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i 

 

Útdráttur 

Þorskeldi er vaxandi atvinnugrein á Íslandi en hefur þó ekki gengið sem skyldi, 

meðal annars vegna mikilla affalla og slakra gæða lirfa og seiða á fyrstu stigum 

eldisins. Ónæmiskerfi þorsklirfa er lítið þroskað við klak og þurfa lirfur því að 

reiða sig eingöngu á ósérhæfða ónæmissvörun fyrstu mánuðina, eða þar til 

sérhæfða ónæmiskerfið hefur náð fullum þroska.  

 

Fyrri rannsóknir gefa vísbendingar um að auðgun fæðudýra með fiskpeptíðum 

hafi jákvæð áhrif á vöxt og þroska þorsklirfa ásamt því að örva lykilþætti í 

ósérhæfðu ónæmissvari þeirra. Megin markmið verkefnisins var því að leita leiða 

til að efla ósérhæft ónæmissvar lirfa sem og að þróa áreiðanlegar aðferðir til að 

meta hvort auka megi gæði lirfa við mismunandi fóðrun. Markmið verkefnisins 

var einnig það að greina hvort auðgun fæðudýra með fiskpeptíðum hefði 

mismunandi áhrif á lirfur af villtum samanborið við eldisuppruna og þá í hverju 

sá munur mögulega fælist. Markmið verkefnisins var ennfremur að setja upp 

aðferðir próteinmengjagreiningar við Háskólann á Akureyri og aðlaga til 

greiningar á tjáningu próteina í meltingarvegi þorsklirfa á fyrstu þroskaferlum.  

 

Niðurstöður verkefnisins benda til þess að aðferðir próteinmengjagreiningar geti 

verið hentug leið til að kanna áhrif meðhöndlunar á próteinframleiðslu í 

meltingarvegi þorsklirfa. Niðurstöður próteinmengjagreiningar sýndu að flest þau 

prótein sem greind voru tengjast einmitt þroska og vexti lirfanna. 

Eldistilraunirnar gáfu þó ekki tilefni til að ætla að þroski eða vöxtur 

meðhöndlaðra lirfa væri betri en þeirra ómeðhöndluðu. Niðurstöður 

ónæmisvefjalitunar benda til þess að auðgun fæðudýra með ufsapeptíðum leiði til 

hraðari þroska og bættra gæða lirfa og geti þannig haft jákvæð áhrif á fyrstu 

stigum eldisins. IgM og lýsósím greindust í öllum meðhöndluðum lirfum og var 

svörunin mun sterkari og jafnari í meltingarvegi og á yfirborði meðhöndlaðra 

samanborið við ómeðhöndlaðra lirfa. Niðurstöður gefa jafnframt vísbendingar 

um að auðgun fæðudýra með fiskpeptíðum stuðli að sterkbyggðari vefjalögum og 

hafi þannig jákvæð áhrif á þroskun þorsklirfa. Niðurstöður benda einnig til þess 

að einstaklingsmun megi hugsanlega jafna út við auðgun fæðudýra með 

fiskpeptíðum.  
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Ekki hefur verið greint samband á milli afkomu seiða og áhrifa meðhöndlunar 

með ufsapeptíðum á próteintjáningu valinna próteina sem tengjast vexti og 

þroskun. 

 

Lykilorð: Þorsklirfur, fiskpeptíð, próteinmengjagreining, ónæmisvefjalitun, IgM, 

lýsósím. 
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Abstract 

Poor survival and quality during early developmental stages of Atlantic cod 

(Gadus morhua L.) is the main bottleneck in cod aquaculture and has been one of 

the main obstacles for further development within the industry. The immune 

system of Atlantic cod larvae is not fully developed at hatch and the larvae 

therefore have to rely on innate immune parameters during the first month 

following hatching. 

 

Live prey enhancement using fish protein hydrolysates has been found to benefit 

normal development and growth and stimulate key parameters of the innate 

immune system of cod larvae. The overall aim of the study was to investigate an 

approach for the stimulation of the innate immune response of larvae of wild-

caught as compared with cultured origin, through live prey enhancement using a 

pollock (Pollachius virens) protein hydrolysate. The aim was further to compare 

different analytical approaches, proteomics and immunohistochemistry, with the 

overall aim to develop reliable methodologies for analysing the effects of various 

treatments of cod larvae. The study also included the introduction of methods for 

proteome analysis at the University of Akureyri for analysis of protein expression 

in early cod larvae. 

 

The results indicate that proteomics may be an expedient approach for analysing 

the effects of a pollock protein hydrolysate enhanced (PHE) live prey in cod 

larvae. The results indicate that PHE live prey may stimulate the expression of 

proteins involved in larval growth and development, with most of the 

differentially expressed proteins identified related to larval development and 

growth. There were indications that PHE live prey stimulated the production and 

distribution of selected parameters of the innate immune system of larvae in 

treated as compared with untreated larvae. Treated larvae displayed a more 

prominent and even response of both IgM and lysozyme and the 

immunohistochemical studies indicated improved development of the digestive 

tract in treated as compared with untreated larvae. Also, the results indicate a 

more uniform quality amongst larvae when using fish protein hydrolysate 

enhancement of the live prey. 

The connection between larval survival and effects of PHE treatment on protein 

expression of chosen proteins that are involved in larval growth and development 

has not been established. 



iv 

 

 

Keywords: Atlantic cod larvae, protein hydrolysate, proteomics, 

immunohistochemistry, IgM, lysozyme. 



v 

 

Table of Contents 

Table of figures .......................................................................................... viii 

Index of tables ...............................................................................................ix 

List of abbrevations ....................................................................................... x 

Acknowledgements .................................................................................... xiii 

Declaration ..................................................................................................xiv 

1 Introduction .............................................................................................. 1 

1.1 Cod aquaculture ............................................................................... 2 

1.2 Cod larval development ................................................................... 3 

1.3 Proteomics and protein expression in larval development .............. 4 

1.4 The immune system ......................................................................... 6 

The innate immune system .............................................................. 6 

The adaptive immune system .......................................................... 7 

The immune system of fish .............................................................. 7 

Immunoglobulin M (IgM) ............................................................... 9 

Lysozyme ....................................................................................... 11 

1.5 Protein hydrolysates and immune stimulation ............................... 12 

1.6 Aims of the study ........................................................................... 14 

2 Methodology ........................................................................................... 15 

2.1 Fish protein hydrolysate................................................................. 15 

2.2 Experimental setup and sampling procedure ................................. 16 

2.3 Sample preparation ........................................................................ 19 

2.4 Proteomic analysis ......................................................................... 20 

Protein extraction ........................................................................... 22 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis ...... 22 

Isoelectric focusing (IEF) .............................................................. 23 

Second dimension electrophoresis ................................................. 24 

Gel fixing and staining ................................................................... 24 

Image analysis of 2D protein profiles ............................................ 26 

Protein identification by peptide fragment fingerprinting ............. 26 



vi 

 

2.5 Immunohistochemistry ................................................................. 27 

Sample analysis ............................................................................. 27 

IgM and lysozyme detection by immunohistochemistry .............. 28 

2.6 Western blotting ............................................................................ 30 

Sampling preparation .................................................................... 30 

Detection of IgM and lysozyme and analysis of proteins in 2DE 

gels ................................................................................... 30 

3 Results .................................................................................................... 33 

3.1 Hydrolysate analysis and evaluation of larval success ................. 33 

3.2 Protein expression ......................................................................... 34 

Detection of differentially expressed proteins .............................. 35 

Identification of protein spots by mass spectrometry ................... 37 

3.3 Immunohistochemistry ................................................................. 40 

Effects of treatment on the presence and distribution of IgM in 

larvae ................................................................................ 40 

Effects of treatment on the presence of lysozyme in larvae .......... 42 

3.4 Western blotting ............................................................................ 45 

4 Discussion ............................................................................................... 47 

4.1 Protein expression profiles ............................................................ 49 

4.2 Immunostaining ............................................................................ 52 

5 Conclusion .............................................................................................. 55 

References ................................................................................................... 56 

Manuscript I ............................................................................................... 73 

Manuscript II ............................................................................................ 105 

6 Appendices ............................................................................................... a 

6.1 Materials used in proteome analysis ................................................ a 

Solutions used in two-dimensional electrophoresis ......................... a 

Protocol for spot excision from 2D gels ......................................... b 

Two dimensional electrophoresis of liver from adult Atlantic cod . b 

6.2 Materials and solutions for the immunohistochemistry analysis .... d 

6.3 Material and solutions for the Western blotting ............................... e 

6.4 Protein expression profiles from the digestive tract. ........................ f 



vii 

 

Treated larvae – cultured vs. wild caught ........................................ f 

Untreated larvae – cultured vs. wild caught..................................... h 

6.5 Positive reaction with respect to IgM and lysozyme. .......................j 

IgM – positive reaction in treated larvae ..........................................j 

IgM – positive reaction in untreated larvae ....................................m 

Lysozyme – positive reaction in treated larvae ................................ n 

Lysozyme – positive reaction in untreated larvae ............................ q 

 

 



viii 

 

Table of figures 

Figure 1: Cod egg and cod larvae. (Photo:Fiskeriforskning, 2012). .............. 3 

Figure 2: The main immune structures in teleost fish. ................................... 7 

Figure 3: The experimental setup and sampling procedure.. ........................ 18 

Figure 4: Larvae during anesthetization and example of the size. ............... 19 

Figure 5: Stereo microscope and cod larvae at 42 days post hatch. ............. 19 

Figure 6 Protein denaturation by sodium dodecyl sulphate (SDS). ............. 20 

Figure 7: Two dimensional electrophoresis. ................................................ 21 

Figure 8: Proteins being electrophoresed. .................................................... 22 

Figure 9: Reswelling trays and Ettan IPGphor II. ........................................ 23 

Figure 10: IPG strip after equilibration. ....................................................... 23 

Figure 11: The electrophoresis machines, Hoefer miniVE and miniEC.. .... 24 

Figure 12: SDS-PAGE gel (left) and 2D gel (right) distained in water. ...... 25 

Figure 13: ImageScanner from Amersham Biosciences. ............................. 25 

Figure 14: Cryosectioning using Leica CM 1800.. ...................................... 27 

Figure 15: Immune staining of tissue sections using specific antibodies ..... 29 

Figure 16: Larvae collected at 42 - 44 dph stored in EtOH. ......................... 30 

Figure 17: Ethanol fixed larvae at day 42 - 44 post hatch.. .......................... 30 

Figure 18: Western blotting of 2DE gels using specific antibodies ............. 32 

Figure 19: A reference gel of protein extracts from 42 dph larvae .............. 36 

Figure 20: Changes in abundance of the 14 chosen protein spots ................ 37 

Figure 21: Immune staining of IgM in the notochord .................................. 40 

Figure 22: Immune staining of IgM in the mucus surface ........................... 41 

Figure 23: Immune staining  of IgM in the digestive tract ........................... 41 

Figure 24: Immune staining of IgM in the digestive tract ............................ 42 

Figure 25: Immune staining of lysozyme in the notochord .......................... 42 

Figure 26: Immune staining of lysozyme in the mucus surface ................... 43 

Figure 27: Immune staining of lysozyme in the digestive tract ................... 44 

Figure 28: Immune staining of lysozyme in the digestive tract ................... 44 

Figure 29: Representative 2DE gel of liver protein extract ............................. c 
 

file://///fs4.unak.is/Nemar/ha070210/Desktop/Meistararitgerð_A5.docx%23_Toc347233946
file://///fs4.unak.is/Nemar/ha070210/Desktop/Meistararitgerð_A5.docx%23_Toc347233947
file://///fs4.unak.is/Nemar/ha070210/Desktop/Meistararitgerð_A5.docx%23_Toc347233951
file://///fs4.unak.is/Nemar/ha070210/Desktop/Meistararitgerð_A5.docx%23_Toc347233954
file://///fs4.unak.is/Nemar/ha070210/Desktop/Meistararitgerð_A5.docx%23_Toc347233957
file://///fs4.unak.is/Nemar/ha070210/Desktop/Meistararitgerð_A5.docx%23_Toc347233958
file://///fs4.unak.is/Nemar/ha070210/Desktop/Meistararitgerð_A5.docx%23_Toc347233961


ix 

 

Index of tables 

Table 1: Evaluation of survival, growth and development of cod larvae ...... 34 

Table 2: Regulation of the 14 selected protein spots. .................................... 35 

Table 3: Identification of protein spots. ........................................................ 39 

 



x 

 

List of abbrevations 

dph days post hatch 

PHE Protein hydrolysate enhancement 

PT Peptide treated 

UT Untreated 

pI Isoelectric point 

MW Molecular mass (kDa) 

IEF Isoelectric focusing 

IPG Immobilized pH gradient 

2D Two dimensional 

2DE Two dimensional electrophoresis 

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel  electrophoresis 

SDS Sodium dodecyl sulphate 

PFF Peptide fragment fingerprinting 

LC-MS/MS Liquid chromatography-mass spectrometry 

IHC Immunohistochemistry 

Ig Immunoglobulin 

IgM  Immunoglobulin M 

PMN Polymorph nuclear neutrophils 

c-type Chicken type 

g-type Goose type 

i-type Invertebrates type 

C3 Complement factor 3 

INF Interferon 

mRNA Messenger RNA 

SP-D Surfactant protein D 

NCC Non-specific cytotoxic cell 

ATP Adenosine triphosphate 

Hsp Heat shock protein 

ISM Isthmin 

EC Endothelial cell 

FAK Focal adhesion kinase 

GPDH Glycerol-3-phosphate dehydrogenase 



xi 

 

G3P Glycerol-3-phosphate 

NAD+ Nicotinamide adenine dinucleotide, oxidizing agent 

NADH Nicotinamide adenine dinucleotide, reducing agent 

TBS Tris-buffered saline 

PBS Phosphate bufferd saline 

AEC 3-amino-9-ethyl-carbazole 

DTT Dithiothreitol 

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 

EDTA Diaminoethane-tetraacetic acid 

TEMED N,N,N’,N’-Tetramethyl-ethane-1,2-diamine 

H2O2 Hydrogen peroxide 

MeOH Methanol 

HoAc Acetic acid 

dH2O Millipore water 

  

  

  

  

  

  

  

  

  

  

  





xiii 

Acknowledgements 

This project was partly funded by the University of Akureyri Research Fund, 

Matís ohf and Iceprotein Ltd. The sampling material used in this study was 

provided by the project “The effect of fish protein hydrolysates on the cod larval 

development” and the project “COD-Atlantic”, funded by the Icelandic AVS and 

the Nordic NORA funds. All of the above mentioned funding bodies and 

collaborators receive thanks for their contribution. 

 

I would like to thank my supervisors, Dr. Oddur Vilhelmsson, Dr. Hólmfríður 

Sveinsdóttir, and Jónína Þ. Jóhannsdóttir for giving me the opportunity to be a 

part of this project. Their guidance and helpful discussions is greatly appreciated. 

I would also like to give special thanks to the University of Akureyri and Matís 

ohf. for providing laboratory facilities and supporting this work. I also want to 

thank Dr. Merete B. Schrøder and her co-workers at the Norwegian College of 

Fishery Science, University of Tromsø in Norway for kindly donating the 

specific antibodies used in this study. Special thanks to Annabelle Vrac for her 

technical assistance in performing 2D gel electrophoresis and special thanks to 

Sean M. Scully for proofreading this manuscript. I also would like to give special 

thanks to my fellow students, Árný Ingveldur Brynjarsdóttir, Hrönn 

Brynjarsdóttir, Eva María Ingvadóttir, Heiða Friðjónsdóttir and Anna María 

Guðmundsdóttir, at the University of Akureyri for making this journey even 

more exciting and fun ☺☺☺☺ 

 

Finally, I would like to give my warmest thanks to my family, especially to my 

husband Hreinn Haukur Pálsson and our four girls, Ingunn Birna, Margrét Ásta, 

Sandra Björk and Áróra Heiðbjört as well as my in-laws, for their love, support 

and patience while working on this project. Last but not least, I would like to 

give my warmest thanks to my mother Rannveig Björnsdóttir for her endless love 

and support while working on this project, without her I would not have made it 

through. So from the bottom of my heart I thank you and I love you   



xiv 

Declaration 

 

 

 

I hereby declare that I am the only author of this thesis and it is the product of my 

own research. 

 

______________________________________ 

Hugrún Lísa Heimisdóttir 

 

 

 

 

It is hereby confirmed that this master's thesis is satisfactory towards an M.Sc.-

degree in Natural Resource Sciences from the School of Business and Science, 

Faculty of Natural Resource Sciences at the University of Akureyri. 

 

_______________________________________ 

Dr. Oddur Vilhelmsson, the University of Akureyri 

 

_________________________________________ 

Jónína Jóhannsdóttir, M.Sc., Matís ohf. 

 

__________________________________________ 

Dr. Hólmfríður Sveinsdóttir, Matís ohf. 

  



1 

1 Introduction 

The annual global aquaculture production has increased every year, exceeding 

55.7 million tons in 2009 (FAO, 2012). Among the factors limiting aquaculture 

activity, environmental conditions are the most important, water temperature 

being a value of particular concern. Water temperature in northern Europe 

generally varies with season and latitude between about 0 and 20°C. Conditions 

are potentially favourable for culturing several marine fish species in this 

environment, including cod (Gadus morhua), halibut (Hippoglossus 

hippoglossus), haddock (Melanogrammus aeglefinus), hake (Merluccius 

merlussius) and wolf-fish (Anarhichas spp.), among other species (Moksness et 

al., 2004). Another important consideration in northern Europe is the 

enhancement of natural stocks and sea ranching, which are generally regarded as 

very important current and future issues. Since cultivation of cold-water marine 

fish started in the 1880s, these activities have been the driving force of the 

industry (Moksness et al., 2004). Nevertheless, the field has seen constant 

development from the beginning and still undergoes constant changes in order to 

improve product performances.  

Aquaculture often begins with wild-fish population for production of broodstock, 

with collection of sperm and eggs from mature fish for fertilization and 

production of the next generation of cultivated fish. To get the best quality 

offspring, the healthiest and the strongest fish are chosen to produce broodstock 

(Moksness et al., 2004). Atlantic cod is one of the most economically important 

species in the North Atlantic Ocean (Rosenlund & Halldorsson, 2007) and is a 

very important species that is caught throughout the year all around Iceland. Over 

the last 30 years, annual cod landings in Iceland have varied from 180,000 tonnes 

to 470,000 tonnes. Recently, however, the catch has decreased substantially, 

dipping to about 130,000 tonnes landed per year. Cod products account for 

approximately 40% of the total seafood export revenue in Iceland (Gunnarsson, 

2012). 
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1.1 Cod aquaculture 

Cod aquaculture has received increased attention in recent times and, 

consequently, the government of Iceland has put effort and investment into the 

development of cod aquaculture as a new industry (Gunnarsson et al., 2007). In 

Iceland, the first trials with culturing cod started in 1992. Since then, the 

production has been steadily improving, returning larvae of increasing quality. 

The major bottleneck in aquaculture of cod is the production of high quality cod 

larvae. High mortalities are commonly experienced during the early stages, 

especially around the beginning of exogenous feeding (Rosenlund & 

Halldorsson, 2007; Yúfera & Darias, 2007). The survival rate from larvae to 

juvenile ranges from 10 – 20% at the Icelandic Marine Research Institute (MRI) 

hatchery (Steinarsson, 2004). Environmental factors such as temperature, 

salinity, light and water-quality can greatly affect the larvae during this crucial 

time in the development (Kjørsvik et al., 2004). Furthermore, the nutritional 

needs of the larvae are important and clinical diseases often appear when under 

non-optimum nutrient conditions. Insufficient feed intake by the fish will result 

in growth restrictions and eventually lead to death (Bureau & Cho, 1999). 

