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Abstract 

 

Morken, T., 2011. Upgrading plant ingredients in feed for salmonids by thermo-

mechanical treatment and acid salts. Norwegian University of Life Sciences, Philosophiae 

Doctor Thesis, 2011:52; ISSN: 1503-1667; ISBN: 978-82-575-1015-2. 

 

Inclusion of plant ingredients in diets for salmonids is restricted due to low energy con-

tents, unbalanced amino acid (AA) composition and presence of antinutritional factors 

(ANF). The objective of this thesis was to investigate methods for improving the nutri-

tional and physical quality of plant ingredients in diets for salmonids by use of thermo-

mechanical treatment and supplemental organic acid salts. 

Diets containing plant ingredients derived from soybeans or barley were exposed to 

thermo-mechanical treatment at different temperatures by (1) expander pretreatment, (2) 

extrusion and (3) autoclaving, with or without the supplementation of 12 g kg1 potassium 

diformate (KDF) or 10.6 g kg1 sodium diformate (NaDF). Nutritional quality was eva-

luated by the content of dietary AA, available lysine and trypsin inhibitor activity (TIA), 

as well as in vivo apparent digestibility in Atlantic salmon (Salmo salar), rainbow trout 

(Oncorhynchus mykiss) and mink (Neovison vison). In addition, a two-step in vitro ga-

strointestinal model (GIM) was used to assess protein solubility and bioavailability of AA 

by use of digestive enzymes from Atlantic salmon. Physical quality of extruded diets was 

evaluated by measuring hardness, expansion ratio, durability and water stability index 

(WSI). 

Expander pretreatment of full-fat soybean meal (FFSBM) at 100 and 120 ºC improved 

(P<0.05) the digestibility of arginine, glutamine and tyrosine in Atlantic salmon. The 

higher digestibility of expander pretreated FFSBM was confirmed in mink. The improved 

digestibility of AA in Atlantic salmon and mink by expander pretreatment of FFSBM 

coincided with the reduction in dietary TIA. Extrusion of diets containing toasted soybean 

meal (SBM) at 150 ºC improved (P<0.05) the digestibility of crude protein (CP) and sev-

eral individual AA in Atlantic salmon compared to extrusion at 110 ºC. Similar findings 

were observed for diets containing barley protein concentrate (BPC) when fed to rainbow 

trout. Extrusion at 141 ºC improved (P<0.05) the digestibility of starch, CP, arginine and 
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several dispensable AA, but reduced (P<0.01) the digestibility of phenylalanine compared 

to extrusion at 110 ºC. The improved digestibility of protein and AA in rainbow trout 

with increasing extrusion temperatures was associated with higher availability of lysine in 

diets extruded at 141 ºC. Heat treatment at 130 ºC by autoclaving reduced the dietary AA 

content (P<0.05), the in vivo digestibility of CP and all individual AA in mink, as well as 

the in vitro bioavailability of AA (P<0.01) compared to heat treatment at 100 ºC. The ad-

verse effects of heat treatment at long treatment times on the nutritional quality of diets 

were also shown by reductions in dietary contents of reactive and available lysine 

(P<0.001), protein solubility (P<0.01) and increased browning (P<0.001). 

Supplementation of KDF to FFSBM and SBM diets did generally not (P>0.1) affect nu-

trient digestibility in Atlantic salmon and mink, whereas supplementation of NaDF im-

proved (P<0.05) the digestibility of most major nutrients and individual AA in rainbow 

trout. Addition of NaDF did not (P>0.1) affect the digestibility of CP or individual AA in 

mink. 

Physical quality of the extruded diets was affected by both extrusion temperature and sup-

plementation of organic acid salts. Increased pellet expansion was observed in diets with 

soybeans processed by expander pretreatment and increasing extrusion temperatures, 

while supplemental KDF reduced pellet expansion. In diets with BPC, increasing extru-

sion temperatures improved pellet durability. Addition of NaDF improved the expansion 

ratio, durability and WSI compared to diets without NaDF. 

The improved digestibility of plant proteins in salmonids by thermo-mechanical treatment 

at increasing temperatures is explained by a reduction in heat-labile ANF concurrent with 

higher availability of AA, as a result of denaturation and structural unfolding of protein 

molecules. The negative effects of increasing temperatures in combination with long 

treatment times in the autoclave on digestibility of CP and AA in mink was explained by 

a reduction in AA availability. Supplementation of acid salts did not consistently improve 

the digestibility of plant ingredients in salmonids and did not protect the protein from 

heat-induced damage during prolonged heat treatment. The lack of consistency remains 

unclear and requires further investigation. Both increasing temperatures during extrusion 

and supplementation of acid salts affected the physical quality of the feeds. The improved 

physical quality by supplemental acid salts indicates increased binding of feed particles.  
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Sammendrag 

 

Morken, T., 2011. Oppgradering av planteråvarer i fôr til laksefisk ved bruk av termo-

mekanisk behandling og syresalter. Universitetet for miljø- og biovitenskap, doktorgrads-

avhandling, 2011:52; ISSN: 1503-1667; ISBN: 978-82-575-1015-2. 

 

Inkludering av planteråvarer i fôr til laksefisk er begrenset på grunn av lavt energiinnhold, 

ubalansert aminosyresammensetning og innhold av antinæringsstoffer. Formålet med 

denne avhandlingen var å undersøke metoder for å forbedre ernæringsmessig- og fysisk 

kvalitet av planteråvarer i fôr til laksefisk ved bruk av termomekanisk behandling og til-

setning av organiske syresalter. 

Fôr som inneholdt planteråvarer fra soyabønner eller bygg ble eksponert for termomeka-

nisk behandling ved ulike temperaturer under (1) ekspanderforbehandling, (2) ekstrude-

ring og (3) autoklavering, med eller uten tilsetning av 12 g kg1 kalium diformiat (KDF) 

eller 10.6 g kg1 natrium diformiat (NaDF). Ernæringsmessig kvalitet ble evaluert som 

aminosyreinnhold i fôret, tilgjengelig lysin og trypsininhibitor-aktivitet (TIA), samt in 

vivo apparent fordøyelighet i Atlantisk laks (Salmo salar), regnbueørret (Oncorhynchus 

mykiss) og mink (Neovison vison). En tostegs in vitro fordøyelighetsmodell (GIM) ble i 

tillegg brukt for å vurdere proteinløselighet og biotilgjengelighet av aminosyrer ved bruk 

av fordøyelsesenzymer fra Atlantisk laks. Fysisk kvalitet av de ekstruderte fôrene ble 

vurdert ved å måle hardhet, ekspansjon, durabilitet og vannstabilitetsindeks (WSI). 

Ekspanderforbehandling av fullfett soyamel (FFSBM) ved 100 og 120 ºC ga økt (P<0.05) 

fordøyelighet av arginin, glutamin og tyrosin hos Atlantisk laks. Den høyere fordøyelig-

heten av ekspanderforbehandlet FFSBM ble bekreftet i mink. Den økte fordøyeligheten 

av aminosyrer i Atlantisk laks og mink ved ekspanderforbehandling av FFSBM var sam-

menfallende med reduksjon av TIA i fôret. Ekstrudering av dietter som inneholdt varme-

behandlet og avfetta soyamel (SBM) ved 150 ºC ga forbedret (P<0.05) fordøyelighet av 

råprotein og flere individuelle aminosyrer sammenliknet med ekstrudering ved 110 ºC. 

Liknende resultater ble observert da dietter med byggproteinkonsentrat (BPC) ble fôret til 

regnbueørret. Ekstrudering ved 141 ºC ga en høyere (P<0.05) fordøyelighet av stivelse, 

råprotein, arginin og flere ikke-essensielle aminosyrer, men resulterte i redusert (P<0.01) 
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fordøyelighet av fenylalanin sammenliknet med ekstrudering ved 141 ºC. Varmebehand-

ling ved autoklavering på 130 ºC ga redusert innhold av aminosyrer i fôret (P<0.05), re-

dusert in vivo fordøyelighet av råprotein og alle essensielle aminosyrer i mink, samt redu-

sert in vitro biotilgjengelighet av aminosyrer (P<0.01) sammenliknet med varmebehand-

ling ved 100 ºC. De negative effektene av varmebehandling og lang behandlingstid på er-

næringsmessig kvalitet på fôret ble også vist ved reduksjoner i fôrets innhold av reaktivt 

og tilgjengelig lysin (P<0.001), redusert proteinløselighet (P<0.01) og økt bruning 

(P<0.001). 

Tilsetning av KDF til fôr med FFSBM og SBM ga generelt ingen (P>0.1) effekt på for-

døyeligheten av næringsstoff hos Atlantisk laks og mink, mens tilsetning av NaDF ga en 

forbedret (P<0.05) fordøyelighet av de fleste hovednæringsstoffer og aminosyrer hos 

regnbueørret. Tilsetning av NaDF påvirket ikke (P>0.1) fordøyeligheten av råprotein eller 

individuelle aminosyrer hos mink. 

Fysisk kvalitet av det ekstruderte fôret ble påvirket av både ekstruderingstemperatur og 

syresalter. Ekspanderforbehandling og økt ekstruderingstemperatur ga økt ekspansjon av 

fôr som inneholdt soya, mens tilsetning av KDF ga redusert ekspansjon. Økende ekstru-

deringstemperatur ga forbedret durabilitet av fôr med BPC, mens tilsetning av NaDF ga 

økt ekspansjon, durabilitet og WSI sammenliknet med fôr uten NaDF. 

Forbedringen av fordøyeligheten av planteråvarer hos laksefisk ved bruk av termomeka-

nisk behandling med økte temperaturer er forklart ved en reduksjon i varmelabile antinæ-

ringsstoff, samtidig med økt tilgjengelighet av aminosyrer som et resultat av denaturering 

og åpning av proteinstrukturer. Negative effekter av økende temperatur i kombinasjon 

med lang behandlingstid under autoklavering på fordøyeligheten av råprotein og amino-

syrer er forklart ved redusert aminosyretilgjengelighet. Tilsetning av syresalter ga vari-

able resultater på fordøyeligheten av planteråvarer hos laksefisk. Årsaken til dette er fort-

satt uklart og krever videre undersøkelser. Både økende temperaturer under ekstrudering 

og tilsetning av syresalter påvirket fysisk kvalitet på fôret. Forbedringen i fysisk kvalitet 

ved tilsetning av syresalter indikerer en økt binding mellom fôrpartikler.  
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Abbreviations 

 

 

AA Amino acid TI Trypsin inhibitor 

ANF Antinutritional factor TIA TI activity 

ANOVA Analysis of variance WF White flakes 

BPC Barley protein concentrate WSI Water stability index 

BW Body weight   

CP Crude protein   

CTTAD Coefficient of total tract apparent digestibility   

DM Dry matter   

DORIS Durability on a Realistic Test   

EAA Essential amino acid   

EC European Commission   

FFSBM Full-fat soybean meal   

FM Fish meal   

GIM Gastrointestinal model   

GLM General Linear Model   

HDI Holmen durability index   

KDF Potassium diformate   

N Newton   

NaDF Sodium diformate   

NEAA Non-essential amino acid   

NSP Non-starch polysaccharide   

RPM Revolutions per minute   

SBM Solvent-extracted and toasted soybean meal   

SCF Screw configuration   

SD Standard deviation   

SEM Standard error of the mean   

SGR Specific growth rate   

SME Specific mechanical energy   
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1. General introduction 

 

Aquaculture supplied nearly half of the total fish production for human consumption in 

2006 and is expected to outpace the production from capture fisheries (FAO, 2009). In 

Norway, the production of farmed salmonid fish increased almost two-fold from 474,000 

tons in 1999 to 937,000 tons in 2009 (Figure 1) (FAO, 2011a). Concurrently, the global 

fish meal (FM) use within the aquaculture feed industry doubled over the last decade 

(Tacon and Metian, 2008). This has resulted in high price and low availability of FM on 

the world market. To meet the future challenges with population growth and need for 

aquatic food, the aquaculture industry is dependent on alternatives for FM to support a 

rapid and sustainable development.  

 

 

Figure 1. Norwegian share (grey bars) of the total world aquaculture production (blue bars) of 

Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss) from 1989 to 2009 in 

relation to the production value (FAO, 2011a). 

 

A variety of ingredients have been evaluated as alternatives for FM in diets for carnivor-

ous fish, including plants (Gatlin et al., 2007), single-cell protein (Øverland et al., 2010), 

rendered by-products from fish and terrestrial animals (Naylor et al., 2009), as well as 
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organisms at lower trophic levels, such as krill (Euphausia superba) (Hansen, 2011). The 

use of animal by-products such as feather meal, poultry by-product meal and blood meal 

from ruminants are currently prohibited for use in fish feeds in the EU and EEA due to 

the hazard of propagating transmissible animal diseases to humans through the food chain 

(European Commission [EC] Regulation No 1774/2002). Although blood meal from por-

cine and poultry sources is permitted for use in fish feeds (EC Regulation No 1234/2003), 

there is low market acceptance for use of these products in Norway and the UK (EWOS, 

2010). This has resulted in a more widespread use of plant ingredients in the European 

aquaculture industry.  

Plant ingredients are considered promising alternatives to FM because of their wide avail-

ability, low cost and viable environmental profile. The use of plant ingredients such as 

legumes, oilseeds and cereal grains is, however, restricted due to low nutrient density, 

high content of fiber, unbalanced amino acid (AA) composition and a variety of antinu-

tritional factors (ANF) (Francis et al., 2001). In order to overcome these challenges, 

processing methods or feed additives can be used to upgrade the nutritional characteristics 

of plant ingredients (Drew et al., 2007; Gatlin et al., 2007). Such modifications will not 

only affect their nutritional quality, but also their functional properties and ability to pro-

duce pellets of good physical quality (Sørensen et al., 2009). Physical quality is less 

commonly reported in ingredient-replacement studies, but should be considered when 

evaluating the potential of plant ingredients in diets for fish (Glencross et al., 2007). 

Modern fish feeds have developed towards lower inclusion levels of marine resources, 

which results in reduced wild fisheries inputs to farmed fish outputs, and consequently, a 

net fish protein production (Naylor et al., 2009; Bendiksen et al., 2011). Estimates on the 

dietary FM and fish oil use in salmon feeds for 2020 suggests inclusion rates as low as 8 

and 6%, respectively (Tacon and Metian, 2008). In order to accomplish this, there is a 

need to increase the inclusion rates of alternative ingredients such as plant proteins to 

replace FM. Furthermore, increased inclusion rates of plant proteins depend on develop-

ment of methods to upgrade their nutritional quality in order to sustain high inclusion 

rates without compromising fish performance. The overall objective of this work was, 

therefore, to investigate methods for improving the nutritional and physical quality of 

plant ingredients in diets for salmonids by use of thermo-mechanical treatment and or-

ganic acid salts.  
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2. Background 

 

2.1 Alternative plant ingredients in diets for fish 

 

Expansion of the aquaculture industry has been accompanied by rapid growth in the pro-

duction of fish feeds, leading to increased pressure on marine commodities such as FM 

and fish oil (Bostock et al., 2010). One factor contributing to this growth is the increased 

share of farmed fish produced by using compound feeds in Asia (Naylor et al., 2009). The 

high demand for marine commodities by the aquaculture sector given the static global 

supply has resulted in low availability and high prices of FM (Figure 2). High ingredient 

prices will have a negative impact on the profitability in Atlantic salmon production, 

where feed accounts for more than 50% of the production costs (Waagbø, 2006). This has 

resulted in an increased interest in identifying less costly alternatives to FM and fish oil in 

diets for carnivorous fish.  

 

 

Figure 2. Annual production of FM (blue line) and price in US $ per ton FM (grey line) from 

1988 to 2008 (IFFO, 2008; IMF, 2011).  
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Use of alternatives to FM has not only been driven by the possible economical issues of 

higher commodity prices. Increased awareness about the sustainability of the aquaculture 

industry has also evoked questions about the long-term viability of aquaculture as long as 

it remains a net consumer of marine resources (Bendiksen et al., 2011). Reducing the de-

pendence on marine commodities through extended use of alternative ingredients will 

improve the future sustainability of the aquaculture industry. 

A variety of protein sources have been explored as alternatives to FM, including plant 

proteins, by-products from fish and terrestrial animal productions, products from organ-

isms at lower trophic levels and single-cell proteins (reviewed in Gatlin et al., 2007; 

Naylor et al., 2009; Øverland et al., 2010). Although many of these alternatives may offer 

considerable potential in diets for fish, plant proteins are considered to have the greatest 

possibilities because of their availability, low cost and sustainable environmental profile 

compared to FM. Currently, a wide range of plant ingredients are being used in commer-

cial fish feed, including products of oilseeds (soybean, sunflower, rapeseed and cotton-

seed), legumes (peas and beans), tubers (potato), cereal grains (corn, barley and wheat), 

as well as co-products from the ethanol industry (Naylor et al., 2009). Among these, soy-

beans, canola/rapeseed, sunflower, peas and lupins are the most widely used plant ingre-

dients in salmonid feeds.  

The crude protein (CP) content of defatted oilseed meals ranges from 450 to 500 g kg1 

for soybean meal (SBM) (Storebakken et al., 2000), 350 to 390 g kg1 for rapeseed meal 

and 250 and 500 g kg1 for corticated and decorticated sunflower meal, respectively 

(Hertrampf and Piedad-Pascual, 2000). Among the legumes, peas has the lowest CP con-

tent (237 g kg1) and lupins the highest (345 g kg1) (Hertrampf and Piedad-Pascual, 

2000). The essential amino acid (EAA) composition for soybeans, rapeseed, sunflower, 

peas and lupins in relation to FM is shown in Table 1. Soybean protein has a good AA 

composition compared to other oilseed meals, but is lower in methionine and higher in 

cysteine when compared to FM (Storebakken et al., 2000). Rapeseed and sunflower 

protein is especially limited in lysine and methionine. Methionine is also the main 

limiting AA in pea protein, which is otherwise characterized by high lysine content 

(Øverland et al., 2009). White lupins has an overall desirable AA composition, but is also 

limited in lysine and methionine relative to FM. 
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Table 1. 

The essential amino acid composition of fish meal (FM) and commonly used plant protein 

sources in fish feeds. 

g (16 g N)1 FM a Soybean b Rapeseed c Sunflower d Pea e Lupin f 

Arginine 5.4 6.7 2.1 3.6 8.2 11.2 

Histidine 2.0 2.4 1.0 1.0 2.7 1.8 

Isoleucine 3.6 4.0 1.4 2.1 4.5 3.9 

Leucine 6.3 6.7 2.6 3.0 7.5 7.7 

Lysine 6.6 5.1 2.1 0.7 7.4 4.9 

Methionine 2.5 1.1 0.7 0.8 0.9 0.5 

Phenylalanine 3.5 4.6 1.4 2.2 4.9 3.8 

Threonine 3.9 3.7 1.6 1.7 3.7 4.0 

Tryptophan 1.0 1.5 0.4 0.6 0.9 0.7 

Valine 4.1 4.1 1.8 2.3 4.8 3.5 

a Low-temperature dried FM (Romarheim et al., 2005). 
b Hexane-extracted and toasted SBM with hulls (Romarheim et al., 2005). 
c Defatted rapeseed meal (Hertrampf and Piedad-Pascual, 2000). 
d Defatted and dehulled sunflower meal (Hertrampf and Piedad-Pascual, 2000). 

e Pea protein concentrate, 350 g kg1 CP (Øverland et al., 2009). 
f White lupin (Hertrampf and Piedad-Pascual, 2000). 

 

The inclusion level of plant ingredients in diets for fish is limited by their nutritional cha-

racteristics, including low nutrient density, high content of indigestible organic matter, 

unbalanced AA composition and presence of ANF or antigens (Francis et al., 2001; 

Gatlin et al., 2007). Additionally, plant proteins are less palatable for fish that have been 

adapted to FM-based diets (Gomes et al., 1995; Refstie et al., 2000). Use of diets where a 

substantial proportion of the FM is replaced with plant ingredients may, therefore, result 

in reduced feed intake and growth rate, as well as increased risk of life-style related dis-

orders and susceptibility to infectious diseases (Waagbø, 2006). These impediments limit 

the use of high inclusion levels of some plant ingredients in diets for salmonids. Conse-

quently, the majority of formulated fish feeds are based upon a partial replacement of FM 

with a variety of plant ingredients. Partial replacement of FM has often proven successful 
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(Carter and Hauler, 2000; Romarheim et al., 2008; Øverland et al., 2009), whereas com-

plete replacement of FM with plant ingredients in diets for salmonids have sometimes 

resulted in reduced growth (Gaylord et al., 2006; Torstensen et al., 2008; Barrows et al., 

2009). Nevertheless, studies have reported that trout fed FM-free diets showed growth 

comparable to trout fed FM-based diets (Kaushik et al., 1995; Barrows et al., 2007a). 

Thus, the development towards higher inclusion levels of plant ingredients in diets for 

salmonid fish depend on methods for upgrading their nutritional quality, such as feed 

processing technologies or feed additives. 

 

2.2 Processing to improve nutritional quality of feed 

 

Nutritional quality of a feed is determined by the content and availability of nutrients 

compared to the requirements of the target animal (Phillips, 1989). It is usually defined in 

terms of chemical composition and the ability of the animal to utilize the nutrients for 

growth. Several processing methods can be applied to improve the nutritional quality of 

plant ingredients in diets for carnivorous fish. The beneficial effect of processing on 

nutritional quality of feeds is a result of the physical and chemical modifications which 

occur when the feed material is subjected to heat, moisture and shear over a certain time. 

Plant ingredients for use in fish feeds are mainly processed in order to alter nutrient con-

centrations (reviewed in Drew et al., 2007) and to reduce antinutrient levels (reviewed in 

Francis et al., 2001).  

There are two main strategies for enhancing nutritional quality of plant ingredients by 

processing: (1) pre-processing of individual ingredients and (2) processing of complete 

feed mixtures (Gatlin et al., 2007). The overall goal for ingredient pre-processing is to 

alter the inherent nutritional characteristics of plant products prior to dietary inclusion, 

whereas processing of complete diets aims to improve nutrient availability through 

physicochemical and chemical modification of the nutrients present in the feed mixture. 

Consequently, final nutritional quality of the diet depends on nutrient composition and 

pre-processing history of the ingredients used, in addition to the choice of equipment, 

processing and system variables applied during processing of the complete feed mixture. 
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2.2.1 Nutritional effects of ingredient pre-processing 
 

Plant ingredients can be pre-processed by methods such as heat treatment, mechanical 

fractionation, fermentation processes, or combinations of these, depending on the nutri-

tional characteristics of the plant material. These methods may be used separately or in-

corporated directly to the feed manufacturing process. Thermal processing inactivates 

antinutritional compounds by denaturing the biologically active protein structures of the 

heat-labile antinutrients such as soybean protease inhibitors and lectins (Liener, 1994; 

Francis et al., 2001; Romarheim, 2007). Oilseeds are normally pre-processed with heat 

treatment to facilitate oil extraction and removal of solvent residues (Storebakken et al., 

2000), but also to inactivate heat-labile antinutrients. Studies on trypsin inhibitor activity 

(TIA) in raw and routine pre-processed soybeans have shown that toasting reduced the 

mean TIA from 30.2 to 8.5 mg g1 (Rackis et al., 1985). Further reduction of the TIA of 

soybeans occurs when the complete diet is extruded (Clarke and Wiseman, 1999; 2007; 

Romarheim et al., 2005); resulting in dietary TIA levels within the tolerance level of sal-

monids (Olli et al., 1994; Romarheim et al., 2005; Paper I). Thus, heat-labile antinu-

trients in soy generally do not pose a problem in commercial feeds, as the soy products is 

heat treated both during pre-processing and diet processing (Storebakken et al., 2000; 

Romarheim et al., 2005; 2006). A greater concern is the possible adverse effects of heat-

ing on nutritional quality of plant ingredients (further discussed in chapter 2.2.2.2). 

Fiber and heat-stabile ANF in plant ingredients are not reduced by heat treatment. These 

components have to be removed mechanically by fractionation technologies, biologically 

by fermentation, or by chemical extraction processes. For example, aqueous or methanol 

extraction can be used to purify the CP of SBM (400 g CP kg1) into soya protein con-

centrate (700 g CP kg1) or soya protein isolate (900 g CP kg1), products with lower 

levels of fiber and antinutrients (Drew et al., 2007). The use of fractionation processes, 

such as de-hulling, sieving, air-classification and aqueous or solvent extraction to purify 

proteins results in plant products with nutrient concentrations relative to the fractions re-

moved.  

Modification of ingredients using fermentation takes advantage of microorganisms and 

their enzymes (Nout and Motarjemi, 1997). Besides reducing the level of antinutrients, 

microorganisms consume and convert fermentable carbohydrates into cell mass that adds 
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essential nutrients to the final product (Gatlin et al., 2007). Distiller’s by-products is an 

example of plant-products enriched with vitamins and nucleotides as a result of synthesis 

by yeast (Hardy and Barrows, 2002; Thiessen et al., 2003). Previous studies have shown 

that fermentation with microorganisms such as yeast (Servi et al., 2008; Gao et al., 2010), 

bacteria (Mukhopadhyay and Ray, 1999; Skrede et al., 2002; Refstie et al., 2005) and 

fungi (Kiers et al., 2000) reduces starch levels, content of antinutrients and concentrates 

the protein of plant ingredients. Additionally, combining fractionation technologies with 

biological processing will further improve their nutritional characteristics. For instance, 

plant products from soybean, barley and corn co-products of ethanol and biodiesel pro-

duction are characterized by a low level of starch, but relatively high levels of fiber 

(Chevanan et al., 2009). Removing the hulls from these crops prior to ethanol fermenta-

tion increase their protein content and thus, nutritional value for fish (Gatlin et al., 2007).  

 

2.2.2 Nutritional effects of feed processing 
 

Commercial fish feeds are commonly produced by extrusion, a process which was intro-

duced by the Norwegian fish feed industry in the early 1980’s. The extrusion process and 

its effects on nutritional quality of feed will thus be the main component of the following 

discussion. 

 

2.2.2.1 The extrusion process 

Smith (1976) defined extrusion as “the process by which moistened, expansile, starchy 

and/or proteinaceous materials are plasticized and cooked in a tube by a combination of 

moisture, pressure, temperature and mechanical shear” (according to Huber, 2000). Extru-

sion is a versatile process, which allows the use of a wide range of raw materials to pro-

duce feed with specific nutritional and physical properties. The extruded pellets assert 

textural attributes which promotes the absorption and retention of up to 400 g oil kg1 

feed (Sørensen et al., 2011), which is an important property of high-energy salmon feeds. 

The extrusion process involves a series of unit operations such as particle size reduction, 

mixing, preconditioning, extrusion, drying, cooling and vacuum coating. 

Preconditioning is generally the first step in the extrusion process after particle size re-

duction and ingredient mixing. The objective of this process is to heat and moisten the 
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feed material prior to the final cooking step in the extruder. During preconditioning, the 

feed material is mixed with a total of 25 to 30% water and steam at retention times rang-

ing from 1 to 5 minutes, resulting in temperatures from 80 to 95 ºC (Strahm, 2000; Beyer, 

2007). Preconditioning at temperatures higher than 100 ºC can be accomplished by using 

pressurized conditioners such as expanders (Lucht, 2007). Expanders are commonly used 

in the production of ruminant feeds to increase the percentage of rumen undegraded die-

tary protein (Prestløkken, 1999), but they may also be used as a standalone machine for 

special applications (Lucht, 2007). In Paper I of this thesis, expander technology was 

used to precondition full-fat soybean meal (FFSBM) at temperatures up to 120 ºC. 

The heart of the process is the extruder barrel, which consists of 57 barrel sections and 

one or two screw shafts, depending on the application. Twin-screw extruders are com-

monly used for fish feed production as they are designed to operate at higher moisture 

and fat levels than single-screw extruders (Rokey, 1994). These have usually co-rotating 

and intermeshing screws. Both screw shafts are threaded with screw elements and the 

configuration of these can easily be modified to accommodate different raw materials and 

extruder functions (Sämann, 2008). The screw configuration (SCF) is generally built up 

from three major zones, including the feeding zone, the kneading zone and the final 

cooking zone (Huber, 2000). An example on the temperature profile in the different ex-

truder zones is shown in Figure 3. 

Following preconditioning, feed material is continuously fed into the first barrel section 

of the extruder and transported towards the die by the rotation of the screw (Huber, 2000). 

Fish feeds are typically extruded at temperatures below 150 ºC with moisture contents 

around 25 to 30% (Sørensen, 2003). Retention time inside the extruder barrel may vary 

from 20 to 40 seconds (Edwards et al., 1999), depending on the throughput and screw 

speed of the extruder. The die contains one or several orifices which restrict the material 

to flow, resulting in increased back-pressure and energy input. When the pressure is large 

enough, the feed material is extruded through the die orifice and shaped by rotating 

knifes. The pressure differential between the extruder and the atmosphere results in a 

steam flash-off as the material leaves the die and expansion of the extrudate 

(Chinnaswamy, 1993). The extruded pellets are subsequently dried, vacuum coated and 

cooled prior to packaging. 
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Figure 3. Example illustrating the actions occurring in the different processing zones of the ex-

truder barrel, from inlet (left) to outlet (adapted from Huber, 2000). The temperature graph de-

monstrates the temperature development during extrusion of a FFSBM diet (Paper I), using a 

standardized SCF and a five-section twin-screw extruder (modified from Kraugerud, 2008). 

 

2.2.2.2 Nutritional effects of extrusion 

Several reviews of chemical and nutritional changes during extrusion cooking have been 

published in food research (Björck and Asp, 1983; Cheftel, 1986; Phillips, 1989; Arêas, 

1992; Camire, 1991; 1998; 2000; 2001; Singh et al., 2007). The nutritional changes dur-

ing extrusion can be regarded as an effect of the nutritional characteristics of the ingre-

dients used (chemical composition, pre-processing history and ingredient combination) 

and the conditions applied during processing (water content, feeding rate, screw speed, 

SCF, barrel temperature, steam injection and die configuration) (Camire, 2001). The 

reactions occurring in the feed material during extrusion can be classified as physico-

chemical or chemical changes (Table 2). 

Physicochemical changes are usually initiated at an early stage of the extrusion process, 

while chemical changes occur in the portion of the extruder barrel in front of the die 

(Camire, 2000), where the feed is plasticized under high temperature and pressure (Riaz, 
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2001). The change in the native structure of starch and proteins can be regarded as a pre-

cursor of the chemical changes occurring at a later stage of the extrusion process 

(Sørensen et al., 2005). These reactions may either improve or damage nutritional quality 

of the feed, depending on the temperature, shear, moisture and time applied during 

processing (Papadopoulos, 1989). Moist heat in combination with short retention time 

generally improves nutritional quality of plant proteins fed to fish due to denaturation and 

inactivation of biologically active compounds, as well as making the starch and proteins 

more susceptible to digestive enzymes (Håkansson et al., 1987; Phillips, 1989; Camire, 

1991, 2001; Svihus et al., 2005; Barrows et al., 2007a). Extrusion result in a high degree 

of starch gelatinization (Lundblad et al., 2011), which improves the utilization of starch in 

carnivorous fish species (Storebakken, 2002; Krogdahl et al., 2005). In general, the short 

retention time and high moisture content of the extrusion process allows use of high tem-

peratures without compromising nutritional quality (Sørensen et al., 2002). Conversely, 

feed materials are more sensitive to nutritional damage when the moisture content is low. 

This is further aggravated by increased processing time (Papadopoulos, 1989).  

Proteins are especially exposed to nutritional damage during processing (Opstvedt et al., 

1984; Moughan, 2003). Apart from denaturation, proteins may react with other proteins 

(disulphide or isopeptide crosslinks), or the protein side-chains may undergo race-

mization, oxidative degeneration and reactions with reducing substances (Phillips, 1989). 

These reactions lead to disruption and reformation of strong covalent bonds which are 

less susceptible to digestive proteases, and hence, less digestible. The Maillard condensa-

tion between the free ε-amino group of AA and the carbonyl group of reducing sugars  

Table 2. 

Physicochemical and chemical reactions during extrusion (modified from Camire, 1998). 

Physicochemical changes Chemical changes 

Binding of smaller molecules Thermal degradation of sugars and amino acids 

Volatilization Depolymerization of starch, dietary fiber and protein 

Change in native structure Recombination of fragments from starch and dietary fiber 

- Starch gelatinization  

- Protein denaturation  
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may give a loss of AA with reactive side-chains such as arginine, cysteine, lysine, histi-

dine and tryptophan (Cheftel, 1986; Iwe et al., 2001; Singh et al., 2007). Among these, 

lysine is considered to be the most reactive (Belitz et al., 2009). Available lysine, or the 

amount of reactive lysine in percentage of total dietary lysine, can therefore be used as a 

measure on protein damage during processing (Moughan and Rutherfurd, 1996; 

Rutherfurd et al., 2007; Singh et al., 2007). Extrusion processing may also reduce heat 

sensitive nutrients, such as crystalline vitamins (Marchetti et al., 1999). 

Several studies have assessed the effect of heat treatment of diets for salmonid fish 

(Opstvedt et al., 1984; Arndt et al., 1999; Sørensen et al., 2002; 2005; Barrows et al., 

2007a) and monogastric carnivores such as mink (Neovison vison1) (Skrede and 

Krogdahl, 1985; Ljøkjel et al., 2000; 2004; Opstvedt et al., 2003; Romarheim et al., 2005; 

Aslaksen et al., 2006), but the results are inconsistent. Extrusion temperatures up to 

150 ºC have no negative impact on nutrient digestibility or growth in salmonids (Sørensen 

et al., 2002), whereas mink is more sensitive to high extrusion temperatures (Ljøkjel et 

al., 2004). Reductions in CP and AA digestibility in mink are particularly observed when 

applying heat treatment at long retention times, such as by autoclaving (Skrede and 

Krogdahl, 1985; Ljøkjel et al., 2000). Nevertheless, the difficulty in defining optimal 

extrusion temperatures is related to the complex interrelationship among processing pa-

rameters, extrusion equipment and diet formulation (Björck and Asp, 1983). In addition, 

acceptable processing conditions also depend on the target animal (Romarheim, 2007). 

 

2.3 Effects of processing and ingredients on physical quality of feed 

 

The use of processing to improve nutritional quality of plant ingredients will also have 

implications for the physical quality of the feed. Physical quality is the ability of feed 

pellets to withstand repeated handling without creating excessive amounts of fines 

(Lundblad, 2009). Plant ingredients have shown to assert specific processing responses 

and physical properties when included in fish feed (Sørensen et al., 2009; 2011; Øverland 

                                                 
1 Errata: The American mink is commonly included in the sub-genus Vison of the genus Mustela. However, 

cytogenetic and biochemical differences between the American mink and other Mustela species supports 
placement of the American mink in the mustelid genus Neovison (Kurose et al., 2008). The authors of 
Papers I and II were not aware of this and mink was, therefore, indicated by the genus Mustela. 
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et al., 2009; Kraugerud et al., 2011). Thus, it is important to optimize feed processing to 

improve both nutritional and physical quality of plant-based diets for fish. 

Physical properties of feed pellets must accommodate the feeding behavior and the cul-

ture environment of the target species (Thomas and van der Poel, 1996; Glencross et al., 

2010). Physical quality of extruded salmonid feed is usually defined by properties such as 

durability, hardness, expansion ratio, density, oil absorption capacity, oil leakage, water 

stability index (WSI) and sinking velocity. Physicochemical methods such as diet viscos-

ity and starch gelatinization also play an integral role in determining both physical and 

nutritional characteristics of the feed (Evans, 1999; Hansen et al., 2010). These methods 

have previously been used to assess ingredient functional properties in relation to physical 

quality of feeds (Glencross et al., 2010; Hansen et al., 2010; Kraugerud et al., 2011; 

Sørensen et al., 2011). Different methods and procedures are used to measure pellet prop-

erties. For instance, pellet durability can be measured using the Holmen durability tester, 

tumbling box procedure, Lignotest and DORIS (durability on a realistic test) tester 

(Sørensen et al., 2010; 2011; Aas et al., 2011a). The majority of these methods was de-

veloped for steam-pelleted feeds, and may not give adequate information of pellet degra-

dation when high-energy extruded fish feed is conveyed by feeding systems similar to the 

ones used in the Norwegian aquaculture industry. For that reason, the DORIS tester was 

developed to simulate forces extruded high-energy salmon feed is exposed to when con-

veyed by pneumatic feeding systems (Sørensen et al., 2011; Aas et al., 2011a). 

In intensive aquaculture production, feeds are exposed to degradation through various 

handling processes during manufacture, transportation, storage and feeding. The feed is 

normally conveyed from a holding bin into the sea pens by pneumatic feeding systems 

with air velocities from 30 to 70 ms1 (Aarseth, 2004). The feeding system has pipelines 

ranging from a few hundred up to 1,500 m (Sørensen et al., 2011). During feeding, pellets 

collide with other pellets and the pipe wall, leading to attrition, abrasion or chipping of 

the feed (Aarseth, 2004; 2006a; Aas et al., 2011a). Loss of feed particles does not only 

represent a direct economical loss for the farmer, but can also lead to microbial growth 

inside the pipe walls or cause downtime of the feeding system due to accumulation of 

feed particles in the pipe system (Aas et al., 2011a; b). In addition, feed particles may 

increase emission of nutrients to aquatic areas. Consequently, physical quality is of great 

importance to sustain cost-efficiency in intensive aquaculture. It is also important that the 
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physical quality does not compromise fish performance by interfering with feed intake or 

nutrient utilization, as suggested in some publications (Hilton et al., 1981; Baeverfjord et 

al., 2006; Hansen and Storebakken, 2007; Venou et al., 2009; Aas et al., 2011b).  

