with in vivo digestibility in
juvenile discus fish. The protocol used in the present
experiment was a combination of two of the protocols
(Hsu et al., 1977; Saterlee et al., 1979) tested by Chong
et al. (2002), with the exception that Trizma-base (pH
8.0) was replaced by the nitrogen-free phosphate buffer
(pH 8.0) since our protocol was based on nitrogen
analysis. Although Chong et al. found some differences
in absolute digestibility between protocols, the feed
ingredient digestibility ranking made by all protocols
agreed well with the in vivo digestibility ranking. They
used juvenile discus fish that had developed functional
gastric digestion and thus differed from the typical
marine fish larvae. However, the in vitro digestion pro-
tocol consists of a single chamber reaction at alkaline
pH, which is more similar to the type of digestion that
takes place in marine larvae. The results of Chong et al.
suggest that in vitro protocols based on commercial
crystalline enzymes can be used with success to predict
the relative digestibility of different feedstuffs in vivo.
However, in the end, the true digestion of a diet has to be
measured in the target larvae for the studies. Such in
vivo digestibility studies are not easily performed in
small larvae, due to technical difficulties concerning the
quantification of ingestion and faeces collection. An
assessment of the digestibility of dietary protein can be
performed in fish larvae by controlled tube-feeding of a
radioisotope-labelled protein followed by compartmen-
tal analysis of the distribution of the tracer in a hot-chase
approach (Rennestad et al., 2001). Using this method,
Tonheim et al. (2004, 2005) measured absorption rates
and the utilisation efficiency of a salmon serum protein
in Atlantic halibut larvae. However, this method re-
quires labelling techniques that do not alter the prop-
erties of the protein (Rojas-Garcia and Rennestad, 2003;
Tonheim et al., 2004) and so far only model proteins
have been tested. If this problem can be adequately dealt
with, tube-feeding experiments may be included in
future studies to assess the correlation between the in
vitro digestibility of a particular dietary protein and the
digestibility of the identical but labelled protein in
larvae. A range of other tracer methodologies for the
assessment of digestibility is currently available (Con-
ceicdo et al., 2006 but due to their individual constraints
it is advisable that long-term effects should also be
assessed in subsequent validation growth trial-type ex-
periments. However, in vitro digestibility experiments
can be a very useful tool for screening larval feeds and
feed ingredients and reducing the number of dietary
treatments to be tested in growth-trial studies.

4. Conclusions

1. The live feeds and the cod fillet contained high
fractions of water-soluble protein.

2. The digestibility of the water-soluble protein was
generally higher than that of the insoluble protein
fraction.

3. The digestion rates of soluble Na'-caseinate were
higher than those of insoluble casein, although they
reached the same final value for digestibility after
12 h.

4. Pepsin hydrolysis almost doubled the water-soluble
nitrogen fraction in cod fillet, but produced only a
small increase in total digestibility.

5. The final assessment of protein sources for diets for
marine fish larvae should include evaluation of
digestibility and bioavailability from prepared parti-
cles that have been immersed in water for a realistic
period of time.
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Abstract

Four heat coagulated diets with increasing conagatrs of pepsin hydrolyzed protein used
for early weaning of cod and halibut larvae wengestigated concerning change in protein
quality during feed production and exposure toheag. Water-soluble N, TCA (10 %)
soluble N and amino acid profiles were determimethe finished diets and in the diets after
being submerged in water and allowed to leach fmirGites. In vitro digestibility of the

diets were measured and related to the increasahgsion of hydrolyzed protein and N
leakage. A large fraction of the soluble N in teed ingredients was made insoluble by heat
denaturation during production of the diets, betd¢bncentration of peptides and FAA was
not influenced by the production process. Moshefwater-soluble protein and all peptides
and free amino acids (FAA) were lost after 6 miswggposure to leaching by hydration in
phosphate buffer (pH 8). Increased inclusion ofrbly@ded protein in the diets significantly
increased the loss of crude protein (% of crudéem, however there was no significant
difference in relative loss (%) of soluble N. Adiurine and 30 % of histidine was lost during
leaching, however, no other major changes in AAilgrdue to leaching were found. There
was no significant difference in vitro digestibility between the diets exposed to leaghin
However, the leached diets showed significantlyiced digestibilityin vitro as compared to

diets that had not been exposed to leaching.
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I ntroduction

Marine fish larvae have a great growth potentiad{te, 1989; Kamlegt al., 1992;
Conceicacet al., 1997) and even in cold water species such aAttaatic cod Gadus
morhua) specific growth rates exceeding 25 % d#ave been reported (Otterktial., 1999).
The larval growth is lean and thus mainly the restiprotein deposition (Houlihagt al.,
1995). Accordingly, both high quality and quantitiydietary protein is required. At an early
stage the larvae lack a functional stomach (Goebdli., 1986; Pittmaret al., 1990; Segnest
al., 1994) and may have low digestive enzyme actii@yusinet al., 1987; Kvaleet al,
2007). The larval ability to digest complex protbas thus been questioned (Tonheiral.,
2004). Tube feeding of larval Atlantic Halibudifppoglossus hippoglossus) showed a higher
absorption efficiency of hydrolyzed protein as camgal to intact soluble protein (Tonheg@n
al., 2005). Stomach-less fish larvae fed formulatedsdnave suppressed growth and survival
compared to larvae fed live feed (Howetlhal., 1998; Kolkovski, 2001; Cahu and Zambonino
Infante, 2001). The high concentration of watersbt# nitrogen (N) (copepods 54 + 2 %,
rotifers 56.9 + 0.8 % andrtemia 54 +0.4 % of total N, respectively, Tonhegral., 2007;
Srivastavat al., 2006; Carvalhet al., 2003) and high concentration of low molecular
weight N (Carvalhat al., 2003; Tonheingt al., 2007) in live feed compared to formulated
diets, is a suggested explanation for the reducadth and survival reported from trials with
stomach less fish larvae fed on formulated feeds\@hoet al., 2004). Carvalhet al.,
(2003) showed that nearly 90 % of the soluble kbiifers andArtemia was less than 500 D
in size.

To mimic the N pool of live feed and get improvedwth and survival, free amino
acids (FAA) or hydrolyzed protein has been addefdimulate feeds for early stage larvae

(Carvalhoet al., 1997; Cahwt al., 1999; Hamret al., 2001; Kvaleet al., 2002; Carvalhet
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al., 2004). Although the results are not always cdestslow inclusion levels of hydrolyzed
protein in the diets have shown to improve survarad growth (Zambonino-Infangt al.,
1997; Cahuwet al., 1999; Carvalhet al., 2004) while higher inclusion levels have shown to
have negative effects on larval performar§@fus aurata L., Kolkovski and Tandler, 2000;
Cyprinus carpio, Carvalheet al., 1997; Carvalhet al., 2004;Dicentrarchus labrax, Cahuet
al., 1999;Hippoglossus hippoglossus Kvaleet al., 2007). Supplementation of 40 % pepsin
hydrolyzed protein to a heat coagulated diet (Haghat, 2001) improved survival rates in
cod Gadus morhua) larvae, compared to lower levels of supplemematkvaleet al, 2007).
On the other hand, Atlantic Halibutifpogl ossus hippoglossus) juveniles fed the identical
experimental diets showd a declining survival edehe inclusion level of hydrolyzed protein
increased (Kvalet al., 2007). It is suggested that the reduced suriivablibut fed increased
levels of hydrolyzed protein is caused by theiidgpslow feeding behavior (Stossal.,

2004, Kvaleet al., 2007). The feed will therefore stay in the wdtera longer time before
eaten compared to when fed to species with a nggeeasive feeding behavior, and the loss
due to leaching of water-soluble nitrogenous compswvill be correspondingly higher and
proportional to the inclusion level of hydrolyzemfein. This will consequently result in
lowered levels of both total protein and water-bt@UN in the eaten feed particles, which will
in turn affect the amount of digestible protein @miino acids available for the larvae.

Loss of low molecular weight nutrients such as F&#l peptides are severe in almost
all tested formulated larvae diets supplementel siich (Lopez alvarada al., 1994; Kvale
et al., 2006). The loss of FAA was as high as 90 % witegs than 2 minutes in diets tested
by Carvalhcet al. (2004). Experimental diets have been developéd;iwto some extent can
reduce the loss of low molecular weight nutrientarty feeding (Villamar and Langdon,
1993; Lopez Alvaradet al., 1994; Yufereet al., 2002; Onal and Langdon, 2005), however,

nearly all studies conducted to investigate theithtal effect of hydrolyzed protein on
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different species fish larvae have been carrieouin with micro bound or grinded diets that
all have in common a rapid leaching of soluble coumals (see review by Langdon 2003).

In addition to high loss during feeding, water-séuprotein is susceptible to loss or
modification during production, such as denatuar{ae Wet, 1983; Boyet al., 1997,
Mohammedet al., 2000,), crosslinking (Jonesal., 1974; Langdon, 1989; Yufeshal.,

1996), Maillard reactions (Plakasal., 1985, Dengt al., 2005) and leaching (Nordgreen,
unpublished). The feed production process can filiersignificantly change the protein
quality and reduce the digestibility of diet andrby mask any biological effects of
increased supplementations of hydrolyzed proteineMinvestigating the effect of such
supplementations to formulated diets, it is thugreft importance to investigate the effect of
production process and leaching on the remainiontepr quality.