Therefore, the appropriate amount and combination of feed for the larvae is of 

high importance for both the survival and normal developmental quality.  

The larvae are known to ingest bacteria by drinking before active feeding starts 

and the live prey itself carries high bacterial numbers (Olafsen, 2001) including 

pathogens (Korsnes et al., 2006). Due to highest bacterial densities in seawater as 

compared air, the sea is a far more hostile environment in a microbial sense than 

life on land. At hatch the poorly developed cod larvae will therefore be exposed 

to an environment which contains high bacterial numbers that might also explain 

the high mortalities experienced (Vadstein et al., 2004).  
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1.2 Cod larval development 

The cod and most teleost species follow a similar pattern in basic developmental 

mechanisms from egg to juvenile stage, however, with some variation with 

environmental and nutritional differences during the early life stages (Kjørsvik et 

al., 2004). During development, the larvae undergo gradual differentiation and 

increase in size, which affects both the organs and tissues, with the skin 

beginning to stratify and becoming thicker (Campinho et al., 2007). The gut also 

gets wider and the sense organs become more sophisticated when the larvae grow 

further (Kjørsvik et al., 2004; Falk-Petersen, 2005). These changes appear in the 

morphology and physiology as well as the behaviour of the larvae (Govoni et al., 

1986; Skiftesvik, 1992; Osse & van den Boogaart, 1995), with both the 

morphological and physiological changes characterized by differential organelle 

and cellular functions (Einarsdottir et al., 2006). These changes reflect variation 

in protein expression and different protein functions (Campinho et al., 2006) and 

variations in protein expression may be analysed with the methods of proteomics. 

Analysis of the proteome can therefore provide valuable information that can be 

related to the variations occurring in the organism, also reflecting a response to 

stimulation that results in different protein expression (Martin et al., 2001; 2003; 

Tyers & Mann, 2003; Vilhelmsson et al., 2004). Stimulation with peptide 

enhanced live prey has for instance been found to positively affect the growth, 

survival and normal development of fish larvae in addition to stimulating key 

parameters of the innate immune system (Johannsdottir et al., 2012).  

Environmental conditions, genetic differences, the 

yolk size and overall egg quality can greatly affect the 

size at hatch, the development and time of the shift to 

exogenous feeding (Kjørsvik et al., 2004). Hatching 

occurs from 1.2 - 1.4 mm small eggs and the length of 

newly hatched larvae is about 4 - 4.5 mm (Figure 1). 

The developmental process involves three distinct 

stages: a short yolk-sac stage (4-5 days), larval stage 

from the onset of exogenous feeding and 

metamorphosis which occurs when the larvae 

transforms into a juvenile (van de Meeren et al., 1991; 

Kjørsvik et al., 2004;). High mortalities are common 

during the larval stage under culture conditions and any nutrient shortage at the 

beginning of exogenous feeding may cause both physical and organ development 

Figure 1: Cod egg and cod 

larvae. 
(Photo:Fiskeriforskning, 
2012). 
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failure. This can affect the growth and survival of the larvae. If the larvae suffer 

from starvation, they can lose their ability to digest food and they have very little 

chance of survival if they are starved from the end of the yolk sac stage to 9 days 

post hatch (dph) (Kjørsvik et al., 1991). If food and nutrients are abundant at the 

early life stages, the cod larvae grow rapidly and may increase their dry body 

mass about 2,000 times within the 48 dph (Bureau & Cho, 1999; Finn et al., 

2002). During the yolk sac stage, tissue and organ development starts and during 

the larval stage they undergo further development and increase in size and mass. 

During the first days of exogenous feeding the digestive system changes and 

develops, which is necessary for further absorption and digestion of nutrients 

(Falk-Petersen, 2005). During metamorphosis the anatomical, structural, and 

behaviour of larvae changes (Schrøder et al., 1998; Falk-Petersen, 2005) and the 

immune system becomes increasingly more developed, with the lymphoid organs 

becoming fully developed at a body length of 25 mm (Schrøder et al., 1998).  

 

 

1.3 Proteomics and protein expression in larval 

development 

Proteomics, the study of proteins derived from whole organisms or cells, is a 

powerful technique for evaluation of biochemical processes and their responses 

to environmental, physiological, developmental or other stimuli. These 

techniques therefore constitute a very useful toolkit for analysis of metabolic 

processes related to growth and development of the respective organism. 

Proteomics-based studies give the opportunity to map the entire protein 

expression at selected growth stages for evaluation of the effects of various 

treatments, feeding schedules or environmental parameters (Cash, 2002; 

Aebersold & Mann, 2003; Huber et al., 2003; Cash & Kroll, 2003; Vilhelmsson 

et al., 2004; Sveinsdottir et al., 2009). Unlike the genome, which remains the 

same within all cells of a given organism at all times (barring the rare occurrence 

of mutations), the proteome of all living beings changes through development 

and adjusts to environmental conditions (Sveinsdottir et al., 2008). Hence, an 

overview of the products of different biochemical processes can be collected and 

by comparison with existing databases, proteins of interests may be identified 

and changes in their production monitored (Sveinsdottir et al., 2008). Proteomics 
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therefore represent an interesting tool for improving our knowledge of 

biochemical processes during early development stages of fish larvae. As an 

example, recent studies indicate that feed supplementation using a fish protein 

hydrolysate may affect protein expression related to survival, growth and overall 

development of early cod larvae (Sveinsdottir & Gudmundsdottir, 2010). Cellular 

proteins reflect the activity within each cell and the study of the proteome of cells 

and tissues may therefore help understanding these processes. The benefits of 

using proteomics for analysis of the effects of treatment in cod are first and 

foremost that the parameters to be studied do not need to be defined beforehand 

and no prior assumptions regarding which pathways are likely to be affected are 

required. The main drawbacks are, however, the relatively small repertoire of cod 

proteins identified and the consequent lack of information in existing databases. 

The cod larvae, as well as larvae of other marine teleost fish species, grow much 

faster than other known vertebrates. This is of high importance for their ability to 

survive since swimming will help them avoid predators and allow catching larger 

prey (Finn et al., 2002; Kjørsvik et al., 2004; Imsland et al., 2006). Proteome 

studies are therefore of particular interest when studying early development of 

marine teleost fish species and proteomics may be an ideal approach in tackling 

questions such as which biochemical processes are affected by environmental 

stimuli (Peng et al., 2003).  

There are some larval proteins that may be related to development and growth, 

such as actin and ATP synthases among others. Actin is a highly conserved 

globular protein that can be found in all eukaryotic cells as the monomeric 

subunit of microfilaments. Microfilaments are among of the major components 

of thin filaments and the cytoskeleton, the formation of which takes place in 

muscle cells. Therefore, actin is involved in many important cellular functions 

like muscle contraction, vesicle and organelle movement, cell division, 

signalling, motility and cytokinesis (Jacinto & Baum, 2003). ATP synthases are 

important enzymes for all organisms since ATP is the energy currency of cells 

and therefore play an important role in larval development and growth. Due to 

the complexity of the proteome, separation of protein mixtures becomes 

important for identifying and quantifying such proteins and overall protein 

profiles for evaluation of fish larval growth and development (Nelson & Cox, 

2008). 

 



6 

1.4 The immune system 

The immune system has evolved over millennia to protect multicellular 

organisms from various pathogens and generates a great number of specialized 

cells and molecules which are capable of recognizing and eliminating foreign 

invaders with high specificity. The immune system is highly adaptable and all its 

components work together in a dynamic network. The immune system of 

vertebrates may be divided into two main parts: innate immunity which acts as a 

non-specific defence mechanism, and adaptive immunity representing specific 

response and producing a memory response. Various cells and molecules are 

recruited during activation of both parts, and together work towards elimination 

and neutralisation of the invading pathogen. 

 

The innate immune system 

The innate system serves as the first defence against infection and most of its 

components are present before the infection. The innate immune system is 

commonly divided into three main groups: physical, cellular and humoral 

parameters (Magnadottir, 2006). Macrophages, neutrophils and other cells, 

together with the skin, mucosal surfaces and other barriers as well as 

antimicrobial compounds produced by the host are all important components of 

the innate immune system.  

The communication between the innate immune system and the adaptive immune 

system has received increased attention in mammalian research (Fearon, 1997; 

Magnadottir, 2006). The activation of innate recognition components, through 

the stimulation of phagocytes, production of cytokines and chemokine, 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 opsonisation and phagocytosis of 

the pathogen, stimulate natural cytotoxic cells or activate different signalling or 

executive response. The surfactant protein D (SP-D) binds directly 

immunoglobulins and therefore it effectively interlinks the innate and adaptive 

immune pathways (Nadesalingam et al., 2005).  
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Figure 2: The main immune structures in 

teleost fish.   

The adaptive immune system 

The adaptive immune system is activated when foreign antigens invade the 

system which then reacts with specificity towards the antigens and involving a 

potent memory response. Unlike the innate immune responses adaptive responses 

are reactions to specific antigens, with memory compounds involved so when the 

same foreign antigen invades the body it induces a heightened state of immune 

reactivity. The response may therefore involve a lifelong immunity to various 

infections. T-lymphocytes and antigen-presenting cells, including B-

lymphocytes, macrophages and dendritic cells, are the main cell types involved 

in adaptive immune responses (Kindt et al., 2007). 

 

The immune system of fish 

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

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

the components of the innate defence system of fish is growing (Magnadóttir et 

al., 2005; Magnadóttir, 2006). Fish larvae are normally exposed to 

microorganisms immediately after hatching and therefore an effective immune 

system is of high importance (Law & Dodds, 1997). The immune systems of fish 

have the main characteristics of the immune system of mammals but one of the 

differences is that mammals produce five different classes of immunoglobulin: 

IgM, IgG, IgA, IgE and IgD (Goldsby et al., 2003), whereas in teleost fish only 

four classes have been identified, IgM (Warr, 1995), IgD (Wilson et al., 1997), 

IgZ (Danilova et al., 2005) and IgT (Hansen et al., 2005).  

Immune functions in fish are more 

dependent on external parameters and 

environmental factors such as treatment, 

pollution, temperature and stress may 

profoundly affect the defence 

mechanisms (Magnadottir et al., 1999b; 

Pérez-Casanova, et al., 2008). Another 

main difference in immune structures of 

fish and mammals is the absence of bone 

marrow and lymph nodes in fish. Instead, 



8 

the major lymphoid tissues are found in organs such as the kidney, spleen, 

thymus and gut-associated lymphoid tissues (Figure 2) (Ellis, 1989). Studies of 

the development of the immune system of fish have primarily involved studies of 

the development of the different lymphoid organs of the immune system as well 

as 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, therefore, the 

organisms may rely on their ability to combat infectious diseases in a non-

specific manner (Dogget & Harris, 1987). In marine species the adaptive immune 

system usually develops later when compared to freshwater species (Schrøder et 

al., 1998). Marine species therefore depend on their innate immune system the 

first 2 - 3 months after hatching (Schrøder et al., 1998). The development of the 

immune system also varies among different fish species, and thus it is 

questionable to apply data for one species to another (Morgan & Gasque, 1996). 

Studies of innate parameters of fish have so far been limited to the first 

appearance of macrophages and phagocytic activity (Magnadottir, 2006) and the 

development of the specific immune system of fish is believed to be correlated 

with the weight of the fish rather than time after hatching (Dalmo et al., 2000). 

Innate immune parameters have been used as indicators of the effects of inherent 

as well as external factors on the immune system and the disease resistance of 

fish and several external as well as 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).  

The main cellular defence during early development of fish larvae is the 

phagocytic activity in the antibacterial defence (Vadstein et al., 2004). There are 

two specialised phagocytes in teleost fish macrophages and 

granulocytes/neutrophils (Ellis, 1989) and they produce degradative enzymes and 

antimicrobial peptides with cytotoxic activity against bacteria and protozoan 

pathogens (Neumann et al., 2001). In fish, neutrophils seem to have the highest 

migration activity and they are the first to arrive to infected sides to stop the 

spreading of infection and therefore represent an important cell type (Matsuyama 

et al., 1999). Another important cell type in teleost fish are the non-specific 

cytotoxic cells (NCCs) which participate the innate defence mechanisms along 

with showing morphological similarities with monocytes (Ellis, 1989; Evans et 

al., 2001). NCCs are capable of killing various types of infected cells, including 



9 

tumour cells and virus transformed cells (Evans & Jaso-Friedmann, 1992; Evans 

et al., 2001). 

Natural antibodies (immunoglobulins, IgM), lysozyme, antimicrobial peptides, 

protease inhibitors, transferrin, lectins, pentraxins, complement components and 

interferon (INFs) are part of the humoral defence system (Ellis, 1989, Gómez & 

Balcázar, 2008). In fish the complement components are found in serum and 

mucus secretions (Holland & Lambris, 2002) but it is not known if the functions 

in those compartments is the same (Holland & Lambris, 2002). Complement 

factor 3 (C3) is important for innate immune defence mechanism in cod where it 

takes part in the formation and generation of different organs (Lange et al., 

2004).  

The mucus serves as a repository of numerous humoral innate immune factors 

(Whyte, 2007) and it has been demonstrated in cod that mucus works as a 

defence against pathogenic microorganisms (Bergsson et al., 2005). Protease 

inhibitors can be found in the serum of fish along with other body fluids, which 

have the ability to delay and inhibit the action of proteolytic enzymes secreted 

from pathogens for penetration of host barriers (Ellis, 1987; Gómez & Balcázar, 

2008). In cod, immunisation and infection does not change the high anti-protease 

activity, though the activity is greatly affected by environmental temperatures 

(Magnadottir et al., 1999a; 2001; 2002).  

Immunoglobulin M (IgM) 

Antibodies immunoglobulins (Ig´s) are protein molecules that are able to 

combine with antigenic determinants. They are found in the serum and in other 

body fluids such as milk and gastric secretions (Madigan et al., 2003). 

Immunoglobulins can be separated into five major classes on the basis of their 

physical, chemical and immunological properties: IgG, IgA, IgM, IgD and IgE. 

IgM is the first antibody to appear after immunization and is a strong 

complement activator (Madigan et al., 2003), but the first appearance of 

cytoplasmic and surface IgM in lymphocytes differs between fish species 

(Magnadottir et al., 2005). In teleost fish, B-cells functionally resemble 

mammalian B-1 cells as they can express membrane bound IgM as a monomer as 

well as secreting soluble IgM in a tetrameric form (Miller et al., 1998; Rombout 

et al., 2005). Antibodies are considered to be a part of the adaptive immune 

responses, but natural antibodies (IgM) have been classified as a part of innate 
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immunity as they provide broad specificity and early protection against 

pathogens (Carroll & Prodeus, 1998). Natural IgM are found circulating in serum 

of normal, non-immunised individuals prior to any infection and are produced in 

the absence of exogenous antigen stimulation. Natural IgM have been identified 

in various teleost species with variation in the specificity between fish species 

observed. Natural IgM have been known to take part in both viral and bacterial 

defence and is believed to form a link between innate and adaptive immunity in 

teleost fish (Carroll & Prodeus, 1998; Sinyakov et al., 2002). In mammals, 

natural IgM are involved in early defence against bacterial infection (Boes et al., 

1998; Boes, 2000) as well as participating in early trapping of both bacterial and 

viral particles in the spleen and through stimulating phagocytosis of spleen 

macrophages. This indicates that natural IgM are important in preventing 

dissemination of pathogens to fundamental organs in the body such as the brain 

(Ochsenbein et al., 1999; Ochsenbein & Zinkernagel, 2000). Natural IgM are 

also known to be potent activators of the complement system which may lead to 

direct lysis of bacteria as well as recruiting other immune parameters to the site 

of infection. Complement activation through natural IgM may furthermore result 

in stimulation of B cells, including B1 (CD5+) cells that generate natural IgM. 

Activation of the complement system is therefore important to maintain the 

magnitude of natural IgM in the circulation (Ochsenbein & Zinkernagel, 2000).  

Cod serum contains relatively high levels of natural IgM, with increased activity 

levels observed with age and following infection. Activity of natural IgM 

towards antigens has been found to correlate well with high IgM concentration in 

the serum and it has been speculated if natural IgM response could possibly 

contribute or compensates for the poor specific antibody response observed in 

cod (Pilström & Peterson, 1991; Magnadottir et al., 1999b; 2001; 2002; 2009). 

Immune related parameters may be maternally inherited or transferred, such as 

proteins, mRNA or both (Mulero et al., 2007; Swain & Nayak, 2009). In fish, it 

has been shown that maternal immunoglobulins are transferred from mother to 

the offspring and maternal IgM are considered able to contribute to increased 

survival of larval offspring (Swain & Nayak, 2006). Binding to antigens, aid with 

phagocytosis and activation of complement during the early developmental 

stages are roles suggested for maternal IgM which may also function as a 

nutritional yolk protein (Magnadottir et al., 2005). Maternal transfer of IgM has, 

however, not been established in cod (Magnadottir et al., 2004; Seppola et al., 

2009).  
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Lysozyme 

Lysozymes, also known as muramidase or N-acetylmuramide glycanhydrolase, 

are glycoside hydrolases. The enzymes causes damage to the cell walls of Gram-

positive bacteria, by catalyzing hydrolysis of 1,4-beta-linkages between N-

acetylmuramic acid and N-acetyl-D-glucosamine residues in a peptidoglycan and 

between N-acetyl-D-glucosamine residues in chitodextrins. In Gram-negative 

bacteria, lysozyme is only effective when the outer cell wall is disrupted by the 

complement system or other enzymes, thereby leaving the inner peptidoglycan 

layer exposed. Lysozyme is abundant in various secretions such as tears, saliva, 

human milk and mucus. It is also present in cytoplasmic granules of the 

polymorph nuclear neutrophils (PMNs). Lysozymes are able to activate the 

complement system and promote phagocytosis by polymorphonuclear leucocytes 

and macrophages in addition to serving as opsonins. In addition to antibacterial 

functionality, lysozyme is known to have antifungal and antiviral activities as 

well as playing a role in digestion (Jollés & Jollés, 1984; Jollés et al., 1989; 

Saurabh & Sahoo, 2008).     

Lysozyme is found in vertebrates, invertebrates, plants, microbes and in 

bacteriophages and is of leukocyte origin (that lysozyme is produced by 

leukocytes or evolved from leukocytes (Jollés & Jollés, 1984; Kindt et al., 2007). 

Lysozyme can be classified into six types. The chicken (c-type) and the goose (g-

type) types are found in vertebrates and the invertebrate type (i-type) in 

invertebrates: the other three types are of phage, bacterial and plant origins and 

differ both in molecular weight, amino acid composition and enzymatic 

properties (Prager & Jollés, 1996; Grunclová et al., 2003; Saurabh & Sahoo, 

2008).  