Physical quality is affected by several factors, including ingredients (Refstie et al., 2006; 

Aarseth et al., 2006b; Hansen and Storebakken, 2007; Sørensen et al., 2009; Øverland et 

al., 2009; Glencross et al., 2010; Hansen et al., 2010; Draganovic et al., 2011; Aas et al., 

2011b), extruder configuration (Sørensen et al., 2009; 2010) and processing parameters 

(Aarseth et al., 2006b; Øverland et al., 2007; Sørensen et al., 2009; 2010; 2011). Despite 

increased focus on alternative ingredients as replacements for FM, relatively few studies 

have reported the effects of ingredients and processing on physical quality of extruded 

fish feed. Plant ingredients are known to yield unique processing responses (Sørensen et 

al., 2009; 2010; 2011; Draganovic et al., 2011; Kraugerud et al., 2011), which highlights 

the importance of understanding the relationship between ingredient functional properties 

and processing parameters in relation to physical quality. 

The effect of dietary ingredient composition on physical quality of feed can be attributed 

to physicochemical changes which occur when the feed material is subjected to moisture, 

heat and shear forces during processing (Thomas et al., 1998). Ingredients with viscous 

properties, e.g. starchy materials, will enhance the binding between feed particles 

(Thomas and van der Poel, 1996; Svihus et al., 2005). Different starch sources have 

different gelatinization optimums, and hence, binding properties depending on their gra-

nular microstructure and amylose to amylopectin ratio (Svihus et al., 2005). For instance, 

Sørensen et al. (2011) showed that pea and wheat starch had different viscosity profiles, 

resulting in different binding properties when included in extruded feeds. Furthermore, 

Kraugerud et al. (2011) reported that diets with starch-rich legumes produced less durable 

feed pellets than diets containing protein-rich oilseeds such as rapeseed and sunflower 

meal. Globular proteins in plant ingredients may also have structuring capabilities (Arêas, 

1992; Li and Lee, 1996). Sørensen et al. (2009) suggested that the improved physical 

quality of diets containing toasted or untoasted SBM could be an effect of the stabilizing 

forces of disulphide linkages. 

The choice of extruder configuration and processing parameters used during feed 

processing will also affect physical quality of extruded feed (Thomas et al., 1997). The 

configuration of the extruder and the process parameters employed can be used to mani-



15 

pulate the flexibility to the extrusion process according to the material that is to be ex-

truded. Processing can therefore be considered a tool for utilizing the physicochemical 

properties of ingredients to optimize physical quality of the feed. Sørensen et al. (2009) 

observed that diets containing FM, toasted SBM or white flakes extruded with a standar-

dized SCF resulted in different specific mechanical energy (SME) among the feeds. 

Changing the SCF to a less shearing profile in combination with lower screw speed re-

sulted in SME levels similar to the diets containing FM or toasted SBM, but the feed had 

a significantly higher breaking force compared to the feed extruded with the standardized 

screw. In line with this, Sørensen et al. (2010) reported that SCF accounted for about 40% 

of the variation in expansion and durability of feeds containing different starch sources.  

Extrusion processing parameters can be divided into independent (adjustable) and depen-

dent (observed) processing variables (Table 3). The most critical parameters for the re-

sponse in physical quality are moisture content, retention time, mechanical and thermal 

energy input, which can be manipulated by adjusting the independent processing va-

riables (Plattner, 2007). The physical quality is affected by the critical parameters alone 

or in combination with the ingredients used. In line with this, Kraugerud et al. (2011) 

showed that diets containing either protein-rich or starch-rich plant ingredients gave dif-

ferent physical qualities in response to different extrusion processing parameters. 

The interaction between physical and nutritional quality is not well explored, but is cur-

rently receiving increased attention in both industry and aquaculture research. One of the 

first studies suggesting that there are such interactions present was conducted 30 years 

ago by Hilton et al. (1981). This study reported that extruded feeds gave prolonged gastric 

retention time and depressed feed intake in rainbow trout compared to steam-pelleted 

feeds. In line with this, Venou et al. (2009) showed that extrusion processing decreased 

feed intake and doubled gastric evacuation time in gilthead sea bream (Sparus aurata). 

The reason for the prolonged gastric retention time and reduced feed intake was explained 

by the high water stability of extruded feed compared to the steam-pelleted feed. Litera-

ture concerning the effect of water stability on feed intake is, however, incomplete. Aas et 

al. (2011b) observed a lower feed intake for feeds with high water stability compared to 

feeds with low water stability. Studies have also shown that low water stability affects the 

separation and accumulation of free oils in the stomach, a condition which may lead to 

oil-belching (Baeverfjord et al., 2006; Aas et al., 2011b). Information on the interactive 
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effects between physical quality and nutrition is not well understood and should be given 

more attention in future studies. One way to approach this is to report physical quality in 

addition to common measures such as feed intake. 

Table 3. 

Independent and dependent extrusion processing variables (Plattner, 2007). 

 

2.4 Organic acids to improve nutritional quality of feed 

 

Organic acids occur naturally as constituents of plants or animal tissue or as products 

from microbial metabolism (Partanen and Mroz, 1999). Organic acids and their salts have 

received much attention as feed additives for terrestrial monogastric species, especially 

pigs (reviewed in Partanen and Mroz, 1999; Mroz et al., 2006; Metzler and Mosenthin, 

2007). Improvements in health and disease resistance, nutrient utilization, growth perfor-

mance and carcass quality following dietary supplementation of organic acids have fre-

quently been reported (Mroz et al., 2006). The beneficial effects of organic acids have 

mainly been explained by their strong antimicrobial activity (Freitag, 2007). It is consi-

dered that organic acids lower gastric pH, resulting in an increased proteolytic activity 

and hence, protein digestibility and growth (Partanen and Mroz, 1999). They may also 

Independent variables Dependent variables 

Preconditioning  

Feeding rate Throughput 

Moisture level Feed moisture 

Shaft speed Retention time 

Configuration Temperature 

Extrusion  

Moisture level Feed moisture 

Screw speed Retention time 

Barrel heating elements Temperature 

Screw configuration Mechanical energy input  

Die configuration Pressure 
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selectively inhibit the growth of harmful bacteria such as Escherichia coli and serve as 

energy substrates in the intermediary metabolism (Metzler and Mosenthin, 2007). To 

date, limited information exists on the use of organic acids and their salts in diets for fish. 

Based on the successful reports from livestock research, it could be interesting to investi-

gate if organic acid salts can improve the nutritional quality of plant ingredients in diets 

for carnivorous fish.  

Organic acids are weaker compared to the strong mineral acids, meaning that they will 

only partially dissociate in water. Organic acids used for food and feed purposes are 

usually short-chained (C1C7) and have acid dissociation constants (pKa) in the range 

from 3 to 5 (Table 4). Formic acid is a commonly used preservative (Partanen and Mroz, 

1999), but its use is associated with problems related to handling, odor and corrosiveness 

to skin and equipment (Øverland et al., 2000; Canibe et al., 2001). Acid salts are therefore 

more favorable compared to liquid acids. Formic acid may combine with minerals (e.g. 

K, Na and Ca) to form acid salts. Salts of formic acid are commonly referred to as for-

mates or diformates, depending on their number of formate groups. Formates consist of a 

monovalent mineral ion combined with the conjugate base of formic acid through an io-

nic bond, such as potassium formate (HCOO-K), while diformates consist of a divalent 

mineral ion bound to two formate groups, such as calcium diformate (Ca(HCO2)2). Other 

compounds are also referred to as diformates, although not being ‘true’ diformates in that 

they are conjugated salts of formic acid and formates. Such examples are potassium di-

formate (HCOOH··HCOO-K; KDF) and sodium diformate (HCOOH··HCOO-Na; NaDF). 

Formates and diformates has different chemical properties in that when dissolved in 

aqueous media, the formates will dissociate into the conjugate base of the organic acid 

and the mineral ion, while diformates such as KDF and NaDF will dissociate into a min-

eral ion, a formate and a formic acid molecule. Depending on the pH of the solution, the 

majority of formic acid may dissociate (if pH>pKa) or remain undissociated (if pH<pKa). 

Salts of acids such as potassium formate will not affect the pH of the solution but act as a 

buffer. 

Although several biological mechanisms of organic acids have been suggested (reviewed 

in Mroz et al., 2006), their exact mode of action is complicated and has not yet been fully 

elucidated (Chaveerach et al., 2002). A common approach is the uncoupling theory which 

suggests that the antimicrobial activity of organic acids results from their bactericidal and  
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Table 4.  

Chemical characteristics of some organic acids used for food and feed purposes (modified 

from Foegeding and Busta, 1991; Aylward and Findlay, 1994). 

 

bacteriostatic properties (Russell, 1992). The latter author suggested that the undissoci- 

ated form of a short-chained organic acid can permeabilize and/or passively diffuse 

through bacterial membranes when the intraluminal environment has a pH lower than the 

pKa value of the acid (Canibe et al., 2001; Mroz et al., 2006). Once inside the cellular 

cytoplasm, where the pH is maintained around 7, the organic acid (R-COOH) dissociates 

into protons (H+) and anions (RCOO). Acidification of the cytoplasm inhibits cellular 

enzyme functions and suppresses microbial growth (Russell, 1992; Partanen and Mroz, 

1999). The suggested antimicrobial mode of action is shown in Figure 4. However, the 

antimicrobial effects of organic acids on bacteria could also be caused by an accumula-

tion of polar anions within the bacteria cell rather than acidification of the cellular cytop-

lasm (Russell, 1992). 

Organic acid Formula Form Dissociation constant 1 

Monocarboxylic   pKa  

Formic HCOOH liquid 3.74 

Acetic CH3COOH liquid 4.76 

Propionic CH3CH2COOH liquid 4.87 

Lactic CH3CH(OH)COOH liquid 3.86 

Butyric CH3(CH2)2COOH liquid 4.82 

Sorbic CH3CH=CHCH=CHCOOH solid 4.76 

Dicarboxylic   pKa1 pKa2  

Malic COOHCH(OH)CH2COOH solid 3.40 5.10  

Tricarboxylic    pKa1 pKa2 pKa3 

Citric COOHCH2C(OH)(COOH)CH2COOH solid 3.13 4.76 6.40 

1 The acid dissociation constant (Ka) is expressed by its negative logarithm (pKa = log10Ka), the 

pH at which 50% of the acid molecules are dissociated (HA ⇌ A + H) (Mroz et al., 2006). 
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Organic acids may also be hydrolyzed in the stomach, causing liberation of protons and a 

lowering of gastric pH, which may increase the overall proteolytic activity and inhibit 

bacterial growth. This may be beneficial in animals with suboptimal hydrochloric acid 

production, such as piglets (Partanen and Mroz, 1999; Mroz et al., 2006). Furthermore, 

intestinal hydrolyzation with subsequent liberation of protons is also expected to lower 

the intraluminal pH, serving as a pH barrier against pathogen colonization (Mroz et al., 

2006). Organic acids may, therefore, selectively stimulate the growth of beneficial bacte-

ria while reducing the growth of pathogenic bacteria which are not able to resist internal 

pH change. This has shown to be effective in altering the microbial populations in the ga-

strointestinal tract of weanlings (Canibe et al., 2001), which potentially may reduce the 

risk of postweaning diarrhea (Partanen and Mroz, 1999). Organic acid salts have also 

shown to affect the gut microbiota of hybrid tilapia (Zhou et al., 2009). The antimicrobial 

efficacy of organic acids in vivo is a result of several factors, including carbon-chain 

length, dietary inclusion level, dissociation characteristics, the intraluminal digesta acidity 

and acid-binding capacity, retention time and exposure in the different segments of the 

gastrointestinal tract, specific potency of pathogens for colonization and enterotoxin pro-

duction and the intestinal status of the animal (Mroz et al., 2006). 

Early studies on the application of free organic acids in diets for fish have mainly focused 

on acid-preserved fish silage. One of the first studies was published by Rungruangsak and 

Utne (1981). They tested diets with 0, 40, 60 and 100% formic acid-preserved fish silage. 

The results from this study showed that increasing dietary concentrations of formic acid 

reduced the growth, proteolytic activity and feed utilization of rainbow trout (Salmo 

gairdneri Richardson). Organic acids and their salts have gained increased interest in re-

cent years, especially following the ban of antibiotic growth promoters in the EU (Ng and  

 

 

 

 

 

Figure 4. The suggested 

antimicrobial mode of action 

of formic acid (reprinted with 

permission from Christiansen 

and Lückstädt, 2008). 
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Koh, 2011). Recent studies have focused on the effects of organic acids and their salts on 

growth performance, nutrient utilization and disease resistance in several fish species (re-

viewed in Lückstädt, 2007, 2008a; Ng and Koh, 2011). In this chapter, special emphasis 

is given to potassium and sodium salts of formic acid when added to diets for salmonid 

fish species.  

Among the formic acid salts, KDF is the most extensively studied. KDF was the first sub-

stance approved as a preservative for use in feeds for all species or categories of animals 

(EC Regulation No. 492/2006) and is frequently referred to as a possible non-antibiotic 

growth promoter (Zhou et al., 2009). Substantial effort has been made in evaluating the 

effects of KDF on nutrient digestibility, growth performance and disease resistance in 

pigs (Roth et al., 1998a, b; Øverland et al., 2000; Canibe et al., 2001; Mroz et al., 2002) 

and poultry (Mikkelsen et al., 2009). In recent years, some studies have also tested its 

potential in diets for fish, including Atlantic salmon (Lückstädt, 2008b; Lückstädt and 

Schulz, 2008; Lückstädt and Kühlmann, 2009; Storebakken et al., 2010), Nile tilapia 

(Ramli et al., 2005; Cuvin-Aralar et al., 2010; Liebert et al., 2010; Lim et al., 2010) and 

different hybrid species of tilapia (Ng et al., 2009; Zhou et al., 2009). 

Lückstädt (2008b) reported an increase (P<0.05) in the apparent digestibility of CP, dry 

matter (DM) and gross energy of Atlantic salmon (650 g body weight [BW]) following 

dietary supplementation of 13.5 g KDF kg1 added either prior to FM production or prior 

to feed extrusion. A significant increase in specific growth rate (SGR) was also observed 

for Atlantic salmon fed the diets where KDF was added to the raw fish prior to FM 

production. Similarly, Lückstädt and Kühlmann (2009) reported a significant increase in 

CP digestibility of Atlantic salmon fingerlings (30 g BW) fed diets supplemented with 13 

g KDF kg1 added prior to diet processing. However, feed intake and growth was reduced 

for Atlantic salmon fed the diet supplemented with KDF. Lückstädt and Schulz (2008), 

on the other hand, observed no effects of adding 10 g KDF kg1 in different stages of the 

production process on the digestibility of CP, starch, DM and energy in Atlantic salmon 

(350 g BW). Although salmon fed diets with KDF has a significantly improved fat diges-

tibility, KDF had no significant effects on SGR. Furthermore, Storebakken et al. (2010) 

observed that addition of 12 g KDF kg1 to expander pre-treated (100, 110, 116 and 

122 ºC) FFSBM and wheat mixtures prior to extrusion increased the digestibility of 

several AA in Atlantic salmon compared to non-supplemented diets. However, the 
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apparent digestibilities of fat, starch and ash were not affected. The inconsistency among 

the previously mentioned studies indicates that the effect of KDF on nutrient digestibility 

and growth in salmonids is variable and may depend on factors such as diet composition, 

feed processing conditions and fish size.  

Recently, Liebert et al. (2010) evaluated the effects of adding 3 g KDF kg1 or 3 and 5 g 

NaDF kg1 to a plant-based diet for tilapia fingerlings. The results showed a slight, but 

not significant, increase in growth of tilapia fed diets containing KDF and NaDF. Fish fed 

the diet with 3 g NaDF kg1 showed a significantly improved feed efficiency and protein 

retention efficiency compared to the other dietary treatments. To our knowledge, no pre-

vious studies have evaluated the effects of NaDF in diets for salmonid fish species. 

Currently, few reports are available on parameters such as pH in the diet and digesta of 

fish fed dietary organic acid salts. Lückstädt (2008b) observed that dietary KDF at 13.5 g 

kg1 did not influence the intestinal pH of Atlantic salmon, whereas Ng et al. (2009) 

observed a small numerical (P>0.05) reduction in diet and stomach pH of red hybrid 

tilapia fed diets with 2 g KDF kg1. These observations indicate that the biological effects 

of acid salts may be species-dependent. More research is needed to clarify the effects of 

both KDF and NaDF on nutrient utilization and growth of salmonids. Studies should also 

focus on identifying biological mechanisms of acid salts in fish. In this context, it could 

be interesting to investigate if the efficacy of organic acid salts is an effect of pH, the salt, 

or combined effects resulting from interactions among the different components of the 

acid salt. 
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3. Objectives 

 

The overall objective for this work was to increase the knowledge on how to improve the 

nutritional and physical quality of plant ingredients in salmonids by use of thermo-

mechanical treatment and organic acid salts. This research was designed to test three main 

hypotheses: (1) that thermo-mechanical treatment at high temperatures increases the 

apparent digestibility of plant ingredients in salmonids, (2) that supplementation of or-

ganic acid salts increases the digestibility of plant ingredients in salmonids, and (3) that 

high temperatures in combination with organic acid salts reduces heat-induced structural 

changes to proteins, and hence, improves the digestibility of proteins in salmonids. The 

following sub-objectives were studied: 

 

o To investigate the effect of expander pretreatment of FFSBM prior to extrusion on 

nutrient digestibility, TIA and physical quality of diets for Atlantic salmon (Paper I). 

o To study the effect of extrusion temperatures on digestibility and availability of nu-

trients and physical quality of diets based on FM or a partial replacement with plant 

proteins (SBM or BPC) for Atlantic salmon (Paper I) and rainbow trout (Paper II). 

o To examine the effect of heat treatment at long treatment times on dietary AA 

composition, in vivo digestibility in mink and in vitro bioavailability using digestive 

enzymes from Atlantic salmon (Paper III). 

o To investigate the effect of supplemental organic acid salts on nutrient digestibility 

(Papers I-III) and physical quality (Papers I and II) of diets for Atlantic salmon, 

rainbow trout and mink. 

o To investigate the interactive effects between heat treatment and organic acid salts on 

chemical composition, nutritional and physical quality of diets (Papers I-III). 
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4. Discussion of methods 

 

The majority of the chemical methods used in this thesis are standard analytical proce-

dures, which are described in Papers I-III. Those methods will not be discussed here. 

The purpose of this section is to discuss strengths and weaknesses of the various methods 

used in the different experiments. The main focus will be on ingredient selection, diets 

and processing, measurement of digestibility and bioavailability of nutrients, as well as 

allotment, experimental design and statistical treatment. 

  

4.1 Ingredient selection 

 

The plant ingredients used in Papers I-III originated from soybean (Glycine max L.) or 

barley (Hordeum vulgare L.). Soybean is the world’s leading oilseed crop with a produc-

tion of 223 mmt in 2009, whereas barley is ranked as the world’s fourth largest grain crop 

with a production of 152 mmt in 2009 (FAO, 2011b). The majority of research on re-

placement of FM with plant ingredients has focused on soybeans (reviewed in 

Storebakken et al., 2000), while barley appears to be less commonly used (reviewed in 

Gatlin et al., 2007). The main reason for this is the low protein and energy content due to 

the high level of fiber in barley (Gatlin et al., 2007). Soybeans also contain a considerable 

amount of indigestible carbohydrates and a wide range of ANF (Francis et al., 2001). 

Removal of indigestible carbohydrates and ANF by ingredient pre-processing allows a 

higher inclusion level of plant ingredients in fish feeds, but also increases their costs rela-

tive to FM (Naylor et al., 2009). Thus, we aimed to study alternative cost-effective me-

thods for improving the nutritional quality of low-cost soybean products such as FFSBM 

and SBM (Paper I). The heat treatment methods chosen for the research were expander 

treatment and extrusion.  

In contrast to the soybean ingredients used in Paper I, the BPC used in Papers II and III 

was derived from a more advanced processing method. The protein content of the BPC 

was upgraded by an enzymatic method during ethanol fermentation. The BPC contained 

approximately 570 CP kg1 DM, which is higher than the typical protein content of dis-

tiller’s dried grains with solubles (DDGS) such as corn DDGS (Kannadhason et al., 
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2010). The BPC is, therefore, a potential fish feed ingredient that can be produced in 

northern America as well as in northern Europe such as Norway. 

 

4.2 Diets and processing 

 

The majority of diets used in this research were formulated to partially replace FM by 

substituting 260380 g kg1 of the total dietary CP content with products from either soy 

or barley (Papers I-III). Diets were also formulated based on constant CP to crude lipid 

ratios (Papers II and III). In Paper II, both FM and BPC-based diets were used to assess 

treatment effects of extrusion temperature and NaDF. Details regarding diet formulations 

and processing of the experimental feeds are described in Papers I-III. 

In brief, the diets used in Papers I-III were produced at three different research facilities. 

Diets used in Paper I were produced at the Centre for Feed Technology (FôrTek) at 

UMB (Ås, Norway), using a five-section Bühler co-rotating twin-screw extruder with a 

throughput capacity ranging from 2001,400 kg h1 (Bühler AG, BCTG 62/20 D), whe-

reas the diets in Paper II were produced at Bozeman Fish Technology Center at the U.S. 

Fish and Wildlife Service (Bozeman, MT, USA), using a six-section Bühler co-rotating 

twin-screw extruder with a throughput capacity ranging from 2080 kg h1 (Bühler AG, 

DNDL-44). The diets used in Paper III were autoclaved in order to enable thermal 

processing at treatment times exceeding the possibilities of extrusion. More details on diet 

processing are described in Papers I-III.   

The different extrusion temperatures were obtained by modifying the SCF (Paper I, exp. 

I), increasing the screw revolutions per minute (Paper I, exp. II) or the set-temperature 

of the water-driven heating jackets (Paper II). In Paper I, the SCF was adjusted for the 

expander-treated FFSBM diets in order to reach the targeted extrusion temperature of 

110 ºC (Figure 5) due to the high lipid content in the FFSBM (226 g kg1 DM).  

The autoclave treatment in Paper III was carried out in a fully automated process, with 

the independent variables temperature and treatment time at the defined set-temperature 

(Paper III). The temperature was monitored by a temperature sensor fitted in a glass 

bottle with water, where the volume resembles the volume of the liquid to be autoclaved. 
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This volume determines the total treatment time in the autoclave because steam and pres-

sure must heat the content of the glass bottle to the defined set-temperature. The volume 

and initial water temperature of the sensor was therefore kept constant for all diets during 

autoclaving. Variations in the total treatment time of the autoclave cycle was, however, 

not possible to manipulate due to the positive relationship between steam pressure and 

temperature (Ljøkjel, 2002). Thus, at higher set-temperatures, the total treatment time was 

slightly longer due to the time needed to generate higher steam pressure and temperature, 

in addition to the time needed to cool the autoclave.  

 

 

Figure 5. Illustration of the standardized screw configuration (SCF1) used during extrusion in 

Paper I, from inlet (left) to outlet. The notation of the individual screw elements are described in 

Paper I. The kneading section consisted of a polygon element (‘P45-4/R120’), followed by two 

backward conveying elements (‘60L20’) that had a 90º twist-off angle. The expander-treated 

FFSBM diets were extruded using a similar screw configuration (SCF2), except that the two 

‘60L20’ elements were continuous to each other.  

 

4.3 Measurement of digestibility and bioavailability of nutrients 
 

In this thesis, digestibility is defined as the proportion of an ingested nutrient which is not 

excreted in the feces and which is, therefore, assumed to be absorbed by the animal 

(McDonald et al., 2002). Bioaccessibility is defined as the proportion of an ingested nu-

trient that is released from the food matrix and is available for intestinal absorption 

(Hedrén et al., 2002), whereas bioavailability is defined as the proportion of an ingested 

nutrient which is available for physiological utilization and storage (Parada and Aguilera, 

2007). Nutrient digestibility was measured in-vivo as apparent total tract digestibility and 

does not account for endogenous losses from the animal (Papers I-III). Bioaccessibility 

in each diet was determined as solubilized protein by reproducing the pH profile and total 
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reaction time during the acid and alkaline phases of the hydrolysis in the in vitro assay. In 

vitro bioavailability of AA was estimated using a two-step GIM (Hamdan et al., 2009) 

with crude enzyme extracts from Atlantic salmon (Paper III). 

Fecal samples were obtained by different methods for determination of digestibility in 

salmonids and mink. In the fish experiments (Papers I and II), samples were obtained by 

fecal stripping according to Austreng (1978). In the mink experiments (Papers I and III), 

feces were quantitatively collected from each animal at four consecutive days as describ-

ed by Skrede et al. (1980). Apparent digestibility was measured indirectly, using the indi-

cator method (Papers I and II), or directly with total collection of feed intake and fecal 

output (Paper III). The indicator method is commonly used for digestibility estimation in 

fish, due to the difficulty in obtaining quantitative measures of feed intake and total fecal 

output (Storebakken et al., 1998). Yttrium oxide (Y2O3) was used as inert marker in 

Paper I, whereas a combination of yttrium and chromic oxide (Cr2O3) were used in 

Paper II in order to ensure that at least one of the two markers could be analyzed 

following the experiment. The chromic oxide was included at 1 g kg1 to the diets, which 

is lower than commonly referred levels of 5 to 10 g kg1 diet (Austreng et al., 2000). The 

latter authors reported that high dietary levels (10 to 20 g kg1) of chromic oxide may 

disturb the absorption and metabolism of nutrients in fish. Thus, chromic oxide was in-

cluded at the lowest possible level that could be analyzed in order to not bias the digesti-

bility estimates (Paper II). Following the experiment, yttrium oxide was used to deter-

mine apparent digestibility. 

The indicator method was also used for determination of digestibility in mink (Paper I). 

Earlier investigations have shown similar digestibility estimates when the indicator me-

thod using yttrium oxide was compared to total collection of feces (Vhile et al., 2007). 

However, the accuracy of the indirect method is dependent on high fecal recovery of the 

inert marker, as low recovery may underestimate digestibility estimates (Austreng et al., 

2000). At a dietary inclusion level of 0.1 g kg1, Vhile et al. (2007) reported an average 

fecal recovery of yttrium oxide of 94.4% in mammalian carnivores (dogs, blue foxes and 

mink). The fecal recovery of the inert marker was lower (88%) in Paper III than reported 

in Vhile et al. (2007). The digestibility of CP and AA were, therefore, slightly underesti-

mated. Consequently, the digestibility coefficients in Paper III were calculated quantita-

tively, based on total collection of feed intake and fecal output. 
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The in vitro assay in Paper III was carried out in order to predict nutritional quality of 

experimental diets by use of enzymes from Atlantic salmon in relation to in vivo digesti-

bility in mink. Although in vitro techniques simplifies the mechanisms occurring in vivo, 

they are rapid and inexpensive tools for estimating nutrient availability of both feed in-

gredients (Morales and Moyano, 2010; Sáenz de Rodrigáñez et al., 2011) and experimen-

tal diets (Rungruangsak-Torrissen et al., 2002). In the present work, the in vitro method 

enabled evaluation of potential bioavailability of protein in unpelleted feed, which is an 

advantage in small-scale experiments. Differences in the nutritional quality of feeds, as 

measured by in vitro techniques, have shown to correspond with in vivo digestibility es-

timates (Bassompierre et al., 1997; 1998; Chong et al., 2002; Rungruangsak-Torrissen et 

al., 2002). However, the main issue with in vitro techniques is related to their sensitivity, 

and thus, ability to separate between different experimental treatments and how accu-

rately they predict in vivo digestibility estimates (Carter et al., 1999). Sensitivity of the 

assays can be improved when using enzymes obtained directly from the targeted fish spe-

cies (Alarcón et al., 2002; Rungruangsak-Torrissen et al., 2002). In addition, a better si-

mulation of the in vivo conditions taking place in carnivorous fish is obtained when an 

acid pre-digestion is followed by alkaline hydrolysis (Morales and Moyano, 2010). The in 

vitro assay employed in Paper III considered the two aforementioned features and was 

based on a two-step GIM using a semipermeable membrane reactor as described by 

Hamdan et al. (2009), which allowed continuous removal of digestion products during 

hydrolysis of substrates. It should be emphasized that in vitro techniques only estimate 

the amount of hydrolyzed nutrients during gastric and/or intestinal digestion and cannot 

mimic the absorption of nutrients. Consequently, the results obtained in vitro are only 

partially consistent with digestion values obtained in vivo. The results from the in vitro 

assays in Paper III are, therefore, expressed as an estimate on the amount of bioavailable 

AA resulting from hydrolysis of dietary protein by salmon proteases. 

 

4.4 Allotment, experimental design and statistical treatment 
 

The experiments in Papers I-III were planned as factorial designs with 3 or 4 replicates 

per treatment, depending on the experimental animal. The feeding experiment with 

Atlantic salmon in Paper I was carried out with 12 diets, each fed to fish in 12 sea cages 

over three succeeding feeding periods to obtain three replicates per treatment, where cage 
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within period was the experimental unit. Each feeding period was terminated by stripping 

and marking the fish that were stripped. A new feeding period was then started by ran-

domly re-allotting the 12 diets to the 12 sea cages, so that each diet was assigned to a new 

sea cage. This regime ensured that no fish were fed the same diet, or stripped twice. Trip-

licate cages of fish per treatment would have been preferred; however, increasing the 

number of sea cages was not economically feasible.  

During the course of the feeding experiment, it was evident that the environmental condi-

tions were suboptimal and affected the feed intake of salmon. This may have contributed 

to the high within-treatment variability observed on the digestibility estimates among the 

different feeding periods. Consequently, a follow-up experiment was conducted with the 

FFSBM diets, using mink as experimental animal (Paper I). Although the use of mink 

only provide indirect information on apparent digestibility in salmon (Romarheim et al., 

2005), there is a general consensus that apparent total tract digestibility of AA correlates 

between these species (Skrede et al., 1980; 1998; Øverland et al., 2006). Feeding experi-

ments with mink are also advantageous for practical reasons, because it allows better 

control of each individual and the experimental conditions at which the animals are kept. 

The mink experiments were carried out with 4 replicates per treatment, where each in-

dividual represented an experimental unit (Papers I and III).  

The feeding experiment with rainbow trout in Paper II was carried out with three repli-

cate tanks per treatment, with each tank representing an experimental unit. The fish were 

stripped for feces three times during the experimental period in order to collect enough 

material for the chemical analyses. The number of recovery days between each of the 

three strippings was 8, 6 and 10 days, respectively. Following the experiment, one tank 

was randomly selected and fecal material from each stripping was analyzed for CP and 

yttrium oxide in order to elucidate potential variation caused by the different number of 

recovery days. The apparent CP digestibility showed low variation among the three 

different sampling points, and thus, the fecal samples from each sampling were pooled for 

each tank. 

The statistical analyses of data in Papers I-III were performed using the General Linear 

Model (GLM) procedure of SAS 9.2 (1990). As discussed previously, the high within-

treatment variability of the digestibility experiment with salmon was a concern in Paper 

I, because the independent variables seemed to have little influence on the dependent va-
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riables. The statistical analyses unveiled that the proportion of variation explained by the 

model (R2) was low (Table 5), indicating that an additional source of variation influenced 

the response (Shearer, 2000). The greater error variance may be due to the presence of 

confounding factors arising from variations in (1) the number of days in each feeding pe-

riod, (2) feeding schedules (one vs. two daily feedings), (3) environmental factors, in-

cluding low water temperature, short photoperiod and poor weather conditions, and/or (4) 

low feed intake. Although confounding factors decrease the sensitivity of a statistical test 

and could hide the presence of real differences (Motulsky, 1995; Norman and Streiner, 

2008), they cannot be accounted for in the statistical model unless they are known 

(Townend, 2002). This was the main rationale for conducting the follow-up experiment 

with mink. The results from this experiment showed a substantially higher R2 for the di-

gestibility estimates of CP and AA (Table 5). This suggests that the experimental design 

and statistical model were adequate, and that the high error variance of the salmon expe-

riment most likely was influenced by a combination of the aforementioned variations in 

experimental procedures, environmental factors, and feed intake. 

 

Table 5. 

The proportion of variation explained by the model (R2) for data derived from the feeding 

experiments with Atlantic salmon and mink (Paper I). 

 Atlantic salmon (n = 18) Mink (n = 24) 

Lipid 0.40 0.42 

Ash 0.45 0.80 

Starch 0.29 0.25 

CP 0.33 0.78 

Total AA 0.45 0.91 
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5. Discussion of main results 
 

The present study aimed to increase the knowledge on how to improve the nutritional and 

physical quality of plant ingredients in diets for salmonid fish by use of thermo-mechani-

cal treatment and acid salts. This chapter combines and discusses the main results from 

Papers I-III with respect to the effects of plant ingredients, processing temperatures and 

acid salts on nutritional and physical quality of feeds. 

 

5.1 Inclusion of plant ingredients in diets for fish 

 

FM is a limited resource (Naylor et al., 2009); it is therefore increasing focus on alterna-

tives, such as plant proteins, plant by-products from breweries and single-cell protein 

(Gatlin et al., 2007; Burr et al., 2011). SBM is one of the most widely studied plant ingre-

dient and is extensively used in diets for carnivorous fish. The results in Paper I showed 

that inclusion of soybeans in diets for Atlantic salmon gave similar apparent digestibility 

of macronutrients as previously reported by Aslaksen et al. (2007), but lower than de-

scribed by Refstie et al. (1999; 2000; 2001). This could be an effect of low feed intake 

due to the presence of heat-stable ANF in soy (Refstie et al., 1998), as the TIA level of 

the diet was below the tolerance limit for Atlantic salmon (Olli et al., 1994; Paper I). 

Another reason may be that feed intake was reduced due to the low water temperatures 

(4.4 to 6.8 ºC) during the feeding experiment. Low water temperatures reduce the activity 

of digestive enzymes (Torrissen, 1984), and hence, the digestibility of macronutrients in 

salmonids (Watanabe et al., 1996; Olsen and Ringø, 1998). In addition, low feed intake 

may result in a greater proportion of endogenous protein in the fecal waste (Bureau et al., 

2002). This may lead to a decrease in the apparent, but not the ‘true’ digestibility of the 

diet (Azevedo et al., 1998). The low digestibility of macronutrients and especially protein 

in the soybean diets may, therefore, be explained as an effect of low feed intake due to 

heat-stable ANF in soybeans or low environmental temperatures.  

The use of FFSBM compared to SBM in fish feeds is advantageous for several reasons. 

The FFSBM contains high levels of protein (~370 g kg1) and lipid (~190 g kg1), while 
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defatted SBM contains high levels of protein (~460 g kg1) but low levels of lipid (10 g 

kg1) (Hertrampf and Piedad-Pascual, 2000). Further, FFSBM has not been subjected to 

additional processing, which may add costs to the final product and/or result in a reduced 

protein quality. Thus, the use of FFSBM in fish feeds could be cost-efficient while at the 

same time providing both native protein and lipids in the diet. There is, however, a need 

to inactivate the heat-labile trypsin inhibitors (TI) in raw FFSBM in order to ensure a high 

protein digestibility and growth of salmonid fish (Romarheim et al., 2006). The results in 

Paper I showed that the digestibility of several AA was significantly lower in diets with 

FFSBM compared to SBM when both diets had undergone extrusion at 110 ºC. This was 

probably caused by ANF other than TIA in soybeans, as previously suggested in studies 

with fish and terrestrial animals (Olli et al., 1994; Clarke and Wiseman, 2005). 

In contrast to soybean products, BPC is a relatively new feed ingredient and only one re-

port exists on the use of this product in diets for fish. Protein digestibility of the BPC diet 

in trout was 84% on average, and the digestibility of all EAA was significantly lower than 

the FM-based diets (Paper II). This might be due to the lower concentration of EAA in 

BPC compared to FM, as discussed in Paper II.  In comparison, Burr et al. (2011) re-

ported protein digestibility values of 96% for Atlantic salmon fed BPC from the same 

manufacturer as used in the present study. The lower digestibility of protein in Paper II 

might be due to differences in nutrient availability among different batches of BPC. The 

low digestibility of protein in trout fed BPC may also be due to a negative effect of mi-

crobial membrane and cell wall components of the yeast residues in BPC (Rumsey et al., 

1991). Similar effects have also been observed on protein digestibility in salmonids fed 

diets containing bacterial meal (reviewed in Øverland et al., 2010). 

The findings presented in Papers I and II highlights the importance of using apparent di-

gestibility as a tool for evaluating the nutritional quality of plant ingredients, although 

growth data would have provided more information on nutrient utilization. Although the 

soybean products contained low levels of TI, there seemed to be other compounds present 

that negatively affected nutrient digestibility in Atlantic salmon. In contrast, the BPC 

contains lower levels of ANF but may contain a considerable amount of soluble fiber. 

