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Abstract 

 

Halibut larvae were treated with various bioactive products and the effects on selected 

components of the innate immune system investigated. Effects on growth, survival and 

normal development of larvae were also studied. The bioactive products which were tested 

were chitosan and protein hydrolysates from cod, blue whiting and pollock. The larvae where 

treated with bioactive products from the onset of feeding or from 4-5 weeks after the onset of 

feeding and throughout the first feeding period. The products were either added to the 

environment of the larvae, to the environment of the live feed or incorporated into the fatty 

acid mixture used for enrichment of the live feed. High mortality rates of larvae are 

commonly observed during the first weeks in feeding and previous research indicates that this 

may be partly caused by high bacterial numbers or the composition of the bacterial 

community. The specific immune response is not fully developed until after the first feeding 

period, thus, innate immune responses are of great importance. The overall results indicate 

that treating larvae with fish protein hydrolysates through the live feed resulted in stimulation 

of the innate immunity of first feeding halibut larvae. However, the treatment did not lead to 

improved growth or survival of larvae during the first feeding period. 

 

 

 

Keywords: Halibut larvae, innate immune response, IgM, C3, lysozyme, fish protein 

hydrolysates, chitosan 
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1. Introduction  

 

 

 

The Atlantic halibut (Hippoglossus hippoglossus L.) is a promising species in 

aquaculture, because of its high filet output, high prices and low annual wild catches 

(Kvåle et al., 2007). The first stages of feeding have been one of the main obstacles in 

production of halibut juveniles and other marine fish species with high mortality rates 

commonly observed. Previous research indicates that stress caused by high numbers of 

bacteria and the bacterial community may cause problems during this delicate stage of 

the development (Olafsen, 2001). Research in the collaboration of Matis ohf., the 

University of Akureyri and Fiskey Ltd. have therefore focused on reducing the bacterial 

load in the larval environment during the first feeding period. High numbers of bacteria 

are commonly found in the environment of eggs and larvae that ingest bacteria by 

drinking long before exogenous feeding commences (Falk-Petersen, 2005). 

Furthermore, various groups of bacteria are introduced into the larval environment 

through the live feed used during the first weeks of feeding and bacterial numbers may 

adversely affect normal larval development (Olafsen, 2001). By stimulation of the 

immune system, the larvae will be better prepared for the overall bacterial load of the 

environment during first feeding. Stimulation of immune response may therefore lead to 

increased survival and/or growth of larvae. Specific immune response is, however, not 

fully developed in first feeding halibut larvae that therefore have to rely on the innate 

immune system during the first developmental stages (Magnadóttir et al., 2005; Lange 

et al., 2006). It is therefore important to find a way to enhance the innate immune 

responses of larvae during first feeding. Various research have been carried out on the 

immune system of fish (Magnadóttir et al., 2004; Elward & Gasque, 2003; Langston et 

al., 2002: Lange et al., 2001; Skjermo et al., 1995). Selected innate parameters of the 

immune system have been examined, such as the complement factor 3 (C3) (Lange et 

al., 2004a; Lange et al., 2004b; Fishelson et al., 2001) and lysozyme (Seppola et al., 

2008; Bowden et al., 2004; Misra et al., 2004; Balfry & Iwama, 2004). The specific 

immune system and ontogeny of various fish species have also been extensively studied 

(Dautremepuits et al., 2006; Magnadottir et al., 2005; Zapata et al., 2005; Grove et al., 
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2006; Schrøder et al., 1998; Bøgwald et al., 1996), IgM (Grove et al., 2006; 

Magnadóttir, 1998) as well as maternal transfer of immune parameters (Mulero et al., 

2007). Further research will increase our understanding of the immune responses of fish 

larvae. When is the most appropriate time to stimulate and how do immunstimulants 

activate the unspecific immune system of marine larvae are questiones that need to be 

answered. 

The study describes the effects of bioactive products that were selected as possible 

immune-stimulants of first feeding halibut larvae. The bioactive products investigated 

were protein hydrolysates of cod, blue whiting and pollock in addition to a chitosan 

product, known to enhance immune stimulation in humans (www.primex.is). Various 

products of fish protein hydrolysates (FPH) (Kotzamanis et al., 2007; Murray et al., 

2003; Bøgwald et al., 1996 Gildberg et al., 1996 Siwicki et al., 1994) as well as 

chitosan (Dautremepuits et al., 2004; Snaar-Jagalska et al., 2003) have been found to 

show bioactivity in fish. Previous research indicates that fish peptide hydrolysate show 

various bioactive effects. Peptides extracted from blue whiting (Jónsdóttir, 2005) as 

well as cod muscle, eyes and spleen (Hermannsdóttir, 2005) have been found to show 

bactericidal effects. Furthermore, earlier research show that a special group of protein, 

called lectins, recognize and bind certain types of carbohydrates on the surface of 

bacteria and thereby activate the innate immune response in many fish species 

(Nikolakopoulou & Zarkadis, 2006; Turner, 1996). Derivates of chitin have also been 

found to show bactericidal effects and contribute to faster renewal of damaged tissue 

and stimulate the innate immune response in many species, including fish (Primex, 

2005).  

The use of bioactive products is an environmentally friendly method for 

stimulation of the innate immune response of fish larvae. The activity of the selected 

products may, however, be expected to depend on various environmental parameters 

such as the pH of the tank water environment and the soluability of the product in sea 

water. 
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1.1. Development of larvae during first feeding  

Marine fish larvae undergo major morphological and cellular changes during the 

first months of their life (Zambonino Infante & Cahu, 2001). The larval stage is related 

to both muscular and gill development and the activity generally increases with age, 

presumably associated with the search for food (Falk-Petersen, 2005). The liver is first a 

roundish mass that enlarges and becomes more wedge-shaped. The pancreas contains 

one islet of Langerhans but will gradually elongate and surround the intestine. At the 

onset of exogenous feeding the larvae begin to produce their own prolactin, thyroid 

hormones, growth hormones and cortisol which play a key role in further development 

and growth of the larvae (Falk-Petersen, 2005). In marine species, the lymphoid organs 

develop in the following order; head kidney, spleen and thymus (Chantanachookhin et 

al., 1991; Padrós & Crespo, 1996). Small lymphocytes are however first seen in thymus 

and later in the head kidney and spleen (Chantanachookhin et al., 1991). 

From hatching to adulthood, the development of the fish alimentary canal changes 

from a straight, undifferentiated gut to a complex and segmented digestive tract (Govoni 

et al., 1986).  At the onset of exogenous feeding the stomach is lacking (Pedersen, 

1993) although there is an area in the digestive tract that later differentiates to the 

stomach (Luizi et al., 1999). This area appears to be heavily folded compared to the 

intestine, and is caudally oriented in a prolongation of the oesophagus where the pyloric 

caecae is still absent. After the first 30 days of exogenous feeding, the stomach is 

beginning to form in halibut larvae but various studies disagree with respect to the 

appearance and functionality of the gastric glands. According to Luizi et al. (1999) the 

gastric glands are formed between 35 and 50 days post onset of first feeding (dpff) of 

halibut larvae but are not functional at that stage. However, according to Murray et al. 

(1994) functional gastric glands are formed earlier or approximately 16 dpff. Before the 

stomach is fully functional, the larvae seem to compensate for the lack of gastric pre-

digestion by active intracellular digestion in the rectal epithelial cells, following 

pinocytosis of macromolecules from the lumen (Dabrowski & Dabrowska, 1981; 

Govoni et al., 1986; Loewe & Eckman, 1988; Bengstone et al., 1993; Luizi et al., 

1999). The glands in the stomach are partly functional but the acidic protease activity is 

not established until weaning, approximately 50-70dpff (Zambonino Infante & Cahu, 

2001).  
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During the larval stage, the muscularis externa is only a thin layer in the 

oesophagus and the stomach, but considerably thicker closer to the pylorus. At the 

junctions, the simple constriction observed in young larvae develops into a muscular 

sphincter marking the end of the stomach and the beginning of the intestine (Luizi et al., 

1999).  

The intestines are identified as the section of the alimentary canal between the 

pyloric sphincter and the ileorectal valve (Figures 1 and 2). Up to 35 dpff a wide area of 

the intestines follows directly behind the pyloric constriction. At this stage in the 

development, some storage pockets are forming in the tube-like digestive tract. In 

between these two features, the pyloric sphincter and the ileorectal valve, the intestine 

forms a single loop that accounts for at least two thirds of the length of the alimentary 

canal (Pittman et al., 1990; Luizi et al., 1999). During the course of metamorphosis, the 

intestine slowly pushes forward caused by the differentiation of the stomach. 

Meanwhile, the pockets following the pyloric sphincter form the pyloric caecae by 

expansions of the intestine which grow in the opposite direction to the movement of the 

digestive chyme. All the caecae are located around the pyloric sphincter and develop at 

a steady pace during the entire metamorphosis. When the pyloric caecae develops, the 

folding of the mucosa increases and the wave-like structures observed in younger larvae 

turn into conical folds (Luizi et al., 1999).  

The rectum is separated from the intestine by the ileorectal valve. Also the 

ileorectal valve is composed of an expansion of the intestinal coating into its lumen. 

Soon after beginning of exogenous feeding, the valve partially obstructs the intestine 

and by the end of metamorphosis it is large enough to completely close the lumen. The 

anal region shows very little change during larval development except for thickening of 

the muscularis externa (Luizi et al., 1999).  

The thickness of the mucose in the digestive tract of halibut larvae changes during 

development, with increased folding, absorptive activity and the number of goblet cells 

(Luizi et al., 1999). It has been shown in many other species that the enterocytes are 

fully functional at hatching (Segnar et al., 1994). At all stages, the transition between 

the oesophageal epithelium and the rest of the digestive tract, whether it is already 

differentiated into a stomach or not, is well defined by the absence of goblet cells and a 

single layer of small prismatic epithelial cells of the digestive tract following the 

oesophagus (Luizi et al., 1999). 
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Figure 1. Schematic representation of the digestive tract of halibut larvae and its extramural 
glands during the larval development (PFF: days post onset of first feeding). The pancreas is 
represented in black and the liver in grey. 1 = the oesophagus; 2 = stomach; 3 = the intestine; 4 
= the rectum. The direction of the digestive chyme movement is symbolized by the arrows. 

 

The nutrient ingredients of the gastrointestinal tract are digested by the different types 

of enzymes produced in the stomach, exocrine pancreas and intestine. The intestinal 

cells also carry out the absorption and transport of nutrients from the lumen. The liver 

and pancreas have been shown to be functional at the onset of exogenous feeding in 

halibut larvae (Kjørsvik & Reiersen, 1992). The secretory function of the exocrine 

pancreas progressively develops and is functionally efficient at 21 days post hatch 

(dph), well before exogenous feeding starts (Zambonino Infante & Cahu, 2001).  

The intestinal cells (enterocytes) produce two groups of enzymes: the cytosolic 

enzymes (mainly peptidases) found in the cell cytoplasm, and the brush border 

membrane enzymes, which are linked to the cell membrane (Zambonino Infante & 

Cahu, 2001). Different types of membranous enzymes can be detected, including 

peptidases, disaccharidases and esterases. The enzymes of the enterocyte cytosol have 

higher activity in younger larvae (up to 21 dpff) compared to older (21-28 dpff). The 

enzyme activity of the enterocytes characterizes the normal maturation of enterocytes in 

developing fish larvae as well as in other vertebrate species (Zambonino Infante & 

Cahu, 2001). The different enzyme types are found throughout the gastrointestinal tract 

Luizi et al., 1999 
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and are often complementary, where the enzymatic process leads to the total digestion 

of diet components allowing the absorption or transport of nutrients by enterocytes 

(Zambonino Infante & Cahu, 2001). 

 

Metamorphosis is a step in the development of halibut larvae. After approximately 

40-50 days of feeding on live feed, the larvae start to metamorphose and gradually turn 

into benthic juveniles. This metamorphic process includes the lateral flattening of the 

body, asymmetric colorating of the sides (the left side, the downside, being white and 

the right side, the top side, taking on a cryptic color) and the migration of the left eye up 

to the right side at the time as the fish becomes bottom dwelling (Figure 2). Then the 

juveniles are ready to eat and digest dry feed (50-70 dpff) (Hamre et al., 2007). Many 

factors have been shown to affect the development of flatfish larvae and factors directly 

related to the diet are the thyroid hormones, vitamin A and fatty acid composition. 

These factors are furthermore ligands to nuclear receptors that participate in the control 

of development (Hamre et al., 2005a). Flatfish larvae that are fed rotifers and Artemia 

often develop malpigmentation, resulting in juveniles with their ocular side partially or 

totally white and sometimes with dark pigmentation on the blind side. This also applies 

to Atlantic halibut larvae, which in addition often show impaired eye migration, where 

the left eye fails partly or totally to migrate to the right side during metamorphosis 

(Hamre et al., 2005b). At Fiskey Ltd., larvae developing incomplete eye migration are 

on average 0-10 % and 2-8 % of the larvae are white in color at the end of first feeding 

(Smáradóttir, personal communication). 
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Figure 2. Halibut larvae at various developmental stages: ~15 to 20 days post onset of first 
feeding (dpff) (A), ~30 dpff (B), ~45 dpff (C) and metamorphosed juveniles ~70 dpff (D). 

 

 

Understanding the feed and feeding requirements is the basis for successful 

production of larvae. The feed represents the main cost factor in the production of 

larvae and alternative feed and feed supplements are therefore important fields of study 

(Kvåle et al., 2007; Hamre et al., 2005a). In their natural environment, halibut larvae 

feed on copepods, however, in aquaculture, enriched Artemia is used during first 

feeding of larvae (Hamre et al., 2005a) despite the fact that the digestive tract of larvae 

fed Artemia has been found to develop more slowly compared to larvae fed copepods 

(Luizi et al., 1999).  

Artemia is commonly used during first feeding of marine larvae. Artemia is a 

seawater shrimp found worldwide in saltwater and belonging to the phylum Arthropoda, 

class Crustacea. Approximately 90 percent of the world‟s commercial harvest of brine 

shrimp cysts (the dormant stage) comes from the Great Salt Lake in Utah (Treece, 

2000). However, the lake‟s cyst production is heavily influenced by freshwater inflow, 

and the supply as well as quality varies dramatically (Treece, 2000). The Artemia are 

   

   

A 

C D 

B 
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extremely euryhaline, withstanding salinities from 3 ppt to 300 ppt and they can even 

survive short periods of time in fresh water, but without the ability to reproduce 

(http://www.artemia-international.com). Furthermore, Artemia can survive temperatures 

ranging from 15 to 55
o
C. The Artemia have two modes of reproduction. Sometimes 

nauplii (first Artemia swimming stage) hatch in the ovisac of the mother and are born 

alive. However, when the body of water where the adult Artemia are living begins to 

dry up with the following increase in salinities, the embryos are encysted in a hard 

capsule or cyst for protection and then hatch later when the conditions have improved 

(Treece, 2000). Dry conditions cause the encysted embryo to enter a dormant state, 

which allows it to withstand complete drying, temperatures over 100
o
C and near 

absolute zero, high energy radiation, and a variety of organic solvents (Treece, 2000). 