C- and g-type lysozyme have been found in fish. Both types are released by 

leucocytes, monocytes and macrophages. The g-type lysozyme has been reported 

in cod and several other fish species with lytic activities against known fish 

pathogens demonstrated (Saurabh & Sahoo, 2008; Larsen et al., 2009). The g-

type lysozyme gene is conserved in teleost species and it has been reported that 

the gene is organised in similar ways within fish species. The g-type lysozyme 

gene in cod has been both cloned and characterised and studies of the expression 

of lysozyme indicate that the lysozyme gene in cod takes part in innate immune 
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responses (Larsen et al., 2009). Lysozyme seems to transfer maternally in cod 

since high expression of g-type lysozyme has been reported in unfertilised eggs 

and ovarian fluid. This indicates that the role of lysozyme is, among other things, 

to prevent pathogenic invasion in cod eggs and embryos (Seppola et al., 2009). In 

adult fish and following bacterial injection and stress exposure, increased 

expression of g-type lysozyme was observed in the spleen and the head-kidney 

leukocytes (Caipang et al., 2008; 2009; Lazado et al., 2010).  

The lysozyme levels in fish are affected by sex, age and various environmental 

factors such as stress and infection (Saurabh & Sahoo, 2008). Lysozyme is 

mainly located in places where there is high risk of pathogenic invasion, which 

indicates that lysozyme is important in the early line of innate defence in fish. 

The highest lysozyme levels are commonly found in the head-kidney, 

gastrointestinal tract, spleen, skin, mucus, serum, gills, liver, and in muscle as 

well as in fertilised eggs (Lie et al., 1989; Yousif et al., 1994).  

 

1.5 Protein hydrolysates and immune stimulation 

Larvae of Atlantic cod require live prey animals during the first weeks of 

exogenous feeding and high live feed quality is needed for normal growth, 

development and survival of larvae (Olsen et al., 1999). The relative quantities 

and qualities of nutrients in the live prey are therefore of high importance 

(Woods, 2003). The fatty acid composition and nutritional quality of the live prey 

items commonly used in the production of marine fish larvae has been found 

inadequate and fatty acid and proteins as well as vitamin and mineral enrichment 

of the live prey has proven necessary for normal development during production 

of cod larvae. Proteins may be chemically or enzymatically broken down into 

peptides of varying sizes through hydrolysis (Skanderby, 1994). Proteins are 

broken down to smaller peptides by digestive enzymes for uptake of nutrients 

and food enriched with protein products may physiologically affect the heart, 

vascular system, nerve system and the immune system in addition to general 

absorption as nutrients (Pripp et al., 2005). Supplementation with fish protein 

hydrolysates has been found to beneficially affect the development of marine 

fish, possibly through stimulation of innate immune parameters (Zambonino 

Infante et al., 1997; Cahu et al., 1999; 2004; Cahu & Infante, 2001; 
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Hákonardóttir & Hrólfsdóttir, 2008; Hermannsdottir et al., 2009). Biochemical 

hydrolysis of fish protein is carried out using enzymes that hydrolyse the peptide 

bonds and can be performed both by using proteolytic enzymes already present in 

the muscle or by adding enzymes from other sources (Kristinsson & Rasco, 

2000). The global volumes of by-products from the seafood industry are 

significant and could become valuable ingredients in feed for fish. Currently, the 

focus in fisheries and aquaculture is to increase the value of the fish by using the 

whole fish, including all by-products (Slizyte et al., 2004; 2005). Hydrolysates 

produced from seafood by-products represent a relevant opportunity for 

utilisation of this protein material, e.g. enzymatically treated hydrolysates (Espe 

et al., 1999). Furthermore, proteins originating from seafood are of interest due to 

various bioactivity observed, including antibacterial activity and stimulating 

effects of the immune system (Roller & Covill, 2000; Bøgwald et al., 2002; 

Murray et al., 2003; Deutremepuits et al., 2004; Pranoto et al., 2005; Kotzamanis 

et al., 2007). In a previous study, a pollock protein hydrolysate was found to 

contain high levels of taurine, potassium and B-vitamin and therefore had a high 

nutritional value (Liaset & Espe, 2008). Additionally, protein hydrolysate derived 

from pollock has been found to positively effect on survival, growth and/or 

deformities during early development of Atlantic halibut and Atlantic cod 

(Hermannsdottir et al., 2009; Johannsdottir et al., 2012), which was the indicator 

of the present study. 

Immunostimulants are substances which modulate the immune system by 

stimulating various functions and thereby generating a stronger protective 

response and increase the host´s resistance to diseases (Bricknell & Dalmo, 

2005). Immunostimulants are commonly of natural origin such as bacterial, 

animal-derived, algae-derived, hormones, cytokines and certain nutritional 

factors (Sakai, 1999) and may be obtained in large amounts as e.g. glucans from 

yeast and chitosan from shrimp shell (Anerson & Siwiki, 1994; Siwicki et al., 

1994; Bagni, 2000; Couso, 2003) and other arthropods (Bricknell & Dalmo, 

2005). The effects of immunostimulants depend upon the recognition of target 

cells receptors (target cells reseptors or receptors of the target cell, where high 

risk molecules trigger various defence pathways. Many mammalian receptors 

have been reported to bind immunostimulants but analogues have not yet been 

found in fish. However, cells of both origins possess many similar receptors and 

the effects of immunostimulants in fish may therefore in many cases be predicted 

(Bricknell & Dalmo, 2005). Immunostimulants may therefore up-regulate the 

innate defences of larvae and thereby help protect against invading pathogens 
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and provide resistance during periods of e.g. high stress, such as during grading, 

transfer to sea and vaccination (Robertsen, 1999; Sakai, 1999; Bagni, 2000; 

Conceicao, 2004). 

 

1.6 Aims of the study 

Previous studies have indicated that feed enhancement using a fish protein 

hydrolysate may positively affect the development, growth and survival as well 

as stimulating the production of innate immune parameters of key importance in 

early cod larvae. The specific aims of the study were to evaluate the effects of 

live prey enhancement using a pollock protein hydrolysate (PHE) on Atlantic cod 

larvae of wild-caught as compared to cultured origin. Two different approaches 

were used for evaluating potential effects: proteomic analysis and 

immunohistochemistry and the results related to larval development and survival. 
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2 Methodology 

Atlantic cod larvae were obtained from the Icelandic Marine Research Institute 

(MRI) at Stadur near Grindavik where the experiment was carried out in 

connection with two projects, funded by the AVS R&D Fund of Ministry of 

Fisheries and Agriculture in Iceland (The effect of fish protein hydrolysate on the 

development of cod larvae) and the Nordic NORA fund (COD-Atlantic). The 

experiment was planned in collaboration with the MRI staff. The staff at MRI 

carried out the experiments and surveillance with the rearing tanks and also 

monitored survival, growth and development of larvae. Collection of samples 

was carried out by scientists at Matís in Reykjavik while the student was 

responsible for the sample analysis and evaluation of the results, except analysis 

of proteins from 2-dimensional gels which was carried out by the staff of 

Aberdeen Proteomics at the University of Aberdeen in Scotland. 

 

2.1 Fish protein hydrolysate 

The fish protein hydrolysate used in this study was manufactured from pollock 

fillets by Iceprotein Ltd. in Iceland. This hydrolysate was manufactured by using 

the Hultin Process method that was based on changes in the pH of the solution in 

a chilled environment (Kristinsson & Rasco, 2000; Thorkelsson et al., 2008). 

Growth inhibition of various concentrations of the product against reference 

isolates of 15 known fish pathogens was carried out by Matís scientists using 

Tryptic Soy Agar (TSA, Difco) dissolved in 70% v/v filtered aged seawater and 

the paper dish method previously described by Bjornsdottir et al. (2010). The 

antioxidant activity was analysed using cellular based and chemically based 

assays as previously described (Wang et al., 2009; Zhang et al., 2011). This was 

carried out by the staff at Matís in connection with the previously mentioned 

projects. 
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2.2 Experimental setup and sampling procedure 

Eggs were obtained from Icecod Ltd. and standard hatchery practices were used 

during the experiment. Briefly, cod eggs were disinfected at -12 and -1 days post 

hatch (dph) using 0.1 gL-1 of Pyceze (Novartis Aqua, Surrey, UK). Avecom (a 

Remus probiotic mixture) was then added to the incubators once a day during the 

egg incubation period. Upon hatching completion (at 0 dph) the larvae were 

transferred to production tanks of 3,200 L at the density of 200,000-300,000 

yolk-sac larvae per tank. The larvae were fed rotifers (Brachionus plicatilis) 

enriched using Multigain (BioMar, Denmark) from day 2 post hatch. From day 

20 post hatch the larvae were co-fed using Artemia franciscana nauplii (INVE 

Aquaculture NV, Dendermonde, Belgium or BIO-MARINE Aquafauna, 

California, USA) enriched using S-Presso (INVE Aquaulture NV, Dendermonde, 

Belgium) until ~35 dph and thereafter with Multigain. Only Artemia was offered 

from 30 dph onwards. The rearing temperature was raised gradually from 7 °C 

during the egg stage to 10 °C at day 14 post hatch and 12 °C at day 30 post hatch. 

An algae paste was used for environmental shading during the period of offering 

live prey to larvae.  

The live prey was enhanced using a pollock protein hydrolysate (PT) for 30 

minutes prior to offering to larvae in two of four feedings per day at 9:00 and 

16:00, three days a week (Mon-, Wed- and Fridays) from the onset of exogenous 

feeding and for six weeks (treated larvae). Each treatment was carried out in two 

tanks, with comparison of traditional feeding vs. 100 ppm of the pollock protein 

hydrolysate using eggs from wild-caught and third generation cultured cod. 

Several pre-experiments have been carried out related to previous experiments, 

for studying the effects of various enhancement protocols on the quality of the 

live prey, which was measured by mobility, viability and numbers of cultivable 

bacteria in live prey cultures. The pre-experiments were carried out by Matís 

scientists and furthermore included studies of the effects of various enhancement 

protocols on the bacterial community of cod larvae at early developmental stages.  

Samples of larvae were collected at regular intervals throughout the experiment 

for various analysis carried out in other parts of the COD-Atlantic project. In the 

present study, the effects of treatment were analysed using two different 

approaches, proteomic analysis and immunohistochemistry of larvae collected at 

42-44 dph (Figure 3). Fifteen larvae were collected from each tank for the 

proteome analysis and three from each tank for the immunohistochemistry 
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studies. At the end of the experiment and at day 50 and 100 post hatch , a random 

selection of larvae was collected from each tank for estimation of the larval 

survival and quality. Larval growth was estimated by measuring the wet weight 

of ~20 larvae tank-1 at 75 dph and 148 dph, using a scale and stereomicroscope 

(WILD M3Z, Wild Heerbrugg Ltd. Switzerland). Larval development was 

visually estimated by examining ~20 larvae from each tank with respect to 

structural deformities, skeletal deformities, gaping and developed swim bladder. 

Larval survival was calculated as the percentage of surviving larvae in relation to 

the estimated number of eggs that were transferred to each tank. Samples for 

Western blotting were collected parallel to samples collected for the 

immunohistochemistry studies, aiming on comparing the methods of proteomics 

and immunohistochemistry the identification locating IgM and lysozyme protein 

spots on the 2D gels using specific antibodies. 
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Figure 3: The experimental setup and sampling procedure. The larvae were of two different 

origins, eggs from wild-caught and eggs from third generation of cultured cod. Samples were 

collected at different time points throughout the experiment. Samples were collected at 42 and 44 

days post hatch (dph) from both peptide treated (PT) and untreated (UT) groups for the proteomics 

(15 larvae/sample), the immunohistochemistry (3 larvae/sample) and the western blotting analysis. 
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2.3 Sample preparation 

 Atlantic cod larvae were collected prior to offering live prey to larvae in the 

morning feeding. The larvae were collected using small pocket net, placed in a 

bucket containing rearing water and transported on ice by airplane to Akureyri. 

Upon arrival the larvae were anesthetized using an overdose of MS222 (300 L-1) 

(Figures 4 and 5) prior to further preparation for each analysis.  

For the proteome analysis, the liver and the digestive tract from 15 larvae tank-1 

were dissected under stereoscope using cold light and with care taken to not 

exceed 4-5 minutes for the dissection of organs from each larva. The organs were 

transferred to separate microtubes, snap frozen in liquid nitrogen and then stored 

at -70 °C for further analysis. For the immunohistochemistry analysis, 3 larvae 

from each tank were collected individually to 1.5 mL tubes, covered with tissue-

Tec, snap frozen in liquid Nitrogen and then stored at -70 °C until further 

analysis. For the analysis using western blotting of 2D gels, 5 larvae were 

collected to 1.5 mL tubes, covered with ethanol solution and stored at 4 °C until 

further analysis.  

           

Figure 4: Larvae during anesthetization (A) 

and example of the size distribution of UT 

larvae from individual tank units (B). 

 

 

 

 

Figure 5: Stereo microscope with attached 

cold light units (A) and cod larvae at 42 days 

post hatch (B). 
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Figure 6 Protein denaturation 

by sodium dodecyl sulphate 

(SDS). 

 

2.4 Proteomic analysis 

Electrophoresis is used in separation of proteins based on the migration of 

charged proteins in the electric field. This method is especially useful as an 

analytical method and its advantage is that proteins can be visualized as well as 

separated and it also allows determination of the proteins isoelectric point and 

approximate molecular weight. In sodium dodecyl sulphate -polyacrylamide gel 

electrophoresis (SDS-PAGE), SDS binds to polypeptides (one molecule of SDS 

for every two amino acids) which shields the natural charges of the protein, 

leading to their unfolding (Figure 6). This also renders the protein's natural 

charges unresponsive to the electric field, allowing 

electrophoretic separation with respect to protein 

molecular mass.  Because of the sulphate moiety on 

the SDS molecules the SDS-bound protein now has 

a negative charge corresponding to the polypeptide 

chain length and seeks to the positive pole of the 

electric field and the proteins therefore run through 

the gel. The polyacrylamide gel works as a 

molecular sieve and slows down the migration of 

proteins proportionally to their chain length and, 

hence, molecular mass (Nelson & Cox, 2008; Glick 

et al., 2010).      

Another electrophoretic technique employed was isoelectric focusing (IEF), 

which is a procedure used to determine the isoelectric point (pI) of a protein. By 

allowing a mixture of ampholytes (low molecular weight organic acids and 

bases) to distribute in an electric field generated across the gel strip, a pH 

gradient is established. After the protein mixture is applied, the proteins migrate 

until they reach the pH that matches their pI. Therefore, proteins with different 

isoelectric points are distributed differently throughout the gel. Combining 

isoelectric focusing and SDS-PAGE in a process called two-dimensional 

electrophoresis (2DE), a very high resolution of protein mixtures can be 

obtained. This method is a more sensitive analytical method than either SDS-

PAGE or IEF alone, since two-dimensional electrophoresis separates proteins 

with similar pI but different in molecular weights, or proteins with similar 

molecular masses but which differ in pI (Nelson & Cox, 2008; Glick et al., 

2010).   
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In the present study, the digestive tract and the liver from the fifteen larvae 

collected from each tank were pooled to three samples, each containing the 

digestive tract or liver from 5 larvae. An analysis of the sample proteome was 

then carried out in the following distinct steps. First the proteins were extracted 

from the samples (2.4.1) and then separated using SDS-PAGE (2.4.2) for visually 

determining the approximate protein quantity in each sample, related to a protein 

standard run parallel. Samples containing quantities deemed sufficient for the 

second dimension electrophoresis to be run were then selected and subjected to 

2DE where, following protein separation using IEF (2.4.3), the proteins were 

separated in the second dimension by size using SDS-PAGE gels (2.4.4) (Figure 

7). 

 

 

                                                       

Figure 7: Two dimensional electrophoresis. The main steps included isoelectric focusing of 

extracted proteins, followed by separation on sodium dodecyl sulphate (SDS) gels through 

electrophoresis. 

 

Following the two-dimensional electrophoresis the 2D gels were dyed and 

scanned into a computer for image analysis. Separated protein spots deemed 

interesting based on observed differential expression were excised, digested and 

analysed using Liquid Chromatography - Tandem Mass Spectrometry (LC-

MS/MS) for identification based on comparison to protein and gene databases 

(2.4.5-2.4.7). 
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Protein extraction 

Sample extraction was performed from pooled samples of 5 sample-1, one sample 

of the livers and one of the digestive tracts, using the Sample Grinding Kit from 

Amersham Biosciences, following the instructions provided by the manufacturer. 

Frozen samples of larval digestive tracts and livers were homogenized in an ice 

cold extraction buffer (7M urea, 2M thiourea, 4% CHAPS (3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate), 20 mM DTT 

(dithiothreitol)) supplemented with 1/100 protease inhibitor mix (Model 80-

6051-23, GE Healthcare Bio-Sciences). Following homogenisation, the tissue 

lysates were centrifuged at 11,500 x g for 10 minutes and the supernatant then 

stored at -70 °C until gel electrophoresis was performed. To find the buffer that 

gave the highest concentration of extracted proteins, various buffers (6.1) were 

tested on selected samples. The buffers tested differed both with respect to their 

ingredients and the relative volumes used. 

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) 

Following protein extraction, the proteins in the samples were separated by size 

using SDS-PAGE gel electrophoresis, with a ladder containing protein of know 

sizes (3.5 – 260 kDa) run on each gel for comparison (Figure 8). This was done 

in order to determine the amount of proteins in each sample. Sample preparation 

for electrophoresis was done in the following steps: 1.0 µL loading buffer (6.1) 

added to 4.0 µL of sample and then heated at 90 °C for 2 minutes on mild 

rotation. The samples were then centrifuged at highest strength    (13,000 x g) for 

15 seconds before loading individually into the wells of the gel. The gels were 

then electrophoresed at 150 V for 45-60 minutes. 

 
Figure 8: Proteins from samples for proteome analysis being 

electrophoresed. 
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Figure 9: Reswelling trays and Ettan 

IPGphor II. 

 

Isoelectric focusing (IEF) 

The immobilised pH gradient (IPG) gel 

strips that were used were 7 cm and their pH 

range 4-7 (ZoomStrip from Invitrogen). 

Reswelling of gel strips was performed in 

reswelling trays from GE Healthcare (Figure 

9) for 12 hours or overnight at room 

temperature, using reswelling buffer (6.1) 

mixed with each sample (16 – 20 µL sample 

and 134 - 130 µL reswelling buffer). IEF 

was run at 2 mA and 5 W at 20 °C on the Ettan IPGphor II machine from 

Amersham Biosciences (Figure 9). Isoelectric focusing was performed in the 

following steps: 300 V for 200 Vh, 1,000 V for 300 Vh, 5,000 V for 4,500 Vh, 

5,000 V for 2,000 Vh with ramped voltage change between each step. The IPG 

strips were equilibrated for 15 minutes, in 1% w/v DTT and then for 15 minutes 

in 2.5% w/v iodoacetamide prepared in equilibration buffer (LDS sample buffer, 

NuPAGE or 50 mM tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, trace of 

bromophenol blue). If the second dimension gel was not to be run immediately, 

the IPG strip were frozen at -20 °C following equilibration (Figure 10). The 

equilibration buffer was made up in bulk (6.1) and stored at -20 °C. DTT and 

iodoacetamide were added to the thawed buffer just prior to use. LDS Sample 

Buffer from NuPAGE (4X) was diluted to 1X with deionized water and DTT and 

iodoacetamide were then added. 