The BPC could potentially replace a considerable proportion of FM in diets for salmonids 

if other essential nutrients are provided as supplements. The research indicated that this 

product is a promising ingredient for future production in northern America and Europe. 
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5.2 Feed processing temperatures 

 

5.2.1 Heat treatment and effects on nutritional quality 

Expander pretreatment of FFSBM at two different temperatures prior to extrusion enhan-

ced the apparent digestibility of total AA and some individual AA in Atlantic salmon and 

improved the digestibility of most major nutrients and all individual AA in mink (Paper 

I). The improvement was more consistent in the latter species, which may in part reflect 

the overall lower variation among experimental animals when using mink as a model 

animal for fish (see section 5.4). The improved digestibility of AA in both Atlantic 

salmon and mink was most likely caused by the reduction in dietary TIA following heat 

treatment, which is in agreement with previous research (Romarheim et al., 2005; 2006). 

Expander pretreatment reduced the dietary TIA content by more than 40% compared to 

extrusion without pretreatment, but the overall TIA levels were within the tolerance level 

of Atlantic salmon irrespective of the heat treatment applied (Olli et al., 1994). These 

findings suggest that extrusion is sufficiently extensive to reduce TIA to safe levels for 

Atlantic salmon (Romarheim et al., 2005), but that the reduction in TIA and improvement 

in digestibility of AA is greater when applying expander pretreatment at moderate 

temperatures prior to extrusion. Furthermore, there were no differences in dietary TIA 

between diets that were expander pretreated at 100 and 120 ºC. This could be explained 

by the longer exposure time of the FFSBM to moist heat, as increased treatment times 

reduce the activity of TI in soybeans (Kaankuka et al., 1996). Also, the improved 

digestibility of AA by expander pretreatment may be explained by increased protein 

solubility by additional heat treatment (Clarke and Wiseman, 2007).  

The apparent digestibility of most major nutrients and individual AA were improved 

when increasing the extrusion temperature from 110 to 150 ºC (Paper I) and from 110 to 

141 ºC (Paper II). The improved digestibility by increasing extrusion temperatures can 

be explained by increased protein solubility due to denaturation and structural unfolding 

of the protein molecules (Cheftel, 1986). Such structural changes render the protein more 

accessible to digestive proteases (Phillips, 1989). This is in line with the observed in-

crease in the content of available lysine with increasing temperatures (Paper II). Reduc-

tion in nutritional quality due to heat treatment is likely to affect some AA more than 

others, such as arginine, cysteine and lysine (Ljøkjel et al., 2000). No reductions were 
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observed on the digestibility of these AA in the present work (Papers I and II), which 

supports the conclusion that extrusion temperatures in the range between 100 and 150 ºC 

is lenient regarding nutritional quality of feeds for salmonids (Sørensen et al., 2002; 

2005). However, the results from Papers I and II did not differentiate between 

improvements in digestibility caused by inactivation of TIA or increased protein 

solubility due to protein denaturation. 

In contrast to the improved apparent digestibility of CP and AA in salmonids with in-

creasing extrusion temperatures (Papers I and II), the results in Paper III indicated that 

the digestibility of macronutrients and individual AA in mink decreased linearly in 

response to increasing autoclave temperatures. The reduction in CP and AA digestibility 

was evident when increasing the temperature from 110 to 120 ºC. Increasing the 

autoclave temperature from 120 to 130 ºC gave a further reduction in the digestibility of 

methionine and cysteine in mink (Paper III). The reduced digestibility of CP and 

individual AA due to heat treatment is in agreement with previous results where mink 

was fed diets autoclaved at temperatures from 130 to 135 ºC (Skrede and Krogdahl, 1985; 

Ljøkjel et al., 2000). In comparison, extrusion at temperatures between 100 to 150 ºC did 

not give the same reduction in CP and AA digestibility in mink (Ljøkjel et al., 2004; 

Paper I). This indicates that the longer treatment time in the autoclave aggravated heat-

induced structural changes to the proteins, resulting in reduced nutritional quality of the 

diets (Papadopoulos, 1989). The decrease in nutritional quality was evidenced by a 

reduction of dietary AA and available lysine concurrent with an increased browning. This 

could be explained by the formation of Maillard browning products between reducing 

sugars and the amino group of lysine, resulting in reduced dietary content of chemically 

reactive lysine (Moughan, 2003). Structural changes to proteins due to heat treatment is 

typically shown by a reduction in protein solubility (Phillips, 1989), especially at increas-

ing treatment times (Arndt et al., 1999). The results from the in vitro model in Paper III 

showed that protein solubility was significantly reduced for diets autoclaved at 130 ºC. 

This coincided with the observed decrease in the amount of AA released during in vitro 

hydrolysis by digestive enzymes from Atlantic salmon. It can, therefore, be concluded 

that the heat treatment applied in Paper III was more excessive than the extrusion in 

Papers I and II, mainly due to the adverse combination of high temperatures and long 

retention times. 
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5.2.2 Effects of extrusion on physical quality of the feed 

Physical quality of the extruded feed was affected by extrusion temperature (Papers I and 

II). Extrusion at 150 ºC increased the pellet diameter and expansion ratio compared to 

pellets extruded at 110 ºC, but resulted in decreased hardness, durability and WSI (Paper 

I). These results can be explained by the higher SME levels of diets extruded at 150 ºC, 

leading to increased starch gelatinization and pellet expansion (Chinnaswamy, 1993; 

Garber et al., 1997). Increased expansion is commonly associated with lower hardness 

and durability due to a more porous pellet structure (Aarseth et al., 2006b; Hansen and 

Storebakken, 2007; Sørensen et al., 2009). It is reasonable to assume that porous pellets 

will disintegrate faster in water than compact pellets with a low expansion, and this could 

partly explain the reduced WSI at increasing extrusion temperatures.  

In contrast to the findings in Paper I, the results from Paper II showed that extrusion at 

141 ºC yielded pellets that were more durable than pellets extruded at 110 ºC, whilst no 

effects of extrusion temperature were observed on pellet hardness, expansion ratio and 

WSI. This may reflect the overall low expansion ratio of pellets in this study. Compared 

to Paper I, the low expansion and response in physical quality to different extrusion tem-

peratures could be attributed variations in extruder equipment, processing conditions 

and/or diet formulation. The experimental diets in Paper II contained higher amounts of 

starch and could explain the overall high physical quality of feeds compared to the results 

obtained in Paper I. Also, the extruder used in Paper II had a lower throughput capacity 

and required the use of heating jackets to increase the extrusion temperature up to 141 ºC. 

The SME was not quantified in that study, but it may be reasonable to assume that this 

extruder generated a lower mechanical energy input and resulted in low expansion of the 

pellets and, thus small differences in physical quality parameters. 

These findings imply that extrusion temperatures affect the physical quality of pellets, as 

shown by the different response in Papers I and II. This is most likely due to variations 

in the extrusion equipment (Papers I and II) and the functional properties of the individ-

ual ingredients present in the diet formulation. In order to optimize physical quality of 

feeds, factors such as processing equipment and conditions should be considered in rela-

tion to functional properties of the ingredients. The relationship between ingredients and 

processing conditions on physical quality of feeds requires further investigation. 
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5.3 Supplementation of acid salts 

 

5.3.1 Effects of organic acid salts on nutrient digestibility in salmonids 

Apparent digestibility of main nutrients and individual AA were generally not affected by 

dietary KDF in Atlantic salmon (Paper I), but were improved by dietary NaDF in 

rainbow trout (Paper II). The observed differences in digestibility of CP and AA in sal-

mon and trout by dietary acid salts are summarized in Table 6. The differences in appar-

ent digestibility of CP and AA with supplemental acid salts ranged from 1.5 to 0.8 in 

Paper I and from 0.6 to 2.9 in Paper II. Previous research on the use of KDF in diets 

for Atlantic salmon is variable and does not show consistent improvements in nutrient 

digestibility (reviewed in section 2.4). This could be explained by the specific taste prefe-

rences of fish (Kasumyan and Doving, 2003), and the fact that salmon is generally known 

to be more sensitive to off-flavors and variations in diet composition than trout (Refstie et 

al., 2000). It is reasonable to assume that the 0.4 U reductions in pH of diets with KDF 

affected the acceptability in salmon, which in turn, reduced the intake and efficiency of 

the acid salt.  

The ability of organic acids and their salts in reducing dietary pH appears to be an im-

portant property of acidifiers in improving the performance of pigs (Blank et al., 1999; 

Partanen and Mroz, 1999). The acidifying properties of KDF and NaDF were demon-

strated by a 0.4 to 0.5 U reduction in diet pH (Papers I-III). Atlantic salmon and rainbow 

trout has a higher gastric pH compared to mammals due to their low innate acid secretory 

capacity (Sugiura et al., 2006). The two acid salts should, therefore, have the potential to 

increase gastric acidity and complement the endogenous acid production in salmonid fish. 

The lack of effect of dietary KDF in Atlantic salmon may indicate that the pH-lowering 

effect of the acid salt was affected by external factors, such as different rearing environ-

ments in the two fish experiments. The main difference between the fish experiments in 

Papers I and II was that the salmon was kept in saltwater while the trout was kept in 

freshwater. Fish in saltwater drinks water in order to maintain osmoregulation (Lall, 

2002); hence, there is a possibility that the greater water consumption diluted the gastric 

acidity of the salmon stomach. In addition, the minerals present in saltwater could have 

weakened the pH-lowering effect of KDF due to the high buffering capacity of minerals  
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Table 6. 

Influence of dietary acid salts on the apparent digestibility of crude protein (CP), essential 

amino acids (EAA) and non-essential amino acids (NEAA) in salmonids, using digestibility 

values from the feeding experiments with Atlantic salmon (Paper I) and rainbow trout 

(Paper II). 

 

Paper I II 

Diet/Acid salt FFSBM/KDF (12)  SBM/KDF (12) NaDF (10.6) 

 
D (%) ∆D  D (%) ∆D D (%) ∆D 

CP 79.6 + 0.9 
 

82.4 + 0.2 82.8 + 1.0** 

EAA    

Arginine 91.3 + 0.2  93.0 + 0.8* 89.9 + 1.2*** 

Histidine 85.2 + 0.2  87.7 + 0.5 87.1 + 0.9** 

Isoleucine 87.8 + 0.1  90.4 + 0.3 91.7 + 0.6* 

Leucine 88.6 + 0.3  91.2 + 0.4 91.7 + 0.6* 

Lysine 90.4 + 0.5  92.4 + 0.3 89.5 + 0.7** 

Methionine 89.6  0.1  91.3 + 0.5 88.6 + 1.1** 

Phenylalanine 85.6  0.1  89.0 + 0.6 84.9  0.6 

Threonine 82.2 + 0.2  85.5 + 0.5 86.4 + 1.0** 

Valine 87.0 + 0.2  89.7 + 0.3 90.3 + 0.6* 

NEAA    

Alanine 89.3 + 0.2  91.2 + 0.4 86.5 + 1.6*** 

Aspargine 83.3 + 0.2  85.3 + 0.3 78.5 + 1.3* 

Cysteine 71.3 + 0.6  73.4 + 0.3 76.7 + 1.5* 

Glutamine 90.3 + 0.3  92.0 + 0.4 91.7 + 0.6** 

Glycine 85.6 + 0.2  87.0 + 0.6 76.3 + 2.9*** 

Proline 85.9 + 0.4  88.8 + 0.4 85.4 + 1.9*** 

Serine 84.3 + 0.1  86.9 + 0.6 86.4 + 1.1** 

Tyrosine 96.9  1.5  96.0 + 0.8 94.2 + 1.3*** 

Diet: FFSBM, full-fat soybean meal diet; SBM, hexane-extracted and toasted soybean meal diet. Acid salt 

(g kg1): KDF, potassium diformate; NaDF, sodium diformate. D, digestibility main effect of diets without 

acid salt; ∆D, difference in digestibility main effects when adding acid salt to the diets. Significant differ-

ences are indicated by asterisks (*P<0.05; **P<0.01; ***P<0.001). Table style adapted from Partanen and 

Mroz (1999). 
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(Jasaitis et al., 1987). These factors could have lowered or masked the beneficial effect of 

the acid salt on digestibility in salmon and may, in part, explain the different response 

towards dietary acid salts between salmon and trout in Papers I and II. The form of the 

organic acid used is crucial for the effectiveness in diets for salmonids. In the present 

study, we used potassium or sodium diformate, which are acid salts in that they contain 

both a salt and an acid. On the other hand, Gao et al. (2011) used salts of organic acids 

such as sodium butyrate and sodium formate and found no effects on dietary pH or nu-

trient digestibility in rainbow trout. 

 

5.3.2 Nutrient digestibility in salmonids versus mink and in vitro 

The present work demonstrated that inclusion of KDF did not affect apparent digestibility 

in mink and Atlantic salmon (Paper I). However, supplementation of NaDF improved the 

digestibility of most major nutrients and AA in rainbow trout (Paper II), whereas no sig-

nificant effects of dietary NaDF were observed in mink fed similar diets (Paper III). This 

led to the assumption that the effectiveness of organic acid salts is species-dependent 

(Paper III). The main physiological difference between mink and salmonids is stomach 

acidity. At pH conditions lower than the dissociation constant of KDF and NaDF (pKa 

3.75), such as in mink (pH ~2), the majority of the acid moiety would remain undisso-

ciated. Undissociated short-chain organic acids are rapidly absorbed through the stomach 

wall and metabolized, or they proceed to the intestine at which they may assert antimi-

crobial properties. The latter aspect has been evidenced in species with similar gastric pH 

as mink, in this case red hybrid tilapia, where inclusion of 0.2 g KDF kg1 resulted in a 

significant reduction in fecal bacteria counts without significantly affecting stomach pH 

and nutrient digestibility (Ng et al., 2009). Compared to tilapia, mink has a low degree of 

post-ileal fermentation (Skrede, 1979; Zhou et al., 2009). Consequently, the potential 

antimicrobial effect of organic acid salts is not expected to have a substantial impact on 

nutrient digestibility in mink. Salmonid fish such as salmon and trout, on the other hand, 

has a gastric pH in the range of ~4.04.5 (Austreng et al., 2000; Sugiura and Ferraris, 

2004). Furthermore, the proteolytic activities in the digestive tracts of salmon and trout 

has an optimum pH of about 2 for the peptide-like activity from the stomach extracts and 

about 9 for the tryptic-like activities from the pyloric ceca and intestinal extracts 

(Rungruangsak and Utne, 1981; Torrissen, 1984). Thus, a reduction in gastric pH due to 
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supplemental exogenous acids could serve the endogenous acid production in these 

species and potentially improve the digestibility of CP and AA due to increased pro-

teolytic activity. Similar hypotheses have been proposed to explain the improved CP and 

AA digestibility in early-weaned pigs fed diets with organic acids (Blank et al., 1999). 

This implies that organic acid salts have a greater potential to improve the performance of 

non-ruminant animals that has an inadequate HCl secretion and/or considerable post-ileal 

fermentation. As mink seem to not benefit from the pH-lowering and antimicrobial effect 

of organic acids, it may be questionable to use mink as a model animal for salmonids 

when assessing the effectiveness of organic acid salts in diets for fish. The potential 

species-dependent response to dietary organic acid salts were hypothesized based on the 

observations obtained in the present work. More research is needed to fully elucidate the 

mechanisms of acid salts on nutrient digestibility in monogastric species. 

In vitro assays are rapid and inexpensive tools for measuring bioavailability of nutrients 

in fish. From an ethical standpoint, in vitro methods have a greater social acceptance due 

to the controversy of using experimental animals in scientific research. The two-step in 

vitro GIM applied in Paper III was used to estimate the bioavailability of AA in diets by 

use of crude enzyme extracts from Atlantic salmon. The results indicated an increased 

release of AA during hydrolysis in the presence of NaDF, in particular when the diet was 

treated at the highest temperature (130 ºC). In contrast, the in vivo digestibility of total 

AA in mink showed a numerical (P>0.05) decrease with NaDF (Paper III). Although the 

in vitro and in vivo response to NaDF is not directly comparable, the in vitro assay may 

provide important information on the bioavailability of AA in salmon. In future research, 

this type of information should be correlated with the in vivo response in the targeted 

animal species in order to validate the predictions made by the in vitro model. 

 

5.3.3 Effects of organic acid salts on physical quality of feeds 

Physical quality of feed pellets was generally improved by inclusion of KDF (Paper I) 

and NaDF (Paper II), as summarized in Table 7. The improvement in pellet durability 

was greater in diets with KDF compared to NaDF, which may reflect the initial differ-

ences in durability in diets containing no acid salt. The pellet expansion decreased by 

adding KDF to both FFSBM and SBM diets (Paper I). Pellet expansion is a measure on 
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the ratio between pellet diameter and die diameter. Thus, the negative expansion ratio 

obtained in diets with KDF could be explained by shrinkage of the pellets after expansion 

due to loss of moisture and collapse of the pellet structure (Arhaliass et al., 2003). As 

discussed in Paper I, the reduced expansion could also be explained by the loss of 

hydrophilic properties of the starch molecules in the presence of formic acid due to a 

lower degree of starch gelatinization. The pellet expansion was generally low in Paper II, 

but increased slightly when adding NaDF. Reasons for the small differences in physical 

quality of the feeds in response to NaDF in Paper II could be explained by the extrusion 

equipment applied in that experiment, as previously discussed (see section 5.2.2). The 

WSI of the extruded pellets were improved by adding acid salts (Papers I and II), which 

may indicate that the binding properties were improved in the presence of acid salts.  

 

Table 7. 

Influence of dietary acid salts on physical quality parameters, using values from Papers I 

and II.  

 

Paper I II 

Diet/Acid salt FFSBM/KDF (12)  SBM/KDF (12) NaDF (10.6) 

 
Mean ∆  Mean ∆ Mean ∆ 

DORIS durability (%) 24.4 + 16.1***
 

70.4 + 15.5*** 91.7 + 3.2*** 

Hardness (N) 12.5 + 5.2***  29.9 + 14.2*** 25.0 + 1.2 

Expansion ratio (%) 9.0  8.5***  13.3  3.6** 1.3 + 1.4*** 

Water stability (%) 74.5 + 5.5**  80.2 + 4.7*** 85.9 + 5.2*** 

Diet: FFSBM, full-fat soybean meal diet; SBM, hexane-extracted and toasted soybean meal diet. Acid salt 

(g kg1): KDF, potassium diformate; NaDF, sodium diformate. Mean, physical quality main effect of diets 

without acid salt; ∆, difference in physical quality main effects when adding acid salt to the diets. Signifi-

cant differences are indicated by asterisks (*P<0.05; **P<0.01; ***P<0.001). Table style adapted from 

Partanen and Mroz (1999). 
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6. Conclusions 

 

o Thermo-mechanical treatment at high temperatures improved the digestibility of plant 

ingredients in salmonids. This was a result of decreased content of heat-labile ANF 

and higher availability of AA due to denaturation and structural unfolding of protein 

molecules. 

o Heat treatment at long treatment times by autoclaving had a negative effect on the 

nutritional quality of feeds, as shown by the reduced content of dietary AA, in vivo 

digestibility and in vitro bioavailability. These negative effects were mainly explained 

by decreased AA availability due to heat-induced structural changes in the protein. 

o Supplementation of acid salts did not give consistent improvements in digestibility of 

plant ingredients in salmonids. The mode of action of organic acid salts in salmonids 

remains unclear and further investigation is needed to verify this hypothesis. 

o There were no interactive effects of heat treatment and acid salts on the digestibility 

of protein in salmonids. Also, no such effects were observed during prolonged heat 

treatment, indicating that acid salts do not protect proteins from heat-induced struc-

tural changes. 

o Both increasing temperatures during extrusion and supplementation of acid salts 

affected the physical quality of feeds. The improvement in physical quality by acid 

salts indicates increased binding of feed particles. 
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7. Implications and future directions 

 

o Although expander pretreatment of FFSBM had a positive effect on the digestibility 

of some AA, the improvement was moderate and indicated that use of FFSBM in 

diets for Atlantic salmon is limited due to heat-stable ANF or other compounds that 

may interfere with digestive processes (Olli et al., 1994; Refstie et al., 1998). 

o The work presented in this thesis did not elucidate the mode of action of organic acid 

salts when added to diets for Atlantic salmon and rainbow trout. Considering the in-

consistent results reported on the use of organic acid salts in salmon, there is a need to 

investigate the underlying biological mechanisms of acid salts in fish. Future research 

with organic acid salts in diets for salmonids should include measures on feed intake 

to eliminate potential interference with the results. Determination of gastrointestinal 

pH and microflora, as well as recovery of the organic acid in the various segments of 

the digestive tract could increase the understanding of the mechanism of acid salts in 

fish. Also, little information exists on the metabolic effects of organic acids in salmo-

nids such as their effects on the acid-base balance.  

o The in vitro GIM applied in the present work is a promising tool for assessing effects 

of heat treatment and feed additives on the bioaccessibility and bioavailability of diets 

by use of digestive enzymes from the target species. This method is rapid, inexpen-

sive and reduces the number of research animals needed. Nevertheless, there is a need 

to improve the method to obtain a better correlation between results obtained in in 

vitro and in vivo assays. 

o Extrusion can be used to obtain fish feeds with specific nutritional and physical 

properties. In order to improve the understanding of the complex relationship between 

raw materials, functional properties and processing conditions on nutritional and 

physical quality of feeds, more details regarding processing conditions need to be re-

ported in future research. Also, when including measures of physical quality the un-

derstanding of the relationship between physical quality and biological response 

would increase. 



42 

8. References 

 

Aarseth, K.A., 2004. Attrition of feed pellets during pneumatic conveying: The influence of ve-
locity and bend radius. Biosyst. Eng. 89, 197-213. 

Aarseth, K.A., Perez, V., Boe, J.K., Jeksrud, W.K., 2006a. Reliable pneumatic conveying of fish 
feed. Aquac. Eng. 35, 14-25. 

Aarseth, K.A., Sørensen, M., Storebakken, T., 2006b. Effects of red yeast inclusions in diets for 
salmonids and extrusion temperature on pellet tensile strength: Weibull analysis. Anim. 
Feed Sci. Technol. 126, 75-91. 

Aas, T.S., Oehme, M., Sørensen, M., He, G., Lygren, I., Åsgård, T., 2011a. Analysis of pellet 
degradation of extruded high energy fish feeds with different physical qualities in a 
pneumatic feeding system. Aquac. Eng. 44, 25-34. 

Aas, T.S., Terjesen, B.F., Sigholt, T., Hillestad, M., Holm, J., Refstie, S., Baeverfjord, G., Rørvik, 
K.A., Sørensen, M., Oehme, M., Åsgård, T., 2011b. Nutritional responses in rainbow 
trout (Oncorhynchus mykiss) fed diets with different physical qualities at stable or varia-
ble environmental conditions. Aquac. Nutr., in press. DOI: 10.1111/j.1365-2095.2011. 
00868.x. 

Alarcón, F.J., Moyano, F.J., Díaz, M., 2002. Evaluation of different protein sources for aquafeeds 
by an optimised pH-stat system. J. Sci. Food Agric. 82, 697-704. 

Arêas, J.A.G., 1992. Extrusion of Food Proteins. Crit. Rev. Food Sci. Nutr. 32, 365-392. 

Arhaliass, A., Bouvier, J.M., Legrand, J., 2003. Melt growth and shrinkage at the exit of the die in 
the extrusion-cooking process. J. Food Eng. 60, 185-192. 

Arndt, R.E., Hardy, R.W., Sugiura, S.H., Dong, F.M., 1999. Effects of heat treatment and substi-
tution level on palatability and nutritional value of soy defatted flour in feeds for Coho 
Salmon, Oncorhynchus kisutch. Aquaculture 180, 129-145. 

Aslaksen, M.A., Romarheim, O.H., Storebakken, T., Skrede, A., 2006. Evaluation of content and 
digestibility of disulfide bonds and free thiols in unextruded and extruded diets containing 
fish meal and soybean protein sources. Anim. Feed Sci. Technol. 128, 320-330. 

Aslaksen, M.A., Kraugerud, O.F., Penn, M., Svihus, B., Denstadli, V., Jørgensen, H.Y., Hillestad, 
M., Krogdahl, Å., Storebakken, T., 2007. Screening of nutrient digestibilities and intes-
tinal pathologies in Atlantic salmon, Salmo salar, fed diets with legumes, oilseeds, or ce-
reals. Aquaculture 272, 541-555. 

Austreng, E., 1978. Digestibility determination in fish using chromic oxide marking and analysis 
of contents from different segments of gastrointestinal tract. Aquaculture 13, 265-272. 

Austreng, E., Storebakken, T., Thomassen, M.S., Refstie, S., Thomassen, Y., 2000. Evaluation of 
selected trivalent metal oxides as inert markers used to estimate apparent digestibility in 
salmonids. Aquaculture 188, 65-78. 



43 

Aylward, G., Findlay, T., 1994. Properties of organic compounds. In: Storer, P. (Ed.), SI chemical 
data. John Wiley & Sons, Milton, Queensland, Australia, pp. 82-109. 

Azevedo, P.A., Cho, C.Y., Leeson, S., Bureau, D.P., 1998. Effects of feeding level and water 
temperature on growth, nutrient and energy utilization and waste outputs of rainbow trout 
(Oncorhynchus mykiss). Aquat. Living Resour. 11, 227-238. 

Baeverfjord, G., Refstie, S., Krogedal, P., Åsgård, T., 2006. Low feed pellet water stability and 
fluctuating water salinity cause separation and accumulation of dietary oil in the stomach 
of rainbow trout (Oncorhynchus mykiss). Aquaculture 261, 1335-1345. 

Barrows, F.T., Gaylord, T.G., Stone, D.A.J., Smith, C.E., 2007a. Effect of protein source and 
nutrient density on growth efficiency, histology and plasma amino acid concentration of 
rainbow trout (Oncorhynchus mykiss Walbaum). Aquac. Res. 38, 1747-1758. 

Barrows, F.T., Stone, D.A.J., Hardy, R.W., 2007b. The effects of extrusion conditions on the 
nutritional value of soybean meal for rainbow trout (Oncorhynchus mykiss). Aquaculture 
265, 244-252. 

Barrows, F.T., Gaylord, T.G., Sealey, W.M., Smith, C.E., Porter, L., 2009. Supplementation of 
plant-based diets for rainbow trout (Oncorhynchus mykiss) with macro-minerals and in-
ositol. Aquac. Nutr. 16, 654-661. 

Bassompierre, M., Børresen, T., Sandfeld, P., Rønsholdt, B., Zimmermann, W., McLean, E., 
1997. An evaluation of open and closed systems for in vitro protein digestion of fish 
meal. Aquac. Nutr. 3, 153-159. 

Bassompierre, M., Larsen, K.L., Zimmermann, W., McLean, E., Børresen, T., Sandfeld, P., 1998. 
Comparison of chemical, electrophoretic and in vitro digestion methods for predicting 
fish meal nutritive quality. Aquac. Nutr. 4, 233-239. 

Belitz, H.-D., Grosch, W., Schieberle, P., 2009. Food Chemistry. Springer-Verlag Berlin Heidel-
berg, Berlin, Germany, pp. 1114. 

Bendiksen, E.Å., Johnsen, C.A., Olsen, H.J., Jobling, M., 2011. Sustainable aquafeeds: Progress 
towards reduced reliance upon marine ingredients in diets for farmed Atlantic salmon 
(Salmo salar L.). Aquaculture 314, 132-139. 

Beyer, K., 2007. Preconditioning of pet foods, aquatic and livestock feeds. In: Riaz, M.N. (Ed.), 
Extruders and expanders in pet food, aquatic and livestock feeds. Agrimedia GmbH, 
Clenze, Germany, pp. 175-190. 

Björck, I., Asp, N.G., 1983. The effects of extrusion cooking on nutritional value - a literature 
review. J. Food Eng. 2, 281-308. 

Blank, R., Mosenthin, R., Sauer, W.C., Huang, S., 1999. Effect of fumaric acid and dietary buf-
fering capacity on ileal and fecal amino acid digestibilities in early-weaned pigs. J. Anim. 
Sci. 77, 2974-2984. 

Bostock, J., McAndrew, B., Richards, R., Jauncey, K., Telfer, T., Lorenzen, K., Little, D., Ross, 
L., Handisyde, N., Gatward, I., Corner, R., 2010. Aquaculture: global status and trends. 
Phil. Trans. R. Soc. B 365, 2897-2912. 

Bureau, D.P., Kaushik, S.J., Cho, C.Y., 2002. Bioenergetics. In: Halver, J.E., Hardy, R.W. (Eds.), 
Fish nutrition. Academic Press, San Diego, CA, USA, pp. 1-59. 



44 

Burr, G.S., Barrows, F.T., Gaylord, G., Wolters, W.R., 2011. Apparent digestibility of macro-
nutrients and phosphorus in plant-derived ingredients for Atlantic salmon, Salmo salar 
and Arctic charr, Salvelinus alpinus. Aquac. Nutr, in press. DOI: 10.1111/j.1365-2095. 
2011.00855.x. 

Camire, M.E., 1991. Protein Functionality Modification by Extrusion Cooking. J. Am. Oil Chem. 
Soc. 68, 200-205. 

Camire, M.E., 1998. Chemical changes during extrusion cooking. In: Shahidi, F., Ho, C.-T., van 
Chuyen, N. (Eds.), Process-induced chemical changes in food. Plenum Press, New York, 
NY, USA, pp. 109-122. 

Camire, M.E., 2000. Chemical and nutritional changes in food during extrusion. In: Riaz, M.N. 
(Ed.), Extruders in food applications. Technomic Publishing Company, Inc., Lancaster, 
PA, USA, pp. 108-129. 

Camire, M.E., 2001. Extrusion and nutritional quality. In: Guy, R. (Ed.), Extrusion cooking, 
Technologies and applications. Woodhead Publishing Limited, Cambridge, pp. 108-129. 

Canibe, N., Steien, S.H., Øverland, M., Jensen, B.B., 2001. Effect of K-diformate in starter diets 
on acidity, microbiota, and the amount of organic acids in the digestive tract of piglets, 
and on gastric alterations. J. Anim. Sci. 79, 2123-2133. 

Carter, C.G., Hauler, R.C., 2000. Fish meal replacement by plant meals in extruded feeds for 
Atlantic salmon, Salmo salar L. Aquaculture 185, 299-311. 

Carter, C.G., Bransden, M.P., van Barneveld, R.J., Clarke, S.M., 1999. Alternative methods for 
nutrition research on the southern bluefin tuna, Thunnus maccoyii: in vitro digestibility. 
Aquaculture 179, 57-70. 

Chaveerach, P., Keuzenkamp, D.A., Urlings, H.A., Lipman, L.J., van Knapen, F., 2002. In vitro 
study on the effect of organic acids on Campylobacter jejuni/coli populations in mixtures 
of water and feed. Poult. Sci. 81, 621-628. 

Cheftel, J.C., 1986. Nutritional effects of extrusion-cooking. Food Chem. 20, 263-283. 

Chevanan, N., Muthukumarappan, K., Rosentrater, K.A., 2009. Extrusion Studies of Aquaculture 
Feed using Distillers Dried Grains with Solubles and Whey. Food Bioprocess Technol. 2, 
177-185. 

Chinnaswamy, R., 1993. Basis of cereal starch expansion. Carbohydr. Polym. 21, 157-167. 

Chong, A.S.C., Hashim, R., Ali, A.B., 2002. Assessment of dry matter and protein digestibilities 
of selected raw ingredients by discus fish (Symphysodon aequifasciata) using in vivo and 
in vitro methods. Aquac. Nutr. 8, 229-238. 

Christiansen, R., Lückstädt, C., 2008. Effects of different dosages of potassium diformate in fish 
meal on the performance of Atlantic salmon Salmo salar. World Aquaculture 2008, 
Busan, Korea. 

Clarke, E., Wiseman, J., 1999. Extrusion temperature impairs trypsin inhibitor activity in soybean 
meal. Feed Technol. 3, 29-31. 



45 

Clarke, E., Wiseman, J., 2005. Effects of variability in trypsin inhibitor content of soya bean 
meals on true and apparent ileal digestibility of amino acids and pancreas size in broiler 
chicks. Anim. Feed Sci. Technol. 121, 125-138. 

Clarke, E., Wiseman, J., 2007. Effects of extrusion conditions on trypsin inhibitor activity of full 
fat soybeans and subsequent effects on their nutritional value for young broilers. Br. 
Poult. Sci. 48, 703-712. 

Cuvin-Aralar, M.L., Kühlmann, K.-J., Schroeder, K., Lückstädt, C., 2010. Effect of potassium 
diformate (KDF) on growth performance of male Nile Tilapia (Oreochromis niloticus). 
14th International Symposium on Fish Nutrition & Feeding, Qingdao, China, pp. 522. 

Draganovic, V., van der Goot, A.J., Boom, R., Jonkers, J., 2011. Assessment of the effects of fish 
meal, wheat gluten, soy protein concentrate and feed moisture on extruder system para-
meters and the technical quality of fish feed. Anim. Feed Sci. Technol. 165, 238-250. 

Drew, M.D., Borgeson, T.L., Thiessen, D.L., 2007. A review of processing of feed ingredients to 
enhance diet digestibility in finfish. Anim. Feed Sci. Technol. 138, 118-136. 

Edwards, H.M., Jr., Carlos, A.B., Kasim, A.B., Toledo, R.T., 1999. Effects of steam pelleting and 
extrusion of feed on phytate phosphorus utilization in broiler chickens. Poult. Sci. 78, 96-
101. 

Evans, T.J., 1999. Replacement of fish meal in aquaculture diets - feed processing. Final report of 
project 93/120-06 to the Fisheries Research and Development Corporation, Canberra, 
Australia, pp. 119. 

EWOS, 2010. Low marine feeds: securing high performance, EWOS Spotlight, EWOS Group. 
Accessed on 15.08.2011 at the World Wide Web: http://www.ewos.com/portal/wps/wcm/ 
connect/EwosCom/com/frontpage/resources/spotlight/.  

FAO, 2009. The state of world fisheries and aquaculture 2008. FAO Fisheries and Aquaculture 
Department, Food and Agriculture Organization of the United Nations, Rome, pp. 196. 

FAO, 2011a. FISHSTAT Plus: Universal software for fishery statistical time series. Version 2.3. 
2000. FAO Fisheries and Aquaculture Department, Fishery Information, Data and Statis-
tics Unit, Rome. Accessed on 17.06.2011 at the World Wide Web: www.fao.org/fi/ 
statist/FISOFT/FISHPLUS.asp. Relevant datasets: aquaculture production 1950-2009. 

FAO, 2011b. FAOSTAT. Food and Agriculture Organization of the United Nations (FAO), 
Rome. Accessed on 17.07.2011 at the World Wide Web: http://faostat.fao.org/. Relevant 
datasets: production, crops 1961-2009. 

Foegeding, P.M., Busta, F.F., 1991. Chemical food preservatives. In: Block, S.S. (Ed.), Disinfec-
tion, sterilization, and preservation. Lea & Febiger, Malvern, PA, USA, pp. 802-832. 

Francis, G., Makkar, H.P.S., Becker, K., 2001. Antinutritional factors present in plant-derived 
alternate fish feed ingredients and their effects in fish. Aquaculture 199, 197-227. 

Freitag, M., 2007. Organic acids and salts promote performance and health in animal husbandry. 
In: Lückstädt, C. (Ed.), Acidifiers in animal nutrition. A guide for feed preservation and 
acidification to promote animal performance. Nottingham University Press, Nottingham, 
UK, pp. 1-11. 



46 

Gao, Y., Storebakken, T., Shearer, K.D., Penn, M., Øverland, M., 2011. Supplementation of fish-
meal and plant protein-based diets for rainbow trout with a mixture of sodium formate 
and butyrate. Aquaculture 311, 233-240. 

Gao, Y., Nabulime, M.M., Hansen, J.F., Denstadli, V., Gjøen, H.M., Storebakken, T., 2010. 
Solid-state fermentation with Aspergillus niger to improve the nutritional value of rape-
seed meal as a feed ingredient for Nile tilapia (Oreochromis niloticus L.). 14th Interna-
tional Symposium on Fish Nutrition & Feeding, Qingdao, China, pp. 522. 

Garber, B.W., Hsieh, F., Huff, H.E., 1997. Influence of particle size on the twin-screw extrusion 
of corn meal. Cereal Chem. 74, 656-661. 

Gatlin, D.M., Barrows, F.T., Brown, P., Dabrowski, K., Gaylord, T.G., Hardy, R.W., Herman, E., 
Hu, G.S., Krogdahl, A., Nelson, R., Overturf, K., Rust, M., Sealey, W., Skonberg, D., 
Souza, E.J., Stone, D., Wilson, R., Wurtele, E., 2007. Expanding the utilization of sus-
tainable plant products in aquafeeds: a review. Aquac. Res. 38, 551-579. 

Gaylord, T.G., Teague, A.M., Barrows, F.T., 2006. Taurine supplementation of all-plant protein 
diets for rainbow trout (Oncorhynchus mykiss). J. World Aquac. Soc. 37, 509-517. 