The present study was designed to investigatettheges in protein quality due to
production process and leaching in 4 diets witheasing levels of hydrolyzed protein. A
heat coagulated diet were used (Hastra., 2001), that had previously been used for
weaning of cod and Atlantic halibut larvimeseveral studies (Hamegal., 2001;Kvaleet al.,
2002; Hamreet al., 2002; Hamret al., 2003; Moreret al., 2004; Hamret al., 2005). The
diet had also been used in several studies totigats possible effects of hydrolyzed protein
on the performance of Atlantic halibut larvae artthAtic Cod larvae (Kvalet al., 2002;
Kvaleet al., 2007). To understand the changes in protein tyuatid bioavailability during
production and leaching of the diets, we invesédathanges in crude protein, water-soluble

N, TCA-soluble N (FAA and peptides), amino acidfpecandin vitro digestibility.
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M aterials and methods

Feed and feed ingredients

Four heat coagulated diets based on fresh cotlditieé increasing concentrations of pepsin
hydrolyzed cod fillet as the major protein souraese produced at National Institute of
Nutrition and Seafood Research (NIFES), Bergenwidgr as described by Hamegal .,
(2001). The different inclusion levels of pepsirdiolyzed cod fillet represented 0 %, 15 %,
30 % and 45 % of diet total protein content (tableThe feed ingredients were blended in a
high speed cutter to a thick dough and finger tiitkgs of the feed blend were fed onto a
conveyor belt. The feed was first heated usingteletagnetic energy and then dried in a
warm air tunnel dryer over night (with immobile e@yor; 60 °C). Thereafter pellets were
crushed and sieved. The size fraction sieved thr@ug00 pm sieve and collected on a 300
pnm sieve was studied.

The pepsin hydrolyzation was carried out accordintpe method described by Kvale
et al. (2002). Fresh cod fillet was minced and the pis leavered to 4.2 by addition of 6 M
HCI. A solution consisting of pepsin (7.5 g ggrmince; Sigma-Aldrich Corp., St. Louis,
Mo, USA), glycerol (93 ml per kg mince; Merck, Dastadt, Germany) and distilled water
(173 ml pekg mince) was mixed into the minced fish solutiowl ancubated at room
temperature for 24 hours under continuous shaHlihgreafter the pH was raised to 7.2 by
addition of 5 M NaOH. The hydrolyzed solution waszen (-30 °C) until use. The enzymes
were inactivated by heat during the feed production

Particle size was evaluated by taking pictures uttdemicroscope (Olympus BX 51)
at 40 times magnification. The width and lengtlmafimum 90 feed particles of each

produced diet were measured with Olumpus DP-soft.



144  Changein protein quality dueto the production process

145 Crude protein (N x 6.25), water-soluble N and tiacbacetic acid (TCA) soluble N weres
146 measured in all raw materials and the concentratdithe different N fractions in the raw
147 material blends were calculated on results fromheimet al. (2007). Crude protein, water-
148 soluble N and TCA soluble N was also analyzed enftlur diets. For analysis of water-

149 soluble N, the diets were crushed and 44-49 mgweaghed into 1.8 ml Eppendorf tubes. A
150 volume of 1ml of 80 mM phosphate buffer (pH 8) vaalsled and the tubes where shaken
151 vigorously on a shaking table for 5 hours. The sulvere then centrifuged at 8000 RPM
152 (Eppendorf Centrifuge 5415 C) for 9 minutes. Theesnatant was removed and the pellet
153 was washed and centrifuged twice in phosphate buffee pellet was transferred to

154  evaporating tinfoil cups (5 ml, Elemental Microaysa$ Limited) and residues in the tube
155 were rinsed into the tinfoil cups. The tinfoil cwpsre dried at 65 °C overnight before

156 analyzed for crude protein (N x 6.25) by total carstipn. TCA soluble N was analyzed by
157 weighing 30 mg of each of the 4 diets (n=4) int® rhl Eppendorf tubes. A volume of 1.1 ml
158 of phosphate buffer was added and the tubes wekestvigorously before 250ul of TCA
159 (40 %) was added to each sample. The samples maredted at 4 °C until the next day
160 before centrifuged at 8000 RPM (Eppendorf Centgfag15 C) for 9 minutes. Finally 350 pul
161 of supernatant was added to tin capsules (SmodthReand base; Elemental Microanalysis
162 Limited) and analyzed for total N by total combasti

163

164 Leaching study

165 To investigate the difference in leaching betwdenfour diets, 5 parallel samples with 40-50
166 mg of each diet were suspended in tubes contairbngllof phosphate buffer for 6 minutes.
167 The tubes were rotated slowly during the 6 mintiddseep the feed in suspension. The

168 contents of the tubes were then filtered onto & Qu& N free Durapore membrane filter (25
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mm). The filters were wrapped in tin foil conesdilental Microanalysis Limited) and
analyzed for crude protein (N x 6.25) by total carsiiion. The loss of N was calculated by
dividing the N content in the leached samples wWithanalyzed N content in the pre-leached
samples. To calculate the remaining concentratiafC# soluble N after leaching the diet
was lyophilised before 30 mg of the each diet (Nwédje weighed into 1.8 ml Eppendorf

tubes, precipitated with TCA and analysed as desdrabove.

In vitro digestibility

The protocol foiin vitro digestion used in the present study was basedeométhods
described by Hset al. (1977) and Saterlest al. (1979) and was carried through according to
modified method described Tonheetal. (2007). Diet samples equivalent to 20 mg of crude
protein was suspended in 1 ml of phosphate buffér8 ml Eppendorf tubes. A mixture of
trypsin (type 1X, bovine pancreas) chymotrypsirpéyl, bovine pancreas) and bacterial
protease (type XIVstrepomyces griseus), all obtained from Sigma-Aldrich, MO, USA were
added to each tube to final concentrations of 48,dnd 64 pg i phosphate buffer,
respectively. Digestion was performed at room teapee (22 °C). The samples were placed
on a shaking table at low speed during the digegieriod. Undigested protein was
precipitated and thi vitro digestion terminated by adding 250 pl of TCA (4] %or each
analyzed diet and treatment four parallel tubesvamialyzed at 0 h, %2 h, 1 h and 12 h,
respectively. All tubes were centrifuged and thederprotein content in the supernatant (350
ul), containing proteolysis products, i.e. FAA amdall peptides, was analysed and regarded
as representing digested protein. Each samplepairsatant (350 ul) was added to a tin

capsule (Smooth wall, Round base; Elemental Miabyesis Limited) and analyzed for total
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N by total combustion. Crude protein (N x 6.25}he precipitate, containing intact protein
and large peptides, was regarded as representdigasted protein.

To remove water-soluble N from the four diets ptmm vitro digestibility, 1 gram of
each diet was suspended in 10 ml phosphate bufteslaaken for 2 minutes. The tubes were
centrifuged at 3220 g for 30 sec. and the supanhatas removed. This was repeated once;
the feed was in solution for approximately 6 misuie equal the leaching study. The leached
diets were frozen and freeze dried and a sub sawgseanalyzed for N content before the

vitro digestibility studies.

Changein amino acid (AA) profile dueto leaching and in vitro digestibility

Change in AA profile due to leaching amdvitro digestibility was analyzed with the diet
containing 30 % hydrolyzed protein (Table 2). Tiet evas leached according to above
described method. The pre-leached and leachedvadégésanalyzed in triplicates. To
investigate the AA profile of the digested diek tire-leached and leached diet Wwagtro
digested in triplicates for 12 hours according ésaibed method. Samples of the

supernatants were analyzed for AA content.

Analytical methods

N was determined by total combustion using a nérognalyzer (Leco FP-528, St. Joseph,
MI). Crude protein was calculated ax §.25. Total AA profile was analyzed according to
the method described by Cohetral. (1989). The samples were hydrolyzed N HCI for 22

h at 110 °C. The hydrolyzed solution containingffA was then analyzed using the Waters
HPLC analyzer system (Pico Tag) after pre-deriagitin with phenyl isothiocyanate (PITC)

usingnorleucine as internal standard. The AA were deteby UV at 254 nm and identified
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216 by retention time. Tryptophane is degraded duregacidic hydrolysis and is therefore not
217 analyzed.

218

219 Statistical methods

220 The data are expressed as means * standard desialim investigate the effect of pepsin
221 hydrolyzes on change in crude protein content @\256), water-soluble N and TCA soluble
222 N the data were analyzed by a T-test. The effddiseoproduction process on water-soluble
223 protein content and TCA soluble content in theedtéht diets were analyzed by regression
224  analysis along with one-way analysis of variancBQVA; Sokal and Rohlf, 1969) followed
225 by Tukey's HSD multiple comparison test. Chang@mprofile due to production process,
226 leaching and in vitro digestibility was analyzeddne-way analysis of variance (ANOVA;
227 Sokal and Rohlf, 1969) followed by Tukeys’s mukiglomparison test. The effect of

228 increased inclusion of hydrolyzed protein on p&tgize was analyzed by regression analysis
229 along with one way ANOVA. Means with P values lésmn 0.05 were considered

230 significantly different. All statistical analyseseve performed using Statistica 7.1 (Statsoft,
231 Inc, Tulsa, USA).

232
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Results

Pepsin hydrolyzes of the cod fillet led to a 91r¥érease in water-soluble N (Table 2) and a
122 % increase in TCA soluble N (Table 2).

Due to the crushing and sieving process mosteptrticles were rod shaped (Figure
1) and it was therefore necessary to measure bidth and length of the particles. The
particles were nearly twice as long as they wedewind had a mean length 593 + 184 um
and a mean width of 320 + 81 pm. There was no fédgnit correlation (R=0.006, P=0.35)
between increased hydrolyzed protein and partizeeand no significant difference

(ANOVA, P>0.05) in particle size between any of thets.

Changein total N
There was a negative correlatiorf£/.91, P<0.00001 Beta= - 0.96) between conceatrati
of hydrolyzed protein and crude protein (N x 6.2bbhe four diets (Figure 2) with a 5 %
reduction in crude protein from the diet containthgo hydrolyzed protein to diet with 45 %
hydrolyzed protein (Figure 2).

Leaching was positively correlated’@®.96, P=0.000, Beta= 0.982) with inclusion of
hydrolyzed protein. The loss of crude protein rahfyjem 14.9 £ 0.5 % to 30.3 £ 0.4 % of
total crude protein from the diet containing 0 %liotyzed protein to the diet containing 45

% hydrolyzed protein (Figure 2).