 

 

 

Figure 10: IPG strip after equilibration. 
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Second dimension electrophoresis 

Second dimension gels were run as 100 x 100 x 1 mm vertical slab gels in the 

Hoefer miniVE and miniEC electrophoresis machine (Amersham Biosciences) 

(Figure 11). Gels were cast to the following formula and left to set for at least 1 

hour before use; 0.25 mL 10% SDS, 6.25 mL 1.5 M tris pH 8.8, 7.5 mL 40% 

acrylamide/bis-acrylamide, 10.8 mL dH2O, 15 µL Tetramethylethylenediamine 

(TEMED), 175 µL 10 % ammonium persulfate. A 4–12% bis-tris ZOOM 

polyacrylamide slab gel (8 x 8 cm, Invitrogen) was also tested. The proteins were 

electrophoresed at 150 V for 45 - 60 minutes followed by protein detection 

described in 2.4.5. Two replicate gels were run for each biological sample from 

the digestive tract, a total of 6 gels from each of the four treatment groups 

(Appendix 6.4). The protein extraction recovery from the liver samples was too 

poor to be detected on the 2DE gels. 

 

 

 

 

 

 

 

Figure 11: The electrophoresis machines, Hoefer miniVE and miniEC. Samples in both machines 

were electrophoresed at 150 V for 45 - 60 minutes. The resolved proteins were then detected either 

by using Coomassie Brilliant Blue R-250 or Simply Blue Safe Stain (Invitrogen). Molecular 

masses of the proteins were determined by co-electrophoresis with standard protein markers. 

 

Gel fixing and staining 

 

The resolved proteins were detected using either Coomassie Brilliant Blue R-250 

or SimplyBlue SafeStain (Invitrogen). 
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Figure 12: SDS-PAGE gel (left) 

and 2D gel (right) distained in 

water. 

 

Coomassie brilliant blue R-250. 

The gels were removed from the plates immediately after the electrophoresis and 

placed in gel fixative (50% methanol (MeOH), 10% acetic acid (HoAc), 40% 

dH2O) for approximately 30 minutes to preserve the proteins on the gel. 

Following fixing, the gel was stained with Coomassie brilliant blue R-250 (50% 

MeOH, 10% HoAc, 40% dH2O, and trace of 

Coomassie colour) for at least 4 hours or overnight. 

Then the gels were distained in water for 1 - 2 days 

or until the background was clear or in fixative 

solution for 4 - 6 hours (Figure 12). Using this 

method, the bands began to appear after 1 - 2 hours 

of distain.  

 

SimplyBlueTM SafeStain Simply blue safe stain.  

After electrophoresis the gels were washed tree times in dH2O for 5 minutes or 

three times in dH2O for 10 seconds in a microwave oven. Then the gels were 

stained with gentle shaking for 1 hour at room temperature with enough 

SimplyBlueTM SafeStain (~20 mL) to cover the gel, or, for 45 - 50 seconds in a 

microwave oven. Bands began to 

appear within minutes. The gels can 

be analysed directly in the stain but 

the gels can be left in water for 

several days without losing 

sensitivity.  

Following staining, the 2D protein 

profiles obtained were scanned as 12 

bit images at a resolution of 50 µm 

with ImageScanner from Amersham 

Biosciences (Figure 13) for further analysis (2.4.6). Based on the scanning 

images and number of detected spots, three replicate gels were selected from the 

six gels run for each tank (a total of 12 gels) and subjected to image analysis. 

Figure 13: ImageScanner from Amersham 

Biosciences. 
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Image analysis of 2D protein profiles 

Subsequent analysis of the gel images was performed using Image MasterTM 

2D Platinum Software from Amersham Biosciences. Protein spots were detected 

using automated routines from the software combined with manual editing to 

remove artefacts. All protein spots were assigned a spot number, pI and 

molecular weight from one gel of the 12 gels selected was used as a reference 

gel, based on image quality and number of detected spot. Individual protein spot 

abundance was determined by the area of the spot multiplied by the density and 

referred to as the volume. Background was removed and the spot volumes 

normalised to the total protein detected on each gel. The normalised spot volume 

is described as the abundance of a particular protein spot. Three replicate gels 

were used for each treatment group. Proteins that were considered to be 

differentially expressed between treatments and/or related to larval origins were 

analysed for significance using a student´s t - test. One gel was selected from 

each treatment group for an additional visual comparison of the groups.  

 

Protein identification by peptide fragment fingerprinting (PFF) 

Proteins of interest were excised from the stained gels, subjected to in-gel trypsin 

digestion (Sveinsdottir et al., 2008) and analysed by PFF by LC-MS/MS as 

previously described by Sveinsdottir & Gudmundsdottir (2010). Trypsin 

digestion, analysis by mass spectrometry and identification of proteins using MS-

Fit queries against the NCBInr database was carried out by experts at Aberdeen 

Proteomics at the University of Aberdeen, School of Medical Sciences. The 

student further identified the peptide mass fingerprints provided using the Mascot 

query engine with Swiss-Prot and NCBInr databases as previously described by 

Perkins et al. (1999). The searches were taxonomically restricted to 

Actinopterygii (ray-finned fishes).  
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2.5 Immunohistochemistry 

The interaction between an antigen and its antibody is a highly specific one. For 

this reason; various immunohistochemical staining methods have been developed 

for the detection of a large array of biomolecules (Genten et al., 2009). 

 

Sample analysis 

The presence and distribution of IgM and lysozyme was studied using specific 

antibodies and immunostaining of transverse cryosections of three larvae 

collected from each tank (a total of 12 larvae) at 42 - 44 dph (Figure 14). Larval 

samples preserved at -70 °C were cryosectioned using Leica CM 1800, 

producing 9 µm thick sections that were collected onto poly L-lysine coated 

microscope slides. The first section was collected after sectioning through the 

eyes. Six sections in a row were arranged one on each microscope slide and the 

next four sections discarded before collecting the next six sections onto the same 

slides. The process was repeated until cutting to the distal end of the digestive 

tract when only the muscle and no intestines appeared in the sections, with a total 

of six slides with 6 – 8 sections slide-1 and 6 - 13 slides collected from each 

sample. Two of the six slides (2 x (6 - 13)) were used for analysing the presence 

of IgM and other two for the presence of lysozyme. Additional slides were used 

as negative controls by incubation with dilution solution instead of primary 

antibody solution. The slides were dried at room temperature for 1 hour and then 

stored at – 70 °C until staining.  

 

  

Figure 14: Cryosectioning using Leica CM 1800. The part containing the eyes was removed 

(figure furthest to right). 
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IgM and lysozyme detection by immunohistochemistry (IHC) 

Frozen sections were left to thaw at room temperature for 5 minutes before fixing 

in ice-cold acetone for 10 minutes prior to immunohistochemistry staining 

(Appendix 6.2). Preparing sections for staining included washing three times in 

phosphate buffered saline (PBS) with the addition of 0.05% v/v Tween20 

(Sigma) (PBS-Tween) followed by blocking of active sites for protein binding by 

incubation with PBS-Tween containing 10% w/v normal goat serum (Sigma 

G9023). The sections were washed with PBS-Tween between steps and all 

incubations carried out at room temperature. The antibodies were diluted (1/100) 

in PBS-Tween containing 0.2% w/v normal goat serum and incubated for one 

hour. The primary antibodies used were rabbit anti-cod IgM and rabbit anti-cod 

lysozyme (a kind gift of Dr. Merete Bjørgan Schrøder and her co-workers at the 

Norwegian College of Fishery Science at the University of Tromsø in Norway). 

Sections incubated with the dilution solution were used as negative controls. 

Analysis of primary antibody binding included blocking of endogenous 

peroxidase activity by incubation with 3% v/v H2O2 diluted in PBS for 15 

minutes prior to blocking active sites for protein binding. Binding of the specific 

antibodies was made visible using Horseradish peroxidase (HRP) labelled 

secondary antibodies made in swine (Dako 0448). Following washing, the 

sections were incubated with sodium-acetate buffer (6.8 g Na-acetate, pH 

adjusted 5 to using acetic acid) for 10 minutes, excess liquid then poured off and 

the sections incubated with AEC (3-amino-9-ethyl-cabazole) substrate solution 

for 2 minutes (17.33 mg mL-1 dissolved in N<N-dimethylformamide, 750 µL of 

the solution transferred to 32.5 mL aliquots of Na-acetate buffer and finally 16.25 

µL of 30% v/v H2O2 were added). The sections were then rinsed under running 

tap water, counterstained with haematoxylin stain for 10 seconds and then rinsed 

again under running tap water for a few seconds. Finally, the slides were 

mounted using Clarion Mounting Medium (Sigma C0487) and analysed using 

Leica DMRA2 microscope with pictures taken using Leica DC300F digital 

camera. Several pictures in different magnification (50 - 400x) were taken from 

each of the 6 - 8 sections on each slide (Appendix 6.5) for the selection of 

representative pictures from each sample and comparison between the different 

treatment groups (Figures 21 – 28). The staining procedure is outlined in Figure 

15. 
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Figure 15: Immune staining of tissue sections using specific antibodies and background staining 

using Haematoxylin. HRP; Horseradish peroxidase labelling. AEC; 3-amino-9-ethyl-carbazole. 
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Figure 16: Larvae 

collected at 42 - 44 dph 

stored in EtOH. 

2.6 Western blotting 

Immune blotting of 2D gels using specific antibodies for IgM and lysozyme was 

carried out with the aim to locate these two parameters of key importance for 

innate immunity in the protein profile of larvae. 

Sampling preparation 

 

Larvae used in this experiment had been stored in 

99% ethanol (EtOH) solution at 4°C (Figure 16). 

Larval samples were collected in triplicate and five 

larvae were pooled in each sample. The larvae were 

washed three times in 0.9% NaCl solution to 

rehydrate the larvae and to prevent the cells from 

disrupting (Figure 17). Following repeated (x3) washing with 0.9% NaCl 

solution, the digestive tract was cut out under stereoscope using cold light and 

with samples kept on ice. The samples were immediately extracted using Sample 

Grinding Kit and extraction buffer as described in chapter 2.4.1.  

 

Figure 17: Ethanol fixed larvae at day 42 - 44 post hatch. The larvae were rehydrated and washed 

three times in 0.9% NaCl solutions. 

 

Detection of IgM and lysozyme and analysis of proteins in 2DE gels 

All gels were run in triplicate, with proteins in two gels electrophoretically 

transferred to a nitrocellulose membrane and stained using specific antibodies 
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against IgM and lysozyme, while the proteins on the third gel were stained using 

SimplyBlue SafeStain.  

Loading buffer (Alberts et al., 2008b, Appendix 6.1) was added to the samples in 

appropriate amounts (1.0 µL buffer/4.0 µL sample) and the samples then heated 

at 90 °C for 2 minutes on mild rotation for denaturation of the proteins before 

loading onto the gels. The samples were then centrifuged at highest rotation 

capacity (13,000 x g) for 15 seconds before loading individually in the wells of 

the gel. The proteins in the samples were then separated by electrophoretic 

transfer in NuPAGE 4-12% polyacrylamide gels (Invitrogen) using a constant 

current of 150 V for 45 - 60 minutes. A protein ladder was run on each gel. The 

proteins in one gel for each sample were made visible by staining with 

SimplyBlue SafeStain and the other two gels were electrophoretically transferred 

onto a nitrocellulose membrane using BioRad-Trans-Blot SD, using a constant 

current of 15 V for 30 - 60 minutes. Non-specific binding was then blocked by 

incubating the membrane in tris buffered saline (TBS) containing 2% w/v bovine 

serum albumin (BSA) (TBSA) for 2 hours using mild rotation. The membranes 

were then washed for 3 x 10 minutes in TBS containing 0.05% Tween20 in TBS-

Tween before they were incubated in a solution of primary antibodies (rabbit 

anti-cod IgM or rabbit anti-cod lysozyme) diluted in 0.2% TBSA on mild 

rotation overnight at room temperature. The membranes were washed again three 

times for 10 minutes in TBS-Tween and then incubated in a solution of alkaline 

phosphate (AP) labelled secondary antibody (goat anti-rabbit Ig, Sigma) diluted 

in 0.2% TBSA, on mild rotation for 2 hours at room temperature. The 

membranes were then washed for 3 x 10 minutes in TBS-Tween and incubated in 

AP substrate buffer (Appendix 6.3) for 20 minutes in a dark place at room 

temperature to activate the enzyme reaction. Then the membranes were incubated 

again in AP substrate buffer containing NBT (7.5 mL-1 final concentration of 

nitroblue tetrazolium chloride) and BCIP (165 mL-1 final concentration of 5-

bromo-4-chloro-3-indiolyl phosphate p-Toluidine salt) for 20 minutes in a dark 

place at room temperature. This enzyme reaction is supposed to develop a purple 

bond/spot as a positive response. The process and its steps are outlined in Figure 

18.  
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Figure 18: Western blotting of 2DE gels using specific antibodies and alkaline phosphate labelled 

secondary antibodies. AP; Alkaline phosphate, NBT; nitro-blue tetrazolium chloride, BCIP; 5-

bromo-4-chloro-3'-indolyphosphate p-toluidine salt, 2DE; two dimensional electrophoresis. 
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3 Results 

A pollock protein hydrolysate (3.1) was used for treatment of Atlantic cod larvae 

through bioencapsulation of the live feed offered to larvae during the first 6 

weeks in feeding. The effects of treatment were evaluated using proteomics (3.2) 

as well with respect to stimulation of IgM and lysozyme production in thin cross-

sections of larvae, using monoclonal antibodies and immunohistochemistry (3.3). 

Western blotting was also carried out with the aim to combine these two methods 

(3.4). Larval survival within each group was evaluated at the end of the first 

feeding period (~50 dph) and repeatedly at ~100 dph. Larval growth was 

estimated at selected dph throughout the period and normal larval development 

was evaluated following transformation of larvae to juveniles at ~150 dph. 

 

3.1 Hydrolysate analysis and evaluation of larval 

success 

The crude composition of the protein hydrolysate was analysed in order to 

evaluate its nutrient properties. The protein content was 76.10% and antioxidant 

activity was only measured in samples containing > 0.5 g/mL protein. The results 

of the nutritional analysis therefore indicate high protein content and limited 

antioxidant activity (Sveinsdóttir et al., 2012). The product was not found to 

inhibit the growth of reference isolates of known fish pathogens, indicating that 

treatment using the product will not affect the normal bacterial community of 

larvae (Sveinsdóttir et al., 2012). 

A high variation in the size of larvae was observed within samples obtained from 

the untreated groups at 42 - 44 dph (observed visually when handling the 

samples) (Figure 4), while size differences were not as obvious in the samples 

from the treated larval groups. Larval growth was found acceptable and similar 

growth rates observed in all groups (Table 1). Survival in larvae of wild-caught 

origin, both peptide treated and untreated, was high when evaluated at 50 dph. 
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Mass mortalities caused by a bacterial infection were, however, experienced 

between 50 - 55 dph and resulting in an overall survival of only 6 - 8% in all 

groups when evaluated at 100 dph (Sveinsdóttir et al., 2012). Larval deformities 

were evaluated at 148 dph, revealing only 0.4 and 1.6% deformities in larvae of 

wild-caught origin, while 3.6 and 7.0% of untreated and treated larvae of cultured 

origin, respectively, were severely deformed (Table 1). 

 

Table 1: Evaluation of survival, growth and development of cod larvae of wild-caught (Wild) and 

cultured (Cultured) origin. The live prey of larvae was enhanced using a pollock protein 

hydrolysate (PT) as compared to untreated (UT) larvae of the same origin.  

 

 Wild Cultured 

  PT UT PT UT 

Survival (50 dph)* 6.50% 7.50% 14% 24% 

Survival (100 dph)* 5.60% 6.30% 5.80% 8.10% 

Dry weight (mg) 44 dph** 10.4 9.7 8.9 7.7 

Wet weight (g) 75 dph** 0.61 0.59 0.54 0.52 

Wet weight (g) 148 dph** 11.8 12.3 10.7 11.8 

Severe deformities (%)  

148 dph*** 
1.60% 0.40% 7.00% 3.60% 

*Larval survival was calculated as the percentage of surviving larvae in relation to the estimated 

number of eggs transferred to each tank. 

**Larval growth was estimated by measuring the weight of ~20 larvae tank-1 at 44, 75 dph and 148 

dph. 

***Larval development was estimated by examining ~20 larvae tank-1 with respect to severe 

deformities. 

 

3.2 Protein expression 

Comparisons were performed on differently expressed proteins in larvae at 42 - 

44 dph, with respect to different treatments as well as larval origin. Protein 

extractions from pooled samples of digestive tracts were carried out. 
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Detection of differentially expressed proteins 

High resolution 2DE revealed the protein expression profile of soluble proteins in 

the digestive tract of larvae. The number of protein spots detected on each gel 

varied from 75 to 218 and after editing, the total number of protein spots used for 

the analysis varied between 73 and 171 on the twelve gels run. The proteins had 

molecular weights between 10 and 260 kDa and pI between 4.6 and 6.6. Within 

this range, 14 protein spots showed a different expression between treatments 

group and/or related to larval origin. The protein spots that were found to have 

quantitative changes as a result of treatment are reported in Table 2.  

 

Table 2: Regulation of the 14 selected protein spots differentially expressed as a result of 

treatment. Also shown is different regulation related to the origin of larvae (Cultured, Wild-caught). 

Spot pI kDa 
Cultured 

origin 

% volume 

regulation 

Wild-caught 

origin 

% volume 

regulation 

17513* 5,15 47 + 0.19 - 67.68 

17523** 5,10 45 + 0.16 + 80.31 

17535** 4,90 40 + 0.09 - 44.83 

17569* 4,60 37 + 54.8 + 20.01 

17547** 5,20 40 + 15.5 + 183.8 

17550* 5,15 40 - 0.10 + 28.87 

17560* 5,10 40 + 0.13 + 53.65 

17556* 5,60 40 - 41.9 + 261.2 

18168** 5,55 37 + 114.2 - 88.38 

17573* 5,55 36 + 41.5 + 201.6 

17590* 5,30 35 + 0.24 + 128.1 

17436* 4,60 80 + 8.80 + 29.04 

17525* 4,80 47 - 108.4 + 21.24 

17489* 4,80 60 - 54.0 - 33.75 

+ up-regulated; - down-regulated; * p ≤0.05; ** p≤0.09 

 

Protein spot 18168 was not detected in treated larvae of wild origin and may 

therefore be considered down-regulated in larvae of wild as compared with 

cultured origin. In the cultured larvae the spot was up-regulated. Two other spots 
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(17513 and 17535) were also up-regulated in cultured larvae as a result of 

treatment, but down-regulated in larvae of wild origin. Three spots (17550, 

17556 and 17525) were down-regulated in cultured larvae as a result of 

treatment, but up-regulated in larvae of wild origin. Spot 17489 was down-

regulated in larvae of both wild-caught and cultured origin following treatment 

and the other seven spots were up-regulated in larvae of both origins following 

treatment.  

A reference gel showing the location and reference numbers of the differentially 

expressed proteins is shown in Figure 19. 

   

 

Figure 19: A reference gel of protein extracts from 42 dph larvae of cultured origin, fed live prey 

enhanced with a fish protein hydrolysate. Marked protein spots were found to be differentially 

expressed as a result of the live prey enhancement. Spots nr. 17560, 17556, 18168, 17573, 17525 

and 17489 were upregulated in treated larvae of both wild-caught and cultured origin. 

As shown in Figure 19, the differentially expressed protein spots selected have 

molecular masses between 35 and 80 kDa and pI between 4.6 and 5.6. The 

abundance of these protein spots changed as a result of the hydrolysate treatment. 

