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Abstract

Annually Norway produces 1.3 million tons of Atlantic salmon and the levels of production are
still rising. After withdrawal of eviscerated fish and filet, 336 000 tons of rest raw material are
available for further processing. About 50% of the rest raw material from aquaculture in
Norway is used to produce a semisolid fluid called salmon-silage supplying the animal feed
industry, where it is known to be rich in marine proteins and oil. It is however possible to
increase the value of this rest raw material by milder processes e.g. enzymatic hydrolysis,
allowing to recover proteins and extract oil in order to supply the market with higher value
products with desired features. The general goal when utilizing rest raw material from
aquaculture is to exploit valuable marine proteins and oil, and increase the sustainability in both

aquaculture and livestock production.

The enzymatic hydrolysis process is achieved by activity of enzymes at certain temperature for
a defined time. During the hydrolysis process, smaller peptides and free amino acids are formed
and solubilized in an aqueous phase called salmon protein hydrolysate (SPH). Hydrolysates
containing peptides are shown to be more efficiently absorbed in the small intestine in
comparison to both intact protein and free amino acids. In addition, hydrolysates from marine

sources have good functional and bioactive properties.

Broiler chickens and piglets are more prone to small intestinal dysfunction linked to retarded
growth and enteric diseases the first 14 days, post-hatch and post-weaning respectively.
Traditionally in Norway, fishmeal is used during these periods, as the content of easily
digestible protein with a well-balanced amino acid composition is high in fishmeal. The content
of peptides in the hydrolysates are thought to improve intestinal function and intestinal health

that are important for high utilization of feed, improved growth and disease resistance.

The overall aim of this study was to develop protein feed ingredient(s) from Atlantic salmon
rest raw materials with higher nutritional value than fishmeal for inclusion in feed formulations
for broiler chickens and piglets. One experiment evaluated the influence of process conditions
during hydrolysis of salmon rest raw material on hydrolysate yield and composition, while two
other experiments evaluated the influence of salmon protein hydrolysate in diets for broiler

chickens and piglets on growth performance, intestinal morphometry, and ileal microbiota

(piglets only).



This study has shown that unstable and traditionally low value viscera-containing raw materials
are possible to utilize in an effective way when care is taken during the whole process from
slaughter to hydrolysis. Two different starting materials were used as substrates for enzymatic
hydrolysis, in addition, initial oil withdrawal and initial heat inactivation of the endogenous
enzymes were performed on one starting material. We found that the composition of starting
material reflected the proximal composition of the hydrolysate, as high lipid content in the raw
material tended to increase the lipid content in the hydrolysate at the expense of crude protein
content. Initial heat inactivation of the endogenous enzymes dramatically influenced the yield,
as no hydrolysis seemed to take place after the addition of papain and bromelain. Mild thermal
treatment (40°C) to facilitate oil withdrawal before hydrolysis of viscera with addition of papain
and bromelain, resulted in high quality of the withdrawn oil, and no significant difference in
SPH vyield or protein recovery. Small differences were observed in the SPH on yield, protein
recovery, the degree of hydrolysis, amino acid composition, nutritional value or number of
different bioactive peptides detected when the commercial enzymes, Protamex and papain plus
bromelain, were used on the same starting material. Additionally, hydrolysates from hydrolysis
of viscera with only endogenous enzymes performed similarly to the afore-mentioned
measures, but contained more lipids and was more bitter in comparison to hydrolysates from

viscera obtained by addition of commercial enzymes.

In the broiler chicken experiment, two hydrolysates from viscera were produced, one by use of
only endogenous enzymes and one with the addition of the commercial enzymes papain plus
bromelain in mixture. The hydrolysates were included with 5% and 10% (50% and 100%
exchange for fishmeal protein) in both the starter and grower diets for broiler chickens. In
addition, one fishmeal diet (FM) and one plant protein-based diet (PP) were included as
controls. Inclusion of SPH in the starter diet significantly increased the average daily gain
(ADG) in comparison to the control diets (FM and PP). Morphometric analysis, at day 10,
showed increased duodenal villus height and tendencies to increased ileal villus height and
villus absorption area when marine proteins were included in the diets in comparison to the
plant protein-based diet. The improved small intestinal development may favor growth
performance at older ages, which corresponds well to the observed increase of ADG in broiler

chickens fed marine protein diets in comparison to the PP diet during the grower period.

In the piglet experiment, two hydrolysates were produced without addition of commercial
enzymes, one from viscera and one from a mixture of viscera, heads and frames. Two diets

were included 10% SPH in exchange for fishmeal protein, one diet was included fishmeal (FM)
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and one diet was based on plant protein (PP). Piglets did not show differences in growth
performance during the first 11 days or for the overall period for any of the diets. In addition,
only small differences were detected in the ileal microbiota community, although, an inverse
correlation was shown between the genera Turicibacter and Lactobacillus, which together
comprised most of the ileal bacterial genera. The piglets fed diets containing marine proteins
showed increased duodenal villus absorption area and tendencies to increased duodenal villus

height at day 11, in comparison to piglets fed the PP diet.

In both broiler chickens and piglets we found a significant positive correlation between
duodenal villus height and ADG during the first 10 days post-hatch and 11 days post-weaning,
respectively, indicating the importance of intestinal development and maintenance in both

broiler chickens and piglets for growth performance.

In conclusion, enzymatic hydrolysis seem to be a feasible way to extract nutritional valuable
proteins and peptides from Atlantic salmon rest raw materials. Salmon protein hydrolysates are
found to be an excellent novel source of proteins with high nutritional value and potentially

positive effects on intestinal development and maintenance.



Sammendrag

Norge har en gkende produksjon av Atlantisk laks og produserer arlig 1,3 millioner tonn. Etter
slaying og filetering er 336 000 tonn restrastoff tilgjengelig for videre bearbeidelse. Omtrent
50% av restrastoffet som oppstar ved slakting av laks i Norge blir syrekonservert til et produkt
kalt lakseensilasje, som hovedsakelig brukes som ravare i forindustrien. Imidlertid er det mulig
a oke verdien av lakserestrastoffet og produsere mer hgyverdige produkter ved mer skansom
og styrt prosessering som f.eks. enzymatisk hydrolyse. Det overordnede malet ved utnyttelse
av restrastoff fra lakseoppdrettsnaringen er a utvinne verdifulle marine proteiner og olje, samt

a gke bearekraften i bade akvakulturnaringen og i husdyrproduksjonen.

Enzymatisk hydrolyse oppnas med enzymatisk aktivitet ved en gitt temperatur over en definert
tid. Under hydrolyseprosessen blir proteinet brutt ned til sma peptider og frie aminosyrer i en
vandig lgsning kalt lakseproteinhydrolysat (SPH). Det er vist at hydrolysater som inneholder
peptider blir absorbert mer effektivt i tarmen sammenlignet med bade intakt protein og frie
aminosyrer. | tillegg har marine peptider gode funksjonelle og bioaktive egenskaper.

Kylling og smagris er mer utsatt for fordgyelsesforstyrrelser og redusert vekst i lgpet av de
farste 14 dagene etter henholdsvis klekking og avvenning. Tradisjonelt er fiskemel brukt i féret
i disse periodene da innholdet av lettfordayelig protein med en velbalansert aminosyre-
sammensetning er hgyt i fiskemel. Generelt mener en at marine proteinhydrolysater og dermed
peptider i dyrefor kan bedre bade tarmfunksjon og tarmhelse som igjen er viktig for en hgy

utnyttelsesgrad av foret, gkt tilvekst og motstandskraft mot sykdom.