Glencross, B., Hawkins, W., Maas, R., Karopoulos, M., Hauler, R., 2010. Evaluation of the influ-
ence of different species and cultivars of lupin kernel meal on the extrusion process, pel-
let properties and viscosity parameters of salmonid feeds. Aquac. Nutr. 16, 13-24. 

Glencross, B.D., Booth, M., Allan, G.L., 2007. A feed is only as good as its ingredients - a review 
of ingredient evaluation strategies for aquaculture feeds. Aquac. Nutr. 13, 17-34. 

Gomes, E.F., Rema, P., Kaushik, S.J., 1995. Replacement of fish meal by plant proteins in the diet 
of rainbow trout (Oncorhynchus mykiss): digestibility and growth performance. Aqua-
culture 130, 177-186. 

Hamdan, M., Moyano, F.J., Schuhardt, D., 2009. Optimization of a gastrointestinal model appli-
cable to the evaluation of bioaccessibility in fish feeds. J. Sci. Food Agric. 89, 1195-1201. 

Hansen, J.Ø., 2011. Antarctic krill (Euphausia superba) as a feed ingredient for salmonids with 
focus on the shell fraction and fluoride. Philosophiae Doctor (PhD) thesis 2011:21, De-
partment of Animal and Aquacultural Sciences, Norwegian University of Life Sciences, 
Ås, Norway, pp. 107. 

Hansen, J.Ø., Storebakken, T., 2007. Effects of dietary cellulose level on pellet quality and nu-
trient digestibilities in rainbow trout (Oncorhynchus mykiss). Aquaculture 272, 458-465. 

Hansen, J.Ø., Penn, M., Øverland, M., Shearer, K.D., Krogdahl, Å., Mydland, L.T., Storebakken, 
T., 2010. High inclusion of partially deshelled and whole krill meals in diets for Atlantic 
salmon (Salmo salar). Aquaculture 310, 164-172. 

Hardy, R.W., Barrows, F.T., 2002. Diet formulation and manufacture. In: Halver, J.E., Hardy, 
R.W. (Eds.), Fish nutrition. Academic Press, San Diego, CA, USA, pp. 506-601. 

Hedrén, E., Mulokozi, G., Svanberg, U., 2002. In vitro accessibility of carotenes from green leafy 
vegetables cooked with sunflower oil or red palm oil. Int. J. Food Sci. Nutr. 53, 445-453. 

Hertrampf, J.W., Piedad-Pascual, F., 2000. Handbook on ingredients for aquaculture feeds. 
Kluwer Academic Publishers, Dordrecht, The Netherlands, pp. 573. 



47 

Hilton, J.W., Cho, C.Y., Slinger, S.J., 1981. Effect of extrusion processing and steam pelleting 
diets on pellet durability, pellet water absorption, and the physiological response of rain-
bow trout (Salmo gairdneri R.). Aquaculture 25, 185-194. 

Huber, G.R., 2000. Twin-screw extruders. In: Riaz, M.N. (Ed.), Extruders in food applications. 
Technomic Publishing Company, Inc., Lancaster, PA, USA, pp. 81-114. 

Håkansson, B., Jägerstad, M., Öste, R., Åkesson, B., Jonsson, L., 1987. The effects of various 
thermal processes on protein quality, vitamins and selenium content in whole-grain wheat 
and white flour. J. Cereal Sci. 6, 269-282. 

IFFO, 2008. IFFO (International Fishmeal and Fish Oil Organization) fish meal and fish oil: sta-
tistical yearbook 2008. St. Albans, United Kingdom. 

IMF, 2011. IMF (International Monetary Fund) primary commodity prices. Accessed on 
31.05.2011 at the World Wide Web:  http://www.imf.org/external/np/res/commod/index. 
asp. 

Iwe, M.O., van Zuilichem, D.J., Ngoddy, P.O., Lammers, W., 2001. Amino acid and protein dis-
persibility index (PDI) of mixtures of extruded soy and sweet potato flours. Lebensm.-
Wiss. Technol.-Food Sci. Technol. 34, 71-75. 

Jasaitis, D.K., Wohlt, J.E., Evans, J.L., 1987. Influence of feed ion content on buffering capacity 
of ruminant feedstuffs in vitro. J. Dairy Sci. 70, 1391-1403. 

Kaankuka, F.G., Balogun, T.F., Tegbe, T.S.B., 1996. Effects of duration of cooking of full-fat 
soya beans on proximate analysis, levels of antinutritional factors, and digestibility by 
weanling pigs. Anim. Feed Sci. Technol. 62, 229-237. 

Kannadhason, S., Kurt, A.R., Muthukumarappan, K., Michael, L.B., 2010. Twin screw extrusion 
of DDGS-based aquaculture feeds. J. World Aquac. Soc. 41, 1-15. 

Kasumyan, A.O., Doving, K.B., 2003. Taste preferences in fishes. Fish. Fish. 4, 289-347. 

Kaushik, S.J., Cravedi, J.P., Lalles, J.P., Sumpter, J., Fauconneau, B., Laroche, M., 1995. Partial 
or total replacement of fish meal by soybean protein on growth, protein utilization, po-
tential estrogenic or antigenic effects, cholesterolemia and flesh quality in rainbow trout, 
Oncorhynchus mykiss. Aquaculture 133, 257-274. 

Kiers, J.L., Nout, R.M.J., Rombouts, F.M., 2000. In vitro digestibility of processed and fermented 
soya bean, cowpea and maize. J. Sci. Food Agric. 80, 1325-1331. 

Kraugerud, O.F., 2008. Physical and nutritional properties of polysaccharides in extruded fish 
feed. Philosophiae Doctor (PhD) Thesis 2008:29, Department of Animal and Aquacul-
tural Sciences, Norwegian University of Life Sciences, Ås, Norway, pp. 170. 

Kraugerud, O.F., Jørgensen, H.Y., Svihus, B., 2011. Physical properties of extruded fish feed with 
inclusion of different plant (legumes, oilseeds, or cereals) meals. Anim. Feed Sci. Tech-
nol. 163, 244-254. 

Krogdahl, Å., Hemre, G.-I., Mommsen, T.P., 2005. Carbohydrates in fish nutrition: digestion and 
absorption in postlarval stages. Aquac. Nutr. 11, 103-122. 

Kurose, N., Abramov, A.V., Masuda, R., 2008. Molecular phylogeny and taxonomy of the genus 
Mustela (Mustelidae, Carnivora), inferred from mitochondrial DNA sequences: new 



48 

perspectives on phylogenetic status of the back-striped weasel and American mink. 
Mammal Study 33, 25-33. 

Lall, S.P., 2002. The minerals. In: Halver, J.E., Hardy, R.W. (Eds.), Fish nutrition. Academic 
Press, San Diego, CA, USA, pp. 259-308. 

Li, M., Lee, T.C., 1996. Effect of cysteine on the functional properties and microstructures of 
wheat flour extrudates. J. Agric. Food Chem. 44, 1871-1880. 

Liebert, F., Mohamed, K., Lückstädt, C., 2010. Effects of diformates on growth and feed utiliza-
tion of all male Nile tilapia fingerlings (Oreochromis niloticus) reared in tank culture. 14th 
International Symposium on Fish Nutrition & Feeding, Qingdao, China, pp. 522. 

Liener, I.E., 1994. Implications of antinutritional components in soybean foods. Crit. Rev. Food 
Sci. Nutr. 34, 31-67. 

Lim, C., Klesius, P.H., Lückstädt, C., 2010. Effects of dietary levels of potassium diformate on 
growth, feed utilization and resistance to Streptococcus iniae of Nile tilapia, Oreochromis 
niloticus. 14th International Symposium on Fish Nutrition & Feeding, Qingdao, China, pp. 
522. 

Ljøkjel, K., 2002. Nutritional effects of heat treatment of feeds. Philosophiae Doctor (PhD) Thesis 
2002:38, Department of Animal and Aquacultural Sciences, Agricultural University of 
Norway, Ås, Norway, pp. 154. 

Ljøkjel, K., Harstad, O.M., Skrede, A., 2000. Effect of heat treatment of soybean meal and fish 
meal on amino acid digestibility in mink and dairy cows. Anim. Feed Sci. Technol. 84, 
83-95. 

Ljøkjel, K., Sørensen, M., Storebakken, T., Skrede, A., 2004. Digestibility of protein, amino acids 
and starch in mink (Mustela vison) fed diets processed by different extrusion conditions. 
Can. J. Anim. Sci. 84, 673-680. 

Lucht, H.W., 2007. Expander technology. In: Riaz, M.N. (Ed.), Extruders and expanders in pet 
food, aquatic and livestock feeds. Agrimedia GmbH, Clenze, Germany, pp. 91-133. 

Lundblad, K.K., 2009. Effect of diet conditioning on physical and nutritional quality of feed for 
pigs and chickens. Philosophiae Doctor (PhD) Thesis 2009:4, Department of Animal and 
Aquacultural Sciences, Norwegian University of Life Sciences, Ås, Norway, pp. 103. 

Lundblad, K.K., Issa, S., Hancock, J.D., Behnke, K.C., McKinney, L.J., Alavi, S., Prestløkken, E., 
Fledderus, J., Sørensen, M., 2011. Effects of steam conditioning at low and high temper-
ature, expander conditioning and extruder processing prior to pelleting on growth perfor-
mance and nutrient digestibility in nursery pigs and broiler chickens. Anim. Feed Sci. 
Technol, in press. DOI: 10.1016/j.anifeedsci.2011.06.008. 

Lückstädt, C., 2007. Effect of organic acid containing additives in worldwide aquaculture - sus-
tainable production the non-antibiotic way. In: Lückstädt, C. (Ed.), Acidifiers in animal 
nutrition. A guide for feed preservation and acidification to promote animal performance. 
Nottingham University Press, Nottingham, UK, pp. 71-78. 

Lückstädt, C., 2008a. The use of acidifiers in fish nutrition. CAB Rev.: Perspect. Agric., Vet. Sci., 
Nutr. Nat. Resour. 3, No. 044. DOI: 10.1079/PAVSNNR20083044. 



49 

Lückstädt, C., 2008b. Effect of dietary potassium diformate on the growth and digestibility of 
Atlantic salmon Salmo salar. 13th International Symposium on Fish Nutrition & Feeding, 
Florianopolis, Brazil, pp. 279. 

Lückstädt, C., Schulz, C., 2008. The dietary effects of potassium diformate on the protein and fat 
digestibility of Atlantic salmon (salmo salar) reared in sea water. Aquaculture Europe, 
Krakow, Poland, pp. 391-392. 

Lückstädt, C., Kühlmann, K.-J., 2009. The dietary effects of potassium diformate (KDF) on the 
protein and fat digestibility of Atlantic salmon fingerlings (salmo salar) reared in fresh 
water. Asian Pacific Aquaculture 2009, Kuala Lumpur, Malaysia, pp. 336. 

Marchetti, M., Tossani, N., Marchetti, S., Bauce, G., 1999. Stability of crystalline and coated 
vitamins during manufacture and storage of fish feeds. Aquac. Nutr. 5, 115-120. 

McDonald, P., Edwards, R.A., Greenhalgh, J.F.D., Morgan, C.A., 2002. Animal nutrition, 6th 
edn. Pearson Education Limited, Harlow, UK, pp. 693. 

Metzler, B., Mosenthin, R., 2007. Effects of organic acids on growth performance and nutrient 
digestibilities in pigs. In: Lückstädt, C. (Ed.), Acidifiers in animal nutrition. A guide for 
feed preservation and acidification to promote animal performance. Nottingham Univer-
sity Press, Nottingham, UK, pp. 39-54. 

Mikkelsen, L.L., Vidanarachchi, J.K., Olnood, C.G., Bao, Y.M., Selle, P.H., Choct, M., 2009. 
Effect of potassium diformate on growth performance and gut microbiota in broiler 
chickens challenged with necrotic enteritis. Br. Poult. Sci. 50, 66-75. 

Morales, G.A., Moyano, F.J., 2010. Application of an in vitro gastrointestinal model to evaluate 
nitrogen and phosphorus bioaccessibility and bioavailability in fish feed ingredients. 
Aquaculture 306, 244-251. 

Motulsky, H., 1995. Intuitive biostatistics. Oxford University Press, Inc., New York, NY, USA, 
pp. 386. 

Moughan, P.J., 2003. Amino acid availability: aspects of chemical analysis and bioassay metho-
dology. Nutr. Res. Rev. 16, 127-141. 

Moughan, P.J., Rutherfurd, S.M., 1996. A new method for determining digestible reactive lysine 
in foods. J. Agric. Food Chem. 44, 2202-2209. 

Mroz, Z., Reese, D.E., Øverland, M., van Diepen, J.T.M., Kogut, J., 2002. The effects of potas-
sium diformate and its molecular constituents on the apparent ileal and fecal digestibility 
and retention of nutrients in growing-finishing pigs. J. Anim. Sci. 80, 681-690. 

Mroz, Z., Koopmans, S.-J., Bannink, A., Partanen, K., Krasucki, W., Øverland, M., Radcliffe, S., 
2006. Carboxylic acids as bioregulators and gut growth promoters in nonruminants. In: 
Mosenthin, R., Zentek, J., Zebrowska, T. (Eds.), Biology of nutrition in growing animals. 
Elsevier, Philadelphia, USA, pp. 81-133. 

Mukhopadhyay, N., Ray, A.K., 1999. Effect of fermentation on the nutritive value of sesame seed 
meal in the diets for rohu, Labeo rohita (Hamilton), fingerlings. Aquac. Nutr. 5, 229-236. 

Naylor, R.L., Hardy, R.W., Bureau, D.P., Chiu, A., Elliott, M., Farrell, A.P., Forster, I., Gatlin, 
D.M., Goldburg, R.J., Hua, K., Nichols, P.D., 2009. Feeding aquaculture in an era of fi-
nite resources. Proc. Natl. Acad. Sci. 106, 15103-15110. 



50 

Ng, W.-K., Koh, C.-B., 2011. Application of organic acids in aquafeeds: impacts on fish growth, 
nutrient utilisation and disease resistance. In: Lückstädt, C. (Ed.), Standards for acidifiers, 
principles for the use of organic acids in animal nutrition. Nottingham University Press, 
Nottingham, United Kingdom, pp. 49-58. 

Ng, W.-K., Koh, C.-B., Sudesh, K., Siti-Zahrah, A., 2009. Effects of dietary organic acids on 
growth, nutrient digestibility and gut microflora of red hybrid tilapia, Oreochromis sp., 
and subsequent survival during a challenge test with Streptococcus agalactiae. Aquac. 
Res. 40, 1490-1500. 

Norman, G.R., Streiner, D.L., 2008. Biostatistics - The bare essentials. People's Medical Publish-
ing House - USA, Shelton, CT, USA, pp. 393. 

Nout, M.J.R., Motarjemi, Y., 1997. Assessment of fermentation as a household technology for 
improving food safety: a joint FAO/WHO workshop. Food Control 8, 221-226. 

Olli, J.J., Hjelmeland, K., Krogdahl, Å., 1994. Soybean trypsin inhibitors in diets for Atlantic 
salmon (Salmo salar, L): effects on nutrient digestibilities and trypsin in pyloric caeca 
homogenate and intestinal content. Comp. Biochem. Physiol. A: Physiolog. 109, 923-928. 

Olsen, R.E., Ringø, E., 1998. The influence of temperature on the apparent nutrient and fatty acid 
digestibility of Arctic charr, Salvelinus alpinus L. Aquac. Res. 29, 695-701. 

Opstvedt, J., Miller, R., Hardy, R.W., Spinelli, J., 1984. Heat-induced changes in sulfhydryl-
groups and disulphide bonds in fish-protein and their effect on protein and amino-acid di-
gestibility in Rainbow-trout (Salmo gairdneri). J. Agric. Food Chem. 32, 929-935. 

Opstvedt, J., Nygård, E., Samuelsen, T.A., Venturini, G., Luzzana, U., Mundheim, H., 2003. 
Effect on protein digestibility of different processing conditions in the production of fish 
meal and fish feed. J. Sci. Food Agric. 83, 775-782. 

Øverland, M., Tauson, A.H., Shearer, K., Skrede, A., 2010. Evaluation of methane-utilising bacte-
ria products as feed ingredients for monogastric animals. Arch. Anim. Nutr. 64, 171-189. 

Øverland, M., Romarheim, O.H., Hovin, M., Storebakken, T., Skrede, A., 2006. Apparent total 
tract digestibility of unprocessed and extruded diets containing basic and autolyzed bac-
terial protein meal grown on natural gas in mink and rainbow trout. Anim. Feed Sci. 
Technol. 129, 237-251. 

Øverland, M., Romarheim, O.H., Ahlstrøm, Ø., Storebakken, T., Skrede, A., 2007. Technical 
quality of dog food and salmon feed containing different bacterial protein sources and 
processed by different extrusion conditions. Anim. Feed Sci. Technol. 134, 124-139. 

Øverland, M., Granli, T., Kjos, N.P., Fjetland, O., Steien, S.H., Stokstad, M., 2000. Effect of die-
tary formates on growth performance, carcass traits, sensory quality, intestinal microflora, 
and stomach alterations in growing-finishing pigs. J. Anim. Sci. 78, 1875-1884. 

Øverland, M., Sørensen, M., Storebakken, T., Penn, M., Krogdahl, Å., Skrede, A., 2009. Pea 
protein concentrate substituting fish meal or soybean meal in diets for Atlantic salmon 
(Salmo salar) - Effect on growth performance, nutrient digestibility, carcass composition, 
gut health, and physical feed quality. Aquaculture 288, 305-311. 

Papadopoulos, M.C., 1989. Effect of processing on high-protein feedstuffs: a review. Biol. 
Wastes 29, 123-138. 



51 

Parada, J., Aguilera, J.M., 2007. Food microstructure affects the bioavailability of several nu-
trients. J. Food Sci. 72, R21-R32. 

Partanen, K.H., Mroz, Z., 1999. Organic acids for performance enhancement in pig diets. Nutr. 
Res. Rev. 12, 117-145. 

Phillips, R.D., 1989. Effect of extrusion cooking on the nutritional quality of plant proteins. In: 
Phillips, R.D., Finley, J.W. (Eds.), Protein quality and the effects of processing. Marcel 
Dekker Inc., New York & Basel, pp. 219-246. 

Plattner, B., 2007. Density management and control. In: Riaz, M.N. (Ed.), Extruders and expand-
ers in pet food, aquatic and livestock feeds. Agrimedia GmbH, Clenze, Germany, pp. 
277-294. 

Prestløkken, E., 1999. In situ ruminal degradation and intestinal digestibility of dry matter and 
protein in expanded feedstuffs. Anim. Feed Sci. Technol. 77, 1-23. 

Rackis, J.J., Gumbmann, M.R., Liener, I.E., 1985. The USDA trypsin inhibitor study. I. Back-
ground, objectives, and procedural details. Plant Foods Hum. Nutr. 35, 213-242. 

Ramli, N., Heindl, U., Sunanto, S., 2005. Effects of potassium-diformate on growth performance 
of tilapia challenged by Vibrio anguillarum. World Aquaculture 2005, Bali, Indonesia. 

Refstie, S., Storebakken, T., Roem, A.J., 1998. Feed consumption and conversion in Atlantic 
salmon (Salmo salar) fed diets with fish meal, extracted soybean meal or soybean meal 
with reduced content of oligosaccharides, trypsin inhibitors, lectins and soya antigens. 
Aquaculture 162, 301-312. 

Refstie, S., Svihus, B., Shearer, K.D., Storebakken, T., 1999. Nutrient digestibility in Atlantic 
salmon and broiler chickens related to viscosity and non-starch polysaccharide content in 
different soyabean products. Anim. Feed Sci. Technol. 79, 331-345. 

Refstie, S., Storebakken, T., Baeverfjord, G., Roem, A.J., 2001. Long-term protein and lipid 
growth of Atlantic salmon (Salmo salar) fed diets with partial replacement of fish meal 
by soy protein products at medium or high lipid level. Aquaculture 193, 91-106. 

Refstie, S., Sahlström, S., Bråthen, E., Baeverfjord, G., Krogedal, P., 2005. Lactic acid fermenta-
tion eliminates indigestible carbohydrates and antinutritional factors in soybean meal for 
Atlantic salmon (Salmo salar). Aquaculture 246, 331-345. 

Refstie, S., Korsøen, Ø.J., Storebakken, T., Baeverfjord, G., Lein, I., Roem, A.J., 2000. Differing 
nutritional responses to dietary soybean meal in rainbow trout (Oncorhynchus mykiss) 
and Atlantic salmon (Salmo salar). Aquaculture 190, 49-63. 

Refstie, S., Glencross, B., Landsverk, T., Sørensen, M., Lilleeng, E., Hawkins, W., Krogdahl, Å., 
2006. Digestive function and intestinal integrity in Atlantic salmon (Salmo salar) fed ker-
nel meals and protein concentrates made from yellow or narrow-leafed lupins. Aquacul-
ture 261, 1382-1395. 

Riaz, M.N., 2001. Selecting the right extruder. In: Guy, R. (Ed.), Extrusion cooking. Woodhead 
Publishing Limited, pp. 29-50, Cambridge, UK. 

Rokey, G.J., 1994. Petfood and fishfood extrusion. In: Frame, N.D. (Ed.), The technology of ex-
trusion cooking. Blackie Academic & Professional, London, UK., pp. 144-189. 



52 

Romarheim, O.H., 2007. Nutritional responses to fish feed processing and differently pre-heated 
soybean meals. Philosophiae Doctor (PhD) Thesis 2007:10, Department of Animal and 
Aquacultural Sciences, Norwegian University of Life Sciences, Ås, Norway, pp. 154. 

Romarheim, O.H., Aslaksen, M.A., Storebakken, T., Krogdahl, Å., Skrede, A., 2005. Effect of 
extrusion on trypsin inhibitor activity and nutrient digestibility of diets based on fish 
meal, soybean meal and white flakes. Arch. Anim. Nutr. 59, 365-375. 

Romarheim, O.H., Skrede, A., Gao, Y.L., Krogdahl, A., Denstadli, V., Lilleeng, E., Storebakken, 
T., 2006. Comparison of white flakes and toasted soybean meal partly replacing fish meal 
as protein source in extruded feed for rainbow trout (Oncorhynchus mykiss). Aquaculture 
256, 354-364. 

Romarheim, O.H., Zhang, C., Penn, M., Liu, Y.J., Tian, L.X., Skrede, A., Krogdahl, A., 
Storebakken, T., 2008. Growth and intestinal morphology in cobia (Rachycentron cana-
dum) fed extruded diets with two types of soybean meal partly replacing fish meal. 
Aquac. Nutr. 14, 174-180. 

Roth, F.X., Windisch, W., Kirchgessner, M., 1998a. Effect of potassium diformate (FormiTM 
LHS) on nitrogen metabolism and nutrient digestibility in piglets at graded dietary lysine 
supply. Agribiol. Res.-Z. Agrarbiol. Agrik.chem. Okol. 51, 167-175. 

Roth, F.X., Windisch, W., Kirchgessner, M., 1998b. Mineral metabolism (P, K, Ca, Mg, Zn, Mn 
Cu) of piglets supplied with potassium diformate (FormiTM LHS). Agribiol. Res.-Z. 
Agrarbiol. Agrik.chem. Okol. 51, 177-183. 

Rumsey, G.L., Hughes, S.G., Smith, R.R., Kinsella, J.E., Shetty, K.J., 1991. Digestibility and 
energy values of intact, disrupted and extracts from brewer's dried yeast fed to rainbow 
trout (Oncorhynchus mykiss). Anim. Feed Sci. Technol. 33, 185-193. 

Rungruangsak-Torrissen, K., Rustad, A., Sunde, J., Eiane, S., Jensen, H., Opstvedt, J., Nygard, E., 
Samuelsen, T., Mundheim, H., Luzzana, U., Venturini, G., 2002. In vitro digestibility 
based on fish crude enzyme extract for prediction of feed quality in growth trials. J. Sci. 
Food Agric. 82, 644-654. 

Rungruangsak, K., Utne, F., 1981. Effect of different acidified wet feeds on protease activities in 
the digestive tract and on growth rate of rainbow trout (Salmo gairdneri Richardson). Aq-
uaculture 22, 67-79. 

Russell, J.B., 1992. Another explanation for the toxicity of fermentation acids at low pH: anion 
accumulation versus uncoupling. J. Appl. Microbiol. 73, 363-370. 

Rutherfurd, S.M., Rutherfurd-Markwick, K.J., Moughan, P.J., 2007. Available (ileal digestible 
reactive) lysine in selected pet foods. J. Agric. Food Chem. 55, 3517-3522. 

Sáenz de Rodrigáñez, M.Á., Medina, E., Moyano, F.J., Alarcón, F.J., 2011. Evaluation of protein 
hydrolysis in raw sources by digestive proteases of Senegalese sole (Solea senegalensis, 
Kaup 1858) using a combination of an in vitro assay and sodium dodecyl sulphate polya-
crylamide gel electrophoresis analysis of products. Aquac. Res., in press. DOI: 10.1111/j. 
1365-2109.2010.02758.x. 

SAS, 1990. Analysis System User's Guide, Vol. 1 and 2, 4th ed. SAS Institute, Cary, NC, USA. 



53 

Sämann, H.-J., 2008. Screw elements for co-rotating, closely intermeshing, twin-screw extruders. 
In: Kohlgrüber, K. (Ed.), Co-rotating twin-screw extruders - fundamentals, technology, 
and applications. Carl Hanser Verlag, Munich, Germany, pp. 215-235. 

Servi, S., Ozkaya, H., Colakoglu, A.S., 2008. Dephytinization of wheat bran by fermentation with 
bakers' yeast, incubation with barley malt flour and autoclaving at different pH levels. J. 
Cereal Sci. 48, 471-476. 

Shearer, K.D., 2000. Experimental design, statistical analysis and modelling of dietary nutrient 
requirement studies for fish: a critical review. Aquac. Nutr. 6, 91-102. 

Singh, S., Gamlath, S., Wakeling, L., 2007. Nutritional aspects of food extrusion: a review. Int. J. 
Food Sci. Technol. 42, 916-929. 

Skrede, A., 1979. Utilization of fish and animal by-products in mink nutrition. IV. Fecal excretion 
and digestibility of nitrogen and amino-acids by mink fed cod (Gadus morrhua) fillet or 
meat-and-bone meal. Acta Agric. Scand. 29, 241-257. 

Skrede, A., Krogdahl, Å., 1985. Heat affects nutritional characteristics of soybean meal and ex-
cretion of proteinases in mink and chicks. Nutr. Rep. Int. 32, 479-489. 

Skrede, A., Krogdahl, Å., Austreng, E., 1980. Digestibility of amino-acids in raw fish flesh and 
meat-and-bone meal for the chicken, fox, mink, and rainbow trout. Z. Tierphysiol. Tie-
rernähr. Futterm. - J. Anim. Physiol. Anim. Nutr. 43, 92-101. 

Skrede, A., Berge, G.M., Storebakken, T., Herstad, O., Aarstad, K.G., Sundstøl, F., 1998. Diges-
tibility of bacterial protein grown on natural gas in mink, pigs, chicken and Atlantic sal-
mon. Anim. Feed Sci. Technol. 76, 103-116. 

Skrede, G., Storebakken, T., Skrede, A., Sahlstrøm, S., Sørensen, M., Shearer, K.D., Slinde, E., 
2002. Lactic acid fermentation of wheat and barley whole meal flours improves digesti-
bility of nutrients and energy in Atlantic salmon (Salmo salar L.) diets. Aquaculture 210, 
305-321. 

Smith, O.B., 1976. Extrusion cooking. In: Altschul, A.M. (Ed.), New protein foods. Academic 
Press, New York, USA. (Cited from Huber, G. R., 2000). 

Sørensen, M., 2003. Nutritional and physical quality of fish feeds extruded at various tempera-
tures. Philosophiae Doctor (PhD) Thesis 2003:3, Department of Animal and Aquacultural 
Sciences, Agricultural University of Norway, Ås, Norway, pp. 143. 

Sørensen, M., Storebakken, T., Shearer, K.D., 2005. Digestibility, growth and nutrient retention in 
rainbow trout (Oncorhynchus mykiss) fed diets extruded at two different temperatures. 
Aquac. Nutr. 11, 251-256. 

Sørensen, M., Nguyen, G., Storebakken, T., Øverland, M., 2010. Starch source, screw configura-
tion and injection of steam into the barrel affect the physical quality of extruded fish feed. 
Aquac. Res. 41, 419-432. 

Sørensen, M., Morken, T., Kosanovic, M., Øverland, M., 2011. Pea and wheat starch possess 
different processing characteristics and affect physical quality and viscosity of extruded 
feed for Atlantic salmon. Aquac. Nutr. 17, e326-e336. 



54 

Sørensen, M., Ljøkjel, K., Storebakken, T., Shearer, K.D., Skrede, A., 2002. Apparent digestibil-
ity of protein, amino acids and energy in rainbow trout (Oncorhynchus mykiss) fed a fish 
meal based diet extruded at different temperatures. Aquaculture 211, 215-225. 

Sørensen, M., Stjepanovic, N., Romarheim, O.H., Krekling, T., Storebakken, T., 2009. Soybean 
meal improves the physical quality of extruded fish feed. Anim. Feed Sci. Technol. 149, 
149-161. 

Storebakken, T., 2002. Atlantic salmon, Salmo salar. In: Webster, C.D., Lim, C. (Eds.), Nutrient 
requirements and feeding of finfish for aquaculture. CAB International, pp. 79-102. 

Storebakken, T., Refstie, S., Ruyter, B., 2000. Soy products as fat and protein sources in fish 
feeds for intensive aquaculture. In: Drackley, J.K. (Ed.), Soy in animal nutrition. Federa-
tion of Animal Science Societies, pp. 127-170. 

Storebakken, T., Kvien, I.S., Shearer, K.D., Grisdale-Helland, B., Helland, S.J., Berge, G.M., 
1998. The apparent digestibility of diets containing fish meal, soybean meal or bacterial 
meal fed to Atlantic salmon (Salmo salar): evaluation of different faecal collection me-
thods. Aquaculture 169, 195-210. 

Storebakken, T., Berge, G.M., Øverland, M., Shearer, K.D., Hillestad, M., Krogdahl, Å., 2010. 
Dietary potassium diformate protects against heat-induced reduction of protein digestibil-
ity in a mixture of full-fat soy and wheat when used in extruded diets for Atlantic salmon 
(Salmo salar L). 14th International Symposium on Fish Nutrition & Feeding, Qingdao, 
China, pp. 522. 

Strahm, B.S., 2000. Preconditioning. In: Riaz, M.N. (Ed.), Extruders in food applications. Tech-
nomic Publishing Company, Inc., Lancaster, PA, USA, pp. 115-126. 

Sugiura, S.H., Ferraris, R.P., 2004. Contributions of different NaPi cotransporter isoforms to die-
tary regulation of P transport in the pyloric caeca and intestine of rainbow trout. J. Exp. 
Biol. 207, 2055-2064. 

Sugiura, S.H., Roy, P.K., Ferraris, R.P., 2006. Dietary acidification enhances phosphorus digesti-
bility but decreases H+/K+-ATPase expression in rainbow trout. J. Exp. Biol. 209, 3719-
3728. 

Svihus, B., Uhlen, A.K., Harstad, O.M., 2005. Effect of starch granule structure, associated com-
ponents and processing on nutritive value of cereal starch: A review. Anim. Feed Sci. 
Technol. 122, 303-320. 

Tacon, A.G.J., Metian, M., 2008. Global overview on the use of fish meal and fish oil in indu-
strially compounded aquafeeds: Trends and future prospects. Aquaculture 285, 146-158. 

Thiessen, D.L., Campbell, G.L., Tyler, R.T., 2003. Utilization of thin distillers' solubles as a pa-
latability enhancer in rainbow trout (Oncorhynchus mykiss) diets containing canola meal 
or air-classified pea protein. Aquac. Nutr. 9, 1-10. 

Thomas, M., van der Poel, A.F.B., 1996. Physical quality of pelleted animal feed. 1. Criteria for 
pellet quality. Anim. Feed Sci. Technol. 61, 89-112. 

Thomas, M., van Zuilichem, D.J., van der Poel, A.F.B., 1997. Physical quality of pelleted animal 
feed. 2. Contribution of processes and its conditions. Anim. Feed Sci. Technol. 64, 173-
192. 



55 

Thomas, M., van Vliet, T., van der Poel, A.F.B., 1998. Physical quality of pelleted animal feed 3. 
Contribution of feedstuff components. Anim. Feed Sci. Technol. 70, 59-78. 

Torrissen, K.R., 1984. Characterization of proteases in the digestive tract of Atlantic salmon 
(Salmo salar) in comparison with rainbow trout (Salmo gairdneri). Comp. Biochem. Phy-
siol. B: Comp. Biochem. 77, 669-674. 

Torstensen, B.E., Espe, M., Sanden, M., Stubhaug, I., Waagbø, R., Hemre, G.I., Fontanillas, R., 
Nordgarden, U., Hevrøy, E.M., Olsvik, P., Berntssen, M.H.G., 2008. Novel production of 
Atlantic salmon (Salmo salar) protein based on combined replacement of fish meal and 
fish oil with plant meal and vegetable oil blends. Aquaculture 285, 193-200. 

Townend, J., 2002. Practical statistics for environmental and biological scientists. John Wiley & 
Sons Ltd., Chichester, England, UK, 276 pp. 

Venou, B., Alexis, M.N., Fountoulaki, E., Haralabous, J., 2009. Performance factors, body com-
position and digestion characteristics of gilthead sea bream (Sparus aurata) fed pelleted 
or extruded diets. Aquac. Nutr. 15, 390-401. 

Vhile, S.G., Skrede, A., Ahlstrøm, O., Hove, K., 2007. Yttrium oxide (Y2O3) as an inert marker in 
digestibility studies with dogs, blue foxes and mink fed diets containing different protein 
sources. J. Anim. Physiol. Anim. Nutr. 91, 381-389. 

Waagbø, R., 2006. Feeding and disease resistance in fish. In: Mosenthin, R., Zentek, J., 
Zebrowska, T. (Eds.), Biology of nutrition in growing animals. Elsevier, Philadelphia, 
USA, pp. 387-415. 

Watanabe, T., Takeuchi, T., Satoh, S., Kiron, V., 1996. Digestible crude protein contents in vari-
ous feedstuffs determined with four freshwater fish species. Fish. Sci. 62, 278-282. 

Zhou, Z., Liu, Y., He, S., Shi, P., Gao, X., Yao, B., Ringø, E., 2009. Effects of dietary potassium 
diformate (KDF) on growth performance, feed conversion and intestinal bacterial com-
munity of hybrid tilapia (Oreochromis niloticus ♀ × O. aureus ♂). Aquaculture 291, 89-
94. 

 



 



Paper I 



 



1 1 1,2 1 3

4 1

1 Aquaculture Protein Centre, CoE, Department of Animal and Aquacultural Sciences, Norwegian University of Life Sciences, Ås;
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Two experiments were conducted to investigate effects of feed

processing conditions and potassium diformate (KDF) sup-

plementation on apparent digestibility of nutrients in Atlantic

salmon (Salmo salar) and physical quality of extruded feed.

In Exp. 1, diets with raw or expander pretreated full-fat soy-

beanmeal (FFSBM) at 100 or 120 �Cwere extruded at 110 �C.
Expander pretreatment significantly (P < 0.05) improved the

digestibility of arginine, glutamine and tyrosine in Atlantic

salmon. The higher digestibility of expander pretreated

FFSBM was confirmed in mink (Mustela vison). In Exp. 2,

diets with defatted soybean meal (SBM) were extruded at 110,

130 or 150 �C. The results showed that increasing extrusion

temperatures significantly (P < 0.05) improved the digest-

ibility of most major nutrients and amino acids in Atlantic

salmon. In general, KDF supplementation to FFSBM and

SBM diets did not affect digestibility of nutrients in Atlantic

salmon or mink. Expander pretreatment and increasing

extrusion temperatures increased pellet expansion, whileKDF

supplementation reduced pellet expansion.

key words: digestibility, expander, extruder, physical qual-

ity, potassium diformate, soybeans
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overland@umb.no

Soybeans are used as protein source in salmonid diets

because of its high crude protein content, reasonably

balanced amino acid profile, abundance and low price per

protein unit (Hertrampf & Piedad-Pascual 2000; Storebak-

ken et al. 2000; Gatlin et al. 2007). The potential of soybean

meal (SBM) for salmonids is, however, limited by the pres-

ence of several antinutrients (Storebakken et al. 2000;

Francis et al. 2001), of which one of the most important is

the heat-labile trypsin inhibitors (TI) (Liener 1994). Full-fat

soybean meal (FFSBM) has a higher content of TI than

conventional defatted SBM, which has been toasted follow-

ing oil extraction (Hardy & Barrows 2002). In addition to the

temperature itself, the duration of heating and moisture

content are also important factors for reducing the TI

activity (TIA) and thereby improving the nutritional value of

soybeans (Zarkadas & Wiseman 2005). Leeson & Atteh

(1996) reported that the heat generated during extrusion was

sufficient to reduce TIA activity in FFSBM, and Romarheim

et al. (2006) showed that extrusion of feed was sufficient to

reduce TIA in flaked, defatted, untoasted soybeans (white-

flakes, WF) to less than 5 g kg)1 feed when dietary WF

inclusion was 250 g kg)1. Previous results have shown that a

dietary TIA level at 5 g kg)1 may be considered acceptable in

diets for Atlantic salmon (Olli et al. 1994). Heating aimed at

completely inactivate TI in the feed is not an option, as

overheating may reduce protein solubility and nutritional

value without further lowering the TI content of the feed

(Arndt et al. 1999; Iwe et al. 2001).