The dehydrated cysts can be stored for months and years without losing their ability to 

hatch (http://www.artemia-international.com).  

 

 

 

1.2. The immune system 

Normally the fish larvae are exposed to microorganisms immediately after 

hatching, and an effective immune system is therefore of great importance (Law & 

Dodds, 1997). In spite of limited pathogen recognition, the strength of the innate 

defense system against pathogens is impressive (Magnadóttir, 2006). The innate 

immune system‟s recognition of non-self and danger signals is served by a limited 

number of germ-line encoded pattern recognition receptors/proteins, which recognize 

pathogen associated molecular patterns such as bacterial and fungal glycoproteins and 

lipopolysaccharides as well as intracellular components released through injury or 

infection (Medzhitov & Janeway, 2002; Elward & Gasque, 2003). This is demonstrated 

by the very efficient immune defense of invertebrates, which exclusively rely on innate 

parameters for coping with a large variety of pathogens in diverse environmental 

conditions (Magnadóttir et al., 2005). The innate immune system is also important in 

activating and adapting immune responses. In recent years this communication between 

the innate and the adaptive system has received increased attention in mammalian 

research (Magnadóttir, 2006; Fearon, 1997). The activation of innate recognition 
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components, through the stimulation of phagocytes, production of cytokines and 

chemokines, and activation of the complement system and various cell receptors, leads 

to the stimulation of T- and B-cells and antigen presenting cells (Lo et al., 1999). Once 

activated the recognition molecules can induce opsonization and phagocytosis of the 

pathogen, stimulate natural cytotoxic cells or activate different signaling or executive 

processes like the complement system, the lytic pathway or an acute phase response. 

Recognition molecules, like lysozyme or α2 macroglobulin can also partake in direct 

elimination of the pathogen (Magnadóttir, 2006). Although less studied in fish, a similar 

communication probably takes place between the innate and the acquired immune 

system (Dixon & Stet, 2001). The components of the innate immune system are 

commonly divided into physical parameters in addition to cellular and humoral factors. 

The humoral parameters can be both cell associated receptors or soluble molecules of 

plasma and other body fluids (Magnadóttir, 2006). The key cells of the innate immune 

system are the phagocytic cells (granulocytes, neutrophils and monocytes/macrophages) 

and the non-specific cytotoxic cells (Evans et al., 2001; Neumann et al., 2001). 

Epithelial and dendritic cells also participate in the innate defense in fish (Press et al., 

1994; Dalmo et al., 1996). Innate immune parameters have been used as indicators of 

the effects of inherent or external factors on the immune system and the disease 

resistance of fish. Several external and internal factors can influence the activity of 

innate immune parameters. A change in temperature, crowding stress and handling can 

for example suppress the activity, but several food additives and immunostimulants can 

enhance various parameters of the innate immune response (Magnadóttir, 2006).  

Relatively little is known about the ontogeny and the functioning of the immune 

system in fish larvae (Ellis, 1998; Dalmo et al., 2000), however, our understanding of 

the components of the innate defense system of fish is growing (Magnadóttir, 2006; 

Magnadóttir et al., 2005). The ontogenic development of the immune system of fish has 

primarily involved studies of the development of the different lymphoid organs of the 

immune system (thymus, kidney, spleen) and acquired immune parameters such as B- 

and T-lymphocytes and the expression or secretion of IgM (Zapata et al., 1997; Ellis, 

1998). Early life stages of fish do not appear to have developed immunocompetence, 

e.g. the synthesis of immunoglobulin, therefore, the organisms may rely on their ability 

to combat infectious diseases in a non-specific manner (Fletcher, 1982; Dogget & 

Harris, 1987). Furthermore, it has been shown that the ontogenetic development of the 
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immune system varies in different fish species, and it is questionable to apply the data 

for one species to another (Morgan & Gasque, 1996). The ontogenic studies of innate 

parameters of fish have so far been mainly limited to the first appearance of 

macrophages and phagocytic activity (Magnadóttir, 2006). The development of the 

specific immune system of fish in ontogeny is believed to be correlated with the weight 

of fish rather than time after hatching (Dalmo et al., 2000).  In general the acquired 

immune system develops late in marine species compared to freshwater species which 

therefore depend on innate defense for the first 2-3 months after hatching (Schrøder et 

al., 1998). 

 

 

1.2.1. Immunoglobulin M (IgM) 

Immunoglobulins (Ig) are the primary humoral components of the specific 

immune system. The first appearance of cytoplasmic and surface IgM in lymphocytes 

differs between species even though it can be complicated to compare data from various 

analyzing methods (Magnadottir et al., 2005). The ability to develop an antibody 

response does not necessarily correlate with the first detection of IgM positive cells. 

Although the time lapse between the detection of cellular IgM and functional 

immunocompetence has not been studied in many fish species, it has been observed in 

both fresh water and marine species (Dos Santos et al., 2000; Petrie-Hanson & 

Ainsworth, 1999). While most Ig
+
 cells are probably represented by B-cells or plasma 

cells, it should be noted that other cell populations in fish have been reported to show 

immunohistochemical reactivity for Ig. Macrophages (Imagawa et al., 1991; Lamers et 

al., 1986), neutrophils (Pettersen et al., 2000) and non-specific cytotoxic cells (NCC) 

have been reported to be Ig
+
, probably through binding of Ig to Fc receptors, 

phagocytosis of immune complexes or the cells in question are plasma cells (O´Dowd et 

al., 1998; O´Dowd et al., 1999). In general, the appearance of B-lymphocytes and 

immunoglobulins is late in marine species compared to fresh water species 

(Chantanachookhin et al., 1991). Commonly, fish larvae have reached about 20-30 mm 

in length when IgM is first expressed, its appearance being generally more dependent on 

size rather than age (Grönvendt & Espelid, 2003) although this is not always the case 

(Dos Santos et al., 2000). 
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Teleost IgM may exist as membrane bound or secreted forms and these forms of 

IgM seem to differ in molecular weight (MW) (Hordvik et al., 1992). Teleost IgM 

consists of two subunits, the heavy chain (μ) and the light chain (L). In several teleost 

species, both μ and L chains have been found as different isotypes. Two to five L chain 

isotypes or MW variants have been reported, which may differ in MW, antigenic 

epitopes and primary structure (Håvarstein et al., 1988, Lobb et al., 1984, Sanchez et 

al., 1989; Sanchez & DominQuez, 1991). An initial characterization of halibut Ig has 

indicated that it is similar to the Ig of other investigated fish species (Magnadóttir, 

1998). However, detailed studies of teleost Ig have shown considerable variation 

between species. In teleost fish, the predominant Ig has traditionally been described as 

IgM-like (Pilstrøm & Bengten, 1996). However, a large chimeric Ig chain, which shows 

gene sequence similarity to human and murine IgD heavy chain, has been described in 

Atlantic salmon (Salmo salar L.) (Hordvik et al., 1999) and Atlantic cod (Gadus 

morhua) (Stenvik & Jørgensen, 2000).  

The native form of teleost IgM seems predominantly to be a tetrameric structure 

(μ
2
L

2
) consisting of four Ig monomers (μ

2
L

2
) 4 (Pilstrøm & Bengten, 1996). The degree 

of disulfide bonding seems to be variable in a number of examined teleost species. The 

tetrameric teleost IgM has been shown to split into mono-, di-, and trimers, depending 

on the species (Bromage et al., 2004). The nature of IgM can vary between teleost 

species in many respects, including the number of redox forms and the existence and 

number of isoforms of heavy and light chains. Halibut possesses immunoglobulin of 

IgM-like nature, consisting of heavy and light chain subunits. The IgM is mainly 

tetrameric but is also found in mono-, di- and trimeric redox forms (Grove et al., 2006). 

However some inconsistencies are between findings on molecular weight on halibut 

IgM. According to Magnadottir (1998), the MW of halibut IgM is 832-870 kDa whereas 

Grove and co-workers (2006) found the MW to be 780 kDa.  

Some speculations about the relatively late appearance of autologous humoral 

IgM may be compensated by maternally derived immunoglobulins that have been 

demonstrated in the eggs and embryos of several fish species like salmon (Olsen & 

Press, 1997), sea bass (Breuil et al., 1997; Picchietti et al., 2004), tilapia (Mor & 

Avtalion, 1988; Takemura, 1993), carp (Suzuki et al., 1994) and plaice (Bly et al., 

1986) but not in cod (Magnadottir et al., 2004). Even though the transfer of maternal Ig 

has been identified in a number of fish species, the concentration of IgM in eggs was 
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only 0,3-6,3 µg/g wet weight which is approximately thousand times less than the 

concentration in maternal plasma (Olsen & Press, 1997). However, experimental 

immunization of maternal fish has not been found to provide the offspring protection 

from disease or bacterial infections (Lillehaug et al., 1996; Tanaka et al., 1999). This is 

in accordance with the fact that the concentration of maternal immunoglobulin during 

the larval stages is generally greatly reduced from that observed during the ovarian 

stages. Maternal IgM in sea bass for example is deposited in the ovary during 

vitellogenesis and reaches maximum concentrations during ovulation. At hatching this 

level had reduced about 100-fold and by 5 dph no maternal IgM was detected in the sea 

bass larvae (Picchietti et al., 2004; Pepin et al., 1997). Similar situation has been 

demonstrated in tilapia (Takemura, 1993) and Atlantic salmon (Olsen & Press, 1997). 

Most of the maternally derived IgM of eggs is structurally and antigenically identical to 

the maternal serum IgM, with respect to size and the tetrameric (Kanlis et al., 1995; 

Hayman & Lobb, 1993) as well as dimeric (Suzuki et al., 1994) and monomeric (Yousif 

et al., 1995; Pepin et al., 1997; Avtalion & Mor, 1992) forms in several fish species.  

 

 

1.2.2. Complement factor 3 (C3) 

The complement system is one of the first lines of immune defense and a modifier 

of acquired immunity (Nakao & Yano, 1998). The complement system consists of a 

group of at least 20 - 30 serum proteins that co-operate with other defense mechanisms 

(Nakao & Yano, 1998). The complement system is activated through any of the three 

pathways demonstrated in Figure 3; the antibody-dependent classical pathway, the 

antibody-independent alternative pathway, and the lectin pathway triggered by the 

interaction of mannose-binding lectin (MBL) or ficolins with polysaccharides (Sunyer 

& Lambris, 1998; Magor & Magor, 2001). Ontogenic studies on halibut include 

immunohistochemical studies of the ontogeny of the complement component C3 (Lange 

et al, 2001; Langston et al, 2002; Lange & Magnadóttir, 2003) as well as haemolytic 

activity (Bowden et al, 2000) and characterization of halibut C3 (Colten, 1994). The 

ontogeny of the complement component C3 of halibut and cod has recently been 

described using immunohistochemical method (Lange et al, 2004a; Lange et al 2004b; 

Lange et al 2004c).  
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Figure 3. “Complement activation pathways and functions. Activation of the complement system 
through any of the three existing pathways (classical, alternative or lectin) leads to the activation 
of C3 forming C3b and C3a. C3b covalently binds to complement activating surfaces (i.e., 
bacteria, fungi, viruses). Bound C3b can be degraded into iC3b by factor I in the presence of 
factor H. C3b and iC3b bind to complement receptors (CR1, CR3) and promote phagocytosis, 
respiratory burst, and antigen-uptake processes. C4 activated through the classical or lectin 
pathways can also bind to an activating surface and promote its uptake, however the number of 
C4 molecules binding to a surface is always many folds less than that of C3 molecules. Antigen 
containing covalently bound C3b or C4b molecules (or their degradation fragments) can be 
further processed and presented to T-lymphocytes. Antigen containing bound Ig and C3d lead 
to the colligation of the B cells receptor (BCR or mIg) and complement receptor type 2 
(CR2/CD21) on B cells, which in turn lowers the threshold for B cell activation. In addition, 
C3b/C4b bound to a microorganism can lead to the formation of the membrane attack complex 
(MAC) which results in cell lysis. C5a and C3a anaphylatoxins generated during complement 
activation play a key role in inflammatory processes.” (Boshra & Sunyer, 2007)   

 

Boshra & Sunyer, 2007 
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The complement system has also been shown to play a role in the clearance of 

apoptotic material by enhancing the phagocytosis of apoptotic cells. These functions are 

critical in the maintenance of normal homeostasis and during developmental processes 

(Fishelson et al., 2001). C3 is the central complement component and interacts with 

many proteins, including some that participate in or control cell adhesion and cell-to-

cell communication (Del Rio-Tsonis et al., 1998). Halibut C3 has been isolated and has 

been found to be a two-chain (α-chain, 115 kDa; β-chain, 68 kDa) glycoprotein with an 

intrachain thioester bond in the α-chain (Lange & Magnadóttir, 2003). These 

characteristics are similar to those of mammalian C3, which through its thioester bond 

can covalently bind to target cells (Law & Dodds, 1997). The local synthesis of C3, as 

well as of other complement components in tissues other than the liver, may play an 

important role in local inflammatory processes (Colten, 1994) and also be involved in 

the clearance of apoptotic cells during tissue construction (Fishelson et al., 2001).  