Malet med denne studien var & utvikle proteinravare(r) basert pa restrastoff fra lakseoppdrett
med hgyere neeringsverdi enn fiskemel til bruk i for til kylling og smagris. Ett eksperiment
evaluerte effekten av ulike prosessbetingelser under hydrolyse av lakserestrastoff med tanke pa
utbytte og sammensetning av hydrolysatet, mens to andre eksperimenter undersgkte effekten
av hydrolysat i for til kylling og smagris med tanke pa vekstparametre, tarmmorfometri og ileal

mikrobiota (kun smagris).

Studiet har vist at ustabilt restrastoff med tradisjonelt lav verdi kan utnyttes pa en effektiv mate
ved kontrollert handtering under hele prosessen fra slakt til hydrolyse. To ulike restrastoff ble
brukt som substrat for enzymatisk hydrolyse. Pa ett av restrastoffene ble det i tillegg ekstrahert

olje og gjennomfert varmeinaktivering av de endogene enzymene. Sammensetningen av
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restrastoffet reflekterte sammensetningen i hydrolysatet, ettersom hgyt fettinnhold i

restrastoffet tenderte til hgyere fettinnhold i hydrolysatet pa bekostning av proteininnholdet.

Varmeinaktivering av de endogene enzymene hadde stor pavirkning pa utbytte av hydrolysatet
ettersom det ikke s& ut til & skje noen hydrolyse etter tilsetting av papain pluss bromelain.
Moderat oppvarming (40 °C) av slo for a lette ekstraksjon av olje fgr hydrolyse med papain og
bromelain, resulterte i hgy kvalitet pa den ekstraherte oljen og ingen signifikant forskjell i
utbytte av hydrolysat eller gjenfinning av protein i hydrolysatet.

Sma forskjeller ble observert med hensyn til utbytte, gjenfinning av protein, hydrolysegrad,
aminosyresammensetning, naringsverdi eller antall forskjellige bioaktive peptider i
hydrolysatet nar de kommersielle enzymene, Protamex og papain pluss bromelain, ble brukt pa
samme restrastoff. Hydrolyse av slo med kun endogene enzymer ga tilsvarende verdier i
hydrolysatet pd de ovenfor nevnte parameterne, men inneholdt mere fett og var mer bitter

sammenlignet med hydrolysater produsert fra slo med kommersielle enzymer.

| kyllingforsgket ble det brukt to ulike hydrolysater fra slo, ett produsert med kun endogene
enzymer og ett med tilsetning av papain og bromelain. Hydrolysatene ble tilsatt med 5% og
10% (50% og 100% i bytte mot fiskemelprotein) i bade start- og vekstfor. | tillegg inngikk ett
for med fiskemel (FM), og ett planteproteinbasert for (PP) som kontrollfér. Kylling som ble
foret med startfor inneholdende SPH hadde signifikant hgyere gjennomsnittlig daglig tilvekst
(ADG) sammenlignet med kylling féret med kontrollfor (FM og PP). Morfometrisk analyse, pa
dag 10, viste gkt villi hgyde i duodenum og tendenser til gkt villi hgyde og villi absorpsjonareal
i ileum nar marine proteiner inngikk i foret ssmmenlignet med det planteproteinbaserte foret.
Den forbedrede tynntarmsutviklingen kan bidra til gkt tilvekst senere, noe som samsvarer godt
med den observerte gkningen i tilvekst hos slaktekylling gitt for inneholdende marint protein i

forhold til det planteproteinbaserte féret under vekstperioden.

| forsgket med smagris ble det brukt to ulike hydrolysater produsert uten bruk av kommersielle
enzymer, ett fra slo og ett fra en blanding av slo, hode og rygg. To forsgksfor inneholdt 10%
SPH (100% i bytte mot fiskemelprotein), ett for inneholdt fiskemel (FM) og ett for var basert
pa planteprotein (PP). Det ble ikke funnet forskjeller mellom smagris gitt de forskjellige
forsgksforene med hensyn til vekstparameterne, hverken i lgpet av de forste 11 dagene eller for
hele forsgksperioden. | tillegg ble kun sma forskjeller pavist i den ileale bakteriefloraen, selv

om et ble funnet en signifikant invers korrelasjon mellom bakterieslektene Turicibacter og
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Lactobacillus, som sammen utgjorde stersteparten av bakterieslektene i ileum. Smagris som ble
foret med marine proteiner hadde stgrre villi absorpsjonsareal og tendens til hgyere villi i
duodenum pa dag 11, sammenlignet med smagris gitt det planteproteinbaserte foret.

Bade hos kylling og gris ble det funnet en signifikant positiv korrelasjon mellom vill hgyde i
duodenum, og gjennomsnittlig daglig tilvekst i lgpet av de farste 10 dagene etter klekking og
11 dagene etter avvenning hos henholdsvis kylling og smagris. Dette indikerer betydningen av
tarmutvikling og tarmmorfologi hos bade kylling og smagris for tilvekst.

Pa bakgrunn av dette studiet kan det konkluderes med at enzymatisk hydrolyse er en velegnet
metode for & ekstrahere ernaringsmessige verdifulle proteiner og peptider av restrastoff fra
Atlantisk laks. Lakseproteinhydrolysat synes a veere en velegnet proteinkilde for kylling og gris
med hgy ernaringsmessig verdi og potensielle positive effekter pa tarmutvikling og

morfometri.
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1. Introduction

1.1. Atlantic salmon farming in Norway

Atlantic salmon farming is a large and growing industry in Norway and annually about 1.3
million tons of salmon are produced along Norway’s coastline (Olafsen et al., 2014). Rest raw
material arises when the eviscerated salmon and salmon filet, which are the main products, are
withdrawn. The term “rest raw material” has recently become more frequently used than “by-
product” or “co-product” in both industrial and scientific language. Moreover, Norwegian
national regulations define “by-products” as products not intended for human consumption
(Lovdata, 2014). However, as long as the rest raw materials are treated and processed in a proper
way and according to the regulations, the final products are well suited and potentially

applicable for both animal and human consumption.

The rest raw material consists of viscera, heads, frames, skin, blood and trimmings and about
336 000 tons wet weight are annually available for further processing (Olafsen et al., 2014).
From the amount of available rest raw material that arises in Norwegian Atlantic salmon
farming, 89 % is utilized into different feed ingredients (87%), human consumption (13%) and
a small part as biogas/energy (Olafsen et al., 2014). As viscera constitutes 40% of the available
rest raw material (Olafsen et al., 2014), it is important to include this fraction in subsequent
processes. Despite rest raw material composition is dependent on the market of the primary
product(s), and hence may change over time, viscera probably will still account for a
considerable part of the available rest raw material.