Changein water-soluble N

The calculated increase in water-soluble N in #ve ingredients with an increase of
hydrolyzed protein from 0 % to 45 % hydrolyzed pintwas 38 % (Figure 3). Increased
inclusion of hydrolyzed protein was positively adated (R=0.89, P<0.00001, Beta= 0.943)

with concentration of water-soluble N in the dieigure 3), but there was a significant
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decrease (R0.73, P<0.00001, Beta= -0.86) in relative loss ¢Fayater-soluble N with
inclusion of hydrolyzed protein during feed prodast(Figure 3). The loss of water-soluble
N due to heat denaturation ranged from 46,8 + 216 % .4 + 2.4 % of water-soluble N from
the diet containing 0 % hydrolyzed protein to tiet dontaining 45 % hydrolyzed protein
(Figure 3).

Total loss of water-soluble N due to leaching wasitively correlated with
concentration of hydrolyzed protein (Figure 3), #melremaining concentration of water-
soluble N ranged from 3.0 + 0.5 % water-solubleoNthe diet containing 0 % hydrolyzed
protein to 11.0 + 0.5 % water-soluble N for thetaientaining 30 % hydrolyzed protein
(Figure 3). There was no correlation between camagon of hydrolyzed protein and relative
loss of water-soluble N by leaching and the retatoss of water-soluble N ranged from a

minimum of 70 % to a maximum of 83 % of total sd&l in the respective diets.

Changein TCA-solubleN
The raw ingredients had a 77 % increase in TCAldelprotein from the diet containing 0 %
hydrolyzed protein to the diet containing 45 % lojgzed protein (Figure 4). The
concentration of TCA soluble N was not affectedy feed production (Figure 4) and the
produced diets had a significant increasé<(R P<0.0001, Beta= 0.949) in TCA soluble N
from 10.6 + 0.6 % of total N to 21,6 + 0.9 % ofabN (Figure 4).

There was a nearly complete loss of TCA solubliul to 6 minutes leaching and no
significant difference (P>0.05) in concentratiorretained TCA soluble N between the diets

(Figure 4).
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In vitro digestibility

There was a significant increase (ANOVA, P<0.05ligestibility with time for both the
leached and not leached diets (Figure 5). Theeamhled diets all had a significantly higher
(ANOVA, P<0.05) digestibility at all investigateuite intervals than the leached diets (Figure
5). Increased digestibility correlated with incred€oncentration of hydrolyzed protein for
time 0, %2 h and 1 hour for the not leached dietsthare was no significant difference in
digestibility between the four diets at 12 hoursiino digestibility (Figure 5). For the leached
diets, no significant differences (ANOVAZ>P.05) in digestibility between the diets at any of

the investigated time intervals were found (Figbre

Changein AA profile

There were significant changes in the AA profileda leaching for 6 minutes, but the only
severe change was a 100 % loss of taurine and®&186s of histidine (Figure 6). No
significant (P0.05) differences in AA profile were found comparithe pre-leached diet with
the digested pre-leached diet and the leacheduitiethe digested leached diet (Figure 6).
The significant difference in the AA profile betwethein vitro digested pre-leached and
leached diet was a consequence of the changesiogeduring the leaching process (Figure

6).

Discussion

These experiments were performed to evaluate ckangeotein quality as a consequence of
production procedures and leaching in a heat casgplidiet (Hamret al., 2001) with
increasing inclusion levels of pre hydrolyzed pimotd he results clearly indicated that both
the production process and leaching can dramatichinge the protein quality and could

possible mask biological effects of including ath@pncentration of hydrolyzed protein.
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There were only minor differences in soluble N andlifference in TCA soluble N between
the four diets after exposure to water for 6 mieuifiehis shows the difficulties in
accomplishing feeding studies to find the optin@ieentration of hydrolyzed protein for
different species of marine fish larvae and couipla&n the varying results in feeding trials
with formulated diets containing different conceions of hydrolyzed protein, as suggested

by Kvaleet al., (2006).

Quality of the hydrolyzed protein

Fresh cod fillet has a relative high initial contration of soluble N compared to
commonly used feed ingredients such as heat preddishi meal (Tonheiret al., 2007).
Pepsin hydrolyzes of cod fillet lead to a doublingoncentration of both water-soluble N,
from 34 (n=1) to 65 = 3 %, and TCA soluble N, fra® + 2.4 to 40 * 4.2 % of total N.
Tonheimet al. (2007) showed that 12 hours pancreatic hydrolgzesd fillet gave a product
with 79 £ 9.1 % TCA soluble N while a pepsin + pagatic (24 h + 12 h) gave a product with
86 £ 2.7 % TCA soluble N. This shows that differdagree of hydrolyzes leads to large
changes in product quality which might affect fiahvae during feeding trials. Due to
possible large differences in protein quality beswéydrolyzed protein sources, it is of
importance to describe the quality of hydrolyzedtgin fractions and the total protein of diets
used in feeding trials. Due to the high initiahcentration of soluble N in cod fillet,
inclusion of 45 % hydrolyzed protein led only t84% increase in water-soluble N in the
raw ingredient mixture in this diet, compared tlet dontaining 0 % hydrolyzed protein.
However, there was a 104 % increase in TCA solNble

Inclusion of pure peptides and FAA mixtures couddused instead of hydrolyzed
marine ingredients (Dabrowsét al., 2003; Zhangt al., 2006). Although there might be a

better control with the concentration and qualityhe soluble N fraction by using pure
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peptides and FAA mixtures, the use of hydrolyzedimegproducts (random peptide
mixtures), such as fish fillet used in this studya cheap and effective way of producing a
product with a good AA profile. When hydrolyzingetmain protein source of the diet instead
of adding increasing amounts of a different hydzely protein source the diet will keep the
same AA profile only differing in solubility of thM fraction. This is in accordance with
Dabrowskiet al. (2003) that argued that the same source of protsil to be fed in both

intact and hydrolyzed forms to investigate if iresin of protein hydrolysates leads to

enhanced growth in larval fish.

Binding and particle quality

A protein bound heat coagulated diet is boundttegeby thermal denaturizing of the
protein. A diet with increased hydrolyzed proteiiti wontain less protein which is able to
bind and contribute to matrix formation and midigrefore result in decreased stability of the
feed particles. The binding properties of the 4seas not investigated, however feeding
trials with heat coagulated diets containing simiiancentration of hydrolyzed protein have
been accomplished without detecting problems vhighgarticle stability (Kvale pers med,
NIFES, Bergen, Norway). Crushing and sieving ledoi shaped particles with shorter
distance to the center of the particles and lasgdiace area compared to round particles with
the same volume. Increase of surface to volume caimn lead to an increased leaching rate
(Lee and Rosenberg 2000, 2001; Kwlal., 2006). However, rod shaped particles can make
it possible for marine fish larvae to swallow largarticles that might compensate for the

increased leaching due to the increased surfaee are
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Effect of production process on protein quality

As expected there was a reduction in soluble Ntdualkermal denaturizing, but the
concentration of TCA soluble N did not seem to thected by heat treatment. However the
concentration of TCA soluble N in the raw ingredgewas calculated from the pooled
ingredients (Tonheirat al., 2007) so no statistics could be run. Increasintysion levels of
hydrolyzed protein increased the total content afewsoluble N from the ingredients and a
relative higher percentage of this water solubleidained water soluble after feed
formulation as compared to feeds with lover inaduadievels of hydrolyzed protein. The most
likely reason for this is that the hydrolyzed piot® a lesser extent participate in matrix
binding due to the reduced molecular size, and tboins unbound and still water soluble
after particle formation. The decrease in solubleads reduced from 45 + 4 % in the diet
containing 0 % hydrolysate to 17 + 2 % in the d@taining 45 % hydrolysate. The use of
protein as the binder can be desirable in ordeedace the concentration of binders with low
or non nutritional qualities or to reduce the carication of carbohydrates for species with a
low tolerance such as halibut (Hjertnes, 1993; Heahal., 2003). However, different
processes that cause protein matrix formation asdieat or cross binding (Jones, 1980),
might also negatively affect the digestibility. Fbets exposed to heat during feed
production, it is necessary to include soluble Xoim of FAA, peptides and thermally stable
proteins such as casein, to avoid reductions icdimeentration of soluble N due to

denaturation,

Effect of leaching on protein composition of submerged feed particles
This study confirms the high loss of water-solulil&éactions when formulated diets
with a small particle size are submerged in watepéz Alvaradcet al., 1994; Kvaleet al.,

2006). However, the present study showed an inedeiade of leaching compared to studies



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

17

on heat coagulated diets produced after the saotegot (Kvaleet al., 2006). Kvaleet al.
(2006) investigated the leaching with the use digactive marked nitrogenous compounds
that were included in a very small concentratiompared to the concentration of soluble N
investigated in this study. The different analyticeethod and the low initial concentration of
the investigated compound may explain the diffeeandeaching rate.

The loss of soluble N from diets with high concatitms of hydrolyzed protein will
not only cause a shift in quality of the remainprgtein, but also to a high extent affect
protein quantity. The soluble N lost from the dientaining 45 % hydrolyzed protein
accounted for 30 % of the total protein fractios. darlier hypothesized by Kvadeal.

(2006) among others, it might be the reductioni@taaty crude protein levels that led to the
reduced survival of Atlantic halibut juvenile fatcreased concentration of hydrolyzed
protein (Kvaleet al. 2007).

Dependent on the hydrolyzation method there mag significant change in the AA
profile between the soluble and insoluble fractiéor diets containing a large concentration
of soluble N, this may lead to a change in the A#fife of the ingested diet, compared to the
diet as formulated, due to leaching. For the ingaséd diet containing 30 % hydrolyzed
protein there were no major changes in AA profile do leaching except a 32 % loss of
Histidine and a 100 % loss of Taurine.