 

 

1.2.3. Lysozyme 

Lysozyme plays an important role in the innate immune response and is an 

important factor in protecting fish against bacterial pathogens (Yousif et al., 1994; Lie 

et al., 1989). Its specific action is to attack the peptidoglycan layer of bacterial cell 

walls, by hydrolysis of N-acetylmuramic acid and N-acetylglucosamine, resulting in 

bacterial cell lysis. Leucocytes such as monocytes, macrophages and 

polymorphonuclear granulocytes are known to synthesize and secrete lysozyme in fish 

(Murray & Fletcher, 1976). Lysozyme is present in mucus, lymphoid tissue, serum and 

other body fluids of most fish species (Grinde et al., 1988; Lie et al., 1989; Lange et al., 

2001). It has also been detected in oocytes, fertilized eggs and larval stages of several 

fish species (Yousif et al., 1991; Kudo, 1992; Takemura & Takano, 1995; Takemura, 

1996; Brown et al., 1997; Cecchini et al., 2000 Takahashi et al., 1986; Lie et al., 1989; 

Murray & Fletcher, 1976). Lysozyme isolated from fish has been found to be effective 

as a bacteriolytic agent against both Gram-positive and Gram-negative fish pathogens 

(Grinde et al., 1988; Yousif et al., 1994). Thus, the importance of lysozyme is due to its 

antibacterial properties and because it is located in areas that are in frequent contact 

with pathogens. Bowden et al. (2004) compared the basal serum lysozyme levels in 

Atlantic halibut and observed highly different summer and winter levels of the enzyme 
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as has also been shown in the wild caught dab (Limanda limanda) (Hutchinson & 

Manning, 1996). Studies have revealed the presence of maternal lysozyme in many fish 

species (Balfry & Iwama, 2004; Kanis et al., 1976; Withler et al., 1987). Balfry and 

Iwama (2004) detected a positive correlation between maternal lysozyme activity 

(kidney and serum) and the lysozyme activity of unfertilized eggs of coho salmon. 

Furthermore, a significant lysozyme activity appeared at very early stages of the 

development. 

 

 

1.2.4. Intestinal immunity 

The intestinal immunity is important for the survival of larvae due to heavy bacterial 

load of the environment and the live feed. The gastrointestinal tract (GIT) is furthermore 

the largest immunologic organ in the vertebrate body (Takahasi & Kiyono, 1999). The 

fish GIT contains innate (Douglas et al., 2001) and specific immune functions (Grove et 

al., 2006; Matsunaga, 1998; Rombout et al., 1993). Polymorphonuclear leukocytes, 

lymphocytes and plasma cells located in the epithelial layer and lamina propria of the 

mucosa function to provide innate as well as acquired immunity. The underlying 

submucosa is composed of vascular and connective tissue and sometimes contains 

mucous glands (Hébert et al., 2002). In halibut, the relatively limited numbers of IgM+ 

cells which are present in the posterior intestine are predominantly in the epithelium 

rather than in the lamina propria. Furthermore, granulocytes and macrophages are 

located under the intestinal epithelium (Grove et al., 2006). GIT immune function are 

regulated by a combination of local, intra-GIT and inter organ signaling networks 

(Klein, 1998; Shanahan, 2000) and by inputs from the central nervous system (Ottaway, 

1991). For example, high densities culture and extreme environmental conditions 

impose stress and the surges in glucorticoids and other stress-associated hormones can 

compromise immune functions (Bly et al., 1997; Ruane et al., 1999; Yada & Nakanishi, 

2002). 
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1.3. Immunostimulants 

Previous studies have revealed that the use of non-specific stimulants which 

enhance elements of the innate immune system can lead to increased protection against 

different pathogens and result in improved larval survival (Ellis, 1988; Press & 

Lillehaug, 1995; Dalmo et al., 2000). Stimulation of the innate immune defence is 

therefore attractive for improved microbial management in juvenile production 

(Vadstein, 1997).  

An immunostimulant may be defined as an agent that stimulates the innate 

immune mechanism when given alone, or the specific mechanism when given with an 

antigen (Vadstein, 1997). Immunomodulation may therefore be directed at both the 

specific and the innate immunity. Vaccination is probably the best-known method of 

specific immunostimulation, entailing increased resistance against a specific antigen or 

pathogen. Due to a poorly developed immune system, fish larvae primarily rely on the 

innate immune parameters; however, for a short period the larvae can also depend on 

maternal immunity for specific defence. Experimental results have shown that maternal 

immunity may be manipulated by immunization of the broodstock and that increased 

resistance to infections may be obtained (Vadstein, 1997). Thus, direct 

immunostimulation of larvae must be aimed at the nonspecific part of the immune 

system, and several substances are known to have this ability (Vadstein, 1997). 

Phagocytosis is one of the main mediators of innate immunity to pathogens including 

bacteria, viruses and parasites in fish (Dügenci et al., 2003). The most important cells 

involved in this defence are the phagocytes that are supported by several soluble factors, 

such as the complement system and lysozyme (Dalmo et al., 1996; Verlhac et al., 1998; 

Yano, 1996). It is also well known that the innate immune system in fish can be 

triggered by various immunostimulants such as levamisole (Jeney & Anderson, 1993), 

glucan (Jørgensen & Robertsen, 1995; Engstad et al., 1992; Jeney et al., 1997), glucan 

plus vitamin C (Verlhac et al., 1996, 1998), yeast RNA (Sakai, 1999), 

lipopolysaccharide (Dalmo & Seljelid, 1995; Solem et al., 1995), growth hormones 

(Sakai et al., 1996), zeranol (Keles et al., 2002), chitosan (Siwicki et al., 1994) alginate 

(Skjemo & Berg, 2004) and medicinal plants (Dügenci et al., 2003). 

Lipopolysaccharides (LPS) from the cell wall of Gram negative bacteria, may act as 

immunostimulants by triggering a number of mechanisms, while e.g. mannuronic acid 

polymers may have a more restricted stimulatory effect (Espevik et al., 1993). Alginates 
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containing high percentages of mannuronic acid polymers are known to stimulate 

human monocytes to increased cytokine production (Otterlei et al., 1991). High-M 

alginate has been found to enhance the survival of Atlantic halibut yolk sac larvae and 

turbot juveniles (Vadstein et al., 1993; Skjemo et al., 1995). 

Successful immunostimulation of various fish species has been obtained by 

injection, bath and oral administration (Vadstein, 1997). The practical use of 

nonspecific immunostimulation in fish larviculture depends on the ability to stimulate 

without injection, although it has been shown that injections with glucan and chitin gave 

an increased resistance to Aeromonas salmonicida infection compared to administration 

by immersion. However, too few conditions were tested to be able to draw any firm 

conclusions regarding the possible advantages of administration by injection (Anderson 

& Siwicki, 1994). It is not known if immersion and oral administration entail complete 

stimulation of the nonspecific defence or stimulation of only the mucosal immune 

system. Intestinal uptake and organ redistribution of high-molecular-weight 

polysaccharides (glucan and poly-glucose) after oral administration have been 

documented (Dalmo & Seljelid, 1995; Sveinbjörnsson et al., 1995). It is therefore 

possible that immersion and oral administration may result in complete stimulation, but 

with certain limitations depending on the immunostimulants used as well as the fish 

species. In addition to the positive effects as judged by immune parameters and 

challenge tests, immunostimulation has also been shown to abolish the negative effects 

of immune suppression (Vadstein, 1997). 

 

 

 

1.4. Bioactive products 

1.4.1. Protein hydrolysates 

Hydrolysates can be defined as proteins that are chemically or enzymatically 

broken down into peptides of varying sizes (Skanderby, 1994). Although production is 

massive worldwide, the proper control of the process and the exact mechanism behind 

protein hydrolysis is in most cases not fully understood. However recent advances have 

given researchers insight into the connection between the process or extent of hydrolysis 
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and the physicochemical mechanisms responsible for specific functional properties of 

the hydrolyzed proteins (Kristinsson & Rasco, 2000).  

Chemical hydrolysis of proteins is achieved by cleaving peptide bonds with either 

an acid or a base solution. Several processes have been proposed for the acid or alkaline 

hydrolysis of fish muscle (Hale, 1972; Kristinsson & Rasco, 2000). Protein hydrolysis 

using strong chemicals and solvents is performed at extreme temperatures and pH, 

generally yielding products with reduced nutritional qualities, poor functionality, and 

that are restricted to use as flavor enhancers (Webster et al., 1982; Loffler, 1986). 

Biochemical hydrolysis of fish proteins is performed using enzymes for hydrolyzing the 

peptide bonds. This can be carried out using proteolytic enzymes already present in the 

fish viscera and muscle (endogenous proteases), or by adding enzymes from other 

sources (Kristinsson & Rasco, 2000).  

Peptides are chains of 2-50 amino acids that are connected with peptide bond. 

Oligopeptides contain less than 10 amino acids but peptides containing 10-50 amino 

acids are often referred to as multi peptides whereas larger chains are considered 

proteins (Gunnlaugsdóttir et al., 2005). Peptides are involved in various life cycles such 

as hormone release, control of blood sugar, metabolism in bones and in assorted nerve 

and protection processes (Pihlanto-Leppälä, 2001). Fish peptides can be produced by 

breaking down proteins with either fermentation or hydrolysate and there are some 

indications that those peptides have bioactivity (Pihlanto-Leppälä, 2001). As a 

nutritional factor, the proteins are broken down to smaller peptides by digestive 

enzymes and the peptides then disposed. Food enriched with bioactive products can 

physiologically affect the heart as well as the vascular system, the nerve system and the 

immune system in addition to the general absorption as nutrients (Pripp et al., 2005). 

Proteolytic modification of food proteins to improve palatability and storage 

stability of the available protein resources is an ancient technology (Adler-Nissen, 

1986). Until few years ago, only peptides derived from milk and herbal proteins were 

used in the food industry, both as flavor enhancers and bactericidal supplements (Pripp 

et al., 2005). Peptides derived from seafood, have recently gained increased interest, 

due to their bactericidal (Roller & Covill., 2000; Pranoto et al., 2005; Kotzamanis et al., 

2007) and immunostimulating effects (Bøgwald et al., 2002; Murray et al., 2003; 

Dautremepuits et al., 2004; Kim & Rajapakse, 2005; Snaar-Jagalska et al., 2003) as 

well as significance as food suppliments (Cahu et al., 1999; Murray et al., 2003; 
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Kristinsson & Rasco, 2000). Furthermore, large amounts of protein-rich byproducts 

originate from the seafood industry and can no longer be discarded directly to the ocean, 

due to environmental legislations, resulting in high cost of refining the material before it 

is discarded (Aspmo et al., 2005). The value of the proteinaceous fish wastes can be 

increased by convertion to hydrolysates with different bioactivity (Kristinsson & Rasco, 

2000; Aspmo et al., 2005). Pharmaceutical developments that are based on active 

peptides derived from marine organism are furthermore considered interesting for use as 

food supplements and functional food. The biggest problem with using fish protein and 

peptides to increase the nutrition value in the food industry is, however, the strong and 

bitter taste of the product (Kristinsson & Rasco, 2000).  

 

One of the main focuses in aquaculture is to increase the value of the fish by using 

the whole product, including the viscera and other byproducts (Slizyte et al., 2004; 

Slizyte et al., 2005; Gbogouri et al., 2004). Several studies have been carried out 

involving peptides derived from cod, both with respect to nutritional value (Cahu et al., 

1999; Murray et al., 2003), bactericidal effects (Kotzaminis et al., 2007) and as 

immunostimulants (Bøgwald et al., 2002; Murray et al., 2003). Bøgwald et al. (2002) 

reported that cod muscle hydrolysate had stimulating effect on Atlantic salmon head 

kidney leucocytes, in vitro as well as in vivo. Leucocytes cultured in the presence of 

peptides for a period of 2 to 9 days sustained the enhanced capacity of superoxide anion 

production compared to leucocytes grown in the absence of the peptides (Bøgwald et 

al., 2002).  

Protein hydrolysates derived from blue whiting have been found to show 

antibacterial activity (Jónsdóttir, 2004; Hermannsdóttir, 2005) and induce an inhibition 

of cancer cell growth (Picot et al., 2006). Peptide hydrolysates of blue whiting are 

therefore interesting product with respect to bioactivity.  

The nutritional composition of a protein hydrolysate derived from pollock has 

been investigated and the results revealed that it contained high levels of taurine, 

potassium and B-vitamin which gives high nutritional value (Liaset & Espe, 2008). 

Protein hydrolysates derived from pollock muscle have been reported to enhance 

lysozyme activity of sea bass after feeding for 30 or 60 days and treatment for 60 days 

was found to compensate haemolytic activity (Liang et al., 2006). Furthermore, only 

15% of pollock hydrolysates in the diet provoked the immunostimulating effects, higher 
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or lower levels of pollock hydrolysates did not significantly affect the immune response 

(Liang et al., 2006).  

 

 

1.4.2. Chitosan 

Chitin, the raw material in the production of chitosan, is a white, hard and 

inelastic structural polysaccharide found in cell walls of fungi and in exoskeletons of 

crustaceans. The molecular structure of chitin is identified as a high-molecular weight 

linear polymer of N-acetyl-D-glucosamine units (GlcNAc) linked by β-1,4 bonds. The 

hydrophobic nature of chitin makes it insoluble in water as well as in most organic 

solvents. In contrast, chitosan, the N-deacetylated form of chitin, is readily soluble in 

dilute organic acids at low pH (Primex, 2005). The most important parameter that 

determines the solubility of chitosan is the degree of deacetylation (DD). Conversion of 

chitin into chitosan increases DD, and thereby alters the charge distribution of the 

chitosan molecules. In general, the degree of acetylation (DA) of chitin is approximately 

90% and following partial or fully deacetylation with alkaline treatment, it is converted 

into chitosan. In addition to the DD, the degree of polymerization (DP) also contributes 

to the alteration of physico-chemical properties of chitosan. Unlike most 

polysaccharides, chitosan is positively charged following removal of acetyl units from 

the D-glucosamine residues. This chemical feature allows chitosan to bind strongly to 

negatively charged surfaces and is responsible for many of the observed biological 

activities. In addition to that, the non-toxicity, biodegradability and biocompatibility of 

chitosan promote their biological applications compared to other synthetic polymers 

(Kurita, 1998). 

Due to the rather unstable glycosidic bonds, chitosan and other polysaccharides 

can also be cleaved by hydrolyzing agents. Degradation of O-glycosidic linkages of 

chitosan by different methods leads to the production of chitosan oligosaccharides 

(COS) varying in the DP as well as number and sequences of glucosamine (GlcN) and 

GlcNAc units. Some of these methods include acid hydrolysis (Il‟ina & Varlamov, 

2004), enzymatic hydrolysis (Kuroiwa et al., 2002; Zhang et al., 1999), oxidative 

degradation (Shirui et al., 2004), ultra sonic degradation (Chen & Chen, 2000), 

chemoenzymatic (Akiyama et al., 1995) and recombinant approaches (Samain et al., 

1997).  
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Chitosan and its derivatives have been found to show various functional 

properties and various products have been used in many fields, as bactericidal agents 

(Covil et al., 2000; Pranoto, et al, 2005), immunostimulants (Dautremepuits et al., 

2004; Snaar-Jagalska et al., 2003; Feng et al., 2004), in cosmetics (Majeti & Kumar, 

2000), biomedicine (Felt et al., 1998) and in agriculture (Yamada et al., 1993). 