Traditionally about 50% of the Atlantic salmon rest raw materials in Norway are minced and
acidified to reach a pH < 4, producing a semisolid fluid called salmon-silage (RUBIN, 2012)
and used as a raw material in animal feed production (Olafsen et al., 2014). Although, the feed
industry can use fish-silage as a feed ingredient, fish-silage often varies in stability and
composition. Production of the traditional silage is a time-consuming process (Liaset et al.,
2000) that lasts over several days (Gildberg, 1993) or weeks (Mackie, 1974) and the process is
difficult to control (Gildberg, 1993; Kristinsson and Rasco, 2000b). In addition, several amino
acids, such as cysteine, tryptophan, methionine, histidine and proline can be reduced or lost
(Dapkevicius et al., 1998; Ramasubburayan et al., 2013) together with undesired formation of
biogenic amines during the ensilaging process (Dapkevicius et al., 2000). The marine rest raw
materials contains nutritionally-valuable lipids and proteins (Slizyté et al., 2005a; Picot et al.,
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2010; Rustad et al., 2011) and there is a need for the development of a milder and more

controllable process in order to further increase the utilization of this valuable material.

The animal livestock production is always in search of sustainable protein sources and
increasing feed costs and fishmeal prices causes nutritionists to consider alternative protein
sources. Due to the amount of available rest raw materials from Atlantic salmon farming and
knowledge of the high nutritional values of these proteins, new technologies are highly sought
after in order to produce a sustainable, composition-stable and high nutritional-value protein
hydrolysate. In addition, many of the isolated peptides from marine protein hydrolysates have
shown promising effects on health by exhibiting antioxidative, antihypertensive, antibacterial,
anticancer and immune-modulating properties (Kim and Mendis, 2006; Thorkelsson et al.,
2008; Ewart et al., 2009; Harnedy and FitzGerald, 2012; Ngo et al., 2012).

1.2. Hydrolysis of rest raw materials

Protein hydrolysis is a technological processing method used to extract and modify protein from
underutilized raw materials and is achieved by use of chemicals or enzymes that attacks and
cleave peptide bonds in the presence of water. During the hydrolysis process, proteins are
broken into peptides of smaller molecular size and the increase of ionizable amino and carboxyl
groups may potentially enhance the solubility of the protein (Panyam and Kilara, 1996). The
increased protein solubility allows proteins to dissolve in an aqueous phase and the extraction
of lipids, (emulsion), hydrolysate (aqueous phase) and sediments/sludge becomes possible by
phase-separation (Figure 1). Depending on the desired application, the degree of hydrolysis
and other process parameters may differ, although it is generally a goal to achieve a hydrolysate
with high protein content with smaller peptides and less free amino acids and intact proteins. In
addition, the hydrolysate preferable has a low content of lipids to avoid lipid oxidation
(Gildberg, 1993; Kristinsson and Rasco, 2000b) and the formation of unpleasant flavors
(Gildberg, 1993).
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Figure 1

General outline of the enzymatic hydrolysis process

1.2.1. Raw material

Hydrolysis is applied in order to increase the value of the starting material and different rest
raw materials can be used. As rest raw material from Atlantic salmon farming arises on different
sites during the slaughter and filleting processes the rest raw materials are diverse and may be
divided into different fractions. Although viscera are a major constituent of the rest raw material
from Atlantic salmon farming (Olafsen et al., 2014) many studies have used rest raw materials
without viscera (Kristinsson and Rasco, 2000c; Liaset et al., 2002; Liaset et al., 2003; Aksnes
et al., 2006a; He et al., 2012). The high enzymatic activity (Kristinsson and Rasco, 2000c;
Sovik and Rustad, 2005) and loss of integrity immediately after slaughter causes viscera to be
considered as an unstable raw material difficult to handle. However, the feature of high
enzymatic activity of viscera can be exploited in subsequent processes and reduce the
requirements for commercial enzymes during hydrolysis - especially under the controlled
conditions in slaughterhouses for Atlantic salmons. Viscera consists of different integrated parts
not easily sortable, which may decrease the possible usage of the hydrolysates. For instance, it
is shown that gall bladder in the starting material for hydrolysis increases the bitterness in the

hydrolysates (Dauksas et al., 2004) which can hinder the successful application of hydrolysates
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in food and feed formulations. Conversely, viscera may contain other beneficial components

and exhibit valuable bioactive properties in comparison to other parts of the rest raw materials.

1.2.2. Pretreatments

Pretreatments are often applied in order to achieve a stable starting material for hydrolysis i.e.
inactivate endogenous enzymes, extract valuable components before hydrolysis, and/or

increase the yield of all parts of the rest raw material together with cost-benefit considerations.

One way to stabilize and control the enzymatic reactions is to inactivate the endogenous
enzymes present in the raw material. Peptidases in viscera, liver and cut-offs in cod, have their
maximum proteolytic activity at 50-65°C at pH 7 (Sovik and Rustad, 2005), and the temperature
has to be at >70°C for minimum 10 minutes in order to inactivate the endogenous enzymes
naturally present in Atlantic salmon viscera (Five, 2013). Several researchers have reported a
reduced yield of protein hydrolysate (Mutilangi et al., 1996; Slizyte et al., 2004a) and reduced
nutritional value when excess heating before hydrolysis is applied. In an industrial production
this extra heating is a costly process that increases the price of the final product(s); therefore
the cost benefit considerations of such treatment has to be evaluated.

Oil separation before hydrolysis changes the starting material composition before hydrolysis
and lowers the amount of enzymes needed for hydrolysis, as enzymes often are often added at
raw material wet weight basis. The oil extracted at temperatures <70°C is often of higher
quality and contains less free fatty acids than oil separated after hydrolysis (Carvajal et al.,
2014). During hydrolysis, the temperature is maintained when lipases present in the raw

material are still active, which might facilitate lipolysis and formation of free fatty acids.

1.2.3. Enzymes

As chemical hydrolysis has several drawbacks (Lahl and Braun, 1994; Kristinsson and Rasco,
2000Db), a more controllable hydrolysis can be achieved by using enzymes. The enzymes are
endogenous enzymes present in the raw material, commercial enzymes added to the reaction or
a combination thereof. The endogenous enzymes are primarily trypsin, chymotrypsin, and
pepsin present in fish viscera and digestive tract together with some activity of the proteases
present in fish muscle cells (Kristinsson and Rasco, 2000b). The endogenous enzymes are

shown to be efficient in viscera-containing material (Pastoriza et al., 2004; Aspmo et al., 2005)

18



and can be more efficient in the hydrolysis process compared to commercial enzymes (Pastoriza
et al., 2004).

Enzymes that cleave peptide bonds are called peptidases and essentially cleave proteins in two
different ways. Endopeptidases, which preferably attacks peptide bonds away from termini of
the polypeptide chain and exopeptidases that acts only near the N- or C-terminus of the
polypeptide chain. Due to these properties, exopeptidases tends to give hydrolysates rich in free
amino acids, and endopeptidases tends to give rise to hydrolysates rich in peptides and with less
free amino acids. In addition, different enzymes have different specificity to both cleavage sites
and protein conformation, and, depending on temperature, pH, enzyme to substrate level, and
time, have different activities. The choice of enzyme(s) also depends on the raw materials as
lean and fatty raw materials may favor use of different enzymes. Because of these features, the
enzymes have an important key role in controlling the enzymatic process (Liaset et al., 2000;
Aspmo et al., 2005) and in maximizing the outcome in respect to yield, its bitter taste, peptide,

and amino acid composition of the hydrolysates.

1.2.4. Process conditions

Temperature and time of hydrolysis depends on the choice of enzyme. Cost-benefit
considerations are of importance when planning industrial hydrolysis and the reaction-criteria
like temperature and time should be optimized at the plant during production establishment. To
stop the enzymatic hydrolysis process, the enzymes are most often heat inactivated. Protamex,
papain, bromelain, and endogenous enzymes from Atlantic salmon are all inactivated at 90°C
for 10 minutes (Five, 2013). Regulations for hygienization of the products to ascertain hygienic
secure products often include a heating process, hence the heat inactivation of the enzymes and
hygienization are often combined.