These changes in abundance are organised in six regions as shown in Figure 20. 
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Figure 20: Changes in abundance of the 14 chosen protein spots as a result of the live prey 

enhancement. The figure shows the spots from peptide treated (PT) and untreated (UT) larvae of 

both cultured (C) and wild-caught (W) origin. 

 

 

As shown in the Figure 20, in regions 1 and 3, the abundance is clearly higher in 

cultured as compared with larvae of wild-caught origin and in regions 5 and 6 it´s 

the other way around. In regions 2 and 4, no clear differences were observed 

between larvae of different origin. On the other hand, the abundance is much 

higher in regions 5 and 6 in larvae of wild-caught as compared with cultured 

origin following treatment. 

 

 

Identification of protein spots by mass spectrometry 

Fourteen protein spots were selected for MS-based identification based on 

abundance and significantly different expression between treatments or between 

origins (Table 3). Ten out of the fourteen spots were identified and five of the 

spots (spots 17547, 17550, 17560, 18168 and 17573) were identified as various 

types of actin proteins. Protein spot 17556 was tentatively identified as glycerol-

3-phosophate dehydrogenase from Atlantic cod or as a beta actin similar to 

rainbow trout (Oncorhynchus mykiss). For spot 17590 most similarity was found 

to isthmin-1 from Zebrafish (Danio rerio). Protein spot 17525 was found highest 
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similar to heat shock cognate (hsp70) from lake whitefish (Coregonus 

clupeaformis) and rainbow trout  and protein spot 17489 was most similar to 

ATP synthase H+ transporting mitochondrial F1 complex beta in Salmon (Salmo 

salar). Protein spot 17513 was identified as homolog to DnaJ subfamily C from 

Zebrafish. No significant similarity was found with a known protein sequence in 

database for protein spots 17523, 17535, 17569 and 17436. 
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Spot pI kDa Identities by LC-MS/MS followed by NCBI and Swiss-Prot   

      Accession no. NCBI NCBInr Swiss-Prot Protein Species identified 

17513 5,15 47 DJC21_DANRE - - 14 

DnaJ homolog 

subfamily C Danio rerio 

17523 5,10 45 - - - - no identification no identification 

17535 4,90 40 - - - - no identification no identification 

17569 4,60 37 - - - - no identification no identification 

17547 5,20 40 

gi|1703111 / 

ACTB_CTEID - 50 27 Actin, cytoplasmic 

Takifugu rubripes /             

Ctenopharyngodon idella 

17550 5,15 40 

gi|553859  / 

ACTB_CTEID - 49 49 

Alpha-cardiac actin /        

Actin, cytoplasmic 1 

Mus musculus / 

Ctenopharyngdon idella 

17560 5,10 40 

NP_001117011.1 / 

gi|8489855  / 

ACTSB_TAKRU 

789 68 91 

fast myotomal muscle 
actin / Alpha actin / 

Alpha actin skeletal 

muscle 

Salmo salar / Salmo 

trutta /                 

Takifugu rubripes 

17556 5,60 40 

NP_001117707.1 / 

gi|48927674  / 
ACTB1_DANRE 

784 86 98 

beta-actin /       
Glycerol-3-phosphate 

dehydrogenase  /   

Actin, cytoplasmic 1 

Oncorhynchus mykiss / 

Gadus morhua / Danio 
rerio 

18168 5,55 37 
AAF80342.1 / 
gi|18903150  / 

ACTB3_TAKRU 

783 169 238 
beta-actin  /           

Actin, cytoplasmic 3 

Oncorhynchus mykiss / 
Boreogadus saida  /   

Takifugu rubripes 

17573 5,55 36 
ACD62375.1 / 
gi|567192  / 

ACTB_CTEID 

543 44 30 
beta-actin /            

Actin, cytoplasmic 1 

Epinephelus merra /  
Morones saxatilis / 

Ctenopharyngodon idella 

17590 5,30 35 ISM1_DANRE - - 13 Isthmin-1 Danio rerio 

17436 4,60 80 - - - - no identification no identification 

17525 4,80 47 

ADV02377.1  / 

gi|31711996  / 
HSP70_ONCMY 

540 195 246 
heat shock cognate, 

Hsp70 

Coregonus clupeaformis 

/           Oncorhynchus 
mykiss 

17489 4,80 60 

ACH85277.1  / 

gi|34850672  / 
ACTB_CYPCA 

483 437 589 ATP synthase  

Salmo salar /      

Oreochromis niloticus / 
Cyprimus carpio 

Table 3: Identification of protein spots found to be significantly different in abundance related to 

treatment. Protein identification was based on peptide mass fingerprinting (PMF).  

pI: isoelectric point; kDa: molecular mass. 
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3.3 Immunohistochemistry 

Treated and untreated larvae were compared with respect to the presence and 

distribution of IgM and lysozyme using specific antibodies and 

immunohistochemistry. The comparison also included larvae of different origin. 

The results are shown in sections 3.3.1 – 3.3.2. 

 

Effects of treatment on the presence and distribution of IgM in larvae 

The results indicate more prominent and uniform distribution of IgM in treated 

(PT) as compared to untreated (UT) larvae. The IgM response also proved to be 

more prominent in the larvae of cultured (C) as compared to larvae of wild-

caught (W) origin. Variable response was most prominent in UT-C larvae, where 

the IgM response ranged from almost none to a highly prominent one.  

As shown in Figure 21, IgM seems to be more prominent in the tissue 

surrounding the notochord in PT as compared to UT larvae. The tissue containing 

IgM response was also thicker and appeared more solid in PT as compared to UT 

larvae.  

 

 

 

 

Figure 21: Immune staining of IgM in tissues surrounding the notochord of treated (PT) larvae of 

wild-caught origin (A) and untreated (UT) larvae of cultured origin (B) at 42 days post hatch (400 x 

magnifications). A negative control is also shown in the same magnification (C). Arrows point to a 

positive response. 

The results furthermore indicated a more prominent IgM response in the surface 

layers of PT as compared to UT larvae (Figure 22). The surface mucus layer 

containing the IgM response also seemed thicker and more distinguished in PT as 

compared with UT larvae examined.  
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Figure 22: Immune staining of IgM in the mucus surface of treated (PT) larvae of wild-caught 

origin (A) and untreated (UT) larvae of cultured origin (B) at 42 dph (400 x magnifications). A 

negative control is also shown in the same magnification (C). Arrows point to a positive response. 

In the digestive tract, the IgM response was prominent in all the PT larvae 

examined, with little differences observed between larvae of C and W origin. A 

more uniform response was observed in larvae of C as compared with W origin 

however, with a more prominent response observed in some of the PT-W larvae 

as compared to PT-C larvae. The result also reveals a similar response in UT-W 

and PT-W larvae, while IgM response differed between UT-C and PT-C larvae 

(Figures 23 and 24).  

 

 

 

 

 

 

 

 

 

Figure 23: Immune staining  of IgM in the digestive tract of treated (PT) (A) and untreated (UT) 

larvae (B) of cultured origin at 42 days post hatch (400 x magnifications). A negative control is 

also shown (C, 200 x magnifications). Arrows point to a positive response. 
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 Figure 24: Immune staining of IgM in the digestive tract of treated (PT) (A) and untreated (UT) 

larvae (B) of wild-caught origin at 42 days post hatch (400 x magnifications). A negative control is 

also shown in the same magnification (C). Arrows point to a positive response. 

Effects of treatment on the presence of lysozyme in larvae 

Overall, the lysozyme response in larvae was much stronger in PT as compared 

to UT larvae. The response in PT larvae furthermore appeared more evenly 

distributed and more uniform in the larvae examined as compared with the UT 

group. Also, very little differences were observed between PT-C and PT-W 

larvae. In the UT groups, however, highly variable response was observed in the 

larvae examined, with some larvae showing almost no lysozyme response, while 

high response was observed in others. Overall, very little differences were 

observed between larvae of C and W origin. 

Very little lysozyme response was observed in tissues surrounding the notochord 

in UT as well as PT larvae (Figure 25). Only very slight differences were 

observed within the groups and no differences were detected between larvae of C 

as compared to W origin. 

 

 

 

 

 

Figure 25: Immune staining of lysozyme in tissues surrounding the notochord of treated (PT) (A) 

and untreated (UT) larvae (B) of cultured origin 42 days post hatch (400 x magnifications). A 

negative control is also shown in the same magnification (C). Arrows point to a positive response. 
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In the surface layers, the lysozyme response in PT-W larvae was found in a 

thicker layer and appeared more solid compared with UT larvae of common 

origin. The results furthermore indicate a thicker and more solid mucus layer on 

the surface of larvae of C as compared to W origin (Figure 26).  

  

 

 

 

 

 

 

Figure 26: Immune staining of lysozyme in the mucus surface of the larvae of treated (PT) (A) and 

untreated (UT) larvae (B) of cultured origin at 42 days post hatch (400 x magnifications). A 

negative control is also shown in the same magnification (C). Arrows point to a positive response. 

 

A strong positive reaction with respect to lysozyme was observed in the digestive 

tract in all PT larvae examined (Figures 27 and 28). A uniform response was 

observed in larvae from the treated groups and a similar response was observed 

in larvae of C and W origin. A highly variable response was, however, observed 

in larvae from the UT groups, with the reaction ranging from almost no response 

to a very high one. Overall, the results indicate that life feed enhancement using a 

pollock protein hydrolysate resulted in stimulated production of lysozyme and a 

more uniform distribution of the enzyme in the digestive tract of larvae. 
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Figure 27: Immune staining of lysozyme in the digestive tract of treated (PT) (A) and untreated 

(UT) larvae (B) of cultured origin at 42 days post hatch (400 x magnifications). A negative control 

is also shown (C, 200 x magnifications). Arrows point to a positive response. 

 

 

 

 

 

 

 

Figure 28: Immune staining of lysozyme in the digestive tract of treated (PT) (A) and untreated 

(UT) larvae (B) of wild-caught origin at 42 days post hatch (400 x magnifications). A negative 

control is also shown in the same magnification (C). Arrows point to a positive response. 
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3.4 Western blotting 

Protein bands and spots from the digestive tract from both PT and UT larvae of 

wild-caught (W) origin as well as cultured (C) origin were transferred on 

nitrocellulose membranes. The proteins were transferred to the membrane but 

only in very low quantities.  However, no bands were detected in the 

nitrocellulose membranes following incubation with primary antibodies and 

alkali phosphate labelled secondary antibodies. The samples were rerun, but with 

unsuccessful and non-reproducible results. 
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4 Discussion 

The research presented in this thesis was aimed at investigating the effects of live 

feed enhancement using a pollock protein hydrolysate on protein expression and 

stimulation of selected parameters of the innate immune response of Atlantic cod 

larvae at day 42 - 44 post hatch.  

The Atlantic cod is a promising species in commercial aquaculture. High 

mortality rates are, however, observed during early developmental stages 

(Rosenlund & Halldorsson, 2007; Yúfera & Darias, 2007) and more studies are 

needed for improved survival and overall quality of larvae. The quality of eggs is 

of high importance for larval quality along with the production protocols used, 

including various environmental and nutritional factors (Kjørsvik et al., 2004). In 

general, assumptions state that if the eggs are of high quality, then the current 

production methods seem adequate and return juveniles of acceptable quality, the 

current production methods seem lacking if the egg quality is poor and problems 

with larvae and juvenile quality are commonly experienced (Steinarsson, 2012, 

personal communication). The assumption in the present study is that live prey 

enhancement using a fish protein hydrolysate may result in improved and a more 

uniform larval quality, which may be of special importance when the egg quality 

is lacking. A previous study indicates that live feed enhancement using a fish 

protein hydrolysate may stimulate production of lysozyme and positively affect 

the distribution of C3 in the gastrointestinal tract of Atlantic halibut larvae 

(Hermannsdottir et al., 2009). Similar results were observed in Atlantic cod 

larvae with stimulated production and distribution of both IgM and lysozyme 

response observed as a result of live prey enhancement using a pollock protein 

hydrolysate (Hákonardóttir & Hrólfsdóttir, 2008; Johannsdottir et al., 2012). 

Larval treatments using protein hydrolysates have furthermore been studied using 

proteome analysis (Cahu et al., 1999; Sveinsdottir & Gudmundsdottir, 2010). 

These reports indicate that peptide treatments may beneficially affect protein 

abundance and expression of proteins related to larval development and growth. 

The results of these two different analytical approaches used in this study are not 

in agreement with results on larval survival and development. This may possibly 
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be explained by the bacterial infection experienced at day ~50 post hatch and 

which may be expected to affect growth and the overall wellbeing of larvae in all 

experimental groups (Sveinsdottir et al., 2012). The positive effects of treatment, 

measured by increased expression of important proteins related to growth and 

development, and stimulation of selected parameters of the innate immune 

system, will therefore easily be masked by the extensive mortalities and 

suppressed growth of larvae. Also, extensive mortalities and highly variable 

growth rates are commonly experienced during early larval stages of marine fish 

larvae, also in production units containing larvae of a common parental origin 

(Björnsdottir et al., 2009). It may therefore be necessary to investigate the effects 

of treatment over an extended period of time and further into the growth phase 

than was done in the present experiments. 

To run each treatment in only one tank is an obvious drawback of the 

experiments providing material for the present study. On the other hand, the 

experiments were carried out in commercial size production units that may be 

expected to reflect a more normal production conditions as compared to running 

each treatment in small experimental units that would on the other hand allow a 

higher number of replicates of each treatment. Small experimental units 

furthermore allow only a restricted number of larvae to be kept in each unit and 

hence, a restricted number of larvae to be collected at individual sampling points. 

Larger experimental units therefore obviously allow for larger sample size at 

each sampling. However, larval densities are of importance for normal growth 

and survival of cod larvae (Duffy & Epifanio, 1994). The importance of keeping 

the appropriate larval densities at various developmental stages throughout the 

experiment will therefore heavily restrict the number of larvae to be collected at 

different developmental stages. The sample size is furthermore restricted by the 

effort required and costs associated with the analysis of each sample and both 

analytical methods used in the present study are costly as well as time 

consuming. As a consequence, only a minimum number of larvae were collected 

for the different analysis to be carried out in the present study. 

Each analytical method has its advantages as well as drawbacks. Relatively small 

repertoire of cod proteins identified and the consequent lack of information in 

existing databases represent the main drawbacks of using the methods of 

proteomics, while the main advantages for analysing cod larvae are that the 

parameters to be studied do not need to be defined beforehand and no prior 

assumptions regarding which pathways are likely to be affected are required.  
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The immunohistochemistry method and the use of specific antibodies have the 

obvious advantages of allowing the localization of specific molecules or 

structures in certain tissues and organs. The distribution and intensities of these 

molecules as a response to stimuli in selected tissues and organs of interest may 

therefore be investigated. The main drawback of using this method is the lack of 

quantification of the respective molecules or structures of interest (Taylor et al., 

2010), with visual interpretation of the observer used for evaluating the 

difference between treatment groups. Another main drawback may also be the 

lack of specific antibodies against structures of interest, and the costs, effort and 

potential problems associated with identification of molecules of specific interest 

and producing specific antibodies against these structures (Taylor et al., 2010).  

A considerable effort was spent on transferring and detecting both IgM and 

lysozyme on nitrocellulose membranes, but unfortunately no decent result came 

through. This may have various explanations including antibody specificity, 

antibody quantity, protein quantity, protein purity etc. 

 

4.1 Protein expression profiles 

The result indicates that live feed enhancement using a pollock protein 

hydrolysate resulted in modulation of the protein expression of Atlantic cod 

larvae. A comparison of treated and untreated larvae revealed variations in 

fourteen protein spots, with seven of the proteins up-regulated in larvae of 

cultured as well as wild-caught origins. In larvae of both origins, the present 

study shows that ten of the fourteen protein spots were up-regulated and four 

down-regulated as a result of the treatment. One protein spot was down-regulated 

in larvae of both origins as a result of treatment indicating that treatment using 

the protein hydrolysate may have resulted in reduced expression of ATP 

synthase, an important enzyme for larval development and growth whereas ATP 

is the key in synthesis of DNA and RNA (Alberts et al., 2008a). ATP synthases 

have been shown to be up-regulated in teleost species when high energy demand 

occurs like in repair of tissues (Zupanc et al., 2006).  

A comparison of the protein expression of larvae furthermore indicates that the 

protein spots in larvae of wild-caught origin had overall higher protein 

abundance than larvae of cultured origin and treatment using the protein 
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hydrolysate, however, resulted in reduced differences between larvae of cultured 

as compared to wild origin, suggesting beneficial effects of the hydrolysate on 

larvae of cultured origin. Most of the proteins that were identified may be related 

to development and growth. Five spots were identified as various types of actin 

which is known to be involved in development and growth of fish larvae (Jacinto 

& Baum, 2003; Sveinsdottir et al., 2009). Two of these spots were identified as 

beta-actin, which has been shown to be up-regulated during larval development 

(Focant et al., 2003; Oehlmann et al., 2004). The other three spots were identified 

as cytoplasmic actin and muscle alpha actin, indicating improved growth when 

up-regulated. 

Two of the protein spots were identified as heat shock proteins (HSPs) which are 

the main proteins in intracellular protein physiochemistry and have an important 

role in protein turnover (Fink, 1999). One spot was identified as Hsp70 

chaperone which are key proteins in degradation of other proteins along with 

participating in various functions like folding and refolding of other proteins 

(Fink, 1999). Hsp70 proteins also take part in immunoglobulin heavy chain 

binding activity and have been found to be involved in the cytoplasmic 

glucocorticoid receptor and proteasome in trout hepatocytes (Boone & Vijayan, 

2002). In the present study, the Hsp70 chaperone was up-regulated in larvae of 

wild-caught origin but down-regulated in larvae of cultured origin following 

treatment, indicating maternal differences and a potential variation in egg quality. 

The other Hsp spot was identified as a DnaJ homolog subfamily C21 which is 

highly homologous to the Hsp40 chaperone (Kim et al., 2008). Normally, Hsp40 

chaperone folds proteins following translation and prevents aggregation during 

cellular stress. Hsp40 may therefore be important in antiviral functions of host 

cells. On the other hand, Hsp40 can be beneficial for replication of viruses and 

these proteins have received great attention for this crucial part in both 

constitutive cellular functions and pathogenicity (Knox et al., 2011). It has been 

shown that Hsp40 can act as a co-chaperone of Hsp70 by forming a complex 

with Hsp70 which stimulates the ATPase activity (Cyr et al., 1992; Langer et al., 

1992; Minami et al., 1996; Fan et al., 2003). Hsp40 proteins may also be 

important for cells when recovering from stress (Santamaria & Becerra, 1991; 

Paschen et al., 1998; Tawk et al., 2000). In the present study, conversely with the 

results of Hsp70, the Hsp40 chaperone was up-regulated in larvae of cultured 

origin and down-regulated in larvae of wild-caught origin following treatment. 

This may indicate that the cultured cod are subjected to continuous stressful 
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conditions which may negatively affect egg quality resulting in higher amounts 

of Hsp40 during early larval development. 

An additional protein spot was tentatively identified as isthmin (ISM) which is a 

60kDa secreted-angiogenesis inhibitor that has been found to suppress tumour 

growth in mouse and disrupt vessel patterning in zebrafish embryos (Zhang et al., 

2011). ISM selectively makes a bond with alphavbeta5 (αvβ5) integrin on the 

surface of endothelial cells (EC), but the mechanism of its anti-angiogenic action 

remains unknown. In a recent study, ISM was found to suppress angiogenesis in 

vivo and induce EC apoptosis by interacting with the cell surface receptor αvβ5 

integrin. Immobilized ISM lose their anti-angiogenic function and promotes EC 

adhesion, survival and migration through αvβ5 integrin by activating focal 

adhesion kinase (FAK). ISM has therefore both a pro-survival and death-

promoting effect in EC depending on the physical state of the cells (Zhang et al., 

2011). In the present study ISM was up-regulated in larvae of both origins 

following treatment, indicating that feeding pollock protein enhanced live prey to 

larvae positively affected the ISM abundance. 