The FFSBM contains approximately 370 g kg)1 protein

and 190 g kg)1 fat, whereas defatted SBM contains on

average 460 g kg)1 protein and low levels of fat (£10 g kg)1)

(Hertrampf & Piedad-Pascual 2000). The fat content of

FFSBM may cause challenges during feed processing when

the total lipid level of the diet exceeds 70 g kg)1 (Rokey

2007). Moreover, high fat contents are known to negatively

influence physical quality of extruded feed (Sørensen et al.
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2009). During extrusion processing, raw materials are cooked

by applying moisture, pressure, temperature and shear for-

ces. Cooking initiates a series of physiochemical reactions,

including starch gelatinization (Colonna et al. 1989) and

protein unfolding (Phillips 1989), which affects the binding

between feed particles and hence physical quality (Thomas &

van der Poel 1996). Fat interferes with the binding between

particles, first by reducing the degree of cooking by lubri-

cating the interface between the dough and the extruder

elements and secondly by acting as an insulating agent and

thus preventing water from being absorbed by the particles

(Lin et al. 1997). In intensive aquaculture production, it is

important that feed pellets are of high physical quality to

avoid feed losses and water emissions (Aarseth 2004; Aarseth

et al. 2006a; Sørensen et al. 2011). Additionally, physical

quality may also affect feed intake and nutrient utilization of

fish (Hilton et al. 1981; Baeverfjord et al. 2006; Venou et al.

2009) and should therefore be taken into consideration when

formulating fish feeds.

Organic acids salts have been reported to promote growth

and health performance in warm-blooded monogastric ani-

mals and fish because of their antimicrobial effects (Øverland

et al. 2000; Mikkelsen et al. 2009; Zhou et al. 2009). A recent

study with Atlantic salmon has shown that the addition of

potassium diformate (KDF) to a plant-based diet improved

protein digestibility (Storebakken et al. 2010). Furthermore,

interactive effects between KDF supplementation and heat

treatment showed that the digestibility of individual amino

acids in diets with KDF increased with increasing tempera-

tures, while the digestibility decreased in diets without KDF.

Research investigating the effect of acid salts on digestibility

of plant-based diets for salmonids is, however, limited.

Therefore, the objective of this study was to investigate the

effects of ingredients and processing conditions on apparent

digestibility in Atlantic salmon and physical quality of feed

when (i) dietary fish meal was partially replaced with FFSBM

or SBM, (ii) without or with KDF supplemented to the diets

and (iii) pretreating FFSBM with an expander prior to

extrusion or extrusion of SBM at increasing temperatures.

Two experiments were carried out using either FFSBM

(Exp. 1) or defatted, solvent-extracted SBM (Exp. 2) as a

partial replacement for fish meal in the diets (Table 1). Each of

the two test ingredients made up approximately 260 g kg)1 of

the total crude protein content of the diet. FFSBM was either

added directly to the diets prior to extrusion or pretreated with

an expander. In Exp. 1, the dietary treatments were organized

according to a 3 · 2 factorial design. Three different feed

processing conditions were used [(i) extrusion at 110 �C with-

out pretreatment; (ii) expander pretreatment at 100 �C prior to

extrusion at 110 �C; (iii) expander pretreatment at 122 �C prior

to extrusion at 110 �C], and two dietary treatments () or +

KDF) were applied. The effect of feed processing conditions of

FFSBM diets will be referred to as the effect of pretreatment

hereafter. In Exp. 2, the treatments were organized according

to a 3 · 2 factorial design with three extrusion temperatures

(110; 130; 150 �C) and two dietary treatments () or + KDF).

The FFSBM and SBM used in this study were derived from

the same batch of soybeans (Deno-Soy�; Denofa AS, Fred-

rikstad, Norway). From this batch, a subsample from whole

full-fat soybeans with hulls was taken out before the soy-

beans were processed into hexane-extracted and toasted

SBM with hulls. The dietary macroingredients (fish meal,

wheat, FFSBM and SBM) were thoroughly ground using a

hammer mill (Münch, HM 21.115, Wuppertal, Germany) to

pass a 3-mm screen. Diet formulations, ingredients and

analysed chemical composition of the diets are presented in

Table 1.

In Exp. 1, the FFSBM was mixed (Dinnissen Pegasus

Menger 400 l, Sevenum,TheNetherlands)withwheat in a 2 : 1

ratio, preconditionedwith steam to 91 �Cand pretreated using

a 75-kWh OE15.2 Kahl expander (Amandus Kahl GmbH &

Co. KG, Reinbek, Germany) with cone pressures of 5 and

11 bar (bar; 1 bar = 105 Pa) to raise the temperature to 100

and 122 �C, respectively. The expandate was pelleted through

3-mm dies (Münch MDZAD8, MD 350 RPM, Wuppertal,

Germany) and cooled in a counter flow drier (Miltenz VD010

gas;MillbankTechnologyLtd,Auckland,NewZealand) prior

to grinding through a 3-mm screen.

For both the experiments, dietary macroingredients (fish

meal, wheat and either FFSBM [untreated; pretreated at

100 �C; pretreated at 122 �C] or SBM) were thoroughly

mixed as 200 kg batches and ground using a hammer mill

with a 1-mm screen. The microingredients (vitamin and

mineral premix, yttrium oxide, and KDF) were manually

added to the mixture during a second mixing cycle. Follow-

ing mixing, the diets were preconditioned for 62 s and

extruded through a 6-mm die (Sørensen et al. 2011). Two

different screw configurations were used to reach the targeted

extrusion temperatures. Screw configuration 1 (SCF1) was

built up from the following elements, from inlet to outlet:
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Table 1 Diet formulation and analyzed contents of main nutrients, amino acids and TIA in the experimental diets

Treatment1

Experiment 1 – FFSBM-based diets Experiment 2 – SBM-based diets

Extruded

110 �C
Expanded

100 �C
Expanded

120 �C
Extruded

110 �C
Extruded

130 �C
Extruded

150 �C

) + ) + ) + ) + ) + ) +

Feed formulation (g kg)1)

Fish meal2 383 377 379 374 379 381 388 385 388 385 388 385

Fish oil3 202 202 210 209 210 194 252 252 252 252 252 252

Wheat starch4 126 124 124 123 124 125 130 126 130 126 130 126

FFSBM5 286 281 283 279 283 284 0 0 0 0 0 0

SBM6 0 0 0 0 0 0 226 221 226 221 226 221

Mineral and vitamin

premix7

3.8 3.8 3.8 3.8 3.8 3.8 3.9 3.8 3.9 3.8 3.9 3.8

Astaxanthin8 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Yttrium oxide9 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

KDF10 0 12 0 12 0 12 0 12 0 12 0 12

Dry matter (DM) (g kg)1) 952 943 963 952 954 949 944 943 948 952 966 952

Chemical composition (g kg)1 DM)

Lipid 304 298 301 314 317 290 283 280 299 280 293 296

Ash 71 75 69 73 69 75 72 76 69 77 70 78

Starch 80 88 94 90 90 86 102 78 88 80 91 82

Crude protein 425 411 405 414 409 424 423 420 417 411 406 417

Total amino acids 408 391 424 423 428 419 433 448 428 436 436 426

Essential amino acids

Arginine 26.3 25.3 28.5 28.9 29.5 28.2 28.1 30.6 27.9 29.8 28.5 29.5

Histidine 9.9 9.5 10.2 10.0 10.0 10.0 10.5 10.8 10.4 10.4 10.5 10.2

Isoleucine 20.2 18.9 20.5 20.6 20.7 20.3 21.1 22.1 21.1 21.2 21.5 20.6

Leucine 33.1 31.6 34.1 34.1 34.5 33.8 35.0 36.2 34.6 35.2 35.3 34.4

Lysine 33.0 31.3 33.5 33.9 34.0 33.7 34.5 35.4 34.1 34.5 34.7 33.9

Methionine 11.0 10.4 11.2 11.4 11.4 11.2 11.5 11.8 11.4 11.6 11.6 11.2

Phenylalanine 19.1 18.3 19.9 19.8 20.1 19.6 20.3 21.0 20.1 20.5 20.6 19.9

Threonine 18.7 17.9 19.3 19.2 19.5 19.1 19.8 20.3 19.5 19.9 19.8 19.4

Valine 22.0 20.7 22.1 22.2 22.4 21.9 23.0 24.1 23.0 23.1 23.4 22.4

Non-essential amino acids

Alanine 23.0 22.0 23.8 23.9 24.1 23.6 24.3 24.9 24.1 24.4 24.5 23.8

Aspargine 43.8 42.0 45.1 44.8 45.4 44.6 46.4 48.0 45.9 46.7 46.7 45.6

Cysteine11 4.7 4.6 5.0 5.2 5.2 4.9 5.0 5.2 5.0 4.9 5.0 4.9

Glutamine 69.7 67.1 73.3 72.6 73.4 71.9 74.4 76.4 73.4 74.4 74.8 72.9

Glycine 21.3 20.4 21.9 22.0 22.3 21.7 22.5 23.1 22.3 22.6 22.7 22.1

Proline 19.0 18.4 19.6 19.5 19.6 19.7 20.5 21.2 20.5 20.6 20.7 20.2

Serine 20.1 19.6 21.3 20.8 21.2 20.8 21.7 22.0 21.2 21.7 21.6 21.3

Tyrosine 13.5 12.9 14.5 14.4 14.6 14.2 14.3 14.8 14.1 14.8 14.5 14.0

TIA12 (mg g)1 diet) 3.0 3.0 1.6 1.9 1.6 1.9 Na13 Na Na Na Na Na

FFSBM, full-fat soybean meal; KDF, potassium diformate; TIA, trypsin inhibitor activity.
1 Treatments without KDF are denoted �)� and treatments with KDF are denoted �+�.
2 NorsECO-LT, Egersund Sildoljefabrikk AS, Egersund, Norway.
3 NorSalmOil, Egersund Sildoljefabrikk AS, Egersund, Norway.
4 Whole wheat, Felleskjøpet Agri, Ski, Norway.
5 Deno-Soy�, whole full-fat soybeans with hulls, Denofa AS, Fredrikstad, Norway.
6 Deno-Soy�, hexane extracted and toasted soybean meal with hulls, Denofa AS, Fredrikstad, Norway.
7 Mineral and vitamin premix for fish, Normin AS, Hønefoss, Norway.
8 Carophyll� Pink, DSM, JH Heerlen, The Netherlands.
9 Yttrium Oxide (Y2O3), Metal Rare Earth Limited, Shenzhen, China.
10 Formi�, Potassium diformate, Addcon Nordic AS, Porsgrunn, Norway.
11 Cystine and cysteine.
12 Inhibited bovine trypsin.
13 Not analyzed.
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80R80-80R80-60R60-60R60-60R60-60R60-60R60-80R80-

100R100-P120-60L20-(90� twist off)-60L20-100R100-80R80-

80R80-80R80-60R60-60R60. The first number gives the flight

length, �R� denotes a forward conveying element, �L� indicate

a backward conveying element and the last number gives the

screw element length (mm). The element �P120� is a polygon

block (kneading element). Screw configuration 2 (SCF2) was

similar to SCF1, except that the two �60L20� elements were

continuous to each other. In Exp. 1, the untreated FFSBM

was extruded using SCF1, whereas the pretreated FFSBM

were extruded using SCF2. In Exp. 2, SBM-based diets were

extruded using SCF1, and the extruder temperature was

increased from 110 to 130 and 150 �C by increasing the screw

revolutions per minute (rpm). Samples of feed were collected

at steady-state conditions in the extruder and dried in a flu-

idized bed dryer (Bühler OTW-50, Uzwil, Switzerland).

According to the method described by Sørensen et al. (2011),

the final water content in the feeds was adjusted in small

dryers to approximately 930 g kg)1 dry matter (DM). Ex-

truder parameters were continuously recorded during the

feed production (Table 2). Fish oil was added to the dried

pellets in amounts of 200–260 g kg)1 using a vacuum coater

(Dinnissen, Sevenum, The Netherlands). The feed was stored

at 4 �C until analyses of physical feed quality, and the

digestibility trials were conducted.

The salmon experiment was carried out at Helgeland

Forsøksstasjon (Dønna, Norway) during the period Decem-

ber 2008–February 2009. Apparent digestibility was measured

in the six FFSBM-based diets from Exp. 1 and the six SBM-

based diets from Exp. 2. All experimental diets contained

0.1 g kg)1 yttrium oxide as an indigestible marker (Austreng

et al. 2000). A total of 1644 Atlantic salmon with mean initial

weight of 1500 ± 200 g were distributed to twelve sea pens,

5.5 · 5.5 m wide and 7 m deep. The sea temperatures ranged

from 4.4 to 6.8 �C during the experimental period. The fish

had been fed a commercial diet (BioMar AS, Trondheim,

Norway) prior to the experiment.

Table 2 Processing parameters during extrusion of the experimental diets

Treatment1

Experiment 1 – FFSBM-based diets Experiment 2 – SBM-based diets

Extruded

110 �C
Expanded

100 �C
Expanded

120 �C
Extruded

110 �C
Extruded

130 �C
Extruded

150 �C

) + ) + ) + ) + ) + ) +

Preconditioning

Temperature (�C) 88 85 87 85 84 86 87 88 100 100 100 100

Moisture addition (kg h)1)

Water 26 27 29 29 28 28 42 41 35 41 38 36

Steam 13 12 11 11 11 10 15 15 12 12 12 13

Extrusion

Throughput2 (kg h)1) 226 227 223 230 228 228 242 241 235 291 244 296

Temperature3 (�C)

Section 1 70 64 68 71 59 73 69 71 98 99 99 99

Section 3 115 115 114 115 115 115 114 116 132 126 140 145

Section 5 111 113 114 116 110 110 117 115 125 124 133 134

Die 101 98 100 105 94 106 101 97 132 136 148 150

Screw speed (rpm) 274 328 275 287 340 336 166 202 589 666 877 818

Screw configuration4 SCF1 SCF1 SCF2 SCF2 SCF2 SCF2 SCF1 SCF1 SCF1 SCF1 SCF1 SCF1

Die pressure (bar) 21 17 19 17 18 18 30 26 40 40 42 47

Torque (Nm) 204 192 216 194 218 203 346 341 304 313 301 326

Cutter speed (rpm) 1801 1801 1802 1803 1801 1801 2004 2004 2004 2204 2004 2205

SME5 (Wh kg)1) 26 29 35 25 34 31 25 29 80 75 114 95

Vacuum coating

Oil addition6 (g kg)1) 210 210 220 220 220 200 260 260 260 260 260 260

FFSBM, full-fat soybean meal; KDF, potassium diformate.
1 Treatments without KDF are denoted �)� and treatments with KDF are denoted �+�.
2 Dry feed mash and water added in the preconditioner.
3 Temperature is measured by sensors mounted on the extruder barrel.
4 Screw configuration (SCF1 = screw configuration 1; SCF2 = screw configuration 2).
5 Specific mechanical energy.
6 Diets were coated with different levels of fish oil in order to obtain sinking pellets.
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Each of the 12 diets was fed to one group of fish over

the course of three feeding periods to obtain three repli-

cates. Each feeding period was initiated by randomly

switching the 12 diets to the 12 sea cages, ensuring that no

fish were fed the same diet twice throughout the experi-

mental period. The fish were manually fed to satiation

once per day during the first feeding period because of

limited number of daylight hours and twice per day during

the second and third feeding periods. Uneaten feed was

collected by a lift-up system (LiftUP Akva AS, Fusa,

Norway), and feed intake was recorded each day during

the experiment. The three feeding periods were targeted to

last for 10 days each; however, harsh weather conditions at

the research station affected the number of feeding days

for each period. To obtain 10 feeding days in each of the

three feeding periods, each period lasted for 28, 19 and

11 days, respectively.

At termination of a feeding period, fish were collected

using a net and anesthetized with 60 mg L)1 tricane me-

thanesulfonate (MS-222) dissolved in salt water. Approxi-

mately 40 fish from each cage were manually stripped for

faeces by gently applying pressure to the lower abdominal

region to express faecal material in a tray and carefully

ensuring that urine was excluded from the sample (Austreng

1978). No fish was stripped more than once in the course of

the experimental period. Stripped fish were marked by ei-

ther removing the adipose fin (1st stripping) or making a

mark in the gill cover (2nd stripping) before releasing the

fish back into the sea cage. Faecal samples were immedi-

ately frozen after the stripping, freeze-dried and ground

prior to analyses.

Because the digestibility trial with salmon had high within-

treatment variability, it was decided to verify the digestibility

results with mink, using the six FFSBM-based diets from

Exp. 1. Mink was chosen as a test species because of the close

relationships in digestibility capacities between mink and

salmonids (Skrede et al. 1980, 1998; Romero et al. 1994;

Øverland et al. 2006). The mink experiment was carried out

at the Department of Animal and Aquacultural Sciences

(UMB, Ås, Norway). A total of 24 adult male mink of the

genotype Standard dark with a weight ranging from 2022 to

2755 g (�x = 2391, r = 210) were used in the experiment.

The feeding trial lasted for 9 days and consisted of a 5-day

preliminary period and a 4-day faecal collection period. The

experiment was otherwise conducted as described by Aslak-

sen et al. (2006).

All physical quality measurements were undertaken at room

temperature and performed in triplicate on uncoated pellet

samples unless otherwise stated. Hardness, diameter, expan-

sion ratio and Holmen durability index (HDI) were measured

according to Sørensen et al. (2011) and reported as the

average of 3 · 30 pellets, except for HDI. Doris durability

was analysed on coated pellet samples, using a Doris tester

(AKVAsmart, Bryne, Norway). Sifted pellets (350 g) were

loaded into the Doris tester, conveyed through the appara-

tus, loaded onto a set of 5.6-, 3.55-, 2.36- and 0-mm screens

and sieved for 60 s at amplitude 0.5 in a sieving machine

(Retsch AS 200 Control, Haan, Germany). Doris durability

was calculated as the percentage of whole pellets remaining

on the 5.6-mm screen. Water stability index (WSI) was

measured on coated pellets incubated for 120-min intervals in

a shaking water bath at 23 �C, according to Baeverfjord

et al. (2006).

Diets and freeze-dried faecal samples were analysed for DM

(Commission dir. 71/393/EEC), ash (Commission dir. 71/

250/EEC), crude lipid by HCl hydrolysis followed by dieth-

ylether extraction (Commission dir. 98/64/EC) and starch

(AOAC enzymatic method 996.11). The diets were defatted

by acetone prior to the starch analysis. The nitrogen content

in diets was determined by the Kjeldahl method (Commis-

sion dir. 93/28/EEC). As a result of low amount of faecal

material, the nitrogen content in faeces was determined by

the Dumas method as described by Denstadli et al. (2006).

Crude protein was calculated from the nitrogen content in

the material (N · 6.25). Amino acids in diets and faeces

(Commission dir. 98/64/EC) were analysed on a Biochrom 30

amino acid analyzer (Biochrom Ltd., Cambridge, UK).

Samples for analysis of yttrium oxide were prepared as

described by Denstadli et al. (2006) and analysed with an

ICP-AES Perkin Elmer Optima 5300 DV (Perkin Elmer Inc.,

Shelton, CT, USA). The FFSBM diets from Exp. 1 were

analysed for TIA in accordance with the method of

Hamerstrand et al. (1981). The pH value of the diets was

measured as described by Pandey & Satoh (2008).

Apparent digestibility of main nutrients and individual

amino acids in diets fed to Atlantic salmon and mink was

calculated as: 100 ) (100 MD (MF)
)1 NF (ND)

)1), where M
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and N are marker and nutrient concentrations, and the

subscripts D and F represent diet and faeces, respectively.

Analysis of variance was conducted using the general lin-

ear model procedure of the SAS 9.1 computer software (SAS

Institute Inc., Cary, NC, USA). The effect of partially

replacing fish meal with FFSBM or SBM on the digestibility

of nutrients and physical quality of extruded feeds was

determined using a one-way analysis of variance, with

ingredient as the class variable. In Exp. 1, effects of pre-

treatment (extrusion at 110 �C; FFSBM expanded at 100 �C
prior to extrusion at 110 �C; 3. FFSBM expanded at 120 �C
prior to extrusion at 110 �C) and KDF supplementation

() or + KDF) were tested on data for digestibility in

Atlantic salmon (n = 3), digestibility in mink (n = 4) and

physical quality (n = 3). The data were analysed according

to the following model:

Yijk ¼ lþ si þ bj þ ðsbÞij þ eijk ;

where Y, the observed response; l, the overall mean; si, the

effect of pretreatment (i = 1, 2, 3); bj, the effect of KDF

(j = 1, 2); (sb)ij, the effect of interaction between pretreat-

ment and KDF; and eijk, the random error. In Exp. 2, the

effects of extrusion temperature (110, 130 or 150 �C) and

KDF supplementation () or + KDF) were tested on data

for digestibility in Atlantic salmon (n = 3) and physical

quality (n = 3). The data were analysed according to the

same model as for Exp. 1 except for the effect of pretreat-

ment, which was exchanged for the effect of extrusion tem-

perature. Orthogonal polynomials were used to test linear

responses of increased extruder temperatures on digestibility

in Atlantic salmon and physical quality of SBM-based diets.

Results from both experiments are presented as means for

each treatment, and variance is expressed as the pooled

standard error of means (SEM). The level of significance was

set at P < 0.05, while tendencies were set at 0.10 > P ‡ 0.05.

Significant differences among means were ranked by the

Ryan-Einot-Gabriel-Welsch multiple range test. Correlation

coefficients among the physical quality characteristics were

carried out using the Pearson correlation coefficient proce-

dure.

Chemical analyses of the diets revealed small variations in

chemical composition (Table 1). The FFSBM diets had a

slightly higher fat content (290-317 g kg)1 DM) compared

with SBM diets (280–299 g kg)1 DM). Extrusion processing

of FFSBM without pretreatment gave TIA levels of 3 mg g)1

diet, whereas expander pretreatment reduced TIA levels to

1.6 and 1.9 mg g)1 diet in treatments without and with KDF,

respectively (Table 1).

The effects of KDF supplementation and expander pretreat-

ment on digestibility of FFSBM diets (Exp. 1) in Atlantic

salmon are shown in Table 3. There was no significant effect of

KDF supplementation on the digestibility of any major

nutrients or amino acids. Also, there were no significant

interactions between KDF supplementation and pretreatment

for digestibility; therefore, only the main effects are presented.

The use of expander pretreatment significantly increased the

digestibility of the essential amino acid (EAA) arginine and

the non-EAA glutamine and tyrosine and tended to increase

the digestibility of lipid, total amino acids, several EAA and

non-EAA compared with extrusion without pretreatment.

The effects of KDF supplementation and extrusion tem-

perature on digestibility of SBM diets (Exp. 2) in Atlantic

salmon are presented in Table 4. There were no significant

interactions between KDF supplementation and extrusion

temperature for the digestibility of major nutrients or amino

acids; therefore, only the main effects are presented. The

addition of KDF to diets resulted in a significantly higher

digestibility of starch and arginine. There were significant

effects of extrusion temperature on digestibility of ash,

starch, crude protein and total amino acids, the EAA

arginine, histidine, isoleucine, leucine, methionine, and the

non-EAA cysteine and glutamine. Moreover, extrusion

temperature tended to increase the digestibility of lipid and

several essential and non-EAA. The digestibility of starch

was significantly higher in the diet extruded at 150 �C com-

pared with extrusion at 130 �C, but was not significantly

different from extrusion at 110 �C. Extrusion processing with

increasing temperatures resulted in significant linear increase

in digestibility of crude protein (P = 0.008), total amino

acids (P = 0.015) and the amino acids arginine (P = 0.002),

histidine (P = 0.016), isoleucine (P = 0.014), leucine

(P = 0.015), methionine (P = 0.005), valine (P = 0.019),

cysteine (P = 0.016), and glutamine (P = 0.01) and a sig-

nificant linear reduction in digestibility of ash (P = 0.017).

A one-way ANOVAANOVA between FFSBM and SBM diets extruded

at 110 �C showed a significantly (P < 0.05) higher digest-

ibility of the EAA arginine, histidine, isoleucine, leucine,

lysine and phenylalanine in SBM compared with FFSBM

diets.
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The effects of KDF supplementation and expander pre-

treatment on the digestibility of FFSBM diets (Exp. 1) in

mink are shown in Table 5. There were no significant inter-

actions between KDF supplementation and pretreatment for

the digestibility of major nutrients or amino acids except for

cysteine; therefore, only the main effects are presented. The

addition of KDF to diets significantly increased the digest-

ibility of ash, but reduced the digestibility of aspargine.

Moreover, KDF tended to increase the digestibility of ala-

nine. Significant effects of expander pretreatment on digest-

ibility were observed for all major nutrients and amino acids

except for ash and starch. Expander pretreatment at 120 �C
resulted in a significantly higher digestibility of lipid com-

pared with extrusion without pretreatment. In general,

expander pretreatment significantly increased the digestibility

of crude protein and all amino acids compared with extru-

sion without preprocessing. A significant interaction between

KDF supplementation and pretreatment was observed for

digestibility of cysteine. In diets with KDF, expander pre-

treatment significantly increased the digestibility of cysteine

compared with extrusion without pretreatment.

The effects of KDF supplementation, expander pretreatment

and the interactions between KDF and pretreatment on

physical quality of FFSBM diets are presented in Table 6.

Supplementing diets with KDF gave a significantly lower pH

for all diets and increased the pellet hardness compared with

non-supplemented diets. Significant interactions were found

between KDF supplementation and pretreatment for pellet

diameter, expansion ratio, HDI, Doris durability and WSI.

In diets containing no KDF, expander pretreatment at 100 or

120 �C significantly increased diametrical expansion com-

Table 3 Main effects of KDF supplementation and expander pretreatment on apparent digestibility (%) in Atlantic salmon fed FFSBM

diets (Exp. 1)

KDF

SEM2

Pretreatment

SEM3

P-values4

– +

Extruded

110 �C
Expanded

100 �C
Expanded

120 �C KDF Pretreatment

Lipid 84.6 84.7 1.381 81.3 85.7 87.0 1.691 0.951 0.085

Ash 10.3 10.4 0.397 11.3 10.1 9.6 0.486 0.810 0.074

Starch 64.2 65.3 1.513 63.2 66.3 64.7 1.853 0.620 0.526

Crude protein 79.6 80.5 1.166 78.4 79.9 81.7 1.428 0.618 0.293

Total amino acids 87.7 87.8 0.717 85.9b 88.2ab 89.2a 0.878 0.853 0.052

Essential amino acids

Arginine 91.3 91.5 0.408 89.7b 91.9a 92.6a 0.500 0.761 0.004

Histidine 85.2 85.4 0.915 83.4 85.7 86.9 1.120 0.848 0.117

Isoleucine 87.8 87.9 0.819 85.9 88.3 89.4 1.003 0.894 0.083

Leucine 88.6 88.9 0.766 86.8 89.2 90.2 0.938 0.813 0.068

Lysine 90.4 90.9 0.711 89.2 90.9 91.8 0.870 0.644 0.145

Methionine 89.6 89.5 0.639 88.0 89.9 90.8 0.782 0.910 0.075

Phenylalanine 85.6 85.5 1.150 82.9 86.0 87.7 1.408 0.973 0.086

Threonine 82.2 82.4 1.370 79.7 82.7 84.5 1.678 0.904 0.159

Valine 87.0 87.2 0.880 85.2 87.4 88.5 1.078 0.872 0.130

Non-essential amino acids

Alanine 89.3 89.5 0.642 87.8 89.8 90.6 0.786 0.829 0.073

Aspargine 83.3 83.5 0.758 81.4b 83.9ab 84.9a 0.928 0.833 0.052

Cysteine5 71.3 71.9 1.549 67.6 72.7 74.5 1.897 0.796 0.060

Glutamine 90.3 90.6 0.517 89.0b 90.9ab 91.5a 0.634 0.640 0.048

Glycine 85.6 85.8 0.631 84.2 86.0 86.9 0.773 0.748 0.075

Proline 85.9 86.3 0.933 84.2 86.5 87.8 1.142 0.749 0.117

Serine 84.3 84.4 0.927 82.0 84.9 86.1 1.135 0.910 0.063

Tyrosine 96.9 95.4 0.640 93.3b 97.5a 97.6a 0.783 0.120 0.003

FFSBM, full-fat soybean meal; KDF, potassium diformate.
1 Treatments without KDF are denoted �)� and treatments with KDF are denoted �+�.
2 Standard error of the mean for the main effect KDF supplementation.
3 Standard error of the mean for the main effect pretreatment.
4 Significant (P < 0.05) differences among means within pretreatment are indicated by superscripts a,b,c.
5 Cystine and cysteine.
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pared with extrusion without pretreatment. Moreover,

expander pretreatment at 120 �C significantly improved

Doris durability compared with extrusion without pretreat-

ment. In KDF supplemented diets, expander pretreatment at

120 �C significantly decreased HDI, Doris durability and

WSI of pellets compared with extrusion without pretreat-

ment. Furthermore, expander pretreatment at 100 �C sig-

nificantly increased the diametrical expansion of pellets

compared with expander pretreatment at 120 �C or extrusion

without pretreatment. Among the diets with KDF, pellet

expansion was negatively correlated to Doris durability

(r = )0.89, P = 0.001) and positively correlated to pH of

the diets (r = 0.79, P = 0.011). Moreover, pH of the feeds

was negatively correlated to HDI (r = )0.73, P = 0.025),

Doris durability (r = )0.75, P = 0.019) and WSI

(r = )0.74, P = 0.022) in the same diets.

The effects of KDF supplementation, extrusion tempera-

ture and the interactions between KDF supplementation and

extrusion temperature on physical quality of SBM diets are

presented in Table 7. Supplementing diets with KDF gave a

significantly lower pH for all diets. There were significant

interactions between KDF supplementation and extrusion

temperature for the parameters hardness, diameter, expan-

sion ratio, HDI, Doris durability and WSI. In diets without

KDF, there was no difference in physical quality parameters

among the different extrusion temperatures except for WSI,

which decreased at increasing extrusion temperatures (linear

P < 0.001). The expansion of pellets without KDF was

negatively correlated to WSI (r = )0.68, P = 0.044) and

hardness (r = )0.79, P = 0.012) of pellets, and hardness

was positively correlated with HDI (r = )0.86, P = 0.003).

In diets supplemented with KDF, extrusion processing with

increasing temperatures resulted in significant linear increase

in diametrical expansion (P < 0.001) of pellets, but resulted

in a significant linear decrease in hardness (P < 0.001),

HDI (P < 0.01), Doris durability (P < 0.001) and WSI

Table 4 Main effects of KDF supplementation and extrusion temperature on apparent digestibility (%) in Atlantic salmon fed SBM diets (Exp.

2)

KDF

SEM2

Extrusion temperature

SEM3

P-values4

) + 110 �C 130 �C 150 �C KDF Temperature

Lipid 81.6 84.6 1.406 79.9 83.6 85.8 1.722 0.165 0.092

Ash 10.6 10.7 0.220 11.1a 10.7ab 10.1b 0.269 0.756 0.049

Starch 58.4B 62.2A 1.071 61.0ab 57.2b 62.6a 1.312 0.028 0.036

Crude protein 82.4 82.6 0.478 81.2b 82.5ab 83.9a 0.585 0.752 0.026

Total amino acids 89.8 90.2 0.348 89.1b 90.1ab 90.8a 0.426 0.364 0.045

Essential amino acids

Arginine 93.0B 93.8A 0.233 92.5b 93.5a 94.1a 0.285 0.035 0.006

Histidine 87.7 88.2 0.408 87.0b 88.1ab 88.9a 0.500 0.391 0.048

Isoleucine 90.4 90.7 0.376 89.5b 90.8ab 91.4a 0.461 0.548 0.040

Leucine 91.2 91.6 0.351 90.4b 91.6ab 92.2a 0.430 0.500 0.041

Lysine 92.4 92.7 0.261 92.0 92.6 93.1 0.320 0.513 0.087

Methionine 91.3 91.8 0.334 90.5b 91.6ab 92.5a 0.410 0.256 0.018

Phenylalanine 89.0 89.6 0.508 88.0 89.7 90.1 0.622 0.400 0.072

Threonine 85.5 86.0 0.558 84.6 86.0 86.7 0.684 0.511 0.114

Valine 89.7 90.0 0.388 88.9b 90.0ab 90.7a 0.476 0.542 0.053

Non-essential amino acids

Alanine 91.2 91.6 0.331 90.6 91.6 92.1 0.406 0.413 0.063

Aspargine 85.3 85.6 0.393 84.8 85.2 86.4 0.482 0.550 0.087

Cysteine5 73.4 74.7 0.744 72.5b 73.7ab 76.1a 0.911 0.247 0.046

Glutamine 92.0 92.4 0.280 91.4b 92.3ab 92.9a 0.344 0.374 0.031

Glycine 87.0 87.6 0.384 86.5 87.2 88.2 0.470 0.292 0.066

Proline 88.8 89.2 0.418 88.0 89.1 89.9 0.512 0.517 0.067

Serine 86.9 87.5 0.466 86.1 87.3 88.2 0.571 0.455 0.066

Tyrosine 96.0 96.8 0.709 95.5 96.6 97.1 0.869 0.454 0.432

KDF, potassium diformate.
1 Treatments without KDF are denoted �)� and treatments with KDF are denoted �+�.
2 Standard error of the mean for the main effect KDF supplementation.
3 Standard error of the mean for the main effect extrusion temperature.
4 Significant (P < 0.05) differences among means within KDF supplementation are indicated by superscripts A,B and significant differences

among means within extrusion temperature are indicated by superscripts a,b,c.

5 Cystine and cysteine.
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(P < 0.05). Consequently, the expansion of pellets with KDF

was negatively correlated to hardness (r = )0.88,
P = 0.002), HDI (r = )0.94, P < 0.001), Doris durability

(r = )0.93, P < 0.001) and WSI (r = )0.70, P = 0.035).

Hardness was highly correlated to HDI (r = 0.92,

P < 0.001) and Doris durability (r = 0.97, P < 0.001), and

Doris durability was highly correlated (r = 0.91, P < 0.001)

to HDI. No correlations were found between pH of the

extruded diets and physical quality parameters. A one-way

ANOVAANOVA between FFSBM and SBM diets extruded at 110 �C
showed a significantly (P < 0.05) higher hardness, pellet

diameter, expansion ratio, HDI, Doris durability and WSI

in SBM compared with FFSBM diets.

Soybean products are commonly used ingredients in diets for

salmonids (Storebakken et al. 2000; Refstie et al. 2001;

Mundheim et al. 2004; Aslaksen et al. 2007). The use of

FFSBM is, however, limited in diets for carnivore fish

because of ANF such as TI (Morris et al. 2005). In the cur-

rent study, FFSBM was pretreated using an annular-gap

expander at two different temperatures before the diets were

extruded. The annular-gap expander resembles a single-screw

extruder except that the material is discharged over an

annular-gap outlet instead of being forced through a perfo-

rated die (Lucht 2007) and is primarily used for pretreatment

of feed for terrestrial farm animals prior to pelleting. The

increased digestibility of total amino acids and several EAA

and non-EAA in Atlantic salmon is most likely explained by

the reduction in TIA in FFSBM by the expander pretreat-

ment. All diets were below the maximum acceptable TIA

level of 5 mg g)1 diet for Atlantic salmon (Olli et al. 1994).

Earlier studies have also shown that extrusion is an efficient

process to reduce TI in soy to safe levels in feeds for fish.