Following the hydrolysis process, a separation step is applied in order to extract the different
fractions that evolves during hydrolysis. Separation can be achieved by membranes, decanter,
tricanter, and by centrifugation, resulting in oil, a possible emulsion phase, an aqueous protein
rich phase (the protein hydrolysate), and a sediment layer. After phase separation, different
techniques may be applied to further refine the products. The use of a filtration step on the
hydrolysate in order to detect the impact of filtration on the peptide populations (Bourseau et
al., 2009) and to extract proteins with a desired molecular weight is increasing. The filtration

of hydrolysate has been applied to detect the size of the peptides and molecules within the
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hydrolysates inhabiting the desired growth performance properties detected in Atlantic cod and
in rainbow trout (Aksnes et al., 2006a; Aksnes et al., 2006b) and possible bioactive properties
(Picot et al., 2010).

1.3. Protein hydrolysates

1.3.1. Nutritional evaluation

The nutritional value of protein is often determined by protein content and amino acid
composition. The “ideal protein” concept is based on the ideal situation, where amino acid
supply precisely matches the amino acid requirements and was developed more than 50 years
ago (van Milgen and Dourmad, 2015). To determine the requirements of the animal, the tissue
(and milk) amino acid composition has been used to develop an ideal amino acid profile in the
diet. Protein evaluated as having a high quality, i.e. fishmeal protein, therefore has an amino
acid profile resembling the tissue profile of the animal. In animal nutrition, feed formulations
are designed to supply sufficient amounts of the indispensable limiting amino acid to support
the requirements for growth, maintenance and production in the animal. A well-balanced amino
acid composition hinders the supply of amino acids in excess that have to be metabolized and
excreted by the animal. Furthermore, the environmental impact also increases when nutrients
are being excreted instead of utilized within the animal. Consequently, novel ingredients in their
simplest form in order to design and formulate tailor-made diets for used in critical phases

during livestock production is a perishable property of feed ingredients.

A widely used method to evaluate the nutritional value is to apply different equations based on
the concentration of several indispensable amino acids. Many different equations for protein
efficiency ratio (PER) have been developed for use in human nutrition (Alsmeyer et al., 1974;
Lee et al.,, 1978). However, recently the protein digestibility corrected amino acid score
(PDCAAS) (WHO/FAO/UNU, 2007) and digestible indispensable amino acid score (DIAAS)
(FAO, 2013) have been recommended for protein quality evaluation by the Food and
Agriculture Organization (FAQO). This ratios and scores are developing and the latest
recommendations from FAO (2013) allows correction for ileal digestibility of the different
indispensable amino acids. In order to be able to compare different foods, FAO (2013)
recommends the use of a reference amino acid pattern for a preschool child. However, the
reference pattern has direct influence on the score, and is therefore not necessarily transmissible

to animal feeding in different species and life stages.
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Fishmeal is known to have high nutritional value and a complementary amino acid profile to
plant based protein sources for use in monogastric animals as reviewed by (Cho and Kim,
2011). The small water-soluble peptides and free amino acids that are present in the
hydrolysates might be favorable to animals in some challenging periods, where highly
digestible and well-balanced diets are necessary to achieve a healthy development and a high
integrity level in the immature or challenged intestine. Therefore, the formation and size of the
peptides are an important feature of hydrolysates as smaller peptides and residues < 4-5 amino
acids (about 0.5 kDa) are able to be transported by special peptide transporters in the small
intestine (Gilbert et al., 2008).

1.3.2. Bioactive peptides

Bioactive food compounds and bioactive peptides are “hot topics” in today’s research as the
focus is now changing from feed and food stuffs with an adverse effect on health into health-
beneficial components as functional food (Crowe and Francis, 2013). The detection of possible
bioactive peptides in fish protein hydrolysates, has evoked the interest of many scientists
exploring the opportunity for high-value products from the rest raw material (Slizyte et al.,
2009; Kim and Wijesekara, 2010; Rustad et al., 2011; Chalamaiah et al., 2012; Ngo et al.,
2012). Many of the isolated peptides are shown to exert different biological activities with
promising effects upon health. Most of the studied effects involve modulation of the blood
pressure and immune system in addition to anti-cancer, anti-bacterial and anti-oxidative effects
(Thorkelsson et al., 2008; Ewart et al., 2009; Harnedy and FitzGerald, 2012). The
pharmaceutical industry is also searching for possibilities of using peptides from marine sources
as pharmaceuticals and nutraceuticals, and several products are already in the market or
included in ongoing trials (Cheung et al., 2015).

Peptides between 3 and 20 amino acid residues (about 0.5-2.1 kDa) are regarded as the most
promising in the search for biological active peptides as the chance of crossing the intestinal
membrane and exerting a biological effect is higher for the lower molecular weight peptides
(Roberts et al., 1999). In addition, bioactive peptides usually contains between 3 and 20 amino

acid residues (Pihlanto-Leppald, 2000).

1.3.3. Sensory and functional properties

In addition to the nutritional value of the hydrolysates, they also inhabit functional properties

that may be important for successful market penetration. The protein functional properties are
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defined as “Functional properties of proteins for foods connote the physicochemical properties
which govern the behavior of protein in foods” (Kinsella and Melachouris, 1976) or “Any
property of a food or food ingredient except its nutritional ones that affects its utilization” (Pour-
El, 1981). Often these physicochemical and functional properties, summarized in Phillips et al.
(1994), are valuable for the potential use of the hydrolysates. Some of the most important
functional properties in hydrolysates are their water binding capacity, water solubility (Shahidi
and Synowiecki, 1997; Kristinsson and Rasco, 2000a), and fat-absorption and emulsifying
capacity (Lam and Nickerson, 2013). Depending on the intended use of the hydrolysates, some
of the functional characteristics are troublesome for successful penetration of fish protein
hydrolysates into the human market. In particular, these characteristics are the sensory
properties such as the bitter taste and “fishy” smell in addition to the color, which is often dark
brown. In animal feeding the flavor and taste of fish are of minor importance and the flavor and
taste of fish might even enhance the palatability of the diets in animals. However, this is difficult
to foresee, as there are differences in bitter taste preferences between species. Birds have a low
number of taste buds and T2R genes associated with bitter taste in comparison to humans and
pigs (Shi and Zhang, 2006; Roura et al., 2013). Although birds do perceive bitter taste for
different compounds (Balog and Millar, 1989; Kudo et al., 2010), it is unknown if they can
recognize all bitter compounds identified by humans (Roura et al., 2013). In contrast, piglets
are known to be sensitive to several components humans find bitter and the inter-individual
variation appears to be large for some components (Nelson and Sanregret, 1997). However,
piglets have a noticeable preference for sweeteners such as xylitol and sucrose (Hellekant and
Danilova, 1999; Glaser et al., 2000) making it possible to conceal the bitter taste and increase
the palatability of the diet. As knowledge about how these bitter peptides arises, the methods
for concealment or removal of the bitter taste have been studied by several researchers (Dauksas
et al., 2004; Leksrisompong et al., 2012).