One more protein spot was identified as glycerol-3-phosphate dehydrogenase 

(GPDH), an enzyme that catalyses the convention of dihydroxyacetone 

phosphate into glycerol-3-phosphate (G3P) which is a metabolite that contributes 

to both growth and disease-related physiologies (Chanda et al., 2011). Therefore, 

GPDH is a key player in linking carbohydrate and lipid metabolism and an 

important electron contributor in the electron transport chain in mitochondria, 

which is of importance for maintaining the NAD+/NADH potential (Xianjin et 

al., 2011). This protein was down-regulated in treated and up-regulated in 

untreated larvae, possibly reflecting a reduced need to metabolise carbohydrates 

and lipids as a result of peptide enhancement of the feed. 

A relatively small repertoire of cod proteins has at present been identified and the 

consequent lacks of information in existing databases affects the proteome 

analysis and are the main drawbacks and shortcomings of using proteomics for 

analysing cod. This makes the un-identified proteins much more interesting and 

they could be unique for the cod which can explain that they are not in the 

databases. 
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4.2 Immunostaining 

The result of the immunohistochemistry studies indicate stimulated production of 

both IgM and lysozyme in especially the digestive tract of treated as compared 

with untreated larvae. One possible explanation is that these results from the low 

antioxidant activity demonstrated for the product (Sveinsdóttir et al., 2012), but it 

may also indicate immunostimulating effects that have commonly been 

demonstrated for fish protein hydrolysates (Pripp et al., 2005). The increased 

abundance and distribution of IgM in tissues surrounding the notochord and both 

IgM and lysozyme in the mucus surface of larvae was observed as a result of 

treatment. Furthermore a more uniform and prominent detection of especially 

lysozyme but also IgM was observed in the digestive tract of larvae as a result of 

treatment.  

The findings are in agreement with previous studies revealing that hydrolysate 

from both cod muscle and cod stomachs stimulated the activity of head kidney 

leucocytes and resulted in the improved growth of Atlantic salmon (Bøgwald et 

al., 1996; Gildberg et al., 1996). It has also been reported that pollock muscle 

protein hydrolysate stimulated lysozyme activity of seabass (Dicentrarchus 

labrax) (Liang et al., 2006). However, while certain concentrations of pollock 

protein hydrolysates have resulted in stimulation of the immune system, there are 

indications that higher concentrations even negatively affect immune parameters 

of key importance as well as normal development of fish larvae (Hermannsdottir 

et al., 2009). Additionally, a lack of stimulation of innate immune functions has 

been reported for coco salmon (Oncorhynkus kisutch) as a result of feed 

enhancement using a protein hydrolysate (Murray et al., 2003). On the other 

hand, numerous reports show biologically active peptides with both immune 

stimulating and antibacterial effects being produced with hydrolysing procedures 

(Coste et al., 1992; Bøgwald et al., 1996; Gildberg et al., 1996; Murray et al., 

2003; Daoud et al., 2005). Other studies, have demonstrated that lysozyme 

activity may be enhanced in fish through stimulation of immune parameters 

(Misra et al., 2004), with increased lysozyme activity also observed in offspring 

of immunized parents (Hanif et al., 2004). Lysozyme has been detected in mucus, 

serum, ova and in lymphoid tissue (Grinde et al., 1988; Lange et al., 2001; Balfry 

& Iwama, 2004) and stimulation of this important enzyme may therefore be of 

key importance for normal development, growth and survival of cod larvae. 
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The higher response and increased distribution of both IgM and lysozyme 

observed, especially in the digestive tract of treated larvae may indicates that the 

peptide treatment positively affected the production of these key parameters of 

the innate immune system of larvae. The more uniform response observed in 

larvae from the treated as compared to the untreated groups might support these 

findings. The results are in agreement with previous observations where live prey 

enhancement using a pollock protein hydrolysate, resulted in stimulated 

production of both IgM and lysozyme in the digestive tract of Atlantic cod as 

well as Atlantic halibut larvae (Johannsdottir et al., 2012; Hermannsdottir et al., 

2009). The individual differences observed in larvae from the untreated groups in 

the present study may indicate maternal differences, but also that production may 

be stimulated through live prey enhancement using the pollock protein 

hydrolysate. Overall, the effects of the peptide enhancement were more 

prominent in larvae of cultured as compared to wild origin. These findings may 

suggest potential difficulties in further improving the quality of larvae of higher 

quality. 
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5 Conclusion 

The results of the present study may indicate stimulation of key immune 

parameters in cod larvae as a result of live prey enhancement using a pollock 

protein hydrolysate. Proteins of importance for normal larval growth and 

development was found to be up-regulated in treated as compared to untreated 

larvae. The results of the two different analytical approaches used in the study 

support each other. The results are, however, not in agreement with results on 

larval growth, deformities and survival when evaluated approximately one week 

later. The bacterial infection experienced during the experiment may have 

affected the deformity incidence in all groups (Sveinsdottir et al., 2012). The 

lower growth rates observed in larvae of cultured origin may furthermore be 

explained by the relatively smaller hatching size of larvae of cultured as 

compared with wild-caught origin. This may indicate that further improvements 

of treatment protocols are needed for optimal effects, but live prey enhancement 

using a pollock protein hydrolysate have, however, seemed to be promising for 

improving growth, survival and overall quality during early development of cod 

larvae (Johannsdottir et al., 2012). 
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ABSTRACT 

Poor survival and quality during early larval stages of Atlantic cod (Gadus 

morhua L.) is considered a major bottleneck in cod aquaculture, restricting 

further development within the industry. Live prey enhancement using fish 

hydrolysate has been found to benefit normal development and growth of cod 

larvae. The overall aim of the present study was therefore to evaluate the effects 

gained from pollock peptide enhancement of the live prey of Atlantic cod larvae 

using proteome analysis. With 2-dimensional electrophoresis and LC-MS/MS 

analysis the study furthermore involved a comparison of the response of larvae of 

wild and cultured origin. The results indicate that pollock peptide enhanced live 

prey stimulated the expression of proteins involved in larval growth and 

development.  
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1. Introduction 

Cod aquaculture has received increased attention in recent times and, 

consequently, the government of Icelandic has put effort and investment into the 

development of aquaculture of cod as a new industry (Gunnarsson et al., 2007). 

The major bottleneck in aquaculture of cod is the production of high quality cod 

larvae. High mortalities are also commonly experienced during the early stages, 

especially around the beginning of exogenous feeding (Rosenlund & 

Halldorsson, 2007; Yúfera & Darias, 2007), with general survival from larvae to 

juvenile ranging between 10-20% at the Icelandic Marine Research Institute 

hatchery (Steinarsson, 2004).  Environmental factors such as temperature, 

salinity, light and water-quality can greatly affect the larvae during this crucial 

time in the development (Kjørsvik et al., 2004). Nutritional needs of the larvae 

are furthermore of high importance and clinical diseases can often appear when 

that need is not met. Therefore, the appropriate amount and combination of feed 

for the larvae is of high importance for both the survival and normal development 

of larvae. Insufficient feed intake by the fish will result in growth restrictions and 

eventually lead to death (Bureau & Cho, 1999).  

Larvae of marine teleost fish species grow much faster than other known 

vertebrates, which is important for their ability to survive (Finn et al., 2002). 

They can then avoid predators much better, catch larger preys and swim faster 

(Imsland et al., 2006; Kjørsvik et al., 2004). Because the proteome varies among 

tissues and highly reflects the organism´s environment, the methods of 
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proteomics can give a snapshot of the organism´s state of being and map the 

entirety of its adaptive potential and mechanisms (Aebersold & Mann, 2003; 

Cash, 2002; Cash & Kroll, 2003; Huber et al., 2003; Vilhelmsson et al., 2004). 

This is possible without making any prior assumptions regarding which pathways 

are likely to be affected in each case. These properties make proteomics the ideal 

approach in tackling questions such as which biochemical processes are affected 

by environmental stimuli (Peng et al., 2003).  

Previous studies have indicated that feed enhancement using a fish protein 

hydrolysate may positively affect the development, growth and survival in early 

cod larvae. The specific aims of the present study were to evaluate the effects of 

live prey enhancement using a pollock protein hydrolysate on Atlantic cod larvae 

of wild-caught as compared to cultured origin, using proteomic analysis.  

 

2 Materials and methods 

Experimental setup and sampling of larvae 

Eggs were obtained from Icecod Ltd. and standard hatchery practices were used 

during the experiment. Briefly, cod eggs were disinfected at -12 and -1 days post 

hatch (dph) using 0.1 gL-1 of Pyceze (Novartis Aqua, Surrey, UK). Avecom (a 

Remus probiotic mixture) was added to the incubators once a day during the egg 

incubation period. Upon hatching completion (0 dph) the larvae were transferred 

to production tanks of 3,200 L at the density of 200,000-300,000 yolk-sac larvae 

per tank. The larvae were fed rotifers (Brachionus plicatilis) enriched using 
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Multigain (BioMar, Denmark) from day 2 post hatch. From day 20 post hatch the 

larvae were co-fed using Artemia franciscana nauplii (INVE Aquaculture NV, 

Dendermonde, Belgium or BIO-MARINE Aquafauna, California, USA) enriched 

using S-Presso (INVE Aquaulture NV, Dendermonde, Belgium) until ~35 dph 

and thereafter with Multigain.  Only Artemia was offered from 30 dph onwards. 

The rearing temperature was raised gradually from 7°C during the egg stage to 

10°C at day 14 post hatch and 12°C at day 30 post hatch. An algae paste was 

used for environmental shading during the period of offering live prey to larvae.  

The live prey was enhanced using a pollock protein hydrolysate for 30 minutes 

prior to offering to larvae in two of four feedings per day at 9:00 and 16:00, three 

days a week (Mon-, Wed- and Fridays) from the start of exogenous feeding and 

for seven weeks (treated larvae). Each treatment was carried out in two tanks, 

with comparison of traditional feeding vs. 100ppm of the pollock protein 

hydrolysate and using eggs from wild-caught as well as third generation cultured 

cod.  

The effects of treatment were analyzed using proteome analysis of larvae 

collected at 42 - 44 dph. 15 larvae were then randomly collected from each tank 

for this analysis. At the end of the experiment, a random selection of larvae was 

collected from each tank for estimation of larval survival and deformities, for 

evaluation of the effects of treatment. Larval growth was estimated by measuring 

the wet weight of ~20 larvae tank-1 at 75 dph and 148 dph using a scale and 

stereomicroscope (WILD M3Z, Wild Heerbrugg Ltd., Switzerland). Larval 
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development was visually estimated by examining ~20 larvae from each tank 

with respect to structural deformities, skeletal deformities, gaping and developed 

swim bladder. Larval survival was calculated as the percentage of surviving 

larvae in relation to the estimated number of eggs that were transferred to each 

tank.  

 

Sample preparation 

Atlantic cod larvae were collected prior to offering live prey to larvae in the 

morning feeding. The larvae were collected using small pocket net, placed in a 

bucket containing rearing water from the respective tanks and transported on ice 

to Akureyri. Upon arrival the larvae were anesthized using an overdose of 

MS222 (300 ml/L) and the digestive tract from 15 larvae/tank dissected under 

stereoscope using cold light and with care taken to not exceed 4-5 minutes for the 

dissection of the digestive tract from each larvae. The digestive tract were 

transferred to separate microtubes, snap frozen in liquid nitrogen and then stored 

at -70°C until further analysis. 

 

Analysis by two-dimensional gel electrophoresis 

Protein extracts were obtained from the digestive tract of 15 larvae from each 

tank. Three pools of 5 samples from each larval group were analysed to ensure 

reproducibility. The extraction was performed as described by Sveinsdottir et al. 

(2008). Briefly, frozen larval digestive tract were homogenized in an ice cold 
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lysis buffer [7M Urea, 2M Thiourea, 4% CHAPS, 20 mM DTT] supplemented 

with 1/100 protease inhibitor mix (GE Healthcare) using a Sample Grinding Kit 

(GE Healthcare). Following homogenization, the tissue lysate was centrifuged at 

11,500 x g for 10 minutes and the supernatant then stored at -70°C until gel 

electrophoresis was performed. 

Proteins were analysed by 2DE on medium-format 2D gels (7 cm immobilized 

pH gradient gels, IPG gel strip (Invitrogen)). To determine appropriate loading 

for the gels, aliquots of the proteins prepared as described above were analysed 

by one-dimensional SDS-PAGE and stained using SimplyBlue SafeStain 

(Invitrogen). Subsequent gel loading was determined based on the intensity of the 

stained gel; with 15-30 µL of cell lysate (equivalent to approximately 500 µg of 

protein) typically loaded to a 2D gel.  

The 2D gels were processed as described elsewhere (Uwins et al. 2006). Briefly, 

soluble cod digestive tract proteins (20µL) were mixed with 130µL reswelling 

buffer [7M urea, 2M thiourea, 4% CHAPS, 20 mM DTT] and then added to a 7 

cm pH 4-7 immobilised pH Gradient strip (IPG) (Invitrogen). The IPG gel strips 

were rehydrated overnight at room temperature and the proteins were focused on 

an Ettan IPGphor II electrophoresis machine (Amersham Biosciences). 

Isoelectric focussing was performed in the following steps: 300 V for 200 Vh, 

1,000 V for 300 Vh, 5,000 V for 4,500 Vh, 5,000 V for 2,000 Vh, (all stages at 

2mA and 5W at room temperature, with a ramped voltage change between each 

step). The IPG strips were equilibrated for 15 min in 1% w/v DTT and then for 

15 min in 2.5% w/v iodoacetamide prepared in equilibration buffer (LDS sample 
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buffer, NuPAGE). For the second dimension electrophoresis, the IPG strip was 

laid onto a 4-12% bis-tris ZOOM polyacrylamide slab gels (8 x 8 cm, Invitrogen) 

and the proteins electrophoresed at 150 V for 45-60 min. The resolved proteins 

were detected using the Simply Blue Safe Stain (Invitrogen). Molecular masses 

of the proteins were determined by co-electrophoresis with standard protein 

markers. Isoelectric points were determined based on the linearity of the IPG 

strip. 

 

 

 

Image analysis of 2D protein profiles 

Subsequent analysis of the gel images was performed using Image MasterTM 2D 

Platinum Software from Amersham Biosciences. Protein spots were detected 

using automated routines from the software combined with manual editing to 

remove artifacts. All protein spots were assigned a spot number, pI and molecular 

weight, from a reference gel. Individual protein spot abundance was determined 

by the area of the spot multiplied by the density and referred to as the volume. 

Background was removed and the spot volumes were normalised to the total 

protein detected on each gel. The normalised spot volume is described as the 

abundance of a particular protein spot. Three replicate gels were used for each 

treatment group. Proteins that were considered to be differentially expressed 

between treatments and/or related to larval origins were analysed for significance 

using a student´s t - test.  
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Protein identification by peptide fragment fingerprinting (PFF) 

Proteins of interest were excised from the stained gel and subjected to in-gel 

trypsin digestion (Sveinsdottir et al., 2008) and analyzed by PFF by liquid 

chromatography-mass spectrometry method (LC-MS/MS) at Aberdeen 

Proteomics at the University of Aberdeen, School of Medical Science, as 

previously described by Sveinsdottir & Gudmundsdottir (2010). The 

identification of proteins was performed using Mascot query engine with Swiss-

Prot and NCBInr databases as previously described by Perkins et al. (1999). The 

searches were taxonomically restricted to Actinopterygii (ray-finned fishes).  

 

3 Results  

Evaluation of larval success 

Survival and growth rates of larvae in the different treatment groups are shown in 

Table 1. A high variation in the size of larvae was observed at 42-44 dph, with 

acceptable and similar growth rates observed in the treatment groups. Low 

survival was observed in larvae of wild-caught origin, the peptide treated as well 

the untreated group. Survival of larvae of cultured origin was high when 

evaluated at 50 dph. Mass mortalities caused by a bacterial infection were, 

however, experienced between 50-55 dph and resulting in an overall survival of 

only 6-8 % in all groups when evaluated at 100 dph (Sveinsdóttir et al., 2012). 

Larval deformities were evaluated at 148 dph, revealing only 0.4-1.6% 
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deformities in larvae of wild-caught origin, while 3.6-7.0% of untreated and 

treated larvae of cultured origin, respectively, were severely deformed 

(Sveinsdóttir et al., 2012). 

 

Table 1 

 

 

Detection of differentially expressed proteins in response to treatment 

Digestive tract protein extractions from five individual larvae in each group were 

pooled and subjected to 2D electrophoresis. High resolution 2DE revealed the 

protein expression profile of soluble proteins as a result of the peptide treatment. 

The number of protein spots detected on each gel varied from 75 to 218 and 

following editing, the total number of protein spots used for analysis varied 

between 73 and 171 on the twelve gels run. The proteins had molecular weights 

between 10 and 260 kDa and pI between 4.6 and 6.6. Within this range, 14 

protein spots showed a different expression between treatments group and/or 

related to larvae origin. The protein spots that were found to quantitatively 

change as a result of treatment are reported in Table 2.  

 

Table 2 

 

Protein spot 18168 was not detected in treated larvae of wild origin and may 

therefore be considered down-regulated in larvae of wild as compared with 
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cultivated origin. In the cultured larvae the spot was up-regulated. Two other 

spots (17513 and 17535) were also up-regulated in larvae of cultured origin as a 

result of treatment, but down-regulated in larvae of wild origin. Three spots 

(17550, 17556 and 17525) were down-regulated in larvae of cultured origin as a 

result of treatment, but up-regulated in larvae of wild origin. Spot 17489 was 

down-regulated in larvae of both wild-caught and cultured origin following 

treatment and the other seven spots were up-regulated in larvae of both origins 

following treatment.  

A reference gel showing the location and reference numbers of the differentially 

expressed proteins is shown in Figure 1. 

 

Figure 1 

 

The differentially expressed protein spots selected had molecular masses between 

35 and 80 kDa and pI between 4.6 and 5.6 (Figure 2). The abundance of these 

protein spots changed as a result of the hydrolysate treatment. 

 

Figure 2 

 

These changes in abundance are organized into six regions as shown in Figure 2. 

In regions 1 and 3, the abundance is clearly higher in cultured as compared with 

larvae of wild-caught origin and in regions 5 and 6 it´s the other way around. In 

regions 2 and 4, no clear differences were observed between larvae of different 
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origin. On the other hand, the abundance is much greater in regions 5 and 6 in 

larvae of wild-caught origin following treatment as compared with the untreated 

group. 