Histidine is an essential AA and a high loss mayll® malnutrition, but even with a
32 % loss the diet contained a similar concentnadiohistidine (% of tot. AA) as rotifers
(Srivastaveet al., 2006). Unlike histidine, taurine, which actualyno amino acid at all, but
an imido acid and a metabolite in the sulfur amanm metabolism, is not incorporated in
protein synthesis. Taurine can thus only be ingeistéhe free form and not as part of dietary
protein. Taurine will therefore be lost rapidlyrinanost formulated diet as reported for a

protein encapsulated diet that also had a 100 %odfter exposure to water (Nordgreztmal .,
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submitted). Taurine is described as a non essemtidgent, however, there are several
indications that taurine is essential during eddyelopment of fish. Enrichment of live feed
with taurine leads to an increased growth of Japafleunder Paralichtys olivaceus) (Chen

et al., 2004; Cheret al., 2005; Kimet al., 2003; Kimet al., 200;, Matsunargt al., 2003; Chen
et al., 2002; Takeuchdt al., 2001) and Sea brearmagrus major) (Chenet al., 2004). In
addition to a complete loss by exposure to leaghhmeginitial concentration of taurine (4.7
mg g* dw) was one fourth of that in copepods (18 ritglg, Van der Meeren 2003) and 2.8
times lower than irtemia ( 13 mg ¢ dw, Van der Meerest al., 2003). However, the
concentration was 7.5 - 22 times higher than iffexst (0.21 — 0.62 mggdw , Van der
Meeren, 2003; Srivastawhal., 2006). Kim et al. (2005) found that juvenile dapse
flounder required at least 15 mg wwrine in the diet and confirms this study thatrfolated
diets based on meals needs extra addition of ®twineach this level (Kim et al., 2005;
Nordgreen Unpublished). However, the taurine resqnent for Japanese flounder established

by Kim et al. (2005) might be overestimated due to leaching.

Effect of heat treatment on digestibility

Heat processing during feed production can decrgatbethe in vivo and in vitro
protein digestibility of marine protein sourcesrsfgantly (Yaneset al., 1970; Opstveddt
al., 1980; Laret al., 1993; Garcia Ortegat al., 2000). The in vitro digestibility of the raw
ingredient mixture of the feeds investigated irs thtudy was unfortunately not measured. On
the other hand, the individual digestibility of thieotein sourcem vitro was reported by
Tonheimet al. (2007), using the identical batch of enzymesidedtical protocol as was
used in this study. From this it was indicated thate is a decrease in digestibility from
approximately 80 % for the pooled ingredients (Tainhet al., 2007) to 65 % for the finished

diets. This may indicate a reduction in proteinegitpility due to the production process.
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Effect of leaching on digestibility

As shown in this study, pepsin hydrolyzes of figletfled to a doubling in both TCA and
water soluble N, however 35 % of the hydrolyzeddpiai was still insoluble protein. The
complete hydrolyzed product with its remaining rsotuble N was included into the
formulated diet as done in previous studies (Kefil#., 2002, 2007). It is likely that the N
fraction of the raw material that will be solubéiz by enzymatic hydrolyzes is the same
fraction that first would be digested by the matiisé larvae. A high inclusion of hydrolyzed
protein with a following leaching during feeding yrtherefore lead to an ingested diet with
not only a reduced concentration of total protbint, also having lower quality on the
remaining protein as compared to a formulatedusétg the same protein source non-
hydrolyzed. This could explain the lower digesttiiln the leached diets compared to the
diets that not have been exposed to leaching. Wiggninclusion of hydrolyzed protein is
aimed, separation of the non soluble fraction keefoclusion into a formulated diet should be
considered. Several studies have indicated imprdigesktibility (Tonheimet al., 2007) and
growth with the use of water-soluble proteins coragddo insoluble proteins (Carvallbal.,
2004). The high concentration of FAA in live fedddlov et al., 1991; Hamre et al., 2002;
Carvalho et al., 2003; Helland et al., 2003; Me&2@83; Srivastava et al.,2006) has been
suggested to be one of the main reasons for iretlegrewth of larvae fed these feeds,
compared to larvae fed formulated diets (reviewe&bnnestad et al., 1999, 2003).
However, later studies have also suggested thggraoluble nitrogenous compounds in the
live feed organisms could be as beneficial as FéwAricreasing growth. More than 85 % of
the soluble N irArtemia and Rotifers were larger than 500 D (Carvadhal., 2003). There
was a lower loss of water soluble N than TCA s@u¥lin the present study. This is in

accordance with Kvalet al. (2006) who showed that increased size of thebd®IN fraction
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led to a significant reduction in leaching ratesHbuld therefore be considered to use soluble
N of a larger size rather than FAA and small peggtjdn order to reduce the leaching rate
from formulated diets.

For the diets that had not been exposed to legcthiere was a decreasing difference
in digestibility between the diets with increaseime of digestibility. The difference in
digestibility at %2 and 1 h is most likely a logionsequence of the initial difference in TCA
soluble N between the diets. At 12 hours there wersignificant differences between the
diets, indicating that increased concentrationyafrblyzed protein did no lead to an increased
digestibility. The diets tested in the present gtpdrformed similar to the commercial
available Miniprd™ after both 1 and 12 h but better with regards gesfibility in vitro than
a protein encapsulated diet that was digestedlio5h% after 12 h (Tonheirgt al., 2007).

The diets exposed to leaching prior to digestiphiad a significant lower digestibility
at all time intervals compared to the diets thateneot leached. At %2 h and 1 h digestibility
the lower digestibility is most likely most of @lconsequence of the loss of TCA soluble N.
After 12 h, on the other hand, the difference megiibility might be due to difference in
protein quality. A similar digestion of the dietgp@sed to leaching at all time intervals
confirms the suggestions by Kvédeal. (2006) that leaching can change the quality ef th
ingested diets. Usinign vitro digestibility methods, it is unfortunately not gdse to evaluate,
the biological effects of reduction in crude pratdue to leaching. Which was suggested by
Kvaleet al. (2006) to be a possible reason to the obsendrettion in survival of halibut
juvenile fed diets with increased inclusion level$ydrolyzed protein.

The protocol foiin vitro digestion used in the present study was basedeométhods
described by Hseat al. (1977) and Saterlest al. (1979) and has been thoroughly discussed
by Chonget al. (2002) and Tonheird al., (2007). Chongt al., (2002) found a good

correlation in relative digestibility betwe@mvitro andin vivo measurements using juvenile
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discus fish $ymphysodon aequifasciata) although there were some differences in absolute
digestibility. Thus, if aiming to investigate thei¢ digestion of a feed or feed ingredieints,
vivo measurements in the target species should berperdo As discussed by several authors
it is difficult to estimate digestibility of diffent protein sources in small fish larvae. Tube
feeding of radio-labeled protein to marine fistvie (Rgnnestae al., 2001;Tonheingt al.,
2004. 2005) has proved to be a good method to ateathe protein digestibility in such small
animals, however the method can only be used edxirig soluble model protein (Tonheim

et al., 2004) and partly insoluble dietary proteias not be investigated by this method.

Conclusion

This study clearly indicates that feed productiod Beaching can have significant
effects on protein quality and that optimal leveinzlusion of hydrolyzed protein in
formulated diets for marine fish larvae may beidifit to determine. The optimum levels
may have to be set for every individual diet anatgin source. The severe changes in protein
quality during feed production and leaching indésathe importance of considering both the
protein sources used and the type of diet produdesh effects of hydrolyzed proteins are
investigated. Production process, leaching rate tyme and quality of the hydrolyzed

product used, have to be considered.
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Figurelegends

Figure 1: Sample of a diet containing 15 % hydretyprotein. The picture is taken with

differential interference contrast (DIC) (OlympuX B1).

Figure 2: Grey column is concentration of crudetgro(N x 6.25) in for 4 diets with
increasing inclusion of pepsin hydrolyzed proteinging from 0 % to 45 % of the total
protein (n=3). The white spotted columns are Idsswde protein (N x 6.25) in the same
diets after 6 minutes leaching (n=5). The blackitgobcolumns are loss (%) of total weight
after 6 minutes leaching (n=4). The weight lossrfithe diet containing 0 % and 45 %
hydrolyzed protein has n=1 and statistic analystherefore not performed. Otherwise error
bars represent standard deviations. Significaferdihces between the diets are shown by

different letters (ANOVA, followed by Tukey HSD,$0.05).

Figure 3: Concentration of water-soluble N in ragredients (calculated), produced

diet (n=4) and diets leached for 6 minutes (n=B}fdiets with inclusion of pepsin
hydrolyzed protein ranging from 0 % to 45 % of tb&l protein. Error bars represent
standard deviations. Significant differences betwibe diets are shown by different letters

(ANOVA, followed by Tukey HSD, p < 0.05).
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Figure 4: Concentration of TCA soluble N in dietshamcreasing inclusion of pepsin
hydrolyzed protein ranging from 0 % to 45 % of tb&l protein. The concentration of TCA
soluble N is investigated in the raw ingredientcualated) the produced diets (n=4)

and in the diets after 6 minutes leaching (n=4)oEpars represent standard deviation.
Significant differences between the diets are shbydifferent letters (ANOVA, followed by

Tukey HSD, p < 0.05).

Figure 5:In vitro digestibility of protein in four diets with incre@ag concentration of
hydrolyzed protein ranging from 0 % to 45 % of tb&l protein. In vitro digestibility was
investigated for both not leached and leached (tutas) diets. The digestibility was
investigated at 4 time intervals from 0 h to 121h4). Error bars represent standard deviation.
Significant differences between the diets at eanb tnterval are shown by different letters

(ANOVA, followed by Tukey HSD, p < 0.05).