1.4. Broiler chicken and piglet production in Norway

In Norway, broiler chickens are hatched in a hatchery and transported to the broiler farm as
day-old chicks. The annual production was 60 million broilers in 2011 (Landbruksdirektoratet,
2011) reaching a mean slaughter-weight of 1256 g in 31.5 days, with a mortality rate of 2.6%
for the entire period (Nortura, 2014). There has been a considerable increase in poultry

production worldwide since 1970 (Yegani and Korver, 2008), which is also seen in Norway
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(Nortura, 2014). As growth performance improves, the birds’ nutrition and healthcare are

becoming more demanding and challenging (Choct et al., 1999; Cooper and Songer, 2009).

In addition, the ban on in-feed antibiotics in the European countries (Van Immerseel et al.,
2009) further increases the impact of feed formulations and management on the production unit.
Norway has a low antibiotic usage profile (Mo et al., 2014); however, the ionophoric
coccidiostatic Narasin has been added to the broiler chicken feed on a regular basis, although a
phasing out is now ongoing. Narasin is in Norway classified as a coccidiostatic feed additive,
while in other countries classified as antibiotic due to an antibacterial effect on gram positive
bacteria. In broiler chicken production the coccidiostatic and antibacterial effects against
Clostridium species seem beneficial in avoiding the development of necrotizing enteritis. As
coccidia and Clostridium perfringens are known to play a role in the pathogenesis of necrotizing
enteritis, there is great concern that the phasing out of Narasin in the Norwegian broiler chicken
production will increase the incidence of necrotizing enteritis. Enteric diseases are major factors
for economic losses in the broiler chicken production due to reduced growth performance,
increased mortality rates and increased medication costs (M'Sadeq et al., 2015). In addition to
enteric diseases at the farm, 0.45% of the broiler chickens are found to be unsuited for human
consumption due to ascites and heart-related diseases during inspection at the slaughter house
(Nortura, 2014). The intensive growth of muscle tissue is a challenge for both the circulatory
and skeletal system, demanding a broad approach in the feed formulation satisfying all parts of

the broiler chicken development.

The annual production of slaughter pigs in Norway was 1.49 million pigs raised at 2358
production units in 2014 (Animalia, 2014). Weaning is not allowed before the age of 28 days
(Lovdata, 2003) and the average weaning age is 32.9 days (Animalia and Norsvin, 2014). At
weaning the mean piglet weight is 10.7 kg and from weaning to 41 days post-weaning the
mortality rate is 1.7% (Animalia and Norsvin, 2014). Ideally, the sow is moved while the piglets
are raised in the farrowing pen until they are approximately 30 kg live weight and moved to a
fattening/finishing unit. However, in many instances the newly weaned piglets are moved to
another environment, and mixed with unknown piglets, hence experiencing both psychological
and environmental disruption in addition to the abrupt loss of sows milk, and care. These multi-
factorial stressors often results in intestinal disturbances predisposing for post-weaning
digestive disorders in piglets and reduced growth performance (Kim et al., 2012; Heo et al.,
2013).
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Although the effect of age, sex, weight and different nutritional and feeding strategies at
weaning is well known (Pluske et al., 2003; Kim et al., 2012; Heo et al., 2013), weaning
diarrhea is still one of the most important factors in economic losses in the swine-production.
In a small survey including 61 piglets with disease-related mortality in Norway, the incidence
of hemorrhagic enteritis associated with weaning diarrhea in the piglets was 53% (Akerstedt et
al., 2013). Weaning diarrhea causes major economic losses and the increasing incidence
coincides with the ban of in-feed antibiotics and growth promotors in the Scandinavian and
European countries (Fairbrother et al., 2005). The increased incidence of weaning diarrhea
necessitates research into better nutrition and management together with the development of
vaccines. Although exact incidence of weaning diarrhea is difficult to obtain, the impression is
that better management and nutrition have resulted in a decreased incidence of weaning diarrhea

in Norway during the latest years.

1.5. Intestinal changes and challenges in broiler chickens and piglets

The importance of a healthy intestine for productivity and disease resistance is well known and
has a role in animal welfare and economic considerations in both commercial broiler chicken
(Choct, 2009) and piglet production. Often a highly palatable and digestible feed is needed to
stimulate feed intake and support a healthy intestinal growth and maturation. Luminal
stimulation and adequate feed intake are important factors for intestinal maintenance, growth

and maturation and are well known in broiler chickens, piglets and humans.

Young animals have periods where they are more prone to delayed or retarded growth and to
develop diseases. In broiler chickens, the intestine appears immature upon hatching and
develops extensively during the first two weeks (Uni et al., 1998; lji et al., 2001; Batal and
Parsons, 2002). In addition, the broiler chicken has to adapt from nutrition from the yolk sac
into an exogenous nutrient source to assimilate the nutrient requirement for growth. The villus
height increases in all small intestinal segments during the first 15-21 days post-hatch (Uni et
al., 1999; lji et al., 2001) and the protein component is reported to be the most important nutrient
for the recovery of intestinal villus after feed withdrawal (Maneewan and Yamauchi, 2004). In
addition, the plasma concentration of 1gG (IgY) in the chicken is at its lowest one to two weeks
after hatching (Hamal et al., 2006). These factors predisposes the broiler chickens for
developing diseases especially during the first 14 days post-hatch. As impaired intestinal
growth is difficult to remedy later in production (Uni, 1998; Juul-Madsen et al., 2004)
stimulating post-hatch intestinal development and absorption capacity are of major importance.
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In piglets, weaning diarrhea often appears around two weeks post-weaning. The prompt
disruption from a milk-based diet into a grain-based diet, together with the withdrawal of the
sow’s milk, rich in protective immunoglobulins, challenges the adaptive responses of the
piglet’s intestines. It has been demonstrated that the proximal small intestinal villus undergoes
atrophy post-weaning (Pluske et al., 1997; Hedemann et al., 2003; Vente-Spreeuwenberg et al.,
2003), and the aim of the feed formulations is often to maintain the integrity of the intestines
and hinder villus atrophy, in addition to supply the animal with sufficient nutrients to support
the requirements for maintenance and growth. During the post-weaning period, the feed intake
is below their maintenance requirements and the piglets usually lose weight. This period of
negative energy balance can last for up to six to nine days post-weaning (Pluske et al., 2005).
A substantial amount of research has been performed in order to minimize the growth-check
and incidence of post-weaning diarrhea (Pluske et al., 2005; Halas et al., 2007; Heo et al.,
2008), as weaning weight and weight gain the initial week post-weaning are reported to explain

a large percentage of the variation in body weight at day 20 post-weaning (Pluske et al., 2005).

1.6. Intestinal microbiota

As highlighted by Bauer et al. (2006), the intestinal microbiota community have a significant
impact on immunity and health, especially in younger animals. There is a symbiotic relationship
between the host and the microbiota community that acts on the metabolism of nutrients and
contributes to resistance of colonization of exogenous microorganisms (Bauer et al., 2006).
This symbiosis is both beneficial and deleterious for the host and the main aim of altering the
microbiota community is to increase the benefits and decrease the cost to the host (Richards et
al., 2005). Macronutrients like fiber, protein and fat are known to influence the microbiota
community (Wu et al., 2011; David et al., 2014) and the microbiota community changes rapidly

and in a reproducible manner (David et al., 2014).