Barrows et al. (2007) observed that extrusion at 93 �C

Table 5 Main effects of KDF supplementation and expander pretreatment on apparent digestibility (%) in mink fed FFSBM diets (Exp. 1)

KDF

SEM2

Pretreatment

SEM3

P-values4

) +

Extruded

110 �C
Expanded

100 �C
Expanded

120 �C KDF Pretreatment

Lipid 96.3 96.6 0.194 95.9b 96.5ab 97.0a 0.238 0.374 0.012

Ash 24.3B 31.2A 0.631 26.8 27.5 28.9 0.773 <0.001 0.167

Starch 99.0 98.8 0.256 98.7 99.1 98.8 0.314 0.665 0.645

Crude protein 81.7 82.0 0.276 79.7b 82.9a 82.9a 0.338 0.394 <0.001

Total amino acids 88.2 88.2 0.167 85.9b 89.2a 89.5a 0.205 0.945 <0.001

Essential amino acids

Arginine 92.3 92.5 0.124 90.0b 93.4a 93.8a 0.152 0.448 <0.001

Histidine 86.3 86.4 0.208 83.9b 87.5a 87.8a 0.255 0.810 <0.001

Isoleucine 90.0 90.2 0.154 87.9b 91.0a 91.5a 0.189 0.430 <0.001

Leucine 90.6 90.9 0.136 88.6b 91.6a 92.0a 0.167 0.228 <0.001

Lysine 91.3 91.3 0.123 89.5b 92.0a 92.4a 0.150 0.905 <0.001

Methionine 91.1 91.3 0.143 89.8b 91.7a 92.2a 0.176 0.323 <0.001

Phenylalanine 87.6 88.1 0.251 85.2b 88.9a 89.5a 0.307 0.181 <0.001

Threonine 84.4 84.0 0.278 81.2b 85.5a 85.9a 0.340 0.393 <0.001

Valine 87.7 87.8 0.195 85.4b 88.7a 89.1a 0.239 0.719 <0.001

Non-essential amino acids

Alanine 88.8 89.3 0.164 87.1b 89.9a 90.1a 0.200 0.050 <0.001

Aspargine 83.4A 82.8B 0.213 80.7b 84.0a 84.5a 0.261 0.046 <0.001

Cysteine5 67.5 65.4 0.756 61.7b 68.4a 69.2a 0.925 0.061 <0.001

Glutamine 90.5 90.7 0.154 88.5b 91.5a 91.8a 0.189 0.447 <0.001

Glycine 85.2 85.3 0.203 83.3b 86.1a 86.2a 0.249 0.760 <0.001

Proline 87.2 87.3 0.229 84.6b 88.3a 88.8a 0.281 0.598 <0.001

Serine 85.6 85.6 0.218 82.7b 86.9a 87.3a 0.267 0.934 <0.001

Tyrosine 89.3 89.0 0.220 86.2b 90.4a 90.8a 0.269 0.242 <0.001

FFSBM, full-fat soybean meal; KDF, potassium diformate.
1 Treatments without KDF are denoted �)� and treatments with KDF are denoted �+�.
2 Standard error of the mean for the main effect KDF supplementation.
3 Standard error of the mean for the main effect pretreatment.
4 Significant (P < 0.05) differences among means within KDF supplementation are indicated by superscripts A,B and significant differences

among means within pretreatment are indicated by superscripts a,b,c.
5 Cystine and cysteine.
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decreased TI levels in soybeans to below detectable limits.

Romarheim et al. (2005) reported that extrusion at 116–

122 �C decreased TIA in SBM and white flake-based diets

from 2.7 and 8.3 to 0.6 and 2.1 mg g)1 diet, respectively.

Similar to that observed for salmon, the digestibility of major

nutrients and amino acids in mink was significantly improved

in response to pretreatment of FFSBM. This is in line with

previous studies reporting close relationships in digestibility

capacities between mink and Atlantic salmon (Skrede et al.

1980, 1998; Romero et al. 1994; Øverland et al. 2006). The

present results, thus, suggest that TIA levels of FFSBM can

be reduced to safe levels below 5 mg g)1 diet by expander

pretreatment at moderate temperatures followed by low-

temperature extrusion at 110 �C.
The digestibility of most individual amino acids was low

in the FFSBM diets extruded at 110 �C without expander

pretreatment compared with SBM diets extruded at

110 �C. These results are in line with Cheng & Hardy

(2003), who observed reduced amino acid digestibilities

with inclusion of raw FFSBM in diets for rainbow trout

(Oncorhynchus mykiss). Although raw FFSBM contains

more TI than processed SBM (Clarke & Wiseman 2005),

the TIA content of FFSBM extruded at 110 �C was within

the acceptable level in the present study. Therefore, the

lower nutrient digestibility of FFSBM might be because of

other ANF than TIA, as suggested by Olli et al. (1994) for

fish and by Clarke & Wiseman (2005) for terrestrial ani-

mals.

The higher digestibility of protein and amino acids of SBM

diets extruded at 150 �C compared with those extruded at

110 �C is not in line with other studies carried out with

rainbow trout and mink. Sørensen et al. (2002) reported that

extrusion temperatures ranging from 100 to 150 �C had no

effect on digestibility of proteins or amino acids in rainbow

trout fed a fish meal-based diet. Moreover, Barrows et al.

(2007) did not observe any effects of extrusion at 93 or

Table 7 The effect of the interaction between KDF supplementation and extrusion temperature on physical quality and pH of processed

SBM diets (Exp. 2)

Treatment1

110 �C 130 �C 150 �C

SEM2

P-values3

) + ) + ) + KDF Temperature KDF · Temperature

Hardness (N) 31.3b 50.6a 29.4b 46.6a 29.1b 35.2b 1.558 <0.001 <0.001 0.003

Pellet diameter (mm) 6.6b 6.1c 6.9ab 6.7ab 6.9ab 7.0a 0.079 0.006 <0.001 0.005

Expansion ratio (%) 10.2b 0.8c 14.3ab 11.7ab 15.5ab 16.7a 1.311 0.004 <0.001 0.004

Holmen durability index (%) 38.2b 79.0a 38.6b 56.2ab 35.9b 38.5b 6.191 0.002 0.016 0.029

Doris durability (%) 68.5d 91.3a 70.2d 86.4b 72.4d 79.9c 1.144 <0.001 0.022 <0.001

Water stability index (%) 87.5ab 88.4a 80.4c 83.4abc 72.7d 82.8bc 1.220 <0.001 <0.001 0.007

pH 6.5a 5.8b 6.5a 5.9b 6.4a 5.8b 0.015 <0.001 0.031 0.248

KDF, potassium diformate.
1 Treatments without KDF are denoted �)� and treatments with KDF are denoted �+�.
2 Standard error of the mean.
3 Significant (P < 0.05) differences among means are indicated by different superscripts a,b,c,d.

Table 6 The effect of the interaction between KDF supplementation and expander pretreatment on physical quality and pH of processed

FFSBM diets (Exp. 1)

Treatment1

Extruded

110 �C
Expanded

100 �C
Expanded

120 �C

SEM2

P-values3

) + ) + ) + KDF Pretreatment KDF · Pretreatment

Hardness (N) 12.4b 18.6a 11.9b 16.6a 13.1b 17.8a 0.884 <0.001 0.320 0.645

Pellet diameter (mm) 6.1b 5.1c 6.8a 6.7a 6.7a 6.3b 0.087 <0.001 <0.001 0.001

Expansion ratio (%) 1.3b )15.1c 13.4a 11.2a 12.3a 5.4b 1.457 <0.001 <0.001 0.001

Holmen durability index (%) 0.3b 11.0a 0.4b 0.8b 0.4b 2.4b 1.843 0.013 0.038 0.035

Doris durability (%) 21.8e 46.1a 22.2e 35.0c 29.2d 40.4b 1.215 <0.001 <0.001 <0.001

Water stability index (%) 74.4bc 85.8a 74.3bc 81.8ab 74.8bc 72.3c 1.844 0.004 0.012 0.007

pH 6.5a 5.8c 6.4a 6.0b 6.5a 6.0b 0.025 <0.001 0.047 0.026

FFSBM, full-fat soybean meal; KDF, potassium diformate.
1 Treatments without KDF are denoted �–� and treatments with KDF are denoted �+�.
2 Standard error of the mean.
3 Significant (P < 0.05) differences among means are indicated by different superscripts a,b,c,d,e.
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127 �C on digestibility of protein in rainbow trout fed a

plant-based diet. Ljøkjel et al. (2004), however, observed a

reduction in protein and total amino acid digestibility in

mink fed a fish meal-based diet, when extruder temperatures

were increased from 100 to 150 �C. Other studies have shown

that excessive heat treatment may lead to a reduction

in digestibility of protein and amino acids, especially cyste-

ine, because of the formation of disulphide bonds (Opstvedt

et al. 1984; Ljøkjel et al. 2000, 2004). In the present study,

increasing the extruder temperature from 110 to 150 �C
increased the digestibility of cysteine. The higher digestibility

of protein and amino acids of diets extruded at 150 �C may,

therefore, indicate that elevated extrusion temperatures

facilitated a higher protein digestion in Atlantic salmon by

denaturing the protein without the formation of secondary

disulphide cross-linkages (Opstvedt et al. 1984).

In contradiction to other studies, addition of KDF to

FFSBM or SBM did generally not affect the digestibility of

nutrients in Atlantic salmon or mink. Storebakken et al.

(2010) showed improved digestibility of amino acids in

Atlantic salmon when KDF was supplemented to FFSBM-

based diets prior to extrusion. Improved digestibility of

protein, DM and energy was also reported for Atlantic sal-

mon fed diets where KDF was added prior to extrusion

(Lückstädt 2008). Moreover, Johnsen et al. (2000) reported

that Atlantic salmon fed diets with fish meal treated with

KDF had a significantly higher fat and protein digestibility

compared with fish fed diets without KDF. The same authors

also reported a significant increase in protein digestibility of

Atlantic salmon fingerlings fed diets where formic acid was

added prior to feed production. In pigs, KDF was found to

increase the apparent total tract digestibility of crude protein

(Roth et al. 1998a), ash and several minerals (Roth et al.

1998b; Mroz et al. 2002). As suggested by Mroz et al. (2002),

the inconsistent conclusions reported in the present study

compared with previous reports could be attributed differ-

ences in the inclusion level of KDF, dietary composition,

animal species or environmental factors, such as water tem-

perature.

Increasing temperatures during expander pretreatment and

extrusion gave greater diametrical expansion of pellets, and

the higher expansion was associated with a reduction in

hardness and durability, which is in line with previous studies

(Aarseth et al. 2006b; Hansen & Storebakken 2007; Sørensen

et al. 2009). This may be explained by a higher degree of

starch gelatinization at increasing processing temperatures

(Lin et al. 1997; Rolfe et al. 2000). The highest extrusion

temperatures were obtained by increasing the screw rpm,

resulting in higher SME. The reduction in hardness and

durability for the diets extruded at 130 and 150 �C was,

however, most likely associated with temperature and not

mechanical energy input. Aarseth et al. (2006b) also reported

lower hardness and durability for diets produced at higher

temperatures without changing the rpm during extrusion.

Other processing parameters, such as screw configuration,

could also have contributed to the differences in physical

quality for the FFSBM. The two diets pretreated with an

expander was extruded with SCF2, whereas all other diets

were extruded using SCF1. Sørensen et al. (2010) reported

that screw configuration accounted for more than 40% of the

variation in diametrical expansion and durability of extruded

diets, which indicates that a systematic effect of screw con-

figuration could have contributed to the high expansion in

the two pretreated FFSBM diets. Expansion is associated

with oil absorption capacity (Sørensen et al. 2011) and fat

leakage (Øverland et al. 2007) and is an important parameter

when producing high-energy feeds. Thus, expander pre-

treatment may be an important tool to obtain high expansion

when FFSBM is included in extruded diets.

The more brittle and less durable appearance of FFSBM

pellets could be associated with the higher fat content in

FFSBM compared with SBM. Sørensen et al. (2009) sug-

gested that even a small increase in fat content may nega-

tively affect physical quality of extruded diets. The

lubricating action of fat reduces mechanical energy inputs

and processing temperatures, especially when fat is added to

the feed mixture prior to extrusion (Lin et al. 1997). Low

processing temperature combined with the hydrophobic

properties of fat may reduce starch gelatinization, which in

turn results in poor physical quality. In the current study, no

additional fat was added to the feed mixture prior to extru-

sion. Thus, the effect of fat enclosed in the matrix of cell walls

may have greater effect on physical quality than earlier sug-

gested by Thomas et al. (1998).

The addition of 12 g kg)1 KDF to diets corresponded to

a formic acid inclusion of 4.2 g kg)1 (Canibe et al. 2001;

Mroz et al. 2002) and resulted in a pH drop equivalent of

approximately 0.6 units in the processed feed. The use of

acids is known to alter physiochemical properties of starch,

such as gelatinization time and viscosity (Thomas & Atwell

1999; Wurzburg 2006). Formic acid has been reported to

destructure native starch granules to starch formate (Divers

et al. 2004; Bossard et al. 2008), and the resulting long-chain

esters exhibit lower viscosity (Wolff et al. 1957) and hydro-

phobic properties (Aburto et al. 1999). The reduction in

expansion and subsequent increase in hardness of FFSBM

pellets with KDF might, therefore, be explained by reduced

hydrophilic properties of the starch molecules in the presence

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Aquaculture Nutrition � 2011 Blackwell Publishing Ltd



of formic acid, leading to a lower degree of starch gelati-

nization. The loss of hydrophilic character is also reflected

by the inverse relationship between pH and WSI of pellets.

Moreover, a decreased viscosity could also have affected

expansion in diets supplemented with KDF because of

lower pressure differentials between the extruder and the

atmosphere (Arhaliass et al. 2003). In general, the modifi-

cation of starch in the SBM diets was less prone to nega-

tively affect physical quality because this diet had more

inherent binders from other constituents than starch com-

pared with FFSBM. It can, therefore, be hypothesized that

the inherent binding properties of the FFSBM and SBM

differed, suggesting that the inherent binding property of

the mixture should be considered before the addition of

KDF to extruded feeds.

In conclusion, this study showed that expander pretreat-

ment of FFSBM and increasing extrusion temperatures of

SBM significantly improved the digestibility of most major

nutrients and amino acids. The addition of KDF to FFSBM

and SBM diets did generally not affect digestibility of

nutrients. Moreover, the digestibility of FFSBM diets mea-

sured in mink confirmed the results obtained for Atlantic

salmon. Inclusion of SBM improved the physical quality of

extruded feeds as measured by hardness, expansion, dura-

bility and WSI compared with FFSBM. Expander pretreat-

ment and increasing temperatures during extrusion gave

greater expansion of pellets and reduced hardness and

durability. The addition of KDF to FFSBM diets, however,

reduced expansion of pellets and increased hardness and

durability. This effect was less prominent in SBM feeds.
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The objective of the experiment was to evaluate the effects of ingredient, extrusion temperature, and the
conjugated acid salt sodium diformate (HCOOH··HCOO-Na; NaDF) on apparent nutrient digestibility and
physical quality of diets for rainbow trout. The experiment had a 23 factorial design with two dietary
ingredient sources (fish meal [FM] and barley protein concentrate [BPC]), two extruder temperatures (110
and 141 °C), and two levels of NaDF supplementation (0 and 10.6 g kg−1). The results from the digestibility
trial showed that inclusion of BPC significantly increased the digestibility of crude protein and several non-
essential amino acids (NEAAs), but significantly reduced the digestibility of crude lipid, starch, and all
essential amino acids (EAAs). Extrusion at 141 °C significantly increased the digestibility of starch, crude
protein, arginine, and several NEAAs, but significantly reduced the digestibility of phenylalanine compared to
extrusion at 110 °C. Addition of NaDF significantly increased the digestibility of most major nutrients and
individual amino acids. Diets with BPC had significantly higher hardness, expansion ratio, and durability, but
significantly lower water stability compared to diets based on FM. Extrusion temperature only affected pellet
durability, which was significantly higher for the highest temperature. Addition of NaDF to diets significantly
increased the expansion ratio, durability, and water stability compared to diets without NaDF. This
experiment showed that BPC is a promising alternative protein source to FM with regard to nutrient
digestibility and physical quality of extruded diets. The use of high extrusion temperature (141 °C) and
inclusion of NaDF improved both nutrient digestibility and physical quality of diets for rainbow trout.
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1. Introduction

Cereal grains are commonly included in diets for carnivorous fish
to facilitate binding in extruded diets (Sørensen et al., 2010), but the
inclusion level is limited by low nutrient density and the poor ability
of these fish to digest and metabolize starch (Krogdahl et al., 2005).
Barrows et al. (2007a) reported that barley (Hordeum vulgare L.) is a
potential ingredient in high energy diets for salmonids. The major
components of barley are starch (600 g kg−1), fiber (200 g kg−1) and
protein (110 g kg−1) (Åman et al., 1985; Oscarsson et al., 1996), but
the chemical composition varies among different barley cultivars and
processing conditions (Andersson et al., 2000). Production of ethanol
from barley will yield large quantities of protein as a co-product,
which can be used in fish diets (Gatlin et al., 2007). Barley contains
various antinutritional factors (ANFs) that may interfere with nutrient
utilization in fish, including mixed-linked (1→3) (1→4)-β-glucans
(Lee et al., 1997) and phytic acid (myo-inositol hexaphosphate) or its
salts (Reddy, 2002). The variety and content of ANFs present in barley
may, however, be considered less prominent compared to other
plant-derived materials (Francis et al., 2001; Reddy, 2002). Inclusion
of plant protein ingredients in fish diets may be useful for improving
physical quality of extruded pellets (Kraugerud et al., 2011; Øverland
et al., 2009), due to the structure-forming ability of plant proteins
during denaturation (Arêas, 1992; Sørensen et al., 2009).

Feed processing conditions affect the nutritional value of diets for
carnivorous fish. Extrusion leads to chemical and physicochemical
changes in the raw materials, which may impact digestibility of
nutrients (Camire, 2001) and physical quality of the extruded diet
(Sørensen et al., 2011). Extrusion at moderate temperatures
(b150 °C) generally improves protein digestibility in fish by exposing
enzyme-access sites through disruption of native protein structures

http://dx.doi.org/10.1016/j.aquaculture.2011.04.020
mailto:margareth.overland@umb.no
http://dx.doi.org/10.1016/j.aquaculture.2011.04.020
http://www.sciencedirect.com/science/journal/00448486


Table 2
Formulation of the experimental diets (g kg−1).

FM diets BPC diets

Without
NaDF

With
NaDF

Without
NaDF

With
NaDF

Fish meala 632.0 625.4 351.0 346.3
Barley protein concentrateb 0.0 0.0 276.0 273.1
Wheat flourc 200.0 197.9 196.0 195.0
Fish oild 158.0 156.4 167.0 165.3
Vitamin premixe 5.0 5.0 5.0 5.0
Trace mineral premixf 1.0 1.0 1.0 1.0
Stay-Cg 3.0 3.0 3.0 3.0
Yttrium oxide (Y2O3)h 0.1 0.1 0.1 0.1
Chromic oxide (Cr2O3)h 1.0 1.0 1.0 1.0
NaDFi 0.0 10.6 0.0 10.6

a Menhaden Special Select, Omega Protein Corporation, Houston, TX, USA.
b Montana Microbial Products, Butte, MT, USA.
c Pendleton Flour Mills L.L.C., Pendleton, OR, USA.
d Menhaden Fish Oil, Omega Protein Corporation, Houston, TX, USA.
e Trout Nutrition USA, Willmar, MN, USA.
f U.S. Department of Agriculture, Agricultural Research Service, Bozeman Fish

Technology Center, Bozeman, MT, USA.
g ROVIMIX® STAY-C® 35, DSM, Heerlen, Netherlands.
h Sigma-Aldrich, St. Louis, MO, USA.
i Formi® NDF, ADDCON Nordic AS, Porsgrunn, Norway.
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(Barrows et al., 2007b; Camire, 2001; Morken et al., in press).
Conversely, excessive heating may reduce protein and individual
amino acid digestibility by forming hydrophobic complexes, such as
disulphide bonds from sulfhydryl groups (Aslaksen et al., 2006;
Ljøkjel et al., 2000; 2004; Opstvedt et al., 1984). Disulphide bonds
may, on the other hand, improve physical quality of extruded diets by
stabilizing the pellet structure (Sørensen et al., 2009). Other
physicochemical reactions, such as starch gelatinization, also improve
physical quality of feed due to increased binding between feed
particles (Sørensen et al., 2011). It is, therefore, important to control
the degree of heating during extrusion processing in order to optimize
both nutritional value and physical quality of the diet.

Organic acids and their salts have been reported to promote
growth in both terrestrial animals (Øverland et al., 2000; Paulicks et
al., 2000) and in fish (Lückstädt, 2008; Ringø, 1991). To date, limited
information exists on the effect of acid salts on digestibility of
nutrients in salmonids. Storebakken et al. (2010) reported an
improvement in amino acid digestibility in Atlantic salmon (Salmo
salar) when adding 12 g kg−1 potassium diformate (KDF) to diets
prior to extrusion. However, no studies have evaluated effects of
sodium diformate (NaDF) on nutrient digestibility in salmonids fed
diets with plant protein ingredients such as barley protein concen-
trate (BPC). Furthermore, limited information exists on the effect of
acid salts on physical quality of extruded diets. The aim of the present
experiment was, therefore, to investigate the effects of BPC, extrusion
temperature, and NaDF supplementation on nutrient digestibility and
physical quality of diets for rainbow trout.

2. Materials and methods

2.1. Experimental design, diets, and diet processing

The experiment had a 23 factorial design with two dietary
ingredients (fish meal [FM] and BPC), two extruder temperatures
(110 and 141 °C), and two levels of NaDF (0 and 10.6 g kg−1). The BPC
was produced by an enzymaticmethod that concentrates barley protein
and produces raw material for ethanol production. The proximate
chemical composition of the FM and BPC used is shown in Table 1. The
FM diets were extruded at two temperatures, whereas the BPC diets
were extruded at one additional temperature (126 °C) to investigate
possible linear or quadratic relationships of extruder temperature on
nutrient digestibility. The NaDF (HCOOH··HCOO-Na; Formi® NDF,
Addcon Nordic AS, Porsgrunn, Norway) is a conjugated salt of formic
acid (HCOOH) and sodium formate (HCOONa). This acid salt contained
966 g kg−1 NaDF, of which 195 g kg−1 was sodium, 390 g kg−1 formic
acid, and 381 g kg−1 formate (COOH), while the remaining 34 g kg−1

was silicate and water. All diets contained a combination of 0.1 g kg−1

yttrium oxide (Y2O3) and 1 g kg−1 chromic oxide (Cr2O3) as indigest-
ible markers (Austreng et al., 2000). The formulation of the experi-
mental diets is shown in Table 2.

The extruded diets were produced at Bozeman Fish Technology
Center, U.S. Fish and Wildlife Service (Bozeman, MT, USA). The FM
was ground to a particle size of approximately 80 μm using an air-
swept pulverizer (Model 18H, Jacobsen, Minneapolis, MN, USA), and
mixed with wheat flour andmicro ingredients in a single-shaft paddle
Table 1
Proximate chemical composition of the experimental ingredients (g kg−1).

Ingredient Fish meal (FM) Barley protein concentrate (BPC)

DM 915.5 908.1
In DM

Lipid 93.1 126.6
Ash 231.6 38.3
Starch 7.0 42.2
Crude protein 724.3 577.6
mixer (Model No. 2010, Marion Mixer, Rapids Machinery Co., Marion,
IA, USA) for 5 min. The BPC was ground to pass through a 0.8 mm
screen using a hammer mill (Model LM6, Kelly Duplex Mill and Mfg.,
Springfield, OH, USA) prior to mixing with FM, wheat flour and micro
ingredients. The ingredients for each diet were mixed in batch sizes of
40 kg. Following dry mixing, the diets were loaded into a volumetric
feeder with a feeding rate of approximately 1140 rpm (Model K2VT35,
K-Tron North America, Pitman, NJ, USA) and conveyed through a
conditioner with 90 s retention time (Model DCC 6X30, Extru-Tech Inc.,
Sabetha, KS, USA). The diets were extruded using a Bühler DNDL-44
twin-screw extruder (Bühler AG, Uzwil, Switzerland). The extruder
consisted of six barrel sections andwas fittedwith a 5 mmdie, resulting
in pellets with a mean length and diameter of 4.6 and 5.1 mm,
respectively. Water driven heaters (Model HX4003AQ, Mokon, Buffalo,
NY, USA)were used to stabilize the temperature in section numbers 1–5
and 6 of the extruder. The heater for sections 1–5 and 6 had set
temperatures of 141 and 99 °C, respectively. The FM diets were
extruded at 110 and 141 °C, whereas the BPC diets were extruded at
110, 126, and 141 °C (Table 3). The diets were dried for approximately
12 min in a fluidized bed dryer (Model OTW-50, Bühler AG, Uzwil,
Switzerland) with hot air at a temperature of 116 °C at the inlet and
99 °C at the outlet, followed by cooling for 30 min on an air-swept
perforated tray (custom made). Fish oil was added to the extrudate by
vacuum coating (Phlauer™, A&J Mixing International, Inc., Oakville,
Ontario, Canada). The extruded diets were packed in plastic lined paper
bags and stored at ambient temperature during the digestibility trial.
2.2. Fish, husbandry, and sampling

A 24-day digestibility experiment with rainbow trout was carried
out at Bozeman Fish Technology Center, U.S. Fish and Wildlife Service
(Bozeman, MT, USA). Trout (eggs provided by Trout Lodge, WA, USA)
with a mean weight of 520 g at the time of sampling were randomly
allocated to 30, 416-l fiberglass tanks with 20 fish/tank. The tanks
were supplied with recirculated spring water (15 °C; 19 l min−1) and
had light on a 14:10 h diurnal cycle. Each diet was fed in excess to 3
replicate fish tanks for 6 h day−1 by automatic belt feeders (Model
BFS12, 12 h Belt Feeder, Aquatic Eco-Systems, Inc., Apopka, FL, USA).
Before receiving the experimental diets, the fish were fed a
commercial diet (ARS Plant 646, Nelson's Silver Cup Fish Feed, Nelson
& Sons, Inc., Murray, UT, USA).



Table 3
Processing parameters during extrusion of the experimental diets.

FM diets BPC diets

Without NaDF With NaDF Without NaDF With NaDF

110 °C 141 °C 110 °C 141 °C 110 °C 141 °C 110 °C 141 °C

Throughput [kg h−1] 63 63 63 63 63 63 63 63
Screw speed [%] 85 55 54 52 53 52 52 52
Torque [%] 17 20 20 20 24 21 24 21
Water [l h−1] 13 14 13 14 14 13 14 14
Temperature [°C]

Section 2 53 59 68 46 49 41 64 41
Section 3 112 135 112 136 110 134 111 136
Section 4 109 141 109 142 109 141 110 141
Section 5 86 121 86 121 86 128 87 121
Section 6 101 137 104 138 103 131 104 137
Die 71 64 77 52 66 58 73 52

Die pressure [bar] 23 26 25 24 31 31 30 28
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Feces were collected from all fish within each tank 3 times during
the experimental period (days 8, 14, and 24) in order to obtain
sufficient amount of fecal material. The fecal stripping was performed
12–18 h postprandial as described by Gaylord et al. (2010). The fecal
samples were stored individually at −30 °C until freeze drying and
chemical analysis. In order to evaluate potential variation in
digestibility among the three different strippings, one random tank
was selected and material from each stripping was analyzed for crude
protein and yttrium oxide.

2.3. Chemical and physical analyses

Ingredients (FM and BPC), diets and freeze-dried feces were
analyzed for drymatter (DM) (Dir 71/393/EEC), ash (Dir 71/250/EEC),
crude protein (N×6.25) using the Dumas method as described by
Denstadli et al. (2006), crude lipid by HCl hydrolysis followed by
diethyleter extraction (Dir 98/64/EC), and starch (AOAC enzymatic
method 996.11). The diets were defatted by acetone prior to the
starch analysis. Amino acids in diets and feces were analyzed
according to the EC method (Dir 98/64/EC) on a Biochrom 30 amino
acid analyzer (Biochrom Ltd., Cambridge, UK). Reactive lysine in the
diets was determined using the guanidinationmethod as described by
Moughan and Rutherfurd (1996). In brief, triplicate samples were
incubated in 0.6 M O-Methylisourea at room temperature for 3 days
(determined as optimal incubation time), with a reagent-to-lysine
ratio N1000. The samples were dried and hydrolyzed as described for
the amino acid analysis. Homoarginine was analyzed on a Biochrom
30 Amino acid analyzer against external standards. The homoarginine
was then transformed to reactive lysine on a molar basis using the
molecular weights of homoarginine and lysine. The available lysine in
the diets was reported as the reactive lysine in percentage of total
lysine in the diet. Samples for analysis of yttrium oxide and sodium
was prepared as described by Denstadli et al. (2006) and analyzed
with an ICP-AES Perkin Elmer Optima 5300 DV (Perkin Elmer Inc.,
Shelton, CT, USA). The pH value of the diets was measured as
described by Gao et al. (2011).

Physical quality of the diets was evaluated by measuring hardness,
expansion ratio, durability, and water stability index (WSI). All
physical quality measurements were undertaken at room tempera-
ture and performed in triplicate on fat coated diet samples unless
otherwise stated. Hardness was determined on 30 pellets with a
Texture Analyzer TA-XT2 (SMS Ltd., Surrey, UK), equipped with a 5 kg
load cell and a compression speed of 1 mm s−1 as described by
Øverland et al. (2009). Pellet diameter was measured by the Texture
Analyzer in order to calculate the expansion ratio. Durability was
measured with a Doris tester (AKVAsmart, Bryne, Norway) as
described by Hansen et al. (2010). The pellet collector was emptied
on a 3.55 mm screen, and sieved for 60 s at amplitude of 0.5 in a
Retsch AS 200 Control sieving machine (Haan, Germany). Durability
was calculated as the percentage of whole pellets remaining on the
3.55 mm screen. The WSI was evaluated in situ as percent DM
recovered from feeding 160 g of extruded diets in tanks containing no
fish, using similar water flow and temperature as employed in the
digestibility experiment. The WSI was recorded daily in the course of
three days, using triplicate tanks per diet.

2.4. Calculations and statistical analysis

Expansion ratio (%) of pellets was calculated as: 100×((diame-
ter of extrudate−die diameter)×die diameter−1). The WSI (%) was
calculated as the recovery of DM of waste feed: 100×((W×WDM)×
(F×FDM)−1), where W is the weight of waste feed collected (g), WDM

is the DM content of waste feed (%), F is the weight of feed (g), and
FDM is the DM content of feed (%) (Helland et al., 1996). Apparent
digestibility (%) of individual nutrients was calculated as: 100−
(100×(MD×MF

−1×NF×ND
−1)), where M and N are marker and nu-

trient concentrations, and the subscripts D and F represent diet and
feces, respectively (Austreng, 1978).

Analysis of variance was conducted using the General Linear
Model (GLM) procedure of the SAS 9.1 computer software (SAS
Institute Inc., Cary, NC, USA). Effects of ingredient (FM or BPC),
extrusion temperature (110 or 141 °C), and level of NaDF supple-
mentation (0 or 10.6 g kg−1) were tested on data for digestibility in
rainbow trout (n=3) and physical quality (n=3), using the
following model:

Yijkl = μ + τi + βj + δk + τβð Þij + τδð Þik + βδð Þjk + τβδð Þijk + εijkl;

where μ is the overall mean; τi is the main effect of level i (=1, 2) for
the factor ingredient (I); βj is the main effect of level j (=1, 2) for the
factor extrusion temperature (T); δk is the main effect of level k (=1,
2) for the factor NaDF supplementation (N); (τβ)ij is the interaction
effect between level i for factor I and level j for factor T; (τδ)ik is the
interaction effect between level i for factor I and level k for factor N;
(βδ)jk is the interaction effect between level j for factor T and level k
for factor N; (τβδ)ijk is the interaction effect between level i for factor I,
level j for factor T, and level k for factor N; εijkl is the random error; Yijkl
is the observed response variable at level i for factor I, level j for factor
T, and level k for factor N.

Results are presented as means for each treatment, and variance is
expressed as the pooled standard error of means (S.E.M.). The level of
significance was set at pb0.05, while tendencies were set at
0.05≤pb0.10. Significant differences among means were ranked by
the Ryan–Einot–Gabriel–Welsch multiple range test. Orthogonal
polynomials were used to test linear and quadratic responses of
increasing the extruder temperature from 110 to 126 and 141 °C on
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nutrient digestibility for the BPC diets. Correlation coefficients were
determined using the Pearson correlation coefficient procedure.

3. Results

3.1. Ingredients and diets

The proximate chemical composition of the tested FM and BPC
ingredients is given in Table 1. The BPC contained less crude protein
and ash, but more lipid and starch than the FM. The residual between
the analyzed proximal nutrient content and the dry matter content
(residual=1000− [crude protein+lipid+starch+ash]) was higher
for the BPC than the FM, indicating that BPC may contain other
compounds, such as non-starch polysaccharides (NSP) (Sørensen et
al., 2009). Chemical analysis showed low variation in proximate
chemical composition and amino acid composition among the diets
(Table 4). The BPC diets contained more NSP; diluting the content of
ash, crude protein, and essential amino acids (EAAs) compared to the
FM diets. The percentage available lysine in the diets, given as reactive
lysine in percentage of total lysine in the diet, increased with
increasing extrusion temperature for both the FM and BPC diets
(Table 4). Percentage available lysine in the diet was positively
correlated (r=0.57, p=0.013) to apparent lysine digestibility for the
diets containing BPC.

3.2. Nutrient digestibility

The standard error of the mean apparent digestibility of crude
protein among the three different strippings was found to be low
(b0.01); therefore, a decision was made to pool the remaining fecal
samples for each tank. The main effects of ingredient, extrusion
temperature, and NaDF supplementation on apparent digestibility of
major nutrients and individual amino acids in rainbow trout are shown
in Table 5. There were significant differences between ingredients on
Table 4
Proximate chemical composition, amino acid composition and available lysine of the exper

Diet FM diets

Without NaDF W

110 °C 141 °C 11

DM 971.8 976.5 97
In DM

Lipid 204.6 213.4 21
Ash 140.6 139.6 14
Starch 139.9 138.3 13
Crude protein 489.0 487.1 47
Total amino acids 371.8 361.9 37
Essential amino acids (except tryptophan)
Arginine 24.9 24.1 2
Histidine 9.3 9.0
Isoleucine 15.6 15.0 1
Leucine 28.5 27.5 2
Lysine 28.9 27.9 2
Methionine 11.1 11.0 1
Phenylalanine 15.9 9.1
Threonine 17.6 17.1 1
Valine 18.3 17.8 1

Non-essential amino acids
Alanine 23.5 22.9 2
Aspargine 36.5 35.3 3
Cysteinea 3.7 3.6
Glutamine 62.2 60.1 6
Glycine 26.6 25.9 2
Proline 20.6 20.0 2
Serine 17.2 16.7 1
Tyrosine 11.4 18.9 1

Available lysine (%)b 82.4 85.5 8

a Cystine and cysteine.
b Reactive lysine in percentage of total lysine in the diet.
the digestibility of all major nutrients and amino acids with the
exception of total amino acids and ash. Inclusion of BPC to diets gave a
significantly lower digestibility of lipid, starch, all the EAAs, and the
non-essential amino acids (NEAAs) alanine, aspargine, glycine, and
serine, but increased the digestibility of crude protein and the NEAAs
cysteine, glutamine, proline, and tyrosine compared to diets based on
FM.

Extrusion processing at high temperature (141 °C) gave a
significantly higher digestibility of starch, crude protein, the EAA
arginine, and the NEAAs alanine, glycine, proline, and tyrosine
compared to extrusion at low temperature (110 °C), whereas the
digestibility of the EAA phenylalanine was significantly higher for
diets extruded at low temperature. For the BPC diets, increasing
extrusion temperatures from 110 to 126 and 141 °C gave a significant
linear increase in digestibility of lipid (p=0.016), starch (p=0.002),
crude protein (pb0.001), the EAA arginine (p=0.008), and the NEAAs
alanine (p=0.009), glutamine (p=0.023), glycine (p=0.012),
proline (p=0.005), and ash (p=0.04). No quadratic responses
were observed for extrusion temperature on the digestibility of any
major nutrients or individual amino acids for fish fed the BPC diets.

Supplementation of NaDF to diets significantly improved the
digestibility of all major nutrients and individual amino acids with the
exception of starch and the EAA phenylalanine, which were not
affected. The apparent digestibility of Na in rainbow trout significantly
increased with NaDF supplementation in both the FM and BPC diets
(results not shown).

There were significant interactions between ingredient and
extrusion temperature for the digestibility of lipid, the EAAs
isoleucine and phenylalanine, and the NEAAs cysteine, tyrosine, and
ash. Interactive effects of ingredients and increasing extrusion
temperatures on digestibility of major nutrients and amino acids in
rainbow trout are shown in Table 6. Increasing the extrusion
temperature from 110 to 141 °C improved the digestibility of lipid,
isoleucine, phenylalanine, cysteine, and ash for the BPC diets, whereas
imental diets (g kg−1, n=3).

BPC diets

ith NaDF Without NaDF With NaDF

0 °C 141 °C 110 °C 141 °C 110 °C 141 °C

4.1 971.9 969.8 975.5 974.8 972.4

0.0 211.7 230.6 231.9 230.0 230.1
3.9 143.3 89.7 89.0 93.4 93.2
6.2 133.8 137.4 138.9 136.6 137.6
6.5 482.3 444.5 444.6 439.4 442.4
1.6 360.3 345.4 311.5 327.3 309.7

5.0 24.2 21.4 19.1 20.2 19.0
9.3 9.0 8.4 7.6 8.0 7.6
5.5 15.0 14.0 12.4 13.0 12.2
8.0 27.1 25.5 23.0 24.2 22.8
9.0 28.1 21.4 19.2 20.3 19.0
1.2 10.8 8.7 7.8 8.2 7.7
9.4 9.0 9.1 8.3 8.7 8.2
7.4 17.0 15.2 13.5 14.2 13.4
8.2 17.7 17.1 15.1 15.9 15.0

3.6 22.8 18.4 16.6 17.4 16.5
6.3 35.1 28.7 25.7 27.0 25.5
3.6 3.5 4.6 4.2 4.4 4.2
1.5 59.8 70.4 64.1 67.1 64.0
6.8 25.9 19.5 17.5 18.5 17.4
0.5 20.1 26.3 24.5 25.6 24.5
7.0 16.5 16.3 14.6 15.2 14.5
9.4 18.7 20.3 18.4 19.3 18.2
5.4 87.6 84.1 98.5 92.7 98.0



Table 5
The main effects of ingredient, extrusion temperature, and NaDF supplementation on apparent digestibility (%) of major nutrients and individual amino acids in rainbow trout
(n=3).