Figure 6: AA profile of the heat coagulated dieht@ning 30 % hydrolyzed protein before
and after exposure to leaching for 6 minutes ardMA profile of the in vitro digested TCA
precipitated supernatant of the not leached archéxhdiet. Error bars represent standard

deviations (n=3).
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Diets 0 15 30 45
Ingredients (d.w) gk gkg®  gkg'  gkg'
Suprex wheét 35 35 35 35
Squid mant|& 81 81 81 81
Cod fillet 725 604 483 362
Pepsin hydrolysert cod fillt 0 121 242 362
Fish oif 90 90 90 90
Lecithin 30 30 30 30
Vitamin mixturé 10 10 10 10
Minerald' 30 30 30 30
®Suprex wheét

®Fresh frozen squid mantle

°Fresh cod.

9See description in materials and methods

*Epax A/S, Lysaker, Norway

'Soy lecithin, Norsk Medisinaldepot, Bergen, Norway.

9As recommended by NRC (1993) except for alfa-toeoglracetate supplemented at

200 mg kg and vitamin C at 400 m§™.

"As recommended by NRC (1993).
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Table 2: Analysis of the different N fractions ointed cod fillet before and after pepsin

hydrolyzes (mean + SD, n=3).

Water-soluble N TCA soluble N

% of tot N % of tot N
Cod fillet 34 (n=1) 18+2.4
Pepsin hydrolyzed cod fillet 65+3 40 £ 4.2




35

814

815

816

817

818

819

820

Figure 1:

821

822

823

824

825

826

827

828



829

830

831

832

833
834

835

836

837

838

839

840

841

842

843

844

845

846

847

Crude protein (%)

Figure 2:

15 30
Hydrolyzed protein in diet (%)

45

36

@ Crude protein (produced diet)
O Loss of crude protein (leached 6 min.)
@ Total weight loss (leached 6 min)



848

849

850

851

852

853

854

B Raw ingredients
O Produced diet
H Leached diet (6 min)

% water-soluble N of total

0 15 30 45

Hydrolyzed protein in diet (%)
855

856

857 Figure 3:
858

859
860
861
862
863

864



865

866

867

868

869

870

871

872
873

874

875

876

877

878

879

880

@ Raw ingredients
O Produced diet
25 B Leached diet (6 min)

% TCA soluble N of total

0 15

Hydrolized protein in diet (%)

Figure 4:

38



881

882
883
884
885
80 © -
70
aaaa
60 4+ - - - - - ___] i -
Not-leached
50 | b
bb aa
Z 40 m 00 %
5 aa 015 %
2 30 t+------1 = - - - R30%
2 cc § m45 %
© 20 N
< b N
S a \
10 + -~ - - § -
N
0. ‘ ‘ N
oh 1/2 h 1h 12 h
Digestibility (h)
886
887
888 Figure 5:
889
890
891
892
893
894
895

896



897

898

899

900

901

902

903
904

905

906

907

908

909

910

911

912

18 4

16

AA profile

14

12

=
o
I
L

% of total AA

il R

|

Figure 6:

Amino acids

ASP GLU HYP SER GLY HIS TAU ARG THR ALA PRO TYR VAL MET ILE LEU PHE LYS

B Diet

O Leached diet

& Invitro dig. diet

@ Invitro dig. leached diet

40



Paper 1V






10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Development of lipid microbeads for delivery ofitiand water-

soluble materials tArtemia.

A. Nordgreefi, K. Hamré and C. Langddh

®National Institute of Nutrition and Seafood ResbaidIFES), Post Box 2029, Nordnes,

5817 Bergen

PCoastal Oregon Marine Experiment Station, and Diepatt of Fisheries and Wildlife,

Oregon State University, Newport, OR 97365, USA

*Address of corresponding author:

National institute of nutrition and seafood resbgidIFES)
Post-box 2029 Nordnes 5817 Bergen

Norway

Phone: +47 55 90 51 00

Fax: +47 559052 99

e-mail: Andreas.Nordgreen@nifes.no

Keywords: lipid beads, phospholipid, amino acid, nutrienyicgte, riboflavin,

oxytetracycline Artemia



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

Abstract

Lipid spray beads (LSB) containing high concentradi of phospholipids were produced in
order to improve their dispersion in both fresh aatiwater. The beads were developed to
deliver both fat-soluble and water-soluble micreiguits toArtemia and other suspension-
feeders. LSB were prepared by spraying molted ligiol a chamber that was cooled with
liquid nitrogen in order to solidify the lipid besdAddition of soy lecithin to LSB did not
affect retention of glycine when the beads wer@ended in distilled water. There was an
initial loss of 80 % incorporated glycine after L8Bre suspended in water for 20 min.
Artemia readily ingested riboflavin-containing LSB and ttieill guts were evident within 30
min of feeding. The riboflavin content Aftemia could be increased from 55 + 0.6 mg‘kg
(dw) to 329 + 62 mg Kg (dw) after 1 h enrichment. LSB prepared with plwsipids are
promising vehicles for enrichment of suspensiortiieg organisms used as feed for larval

marine fish and crustaceans as well as other ssgpefeeders.

Introduction

Compared with natural zooplankton prey, such agpogs Artemia are deficient in several
water-soluble micronutrients that may be necesiarlgigh growth and survival of marine
fish larvae (Vander Meeren, 2003; Moren et al.,6)0&nrichment oArtemia with water-
soluble micronutrients is commonly achieved bya@itthirect addition of micronutrients to the
culture water or by adding micronutrients to ligithulsions fed té\rtemia cultures. The
current enrichment methods are not optimal duewouptake efficiencies and a failure to

increase micronutrient concentrations to desiredlte(Hamre, unpublished results).
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Enrichment ofArtemia with liposomes has been successful (Tonheim e2@00; Monroig et
al., 2003, 2006), but production of large quarditi liposomes is both expensive and
technically difficult.

Incorporation of nutrients in a lipid matrix can &ecomplished by a method referred
to as spray chilling. Molten lipid, containing thetive ingredients, is sprayed into a cooled
environment where the lipid beads harden. The lygidds consist of active ingredients
randomly distributed in the lipid matrix with sorpessibly protruding through the surface of
the beads. This is in contrast to truly encapsdlataterial where ingredients are surrounded
with an intact wall (see review by Gouin, 2004)

Spray-chilling is a commonly used technology innoimacy and food technology
where it has been used for sustained release (Alayet al.,1993), taste masking (Yajima et
al., 1999), improving stability (Schwendeman et #98) and encapsulation of vitamins and
minerals (Gibbs et al., 1999). The developmentws®lof LSB to deliver water-soluble
nutrients to marine fish larvae has been succdgstatomplished using triacylglyceride
(TAG) LSB that were themselves incorporated inia-b®und feed particle (Onal and
Langdon, 2005ab). Encapsulation of water-solubteients in LSB significantly decreased
leaching (Onal and Langdon, 2005a).

The method to produce LSB by spray-chilling regaiiteat the lipid is solid at low
(<20°C) temperatures; therefore, it is not possiblediovdr significant proportions of
unsaturated fatty acids as TAG because they typibale low melting points. In contrast,
phospholipids, such as soy lecithin, often havé Ipigpportions of unsaturated fatty acids
(58% linoleic acid and 8% linolenic acid; Wettstetral., 2000), but melting temperatures are
elevated compared to those of free fatty acidsiacyiglycerols due to the presence of the
phosphorus group. This characteristic of phospladimakes them good candidates for

making LSB that are solid at room temperature,nbay have a high content of unsaturated
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fatty acids, such as EPA and DHA. In addition, salstudies have shown that marine fish
larvae benefit from inclusion of phospholipids adietary lipid source (Kanazawa et al.,
1983ab; Cahu et al., 2003).

The goal of this study was to evaluate the effettdditions of soy lecithin, as a
phospholipid source, on the characteristics of Id&Bigned to deliver micronutrients to

enrichArtemia, a common live feed for rearing marine fish larvae

Materials and methods

Production of LSB with different concentrations of soy lecithin

Menhaden stearine was used as the major lipid sonrexperiments to determine the effects
of additions of soy lecithin on the properties &B. Menhaden stearine is a by-product of
menhaden oil refining and has the consistency ahpebutter and a melting point of 43 °C.
LSB were prepared using a modification of the méttiescribed by Onal and Langdon
(2000, 2004a). Briefly, this method involved mixiogre materials with molten lipid and then
spraying the mixture into a chilled chamber to learthe lipid to form beads. Menhaden
stearine was melted in a water bath at 60 °C aptesdhin was dissolved in the melted
menhaden stearine with sonication. Glycine hasvanhmlecular weight (75.05 D) and is
highly water-soluble and was, therefore, choseth@gore material to investigate if additions
of soy lecithin affected LSB properties (Onal arahgdon, 2004a). LSB were prepared
containing glycine as either dry micro-ground cajlgte particles or as a saturated solution

containing a slurry of suspended patrticles.
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Lipid spray beads with a core of dry particulate glycine

Beads were prepared containing 16 % w/w dry glypaicles. Six diets containing different
concentrations of soy lecithin were produced (Tdbl€each batch of LSB was prepared in
triplicate with a mixture of 2.88 g glycine and 18.g lipid. The lipid/glycine mixture was
sonicated to obtain complete dispersion of padieled the mixture was then sprayed

immediately to avoid particle separation.

Lipid spray beads prepared with an aqueous slurry of glycine

The volume ratio of aqueous glycine slurry to lipids chosen based on the ratio that was
shown to result in the best retention and delivedfiziencies for glycine incorporated in
menhaden stearine LSB (Clack, 2006). Each battl$Bf consisting of 4 g glycine, 7.2 g of
distilled water and 13.8 g of lipid (Table 2), wagpared in triplicate with different
proportions of soy lecithin. The glycine slurry waepared and sonicated before it was
mixed with the molten lipid and again sonicatede Tiixture was sprayed immediately to
avoid separation of the emulsion. The concentratfaglycine (ww) is the same in the LSB
containing particulate glycine and aqueous slufrgiycine. However, it should be
emphasized that there is a difference in glyciipad ratio between the two respective types

of LSB (Table 1 and 2) due to the water conterthefLSB containing an aqueous slurry.