The intestines are naturally colonized by microbiota after birth; however, a stable microbial
community takes some time to establish (Gaskins, 2001), and therefore the effect of diets and
supplements is probably more efficient in younger animals. In general, younger animals are
more prone to develop intestinal dysfunction and diarrhea due to intestinal microbial

imbalances in comparison to older animals.
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1.7. Protein digestion and absorption

Proteins are normally hydrolyzed into smaller peptides and free amino acids in the stomach and
intestine. The low pH in the stomach unfolds the proteins and exposes the peptide bonds for
pepsin cleavage. Further cleavage of peptide bonds takes place in duodenum, where the
proenzymes from pancreas are activated and trypsin, chymotrypsin, and carboxypeptidases
cleave the ingested protein into smaller peptides. In addition, different peptidases lining the
brush border of the intestine cleave smaller peptides into tri- and dipeptides, and free amino
acids. Small peptides below 4-5 amino acid residues in length are able to be transported through
specialized peptide transporters, co-transported with other components, and can diffuse through
permeable tight junctions (Gilbert et al., 2008). The specialized peptide transporters PepT1,
PepT2 and PHT 1 and PHT2 are all proton-coupled and transport their substrates in a species-,
tissue-, and development-specific manner (Chen et al., 2005; Zwarycz and Wong, 2013). The
peptide transporter PepT1 is widely distributed in the small intestines of broilers (Chen et al.,
2005; Zwarycz and Wong, 2013), has low affinity for several peptides (Brandsch et al., 2004),
and a high capacity, and can therefore be regarded as important for the regulation of di- and
tripeptide absorption even in the immature intestine. In rats, a brief fast or malnutrition due to
parasite infection increases the intestinal gene expression of PepT1 (Thamotharan et al., 1999;
Barbot et al., 2003), probably increasing the peptide absorption capacity. Furthermore, an
increased level and quality of dietary protein is associated with increased gene expression of
PepTL1 in chickens and rats (Shiraga et al., 1999; Chen et al., 2005).

Hydrolysates contains high levels of smaller peptides and free amino acids that may increase
the absorption rates in comparison to intact proteins. The regulatory responses are difficult to
predict, however, it has been demonstrated in a dog study by Zhao et al. (1997), a dose-
dependent slowing of the intestinal transit time and that intact protein reduces the transit time
more effectively than the hydrolyzed form. In addition, the protein absorption efficiency was
reported to be nearly constant although the protein absorbed in the proximal intestine was
significantly higher when protein was given in the hydrolyzed form in comparison to the intact
form (Zhao et al., 1997). A more efficient absorption of amino acids into the portal blood from
peptides compared to free amino acids and intact proteins is reported in rats (Kodera et al.,
2006) and in piglets, the absorption of amino acids is higher, faster and more homogenous after
hydrolysate infusion in comparison to a free amino acid infusion (Rerat et al., 1988). In
addition, higher mRNA expression of several peptide and amino acid transporters was reported
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when a hydrolyzed whey protein source was given to chickens in comparison to both intact

whey proteins and free amino acids (Gilbert et al., 2010).

Amino acid transporters with a high affinity to the different amino acids, transport amino acids
into the intestinal epithelia. These transporters, are highly specialized, although most amino
acids are transported by more than one transporter, providing a backup capacity (Broer, 2008).
The amino acid transporters are found to be slower in amino acid absorption and are less energy-

efficient in comparison to peptide absorption (Daniel, 2004).
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2. Objectives of the study

The main objective of this study was to increase the utilization of Atlantic salmon rest raw
materials to produce value added feed ingredients for broiler chickens and piglets with higher
nutritional value than traditional fishmeal. Based on this overall aim the specific objectives

were:

e To evaluate the influence of process conditions during hydrolysis of Atlantic salmon
rest raw material on hydrolysate yield, protein recovery and hydrolysate composition
o Influence of raw material, pretreatments, enzymes and time of hydrolysis
(Study 1).

e To evaluate the nutritional value and sensory properties of hydrolysates from Atlantic
salmon rest raw materials
o Influence of raw material, pretreatments, enzymes, and compare industrial

versus laboratory production of hydrolysate (Studies I and II).
e To evaluate the influence of salmon protein hydrolysate on growth performance, small

intestinal morphometry and microbiota (piglets) when included in diets for broiler
chickens (Study I11) and piglets (Study V).
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3. Materials and methods

Studies | and 11

In studies I and I1, two different starting materials for the hydrolysis were used: 1) 100 % viscera
(V) and 2) a mixture of 50% viscera, 25% heads, and 25% frames/trimmings (VHF) on a wet
weight basis. Regarded as unstable and a difficult material to handle, viscera are often excluded
in studies of rest raw material from Atlantic salmon farming. As viscera accounts for 40% of
the rest raw material available from Atlantic salmon farming in Norway (Olafsen et al., 2014)
and the industrial hydrolysis plant is co-located with a large salmon slaughter factory at Fragya
in Norway, this fraction was included in the study. The co-location makes it possible to process
the viscera-containing raw material immediately after slaughter and extract the valuable oil and
protein present in viscera in a controlled manner. The composition of VHF mixture was similar

to the composition of the materials delivered to the industrial hydrolysis plant in 2014.

Four hydrolyses were performed with different starting materials (V and VHF) and enzymes
(Protamex and a papain plus bromelain mixture) to obtain the hydrolysates. In addition, three
hydrolyses were performed with viscera as starting material: 1) without addition of commercial
enzymes, 2) after initial inactivation of endogenous enzymes by heat (70°C, >5 min) and
subsequent hydrolysis with a papain plus bromelain mixture and 3) after slight heating (40°C)
with oil withdrawal before hydrolysis with a papain plus bromelain mixture. The choice of
enzymes and process conditions were taken on the basis of previous knowledge and experience
at the laboratory. Three of the laboratory hydrolysates were chosen to be produced in industrial
scale based on a total judgement of nutritional value and cost/benefit considerations in both

hydrolysate producer and possible end-user in the livestock production.

All hydrolyses were performed at 52°C for up to 120 minutes and the industrial production
mimicked the laboratory hydrolysis but ran for 60 minutes. The industrial hydrolyzing plant
has equipment designed for industrial production and thus the laboratory versus industrial
production dissimilarities on hydrolysate composition were detected. Raw materials,

pretreatments, enzymes, hydrolysis, sampling and analysis are described in Papers 1 and I1.
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Study Il

Six experimental diets were conducted in both the starter and grower periods for broiler
chickens. Two different hydrolysates were added the diets at two different levels in a 50% and
100% exchange of fishmeal protein, one diet was included 4% fishmeal, and one diet was based
on plant protein. The hydrolysates differed in the enzymes used during hydrolysis and were
produced from viscera only. One hydrolysate was produced with only endogenous enzymes,
while the other hydrolysate was obtained by use of a papain plus bromelain mixture in addition
to the endogenous enzymes present in viscera. The two hydrolysates were the same as two of
the industrial produced hydrolysates in study I. Further details of production details of the

hydrolysates are described in Papers | and Il

Immediately after hatching, 5282 broiler chickens were sorted by sex and allotted in 66 pens in
four rooms. The experimental diets were fed to the broiler chickens during the starter (days 0-
9) and grower period (days 10-28) and one broiler chicken, per pen, was sampled at day 10 for
morphometric analysis. Animal housing, diet composition, recording, sampling, and analysis
are described in Paper I11.