Furthermore, the biodegradable, non-toxic and non-allergenic nature of chitosan 

products especially encourages its potential use as a bioactive material (Kurita, 1998). 

Even though various products of chitosan are known to have important functional 

activities, poor solubility makes them difficult to use in food and biomedical 

applications. Unlike chitosan, its hydrolyzed products and chitosan oligosaccharides 

(COS) are readily soluble in water due to their shorter chain lengths and free amino 

groups in D-glucosamine units (Jeon et al., 2000). The low viscosity and greater 

solubility of COS at neutral pH have attracted the interest of many researchers to utilize 

chitosan in its oligosaccharide form. Especially, studies on the use of COS in food and 

nutrition arenas have emphasized their ability to improve food quality and human health 

progression. Recent advances have insighted into the health benefits of COS, including 

lowering of blood cholesterol (Macchi, 1996) and blood pressure (Giustina & Ventura, 

1995), protective effects against infections (Tokoro, 1989), controlling arthritis (Lee et 

al., 2003) and enhancing antitumor properties (Nishimura et al., 1984). Chitosan coated 

diet has been shown to improve water quality in fish farm environment of olive flounder 

and stimulate immune responses (Cha et al., 2008). Furthermore, it has been shown that 

chitosan can be used to deliver DNA vaccine by feeding the fish chitosan nanoparticles. 

The results indicated that sea bass orally vaccinated with chitosan-DNA (pVAOMP38) 

complex showed moderate protection against experimental Vibrio anguillarum infection 

(Kumar et al., 2007). 
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2. Materials and methods 

 

 

 

All experiments were carried out at Fiskey Ltd., the largest individual producer of 

halibut juveniles on a global scale since 1998. The experimental setup, surveillance and 

sample collection was carried out by the staff at Fiskey Ltd., while the student was 

responsible for the sample analysis and evaluation of the results, carried out at the 

laboratory of the University of Akureyri and Matís Ltd. 

 

 

 

2.1. Bioactive products used in the study 

Three different products of fish protein hydrolysates (FPH), obtained by enzyme 

hydrolysis of fish muscle proteins into smaller peptides were used in the study. The 

effects of the products were studied in three separate experiments, using blue whiting 

peptides (BP), cod peptides (CP) and pollock peptides (PP) in addition to a chitosan 

product manufactured by Primex Ltd.  

 

The cod peptide hydrolysates, produced by Jónína Þ. Jóhannsdóttir, scientist at 

Matís ohf. in Akureyri, and the pollock peptides manufactured by Iceprotein Ltd., were 

produced by an enzyme hydrolysis which was carried out under alkaline condition. The 

Alcalase 4.1 enzyme (Novozymes) was used for producing the cod hydrolysate, and 

Protomex (Novo Nordisk a/s) in addition to the Alcalase 4.1 enzyme (Novozymes) was 

used for producing the Pollock hydrolysate (95:5, respectively). The pH is kept stable 

by regularly adding alkali to the solution throughout the reaction process to avoid salt 

formation during the reaction and in order to keep the pH stable at the optimal level for 

the enzyme (pH 8.5). To stop the reaction, the pH is adjusted to 6.5 and the solution 

incubated at 80°C for 20 minutes for neutralization of the enzyme. The solution is then 

left to cool down at room temperature (RT) over night. During the hydrolysis, 

precipitation will occur due to proteins that are not hydrolysed or only partially 
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hydrolysed but the peptides with the requested degree of hydrolysis can be found 

dissolved in the liquid phase of the solution (Kristinsson et al., 2000).  

 

The blue whiting peptide hydrolysate used in the study was produced by Margrét 

Geirsdóttir, a scientist and PhD student at Matis ohf. The product was produced within 

the Seafood Plus project, funded by the European Commission 

(http://www.seafoodplus.org/Project_4_1_PROPEPHEAL.62.0.html). The peptide 

hydrolysate was produced using the Hultin-Process method which is based on changes 

in the pH of the solution in a chilled environment (Kristinsson & Rasco, 2000).  

 

Chitin and chitosan were extracted from the shell of crustaceans using stepwise 

chemical methods. In the first step, shrimp or crab shells are treated with 3–5% aqueous 

NaOH solution to remove proteins attached to the shells and thereby prevent the 

contamination of the chitin products with proteins. Deproteinized shells are then 

neutralized and calcium is removed by treatment with 3–5% aqueous HCl solution to 

obtain a white or slightly pink chitin precipitate. The chitin is then N-deacetylated using 

40–45% aqueous NaOH to form chitosan of a cationic nature. The resulting crude 

sample is then dissolved in 2% acetic acid and the supernatant neutralized with 3-5% 

aqueous NaOH solution to obtain purified chitosan as a white precipitate (Hirano, 

1996). After alkaline deacetylation, some of the amino groups may remain acetylated 

and distributed randomly along the whole polymer chain. The solubility and bioactive 

properties of various chitosan products depend on the degree of deacetylation (DD), 

with higher DD providing increased solubility (Kim & Rajapakse, 2005). The chitin 

product used in this study was manufactured by Primex Ltd, product number G060703 

(40% DD). 

 

 

 

2.2. Production of halibut larvae at Fiskey Ltd 

The spawning of the parental fish is controlled by means of photoperiod 

manipulation which yields three different spawning groups and access of eggs more or 

less the whole year around. The fertilized eggs are placed in tanks in the dark (0.25 m
3
) 
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with gentle aeration for 14 days at 5.0-5.3°C. The eggs are then transferred to silos (10 

m
3
) and approximately 24 hours later the larvae hatch. At that time the larvae are about 

seven mm in length and are delicate and poorly developed organisms (Fiskey Ltd). The 

yolk sac larvae remain in the silos at 5.0-5.3°C for approximately 50 days, nourishing 

on the content of the yolk sac, and are then transferred to first feeding tanks (3.5 and 7.0 

m
3
). At this stage the larvae are not able to digest formulated feed and are fed live 

Artemia franciscana nauplii (Great Salt Lake, Utah, USA). The Artemia is enriched 

using a mixture of fatty acids and vitamins prior to feeding to the larvae twice a day for 

approximately 65 days at 10.2-10.6°C. Towards the end of this period, the larvae go 

through metamorphosis and become benthic juveniles weighing approximately 0.3g. 

The juveniles are then transferred to weaning tanks where dry feed is gradually 

introduced. When the juveniles reach the size of 5g they can be transported to on-

growing. The entire process from the fertilization of eggs until weaning unto dry feed 

lasts for approximately four months (Figure 4). 

 

Figure 4. The life cycle of farmed Atlantic halibut at Fiskey Ltd. 

Life cycle of farmed Atlantic halibut 

Fiskey Ltd. 

(Hippoglossus hippoglossus L.) 
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The mortality of first feeding larvae was recorded on a daily basis throughout the 

period. Larval growth was evaluated on approximately weekly basis using dry weight of 

approximately 150 (at the onset of first feeding) to 15 (towards the end of the first 

feeding period) larvae from each tank. The larvae were dried for 4-5 days at 70-75°C 

and then weighed (dry weight of larvae). The survival and success of metamorphosis 

was evaluated at the end of the first feeding period and the quality of the juveniles was 

evaluated with respect to satisfactory eye migration and pigmentation when all juveniles 

had been transferred to weaning tanks. The survival was calculated as the percentage of 

larvae originally transferred to the first feeding tanks. Larvae that have not developed 

into juveniles after 70 days + in first feeding tanks are not expected to be successful and 

the survival is usually poor (Smáradóttir, personal communication).  

 

The first feeding larvae are offered Artemia nauplii during the first two months of 

feeding. The shell is removed using a chlorine solution (1:5 of 15% Natrium 

hypochloride, NaOCl, diluted in water) in a five step process including hydration, 

decapsulation, washing, deactivation and dehydration. Hatching of the Artemia eggs is a 

24 hour process at 27-30°C and salinity of approximately 34.5 ‰. The Artemia larvae 

are then rinsed carefully using cold freshwater and transferred to new containers where 

the enrichment (24 hours) takes place. Prior to enrichment, the density of the Artemia 

culture is adjusted to approximately 300 animals in each mL. After enrichment for 24 

hours (24 h Artemia) the Artemia is rinsed with cold water and approximately 1/3 of the 

culture is fed to the larvae (morning feeding) while 2/3 are transferred to a new 

container and an enrichment medium added before ongrowing for approximately 8 

hours (32 h Artemia) at 15°C. A special fatty acid and vitamin emulsion is used for 

enrichment of the Artemia at Fiskey Ltd., developed in collaboration with scientists at 

the University of Iceland and Lysi hf. 
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2.3. Experimental design 

The experiments were designed in collaboration between Fiskey Ltd., the student and 

scientists at Matis ohf. and the University of Akureyri. Experiments have to be 

organized with respect to the supply of eggs and larvae, and with a minimum risks taken 

with respect to the commercial production of larvae and juveniles. The staff at Fiskey 

Ltd. took care of the daily surveillance of the experiments and the treatments were 

terminated or changed if there were any signs of the treatment schedules negatively 

affecting the larvae. Control tank units with commonly practiced treatment of larvae 

were used for comparison in all experiments. 

 

 

2.3.1. Treatment of the live feed (Artemia)  

In the first experiment, two different methods were studied with respect to the 

delivery of the bioactive products to first feeding larvae. Adding the products to the tank 

water environment of larvae was compared to the method of using the live feed 

(Artemia) to deliver the products to larvae. In the two subsequent experiments, the 

method using the Artemia as vector was selected. The products were then added to the 

fatty acid enrichment medium of the live feed, in most cases through both daily feedings 

(24 h and 32 h Artemia, respectively). 

 

In the first experiment, the Artemia eggs were hatched (24 hours cultures) and 

then divided into smaller experimental units of 5 L for enrichments using the fatty acid 

emulsion. Two litres of seawater were added to each experimental unit and 3 L of the 

newly hatched Artemia then added to each bag. Hydrolysat from blue whiting in 

concentration of 0.02 g/L or hydrolysates from cod in the concentration of 0.33 g/L 

were then added to the cultures. After culturing for 24 hours, samples were collected 

and the same concentration of the peptides added to the cultures again prior to further 

growout for approximately 8 hours (32 h Artemia). The experimental design is shown in 

Figure 5. 
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Figure 5. Culturing and enrichment of the live feed using blue whiting (BP) or cod peptides (CP). 
For the 24 hour cultures of Artemia, the peptides were added to the culture only once and 
repeatedly for the 32 hour cultures, after culturing for 24 hours.. 

 

 

In the experiments using chitosan and pollock peptides (PP), the Artemia eggs 

were hatched and then enriched with chitosan (0.2 g/L) or PP (0.02 g/L) by adding the 

peptides to the the fatty acid emulsion prior to offering to the Artemia. The PP enriched 

Artemia was offered to the larvae in the first of two daily feedings and the chitosan 

enriched Artemia in both daily feedings. The experimental design is shown in Figure 6. 
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Figure 6. Culturing of the live feed and enrichment using chitosan or pollock peptides (PP). The 
newly hatched Artemia were grown at 30.°C for 24 hours (24 h Artemia). Approximately 2/3 of 
the cultures were then transferred to new containers and grown further for 8 hours at 15°C (32 h 
Artemia). For the 24 hour cultures of Artemia, the peptides were added to the culture only once 
but repeatedly for the 32 hour cultures, after culturing for 24 hours. 

 

 

2.3.2. Treatment of first feeding larvae 

Three separate experiments were carried out with treatment of first feeding larvae 

using four different bioactive products. The effects of the treatments were evaluated 

with respect to stimulation of selected immunological parameters as well as with respect 

to the overall success of the treated larvae compared to larvae in the control tank units.  

 

Experiment 1: The larvae in this experiment all originated from the same silo, 

collected to a 3.500 L tank at the onset of feeding at approximately 50 dph. The larvae 

were then transferred to the experimental tank units (100 L) at 34 dpff (96-184 

larvae/tank) and were given four days to acclimatize before the treatment was started at 

38 dpff. The experiment was carried out in duplicate, with untreated larvae in two tanks 

(control group), larvae in two tanks treated with blue whiting peptides through the live 

feed (0.02 g/L), larvae in two tanks treated with cod peptides through the live feed (0.33 

g/L) and larvae in two tanks treated with cod peptides added to the environment (0.033 

Hatch 24 hours 
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g/L) (Figure 7). After treatment for 6 days, the concentration of the cod peptides added 

to the tank water was reduced to 0.0165 g/L due to formation of excess organic wastes. 

The larvae were fed treated Artemia in both daily feedings until 66 dpff and samples 

collected at 34 dpff, 42 dpff, 48 dpff and 60 dpff. 

 

 

Figure 7. The experimental setup of larvae treated with peptides derived from blue whiting (BP), 
cod (CP) and cod peptides through the environment (CPE). All larvae used in the experiment 
originated from the same silo (sibling tank units). 

 

 

Experiment 2: The experiment was carried out in 3.500 L production units. The 

treatment was started immediately after transferring of yolk sac larvae to first feeding 

tanks (0 dpff) and was carried out towards the end of the first feeding period (49 dpff). 

The larvae were treated with chitosan through the live feed (0.2 g/L) in both daily 

feedings during the first four weeks of feeding (0–28 dpff). Feeding chitosan enriched 

live feed in both daily feeding was obviously too much as the feeding activity of larvae 

was evidently reduced after four weeks of feeding. Control Artemia was therefore fed 

between 29–33 dpff while the larvae recovered and the chitosan treatment then 

continued from 34 dpff onwards in only one of the two daily feedings (the morning 

feeding). The treated larvae and the control larvae originated from the same silo (sibling 

tank units). Furthermore, an additional tank unit was used as a control (Figure 8). 

Samples were collected weekly throughout the period, starting at 0 dpff and the last 

sample collected at 49 dpff.  
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Figure 8. The experimental design for the chitosan treatment of first feeding larvae. 

 

 

Experiment 3: The experiment was carried out in 3.500 L production units of 

first feeding larvae. The treatment with the bioactive products was started the day after 

the transfer of the yolk sac larvae to first feeding tanks and carried on throughout the 

first feeding period (1-57 dpff). The larvae in the experimental tank unit and the control 

tank unit originated from the same silo (sibling tank units). The larvae were treated with 

PP through the live feed in one of the two daily feedings (0.02 g/L) and samples were 

collected weekly throughout the period. The experimental design is shown in Figure 9. 