Ingredient Extrusion
temperature

NaDF S.E.M.† p-values‡

FM BPC 110 °C 141 °C Without With I T N I×T I×N T×N I×T×N

Lipid 94.6a 93.7b 94.0 94.3 93.5y 94.8x 0.20 0.005 0.319 b0.001 0.002 0.840 0.011 0.306
Ash 4.9 3.9 3.4 5.4 2.2y 6.6x 1.0 0.535 0.173 0.007 0.021 0.422 0.775 0.954
Starch 98.7a 98.2b 98.0n 98.9m 98.4 98.5 0.12 0.007 b0.001 0.497 0.392 0.182 0.392 0.936
Crude protein 82.4b 84.2a 82.6n 84.1m 82.8y 83.8x 0.21 b0.001 b0.001 0.006 0.207 0.642 0.452 0.839
Total AA 88.2 88.2 88.0 88.4 87.6y 88.7x 0.21 0.991 0.149 0.002 0.249 0.682 0.224 0.109
Essential amino acids

Arginine 90.9a 90.1b 90.2n 90.9m 89.9y 91.1x 0.17 0.004 0.010 b0.001 0.678 0.397 0.486 0.056
Histidine 88.4a 86.7b 87.5 87.7 87.1y 88.0x 0.22 b0.001 0.524 0.007 0.110 0.775 0.209 0.213
Isoleucine 92.5a 91.6b 92.0 92.0 91.7y 92.3x 0.14 b0.001 0.910 0.017 0.038 0.512 0.153 0.181
Leucine 92.5a 91.5b 92.0 92.0 91.7y 92.3x 0.14 b0.001 0.725 0.018 0.051 0.859 0.197 0.247
Lysine 91.1a 88.6b 89.7 90.0 89.5y 90.2x 0.18 b0.001 0.405 0.007 0.177 0.916 0.273 0.132
Methionine 89.5a 88.7b 88.9 89.3 88.6y 89.7x 0.21 0.013 0.149 0.002 0.311 0.706 0.262 0.159
Phenylalanine 85.5a 83.7b 85.3m 83.8n 84.9 84.3 0.27 b0.001 0.001 0.143 b0.001 b0.001 0.017 0.006
Threonine 88.3a 85.5b 86.8 87.0 86.4y 87.4x 0.23 b0.001 0.588 0.005 0.192 0.940 0.386 0.169
Valine 91.2a 90.0b 90.5 90.7 90.3y 90.9x 0.16 b0.001 0.523 0.014 0.075 0.488 0.233 0.088

Non-essential amino acids
Alanine 87.9a 86.6b 86.8n 87.8m 86.5y 88.1x 0.24 0.002 0.012 b0.001 0.510 0.571 0.320 0.083
Aspargine 80.2a 78.1b 79.1 79.2 78.5y 79.8x 0.37 b0.001 0.776 0.019 0.148 0.772 0.281 0.166
Cysteine¤ 76.7b 78.1a 77.5 77.4 76.7y 78.2x 0.36 0.014 0.751 0.010 0.025 0.392 0.733 0.085
Glutamine 91.3b 92.7a 91.9 92.2 91.7y 92.3x 0.15 b0.001 0.196 0.007 0.219 0.823 0.182 0.105
Glycine 78.5a 77.0b 76.8n 78.7m 76.3y 79.2x 0.43 0.022 0.007 b0.001 0.720 0.706 0.438 0.076
Proline 83.7b 89.0a 85.8n 86.9m 85.4y 87.3x 0.26 b0.001 0.009 b0.001 0.876 0.128 0.188 0.112
Serine 87.5a 86.5b 86.8 87.2 86.4y 87.5x 0.22 0.005 0.282 0.004 0.166 0.755 0.315 0.169
Tyrosine 94.4b 95.3a 94.4n 95.3m 94.2y 95.5x 0.11 b0.001 b0.001 b0.001 b0.001 b0.001 b0.001 b0.001

†Pooled standard error of the mean for the main effects ingredient, extrusion temperature, and NaDF.
‡p-values are denoted by: I = ingredient; T = extrusion temperature; N = NaDF; I×T = the interaction between ingredient and extrusion temperature; I×N = the interaction
between ingredient and NaDF; T×N= the interaction between extrusion temperature and NaDF; I×T×N= the interaction between ingredient, extrusion temperature, and NaDF.
Significant (pb0.05) differences among means within ingredient are indicated by superscripts a, b, significant differences among means within extrusion temperature are indicated
by superscripts m, n, and significant differences among means within NaDF are indicated by superscripts x, y.
¤Cystine and cysteine.

142 T. Morken et al. / Aquaculture 317 (2011) 138–145
these digestibilities were reduced for the FM diets. There was also a
significant interaction between extrusion temperature and NaDF
supplementation for the digestibility of lipid. Higher digestibility of
Table 6
The effect of the interaction between ingredient and extrusion temperature on
apparent digestibility (%) of major nutrients and individual amino acids in rainbow
trout (n=3).

Treatment† FM diets BPC diets S.E.M.‡

110 °C 141 °C 110 °C 141 °C

Lipid 95.0a 94.3ab 93.1b 94.4ab 0.44
Ash 5.7 4.0 1.1 6.8 1.7
Starch 98.4b 99.1a 97.7c 98.7ab 0.17
Crude protein 81.8c 82.9bc 83.3b 85.2a 0.34
Total amino acids 88.1 88.2 87.8 88.6 0.39
Essential amino acids

Arginine 90.6ab 91.2a 89.7b 90.5ab 0.37
Histidine 88.6a 88.3ab 86.3c 87.0bc 0.37
Isoleucine 92.7a 92.2ab 91.3c 91.8bc 0.24
Leucine 92.7a 92.3ab 91.3c 91.8bc 0.23
Lysine 91.2a 91.0a 88.3b 88.9b 0.30
Methionine 89.5 89.6 88.3 89.1 0.38
Phenylalanine 87.5a 83.5b 83.2b 84.2b 0.66
Threonine 88.4a 88.2a 85.2b 85.8b 0.39
Valine 91.3a 91.1ab 89.7c 90.3bc 0.28

Non-essential amino acids
Alanine 87.6ab 88.3a 86.0b 87.2ab 0.50
Aspargine 80.5a 79.9a 77.6b 78.5ab 0.60
Cysteine¤ 77.4ab 76.0b 77.6ab 78.7a 0.61
Glutamine 91.3b 91.3b 92.4a 93.0a 0.26
Glycine 77.7 79.3 75.9 78.0 0.89
Proline 83.2b 84.2b 88.4a 89.6a 0.58
Serine 87.5 87.4 86.1 86.9 0.39
Tyrosine 93.6 95.2 95.2 95.4 0.52

†Significant (pb0.05) differences among means are indicated by superscripts a, b, c.
‡Pooled standard error of the mean.
¤Cystine and cysteine.
lipid was observed for fish fed diets with NaDF extruded at 141 °C
(95.4%) compared to fish fed diets containing no NaDF, extruded at
either 110 °C (93.8%) or 141 °C (93.3%).

3.3. Physical quality

The main effects of ingredient, extrusion temperature, and NaDF
supplementation on physical quality of extruded diets are shown in
Table 7. Inclusion of BPC gave a significantly higher hardness,
expansion ratio, and durability of the pellets, but reduced the WSI
and pH compared to diets with FM. Increasing the extrusion
temperature from 110 to 141 °C significantly improved pellet
durability. Supplementation of NaDF to diets gave a significantly
higher expansion ratio, durability, andWSI, but reduced the pH of the
extruded diets compared to diets without NaDF.

Significant interactions were found between ingredient and NaDF
supplementation for pH of the extruded diets. Diets containing BPC
(pH=6.17) had a significantly lower pH than diets with FM
(pH=6.45) when no NaDF was added. Addition of NaDF resulted in
a significantly lower pH of diets with BPC (pH=5.72) compared to FM
(pH=6.07). There were also significant interactions between extru-
sion temperature and NaDF supplementation for pH of the extruded
diets. Diets extruded at both 110 (pH=6.32) and 141 °C (pH=6.30)
containing no NaDF had significantly higher pH compared to diets
with NaDF. The reduction in pHwhen adding NaDF to diets was higher
when extruding the diets at 141 (pH=5.87) than 110 °C (pH=5.93).

Significant three-way interactions among ingredient, extrusion
temperature, and NaDF supplementation were found for expansion
ratio, durability, and WSI (Table 8). The highest expansion ratio was
found for the BPC diet extruded at 110 °C with NaDF, whereas BPC
extruded at 110 °C without NaDF resulted in the lowest expansion
ratio. The best durability was given by BPC extruded at 141 °C with
NaDF, while the FM extruded at 110 °C without NaDF resulted in the



Table 7
The main effects of ingredient, extrusion temperature, and NaDF supplementation on physical quality and pH of extruded diets (n=3).

Ingredient Extrusion
temperature

NaDF S.E.M.† p-values‡

FM BPC 110 °C 141 °C Without With I T N I×T I×N T×N I×T×N

Hardness [N] 24.2b 26.9a 26.1 25.1 25.0 26.2 0.46 b0.001 0.123 0.085 0.216 0.899 0.573 0.939
Expansion ratio [%] 1.5b 2.5a 2.1 1.9 1.3y 2.7x 0.23 0.006 0.420 b0.001 0.017 0.009 b0.001 b0.001
Durability [%] 91.5b 95.2a 92.5n 94.1m 91.7y 94.9x 0.30 b0.001 0.002 b0.001 0.002 0.879 0.449 0.005
Water stability index [%] 91.3a 85.6b 89.0 87.9 85.9y 91.1x 0.42 b0.001 0.086 b0.001 0.003 b0.001 0.002 0.002
pH 6.3a 5.9b 6.1m 6.1n 6.3x 5.9y 0.01 b0.001 b0.001 b0.001 0.339 0.002 0.021 0.289

†Pooled standard error of the mean for the main effects ingredient, extrusion temperature, and NaDF.
‡p-values are denoted by: I = ingredient; T = extrusion temperature; N = NaDF; I×T = the interaction between ingredient and extrusion temperature; I×N = the interaction
between ingredient and NaDF; T×N= the interaction between extrusion temperature and NaDF; I×T×N= the interaction between ingredient, extrusion temperature, and NaDF.
Significant (pb0.05) differences among means within ingredient are indicated by superscripts a, b, significant differences among means within extrusion temperature are indicated
by superscripts m, n, and significant differences among means within NaDF are indicated by superscripts x, y.
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poorest durability. The significantly lowest WSI of the pellets was
found for BPC diets extruded at both 110 and 141 °C without NaDF.
Hardness of pellets was positively correlated to durability (r=0.64,
pb0.001), and pH of the extruded diets was negatively correlated to
hardness (r=−0.61, p=0.002), expansion (r=−0.49, p=0.016),
and durability (r=−0.85, pb0.001).

4. Discussion

Information on the effect of BPC as a protein source for salmonids
is sparse. The present experiment demonstrated that the inclusion of
BPC in diets for rainbow trout increased the digestibility of crude
protein, but did not affect the digestibility of total amino acids
compared with FM diets. The improvement in crude protein
digestibility with inclusion of BPC in diets for rainbow trout is in
agreement with Gaylord et al. (2008), who observed an apparent
protein digestibility of 92 and 90% for BPC and FM, respectively.
Barrows et al. (2007a) also reported a higher protein digestibility for
diets based on a combination of FM and barleymeal compared to diets
solely based on plant concentrates or plant meals for rainbow trout.
The overall crude protein digestibility for both the BPC (83–85%) and
FM (82–83%) diets was, however, low in the present experiment
compared to previous observations with rainbow trout when using
the fecal stripping technique (Krogdahl et al., 2004; Øverland et al.,
2006; Sørensen et al., 2005). This may indicate that the crude protein
digestibility was underestimated in both the BPC and FM diets due to
the presence of indigestible nitrogenous compounds, including
neutral insoluble nitrogen in barley (Silke and Udén, 2006) or
irreversibly denatured protein complexes in the BPC or FM (Opstvedt
et al., 2003).

Feeding diets with BPC or FM to rainbow trout gave similar
digestibility values for total amino acids, indicating that the amino
acids were readily digested in both diets. The systematically lower
digestibility of individual EAAs and higher digestibility of individual
NEAAs in fish fed BPC diets is in line with Gaylord et al. (2010), who
reported lower digestibility of most individual EAAs in rainbow trout
Table 8
The effect of the three-way interaction among ingredient, extrusion temperature, and NaD

Treatment† FM diets

110 °C 141 °C

Without NaDF With NaDF Without NaDF With N

Hardness [N] 24.0b 24.7ab 23.3b 24.9ab

Expansion ratio [%] 1.9bc 2.1bc 0.6cd 1.2cd

Durability [%] 87.8d 92.0c 92.0c 94.2bc

Water stability index [%] 90.5a 91.2a 91.4a 92.2a

pH 6.5a 6.1c 6.4a 6.0d

†Significant (pb0.05) differences among means are indicated by superscripts a, b, c, d, e.
‡Pooled standard error of the mean.
fed BPC compared to those fed soy protein concentrate, corn gluten
meal, or wheat gluten. This could be explained by the lower
concentration of EAAs in the BPC compared to FM and that apparent
digestibility of a nutrient usually is underestimated at lower
concentrations in the diet (Gaylord et al., 2008). The lower lipid
digestibility in trout fed the diets containing BPC is most likely
explained by the higher content of carbohydrates in the BPC
compared to FM. The similar starch level among the diets indicates
a higher content of NSP in the BPC, such as mixed-linked (1→3)
(1→4)-β-glucans associated with the aleurone and endosperm layers
of the grain (Yu et al., 2002). As a consequence, the lipid digestibility
could have been reduced (Gatlin et al., 2007), as seen in broiler
chickens (Refstie et al., 1999).

The present experiment showed that increasing extrusion temper-
atures improved the digestibility of starch, protein, and individual
amino acids. The high starch digestibility observed for diets extruded at
141 °C is close to previously reported values for rainbow trout
(Krogdahl et al., 2004). Literature concerning the effect of extrusion
temperature on protein and amino acid digestibility in salmonids or in
terrestrial monogastric carnivores is, however, inconsistent. Ljøkjel et
al. (2004) reported reduced protein and individual amino acid
digestibility in mink (Mustela vison) when increasing the extrusion
temperature from 100 to 125 and 150 °C. Sørensen et al. (2002)
observed no effect of increasing the extrusion temperature from 100 to
125 and 150 °C on protein and individual amino acid digestibility in
rainbow trout. Sørensen et al. (2005) also found no effects of increasing
the extrusion temperature from 103 to 137 °C on protein digestibility in
rainbow trout. On the other hand, Barrows et al. (2007b) reported a
slight, but not significant, increase in protein digestibility in rainbow
trout when increasing the extrusion temperature from 93 to 127 °C.
Although it is recognized that excessive heat treatment may reduce
protein and individual amino acid digestibility (Opstvedt et al., 1984),
the present experiment showed that increasing the extrusion temper-
ature from 110 to 126 and 141 °C did not exceed the heat threshold
required to reduce protein digestibility in rainbow trout. This was also
evidenced by the increasing content of available lysine in the diets
F supplementation on physical quality and pH of extruded diets (n=3).

BPC diets S.E.M.‡

110 °C 141 °C

aDF Without NaDF With NaDF Without NaDF With NaDF

27.4ab 28.4a 25.2ab 26.8ab 0.92
−0.7d 5.1a 3.4ab 2.3bc 0.47
94.4bc 95.9ab 92.8c 97.6a 0.59
84.6b 89.8a 77.1c 91.0a 0.84
6.2b 5.7e 6.2bc 5.7e 0.01
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when increasing the extrusion temperature, as well as the positive
correlation between digestible lysine and available lysine for the BPC
diets.

Supplementation of NaDF to diets improved the digestibility of
lipid, ash, crude protein, total and individual amino acids, as
previously seen in pigs fed diets supplemented with KDF (Roth et
al., 1998). The increase in ash digestibility with NaDF supplementa-
tion can be explained by the high digestibility and absorption of Na
from NaDF in the diet. Similarly, Mroz et al. (2002) reported an
increase in ash and K digestibility with the addition of KDF to pig diets.
The inclusion of salts of formic acid in fish diets has shown to improve
the performance of Nile tilapia (Oreochromis niloticus) and salmonids,
as recently reviewed by Ng and Koh (2011). In line with the present
results, Lückstädt (2008) reported improved protein digestibility in
Atlantic salmon when 13.5 g kg−1 KDF was included to raw fish prior
to FM production or prior to diet extrusion. Storebakken et al. (2010)
also showed an increase in individual amino acid digestibility in
Atlantic salmon when diets were supplemented with 12 g kg−1 KDF.
Limited information is, however, available on the effects of adding Na
salts of formic acid in fish diets. Ringø (1992) found no significant
effect of adding 10 g kg−1 Na-formate on the digestibility of protein or
lipid in diets for Arctic charr (Salvelinus alpinus L.). The positive effects
of dietary organic acids or their salts on nutrient digestibility in pigs
has mainly been attributed a lowering of gastric pH, resulting in
increased activity of proteolytic enzymes, prolonged gastric retention
time, increased antimicrobial activity, and/or stimulation of pancre-
atic secretions (Partanen and Mroz, 1999). In the present experiment,
addition of 10.6 g kg−1 NaDF corresponded to a formic acid inclusion
of 4.2 g kg−1, and resulted in a pH drop equivalent of 0.4 U in the
extruded diets. The improved nutrient digestibility could, therefore,
partially be explained by a reduction in gastric pH in fish fed diets
containing NaDF.

The improved physical quality by use of BPC is in line with previous
studies reporting effects of partially replacing FM with legumes or
oilseeds (Kraugerud et al., 2011; Sørensen et al., 2009; Øverland et al.,
2009). This may be explained by differences in functional properties of
the protein sources used, as discussed by Sørensen et al. (2009). The
structure-forming properties of proteins are believed to result from the
denaturation, dissociation, and disulfide cross-linkage of globular
protein structures during extrusion, resulting in a network of proteins
which stabilize the pellet structure (Li and Lee, 1996). Plant ingredients
often serve as a source of non-denatured, globular protein (Øverland et
al., 2009). Thus, the present results indicate that the protein present in
the BPC had more inherent binding properties, and hence, greater
structuring capability than FM. Further, the higher level of cysteine in
the BPC diets than the FM diets may also explain the improved physical
quality of pellets with BPC due to a higher formation of stabilizing
disulfide linkages during extrusion (Øverland et al., 2009; Sørensen et
al., 2009). The content of NSPs and the composition of the NSP fraction
in BPC could also have affected physical quality of the diets, as discussed
in previous studies (Hansen and Storebakken, 2007; Kraugerud et al.,
2011; Sørensen et al., 2009; Øverland et al., 2009).

Extrusion at 141 °C yielded pellets that were more durable than
pellets extruded at 110 °C, whereas pellet hardness, expansion ratio, and
water stabilitywere not influenced by extrusion temperature. In contrast,
Aarseth et al. (2006) observed a decrease in durability of pellets when
increasing the extruder temperature from 100 to 140 °C. The inconsis-
tency between these studies could be explained by differences in diet
formulation, extruder hardware, or processing parameters.

Supplementation of NaDF to diets gave more durable and water
stable pellets with a slightly larger expansion ratio than diets without
NaDF. The pH of the experimental diets was lowered when adding
NaDF, as seen when adding KDF to plant-based diets (Ng et al., 2009).
The negative correlation between pH and durability and expansion
indicates that the improved durability and expansion of pellets in the
present experiment was a result of the 0.4 U reduction in pH by the
addition of NaDF. These results suggest that NaDF affect the physical
quality of diets, even at the low dietary concentration of 10.6 g kg−1.
Expansion and durability are usually negatively correlated parameters
(Hansen and Storebakken, 2007; Sørensen et al., 2009). The present
experiment showed, however, that NaDF increased both pellet
durability and expansion. This is in contrast with the findings of
Morken et al. (in press), who observed reduced expansion and
increased pellet hardness when supplementing 12 g kg−1 KDF to
extruded fish diets containing soybean meal. The improved physical
quality of diets with NaDF could, therefore, also be due to an improved
structuring capability of proteins in the presence of Na, as seen when
adding NaCl to wheat flour dough (Chiotelli et al., 2004). This may
have changed the functional properties of the protein, resulting in
altered textural properties of the extrudate.

5. Conclusion

This experiment has demonstrated that inclusion of BPC reduced
the digestibility of some nutrients in rainbow trout, improved
digestibility of others and improved the physical quality of pellets
when compared to diets with FM as the sole protein ingredient.
Extrusion at 141 °C improved the digestibility of several nutrients and
increased the durability of pellets compared to extrusion at 110 °C.
Supplementation of NaDF increased the digestibility of nutrients, as
well as improving physical quality of extruded diets, demonstrating a
potential for the application of NaDF in diets for rainbow trout. This
knowledge should be further supplemented with studies on mech-
anisms of diformate acid salts to obtain a better understanding of the
mode of action of NaDF on the digestibility of nutrients in fish and
physical quality of extruded diets.
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Abstract 17 

  18 

 The objective of the present experiment was to investigate effects of heat 19 

treatment by autoclaving and addition of the acid salt sodium diformate (NaDF) to diets 20 

on amino acid (AA) composition, in vivo coefficient of total tract apparent digestibility 21 

(CTTAD) in mink (Neovison vison) and in vitro bioavailability using crude enzyme 22 

extracts from Atlantic salmon (Salmo salar). The chemical and physical properties of the 23 

diets were also evaluated. The experimental treatments were organized according to a 4×2 24 

factorial design with four temperatures (100, 110, 120 and 130 ºC) and two levels of 25 



2 
 

NaDF supplementation (0 and 10.6 g/kg). In vivo CTTAD was determined for all 26 

experimental treatments, whereas in vitro bioavailability was estimated for the NaDF 27 

treatments at 100 and 130 ºC. The results showed that heat treatment at 130 ºC reduced 28 

(P<0.05) the dietary content of several AA, in particular Arg, Cys, Lys and Met. The in 29 

vivo CTTAD of crude protein and all individual AA and the in vitro bioavailability of AA 30 

were reduced (P<0.01) with increasing temperatures. Heat treatment also reduced the 31 

amount of reactive and available Lys (P<0.001), protein solubility (P<0.01) and increased 32 

browning of the diets as measured by the CIE L* a* b* color model (P<0.001). Inclusion 33 

of NaDF reduced (P<0.05) the dietary content of several indispensable and dispensable 34 

AA. The in vivo CTTAD of crude protein and AA in mink was not affected by 35 

supplemental NaDF (P>0.1), but improved (P<0.05) the bioavailability of AA in the in 36 

vitro assay. The presence of NaDF also reduced the amount of reactive Lys (P<0.05), 37 

protein solubility (P<0.05) and increased browning of the diets (P<0.001). In conclusion, 38 

the present experiment has demonstrated negative effects of heat treatment on both in 39 

vivo CTTAD of protein in mink and in vitro bioavailability of AA. This could be 40 

explained by heat-induced changes in the protein, as shown by the increased browning 41 

and reductions in available Lys and protein solubility. Supplemental NaDF did not affect 42 

in vivo CTTAD in mink, but improved the in vitro bioavailability of AA when using 43 

digestive enzymes from Atlantic salmon. 44 

 45 

Keywords: Autoclave; Digestibility; In vitro; Mink; Sodium diformate; Temperature. 46 

Abbreviations: BPC, barley protein concentrate; CTTAD, coefficient of total tract 47 

apparent digestibility; AA, amino acid; GIM, gastrointestinal model; KDF, potassium 48 

diformate; NaDF, sodium diformate. 49 

50 
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1. Introduction 51 

  52 

 Animal feeds are processed with the use of heat treatment for hygienization and 53 

improvement of nutritional and physical quality (Thomas et al., 1997). Feed ingredients 54 

are also subjected to heat treatment to evaporate solvent residues and to inactivate heat-55 

labile antinutritional factors (Storebakken et al., 2000). In both cases, thermal treatment 56 

leads to physicochemical and chemical changes which affect the protein quality (Camire, 57 

1998). Apart from denaturation, amino acids (AA) may react with other AA or undergo 58 

various side-chain reactions with lipids and their oxidation products, polyphenols, vitamin 59 

B6, various chemical additives and reducing sugars (Cheftel, 1986; Moughan, 2003). 60 

These reactions leads to disruption and reformation of strong covalent bonds in the amino 61 

acid structure, which render the protein less susceptible to hydrolysis by digestive 62 

proteases (Phillips, 1989). Such unwanted heat-induced chemical reactions may also 63 

impair the ability of AA to serve as substrates for protein synthesis in the animal 64 

(Moughan, 2003).  65 

 Structural changes in proteins during heat treatment are a function of temperature, 66 

moisture, time and presence of reducing substances in the feed (Papadopoulos, 1989). 67 

The extent of structural changes is generally greater when applying dry heat compared to 68 

moist heat (Ljøkjel et al., 2000; 2004; Sørensen et al., 2002; Opstvedt et al., 2003), 69 

especially at increased treatment times (Arndt et al., 1999; Fontaine et al., 2007). Lysine 70 

is particularly exposed to structural changes and may thus serve as an indicator of protein 71 

damage during heat treatment (Björck and Asp, 1983; Singh et al., 2007).  However, 72 

conventional AA analysis does not discriminate between lysine that has not undergone 73 

binding with reducing sugars (reactive lysine) and bound lysine (unreactive lysine) from 74 

the early stages of the Maillard reaction (Pahm et al., 2008). Thus, it is preferable to 75 
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measure reactive lysine to evaluate lysine availability in feeds that have undergone heat 76 

treatment (Moughan and Rutherfurd, 1996; Moughan, 2003; Rutherfurd et al., 2007; 77 

Singh et al., 2007). Application of in vitro models to evaluate changes in bioavailability 78 

of AA has also been shown to be useful tools for fish feeds and ingredients 79 

(Rungruangsak-Torrissen et al., 2002; Morales and Moyano, 2010). In vitro methods have 80 

the advantage of being rapid and inexpensive, in addition to reduce the number of 81 

experimental animals needed. In this respect, the amount of bioavailable AA refers to the 82 

proportion of an ingested nutrient which is available for intestinal absorption and 83 

physiological utilization in the animal (Parada and Aguilera, 2007). 84 

 Protein digestibility can be improved by organic acid salts, as demonstrated in our 85 

recent experiment (Morken et al. 2011a). Positive effects of sodium diformate (NaDF) 86 

were observed on digestibility of crude protein (CP) and AA in rainbow trout 87 

(Oncorhynchus mykiss) fed diets extruded at different temperatures. However, no 88 

interactions were observed between heat treatment and acid salts when NaDF or 89 

potassium diformate (KDF) were added to diets for rainbow trout and Atlantic salmon 90 

(Salmo salar), respectively (Morken et al., 2011a; b). There is a gap in the knowledge 91 

about the potential protective effect of NaDF on proteins during heat treatment. The 92 

objective of the present experiment was, therefore, to investigate the effects of heat 93 

treatment at long retention times and the acid salt NaDF on AA composition, in vivo 94 

digestibility in mink (Mustela vison) and in vitro bioavailability using crude enzyme 95 

extracts from Atlantic salmon. In addition, the chemical and physical properties of the 96 

diets were also evaluated. 97 

 98 

99 
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2. Materials and methods 100 

 101 

2.1 Experimental design and diets 102 

 The dietary treatments were organized according to a 4×2 factorial design with 103 

four temperatures (100, 110, 120, and 130 ºC) and two levels of NaDF supplementation 104 

(0 and 10.6 g/kg). Diets with the nutritional characteristics for salmonid fish (Morken et 105 

al., 2011a) were formulated with fish meal, barley protein concentrate (BPC), and wheat 106 

flour as the main ingredients. The proximate chemical composition of the main 107 

ingredients is shown in Table 1. Diet 1 (control) contained no feed additives and Diet 2 108 

(control + NaDF) was formulated by adding 10.6 g/kg NaDF (Table 2). The NaDF 109 

(Formi® NDF, ADDCON Nordic AS, Porsgrunn, Norway) is a conjugated salt of formic 110 

acid and sodium formate (HCOOH··HCOO-Na). The Formi® NDF contained 970 g/kg 111 

NaDF, of which 195.6 g/kg was sodium, 391.5 g/kg formic acid, and 382.9 g/kg formate, 112 

while the remaining 30 g/kg was a mixture of vegetable fat (palmitic and stearic acid) and 113 

silicic acid (SiO2). The addition of NaDF was calculated to be equivalent to the formic 114 

acid content of 12 g/kg potassium diformate (KDF) (Øverland et al., 2000).  115 

 116 

2.2 Heat treatment of experimental diets 117 

 The experimental diets were heat treated at Nofima (Ås, Norway), using a Getinge 118 

GE 2606 EC (Getinge AB, Getinge, Sweden) laboratory autoclave. The chamber of the 119 

autoclave had a height and width of 672 mm, dept of 660 mm, and a volume of 298 L. 120 

The temperature sensor within the autoclave chamber was fitted in a glass bottle 121 

containing 200 mL of sterilized water at 22 ºC. Individual batches of ground and mixed 122 

dry feed ingredients, weighing 2.5 kg each, were added 200 g/kg water (wt/wt) during 123 

continuous mixing and put in plastic autoclave bags. The autoclave bag was placed on an 124 
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aluminum tray and the material was spread in a thin layer prior to folding the open end of 125 

the bag. A second autoclave bag was subsequently threaded over the first bag. Individual 126 

batches of each diet was autoclaved using a wet-cycle program with set-temperatures of 127 

100, 110, 120, or 130 ºC and 20 min treatment time at the targeted temperature. The total 128 

autoclave run times varied and were on average 56, 68, 77, and 84 min for the set-129 

temperatures of 100, 110, 120, and 130 ºC, respectively. The differences in run times 130 

were due to the time needed to reach the desired pressure and set-temperature and 131 

subsequent reduction in pressure at the end of an autoclave cycle, and could not be 132 

adjusted manually. Although the total treatment time varied among the different heat 133 

treatments, set-temperature was constant (20 min) and, therefore, not included in the 134 

statistical model. Following autoclaving, the diets were immediately sealed in plastic 135 

buckets and stored at 22 ºC. The frozen diet samples were ground to pass through a 1 136 

mm screen using a Retsch SM 100 cutting mill (Retsch Gmbh, Haan, Germany) and 137 

stored at 22 ºC until used in the animal experiment. 138 

 139 

2.3 Color measurement 140 

 Color evaluation of the autoclaved and ground diets without fish oil was 141 

undertaken by reflectance spectrophotometry according to the CIE L* a* b* color model. 142 

This model is a three-dimensional colorimetric system where L* ranges from 0 (black) to 143 

100 (white) and indicates lightness, a* and b* are the chromaticity co-ordinates indicating 144 

the color in the red (+a* at 0º) to the green (a* at 180º) direction as well as the yellow 145 

(+b* at 90º) to the blue (b* at 270º) direction (Masoud and Jakobsen, 2003). CIE L* a* 146 

b* values of the diet samples were obtained using a HunterLab LabScan® XE 147 

colorimetric spectrophotometer (Hunter Associates Laboratory Inc., Reston, VA, USA) 148 

with a D65 illuminant, a 10º observer angle, and a viewing port of 1”. Each diet sample 149 
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was measured in triplicate, and the mean value was recorded based on three parallel 150 

readings from each replicate. The a* and b* values were transformed to hue angle, h = 151 

arctan (b*/a*), in order to express the color shade (Masoud and Jakobsen, 2003). 152 

 153 

2.4 In vitro bioavailability assay 154 

 The in vitro assay involved a two-step gastrointestinal model (GIM) designed to 155 

simulate the continuous removal of digestion products during hydrolysis of substrates in 156 

the stomach and intestinal phases of digestion (Hamdan et al., 2009). Crude enzyme 157 

extracts were collected from Atlantic salmon and in vitro bioavailability of total AA was 158 

estimated on both levels of NaDF at two temperatures (100 and 130 ºC). The in vitro 159 

assays were carried out using autoclaved and ground diets added fish oil.  160 

 Atlantic salmon with 658 g average body weight (n=40; SD=98) were kept in a 161 

2.5 m3 fiberglass tank supplied with seawater at an average water temperature of 6 ºC at 162 

the Norwegian Institute for Water Research (Solbergstrand, Norway). Fish were fed a 163 

commercial diet (587 CP/kg DM) two times a day (9:00 and 14:30 hours) for 9 days at a 164 

level representing on average 0.7% of the body weight. Fish were sampled at different 165 

time intervals (1.5 h, 6.5 h and 3 days postprandial) in order to obtain enzyme extracts 166 

with a maximum activity. During sampling, fish were anesthetized with 60 mg/L tricaine 167 

methanesulfonate (MS-222™, Pharmaq, Hampshire, UK) and killed (head trauma). The 168 

sacrificed fish were immediately chilled on ice and stored at 20 ºC prior to dissection of 169 

the organs (stomach and proximal intestine including pyloric ceca). Crude extracts from 170 

the organ samples and determination of acid and alkaline protease activities were 171 

prepared as described by Morales and Moyano (2010) and stored at 20 ºC until used in 172 

the in vitro assay.  173 
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A preliminary assay was performed to assess protein solubility in each diet by 174 

reproducing the pH profile to be used during the acid and alkaline phases of the 175 

hydrolysis. This assay also served to adjust the initial amount of diet to include in the 176 

enzyme assays. In brief, 100 mg diet was suspended in water and stirred, and sampled at 177 

different time intervals (Figure 1). The total reaction time was 240 min, of which the acid 178 

and alkaline phases constituted 60 and 120 min, respectively. Soluble protein was 179 

determined in duplicate for each diet after centrifugation (4,000 rpm, 3 °C, 15 min) as 180 

described by Bradford (1976).  181 

The acid phase of the hydrolysis in the GIM was simulated in a closed chamber; 182 

150 mg of each diet were suspended and stirred in water for 60 min to initiate 183 

solubilization. The pH was then adjusted to 4.0 by adding 0.5 M HCl followed by 184 

addition of crude enzymatic extract from fish stomach in order to reach an 185 

enzyme:substrate (E:S) ratio of 50 U/mg protein. Reaction products were not removed 186 

during this phase (120 min). The reaction mixture was transferred to a semi-permeable 187 

membrane reactor adapted from Savoie and Gauthier (1986). The device was formed by 188 

an inner reaction chamber separated from an outer chamber by a dialysis membrane of 189 

3,500 Da MWCO (SpectraPor 6, Spectrum Medical Industries, Los Angeles, CA, USA). 190 

The pH was gradually raised to 8.5 by pumping 0.1 M borate buffer prior to addition of 191 

crude extract from pyloric ceca providing alkaline proteases to reach an E:S ratio of 27 192 

U/mg protein. The alkaline hydrolysis was maintained for 240 min. The AA released 193 

during this digestion phase passed across the membrane and were continuously removed 194 

from the outer chamber by the continuous flow of buffer controlled by a peristaltic pump. 195 

Both reaction chambers were placed in a thermal water bath which maintained reaction 196 

temperature at 25 °C. Although this is higher than the physiological temperature of 197 

salmonids, it was selected in order to increase the enzyme activity and to reduce the time 198 



9 
 

required for each analysis, in addition to improve the discriminating power of the assay 199 

(Hamdan et al., 2009). 200 

 The amount of total AA released during hydrolysis was determined at different 201 

time intervals during alkaline digestion in both dialysates and the inner chamber. In the 202 

latter case, measures were performed on small samples (50 L) after precipitation of 203 

protein by 200 g/L trichloroacetic acid (TCA) followed by centrifugation (4,000 rpm, 3 204 

°C, 15 min) of the supernatant solution. The content of AA was determined using the o-205 

phthaldialdehyde method of Church et al.  (1983). Total amount of AA produced at each 206 

sampling moment was estimated from the sum of those measured in the dialysate and 207 

those present at such moment in the inner chamber. The in vitro assay was run in 208 

triplicate for each diet.  209 

 210 

2.5 Feeding trial with mink 211 

 Two mink experiments were carried out at the Department of Animal and 212 

Aquacultural Sciences (UMB, Ås, Norway). A total of 16 adult male mink of the 213 

genotype standard dark, with an average initial weight of 2161 g (SD = 248), were used in 214 

each experiment. The animals were kept in individual cages equipped for controlled 215 

feeding and fecal collection. All autoclaved diets were mixed with 167 g/kg fish oil and 216 

water, weighed into cups and stored at 22 ºC until one day before feeding. The 217 

individual wet daily rations contained 66 g DM (SD = 0.8) and weighed 150 g. Each of 218 

the 8 experimental diets was fed to a group of 4 animals for 7 days, of which feces were 219 

quantitatively collected for each animal once a day the last 4 days. The animals had free 220 

access to water during the feeding trials. Individual fecal samples were frozen at 22 ºC 221 

immediately after sampling. At the end of the experiment, the feces were pooled, freeze-222 

dried, ground, and sieved for removal of hair prior to chemical analysis. The CTTAD in 223 
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mink was calculated as ((a  b) / a), where a is the nutrient intake and b is the amount of 224 

nutrients in feces (Skrede et al., 2001). 225 

 226 

2.6 Chemical analyses 227 

Main ingredients (fish meal, BPC and wheat flour), freeze-dried diets and feces 228 

were analyzed for dry matter (Dir. 71/393/EEC), ash (Dir. 71/250/EEC), CP as Kjeldahl 229 

nitrogen (Dir. 93/28/EEC) × 6.25, crude lipid by HCl hydrolysis followed by diethyleter 230 

extraction (Dir. EU 98/64), and starch (AOAC enzymatic method 996.11). Diet samples 231 

were defatted with acetone prior to starch analysis. Individual AA in diets and feces were 232 

analyzed according to the EC method (Dir. 98/64EC) on a Biochrom 30 AA analyzer 233 