 

Spot identification by mass spectrometry 

Fourteen protein spots were selected for identification based on abundance and 

significantly different expression between treatments or between origins (Table 

2). Ten out of the fourteen spots fulfilled identification, five of which (spots 

17547, 17550, 17560, 18168 and 17573) were identified as various types of actin 

proteins. Protein spot 17556 was identified as glycerol-3-phosophate 

dehydrogenase from Atlantic cod (Gadus morhua) and for spot 17590, highest 

similarity was found to isthmin-1 from Zebrafish (Danio rerio). Protein spot 

17525 was found most similar to heat shock cognate (hsp70) from lake whitefish 

(Coregonus clupeaformis) and rainbow trout (Oncorhynchus mykiss) and protein 

spot 17489 most similar to ATP synthase H+ transporting mitochondrial F1 

complex beta in Salmon (Salmo salar). Protein spot 17513 was identified as 

homolog to DnaJ subfamily C from Zebrafish (Danio rerio). No significant 

similarity was found with a known protein sequence in database for protein spots 

17523, 17535, 17569 and 17436. 
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4 Discussion 

The results indicate that live feed enhancement using a pollock protein 

hydrolysate resulted in modulation of the protein expression of Atlantic cod 

larvae. A comparison of treated and untreated larvae revealed variations in 

fourteen protein spots. Seven of these proteins were up-regulated in larvae of 

cultured as well as wild-caught origins. The present study shows that ten of the 

fourteen protein spots were up-regulated and four down-regulated as a result of 

the treatment in larvae of both origins. One protein spot was down-regulated in 

larvae of both origins as a result of treatment, indicating that treatment using the 

protein hydrolysate may have resulted in reduced expression of ATP synthase, an 

important enzyme for larval development and growth. ATP synthases have been 

shown to be up-regulated in teleost species when high energy demand occurs like 

in repair of tissues (Zupanc et al., 2006). The down-regulation of ATPase 

observed in the present study following treatment of larvae of wild as well as 

cultured origin may therefore indicate that a lower rate of metabolism occurs in 

larvae fed pollock protein enhanced live prey. The relationship between hypoxia 

tolerance and ATP concentration in tissues is important because of the ability of 

ATP synthase to produce ATP is fundamental to stress tolerance (Ishibashi et al., 

2007). 

Most of the proteins that were identified have roles in development and growth. 

Five spots were identified as various types of actin which are known to be 

involved in development and growth in fish larvae (Sveinsdottir et al., 2009; 
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Jacinto & Baum, 2003). Two of these spots were identified as beta-actin, which 

has been shown to be up-regulated during larval development (Focant et al., 

2003; Oehlmann et al., 2004). The other three spots were identified as 

cytoplasmic actin and muscle alpha actin, indicating improved growth when up-

regulated. 

Two of the protein spots were identified as heat shock proteins (HSPs), which are 

the main proteins in intracellular protein physicochemistry and have an important 

role in protein turnover (Fink, 1999). One spot was identified as Hsp70 

chaperone which are key proteins in degradation of other proteins along with 

participating in various functions like folding and refolding of other proteins 

(Fink, 1999). Hsp70 also takes part in immunoglobulin heavy chain binding 

activity and have been found to be involved in the cytoplasmic glucocorticoid 

receptor and proteasome in trout hepatocytes (Boone & Vijayan, 2002). In the 

present study the Hsp70 chaperone was up-regulated in larvae of wild-caught 

origin following treatment but down-regulated in larvae of cultured origin, 

indicating maternal differences and the potential effects of different egg quality 

in the two groups. The other Hsp spot was identified as a DnaJ homolog 

subfamily C 21 which is highly homologous to the Hsp40 chaperone (Kim et al., 

2008). Normally, the Hsp40 chaperone folds proteins following translation and 

prevents aggregation during cellular stress. Hsp40 may therefore be important in 

antiviral functions of host cells. On the other hand, Hsp40 can be beneficial for 

replication of viruses and these proteins have received great attention for this 

crucial part in both constitutive cellular functions and pathogenicity (Knox et al., 
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2011). It has been shown that Hsp40 can act as a co-chaperone of Hsp70 by 

forming a complex with Hsp70 which stimulates ATPase activity (Cyr et al., 

1992; Fan et al., 2003; Langer et al., 1992; Minami et al., 1996). Hsp40 proteins 

may also be important for cells when recovering from stress (Tawk et al., 2000; 

Paschen et al., 1998; Santamaria & Becerra 1991). In the present study, 

conversely with the results of Hsp70, the Hsp40 chaperone was up-regulated in 

larvae of cultured origin following treatment and down-regulated in larvae of 

wild-caught origin. This may indicate that cultured cod are subjected to 

continuous stressful conditions which may negatively affect egg quality, resulting 

in higher amounts of Hsp40 during early larval development. 

An additional protein spot was tentatively identified as isthmin (ISM) which is a 

60kDa secreted-angiogenesis inhibitor that suppresses tumour growth in mice 

and disrupts vessel patterning in zebrafish embryos (Zhang et al., 2011). ISM 

selectively makes a bond with alphavbeta5 (αvβ5) integrin on the surface of 

endothelial cells (EC), but the mechanism of its anti-angiogenic action remains 

unknown. In recent research, it has been shown that ISM suppresses angiogenesis 

in vivo and induces EC apoptosis by interacting with the cell surface receptor 

αvβ5 integrin. Immobilized ISM loses their anti-angiogenic function and 

promotes EC adhesion, survival and migration through αvβ5 integrin by 

activating focal adhesion kinase (FAK) so ISM has both a pro-survival and 

death-promoting effect in EC, depending on the physical state of the cells (Zhang 

et al., 2011). ISM was up-regulated in larvae of both origins following treatment, 
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indicating that feeding pollock protein enhanced live prey to larvae positively 

affected the ISM abundance. 

The last protein spot was identified as Glycerol-3-phosphate dehydrogenase 

(GPDH), a very important enzyme that catalyzes dehydroxyacetone phosphate 

into glycerol-3-phosohate (G3P) which is a metabolite that contributes to both 

growth and disease-related physiologies (Chanda et al., 2011). Therefore, GPDH 

is a key player in linking carbohydrate and lipid metabolism and an important 

electron contributor in the electron transport chain in the mitochondria, which is 

important in maintaining the NAD+/NADH potential (Xianjin et al., 2011). This 

protein was down-regulated in treated and up-regulated in untreated larvae, 

possible reflecting reduced need to metabolise carbohydrates and lipids as a 

result of peptide enhancement of the feed. 

The up-regulation of a number of proteins of importance for larval growth and 

development in treated as compared with untreated larvae of both wild-caught 

and cultured origin is not in agreement with larval growth and deformities. 

However, the bacterial infection experienced may have affected the deformity 

incidence in all groups. The lower growth rates observed in larvae of cultured 

origin may furthermore be explained by the relatively smaller hatching size of 

larvae of cultured as compared with wild-caught origin. 
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Table 1.  

Evaluation of survival, growth and deformities of larvae of wild-caught (Wild) 

and cultured (Cultured) origin, treated with a pollock protein hydrolysate (PT) as 

compared to untreated (UT) larvae of common origin. 

 Wild Cultured 

  PT UT PT UT 

Survival (50 dph) 6,50% 7,50% 14% 24% 

Survival (100 dph) 5,60% 6,30% 5,80% 8,10% 

Dry weight (mg) 44 dph 10,4 9,7 8,9 7,7 

Wet weight (g) 75 dph 0,61 0,59 0,54 0,52 

Wet weight (g) 148 dph 11,8 12,3 10,7 11,8 

Severe deformities (%) 148 dph 1,60% 0,40% 7,00% 3,60% 

     

Table 2.  

Regulation of the 14 selected protein spots differentially expressed as a result of 

treatment. Also shown is different regulation related to the origin of larvae 

(Cultured, Wild-caught). + up-regulated; - down-regulated; * p ≤0.05; ** p≤0.09. 

 

Spot no. pI kDa 
Cultured 

origin 

% volume 

regulation 

Wild-caught 

origin 

% volume 

regulation 

17513* 5,15 47 + 0.19 - 67.68 

17523** 5,10 45 + 0.16 + 80.31 

17535** 4,90 40 + 0.09 - 44.83 

17569* 4,60 37 + 54.8 + 20.01 

17547** 5,20 40 + 15.5 + 183.8 

17550* 5,15 40 - 0.10 + 28.87 

17560* 5,10 40 + 0.13 + 53.65 

17556* 5,60 40 - 41.9 + 261.2 

18168** 5,55 37 + 114.2 - 88.38 

17573* 5,55 36 + 41.5 + 201.6 

17590* 5,30 35 + 0.24 + 128.1 

17436* 4,60 80 + 8.80 + 29.04 

17525* 4,80 47 - 108.4 + 21.24 

17489* 4,80 60 - 54.0 - 33.75 
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Table 3.  

Identification of protein spots found to be significantly different in abundance 

related to treatment. Protein identification was based on peptide mass 

fingerprinting (PMF). pI: isoelectric point; kDa: molecular mass. 

Spot pI kDa Identities by LC-MS/MS followed by NCBI and Swiss-Prot   

      Accession no. NCBI NCBInr Swiss-Prot Protein Species identified 

17513 5,15 47 DJC21_DANRE - - 14 
DnaJ homolog 
subfamily C Danio rerio 

17523 5,10 45 - - - - no identification no identification 

17535 4,90 40 - - - - no identification no identification 

17569 4,60 37 - - - - no identification no identification 

17547 5,20 40 

gi|1703111 / 

ACTB_CTEID - 50 27 Actin, cytoplasmic 

Takifugu rubripes /             

Ctenopharyngodon idella 

17550 5,15 40 

gi|553859  / 

ACTB_CTEID - 49 49 

Alpha-cardiac actin /        

Actin, cytoplasmic 1 

Mus musculus / 

Ctenopharyngdon idella 

17560 5,10 40 
NP_001117011.1 / 
gi|8489855  / 

ACTSB_TAKRU 

789 68 91 

fast myotomal muscle 

actin / Alpha actin / 
Alpha actin skeletal 

muscle 

Salmo salar / Salmo 
trutta /                 

Takifugu rubripes 

17556 5,60 40 
NP_001117707.1 / 
gi|48927674  / 

ACTB1_DANRE 

784 86 98 

beta-actin /       

Glycerol-3-phosphate 

dehydrogenase  /   
Actin, cytoplasmic 1 

Oncorhynchus mykiss / 
Gadus morhua / Danio 

rerio 

18168 5,55 37 

AAF80342.1 / 

gi|18903150  / 
ACTB3_TAKRU 

783 169 238 
beta-actin  /           

Actin, cytoplasmic 3 

Oncorhynchus mykiss / 

Boreogadus saida  /   
Takifugu rubripes 

17573 5,55 36 

ACD62375.1 / 

gi|567192  / 

ACTB_CTEID 

543 44 30 
beta-actin /            
Actin, cytoplasmic 1 

Epinephelus merra /  

Morones saxatilis / 

Ctenopharyngodon idella 

17590 5,30 35 ISM1_DANRE - - 13 Isthmin-1 Danio rerio 

17436 4,60 80 - - - - no identification no identification 

17525 4,80 47 
ADV02377.1  / 
gi|31711996  / 

HSP70_ONCMY 

540 195 246 
heat shock cognate, 

Hsp70 

Coregonus clupeaformis 
/           Oncorhynchus 

mykiss 

17489 4,80 60 

ACH85277.1  / 

gi|34850672  / 

ACTB_CYPCA 

483 437 589 ATP synthase  

Salmo salar /      

Oreochromis niloticus / 

Cyprimus carpio 
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Figure legends 

Figure 1. Reference gel of protein extracts from 42 days post hatch cultured cod 

fed live prey enhanced with a fish protein hydrolysate. Marked protein spots 

were found to be differentially expressed as a result of the live prey 

enhancement. Spots nr. 17560, 17556, 18168, 17573, 17525 and 17489 were 

upregulated in treated larvae of both wild-caught and cultured origin. 

 

Figure 2. Changes in abundance of the 14 chosen protein spots as a result 

of the live prey enhancement. The figure shows the spots from peptide 

treated (PT) and untreated (UT) larvae of both cultured (C) and wild-

caught (W) origin.  
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Figures 

Figure 1 

 

 

Figure 2 
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ABSTRACT 

The production of high quality larvae has proved a challenge in marine fish 

hatcheries. Poor survival and lacking quality of Atlantic cod (Gadus morhua L.) 

during early larval stages is considered a major bottleneck in cod aquaculture and 

restricts further development of this industry. In this study, a pollock protein 

hydrolysate was used for enhancement of the live prey offered to Atlantic cod 

larvae from the onset of exogenous feeding. Peptide enhancement of the live prey 

has in previous studies been found to promote normal development and growth in 

addition to result in stimulation of key parameters of the innate immune system 

of cod larvae. The overall aim of the present study was therefore to evaluate the 

effects of pollock peptide enhancement of the live prey of Atlantic cod larvae 

using immunohistochemistry analysis. The study furthermore involved a 

comparison of effects observed in larvae of wild and cultured origin. The results 

indicate stimulation of both IgM and lysozyme in especially the digestive tract of 

larvae. Treated larvae furthermore had a more prominent and even response with 

respect to both parameters. The results furthermore indicate that individual larval 

differences may be diminished using peptide enhancement of the live prey, while 

improving the quality and survival of larvae of an overall good quality may not 

prove successful.  
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Introduction 

Atlantic cod (Gadus morhua) is one of the most economically important species 

for countries of the North Atlantic (Rosenlund & Halldorsson, 2007). 

Consequently, Icelandic government has put effort and investment into the 

development of cod aquaculture as a new industry (Gunnarsson et al., 2007). The 

major bottleneck in aquaculture of cod is the production of high quality larvae. 

High mortalities are also commonly experienced during the early stages, 

especially around the beginning of exogenous feeding (Rosenlund & 

Halldorsson, 2007; Yúfera & Darias, 2007). Environmental factors such as 

temperature, salinity, light and water-quality can greatly affect the larvae during 

this crucial time in the development (Kjørsvik et al., 2004).  

Fish larvae are furthermore exposed to microorganisms immediately after 

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

Dodds, 1997). The larvae are known to ingest bacteria by drinking before active 

feeding starts and the life prey itself carries high bacterial numbers (Olafsen, 

2001) including pathogenic groups (Korsnes et al., 2006). The sea is furthermore 

a far more hostile environment in a microbial sense than life on land, therefore at 

hatch the poorly developed cod larvae are exposed to an environment which 

contains high bacterial numbers that might also explain the high mortalities 

experienced (Vadstein et al., 2004). Immune functions in fish vary depending on 

external parameters and various environmental factors may affect the defence 

mechanisms (Magnadottir et al., 1999; Pérez-Casanova, et al., 2008). Early life 
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stages of fish do not appear to have developed immunocompetence, and the 

larvae therefore have to combat infectious diseases in a non-specific manner 

(Schrøder et al., 1998; Dogget & Harris, 1987). Several external as well as 

inherent factors can influence the activity of innate immune parameters. A 

change in temperature, crowding stress and handling can for example suppress 

the activity, while several food additives and immunostimulants can enhance 

various parameters of the innate immune response (Magnadottir, 2006). Previous 

studies have indicated that feed enhancement using a fish protein hydrolysate 

may positively affect the development, in addition to stimulating the production 

of innate immune parameters of key importance in early cod larvae 

(Johannsdottir et al., 2012). The objectives of the present study were to evaluate 

the effects of live prey enhancement using a pollock protein hydrolysate on 

Atlantic cod larvae of wild-caught as compared to cultured origin using 

immunohistochemistry analysis. The results were furthermore related to larval 

development and survival. 

 

2. Materials and methods 

Experimental setup and sampling procedure  

Eggs were obtained from Icecod Ltd. and standard hatchery practices were used 

during the experiment. Briefly, cod eggs were disinfected at -12 and -1 days post 

hatch (dph) using 0.1 gL-1 of Pyceze (Novartis Aqua, Surrey, UK). Avecom (a 

Remus probiotic mixture) was added to the incubators once a day during the egg 
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incubation period. Upon hatching completion (at 0 dph) the larvae were 

transferred to production tanks of 3,200 L at the density of 200,000-300,000 

yolk-sac larvae per tank. The larvae were fed rotifers (Brachionus plicatilis) 

enriched using Multigain (BioMar, Denmark) from day 2 post hatch. From day 

20 post hatch the larvae were co-fed using Artemia franciscana nauplii (INVE 

Aquaculture NV, Dendermonde, Belgium or BIO-MARINE Aquafauna, 

California, USA) enriched using S-Presso (INVE Aquaulture NV, Dendermonde, 

Belgium) until ~35 dph and thereafter with Multigain.  Only Artemia was offered 

from 30 dph onwards. The rearing temperature was raised gradually from 7°C 

during the egg stage to 10°C at day 14 post hatch and 12°C at day 30 post hatch. 

An algae paste was used for environmental shading during the period of offering 

live prey to larvae.  

The live prey was enhanced using a pollock protein hydrolysate for 30 minutes 

prior to offering to larvae in two of four feedings per day at 9:00 and 16:00, three 

days a week (Mon-, Wed- and Fridays) for six weeks (treated larvae). Each 

treatment was carried out in two tanks, with comparison of traditional feeding vs. 

100 ppm of the pollock protein hydrolysate and using eggs from wild-caught as 

compared to third generation cultured cod. The effects of treatment were 

analysed using immunohistochemistry of 3 larvae tank-1 collected at 42-44 dph. 

A random selection of larvae was collected from each tank for estimation of 

larval growth, survival and quality. Larval growth was estimated by measuring 

the wet weight of ~20 larvae tank-1 at 75 dph and 148 dph using a scale and 

stereomicroscope (WILD M3Z, Wild Heerbrugg Ltd., Switzerland). Larval 
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development was visually estimated by examining ~20 larvae from each tank 

with respect to structural deformities, skeletal deformities, gaping and developed 

swim bladder. Larval survival was calculated as the percentage of surviving 

larvae in relation to the estimated number of eggs that were transferred to each 

tank.  

 

Sample preparation  

Atlantic cod larvae were collected prior to offering live prey to larvae in the 

morning feeding. The larvae were collected using small pocket net, placed in a 

bucket containing rearing water and transported on ice by airplane to Akureyri. 

Upon arrival the larvae were anesthized using an overdose of MS222 (300 L-1) 

and 3 larvae from each tank collected individually to 1.5 mL tubes, covered with 

tissue-Tec, snap frozen in liquid Nitrogen and then stored at -70°C until further 

analysis. 

The presence and distribution of IgM and lysozyme was studied using specific 

antibodies and immunostaining of transverse cryosections of larvae collected at 

42-44 days post hatch. The samples were taken out of the freezer and 

cryosectioned using Leica CM 1800, producing 9 µm thick sections that were 

collected onto poly L-lysine coated microscope slides. The first section was 

collected after sectioning through the eyes. Six sections in a row were then 

arranged one on each microscope slide and the next four sections discarded 

before collecting the next six sections onto the same slides. The process was 

repeated until cutting to the distal end of the digestive tract when only the muscle 
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and no intestines appeared in the sections. The slides were dried at room 

temperature for 1 hour and then stored at -70°C until staining.  

 

IgM and lysozyme detection by immunohistochemistry (IHC) 

Frozen sections were left to thaw at room temperature for 5 minutes before fixing 

in ice-cold acetone for 10 minutes prior to staining. Preparing sections for 

staining included washing three times in phosphate buffered saline (PBS) with 

the addition of 0.05 % v/v Tween 20 (Sigma) (PBS-Tween) followed by blocking 

of active sites for protein binding by incubation with PBS-Tween containing 10% 

w/v normal goat serum (Sigma G9023). The sections were washed with PBS-

Tween between steps and all incubations carried out at room temperature. The 

antibodies were diluted (1/100) in PBS-Tween containing 0,2% w/v normal goat 

serum and incubated for one hour. The primary antibodies used were rabbit anti-

cod IgM and rabbit anti-cod lysozyme. Sections incubated with the dilution 

solution were used as negative controls. Analysis of primary antibody binding 

included blocking of endogenous peroxidase activity by incubation with 3% v/v 

H2O2 diluted in PBS for 15 minutes prior to blocking active sites for protein 

binding. Binding of the specific antibodies was made visible using horseradish 

peroxidase (HRP) labelled secondary antibodies made in swine (Sigma). 