 

 

Figure 9. The experimental design for first feeding larvae treated with hydrolysate derived from 
pollock (PP)  

 

 

 

2.4. Sampling and preparation of samples 

Larvae were collected using disinfected pocket net and then transferred to a sterile 

jar filled with water from the respective tank. A group of approximately 100 (0 dpff) to 
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15 (at the end of first feeding) larvae were sampled at weekly intervals throughout the 

first feeding period. Samples were transported on ice to the laboratory where they were 

processed within four hours of collection. 

The larvae were killed with an overdose of the anaesthetic agent (Hypnodil; 

51μg/ml final concentration) which was added to the jars, let stand for 2-5 minutes and 

the larvae then separated from the solution by pouring the content of the jar through a 

sterilized sieve. 

For the immunohistochemistry analysis, 5 larvae from each sample in experiment 

3 (PP treated and untreated larvae) were embedded in a plastic tube (15mm x 30mm) 

and then covered in TissueTek medium. The blocks were snap frozen in liquid nitrogen 

for approximately 15 sec and then stored at -80°C for later analysis.  

For the enzyme linked immune sorbent assay (ELISA), western blot (WB) and 

protein analysis, the larvae were surface sterilized using 0.1 % v/v benzalkonium 

chloride and then rinsed three times in sterile solutions of 1% NaCl. The larvae were 

then enumerated and weighted into a sterile jar and a sterile solution of peptone 

seawater (0.1 % w/v) added up to a tenfold dilution. The larvae were then homogenized 

for 3x10 sec at 8000 rpm with 10 sec intervals (Ultra-Thurrax). Two 1 ml aliquots were 

then pipetted into eppendorf tubes and frozen at -80°C for later analysis.  

To make sure that tissue and cell membranes were sufficiently homogenized, the 

thawed samples were sonicated prior to further analysis. The microtip of the sonicator 

was then placed in the middle of the eppendorf tube and without touching the tube 

walls. The microtip was set on pulse for 1 second and pulse off for 1 sec for at total of 

59 sec. In order to avoid excess heating; the samples were kept on ice during sonication. 

The samples were then centrifuged at 1000 rpm for 10 min in order to precipitate larger 

proteins and tissue remains. The liquid phase was collected and the samples were then 

ready for further analysis using ELISA, WB and protein analysis.  

 

 

 

2.5. Sandwich ELISA  

The 96 well microtiter plates (Nunc) were coated with unlabeled antibody, rabbit 

anti-halibut IgM, diluted in carbonate buffer (20 µg/mL). The antibody solution (100 
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µL) was then added to each well and the plate incubated overnight at room temperature 

(RT) in a humidified chamber to allow complete binding of the antibody and to avoid 

evaporation. The remaining sites for protein binding were then saturated by incubation 

with 2 % bovine serum albumin diluted in phosphate buffered saline (PBSA) with 

0.05% Tween20, 200 μL/well for 1 hour at RT. The sample solution were further 

diluted using 0.2 % PBSA/0.05% Tween20, 100 μL then added to each well and the 

plates incubated for 2 h at RT in a humidified chamber. The capture antibody, mouse 

anti halibut IgM, was diluted 1:1000 in 0.2 % PBSA/0.05%Tween20. A 100 µl of the 

solution were added to each well before incubation for 2 h at RT in a humidified 

chamber. A 100 µl of the labeled secondary antibody (goat anti-mouse IgG; Sigma A-

1902), diluted to the appropriate concentration (1:1000) using 0.2 % PBSA/0.05% 

Tween20, were added to each well and the plates incubated for 2 hours at RT in a 

humidified chamber. Finally, 100 µl of the substrate solution were added to each well 

(1mg/ml p-nitrophenyl phosphate diluted in substrate buffer) and the optical density at 

405 nm read after incubation for 60 min at RT, using a Thermo multiscan Ex ELISA 

plate reader. Between every step, the wells were washed three times using PBS/0.05% 

Tween20 solution. All samples were run in quadruple and individual samples tested 

undiluted as well as in a tenfold dilution using 0.2 % PBSA/0.05% Tween20. For 

negative control, 100µl of 0.2% PBSA/0.05% Tween20 was added to the wells instead 

of the capture antibody and halibut IgM was used as a positive control on every plate 

(0.024 ng/mL – 1.56 ng/mL) 

 

Figure 10. A schematic figure showing the different steps of a sandwich ELISA: antibody coating 
(1), saturation (2), capture antibody (3), labeled secondary antibody (4) and a substrate reaction 
(5). 

 

To calculate and adjust the concentration of protein in the samples, a protein 

standard was prepared according to the Bradford method of protein quantification using 

Bradford reagent (Sigma B6916). The protein concentration of the antibodies was 
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adjusted to 20µg/ml. The positive control (halibut IgM) was tested in twofold dilutions 

of 1:1.000 – 1:1.024.000 and the protein content calculated based on the standard curve 

made of BSA.  

 

 

 

2.6. Immunohistochemistry (IHC) 

The samples were cryosectioned using Leica CM 1800, producing 8-10 μm thick 

sections. The sections were collected onto polysine microscope slides (Menzel gläser, 

Art.no.J2800AMNZ), the first one right after sectioning past the eyes. Three sections in 

a row were arranged one on each slide and the next 10 sections discarded before 

collecting the next three sections on the same slides. Sections were also collected in 

between for negative controls. The process was repeated until cutting to the distal end of 

the digestive system when only the muscle and no intestines appeared in the sections. 

The slides were dried for one hour and then stored at -80°C until stained. 

The immunohistochemistry was carried out using horse radish peroxidase (HRP) 

and fluorescent conjugated secondary antibodies. The primary antibody was tested in 

various dilutions and the 1:100 dilutions then selected for analysis of all samples. The 

tissue sections mounted on the polysine coated microscope slides were thawed and 

warmed up to RT before fixing in ice cold acetone for 10 minutes and then stained.  

Using HRP labeled secondary antibody, sections were washed in PBS after 

fixation and then incubated for 15 minutes at RT in a 3% solution of H2O2 diluted in 

PBS in order to block endogenous peroxidase activity. The sections were then washed 

in PBS and active sites for protein binding then blocked using 10% normal goat serum 

(Sigma G9023) diluted in PBS/0.05% Tween20 for 30 minutes at RT before washing in 

PBS/0.05% Tween20. The sections were then incubated with the primary antibody 

(rabbit anti-halibut IgM, mouse anti-halibut C3 or rabbit anti-cod lysozyme diluted in a 

solution of 0.2 % normal goat serum in PBS/0.05% Tween20) for 1 hour at RT in a 

humidified chamber. The sections were washed in PBS/0.05% Tween20 and then 

incubated with the HRP labeled secondary antibody solution (goat anti- rabbit Ig, Dako 

P0161 and rabbit anti-mouse Ig, Dako P0448) diluted in 0.2% normal goat serum in 

PBS/0.05% Tween20 for 1 hour at RT in a humidified chamber. The sections were 
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washed in PBS/0.05% Tween20 and then incubated in Na-acetaat buffer for 10 minutes 

at RT in a humidified chamber. Excess liquid was then poured off and the sections 

incubated in a solution of 3-amino-9-ethyl-cabazole (AEC) for 10 minutes. The sections 

were then rinsed with distilled water, counterstained with hematoxylin for 10 seconds 

and then rinsed again with running tap water for 10 minutes. Red color represents a 

positive reaction and the nuclei will stain blue. 

The sections analyzed using fluorescent labeled secondary antibody were air dried 

for 30 minutes after the fixation. The sections were washed in PBS-Tween20 and then 

incubated in a solution of 10% normal goat serum diluted in PBS/0.05% Tween20 for 

30 minutes to block non-specific binding of the immunoglobulins. The sections were 

then washed prior to incubation in a solution of the primary antibody (rabbit anti-halibut 

IgM, mouse anti-halibut C3 or rabbit anti-cod lysozyme) diluted in a 0.2 % solution of 

normal goat serum in PBS/0.05% Tween20 for 1 hour at RT in a humidified chamber. 

The sections were washed in PBS-Tween 20 and then incubated with a solution of 

fluorescent labeled secondary antibody, goat anti-rabbit Ig (Sigma F-0382) or rabbit 

anti-mouse Ig (Sigma F-0257) diluted in PBS/0.05% Tween20 for 30 minutes at RT in 

humidified chamber. From this step on, the sections had to be protected from light by 

covering the chamber with aluminum foil. The sections were then washed with PBS-

Tween 20 for 3x2minutes. 

Finally, all sections were mounted using Clarion Mounting Medium (Sigma, 

USA) and analyzed using Leica DMRA2 microscope with pictures taken using Leica 

DC300F digital camera. Both staining methods were used for the analysis of both small 

(20-29dpff) and larger (43-50 dpff) larvae. However, the response using the HRP 

method was found to be too weak for analyzes of the small larvae and the response 

using the fluorescent method too intensive for analyzes of the larger larvae. 

Consequently, the fluorescent labeling is presented for the smallest larvae only and the 

HRP staining for the larger larvae only. 
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2.7. Western blotting 

All gels were run in duplicate, with proteins in one gel electrophoretically 

transferred to a nitrocellulose membrane and stained using specific antibody while the 

proteins on the other gel were stained using Coomassie brilliant blue (CBB). 

The appropriate amounts of a sample buffer were added to each sample (1µl 

buffer: 4µl sample) and the samples then heated at 100°C for 5 minutes for denaturation 

of the proteins before loading onto the gels. The proteins in the samples were then 

separated by electrophoretic transfer in a 12 %SDS-PAGE gels (BioRad, 161-1102) 

using a constant current of 100mA for 4 hours. A size marker (BenchMark
TM

Protein 

ladder, 10747-012), a possitive control (purified C3 or IgM) and a negative control 

(buffer) were run on each gel. The proteins in the gel were made visible by incubating 

the gels in a 0.1% aqueous solution of Comassie Brilliant blue. The proteins in the gel 

were then electrophoretically transferred onto a nitrocellulose membrane using BioRad-

Trans-blot SD and using a constant current of 1.9-2.5mA per cm
2
 of gel are for 60 

minutes. Non-specific binding was then blocked by incubating the membrane in a 2% 

solution of BSA in 10% tris buffered saline (TBS) for 2 hours using mild rotation. The 

membranes were then incubated in a solution of primary antibody (rabbit anti-halibut 

IgM or mouse anti-halibut C3) diluted in 0.2% bovine serum albumin in TBS (TBSA) 

on rotation over night at RT. The membranes were then incubated in a solution of 

alcalic phosphate labeled secondary antibody (goat anti-rabbit Ig or rabbit anti-mouse 

Ig, Sigma) diluted in 0.2% TBSA, on rotation for 1 hour at RT. Then the membranes 

were incubated in alkalic phosphate (AP) substrate buffer before alkalic phosphatase 

activity was developed in a solution of AP-substratbuffer containing 7.5 mg/mL final 

concentration of nitroblue tetrazolium chloride (NBT) and 165 mg/mL final 

concentration of 5- bromo-4-chloro-3-indolyl phosphate p-Toluidine salt (BCIP). In 

between each step, the membranes were washed for 3x10 minutes in a solution of 

0.05% Tween 20 in TBS under mild rotation. 

 

 

 



36 

 

2.8. Protein analysis 

The protein content of the samples was analyzed using the Experion 
TM 

Pro260 

(BIORad 700-7000) which is an automatic electrophoresis station analysing both the 

total concentration as well as the size distribution of proteins (10-260 kD) of a sample. 

Each analysis kit contains a single use chip and the reagents required to perform the 

protein electrophoresis. All kit reagents were mixed according to the manufacturers´ 

recommendations (BioRad, 700-7000). The samples were prepared by adding 2 μl of a 

sample buffer to 4 μl of samples in a 0.5 ml microcentrifuge tube, vortex briefly and the 

solution then microcentrifuged at 10.000 x g for a few seconds. The blank was prepared 

the same way, using 4 μl of phosphate buffered saline (PBS) instead of a sample. The 

sample tubes and the Pro260 ladder were then heated at 95–100°C for 3–5 min, cooled 

down and microcentrifuged for 15 sec at 10.000 x g. Then 84 μl of distilled H2O were 

added to each tube which then were vortexed briefly and the samples then ready to be 

loaded onto the chip. In each chip there are 10 wells for samples, four wells for the gel 

stain, one well for the gel and one well for the ladder. Priming and loading of the chip 

were performed as described in the manual from the manufacturer (BioRad, 700-700). 
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2.9. Solutions  

Carbonate buffer: 

1.59g Na2CO3,  

2.93g NaHCO3  

Fill up to 1000 ml with distilled H2O (dH2O) and pH then adjusted to 9.6 using 2 

M HCl 

 

Phosphate buffered saline (PBS) (stock solution):  

53.72 g Na2HPO4,  

7.72 g NaH2PO4  

85 g NaCl 

Fill up to 1000 ml with dH2O, mix to dissolve completely and pH then adjusted to 

7.4 using 2 M HCl. The stock solution is diluted tenfold before use.  

 

Washing-buffer: PBS containing 0.05% Tween 20 

 

1% PBSA: PBS containing 1% Bovine serum albumin (BSA) 

 

0.2% PBSA: PBS containing 0.2% BSA 

 

Substrat buffer:  

97 ml (1M) dietanolamin added to 900 ml of dH2O and pH adjusted to 9.8 using 

6M HCl.  

100 mg of MgCl2 * 6 H2O mg (0.005M) is added and the solution then stored in 

a dark bottle at 4°C (in the dark) 

 

3% Hydrogen Peroxide: 10 ml of 30% H2O2 added to 90 ml PBS  

 

Blocking Solution: 10% w/v normal goat serum diluted in PBS/0.05% Tween20 

 

NA-acetaat buffer: 6.8 g Na-acetat added to 1 L d H2O and bring pH to 5 using acetic 

acid (2 M) 
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AEC (stock solution): 

260 mg AEC (3-amino-9-ethyl-carbazole) 

15 ml DMF (N<N-dymethylformamide)  

Stored in portions of 750 µl at -20°C 

AEC substrate solution for use:  

32.5 ml Na-acetaat buffer 

750 µl AEC stock solution  

16.25 µl 30% H2O2 

 

Running buffer (10x stock solution):  

25 mM Tris 

192 mM glycine  

 

Blotting buffer:  

A fresh solution is made for each run, containing 100 ml of 10x running buffer, 

200 ml 20% Methanol and fill up to 1000ml with dH2O before adjusting pH to 8.3 

 

Tris Buffered Saline (TBS) (stock solution): 

100mM Tris,  

0.9% NaCl 

Fill up to 1000ml with dH2O and pH adjusted to 8.3. The solution is stored in a 

dark bottle that is carefully covered from light by wrapping in an aluminium foil. 