(Biochrom Ltd., Cambridge, UK). Tryptophan was not analyzed in the present 234 

experiment and all AA figures are presented in dehydrated form. Reactive lysine in diets 235 

were determined using the guanidination method according to Moughan and Rutherfurd 236 

(1996), as previously described by Morken et al. (2011a). The AA and reactive lysine 237 

assays were performed with diet samples containing no fish oil and the analyzed contents 238 

were corrected for fish oil addition to represent AA and reactive lysine in the complete 239 

diets. The pH value of the diets was measured in triplicate as described by Gao et al. 240 

(2011). Determination of total formic acid content in diet samples was conducted by 241 

ADDCON Europe GmbH (Bitterfeld-Wolfen, Germany). In brief, triplicate samples of 242 

diets without fish oil were homogenized and 515 g of each diet was weighed in a glass 243 

bottle together with 0.3 g sodium butyrate (internal standard). The samples were diluted 244 

with 150 mL water prior to extraction in an ultrasonic water bath for 30 min at 40 ºC. The 245 

extracts were filtered at 0.45 m prior to analysis by HPLC on a column designed for 246 

separation of organic acids (Rezex™ 8 m ROA-Organic Acid H+ [8%], dimension 300 × 247 

7.8 mm, Phenomenex, CA, USA) at 30 ºC with 0.01 N sulfuric acid as effluent and 0.5 248 
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mL/min flow. Formic acid was then detected by an RI-refractometer. The column used to 249 

separate formic acid did not discriminate between formic acid (HCOOH) and formate 250 

(HCOO). The content of NaDF was calculated for all diets based on values corrected for 251 

fish oil addition as ((a × b) / c), where a is the total analyzed content of dietary formic 252 

acid and formate, b is the percentage of NaDF in Formi® NDF (97%) and c is the 253 

percentage of formic acid and formate in pure NaDF (77.44%). 254 

 255 

2.7 Statistical analyses 256 

 A four by two ANOVA was performed on data from chemical analyses, color 257 

analysis and in vivo CTTAD of nutrients in mink using the general linear model 258 

procedure of the SAS 9.2 computer software (SAS Institute Inc., Cary, NC, USA). Effects 259 

of temperature level (100, 110, 120, or 130 ºC) and NaDF level (0 or 10.6 g kg1) were 260 

tested using the following model: Yijk = μ + τi + j + (τ)ij + εijk, where μ = general mean; 261 

τi = main effect of level i (= 1, 2, 3, 4) for the factor temperature;  j  = main effect of 262 

level j (= 1, 2) for the factor NaDF; (τ)ij = interaction effect between level i for the factor 263 

temperature and level j for the factor NaDF; εijk = random effect. Orthogonal polynomials 264 

were used to test linear, quadratic and cubic responses of increasing autoclave 265 

temperatures on chemical and physical properties of the diets and CTTAD of individual 266 

nutrients in mink. Data analysis for protein solubilization and total amount of AA 267 

released under the in vitro test was performed using a two by two factorial ANOVA by 268 

applying the same model as described above, but with two temperature levels (100 and 269 

130 ºC). The results are presented as means for each treatment, and variance is expressed 270 

as the pooled standard error of means (SEM). Differences between means were ranked 271 

using the Ryan-Einot-Gabriel-Welsch multiple range test. The level of significance was 272 

set at P<0.05, while tendencies were set at 0.05P<0.10. 273 
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3. Results 274 

 275 

3.1 Characterization of ingredients and experimental diets 276 

 The proximate chemical composition of the main dietary ingredients is given in 277 

Table 1. The BPC contained less CP and ash, but more lipid and starch than the fish meal. 278 

The residual was higher for BPC than for the other main dietary ingredients. The 279 

analyzed proximate chemical compositions of diets are shown in Table 2. The proximate 280 

composition showed minor variations among the diets, except for crude lipid which 281 

ranged from 254 to 283 g/kg DM.  282 

 The interactive effects of temperature and NaDF on the analyzed contents of 283 

individual AA are shown in Table 3. The contents of AA appeared to be temperature 284 

dependent and were ranked according to temperature within the NaDF treatments. In diets 285 

without NaDF, the contents of Arg, Lys, Met, Cys, Glu, Tyr, total indispensable AA and 286 

total dispensable AA were reduced (P<0.05) after heat treatment at 120 ºC and Arg, Met 287 

and Cys were further reduced at 130 ºC (P<0.05). In diets with NaDF, the contents of 288 

Met, Lys and Cys were reduced (P<0.05) after heat treatment at 130 ºC. Addition of 289 

NaDF significantly reduced the contents of total AA and the majority of indispensable 290 

AA (Arg, His, Leu, Lys, Met and Thr) and dispensable AA (Ala, Asp, Cys, Gly and Ser).  291 

 The main effects of temperature and NaDF supplementation on the contents of 292 

reactive and available Lys, formic acid, NaDF, and pH of the diets are shown in Table 4. 293 

Increasing temperatures during autoclaving gave a linear decrease (P<0.001) in the 294 

amount of reactive and available Lys. Temperature did not affect the dietary levels of 295 

formic acid and NaDF, whereas diet pH was significantly higher for diets heat treated at 296 

100 and 110 ºC than 120 and 130 ºC. Supplementation of NaDF significantly reduced the 297 

content of reactive Lys, but did not affect the amount of available Lys in the diets. Diets 298 
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containing NaDF had a significantly higher content of formic acid compared to non-299 

supplemented diets, which contained small amounts of formic acid and formate from the 300 

dietary ingredients. Consequently, the calculated content of NaDF was similar to the 301 

added amount of 10.6 g/kg NaDF when correcting for inherent formic acid and formate 302 

contents of the non-supplemented diets. Addition of NaDF also resulted in a significant 303 

0.5 U reduction in pH. Significant interactions between temperature and NaDF were 304 

observed on the pH of the diets (Table 5). Diet pH was significantly lower in diets treated 305 

at 120 or 130 ºC when no NaDF was added, while addition of NaDF showed the lowest 306 

pH at 120 ºC. 307 

 308 

3.2 Color of experimental diets 309 

 The color of the autoclaved diets, as determined by the CIE L* a* b* coordinates 310 

and hue angle (h), were significantly affected by temperature, NaDF as well as the 311 

interaction between these (Table 4). Temperature explained the greatest proportion (Type 312 

I SS) of the total variation in the model for L* (98.4%), a* (96.5%), b* (47.2%) and hue 313 

angle (98.9%). Increasing temperatures increased color development, as shown by the 314 

linear (P<0.001) reduction in L*. Concurrently, a* increased (linear P<0.001) in the red 315 

direction and b* decreased (quadratic P<0.001) in the yellow direction. The hue angle 316 

also decreased (linear P<0.001) from 74 to 66º with increasing temperature towards a 317 

visually brownish shade. Addition of NaDF significantly increased the color development 318 

of diets, as shown by the reduction of L* and hue angle with the increase of a* and b* 319 

values. 320 

 There were significant interactions between temperature and NaDF 321 

supplementation on the CIE L* a* b* coordinates and hue angle (Table 5). The linear 322 

reduction of L* with increasing temperatures was evident for both NaDF treatments, but 323 
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L* decreased more rapidly at 120 and 130 ºC in diets containing NaDF compared to diets 324 

without acid salt. The increase in a* with increasing temperatures was overall higher in 325 

diets with NaDF and resulted in increased redness at 130 ºC compared to diets containing 326 

no NaDF. Higher b* values were observed for diets with NaDF processed at 110 and 120 327 

ºC compared to diets without NaDF. The hue angle was similar for both NaDF treatments 328 

processed at 110 and 130 ºC, but were significantly lower for diets processed at 100 and 329 

120 ºC when NaDF was added.  330 

 331 

3.4 In vitro bioavailability assay 332 

The results from the preliminary assay on protein solubilization in diet samples 333 

during acid and alkaline pH conditions are shown in Figure 1. Changes in the amount of 334 

solubilized protein were closely related to changes in pH induced after the initial period 335 

of stirring in distilled water. For all diets, soluble protein increased when pH was changed 336 

from 4.0 to 8.0. Protein solubility decreased from 97.2 to 55.7 g when temperature was 337 

increased from 100 to 130 ºC (P=0.001) and from 85.8 to 67.1 g when NaDF was 338 

supplemented to the diets (P=0.024). The reduction in protein solubilization with 339 

supplemental NaDF tended to be most prominent when heating at 100 ºC (P=0.116). 340 

The main effects of temperature and NaDF supplementation on the in vitro release 341 

of AA during hydrolysis by salmon proteases are shown in Table 6. Both temperature and 342 

NaDF significantly affected the hydrolysis of protein by salmon proteases performed in 343 

vitro. Increasing the autoclave temperature from 100 to 130 ºC gave a significant 344 

reduction in the release of AA, while a significant increase was observed when 345 

supplementing diets with NaDF. The results indicated a positive interaction (P=0.07) 346 

between temperature and NaDF on the amount of AA released during hydrolysis as 347 

demonstrated by the higher release at 130 ºC compared to 100 ºC (Figure 2).  348 
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3.4 In vivo total tract digestibility in mink 349 

 The main effects of temperature and NaDF supplementation on CTTAD of CP and 350 

individual AA in mink are shown in Table 6. Significant effects of temperature were 351 

observed on the CTTAD of CP, total AA and all individual AA. Increasing the autoclave 352 

temperature from 100 to 130 ºC gave a significant linear reduction (P0.01) on the 353 

CTTAD of CP and total AA. The CTTAD of the majority of indispensable and 354 

dispensable AA decreased at treatment temperatures above 110 ºC. The CTTAD of Met 355 

was significantly reduced at 120 ºC and further reduced at 130 ºC. Tyr was significantly 356 

reduced at 130 ºC. This was also shown by the significant linear (P<0.001) reduction in 357 

CTTAD of individual AA in response to increasing autoclave temperatures. Increasing 358 

the temperature from 100 to 130 ºC caused the most severe reduction in the CTTAD of 359 

Thr (8.4%), Cys (16.7%) and Asp (17.1%), and the least severe reduction in the CTTAD 360 

of Pro (5.1%), Phe (5.0%) and Arg (4.4%). There were no significant effects of NaDF 361 

level on CTTAD of CP and individual AA. Also, no significant interactions between 362 

temperature and NaDF were observed on the CTTAD of any major nutrients or individual 363 

AA. There were no significant correlations among in vivo CTTAD of Lys, reactive and 364 

available Lys. 365 

 366 

4. Discussion 367 

  368 

 The heat treatment applied in the present experiment was targeted to induce 369 

thermal stress by autoclaving. The goal was further to investigate if acid salts have a 370 

protective effect on proteins during heat treatment due to the reported beneficial effect of 371 

NaDF on protein digestibility in rainbow trout fed diets extruded at different temperatures 372 

(Morken et al., 2011a). 373 
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4.1 Chemical and physical properties of the experimental diets 374 

 The reduction of individual AA in response to heat treatment agrees with previous 375 

observations where diets have been autoclaved at temperatures ranging from 130 to 376 

135 ºC (Skrede and Krogdahl, 1985; Ljøkjel et al., 2000). Loss of AA in feeds due to heat 377 

treatment may result from changes in the AA structure caused by interactions between 378 

proteins and reducing compounds, such as the Maillard reaction (Cheftel, 1986; 379 

Papadopoulos, 1989). Amadori compounds are intermediates resulting from the early 380 

stages of the Maillard reaction, and typically involve Lys or Arg in the presence of 381 

carbohydrates or their degradation products (Belitz et al., 2009). The Amadori 382 

compounds can be regenerated to Lys during acid hydrolysis, while the advanced 383 

Maillard products are acid-stable and may give a reduced total Lys content (Moughan, 384 

2003; Pahm et al., 2008). Thus, the consistency between reactive and total Lys level in 385 

response to NaDF treatment in the present experiment suggests that the protein underwent 386 

more severe structural changes when subjected to the acid salt (Moughan, 2003). This is 387 

consistent with the higher color development of feed containing NaDF, as the formation 388 

of advanced Maillard products is typically shown by an increase in yellow/brown 389 

pigmentation (Bates et al., 1994). The increase in browning due to NaDF was unexpected 390 

in view of the general assumption that acidic conditions disfavor the Maillard browning 391 

reaction (Ashoor and Zent, 1984; Renn and Sathe, 1997; Ajandouz and Puigserver, 1999). 392 

However, these results are similar to those reported by Bates et al. (1994) where acidic 393 

pH favored Maillard browning, as measured in a model system consisting of wheat 394 

starch, glucose and Lys. Thus, the reduced content of reactive Lys in diets with NaDF 395 

could be an effect of lowered diet pH, which in turn, aggravated heat-induced changes in 396 

the AA structure.  397 

 398 



17 
 

4.2 In vitro bioavailability assay 399 

 Susceptibility of different proteins to enzymatic hydrolysis by digestive proteases 400 

depends on a number of factors such as their solubility, structural complexity and AA 401 

composition (de Jonge et al., 2009; Sáenz de Rodrigáñez et al., 2011), as well as external 402 

factors like thermal treatment and chemical compounds present in the solution 403 

(Bassompierre et al., 1998). In the present work, protein solubilization represented the 404 

first step in assessing potential differences among experimental treatments at the pH 405 

conditions used to simulate protein hydrolysis in the salmon gut. The final result 406 

depended on the type and relative proportion of different protein fractions in the main 407 

dietary ingredients (fish meal, BPC and wheat flour). Fish meal is a source of water-408 

soluble albumins and salt-soluble fibrillar protein such as actin, myosin and globulins 409 

(Belitz et al., 2009; Hayakawa et al., 2009), whereas barley and wheat contains high 410 

amounts of acid/alkali-soluble glutelin (Shewry, 1993; Sathe et al., 2005). This explains 411 

the increased amount of soluble protein during the acid phase and the subsequent rapid 412 

increase during alkalization as shown in Figure 1. Furthermore, it has been reported that a 413 

previous acid digestion stage improves further solubilization and hydrolysis by alkaline 414 

proteases (Seymour et al., 1994; Hamdan et al., 2009; Morales and Moyano, 2010).  415 

 The reduced protein solubility with NaDF supplementation can be explained by a 416 

negative effect of increased Na concentrations from NaDF on solubility of barley protein 417 

(Bilgi and Celik, 2004), however, it is more reasonable that this observation was a result 418 

of increased thermal degradation when adding NaDF to diets, as discussed previously. 419 

Heat-induced changes to proteins with subsequent loss of hydrophilic character were 420 

most likely the cause of the reduced protein solubility in diets heat treated at 130 ºC. 421 

Similar results were reported by Bassompierre et al. (1997; 1998) where protein solubility 422 

was consistent with differences in fish meal quality.   423 
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 Total amount of AA released from the different experimental feeds after the 424 

alkaline phase of the hydrolysis demonstrated a clear effect of thermal treatment on the 425 

susceptibility of feed protein to be hydrolysed by salmon proteases. This reduction can be 426 

explained by a combination of  the decreased availability of soluble protein and a lower 427 

accesibility of proteases to their target AA as a result of chemical cross-links and/or 428 

conformational changes in the protein molecules (Phillips, 1989). Reduction in the 429 

availability of Lys as a result of the Maillard reaction may have a considerable effect on 430 

the hydrolysing potential of trypsin, and thus,  reduce the release of AA as previously 431 

described for rainbow trout (Plakas et al., 1985).  432 

 433 

4.3 In vivo total tract digestibility in mink 434 

 In vivo total tract digestibility was measured in mink to enable biological 435 

evaluation of a heat treated mash in order to diminish possible interactive effects of pellet 436 

structure on digestive processes in the animal (Hilton et al., 1981; Venou et al., 2009; Aas 437 

et al., 2011). Mink is often used as a model animal to simulate digestion of protein and 438 

AA in salmonid fish because digestibility coefficients of protein and AA are highly 439 

correlated with salmon values (Romero et al., 1994; Skrede et al., 1998; Øverland et al., 440 

2006).  441 

 The reduced digestibility of protein and individual AA due to heat treatment by 442 

autoclaving is in line with previous results with mink (Skrede and Krogdahl, 1985; 443 

Ljøkjel et al., 2000). The latter authors showed that heat treatment gave the largest 444 

reduction in the digestibility of Cys and the lowest reduction in the digestibility of Arg, 445 

which is in agreement with the present results. These findings can be explained by the 446 

loss of AA, and in particular Cys, when diets were treated at high temperatures and long 447 

treatment times. The digestibility results coincided with the reduction of available Lys, 448 
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which is in agreement with our previous findings where rainbow trout was fed diets 449 

extruded at 110 and 141 ºC (Morken et al., 2011a). However, in the latter study there was 450 

an increase in both digestibility and available Lys with higher extrusion temperatures. It is 451 

likely that the reduced digestibility of protein and AA during autoclaving was caused by 452 

the formation of Maillard products, as shown by the increased browning with increasing 453 

autoclave temperatures. The adverse effect of heating can be regarded a direct effect of 454 

the combination of high temperature at long treatment times (Papadopoulos, 1989), 455 

because studies on heat treatment by extrusion have not shown similar negative effects on 456 

AA contents and protein digestibility in mink (Ljøkjel et al., 2004; Morken et al., 2011b). 457 

 Supplementation of NaDF to diets did not affect the digestibility of CP and 458 

individual AA in mink, as previously observed when using KDF (Morken et al., 2011b). 459 

Limited information is available regarding the effects of organic acid salts on protein 460 

digestibility in mink, however, positive effects have been reported for growing pigs (Roth 461 

et al., 1998) and salmonid fish species (Storebakken et al., 2010; Morken et al., 2011a). 462 

Improved protein digestion in pigs fed organic acid salts is considered to be an effect of 463 

reduced gastric pH due to increased proteolytic activity and gastric retention time 464 

(Partanen and Mroz, 1999). The ability of organic acids to reduce gastric pH depends on 465 

the intraluminal digesta acidity and the dissociation properties of the acid (Mroz et al., 466 

2006). Thus, the inconsistency between the present results obtained in mink compared to 467 

NaDF for rainbow trout (Morken et al., 2011a) could be attributed to differences in 468 

gastric pH between mammals and fish. In general, mink has a higher gastric acidity (pH 469 

~2) than rainbow trout (pH ~4.0) kept in freshwater (Sugiura et al., 2004; 2006; Vhile et 470 

al., 2007). The acid dissociation constant of NaDF (pKa = 3.75) is higher than the gastric 471 

pH of mink, indicating that the majority of the acid molecules would be present in the 472 

undissociated form. Undissociated forms of short-chain organic acids can rapidly diffuse 473 
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across the stomach wall, at which they are transported to the liver and oxidized to CO2 474 

and H2O, while the remaining proportion is excreted as formates via the kidneys 475 

(Partanen and Mroz, 1999). Also, at pH conditions lower than the pKa of NaDF, the 476 

NaDF would act as a buffer rather than an acidifying agent. Consequently, the majority of 477 

the ingested NaDF would not contribute to reduce gastric pH in mink. It can, therefore, be 478 

hypothesized that the effectiveness of NaDF is lower in mink as opposed to rainbow trout 479 

due to differences in gastric pH, which suggest that the chemical properties of the acid 480 

should be considered in relation to the biological conditions at which it is intended to be 481 

used.    482 

 483 

4.4 Comparison of results obtained in vivo and in vitro 484 

 To our knowledge, this is the first experiment comparing the effect of NaDF and 485 

heat treatment on in vivo digestibility in mink in relation to in vitro bioavailability of AA 486 

using crude enzyme extracts from Atlantic salmon. The present experiment showed that 487 

both methods confirmed a reduction in available protein following heat treatment 488 

(reduced digestibility of protein in the in vivo assay, a reduction in the total amount of 489 

bioavailable AA in the in vitro assay). The main difference between these assays was that 490 

the in vitro method showed a greater sensitivity to the changes in protein caused by NaDF 491 

compared to the in vivo assay. This greater sensitivity may be explained by use of 492 

solubilized protein and use of semi-purified enzyme extracts from the target species 493 

(Alarcón et al., 2002). In addition, the in vitro assay was carried out under similar pH 494 

conditions as in live salmon (Austreng et al., 2000; Nordrum et al., 2000). This in vitro 495 

method has not previously been used with digestive enzymes obtained from Atlantic 496 

salmon. The comparison between in vivo digestion in mink and in vitro method with use 497 
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of digestive enzymes from Atlantic salmon showed that the in vitro assay can be used to 498 

estimate bioavailability of AA in Atlantic salmon.  499 

 500 

5. Conclusion 501 

 502 

The present experiment has demonstrated that heat treatment at increasing 503 

temperatures by autoclaving showed negative effects on both in vivo CTTAD of nutrients 504 

in mink and in vitro bioavailability of AA. The adverse effect of heat treatment on protein 505 

quality was explained by thermal changes to proteins, as observed by reductions in 506 

available Lys and protein solubility, as well as increased browning. The addition of NaDF 507 

to diets did not affect in vivo CTTAD of protein in mink, but improved the total amount 508 

of bioavailable AA in the in vitro assay. Further, these results indicated that NaDF did not 509 

prevent protein damage during heat treatment by autoclaving. 510 

 511 
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Table 1. Proximate chemical composition of the main dietary ingredients (g/kg). 784 

 785 

    Fish meal BPC 1 Wheat flour 

Dry matter (DM) 922 944 865 

In DM       

  Crude protein 713 568 138 

  Crude lipid 99 138 2 

  Starch 6 19 820 

  Ash 173 25 5 

  Residue 2 9 250 36 

1 Barley protein concentrate 
2 Residue = 1000  (protein + lipid + starch + ash), includes 

analytical errors from the analysis of the respective nutrients. 
 786 
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Table 2. Formulation and proximate composition of the experimental diets. 787 

 788 

Formulation (g/kg) Diet 1 Diet 2 

Without NaDF   With NaDF 

Fish meal 1 350.9         340.3       

Barley protein concentrate 2 276.0         276.0       

Wheat flour 3 197.0         197.0       

Fish oil 4 167.0         167.0       

Vitamin and mineral premix 5 6.0         6.0       

Stay-C 6 3.0         3.0       

Y2O3 
7 0.1         0.1       

Sodium diformate (NaDF) 8 0.0         10.6       

                    

Composition (g/kg, n=3) Without NaDF   With NaDF 

100 °C 110 °C 120 °C 130 °C   100 °C 110 °C 120 °C 130 °C 

Dry matter (DM) 9 969.4 970.4 970.9 971.2   966.1 967.5 967.5 966.2 

In DM                          

Crude protein 417.8 419.3 411.8 421.9   410.7 414.2 412.5 412.3 

Crude lipid 265.8 271.8 269.8 254.1   274.2 275.4 282.8 262.5 

Starch 137.6 138.3 138.6 144.3   142.2 140.8 138.1 141.6 

Ash 9 70.4 69.7 70.5 70.4   73.5 74.4 73.7 74.0 
1 

NorsECO-LT, Egersund Sildoljefabrikk AS, Egersund, Norway. 
2 Montana Microbial Products, Butte, MT, USA.  
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3 

Dehulled and ground wheat flour, Norgesmøllene AS/Møllerens, Bergen, Norway. 
4 

NorSalmOil, Egersund Sildoljefabrikk AS, Egersund, Norway. 
5 

Mineral and vitamin premix for fish, Normin AS, Hønefoss, Norway. 
6 

Rovimix ® Stay-C ®, DSM, Herleen, Netherlands.  
7 Metal Rare Earth Limited, Shenzhen, China. The Y2O3 was added to allow digestibility determinations by use of the indicator method, 

although not used in the present experiment. 
8 

Formi ® NDF, ADDCON Nordic AS, Porsgrunn, Norway. 
9 

The mean for DM and ash is based on two values (n=2). 
 789 

790 
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Table 3. Interactive effects of temperature and sodium diformate (NaDF) supplementation on contents of total and individual amino acids (AA) 791 

in the experimental diets (g/kg DM, n=3). 792 

 793 

Treatment Without NaDF  With NaDF S.E.M. 1 P-values 2 

100 °C 110 °C 120 °C 130 °C 100 °C 110 °C 120 °C 130 °C  T N T×N 

Total AA 350.4 AB 352.3 A 343.7 B 344.0 B 344.0 344.5 345.1 339.5 1.93 0.015 0.006 0.126 

Indispensable AA       

  Arg 21.4 A 21.6 A 20.8 B 20.3 C 20.8 20.7 20.7 20.2 0.13 <0.001 <0.001 0.023 

  His 9.5 9.5 9.3 9.3 9.3 9.3 9.3 9.2 0.06 0.021 0.037 0.249 

  Ile 16.8 16.9 16.5 16.6 16.6 16.7 16.7 16.5 0.12 0.176 0.426 0.407 

  Leu 26.9 27.2 26.5 26.7 26.6 26.6 26.6 26.4 0.17 0.180 0.038 0.214 

  Lys 22.4 A 22.2 A 21.6 B 21.1 B 21.8 a 21.5 ab 21.2 ab 20.8 b 0.18 <0.001 0.001 0.567 

  Met 8.8 A 8.7 A 8.4 B 8.2 C 8.4 ab 8.5 a 8.4 ab 8.2 b 0.06 <0.001 0.006 0.014 

  Phe 17.7 17.9 17.4 17.5 17.5 17.5 17.6 17.3 0.12 0.088 0.128 0.116 

  Thr 14.0 14.1 13.8 13.8 13.4 13.5 13.6 13.6 0.09 0.460 <0.001 0.044 

  Val 19.6 19.7 19.2 19.3 19.3 19.4 19.4 19.2 0.12 0.248 0.279 0.200 

  Total  157.1 A 157.7 A 153.4 B 152.7 B 153.8 153.7 153.6 151.4 0.99 0.005 0.008 0.182 

Dispensable AA      

  Ala 18.0 18.1 17.7 17.8 17.6 17.6 17.7 17.5 0.12 0.405 0.003 0.284 

  Asp 28.4 28.5 27.8 27.8 27.5 27.7 27.7 27.7 0.19 0.216 0.003 0.114 

  Cys 3 4.8 A 4.8 A 4.7 B 4.3 C 4.6 a 4.7 a 4.7 a 4.4 b 0.02 <0.001 0.003 <0.001 

  Glu 72.9 AB 73.5 A 71.9 B 73.1 AB 72.7 72.9 73.2 71.8 0.33 0.175 0.426 0.006 



37 
 

  Gly 17.6 17.8 17.5 17.4 17.3 17.3 17.4 17.2 0.12 0.230 0.003 0.469 

  Pro 26.5 26.7 26.1 26.2 26.2 26.4 26.5 25.7 0.21 0.050 0.228 0.218 

  Ser 14.1 14.3 14.0 14.1 13.4 13.5 13.6 13.6 0.09 0.241 <0.001 0.029 

  Tyr 11.0 A 10.8 AB 10.6 B 10.6 B 10.7 10.8 10.7 10.3 0.13 0.018 0.239 0.283 

  Total 193.3 AB 194.6 A 190.3 B 191.3 AB 190.2 190.8 191.5 188.2 0.97 0.043 0.005 0.068 
1 

Pooled standard error of the mean for all diets.  
2 P-values are indicated by: T = temperature; N = NaDF; T×N = the interaction between temperature and NaDF. Significant differences (P<0.05) 

among means within treatments without NaDF are indicated by different superscripts A, B, C, whereas significant differences among means within 
treatments with NaDF are indicated by different superscripts a, b, c. 

3 
Cystine and cysteine. 

 794 

795 
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Table 4. Main effects of temperature and sodium diformate (NaDF) supplementation on chemical and physical properties of diets (n=3). 796 

 797 

Treatment Temperature  S.E.M. 1 NaDF S.E.M. 2 P-values 3 

   100 °C 110 °C 120 °C 130 °C    Without With    T N T×N 

Reactive Lys (g/kg) 18.0 a 16.0 b 15.6 b 14.7 c 0.13 16.3 A 15.9 B 0.09 <0.001 0.019 0.647 

Available Lys (%) 84.2 a 75.7 b 75.3 b 72.2 c 0.64 76.7 77.0 0.45 <0.001 0.604 0.539 

Formic acid (g/kg) 5.0 5.0 4.7 4.8 0.09 0.6 B 9.1 A 0.07 0.138 <0.001 0.399 

Calculated NaDF (g/kg) 6.2 6.2 5.9 6.0 0.12 0.8 B 11.4 A 0.08 0.138 <0.001 0.399 

Diet pH 5.1 a 5.1 a 5.0 b 5.0 b 0.01 5.3 A 4.8 B 0.01 <0.001 <0.001 <0.001 
Color analysis                                 

   CIE L* 53.2 a 50.1 b 46.4 c 41.3 d 0.15 48.1 A 47.4 B 0.10 <0.001 <0.001 0.003 

   CIE a* 7.3 d 8.6 c 10.0 b 11.1 a 0.03 9.0 B 9.5 A 0.02 <0.001 <0.001 0.001 

   CIE b* 25.3 c 25.6 b 26.0 a 24.8 d 0.07 25.1 B 25.8 A 0.05 <0.001 <0.001 0.001 

   Hue angle (h, º) 73.8 a 71.5 b 69.0 c 65.8 d 0.07 70.2 A 69.8 B 0.05 <0.001 <0.001 0.001 
1 Standard error of the mean for the main effect temperature. 
2 Standard error of the mean for the main effect NaDF. 
3 P-values are indicated by: T = temperature; N = NaDF; T×N = the interaction between temperature and NaDF. Significant (P<0.05) differences among 

means within temperature are indicated by superscripts a, b, c, d and significant differences among means within NaDF supplementation are indicated by 
superscripts A, B. 

 798 

799 
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Table 5. Interactive effects of temperature and sodium diformate (NaDF) supplementation on chemical and physical properties of diets (n=3). 800 

 801 

Treatment 1 Without NaDF  With NaDF S.E.M. 2 

100 °C 110 °C 120 °C 130 °C 100 °C 110 °C 120 °C 130 °C  

Reactive Lys (g/kg) 18.2 a 16.3 b 15.6 bc 14.9 cd  17.9 a 15.8 b 15.6 bc 14.4 d 0.19 

Available Lys (%) 83.7 a 75.6 b 74.7 b 72.8 b  84.8 a 75.8 b 75.9 b 71.6 b 0.91 

Formic acid (g/kg) 0.6 b 0.7 b 0.6 b 0.6 b  9.3 a 9.2 a 8.8 a 8.9 a 0.13 

Calculated NaDF (g/kg) 0.8 b 0.9 b 0.7 b 0.8 b  11.6 a 11.5 a 11.1 a 11.2 a 0.17 

Diet pH 5.3 a 5.3 a 5.2 b 5.2 c  4.8 de 4.9 d 4.8 e 4.8 d 0.01 

Color analysis   

CIE L* 53.3 a 50.1 b 47.2 c 41.8 e  53.1 a 50.2 b 45.5 d 40.9 f 0.21 

CIE a* 7.2 h 8.4 f 9.6 d 10.9 b  7.5 g 8.8 e 10.4 c 11.4 a 0.05 

CIE b* 25.2 bc 25.2 c 25.7 b 24.2 d  25.4 bc 26.1 a 26.3 a 25.5 bc 0.10 

Hue angle (h, º) 74.1 a 71.6 c 69.5 d 65.8 f  73.6 b 71.3 c 68.5 e 65.9 f 0.10 
1 

Significant differences (P<0.05) among means within a row are indicated by different superscripts a, b, c, d, e, f, g, h.  
2 Pooled standard error of the mean. 

802 
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Table 6. Main effects of temperature and sodium diformate (NaDF) supplementation on in vitro bioavailability measured as the amount of amino 803 

acids (AA) released during alkaline hydrolysis by digestive enzymes from Atlantic salmon (n=3) and in vivo coefficient of total tract apparent 804 

digestibility (CTTAD) of crude protein and AA in mink (n=4). 805 

 806 

Treatment Temperature  S.E.M. 1 NaDF S.E.M. 2 P-values 3 

   100 °C 110 °C 120 °C 130 °C    Without With    T N T×N 

In vitro                                 

AA released (mg) 4 25.7 a N.A. N.A. 18.2 b 1.41 18.7 B 25.3 A 1.41 0.005 0.011 0.07 
In vivo                                 

Crude protein 0.845 a 0.838 a 0.799 b 0.786 b 0.0083 0.823 0.811 0.0059 <0.001 0.158 0.748 

Total AA 0.875 a 0.870 a 0.834 b 0.814 b 0.0084 0.850 0.846 0.0059 <0.001 0.634 0.829 
Indispensable AA                      

  Arg 0.918 a 0.917 a 0.891 b 0.878 b 0.0062 0.900 0.902 0.0044 0.001 0.838 0.933 

  His 0.853 a 0.847 a 0.809 b 0.788 b 0.0094 0.827 0.822 0.0066 0.001 0.597 0.834 

  Ile 0.908 a 0.905 a 0.877 b 0.858 b 0.0072 0.887 0.887 0.0051 <0.001 0.982 0.875 

  Leu 0.908 a 0.904 a 0.874 b 0.857 b 0.0072 0.887 0.885 0.0051 <0.001 0.809 0.901 

  Lys 0.885 a 0.876 a 0.840 b 0.816 b 0.0088 0.859 0.850 0.0062 <0.001 0.352 0.881 

  Met 0.903 a 0.898 a 0.866 b 0.838 c 0.0074 0.878 0.874 0.0052 <0.001 0.594 0.789 

  Phe 0.888 a 0.886 a 0.860 b 0.844 b 0.0075 0.871 0.869 0.0053 0.001 0.752 0.914 

  Thr 0.802 a 0.800 a 0.760 b 0.735 b 0.0109 0.780 0.769 0.0077 <0.001 0.311 0.865 

  Val 0.894 a 0.893 a 0.862 b 0.841 b 0.0076 0.873 0.872 0.0054 <0.001 0.964 0.831 

  Total indispensable 0.889 a 0.886 a 0.854 b 0.834 b 0.0078 0.867 0.864 0.0055 <0.001 0.702 0.884 
Dispensable AA                      
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  Ala 0.880 a 0.874 a 0.844 b 0.825 b 0.0078 0.858 0.854 0.0055 <0.001 0.558 0.896 

  Asp 0.754 a 0.740 a 0.671 b 0.625 b 0.0151 0.706 0.690 0.0107 <0.001 0.292 0.843 

  Cys 5 0.712 a 0.712 a 0.650 b 0.593 c 0.0162 0.672 0.662 0.0114 <0.001 0.541 0.863 

  Glu 0.911 a 0.902 a 0.870 b 0.856 b 0.0076 0.886 0.884 0.0054 <0.001 0.858 0.775 

  Gly 0.838 a 0.833 a 0.802 b 0.779 b 0.0079 0.817 0.810 0.0056 <0.001 0.413 0.819 

  Pro 0.905 a 0.901 a 0.874 b 0.859 b 0.0064 0.885 0.884 0.0045 <0.001 0.987 0.476 

  Ser 0.818 a 0.815 a 0.771 b 0.752 b 0.0105 0.796 0.782 0.0074 <0.001 0.179 0.875 

  Tyr 0.872 a 0.868 ab 0.836 bc 0.818 c 0.0096 0.848 0.849 0.0068 0.001 0.983 0.813 

  Total dispensable 0.864 a 0.857 a 0.818 b 0.797 b 0.0089 0.836 0.832 0.0063 <0.001 0.590 0.773 
1 Standard error of the mean for the main effect temperature. 
2 Standard error of the mean for the main effect NaDF supplementation. 
3 P-values are indicated by: T = temperature; N = NaDF; T×N = the interaction between temperature and NaDF. Significant (P<0.05) differences among 

means within temperature are indicated by superscripts a, b, c, d and significant differences among means within NaDF supplementation are indicated by 
superscripts A, B. 

4 Treatment effects of temperatures 110 and 120 ºC were not analyzed for total AA released during alkaline hydrolysis. Thus, results were subjected to a 2×2 
factorial ANOVA. 

5 Cystine and cysteine.  
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Figure captions: 807 

 808 

Figure 1. Protein solubilization in diets without (C) and with NaDF (N) processed at two 809 

temperatures (100 and 130 ºC) under similar pH conditions as applied in the in vitro assay. 810 

Values are presented as means (n=2) ± SD for each time interval. 811 

 812 

Figure 2. Total amount of amino acids (AA) released from diets without (C) and with NaDF 813 

(N) processed at two temperatures (100 and 130 ºC) during the alkaline phase of the in vitro 814 

hydrolysis. Values are presented as means (n=3) ± SD for each time interval. 815 

 816 
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Figure 1. 817 
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Figure 2. 821 
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