Replacement of menhaden stearine with paraffin wax

A series of preliminary experiments showed that [c8Btaining paraffin wax were less
sticky at room temperature than LSB produced widmhaden stearine, and were also more
stable in salt water. Therefore, LSB prepared wéhaffin wax were chosen for further
investigation of their use fakrtemia enrichment. Cod liver oil was added to the panatii

improve LSB nutritional quality and to potentialipprove their digestion bgrtemia.
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To investigate the properties of LSB prepared wahaffin wax, beads were prepared with
cores of ground oxytetracycline (OTC >95 % HPLC T&®8Sigma). OTC was used instead of
glycine as an alternative example of a water-seluthterial. OTC has earlier been
successfully incorporated in LSB (Buchal and Langdi®98; Langdon and Buchal, 1998).
Based on preliminary experiments, LSB consistin§48 g kg soy lecithin, 227 g kg

paraffin wax, 164 g Kgcod liver oil and 64 g K§OTC were chosen for further investigation
(Table 3). The lipid/OTC mixture was sonicated bdain complete dispersion of particles and

the mixture was then sprayed immediately to aveidige separation

To investigate the use of LSB to deliver water-bt#wunutrients taArtemia, paraffin wax LSB
were also prepared containing finely ground (Mc@raricronizing mill; McCrone,
Westmont, IL) riboflavin £98%, R-4500, Sigma) as the core material (Tabl&u®joflavin
is a fluorescent water-soluble vitamin and has gdaw be a good compound to visually
investigate digestion and release of core matefriais LSB ingested by fish and bivalve

larvae (Langdon et al., 2000; Onal and Langdon4Bp®nal and Langdon, 2005b).

Encapsulation efficiency (EE)

EE represents the percentage core material to(§pid/w) in LSB after production (Buchal
and Langdon, 1998). The concentration of core nat@lycine; % w/w) was analyzed
according to methods described by Onal and Lan¢@0d4b). First, duplicate samples of 0,1
g of each LSB production batch were weighed intor2@lass tubes, 10 ml of chloroform
were added and the tubes were shaken until theweSB completely dissolved. Ten ml of
distilled water containing 1.5 mg thBDS were added and the tubes were placed onrg rota

mixer for 30 min. The tubes were then centrifuged the water fraction was removed and
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collected. This extraction was repeated three timbe collected supernatants from each
extraction were pooled and analyzed for glycinghgyninhydrin method, as described in the

analytical methods section (below).

Quantifying core material on the surface of LSB

When producing LSB, some of the core material magituated partly or wholly on the
surface of the beads. An attempt was made to me#ssrsurface-associated, non-
incorporated glycine by carrying out a rapid ring¢he beads and measuring glycine
concentrations in the filtrate. However, glycindhe filtrate also likely contained some
glycine leached from the beads; therefore, measemesof surface-located core material
were likely to be overestimates of true values. Teicate 0.1 g samples of each LSB
production batch were weighedto filters (25 mm, 0.45 um, Metrical membrangefil Pall
Life Science). LSB on the filters were rinsed undacuum with 10 ml of water. The rinse
water was collected and glycine concentrationsraeted using the ninhydrin method (see

below).

Dispersion of LSB

Dispersion in both seawater and distilled waterenrvestigated for all produced LSB (Table
1, 2 and 3). LSB were taken directly from a °80freezer and added to cold (1 °C) seawater
or distilled water in 20 ml screw-capped test-tulddee suspensions were hand-shaken and
allowed to settle for 30 seconds before being Wge@xamined under a microscope. All the
tubes were kept in an ice bath during the investigaThe temperature of the suspensions
with dispersed LSB was increased to room tempexdf2 °C) to investigate the stability of

LSB suspensions.
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Retention efficiency.

Retention efficiency is the percentage of initradorporated core material lost after
suspension of LSB in water (Onal and Langdon, 2R04aching experiments were carried
out based on a modified method described by OrthLangdon (2004b). Preliminary studies
indicated that clumping of LSB significantly redddeakage rates. To reduce clumping,
leakage experiments were carried out in an aqusausion of 0.1 % sodium dodecyl sulfate
(SDS; Sigma). To investigate the effect of SDSeathing, LSB containing 0 %
phospholipid (not dispersible without SDS) and 4@B6spholipid (dispersible without SDS)
were suspended in distilled water with and with@d€o SDS for 10 min and leakage rates
compared. To avoid initial clumping and facilitalispersion, it was important to disperse the

LSB in chilled water.

To investigate leaching, 60 mg of LSB were addeprécooled glass tubes and 10 ml of
cold (1 °C) 0.1 % SDS (No. L-4509 Sigma) solutidded. It was necessary to use chilled
SDS solution to maintain hardened, non-sticky beadsnsure their dispersal. The tubes were
stirred vigorously (Vortex-Genie, Fisher Scienfifior a few seconds to disperse the LSB and
then placed on a rotary mixer (20 RPM,; tissue caltotator: 099A RD4512; Glas-Col, Terre
Haute, IN) for 20 min at room temperature (22 °Qere was a temperature increase during
the 20 min leaching experiment from 1 to 22 °C,thig temperature increase was similar for
all samples. The contents of the tubes were thienefd onto 0.45 um filters (Metrical
membrane filter, Pall Life Sciences). The filtesegernatant was collected and glycine

concentrations determined using the ninhydrin me(lsee below).

LSB prepared with paraffin wax and soy lecithintwat payload of OTC (Table 3) were

leached in distilled water (without SDS) at roormperature (22 °C) for various periods of
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time. Thirty mg of LSB were weighed into glass tsilaad 10 ml of distilled water were
added and the tubes were then placed on a rotasr 10 RPM) for 2, 10, 30 and 60 min.
The contents of the tubes were then filtered omd @ m filters (Metrical membrane filter,
Pall Life Sciences). The filtered supernatant walkected and OTC concentrations

determined using a spectrophotometer (Beckman OJ) &3sorbance 358 nm).

Enrichment of Artemia

Decapsulatedrtemia cysts Artemia salina; Salt Creek Inc) were hydrated in fresh water for
1 h before being hatched at room temperature (22rfer continuous aeration and light in
10-micron filtered seawater. Three days after hat;hunfedArtemia were washed onto a
250 um sieve and rinsed with clean seawater. NineoRical, aerated bottles were filled with
1.5 | seawater and 363 + BBtemia I"* were added. Thartemia were acclimated for
approximately 1 h before enrichment. In one treatnGe=3),Artemia were fed

133 mg L' LSB that were partially prepared with paraffinwand contained 6.0 % w/w
riboflavin (Table 3). In the second treatment (n#8}emia were fed 133 mg £ empty LSB
(Table 3) and pre-dissolved riboflavin at the saxmecentration as that delivered with
additions of riboflavin-containing LSB (8 mg*). The third treatment (n=3) consisted of
unfedArtemia. During a 1 h period of enrichment, samples obftdvin LSB-fedArtemia

were examined using an epifluorescent microscope@ DM1000, Leica inc) fitted with a

UV light source and compared with samples fromté control treatments.

After enrichment, thértemia were washed thoroughly with filtered seawater @@ m
mesh sieve. A small sub-sample of washg@mia fed on riboflavin-containing LSB was

examined under the microscope to ensure that novi8B attached to their surfaces.
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Artemia from all treatments were then freeze-dried foofldvin analysis. No attempt was

made to purge the guts of the LSB-fademia.

Analytical methods

Glycine concentrations were analyzed based on #thad described by Doi et al. (1981).
Each one ml sample was acidified by addition ofil®f 1 % acetic acid and one ml
ninhydrin reagent (2 % solution, Sigma) was addée samples were placed on a heating
block at 100 °C for 10 min, and then transferredriace bath before 5 ml ethanol (95 %)
were added to stabilize the color. Absorbance vessrchined spectrophotometrically at 570
nm (Beckman DU 530) and converted to glycine cotraéion using regression equations
derived from standard curves. The samples wergzethin UV-grade
polymethylmethacrylate cuvettes (VWR).

OTC concentration was determined spectrophotonadliritDU 530; Beckman
Coulter, Fullerton, CA) by measuring absorbancgsdt nm. The samples were analyzed in
quartz cuvettes (VWR). The absorbance was convést&@I C concentration using
regression equations derived from standard curves.

Riboflavin concentrations were determined by hpginformance liquid
chromatography (HPLC) with fluorometric detectiatarding to a method described by
Brgnstad et al., (2002). Freeze-drigdemia (0.25-0.30 g) were added to 45 ml 0,1 M HCI.
The samples were autoclaved at 121 °C for 30 noimled to room temperature and the pH
adjusted to 4,0 with 2,5M sodium acetate. Sodiueteade trihydrate was added at a
concentration of 100 mg per g sample and the sawypdee incubated at 37 °C overnight. The
samples were then diluted to 50 ml and the solutias filtered before HPLC analysis (HP
1100, Agilent; exitation: 468 nm and emission: 52@). The concentration of riboflavin was

calibrated with the use of external standards.
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Statistical analysis

Biological and analytical data are expressed as\med standard deviation. Regression
analysis together with one-way analysis of varigidd¢OVA; Sokal and Rohlf, 1969) and
Tukey’s HSD post-hoc multiple comparison test wesed to investigate the effect of
concentration of soy lecithin on encapsulationceégficy, the proportion of non-incorporated
glycine and leaching rate. The effect of LSB ermelnt on the concentration of riboflavin in
Artemia between the groups was analyzed by Student tvligst significance level (P
value) of 0.05. All statistical analyses were perfed using Statistica 7.1 (Statsoft, Inc,

Tulsa, USA).

Results

L SB containing a core of dry particulate glycine
There was an increase in the viscosity of the rdeiped-core mixture with increasing
additions of soy lecithin, but all bead types cooddsprayed. Small amounts of glycine were
lost during the production process (Figure 1) veititapsulation efficiencies ranging from 95
+ 3 to 102 + 2% for the different bead types. Theas a significant difference in
incorporated concentrations of glycine (ANOVA, R3ZR) between the LSB containing 1 %
and 20 % soy lecithin (Figure 1).