 

Alkaline Phosphatase (AP) Substratbuffer (stock solution): 

0.1 M Tris,  

0.1 M NaCl,  

50 mM MgCl2  

pH is adjusted to 9.5 and stored at 4°C (for maximum 30 days). 

 

AP substrate solution (a fresh solution is made for every run):  

10 ml AP substrate buffer 
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44 µl NBT (Nitroblue Tetrazolium Chloride). A stock solution is made, 

containing 7.5 mg/ml of NBT dissolved in dH2O and stored in 500µl aliquotes at 

-80°C. 

33 µl BCIP (5-Bromo-4-chloro-3-indolyl-phosphate p-Toluidine salt). A stock 

solution is made, containing 165 g/ml BCIP dissolved in 100% 

dymethylformamide (DMF) and stored in 500µl aliquots at -80°C. 
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3. Results 

 

 

 

Selected bioactive products were used for treatment of halibut larvae during first 

feeding. The larvae were either treated through the tank water environment or through 

enrichment of the live feed before offering to larvae in one or both of the two daily 

feedings. The bioactive products selected were chitosan G060703 and peptide 

hydrolysates of cod, pollock and blue whiting muscle. The effects of the treatments 

were evaluated with respect to IgM, C3 and lysozyme in homogenates of larvae as well 

as in thin cross-sections of larvae, using monoclonal antibodies and the ELISA method 

or immunohistochemistry. The survival, growth and quality of larvae within each group 

were evaluated at the end of the first feeding period. 

 

 

 

3.1.  Enrichment of Artemia using bioactive products 

A number of pre-trials were carried out, studying the effects of various 

concentrations of blue whiting and cod peptide hydrolysates during culturing of 

Artemia. The results showed that the various concentrations of the bioactive products 

tested did not affect the quality of the Artemia measured as mobility, color and growth 

of the live feed. The method and timing of treatment of the Artemia was also examined 

and the results indicated that adding the products to the environment of the live feed, 

may lead to increased numbers of cultivable bacteria in the Artemia cultures. The 

analysis of the bacterial community was not a part of this work and the results therefore 

not shown or discussed here. Adding the bioactive products to the fatty acid and vitamin 

mixture used for enrichments of the live feed, proved to be easily implemented and in 

experiments 2 and 3, the bioactive peptides were therefore added to the fatty acid 

enrichment medium prior to emulsification of the mixture as this method of treatment 

may be expected to carry products effectively to the larvae. The treatment of the larvae 

using 0.33 g/L of the cod peptide hydrolysate resulted in a total collapse of larvae in 
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both tanks, but the concentrations used did not affect the quality of the live feed. There 

were, however, indications that the Artemia fed fatty acid enrichment medium 

containing pollock peptides seemed to grow larger compared to feeding the fatty acid 

enrichment medium alone (result not shown).  

 

 

 

3.2. Experiment 1 – Treating larvae with peptide 

hydrolysates from blue whiting and cod 

The larvae were treated from 34 dpff to 60 dpff, either through the tank water 

environment or through treatment of the live feed. The effects of treatment were 

evaluated by measuring the concentration of IgM in homogenates of ~30 (34 dpff) to 10 

(65 dpff) larvae at individual samplings. The results are presented as mean values of 

two tanks ±S.D. The effects of treatment were also evaluated with respect to growth and 

normal development of the larvae. IgM was detected in low concentrations in larvae 

from 34 dpff, using the ELISA method (Table 1). 

 

Table 1. IgM in larvae at various days post onset of first feeding (dpff) through first feeding (µg 
IgM/g larvae ). A pool of larvae 34 dpff was divided into 8 tanks, with each treatment carried out 
in duplicate and sampling at various dpff. 
BP = blue whiting peptides, CP = cod peptides, CPE = cod peptides through the tank water 
environment.  

 34 dpff 42 dpff 48 dpff 70 dpff 

BP 

0.001 

0.003 ± 0.001 0.014 ± 0.001 0.016 ± 0.0 

CPE 0.004 ± 0.002 0.013 ± 0.001 0.015 ± 0.001 

CP 0.005 ±0.000   

Control 0.003 ± 0.001 0.013 ± 0.003 0.014 ± 0.001 

 

 

Similar concentrations of IgM were found in larvae from all groups at the various 

sampling dates. After treatment for four days, a total collapse of larvae occurred in tanks 

with the CP treatment and further sampling consequently terminated. The treatments 

with the BP and CPE were continued to the end of first feeding (60 dpff) and an 
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additional sampling carried out post the end of the first feeding period (70 dpff). Similar 

concentrations of IgM were observed in larvae from all groups at the last two 

samplings, somewhat higher than at 42 dpff.  

 

Treating larvae with 0.1 g/L of BP through the live feed did not affect the growth 

(Table 2) or survival of the larvae (results not shown). Treating larvae with 0.5 g/L CP 

through the live feed resulted in a total collapse of larvae in both tanks only 4 days into 

the experiment (42 dpff). Treating larvae with CP through the tank water (CPE) resulted 

in elevated amounts of organic wastes in the tank water environment and that may have 

negatively affected the growth of larvae in this group.  

 

Table 2. The weight of larvae in mg (dry weight) at the beginning and at the end of the 
experiment (±S.D.). A pool of larvae at 34 days post onset of first feeding (dpff) was divided into 
8 experimental tank units, with each treatment carried out in duplicate. 
BP = blue-whiting peptide CPE = cod peptides through the environment. 

 34 dpff 70 dpff 

BP 

12.8 

37.0 ± 1.0 

CPE 32.0 ± 1.0 

Control 39.5 ± 4.5 

 

Treating with BP resulted in the highest ratio of larvae not metamorphosed at the 

end of first feeding (29%), considerably higher than in the control group (12.5%) but 

similar to the CPE group (25%) (Figure 11). The ratio of poorly metamorphosed 

juveniles was similar in all groups (~11.5 %).  
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Figure 11. Success of metamorphosis of larvae at the end of the first feeding period. The 
columns show the mean % of larvae not metamorphosed (blue bars) and poorly 
metamorphosed juveniles (red bars) in each group (±S.D.). BP = blue whiting peptides, CPE = 
cod peptides through the environment. 

 

 

 

3.3. Experiment 2 – Treating larvae with chitosan 

G060703 

Larvae were treated from 0 dpff to 49 dpff by adding the product to the fatty acid 

and vitamin mixture used for enrichment of the live feed prior to offering to larvae. The 

effects of treatment were evaluated by measuring the concentrations of IgM in 

homogenates of ~100 (0 dpff) to 10 (65 dpff) larvae at individual samplings. The effects 

of treatment were furthermore evaluated with respect to growth and normal 

development of the larvae at the end of first feeding. 

 

Using the ELISA method, IgM was first detected in larvae at 35 dpff (Figure 12) 

which is approximately the time when the chitosan treated larvae stopped eating.  
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Figure 12. Concentration of IgM in larvae from the onset of feeding and throughout the first 
feeding period, measured by the ELISA method (µg IgM in each g of larvae). Included is the 
mean weight of larvae in all tanks during the period, measured at various dpff throughout first 
feeding. 
* Larvae originating from the same silo as the chitosan treated larvae (sibling tank units) 

 

Increasing concentrations of IgM were measured in larvae between 35 dpff and 49 

dpff when the experiment was terminated. Similar concentrations were detected in 

larvae up to 42 dpff, but higher concentration of IgM was detected in the control larvae 

compared to chitosan treated larvae at 49 dpff. At the end of the experiment, the lowest 

concentrations of IgM were measured in the chitosan treated larvae. The results indicate 

that treatment with chitosan negatively affected the concentrations of IgM detected in 

larvae. 

 

Feeding larvae Artemia treated with 0.2 g chitosan in each liter of the live feed 

cultures seemed to negatively affect the growth and normal development of larvae 

(Figures 13 and 14). However, larval survival was not affected (result nor shown). The 

chitosan treatment was discontinued at 29 dpff due to a recess in the feeding activity of 

the larvae. After a four days recovery period for active feeding to recommence while 

feeding untreated Artemia, the treatment was continued (35 dpff), however, only 

through one of the two daily feedings. A considerable reduction in weight gain of the 

chitosan treated larvae was observed during the last week compared to the control 
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larvae (Figure 13), resulting in the lowest weight of larvae in the chitosan treated group 

at the end of the experiment. 

 

Figure 13. Weight of larvae during the experimental period (0-50 days post onset of first feeding, 
dpff). The weight was measured in mg dry weight of ~150 (0 dpff) to 15 (~50 dpff) larvae from 
each tank. Also shown is the mean weight of larvae in all tanks during the period. 
* Larvae originating from the same silo as the chitosan treated larvae (sibling tank units). 

 

The ratio of larvae not metamorphosed and poorly metamorphosed juveniles was 

higher in the chitosan treated group (60% and 30%, respectively) compared to both 

control groups (Figure 14). The ratio of not metamorphosed larvae varied in the control 

tanks (24% and 12%) but the percentage of poorly metamorphosed juveniles was 

similar. 
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Figure 14. Normal development of larvae at the end of the first feeding period. 
* Larvae originating from the same silo as the chitosan treated larvae (sibling tank units). 

 

 

 

3.4. Experiment 3 – Treating larvae with pollock 

peptide hydrolysates 

The larvae were treated from 0 dpff to 57 dpff, through treatment of the live feed. 

The effects of treatment were evaluated by measuring the concentration of IgM in 

homogenates of ~100 (0 dpff) to 10 (65 dpff) larvae. The presence of IgM, C3 and 

lysozyme was evaluated using immunohistochemistry studies of a minimum of five 

larvae from each tank at individual samplings. The results of the fluorescent staining are 

shown for the smallest larvae only (0-29 dpff), as the response using the HRP staining 

was very weak and hard to detect. However, the response in the larger larvae (43-50 

dpff) was far too strong using the fluorescent staining and the results of the HRP 

staining therefore only presented. The main emphasis was on the presence of the 

selected immune parameters within the digestive system of larvae. The location within 

the digestive system shown in each figure was determined with respect to recognition of 

organs and cells. The negative controls were from similar locations in the digestive tract 

as shown in each group of figures with the location based on the number of collected 
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sections. The effects of treatment were also evaluated with respect to growth and normal 

development of the larvae at the end of the first feeding period. 

 

 

3.4.1. Effects of treatment on the presence of IgM in larvae. 

Using the ELISA method, low concentrations of IgM were detected in larvae from 

both groups at the onset of feeding (Figure 15). IgM was not detected in larvae between 

8 dpff and 36 dpff when IgM was again detected in larvae from both groups.  

 

 

Figure 15. Concentration of IgM in larvae from the onset of feeding and throughout the first 
feeding period, measured by the ELISA method (µg IgM in each g of larvae). PP = pollock 
peptides and control larvae originating from the same silo as the treated larvae (sibling tank 

units). 

Increasing concentrations of IgM were measured in larvae during the last three 

weeks of first feeding. Treatment with PP was not found to affect the measured 

concentrations of IgM.  

 

 

 

 

 



48 

 

IgM was detected in larvae already at the onset of feeding. (Figure 16). A positive 

response is observed in the kidney, spleen, the muscularis externa of the digestive tract, 

the connective tissue as well as other cellular layers of the digestive system of the 

larvae.  

 

 

Figure 16. Fluorescent staining of IgM in sections of larvae at the onset of first feeding. The 
figure shows kidney (A), spleen (B), the digestive system (C and D) and negative controls of 
larvae at the onset of feeding (E) (1000x magnification). 
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After eight days of treatment with PP (8 dpff), IgM seems to be more prominent 

in treated larvae compared to the control larvae (Figure 17). However, no difference is 

observed with respect to the external layer of mucosa when treated and untreated larvae 

are compared.  

 

 

Figure 17. Fluorescent staining of IgM in sections of larvae 8 days post onset of first feeding 
(dpff). The figure shows the digestive system of treated larvae (A-F), control larvae (G-I) and 
negative controls of treated and untreated larvae (M and N, respectively) (1000x magnification). 

 

 

At 29 dpff, no obvious differences in the presence of IgM were detected in the 

connective tissue beneath the epithelium cells (Figure 18). A slight difference may be 

detected in the mucosa membrane of the digestive tract when the two groups are 

compared. There is an indication that IgM may be more prominent in between the 

epithelium cells in the treated larvae compared with the control larvae. No obvious 
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differences were detected in the five treated larvae examined, but the presence of IgM 

was highly variable in the five control larvae examined (Figure 18). 

 

 

Figure 18. Fluorescent staining of IgM in sections of larvae 29 days post onset of first feeding  
(dpff). The figure shows the digestive system of treated larvae (A-F), control larvae (G-I) and 
negative controls of treated and untreated larvae (M and N, respectively) (1000x magnification).  

 

 

Figure 19 shows the oesophagus, presumably at the junction to the stomach. No 

obvious differences were observed when the larvae from the two groups were 

compared. The positive reaction may be slightly stronger in the control larvae but 

further down the digestive tract the response is quite variable when individual larvae are 

compared (result not shown). Higher individual variations were observed in larvae from 

the untreated group compared to the treated group.  
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Figure 19. HRP staining of IgM in sections of larvae 43 days post onset of first feeding (dpff). 
The figure shows the oesophagus of treated larvae (A-C) and control larvae (D-F) (1000x 
magnification) and a negative control of treated larvea (G) (400x magnification). 
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A closer look at the intestines reveals similar reaction in the treated and untreated 

larvae at 50 dpff (Figure 20).  

 

 

Figure 20. HRP staining of IgM in sections of larvae 50 days post onset of first feeding (dpff). 
The figure shows the intestines of treated larvae (A-B), 5 control larvae (C-D) and a negative 
control of treated larvae (E) (1000x magnification). 
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3.4.2. The effect of treatment on the presence of C3 in larvae. 

C3 was present in larvae already at the onset of feeding (Figure 21). A positive 

response was observed in the digestive system as well as in the kidneys. 

 

 

Figure 21. Fluorescent staining of C3 in sections of larvae at the onset of feeding. The figure 
shows the digestive system (A and B) and kidney (C) of larvae  and negative controls of the 

digestive system and kidney of treated larvae (D and E, respectively). (1000x magnification). 
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After 8 days of treatment with PP (8 dpff), C3 is more prominent in the digestive 

system of treated compared to untreated larvae (Figure 22). In untreated larvae, C3 

appears to be present only in the connective tissue but a positive reaction may be 

detected between the epithelium cells of the digestive system in the treated larvae. 