Following washing, the sections were incubated with Na-acetate buffer (6,8g Na-

acetate, pH adjusted 5 to using acetic acid) for 10 minutes. Excess liquid was 

then poured off and the sections incubated with AEC (3-amino-9-ethyl-cabazole) 

substrate solution for 2 minutes (17,33 mg mL-1 dissolved in N<N-
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dimethylformamide, 750 µL of the solution transferred to 32,5 mL aliquots of 

Na-acetate buffer and finally 16,25 µL of 30% v/v H2O2 were added). The 

sections were then rinsed briefly under running tap water, counterstained with 

haematoxylin stain for 10 seconds and then rinsed again under running tap water 

for a few seconds. Finally, the slides were mounted using Clarion Mounting 

Medium (Sigma C0487, USA) and analysed using Leica DMRA2 microscope 

with pictures taken using Leica DC300F digital camera. 

 

3. Results 

Evaluation of larval success 

Survival and growth rates of larvae in the different treatment groups are shown in 

Table 1. A high variation in the size of larvae was observed at 42-44 dph, with 

acceptable and similar growth rates observed in the treatment groups. Low 

survival was observed in larvae of wild-caught origin, the peptide treated as well 

the untreated group. Survival of larvae of cultured origin was high when 

evaluated at 50 dph. Mass mortalities caused by a bacterial infection were, 

however, experienced between 50-55 dph and resulting in an overall survival of 

only 6-8 % in all groups when evaluated at 100 dph (Sveinsdóttir et al., 2012). 

Larval deformities were evaluated at 148 dph, revealing only 0.4-1.6% 

deformities in larvae of wild-caught origin, while 3.6-7.0% of untreated and 

treated larvae of cultured origin, respectively, were severely deformed 

(Sveinsdóttir et al., 2012). 



115 

 

Table 1 

 

Effects of treatment on the presence of IgM in larvae   

The result indicate that IgM was more prominent and evenly distributed in 

treated as compared to untreated larvae. The IgM response also proved to be 

more prominent in larvae of cultured as compared to wild-caught origin. 

Furthermore, higher individual differences were observed amongst untreated as 

compared treated larvae of both origins. Individual differences were most 

prominent in the group containing untreated larvae originating from cultured cod, 

where the IgM response ranged from almost none to a very prominent response.  

In the digestive tract, the IgM response was prominent in all treated larvae 

examined, with little differences observed between larvae of cultured and wild-

caught origin. More individual differences were observed in larvae of wild-

caught as compared to cultured origin, however, with much more prominent 

response observed in some of the treated larvae of wild-caught origin as 

compared to treated larvae of cultured origin. The result also revealed a similar 

response in untreated and treated larvae of wild-caught origin, while differences 

in IgM response were observed between untreated and treated larvae of cultured 

origin (Figures 1 and 2).  

 

Figure 1 
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Figure 2 

 

The results furthermore revealed a stronger IgM response in the surface layers as 

well as in the tissue surrounding the notochord of treated as compared to 

untreated larvae examined. The tissues containing the IgM response furthermore 

seemed thicker and more distinguished in treated as compared to untreated larvae 

(results not shown). However, the differences observed between treated larvae of 

cultured and wild-caught origin were relatively little, but was observed much 

higher in the untreated groups. The result also reveal a similar response in 

untreated and treated larvae of wild-caught origin, while differences in IgM 

response were observed between untreated and treated larvae of cultured origin. 

 

 

Effects of treatment on the presence of lysozyme in larvae   

Overall, the lysozyme response in larvae was much stronger in treated as 

compared to untreated larvae. The response in treated larvae was furthermore 

more even and little individual differences were observed. Also, very little 

differences were observed between treated larvae of cultured and wild-caught 

origin. In the untreated groups, however the individual differences were much 

more prominent, with some larvae showing almost no lysozyme response, while 

high response was observed in others. Overall, very little differences were 

observed between larvae of cultured and wild-caught origin. 
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A strong positive reaction with respect to lysozyme was observed in the digestive 

tract in all treated larvae examined (Figures 3 and 4). There was little difference 

in the reaction of individual larvae within the treated groups and a similar 

response was observed in larvae of cultured and wild-caught origin. Large 

individual differences were, however, observed in the untreated larval groups, 

with the reaction ranging from almost no response to a very high one. Overall, 

the results indicate that life feed enhancement using a pollock protein hydrolysate 

resulted in stimulated production of lysozyme and a more even distribution of the 

enzyme in the digestive tract of larvae. 

 

Figure 3 

 

Figure 4 

The result furthermore revealed very little lysozyme response in tissues 

surrounding the notochord in untreated as well as treated larvae. Only very slight 

individual differences were observed within the groups and no differences were 

detected between larvae of cultured as compared to wild origin (results not 

shown). However, on the larval surface the lysozyme response in treated larvae 

of wild-caught origin was much thicker and more solid compared to untreated 

larvae of the same origin. The result furthermore showed that the mucus layer on 

the surface of larvae of cultured origin was thicker and appeared more intact 

(solid) than the surface of larvae from wild origin (results not shown). 
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4 Discussions 

The results of the immunohistochemistry studies indicate stimulated production 

of both IgM and lysozyme especially in the digestive tract of treated as compared 

with untreated larvae. This may be the result of the antioxidant activity 

demonstrated for the product and also indicate immunostimulating effects 

commonly demonstrated for fish protein hydrolysates (Pripp et al., 2005). 

Increased abundance and distribution of IgM in tissues surrounding the 

notochord and of both IgM and lysozyme in the mucus surface of larvae was 

observed as a result of treatment. A more even and prominent detection of 

especially lysozyme but also IgM was furthermore observed in the digestive tract 

of larvae as a result of treatment. The results therefore indicate that protein 

hydrolysate enhancement of the live prey stimulated the production of these key 

parameters of the immune system of cod larvae, as previously observed in larvae 

of both Atlantic cod and Atlantic halibut (Johannsdottir et al., 2012; 

Hermannsdottir et al., 2009). 

Previous studies reveal that hydrolysate prepared from both cod muscle and cod 

stomachs stimulated the activity of head kidney leucocytes and resulted in 

improved growth of Atlantic salmon (Bøgwald et al., 1996; Gildberg et al., 

1996). It has also been reported that pollock muscle protein hydrolysate 

stimulated lysozyme activity of seabass (Dicentrarchus labrax) (Liang et al., 

2006). However, while certain concentrations of pollock protein hydrolysates 
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have resulted in stimulation of selected immune parapeters, there are indications 

that higher concentrations may even negatively affect immune parameters of key 

importance as well as the normal development of fish larvae (Hermannsdottir et 

al., 2009). Lacking stimulation of innate immune functions has furthermore been 

reported for coco salmon (Oncorhynkus kisutch) as a result of feed enhancement 

using a protein hydrolysate (Murray et al., 2003). On the other hand, numerous 

reports show biologically active peptides with both immune stimulating and 

antibacterial effects being produced with hydrolysing procedures (Bøgwald et al., 

1996; Gildberg et al., 1996; Murray et al., 2003; Daoud et al., 2005; Coste et al., 

1992).  

The higher response and increased distribution of both IgM and lysozyme 

observed, especially in the digestive tract of treated larvae may indicates that the 

peptide treatment positively affected the production of these key parameters of 

the innate immune system of larvae. The higher individual differences observed 

in untreated as compared to treated larvae might support these findings. The 

individual differences observed in especially the untreated groups may indicate 

maternal differences, but also that production may be stimulated through live 

prey enhancement using a pollock protein hydrolysate. Overall, the effects of the 

peptide enhancement were more prominent in larvae of cultured as compared to 

wild origin. These findings furthermore suggest potential difficulties in further 

improving the quality of larvae of high quality. 

In a previous study of the effects of live prey enhancement using a pollock 

protein hydrolysate, increased production of IgM and lysozyme was observed in 
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the digestive tract of larvae of the Atlantic halibut (Hermannsdottir et al., 2009). 

Other studies, have furthermore shown that lysozyme activity may be enhanced 

in fish through stimulation of immune parameters (Misra et al., 2004), with 

increased lysozyme activity also observed in offspring of immunized parents 

(Hanif et al., 2004). Lysozyme has been detected in mucus, serum, ova and in 

lymphoid tissue (Grinde et al., 1988; Lange et al., 2001; Balfry & Iwama, 2004) 

and stimulation of this important enzyme may therefore be of key importance for 

normal development, growth and survival of cod larvae. 

The stimulating effects on both IgM and lysozyme response in larvae treated with 

live prey enhanced with protein hydrolysate is not in agreement with larval 

growth and deformities. However, the bacterial infection experienced may have 

affected the deformity incidence in all groups. The lower growth rates observed 

in larvae of cultured origin may furthermore be explained by the relatively 

smaller hatching size of larvae of cultured as compared with wild-caught origin. 

 

5 Conclusions 

In conclusion, the results of the present study may indicate stimulation of key 

immune parameters in cod larvae as a result of live prey enhancement using a 

pollock protein hydrolysate. However, the lack of correlation to larval survival 

and overall quality may reflect the need for further adjustment to treatment 

protocols for optimal effects. This should be investigated further for improved 

production performances during intensive production of Atlantic cod larvae. 
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Table 1.  

Evaluation of survival, growth and deformities of larvae of wild-caught (Wild) 

and cultured (Cultured) origin, treated with a pollock protein hydrolysate (PT) as 

compared to untreated (UT) larvae of common origin. 

 

 Wild Cultured 

  PT UT PT UT 

Survival (50 dph) 6,50% 7,50% 14% 24% 

Survival (100 dph) 5,60% 6,30% 5,80% 8,10% 

Dry weight (mg) 44 dph 10,4 9,7 8,9 7,7 

Wet weight (g) 75 dph 0,61 0,59 0,54 0,52 

Wet weight (g) 148 dph 11,8 12,3 10,7 11,8 

Severe deformities (%) 148 dph 1,60% 0,40% 7,00% 3,60% 
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Figure legends 

Figure 1. Immune staining of IgM in the digestive tract of treated (A) and 

untreated larvae (B)  of cultured origin at 42 days post hatch (400 x 

magnifications). A negative control is also shown (C, 200 x 

magnifications). Arrows points to a positive response. 

 

Figure 2. Immune staining of IgM in the digestive tract of treated (A) and 

untreated larvae (B) of wild-caught origin at 42 days post hatch (400 x 

magnifications). A negative control is also shown in the same 

magnification (C). Arrows points to a positive response. 

 

Figure 3. Immune staining of lysozyme in the digestive tract of treated 

(A) and untreated larvae (B) of cultured origin at 42 days post hatch (400 

x magnifications). A negative control is also shown (C, 200 x 

magnifications). Arrows points to a positive response. 

 

Figure 4. Immune staining of lysozyme in the digestive tract of treated 

(A) and untreated larvae (B) of wild-caught origin at 42 days post hatch 

(400 x magnifications). A negative control is also shown in the same 

magnification (C). Arrows points to a positive response. 
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Figures 

Figure 1 

 

 

 

Figure 2 
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Figure 3 

 

 

 

Figure 4 
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6 Appendices 

6.1 Materials used in proteome analysis 

Solutions used in two-dimensional electrophoresis 

Extraction Buffer I: 

• 10 mM tris pH 7,4 

• 1 mM EDTA 

• 5 mM MgCl2*6H20 

• 1/100 protease inhibitor mix 

Extraction Buffer II: 

• 9.5 M urea 

• 4 % CHAPS 

• 1%  DTT 

• 1/100 protease inhibitor mix  

Extraction Buffer III: 

• 7 M urea 

• 2 M thiourea 

• 4 % CHAPS 

• 40 mM DTT 

• 1/100 protease inhibitor mix 

Extraction Buffer IV: 

• 8 M urea 

• 2 M thiourea 

• 4 % CHAPS 

• 10 mM DTT 

• 1/100 protease inhibitor mix 

Reswelling Buffer: 

• 7 M urea 

• 2 M thiourea 

• 4 % CHAPS 

• 20 mM DTT 

Electrophoresis Buffer (10x): 

• 250 µM tris 

• 1,92 M glycine 

• 1 % SDS 

Polyacrylamide Gel (1-2 gel): 

• 0,25 mL 10 % SDS 

• 6,25 mL 1,5 M tris pH 8,8 

• 7,5 mL 40 % acrylamide/bis-acrylamide 

• 10,8 mL dH2O 

• 15 µL TEMED 

• 175 µL 10 % ammonium persulfate 

Equilibration Buffer: 

• 50 mM tris-Cl pH 8,8 

• 6 M urea 

• 30 % glycerol 

• 2 % SDS 

• Trace of bromophenol blue 

• 1 % DTT or 2,5 % iodoacetamide 

Loading Buffer: 

• 90 % electrophoresis buffer 

• 10 % glycerol 

• 0,02 % bromophenol blue 
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Protocol for spot excision from 2D gels 

(Method from Dr. Phillip Cash, Aberdeen Proteomics, University of Aberdeen in 

Scotland) 

The protocol covers the excision of gel spots/bands from gels dried between 

sheets of cellophane. The cutting surface and scalpel are cleaned using ethanol 

and any excess moisture removed whereas dried gels will suck up any liquid 

which may result in cracking of the gel. Wet gels should be washed in dH2O 

water to remove traces of stain from the gel surface. The gel is then laid onto the 

clean cutting surface and a rectangular area lightly scored around spots of interest 

with the scalpel. Take care to make sure that this is the right spot before going 

over the edges around the spot more thoroughly and then press the scalpel firmly 

and go back and forth in a cutting motion. The spot is then placed into a labelled 

Eppendorf tube and an appropriate volume of dH2O water added to sufficiently 

cover the gel piece (~100 µL). From this point the samples can be stored at -20 

°C or allowed to rehydrate at room temperature for immediate analysis. After an 

hour at room temperature the gel pieces should have rehydrated back to their 

original size prior to gel drying and the cellophane pieces at either side of the gel 

should have fallen off and stuck to the sides of the Eppendorf tube. 

 

 

Two dimensional electrophoresis of liver from adult Atlantic cod 

Proteomic analysis of liver from wild-caught Atlantic cod (Gadus morhua L.) 

was performed (Figure 29). Samples (~100 mg) were collected in 1,5 mL plastic 

tubes, quickly frozen in liquid nitrogen and stored at -70 °C until further analysis. 

Protein analysis was performed as described in chapter 2.4.1 - 2.4.5. 
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Figure 29: Representative 2DE gel of liver protein extract from adult wild-caught Atlantic cod. 

Approximate molecular weight (based on marker) and pI (based on the linearity of the IPG strip) 

are given. 

 

The gels displayed similar protein profile patterns where the pI of the spots 

ranged from 4,50 to 6,25 and the molecular weight was between 10 to 140 kDa.  
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6.2 Materials and solutions for the 

immunohistochemistry analysis 

Na-acetat buffer (Na-substrate buffer): 

• 6,8 g Na-acetat 

• 1 L dH2O 

• pH 5 with acetic acid 

 

Washing solution (1xPBS with 0,05% Tween20): 

• 100 mL 1xPBS solution 

• 900 mL dH2O 

• 500 µL Tween20 soap 

AEC-solution (3-amino-9-ethyl-carbazole): 

Stock solution: 

• 260 mg AEC 

• 15 mL DMF (N´N-

dimethylformamide) 

Solution: 

• 32,5 mL Na-acetate buffer 

• 750 µL AEC-stock solution 

• 16,25 µL 30 % H2O2 

PBS (Phosohate Buffered Saline): 

Stock solution (10xPBS): 

• 53,72 g Na2HPO4 

• 7,72 g NaH2PO4 

• 85 g NaCl 

• 1 L dH2O 

• pH 7.3 

Solution (1xPBS): 

• 10 mL PBS stock solution 

• 100 mL dH2O 

Hydrogen Peroxide (3% H2O2 in 1xPBS): 

• 270 mL 1xPBS solution 

• 30 mL 30 % H2O2 

Blocking solution (2% goat serum in 1xPBS): 

• 400 µL goat serum 

• 3,600 µL 1xPBS solution 

Antibody solution: 

All antibodies were diluted in 0,2 % goat serum in 1xPBS 

• The primary antibody solutions used were rabbit anti-cod IgM (1:100) and rabbit anti-cod 

lysozyme (1:100) 

• The secondary antibody solution used was horse radish peroxidase (HRP) labelled goat anti-rabbit 

Ig. 
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6.3 Material and solutions for the Western blotting 

Solutions and method description from Alberts et al., 2008b. 

Washing solution (1xTBS with 0.05% 

Tween20): 

• 100 mL 1xTBS solution 

• 900 mL dH2O 

• 500 µL Tween20 soap 

Blocking solution (2% goat serum in 1xTBS): 

• 400 µL goat serum 

• 3,600 µL 1xTBS solution 

TBS (tris buffered saline): 

Solution (1xTBS): 

• 10 mL TBS stock solution 

• 100 mL dH2O 

NBT (nitroblue tetrazolium chloride): 

• 7,5 mg/mL final concentration of NBT 

 

AP (alkaline phosphate) stock solution (10x): 

• 0,1 M tris 

• 0,1 M NaCl 

• 50 mM MgCl2 

• pH 9.5 

BCIP (5-bromo-4-chloro-3-indiolyl phosphate p-

Toluidine salt): 

• 165mg/mL final concentration of BCIP 

AP substrate buffer: 

• 10 mL AP stock solution 

• 44 µL NBT solution 

• 33 µL BCIP solution 

Blotting buffer: 

• 25 mM tris 

• 193 mM glycine 

• 20 % methanol  

• pH 8.3 

Antibody solution: 

All antibodies were diluted in 0,2 % goat serum in 1xTBS 

• The primary antibody solutions used were rabbit anti-cod IgM (1:100) and rabbit anti-cod 

lysozyme (1:100) 

• The secondary antibody solution used was alkali phosphate (AP) labelled goat anti-rabbit Ig. 
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6.4 Protein expression profiles from the digestive 

tract in treated larvae and control larvae at 

day 42 - 44 post hatch, in larvae of cultured as 

well as wild origin. 

Treated larvae – cultured vs. wild caught 

Larvae of cultured origin 
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Larvae of wild-caught origin 

 
 

 
 

  

 



h 

Untreated larvae – cultured vs. wild caught 

Larvae of cultured origin 
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Larvae of wild-caught origin 
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6.5 Positive reaction with respect to IgM and 

lysozyme in treated and untreated larvae of 

cultured as well as wild origin, analysed 42 - 44 

days post hatch. Magnification from 50 to 400 

x. 

IgM – positive reaction in treated larvae 

Larvae of cultured origin 
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Larvae of wild-caught origin 



l 



m 

 

IgM – positive reaction in untreated larvae 

Larvae of cultured origin 
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Larvae of wild-caught origin 

 

 

Lysozyme – positive reaction in treated larvae 

Larvae of cultured origin 
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p 

 

 

Larvae of wild caught origin 
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Lysozyme – positive reaction in untreated larvae 

Larvae of cultured origin 
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Larvae of wild-caught origin 

 