There was a positive correlatiod<0.89, P<0.00001) between the amount of soy
lecithin added to the beads and loss of glycinenaltieB were rinsed with distilled water.
The overall rinse loss of glycine ranged from odly + 0.03 % for LSB containing 0 % soy

lecithin to 3.2 £ 0.6 % for LSB containing 40 % deygithin (Figure 2).
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Loss of glycine after 20 min of leaching (Figurer&yged from 65 + 7 to 85 = 5 %.
There was no correlation (P>0.05) between concegorraf soy lecithin and glycine loss, but
there was a significant difference (P=0.041) irslogglycine between LSB containing 1 %

and 10 % lecithin (Figure 3).

Lipid spray beads prepared with an aqueous slurry of glycine

It was impossible to prepare LSB with an aqueous wath additions of more than 5 %
lecithin because with higher lecithin concentrasidw$B did not harden in the chilled
chamber and they clumped on the chamber walls.€Tlwas no significant correlation
(P>0.05) between soy lecithin concentration andpsglation efficiency of glycine and no
significant differences in glycine encapsulatioficggncies among LSB types (ANOVA,
P>0.05) (Table 4). The combined encapsulationiefiy of glycine for all slurry LSB types
was 105 £ 5 %. There was no significant correlaffn0.05) between soy lecithin
concentration and encapsulation efficiencies failewand no significant (ANOVA, P>0.05)
differences among the LSB types prepared with glofiglycine (Table 4). The combined
encapsulation efficiency of water was 101 = 3 %.

The loss of glycine due to rinsing ranged from 284 to 27 + 2% of the incorporated
glycine (Table 4), but there was no significant@®%) correlation between soy lecithin
concentration and loss. The leaching experimentvebdao significant (P>0.05) correlation
between soy lecithin concentration and loss ofiglyclue to leaching and no significant
(ANOVA, P> 0.05) differences in leaching among biead types (Table 4). The overall loss

in 20 min was 98 = 5 % of incorporated glycine d&tirthe slurry bead types combined.
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Dispersion of LSB.

Addition of 0.1 % SDS to suspensions of LSB contayrd% lecithin and crystal glycine
(Table 1) increased the leakage of glycine fron¥2t 64 % after 10 min (Figure 4). The
leakage of glycine from LSB containing 40 % soyitldo and particulate glycine (Table 1)
was not significantly (ANOVA, P0.05) affected by addition of SDS to the incubatiaater
(Figure 4). LSB containing 0 % lecithin (Table 2utd not be fully dispersed in either
distilled water or 0.1 % SDS solution.

LSB containing an aqueous slurry of glycine and,d% or 5 % soy lecithin, did not
disperse in either salt or freshwater, but clumpadediately. In contrast, LSB containing
dry particulate glycine and 40 % soy lecithin disgel in both fresh and salt water while LSB
prepared with less than 40 % lecithin did not dispén either fresh or sea water (Figure 5).
LSB containing paraffin wax and 54.5 % lecithin ifl&a3) dispersed well in both fresh and

saltwater.

Replacement of menhaden stearine with paraffin wax

Small amounts of OTC were lost during productioh.$B containing paraffin wax and the
encapsulation efficiency was 95 + 2 %. Large am®ohOTC were lost within the first min
of suspension of the LSB in water (Figure 6), btdralO min a 76 + 5 % loss stabilized and
the remaining OTC (about 20 %) was retained fom@® (Figure 6). Riboflavin-containing
LSB (Table 3) still had particulate riboflavin viée in the lipid matrix after dispersion in
saltwater for more then 1 h (Figure 7). LSB contarparaffin wax was more stable than
those with mennhaden stearine, since no signssoftdgration of the beads were detected
when dispersed in either fresh or saltwater for 1SB prepared with 40 % lecithin and

menhaden stearine started to disintegrate withétitne span.
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Artemia enrichment

Artemia ingested riboflavin-containing LSB and their ghecame full after 30 min of feeding
(Figure 8).Artemia appeared to filter and mechanically breakdowntBB because the
digestive tract was filled with material with no @tk beads visible (Figure 8). All the beads
fed toArtemia were eaten within 1 h and no LSB were observdzktattached to the outside
surface of washedArtemia. There was more than a six-fold increase in reéoofi

concentration from 47.9 + 2.1 to 329 + 62 mg Kdw) in Artemia after 1 h enrichment with
riboflavin-containing LSB (Figure 9). There were differences in riboflavin concentration
between the unfed control and the control fed aleoation of empty LSB and riboflavin

dissolved in the water (Figure 9).

Discussion

Onal and Langdon (2005b) showed that LSB madeasytiglycerol were hydrophobic and
that the LSB clumped and did not disperse in agsisoiution. By inclusion of high
concentrations of phospholipids in the LSB, we wadske to produce LSB that dispersed
freely and were vehicles for delivering both ligidd water-soluble compounds to
suspension-feeders, suchfatemia. Addition of phospholipids can also increase the
concentration of unsaturated fatty acids in LSBhaiitt causing a decrease in melting point.

There were no methodical difficulties producingB_&ntaining high concentrations
of lecithin and particulate glycine or OTC. We diot succeed in melting pure lecithin and it
was, therefore, necessary to dissolve the lecithaither menhaden stearine or a mixture of
wax and fish oil. Due to the high melting pointsaly lecithin and other phospholipid sources,
it is unlikely that it will be possible to produt&B consisting of 100 % phospholipid by

using a spray technique. There was also a problgimcald-hardening LSB before they
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impacted the walls of the spray chamber for LSB enayl of lecithin concentrations of > 5%
w/w and containing an aqueous core. This probleghtbe solved by increasing the height
of the spraying tower or by reducing the conceitnadf water in the beads.

All LSB types had high incorporation efficienci@saccordance with earlier studies
(Onal and Langdon 2004b, 2005b). Incorporatiorcigfficies may be increased further when
lipid beads contain an emulsifier (Vilivalam andeygye, 1994, Onal and Langdon, 2004b).
Not all the core material associated with the besd&cessarily fully incorporated. The
results of this study showed that rinsing losseewaly 1 % for LSB containing particulate
glycine but as high as 25 % for LSB with aqueougso

Onal and Langdon (2004b) reported that LSB prepuaiith 5 % of the surfactant
sorbitan monoaplmitate or sorbitan sesquioleatavedamproved dispersion but higher
leaching rates than LSB prepared with triacylglgt@nd no surfactant. To compare leaching
among LSB with different dispersion propertiesy#s necessary to use 0.1 % SDS to make
the LSB types more equally dispersible. DispersibbSB containing 100 % menhaden
stearine with 0.1 % SDS led to a three-fold incegadoss of glycine while there was no
significant effect of SDS on leakage from more drsjble (less hydrophobic) LSB
containing 40 % lecithin. Leaching rates in thisdstwere much higher for all investigated
LSB than those reported in earlier studies (Ondllaangdon, 2004ab; Buchal and Langdon,
1998; Clack, 2006 ) and this difference could ha@en due to the use of a dispersants in the
leaching experiments.

Inclusion of soy lecithin did not affect leachirages significantly for any of the
investigated LSB types when suspended in 0.1% 8DShere was an indication that LSB
containing particulate glycine and low concentnagiof soy lecithin showed reduced losses
of glycine. This might have been due to clumpingrtythe leaching trials since LSB

prepared with low concentrations of lecithin did nompletely disperse in 0.1 % SDS.
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366 Earlier studies have shown that LSB containing@ureaus core of both glycine and
367 OTC had lower leakage rates compared to LSB withiquéate cores (Onal and Langdon,
368 2004a, Buchal and Langdon, 1998); however, inghidy we found that LSB with an

369 aqueous glycine core had a nearly complete log/oine after 20 min suspension. It is not
370 clear if this higher loss was due to increasedeadspn by the use of 0.1 % SDS or due to
371 other factors.

372 Leaching of OTC from LSB prepared with paraffin wiakowed a classic burst

373 release profile, with a rapid loss of 80 % incogied glycine during the first min followed by
374 aslower rate of leaching over a period of an fakage rates of OTC from LBS prepared with
375 paraffin wax were similar to losses from LSB contag particulate glycine. Loss of OTC
376 was higher than previously reported by Buchal aaddgdon (1998), but the leaching profile
377 was similar to that described by Onal and Langd@@®%a). Retention efficiencies for

378 riboflavin-containing LSB were not investigated{ biboflavin has a low aqueous solubility
379 and high concentrations of particulate riboflaviererobserved in LSB after dispersion in
380 water for 1 h (Fig. 7).

381 Dispersion in water (without SDS) of LSB contamiparticulate glycine

382 occurred only with LSB containing 40 % soy lecithii$B containing 22.7 % wax, 16 % fish
383 oil and 55 % lecithin dispersed well in water anefgvmore stable than LSB containing

384 menhaden stearine. This was probably due to tHeshigelting point of paraffin wax and
385 high phospholipid concentration.

386 Beads that can withstand mechanical stress andeatrteimperatures during handling
387 and storage would be useful for large-scale pradn@nd storage of LSB. Increasing the
388 melting point of the lipid mix of LSB without de@sing the proportion of unsaturated fatty
389 acids by the addition of indigestible waxes needhér investigation. Use of waxes could

390 reduce digestion and increased gut evacuation, fatesxample.
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Artemia ingested LSB and the digestive tract was compléiiéd within 30 min.
This was in accordance with previous reports wiietemia were fed latex particles
(Gelabert, 2003). Microscopic observations indidatet there were no whole beads present
in the digestive tract. This may indicate thatemia masticated captured beads before
ingestion. Effects of particle size and concerntratin ingestion rates éfrtemia are
described by several authors (Reeve, 1963ab; Gelbemandez 2001,2003; Han et al.,
2005), but literature oArtemia’s capability to masticate particles was unfortunatedy
found. Alternatively, the beads could have beenunga by rapid enzymatic breakdown.
There was no significant increase in riboflavin cemtration inArtemia exposed to riboflavin
dissolved in culture water compared with that diedrcontrols, indicating that drinking the
culture medium was not sufficient to enrigitemia with riboflavin. A concentration of
approximately 50 mg kg riboflavin in unenriched\rtemia is similar to that reported by van
der Meeren (2003). A seven-fold increase in ribofiaconcentration was obtained after
feedingArtemia on LSB containing particulate riboflavin.