 

 

Figure 22. Fluorescent staining of C3 in sections of larvae 8 days post onset of first feeding 
(dpff). The figure shows the digestive system of treated larvae (A-F), control larvae (G-L) and 
negative controls of treated and untreated larvae (M and N, respectively). (1000x magnification). 
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After 29 days of treatment (29 dpff), there are indications that treatment with PP 

resulted in the stimulation of C3 production in the digestive system of larvae C3 (Figure 

23). The positive reaction seems to be stronger in all the treated larvae that were 

examined compared to the same number of untreated larvae examined.  

 

 

Figure 23. Fluorescent staining of C3 in oesophagus in larvae 29 days post onset of first feeding 
(dpff). The figure shows the digestive system of treated larvae (A-F), control larvae (G-L) and 
negative controls of treated (M, N) and untreated (O) larvae  (1000x magnification). 
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The positive reaction in the intestines seems to be stronger and more widespread 

in the treated compared to untreated larvae (Figure 24). A positive reaction can be 

detected in the muscularis externa as well as in the connective tissue of treated larvae, 

but is mainly restricted to the muscularis externa in larvae from the control group. 

 

 

Figure 24. Fluorescent staining of C3 in sections of larvae 29 days post onset of first feeding 
(dpff). The figure shows the digestive system of treated larvae (A-F), control larvae (G-K) and 
negative controls of treated and untreated larvae (L and M, respectively) (1000x magnification). 

 

 

The response in the oesophagus indicates stronger positive reaction in the treated 

larvae compared to the control (Figure 25). The positive reaction in the untreated larvae 

appears only as a thin line in the connective tissue beneath the epithelium and in the 

goblet cells but in the treated larvae the response is detected in the connective tissue as a 

whole. 
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Figure 25. HRP staining of C3 in sections of larvae 43 days post onset of first feeding (dpff). The 
figure shows the oesophagus of treated larvae (A-D), control larvae (E-H) (1000x magnification) 
and negative controls of treated and untreated larvae (I and J, respectively) (400x 
magnification). 
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Figure 26 shows a closer view of the regions shown in Figure 25, (C, D, G and 

H). The positive reaction in the treated larvae is stronger, indicating higher 

concentrations of C3.  

 

 

Figure 26. HRP staining of C3 in sections of larvae 43 days post onset of first feeding (dpff). The 
figure shows a closer view of the regions shown in Figure 25, showing th oesophagus of treated 
(C, D) and untreated (G, H) larvae  (1000x magnification). 
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At 43 dpff, the pyloric caecae are appearing and the foldings are turning conical 

(Figure 27). The positive reaction seems to be stronger in the treated compared to the 

untreated larvae. The difference in the brightness of the color may, however, be 

misleading.  

 

 

Figure 27. HRP staining of C3 in sections of larvae 43 days post onset of first feeding (dpff). The 
figure shows the pyloric caecae of treated larvae (A-B) and control larvae (C-D) (1000x 
magnification). 

 

 

The intestines contain small folds in the uppermost part and at 43 dpff and C3 seems to 

be present only in a thin layer beneath the goblet cells and the epithelium layer (Figure 

28). No obvious differences were detected in treated and untreated larvae with respect to 

the presence of C3.  
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Figure 28. HRP staining of C3 in sections of larvae 43 days post onset of first feeding (dpff). The 
figure shows the intestines of treated larvae (A-D), control larvae (E-H) and a negative control of 
treated larva (I) (1000x magnification). 

A considerably weaker reaction with respect to the presence of C3 was observed 

in the oesophagus of larvae at the end of the first feeding period (Figure 29) compared 

to the sampling a week before (Figures 25 and 26). Hardly any reaction was observed in 
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the untreated larvae at this sampling, but a clear positive response was seen in larvae 

treated with PP.  

 

Figure 29. HRP staining of C3 in sections of larvae 50 days post onset of first feeding (dpff). The 
figure shows the oesophagus of treated larvae (A-C), control larvae (D-F) (1000x magnification) 
and a negative control of treated larvae (G) (400x magnification). 
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In the intestines, the reaction at 50 dpff (Figure 30) is similar to the reaction 

observed at the last sampling a week before (Figure 28). No obvious differences can be 

detected when treated and untreated larvae are compared. 

 

 

Figure 30. HRP staining of C3 in sections of larvae 50 days post onset of first feeding (dpff). The 
figure shows the intestines of treated larvae (A-B) and control larvae (C-D) (1000x 
magnification). 
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3.4.3. Effects of treatment on the presence of lysozyme in larvae. 

At the onset of feeding, lysozyme seems to be present in the digestive system of 

larvae (Figure 31), but considerable differences in the magnitude of the reaction were 

observed when individual larvae were compared (result not shown). A strong positive 

reaction with respect to lysozyme was seen in the digestive system of some of the five 

larvae examined in each group, but hardly detectable in other larvae.  

 

 

Figure 31. Fluorescent staining of lysozyme in sections of larvae at the onset of first feeding.The 
figure shows the digestive system (A-C) and negative controls from similar location in the 
digestive tract of treated (D) and untreated (E) larvae (1000x magnification). 

 

 

 

 

After the first eight days in feeding (8 dpff), there are indications of a stronger 

positive reaction with respect to lysozyme in treated larvae compared to untreated larvae 

(Figure 32). The strongest response was observed in the contents of the digestive 

system, in the muscularis externa and surrounding the epithelium cells of the digestive 

system.  
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Figure 32. Fluorescent staining of lysozyme in sections of larvae 8 days post onset of first 
feeding (dpff). The figure shows the digestive system of treated larvae (A-D), control larvae (E-
H) and negative controls from treated and untreated larvae (I and J, respectively) (1000x 
magnification). The arrow show Epithelium cells (A), content (B) and muscularis externa (C).  

 

At 15 dpff, a similar reaction to lysozyme was observed in the digestive tract of 

treated and untreated larvae (Figure 33).  

 

Figure 33. Fluorescent staining of lysozyme in sections of larvae 15 days post onset of first 
feeding (dpff). The figure shows the digestive system of treated larvae (A-D) and control larvae 
(E-H) (1000x magnification). 
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At 29 dpff, a similar reaction to lysozyme was observed in the digestive system of 

treated and untreated larvae (Figure 34). However, individual variations were observed 

in the untreated larvae.  

 

 

Figure 34. Fluorescent staining of lysozyme in sections of larvae 29 days post onset of first 
feeding (dpff). The figure shows the digestive system of treated larvae (A-D), control larvae (E-
H) and a negative control from each group (I and J) (1000x magnification). 
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A weak positive response was detected in the stomach of larvae from both groups 

at 43 dpff (Figure 35). The response with respect to lysozyme was stronger in the 

connective tissue beneath the goblet cells and in the epithelium layer of the stomach in 

treated larvae compared to the control group.  

 

 

Figure 35. HRP staining of lysozyme in sections of larvae 43 days post onset of first feeding 
(dpff). The figure shows the stomach of treated larvae (A-B) and control larvae (C-D) (1000x 
magnification) and a negative control of treated larva (E) (100x magnification). 

 

 

A strong positive reaction with respect to lysozyme was observed in the 

connective tissue beneath the goblet cells, in the epithelium layer as well as in the lumen 

of the intestines of treated larvae (Figure 36). A weak positive response was observed in 

the untreated larvae and only in the intestinal lumen. 
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Figure 36. HRP staining of IgM in sections of larvae 43 days post onset of first feeding (dpff). 
The figure shows the intestines of treated larvae (A-B) and control larvae (C-D) (1000x 
magnification) and a negative control of treated larvae (E) (magnification 400x). The arrows 
shows connective tissue beneath the goblet cells (A,C) and the lumen (B,D).  

 

 

A distinct positive response with respect to lysozyme was detected in treated 

larvae at 50 dpff (Figure 37). The response in untreated larvae was barely 

distinguishable and similar to the negative control. The response was mainly detected in 

the connective tissue as well as beneath and in-between the goblet cells.  
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Figure 37. HRP staining of lysozyme in sections of larvae 50 days post onset of first feeding 
(dpff). The figure shows the oesophagus at the junctions to the stomach in treated larvae (A-D) 
control larvae (E-H) (1000x magnification) and a negative control of treated larvae (I) 
(magnification 200x). The arrows shows positive response in connective tissue (A,D,F), 
inbetween the goblet cells (B) and beneath the epitermal layer (C,H).  
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3.4.4. Evaluation of larval success 

 

Treating larvae using 0.02 g/L of PP through the live feed did neither affect the 

growth (Figure 38) nor the survival of the larvae (result not shown). However, the 

treatment resulted in higher ratio of larvae not metamorphosed (Figure 39). Larval 

growth was evaluated on approximately weekly intervals from the onset of (0 dpff) and 

until the end of the first feeding period (57 dpff). The success of metamorphosis was 

evaluated at the end of the first feeding period (57 dpff), with respect to deviation in eye 

migration and pigmentation and the ratio of larvae successfully developing into 

juveniles. 

 

At the end of the first feeding period, the weight of larvae in the control group 

(39.5 mg) was higher than the weight of treated larvae (35.9 mg). The weight of larvae 

in both groups was similar to the mean weight of larvae in all tanks during the period 

(Figure 38).  

 

 

Figure 38. The weight of larvae in the experimental tank units at various days post onset of first 
feeding (dpff) throughout first feeding (mg dry weight). Included is the mean weight of larvae in 
all tanks during the period, measured at various dpff throughout first feeding. PP = Pollock 
peptides 
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The ratio of larvae not metamorphosed at the end of first feeding was over four 

times higher in the PP treated group compared to the control group (Figure 39). The 

ratio of poorly metamorphosed juveniles was similar in both groups. 

 

 

Figure 39. Metamorphosis evaluated towards the end of the first feeding period (57 days post 
onset of first feeding, dpff). Shown is the ratio of larvae not successfully metamorphosed and 
poorly metamorphosed juveniles. PP = Pollock peptides 

 

 

 

3.5. Western blotting and protein analysis  

Proteins from homogenates of larvae, separated by electrophoresis, were found to 

be smeared over a large area of the gel, rather than appearing as distinct bands within 

the gel. The duration of the electrophoretic transfer was therefore carried out in various 

time lengths and the preparation of the samples was examined step by step. Different 

setups were tested as well as various methods for preparation of the samples, without 

managing to acquire successful separation of sample proteins. Electrophoretic transfer 

of the proteins onto a nitrocellulose membrane therefore resulted in smeared bands 

stained by the specific antibodies. As a consequence, the immunohistochemistry method 

was selected for analysis of samples in the last experiment.  
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Furthermore, a considerable effort was spent on analysis of the protein content of 

samples as well as in solutions of the bioactive products used in the study, using an 

automatic electrophoresis station, Experion
TM

 System. The ideology was to locate 

proteins of the same size as the immune parameters in question (IgM and C3) and with 

the possibility to quantify proteins of these size groups in samples of treated and 

untreated larvae. Various samples were tested, including dilutions of the bioactive 

products, samples of the live feed and larvae treated with the products, a BSA, IgM and 

C3 standards in addition to a negative control (dH2O). Variable results were obtained 

when re-running individual samples and the equipment was not found to work 

adequately or give sufficiently accurate results. After numerous consultations with the 

manufacturer, a new protein marker was donated, and tested in all 10 wells obtaining 

identical and reproducible results. The samples were then rerun, but with unsuccessful 

and non reproducible results. 
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4. Discussion  

 

 

 

The Atlantic halibut (Hippoglossus hippoglossus L.) is an eligible species in 

commercial aquaculture. However, the mortality rates of halibut larvae are high and 

more studies are needed in order to increase the survival rates (Schulze et al., 2006; 

Olafsen, 2001). Among other aspects, the immune system of larvae has been studied in 

relation to their development (Biering, 1997; Bricknell et al., 2000: Ingilae et al., 2000; 

Lange et al., 2001). The specific immune response is commonly slow and there are 

indications that specific parameters develop late in the developmental process in halibut 

among other fish species (Zapata et al., 2005; Magnadottir et al., 2005). It is therefore 

important to find ways to stimulate the innate immune response of fish larvae. A better 

understanding of the innate immune parameters of the larvae can provide indications of 

how and when these parameters should be stimulated (Bricknell & Dalmo, 2005; Sakai, 

1999). The more advanced molecular tools available in today‟s research opens for the 

possibility of more specific studies of the interwoven and complex immunological 

responses that will hopefully result in increased quality of the larvae and contribute to 

higher success in marine aquaculture. Further understanding of the various factors that 

can influence the growth and metamorphosis of larvae is needed in order to contribute 

to a higher ratio of fast growing and successfully metamorphosed juveniles and thereby 

maximize the profit for the industry.  

 

This project was a part of a bigger project where the common aim was to 

contribute to increased survival of halibut larvae during first feeding. Four bioactive 

products were studied with respect to their ability to stimulate selected components of 

the immune system of halibut. The study was carried out in three separate experiments 

and through a series of analyzes using the ELISA method and immunohistochemistry 

(IHC) where specific antibodies directed against selected components of the innate 

immune system of larvae were used. The bioactive products were fed through the live 

feed and the main emphasis therefore on the immune factors located in the digestive 

system of the larvae. It must, however, be noted that individual variations will always 
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exist, not least due to the age difference of individual larvae within each tank which 

normally can be up to eight days. As a consequence, the developmental stage of the 

digestive system in individual larvae can vary. 

 

To summarize, increasing levels of IgM were detected in larvae from ~29 dpff 

and onwards. Furthermore, low levels of IgM were detected in larvae already at the 

onset of feeding but IgM was not detected in larvae sampled between 8 and 26 dpff, 

indicating that the IgM detected in larvae at the onset of feeding may be maternal IgM. 

Previous studies in salmon have shown that the levels of maternal IgM were quickly 

reduced after hatching, reaching non-detectable levels just prior to the onset of feeding 

when autologous IgM production started (Olsen & Press, 1997). Furthermore, maternal 

IgM have been seen dispersed throughout the yolk of the embryo as well as being 

localized within the external membrane of the egg in channel catfish, which may 

indicate separate functional roles (Hayman & Lobb, 1993). Maternal IgM may also be 

restricted to the egg membrane as observed in salmon (Olsen & Press, 1997). However, 

the lack of protection observed in the maternal antibodies of larvae and fry indicates a 

different or additional role attributed to the maternal IgM (Magnadottir et al., 2005). A 

possible primary role of maternal antibodies could therefore be to protect the eggs 

against vertical transfer of certain pathogens. Maternal IgM may furthermore aid 

phagocytosis or the activation of complement pathways during the early developmental 

stages and IgM may even function simply as a nutritional yolk protein (Magnadottir et 

al., 2005).  