Study IV

Study IV included four experimental diets, fed to piglets from weaning day to day 32 post-
weaning. Two diets were added different SPH’ in a 100% exchange of fishmeal protein, one
diet included 4% fishmeal and one diet was plant protein-based. The hydrolysates were
produced at the same industrial hydrolysis plant as studies I, 11, and IlI, without addition of
commercial enzymes and from 100% viscera (V) and a mixture of 50% viscera + 25% heads +
25% frame/trimmings (VHF) (wet weight basis). At weaning, 96 piglets were blocked by sex,
litter, and live weight, and allocated to four dietary treatments with four replicate pens. At day
11 post-weaning, two piglets each pen were sacrificed and intestinal samples collected for
morphometric and 16S rRNA microbiota analysis. Animal housing, hydrolysate and diet
composition, sampling and analysis are described in Paper IV.
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4. Results and discussion

4.1. Yield, recovery and protein content in the hydrolysates

The yield of SPH, protein content and amino acid composition in the hydrolysate is an important
issue as protein is an expensive feed ingredient in feed formulations. Composition of raw
material and process conditions influenced the kinetics of the hydrolysis and composition of
the hydrolysates (Papers | and I1). The rest raw materials used as starting material for hydrolysis
had lipids as the major component of the dry material (68-73% on dry matter basis) (Paper I,
Table 1) which is typical for fish rest raw materials containing significant amounts of viscera
(Slizyteé et al., 2005b; Slizyte et al., 2005¢; FAO, 2007). Due to the high content of lipids in
the starting material, one hydrolysis was performed after separation of oil (Paper I, Figure 1).
On a dry matter basis, the protein concentration varied from 13% in the viscera raw material to
22% in the mixture raw material (Paper I, Table 1).

4.1.1. Raw material

Hydrolysis of the viscera, head and frame mixture yielded more SPH in comparison to
hydrolysis of viscera alone after 60 minutes of hydrolysis (Paper I, Table 3). However, due to
the high fat content in the starting material, which is inert for protein hydrolysis, direct
comparison between these two starting materials may give a biased result. When calculated on
a fat-free basis, hydrolysis for 60 minutes produced similar amount of SPH (Paper I, Figure 2)

and similar recovery of proteins (Paper I, Table 4) from both rest raw starting materials.

The protein content in the hydrolysates varied depending on the starting material. The “lean”
viscera, head and frame mixture starting material generated a higher concentration of protein
and less lipids in the hydrolysates in comparison to the more fatty viscera starting material
(Paper 11, Tables 1 and 2). This tendency is also shown by Slizyté et al. (2005a), who reported
an inverse linear correlation between lipids in cod rest raw material and protein content in the

hydrolysate.

4.1.2. Pretreatments

The effect of excessive heat (>70°C) in order to inactivate the endogenous enzymes and to have
increased control over the hydrolysis process had a significant impact on the yield and

composition of the hydrolysates (Papers | and I1). No hydrolysis appears to take place after the
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addition of papain plus bromelain as shown by the yield, protein recovery and degree of
hydrolysis (Paper I, Figure 2, Tables 3, 4 and 6). In addition, heat inactivation of the endogenous
enzymes significantly reduced the protein content and increased the lipid content in the
hydrolysates in comparison to the other hydrolysates from viscera (Paper Il, Table 2). The
reduced efficiency of hydrolysis after excessive heat-pretreatment is described earlier (Slizyte
et al., 2004b; Slizyte et al., 2005c; Duan et al., 2010; Liu and Zhao, 2010) and is hypothesized
to be due to conformational changes in the protein structure (Mutilangi et al., 1996; Branden
and Tooze, 1999) or formation of lipid-protein complexes in the hydrolysate (Slizyté et al.,
2005c) making the proteins more resistant to enzymatic breakdown. In addition, the total
amount of active proteolytic enzymes are reduced due to the inactivity of the endogenous

enzymes.

Extraction of oil before hydrolysis did not influence the yield of SPH or protein recovery (Paper
I, Figure 2, Table 4) which indicates that heating of raw material up to 40°C does not denature
proteins, making them more resistant to hydrolysis, or reduce the activity of the endogenous
enzymes. Furthermore, the hydrolysate after initial oil extraction had higher protein
concentration in comparison to the other viscera hydrolysates (Paper Il, Table 2), therefore,
providing further evidence of the starting materials’ influence on hydrolysate composition. In
addition, the oil extracted before hydrolysis had a higher quality compared to oil after enzymatic
hydrolysis (Paper I, Table 2) which is also reported in herring by Carvajal et al. (2014). On top
of the aforementioned benefits of oil separation before hydrolysis, the productivity of the

hydrolysis reactor will increase due to decreased hydrolysis volume.

4.1.3. Enzymes

Enzymes used in our study (endogenous enzymes present in viscera, Protamex, and papain plus
bromelain mixture) inhabit both endopeptidase and exopeptidase activities and are often used
during hydrolysis of marine rest raw materials as they are known to be well suited for the
solubilization of marine proteins. The choice of Protamex or papain plus bromelain during
hydrolysis, did not significantly influence differences in SPH yield, protein recovery or protein
content in the SPH (Paper I, Figure 2, Tables 3 and 4, and Paper Il, Table 2). In addition,
hydrolysis of viscera with only endogenous enzymes produced similar SPH yield, protein
recovery and protein content in the SPH in comparison to hydrolysis of viscera added
commercial enzymes (Paper |, Figure 2, Tables 3 and 4, and Paper Il, Table 2). The high

proteolytic activity of endogenous enzymes in viscera is also shown in hydrolysis of Atlantic
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cod (Aspmo et al., 2005) and in pink salmon (Bower et al., 2011). The effect of adding
commercial enzymes like Protamex or papain plus bromelain to already existing endogenous
enzymes when hydrolyzing viscera to increase SPH vyield, protein recovery or protein content
of the hydrolysate, is therefore questionable. The addition of Protamex and papain plus
bromelain, however, significantly reduced the lipid content in the viscera hydrolysates
compared to hydrolysis with only endogenous enzymes (Paper 11, Table 2). This might be a
significant factor as low lipid content in the SPH is important for the stability and quality of the
SPH (Gildberg, 1993; Kristinsson and Rasco, 2000b).

It is important to be aware of the high amount of endogenous enzymes present in the starting
materials in this study. Viscera accounted for at least 50% of the starting material and the
amount of endogenous enzymes were doubled when viscera were the solely substrate in
comparison to the viscera, head, and frame mixture. The total amount of endogenous enzymes
and therefore total amount of enzymes during hydrolysis were higher when viscera were the

sole substrate compared to the viscera, head, and frame mixture.

4.1.4. Time of hydrolysis, kinetics

The increase in SPH yield was faster during the first 60 minutes of hydrolysis compared to the
increase in the following 60 minutes of hydrolysis (Paper I, Table 3). The exceptions were the
hydrolysis with the heat-denatured starting material, where no hydrolysis seemed to take place
and the viscera hydrolyzed with papain plus bromelain showing a significant increase in amount
of SPH (55% increase during 60-120 minutes of hydrolysis). This significant increase of SPH
yield during 60-120 minutes after hydrolysis of viscera with papain plus bromelain, indicates a
delayed effect of these enzymes on slowly hydrolysable parts of viscera compared to Protamex.
On a fat-free basis, hydrolysis of both starting materials for 60 minutes produced similar
amounts of SPH and recovered protein independent of enzymes used, while further 60 minutes
of hydrolysis (60-120 minutes of hydrolysis) increased the yield and protein recovery when
only viscera was used as starting material (Paper I, Figure 2, Table 4). The viscera, head and
frame mixture starting material contain more easily degradable muscle proteins compared to
viscera only, which contains slowly hydrolysable parts of collagen connective tissue lining the

guts.
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4.2. Nutritional evaluation and sensory properties of the hydrolysates

The nutritional value of protein is primarily dependent on the ability to fulfil the human or
animal requirements for protein and essential amino acids. The concept “ideal protein” is,
however, under pressure, as new and novel discoveries about amino acid metabolism and the
effects on growth and health are discovered (Wu, 2014). In addition, the knowledge about
peptides and their potential bioactive effects is becoming increasingly evident (Kim and
Mendis, 2006; Ngo et al., 2012).