Enrichment with LSB containing 6.4 % riboflavircneased the concentration of
riboflavin in Artemia with 281 mg kg* (48 to 329 mg kg"). This was equivalent tartemia
ingesting an LSB ration equivalent to 4.4 % of tbtady dry weight, although the actual
ingested ration might have been higher becausedaxsiboflavin from the beads and
Artemia were not considered. The lipid content of newlychatlArtemia (A. franciscana) is
145 mg g* dry weight (Evjemo et al., 2001) while the lipidntent of enrichedrtemia is
reported to be 220-250 mg gw (Evjemo et al., 2001; Vander Meeren, 2003).réfwee,
lipid in LSB ingested to increase the riboflavimeent with 281 mg K§ would represent 18
to 30 % of the total lipid content of tigtemia (dw).

LSB appears to be a good tool for delivering tignah to Artemia. Even with high

leaching losses, LSB retaining 20 % of its coreanalk should be sufficient to increase the
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concentration of most micronutrientsAntemia. Delivery of sufficient amounts of nutrients
that are needed in larger quantities, such asafr@ro acids, would be more difficult using
LSB types described in this study.

Liposomes have also proved to be a successfufaoehrichingArtemia with lipid
and water-soluble nutrients (Hontoria et al., 1994kizilcik and Chu, 1994; McEvoy et al.,
1996; Tonheim et al., 2000; Monroig et al., 20030& and with good retention of
incorporated water-soluble nutrients (Hontorialgtl®94; Monroig et al., 2003).
Improvement in the proportion of unsaturated fattids is possible by preparing liposomes
with krill phospholipid extracts (McEvoy et al., 98, Monroig et al., 2003 and 2006);
however, an increased proportion of phospholipédistd reduced retention of
carboxyfluorescein (Monroig et al., 2003). In castrto LSB, the core material of liposomes
has to be delivered in aqueous solution and thenvelric proportion of liposomes made up
of agueous core solution is usually low (Tourakal, 1995). The benefits of using LSB
rather than liposomes include flexibility in choiokthe physical nature of the core material,
high core incorporation rates and choice of hydadytmaterial (TAG, phospholipid,
paraffin wax etc.) for the bead matrix.

In summary, this study demonstrates that LSB ¢oimign high concentrations of
lecithin can be dispersed easily in water andaldaition of lecithin does not affect retention
of glycine compared to LSB prepared with triacytgyol alone. After a high initial loss, 20
% of initially incorporated particulate glycine a@¥ C was retained for up to an h. LSB
containing paraffin wax in the hydrophobic matriene rapidly ingested and digested by

Artemia and the concentration of riboflavin increased aeledd within one h of enrichment.
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541 Legendtofigures

542 Figure 1: Concentration of incorporated particulglieine in LSB prepared with different

543 concentrations of soy lecithin and menhaden stea@oncentrations of glycine are given as
544 % dry weight. Data are means of three replicatemrbars represent standard deviations.
545 LSB types sharing the same letter are not sigmiflgadifferent from each other (ANOVA,

546 followed by Tukey HSD, p < 0.05).

547

548 Figure 2: Percent losses of glycine due to rin&i88 with distilled water, for LSB

549 containing particulate glycine and different cortcations of soy lecithin and menhaden

550 stearine. Losses are given as % lost (dw) baseleoimitial glycine concentration of each
551 LSB preparation. Data are means of three replic&esr bars represent standard deviations.
552 LSB types sharing the same letter are not sigmiflgadifferent from each other (ANOVA,

553 followed by Tukey HSD, p < 0.05). (% loss = 0.35.946 x Lecithin %, B= 0.89, P<

554  0.00001) )

555

556 Figure 3: Percent loss of glycine after 20 min keag in distilled water for LSB containing
557 particulate glycine and different concentrationsay lecithin and menhaden stearine. Losses
558 are given in terms of % initially incorporated giye (dw). Data are means of three replicates.
559 Error bars represent standard deviations. LSB tgphasng the same letter are not

560 significantly different from each other (ANOVA, folved by Tukey HSD, p < 0.05).
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Figure 4: Percent loss of glycine after 10 min keag of LSB in either distilled water or
water containing 0.1 % SDS. LSB initially containkgi% particulate glycine and either 0 %
or 40 % wi/w soy lecithin. Data are means of theg#icates. Error bars represent standard
deviations. LSB types sharing the same letter ateignificantly different from each other

(ANOVA, followed by Tukey HSD, p < 0.05).

Figure 5: Left: LSB containing 840 g kylipid (100 % menhaden stearine) and 160 g kg
crystal glycine suspended in seawater. Magnificexid 00Right: LSB containing 840 g kj
lipid (60 % menhaiden stearine and 40 % soy legitand 160 g kg particulate glycine
suspended in seawater. Magnification x 400. Theums were taken using differential

interference contrast (DIC) (Olympus BX 51).

Figure 6: Percent loss of oxytetracycline (OTC)1irbSB prepared with 545 g Kgsoy
lecithin, 227 g ki paraffin wax, 160 g K§cod liver oil and 64 g K§oxytetracycline.
Leaching was carried out in distilled water andsésswere expressed in terms of % loss of
initially incorporated OTC. Data are means of thmegglicates. Error bars represent standard

deviations.

Figure 7: LSB prepared with paraffin wax, soy Ieiritand cod liver oil (227 g kK 545 g kg

1 and 164 g k{g) and 64 g kg riboflavin (Table 3, LSB type 1). The picture wagen using

an epifluorescent microscope (Leica DM1000, Len3 fitted with a UV light source
(excitation of 450 - 490nm and emission of 5158rR). LSB were dispersed in seawater for

one h and 55 min and riboflavin particles werd gidable within the beads.
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Figure 8: Left Artemia enrichedwith LSB containing riboflavin after one h enricant; a string of

faeces can be seen (Leica DM 1000)
Right: Digestive tract ofirtemia fed on riboflavin-containing LSB, filled with fluescent riboflavin,

shows thaArtemia ingested LSB. Whole LSB are not visible, indicgtthat they were broken down.
The picture was taken using an epifluorescent mape (Leica DM1000, Leica inc) fitted

with a UV light source (excitation of 450 - 490nmdaemission of 515 - 528nm).

Figure 9: Concentration of riboflavin (ug gry weight) inArtemia either enriched for 1 h
with LSB containing riboflavin, fed on a combinatiof empty LSB and riboflavin dissolved
in the culture water or unfedrtemia. Data are means of three replicates except fadunf
Artemia that were tested in duplicate. Error bars repttestamdard deviations for the two
enrichedreatments and mean + range for the unf@demia. Treatment means sharing the

same letter are not significantly different frontle@ther (Student t-Test, p = 0.002).
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614 Tables

615

616 Table 1. Composition of LSB containing particulgtgcine. Each bead type was prepared in

617 triplicate.

Lecithin content Menhaden steafine Soy lecithifi Glyciné
% (wiw) g kg' g kg g kg

0% 840 0 160
1% 831.6 8.4 160
5% 798 42 160
10% 756 84 160
20% 672 168 160
40% 504 336 160

618

619 4Crude menhaden stearine (Omega protein, USA).

620 PSoy lecithin, refined (M.W= 327.27; Cat no. 102Bidmedicals).

621 “Glycine (minimum 99 %; Sigma).

622

623

624

625

626

627

628

629

630

631

632

633
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634
635 Table 2:Composition of LSB containing an aqueous slurrglgtine. Each bead type was

636 prepared in triplicate.

Lecithin content Menhaden stearine Soy lecithin  ycible Water
% (wiw) g kg" g kg® g kg’ g kg®

0% 552 0 160 288
1% 546 6 160 288
5% 522 30 160 288

637 %Crude menhaden stearine, Omega protein, USA.

638 PSoy lecithin, refined (M.W= 327.27; Cat no. 102Bidmedicals).

639 “Glycine (minimum 99 %; Sigma).

640

641
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Table 3: Composition of LSB containing paraffin wax

29

LSB Paraffin wa  Soy lecithi Cod liver oif ~ OTC® Riboflavin®
type g kg' g kg* g kg* g kg* g kg*

1 227 545 164 64

2 227 545 164 64 -

3 240 580 180 - -

®Paraffin wax mp 56-60 °C (76231 Fluke chemica)

b Soy lecithin, refined (M.W= 327.27; Cat no. 102Biédmedicals).

“Cod liver oil (Twinlab, USA).

“Oxytetracycline hydrochloride (minimum 95 %;, Sigma

Riboflavin (Sigma).
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Table 4: Encapsulation efficiency of glycine andevand losses of glycine by rinsing and
leaching from LSB with 0 %, 1 % and 5 % lecithirdancore of an aqueous slurry of glycine.
The encapsulation efficiencies for both glycine arader are given as % of added
concentrations. The losses of glycine by rinsing l@aching (20 min) are given as % of
incorporated glycine. Data are means of threecgafas. LSB types sharing the same letter are

not significantly different from each other (ANOVAllowed by Tukey HSD, p < 0.05).

0 % lecithin 1 % lecithin 5 % lecithin

Encapsulation efficiency of glycine (%) 10133 1086 106 + T

Encapsulaton efficiency of water (%) 102%3 953 99 + 4
Loss of glycine by rinsing (%) 25 £4 23+ 4 27+ 2
Loss of glycine by leaching (20 min) (%) 98 + & 101 + 4 97+ 2
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