An increase in the levels of IgM has been reported during the early stage of fish 

larvae, where Ig+ cells are present and show immunohistochemical reactivity for Ig 

(Imagawa et al., 1991; Lamers, 1986; Pettersen et al., 2000; O´Dowd et al., 1998; 

O´Dowd et al., 1999). In salmon, the presence of IgM on the surface of lymphocytes 

appears at approximately 45 dph and coincides with the onset of feeding (Ellis, 1977). 

However, although surface Ig positive B cells were detectable in 14 dph old carp, they 

were not able to develop into plasma cells until 30 dph (Koumans-van Diepen et al., 

1994). In the present study, increasing concentrations of IgM were detected from 29 

dpff and througout the first feeding period (29-70 dpff). Increasing concentrations of 

IgM were detected in all groups with the exception of the chitosan treated larvae where 

the detected levels of IgM were considerably lower compared to the other groups. The 
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highest levels of IgM were measured in the BP treated larvae and realtively higher than 

in the control group. A similar increase in the detected concentrations of IgM was 

observed in PP treated larvae and the control group. The negative effects of the chitosan 

treatment indicate some kind of detrimental effects and the treatment then reduced to 

only one of the two daily feedings of larvae. In this group, lower levels of IgM were 

detected in treated larvae compared to the control group. It can therefore be concluded 

that treatment with chitosan (0.2 g/L) did not stimulate the production or expression of 

IgM and even lead to reduced expression or production of IgM in the larvae. 

Furthermore, treating larvae with CP resulted in a total collapse of all larvae within both 

experimental tank units after only four days of treatment. The quality of the treated 

Artemia, measured as the color and mobility of the live feed as well as the numbers of 

cultivable bacteria in the cultures, was neither affected by treatment with CP nor 

chitosan. Previous findings have reported that elevated concentrations of bioactive 

products can adversely affect the immune system and harm or even kill the treated 

organism (Vadstein, 1997). The concentration of the bioactive products used is 

therefore a key issue to consider.  

Increased levels of IgM were observed in the CPE treated larvae after only four 

days of treatment. However, considerable differences were observed in the 

concentration of IgM in larvae from the two separate tanks with the CPE treatment. The 

lower levels detected were similar to the levels detected in larvae from the control 

group. As a consequence it is difficult to state if treatment of larvae using the cod 

peptide hydrolysates through the environment stimulated the production of IgM.  

 

C3 was detected throughout the larvae when treated with PP as well as in the 

untreated larvae. No differences were observed with respect to the presence or 

distribution of C3 in treated and untreated larvae with the exception of the digestive 

tract where stronger response may be detected in the treated larvae. The presence of C3 

was detected already at the onset of feeding (50 dph) but only with a faint response, 

indicating low levels present at this stage. Previous studies show that at the onset of 

feeding, C3 was detected in columnar epithelial cells of the gut (oesophagus, stomach 

and intestine) as well as in epithelial and mucosal cells of the skin in halibut larvae 

(Magnadóttir et al., 2005). The present results strongly indicate that the addition of the 

pollock peptides to the live feed resulted in increased levels of C3 in larvae. The main 
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difference observed in the presence of C3 in treated and untreated larvae was in the 

space between the epithelial cells lining the digestive tract of larvae. A similar response 

was observed in the muscularis externa of the digestive system in treated and untreated 

larvae, but the reaction was more prominent in the connective tissue beneath the 

epithelial cells in the treated larvae compared to the untreated larvae. It turned out to be 

difficult to get clear pictures of the corresponding sections of control larvae where the 

response was substantially weaker and in some larvae no response was detected. All the 

treated larvae, however, showed very clear and strong response. This indicates that 

treating larvae with PP through the live feed for one month (0-29 dpff) resulted in 

increased production of C3. Previous studies have shown that the use of non-specific 

stimulants may enhance various parameters of the innate immune system and lead to 

improved protection against different pathogens as well as increased larval survival 

(Austin & Austin, 1987; Ellis, 1988; Press & Lillehaug, 1995; Dalmo et al., 2000). In 

the present study, the difference between treated and untreated larvae is still detectable 

further into first feeding (43-50 dpff). The difference in the presence of C3 in treated 

and untreated larvae, however, depends on the location in the digestive tract. In the 

uppermost part of the digestive tract, i.e. in the oesophagus and stomach, the presence of 

C3 was more prominent in treated larvae compared to untreated, but further down the 

digestive tract no differences were observed when treated and untreated larvae were 

compared. Increased understanding has been gained on the complement system in fish 

larvae and the expression of C3 in different organs at various stages of the development 

(Lange et al., 2004a; Lange et al., 2004b). Immunohistochemical studies directed at the 

presence of C3 in halibut and cod larvae indicate that C3 may be locally produced in 

various organs during development (Lange et al., 2004a; Lange et al., 2004b). Results 

furthermore indicate that C3 is expressed at an earlier stage in the development in 

certain organs and C3 has even been detected in the yolk sac (Magnadottir et al., 2005). 

Furthermore, the complement factors play a role in the formation and generation of 

different organs in fish and the complement components are synthesized locally in other 

tissues besides the liver, as seen in other species (Lange & Magnadóttir, 2003). If the 

complement factor is locally synthesized, this may explain the variation in time when 

C3 is detected in various parts of the larvae in the present results as the organs of the 

immune system are not all fully developed all at the same time. 
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Already at the onset of feeding, lysozyme was detected in the digestive tract as 

well as in other parts of the larvae, such as in the skin mucus. Results from previous 

studies show that lysozyme has been detected in mucus and serum (Balfry & Imawa, 

2004; Bowden et al., 2003; Lange et al., 2001; Yousif et al., 1991; Murray & Fletcher, 

1976; Grinde et al., 1988; Lie et al., 1989), ova (Yousif et al., 1991; Murray & Fletcher, 

1976) and lymphoid tissue (Grinde et al., 1988; Lie et al., 1989) of a number of fish 

species. The present result indicate higher concentrations of lysozyme in treated 

compared to untreated larvae after eight days of treatment with PP through the live feed. 

Further into the first feeding, no differences were observed in the presence of lysozyme 

in treated compared to untreated larvae, but higher concentrations may be detected 

again in treated larvae compared to untreated at 43 dpff. The results may therefore 

indicate that the treatment of first feeding larvae with PP stimulates the production of 

lysozyme. Previous studies have shown that lysozyme activity may be enhanced in 

various fish species after immunostimulation with promising agents like e.g. β-glucan 

(Misra et al., 2004; Engstad et al., 1992, Jørgensen et al., 1993, Thompson et al., 1995, 

Debaulney et al., 1996), leading to increased resistance to various pathogens 

(Thompson et al., 1995). Furthermore, increased lysozyme activity has been detected in 

the offspring of immunized parents compared to non-immunized (Hanif et al., 2004). 

 

The results of immunohistochemistry studies of larvae treated with PP through the 

live feed indicate higher concentrations of IgM, C3 as well as lysozyme in the digestive 

system compared to untreated larvae. Treating larvae through the live feed may be 

expected to evoke responses primarily in the digestive system. Hydrolysate from cod 

muscle as well as empty stomachs of cod have previously been found to stimulate the 

activity of Atlantic salmon head kidney leucocytes in addition to the benefits in growth 

performance (Bøgwald et al., 1996; Gildberg et al., 1996). Even though the bioactive 

compounds used in this study did not show any growth benefits, there are indications 

that the products stimulate parameters of the innate immune system of halibut larvae 

during first feeding. However, Murray et al. (2003) did not observe any positive effects 

of a dietary protein hydrolysate on the innate immune functions of juvenile coho 

salmon. There have, however, been reports of biologically active peptides with 

immunostimulating and antibacterial properties being produced during the hydrolyzing 

procedure (Coste et al., 1992; Bøgwald et al., 1996; Gildberg et al., 1996; Daoud et al., 
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2005). The present results indicate that the FPH used in this study may have 

immunostimulating affects in first feeding halibut larvae. 

 

The treatment of larvae with the bioactive products used in the study was found to 

affect the growth, survival and normal development of the larvae to a various extent. 

Treating larvae with fish peptide hydrolysates did not lead to improved survival of 

larvae. The final weight of larvae treated with BP was lower compared with the control 

larvae and the weight of the larvae treated with CPE was considerably lower. 

Furthermore, the weight of larvae fed PP was slightly lower than the weight of larvae in 

the control tank but higher than the mean weight of larvae in all tanks during the period.  

Fish protein hydrolysates (FPH) have been used as substitutes for fish meal in 

aquaculture feeds in order to enhance the growth and survival of marine fish (Liang et 

al., 2006; Kotzamanis et al., 2007). The present results, however, do not indicate a 

growth enhancing effects of the FPH used in the study. The studies of FPH as a 

supplement in aquaculture feeds has mainly been carried out in juveniles and adult fish 

and have been reported to support higher growth in various species (Liang et al., 2006; 

Kotzamanis et al., 2007) and induce increased survival (Day et al., 1997). However, 

Rønnestad et al. (2000) suggested that the faster absorption of the free amino acids 

present in excess in some diets, might lead to amino acid imbalance but others have 

assumed that a fast flow of short peptides through the gut wall might saturate the larval 

digestive system (Kolkovski & Tandler, 2000). These assumptions are in agreement 

with the findings of Zambonino Infante et al. (1997), who reported that the dietary 

incorporation of a fishmeal hydrolysate at a 20% inclusion level, significantly improved 

the survival and growth of European sea bass larvae compared to a diet including 40% 

fishmeal hydrolysate. Several other studies have investigated the effects of dietary 

protein hydrolysate on the growth of Atlantic salmon (Lall, 1991; Parrish et al., 1991; 

Heras et al., 1994; Berge & Storebakken, 1996), rainbow trout (Aksnes et al., 2006), 

goldfish (Szlaminska et al., 1991), tilapia (Lapie & Biqueras-Benitez, 1992; Fagbenro et 

al., 1994) and carp larvae (Carvalho et al., 1997).  

The final weight of the chitosan treated larvae was lower than in the control group 

and considerably lower than the mean weight of larvae from all tank units during the 

period. However, similar survival rates of larvae were observed in the chitosan treated 

and the control sibling tank (71% and 73%, respectively), but somewhat lower than in 
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the other control tank (84%). Dietary chitin as well as chitosan supplementation has 

been found to depress the growth of tilapia (Shiau & Yu, 1999). The properties of the 

chitosan depend on the degree of deacetylation (DD) and the appropriate concentrations 

of chitosan will therefore have to be selected with respect to the DD. Several studies 

have shown that fat absorption is one of the properties of chitosan (Gades & Stern, 

2005) and the poor growth observed in the present study may thus be related to the fat 

absorption of chitosan added to the fatty acid enrichment medium of the live feed.  

 

The success of metamorphosis was evaluated at the end of the first feeding period 

(~65dpff), when the larvae were transferred to weaning. The success was evaluated with 

respect to satisfactory eye migration and pigmentation. The overall success of larvae in 

the experiments was found to vary considerably between groups as well as between 

different tank units within the same group (Jóhannsdóttir et al., 2007). The quality of 

the fertilized eggs is important with respect to the survival and quality of the larvae and 

juveniles (Salze et al., 2005). High degree of variation was, however, observed when 

duplicate tank units receiving the same treatment were compared and may be caused by 

various environmental or feed related aspects. The three experiments were carried out at 

different time of the year and therefore using larvae from various spawning groups, 

which adds further to the variability observed when all three experiments are compared. 

The ratio of larvae not metamorphosed at the end of the first feeding period was higher 

in the FPH treated larvae compared to the controls in the various experiments. The 

highest ratio of larvae not metamorphosed at the end of first feeding was found in the 

chitosan treated group and considerably higher than in the control group. Hence, the 

treatments were not found to improve normal development of the larvae. Furthermore, 

the ratio of poorly metamorphosed juveniles in the BP, CPE and PP groups were similar 

to the control groups, but considerably higher in the chitosan treated larvae. Various 

factors can affect the success of metamorphosis and most studied are the fatty acid 

composition (Bell et al., 2003; Estevez et al., 1999; McEvoy et al., 1998; Copeman et 

al., 2002: Hamre et al., 2002), vitamin A (Miki et al., 1998; Estevez & Kanazawa, 

1995) and thyroid hormones (Shi et al., 1996; Hamre et al., 2005a). In the present study, 

all larvae were fed live feed enriched with a special mixture of fatty acids and vitamins. 

The only difference between treated and untreated larvae was therefore the bioactive 

products added to the enrichment medium or to the tank water environment of larvae. 
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The results indicate that the bioactive products used, with the exception of the pollock 

peptide hydrolysate, may have influenced the absorption of fatty acids or vitamins and 

therefore negatively affecting the development and metamorphosis of larvae.  
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5. Conclusion   

 

 

 

An increase in the concentration of IgM was observed in larvae from 29 dpff, with 

the highest levels detected at 70 dpff, indicating increased production of IgM following 

further development. Low levels of IgM were furthermore detected in larvae at the onset 

of first feeding and may be related to maternal IgM. Treating larvae with peptide 

hydrolysates of blue whiting resulted in higher levels of IgM detected in larvae 

compared to the other groups. Using specific antibodies against C3 and lysozyme, 

revealed an overall stronger response in various parts of the digestive tract of treated 

larvae compared to the control group.  

The overall results indicate that treating larvae with fish protein hydrolysates 

through the live feed, resulted in stimulation of the innate immunity of first feeding 

halibut larvae. As a conclusion, larvae should only be fed live feed treated with the 

selected products in one of the two daily feedings, at least during the first weeks after 

the onset of feeding. The appropriate concentrations for treatment will have to be 

examined further and adjusted, not least with respect to elevated numbers of bacteria 

that may follow the increased overall biological load of the tank water environment. The 

selected chitosan product should be used in much lower concentrations than studied in 

the present work.  

Feeding halibut larvae live feed treated with various fish protein hydrolysates or 

chitosan did not enhance the growth or survival of the larvae during the period studied. 

Treating larvae with BP and PP resulted in a final weight of larvae similar to the control 

groups. The treatments, however, resulted in a higher ratio of larvae not successfully 

metamorphosed at the end of first feeding. The treatments therefore did not improve the 

normal development of larvae. The selected treatment schedules of chitosan and CP 

seemed to negatively affect the larvae, indicating too high concentrations used for the 

treatments. 
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