4.2.1. Protein quality

Hydrolysates from different raw materials have different amino acid compositions (Paper 11,
Table 3) which is also shown by (Shahidi et al., 1995). The different protein quality measures
like PER, PDCAAS and DIAAS, almost all showed slightly higher values for the hydrolysates
produced from viscera in comparison to hydrolysates produced from the viscera, head and
frame mixture (Paper Il, Table 3). The choice of Protamex, papain plus bromelain, only
endogenous enzymes or oil-removal before hydrolysis was of minor importance on PER,
PDCAAS, and DIAAS measures, while initial heat-inactivation of viscera before hydrolysis
lowered the nutritional value, mostly influenced by lower concentrations of indispensable
amino acids like histidine, tryptophan, and leucine (Paper Il, Table 3). However, all
hydrolysates, except the hydrolysate from initially heat-treated viscera, had DIAAS values
exceeding 78 with the highest value being 92 (Paper Il, Table 3). In comparison, the DIAAS
values of wheat, peas, and whole milk powder are calculated to be 40, 64 and 122 respectively
(FAO, 2013). The high protein quality measures imply that hydrolysates from Atlantic salmon
viscera-containing rest raw materials are well balanced in accordance to the recommended

human amino acid reference pattern from FAO.

4.2.2. Degree of hydrolysis and molecular weight distribution

Hydrolysates obtained from viscera, except the hydrolysate from initial heat-inactivated
viscera, showed higher degree of hydrolysis, more free amino acids, and higher amount of
smaller peptides (<1kDa) in comparison to hydrolysates obtained from the mixed starting
material (Paper Il, Tables 4 and 5). Excessive heat treatment of viscera before hydrolysis by
papain plus bromelain markedly lowered the degree of hydrolysis, the amount of free amino
acids, and percentage of smaller peptides (<1kDa) in the hydrolysates in comparison to the

other viscera hydrolysates (Paper 1l, Tables 4 and 5). This again supports the theory of
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conformational changes of proteins during excessive heating making them more resistant to
degradation by proteases. The lower efficiency of hydrolysis and larger peptides in the
hydrolysates after initial excessive heat-treatment is also described in hydrolysis of blue
mackerel (Decapterus maruadsi) (Liu and Zhao, 2010) and silver carp (Hypophthalmichthys
molitrix) (Duan et al., 2010). Oil-removal before hydrolysis increased the degree of hydrolysis
and amount of free amino acids in the hydrolysates (Paper 1, Table 4) probably due to the time
spent before hydrolysis and heating to 40°C to facilitate oil-removal where the endogenous
proteases in viscera were active. Different enzymes, including only endogenous enzymes in
viscera, had a minor impact on the degree of hydrolysis and amount free amino acids - although
Protamex tended to produce hydrolysates with slightly higher degree of hydrolysis, lower
amount of free amino acids, and smaller peptides (<1kDa) compared to papain plus bromelain
from both rest raw materials (Paper Il, Tables 4 and 5). The small differences detected between
the enzymes, Protamex and papain plus bromelain, were probably due to the high proteolytic
activity of the raw material itself, as it contained at least 50% viscera that may have dominated
the proteolytic activity during hydrolysis. The high proteolytic activity from viscera is also
reported from a number of other studies (Pastoriza et al., 2004; Aspmo et al., 2005; Sovik and
Rustad, 2005; Bower et al., 2011). The observed lower degree of hydrolysis, amount of free
amino acids and smaller peptides (<1kDa) in the industrially-produced hydrolysates compared
to the corresponding hydrolysates produced in the laboratory (Paper Il, Tables 4 and 5) was
probably partly due to the shorter time from slaughter to hydrolysis, and time spent to reach
52°C in the industry. A strong positive significant correlation between the degree of hydrolysis
and amount free amino acids was detected (Paper 1), which is in line with findings of Slizyté
et al. (2005a) in hydrolysis of cod by-products.

4.2.3. Bioactivity

Different raw materials were expected to give rise to different peptides in the hydrolysates.
However, the most striking result of this analysis was the low number of different peptides
recognized in the hydrolysates obtained by Protamex in comparison to hydrolysates obtained
by use of papain plus bromelain in both viscera and viscera, head, and frame mixture starting
materials (Paper 1l, Table 6). Despite the difference in number of detected peptides, the number
of different bioactive motifs detected was at the same level for all the laboratory hydrolysates,
regardless of different starting materials, pretreatments, or enzymes (Paper Il, Table 6). The
majority of recognized bioactive peptides were associated with the cardiosystem (Paper II,
Table 6), upon which most of the published data is based.
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4.2 4. Bitterness

The viscera, head, and frame mixture starting material had a significantly lower median
bitterness compared to the viscera starting material and the same tendency was also observed
in the hydrolysates after 60 minutes of hydrolysis (Paper I, Figure 4). Heat inactivation of the
endogenous enzymes led to the bitterest sample both before hydrolysis and after 60 minutes of
hydrolysis, while separation of oil before hydrolysis did not influence the bitter taste of the
hydrolysate after 60 minutes of hydrolysis (Paper I, Figure 4). Hydrolysis of viscera with only
endogenous enzymes produced a bitterer hydrolysate in comparison to hydrolysate from viscera
with active endogenous enzymes and commercial enzymes added to the hydrolysis reaction
(Paper 1, Figure 4). It is reported that the formation of the bitter taste is dependent on several
factors, such as starting material, enzymes, and the hydrolyzing process itself (Dauksas et al.,
2004). Although all mechanisms for formation of bitter compounds are not clearly understood,
the exposure of hydrophobic amino acid side-chains during hydrolysis is thought to be
important (Kristinsson and Rasco, 2000a), together with the degree of hydrolysis - which is also
shown to influence the formation of bitter peptides. Restricting the degree of hydrolysis to 3-5
% (Adler-Nissen, 1984) or increasing the degree of hydrolysis to produce high concentrations
of free amino acids, reduces the sensation of bitter compounds in the hydrolysates as it is known
that hydrophobic peptides are considerably more bitter than the corresponding mixture of free
amino acids (Belitz and Wieser, 1976).

4.3. Hydrolysates as feed ingredient in broiler chickens and piglets

4.3.1. Growth performance

The addition of 10% SPH in broiler chicken diets increased the ADG up to 12 % during the
first 10 days post-hatch in comparison with broiler chickens fed the plant protein-based or
fishmeal diets. Inclusion of 5% SPH in the broiler chicken diets also significantly increased the
ADG during the first nine days post-hatch in comparison to the plant protein-based and fishmeal
diets (Paper 111, Table 3). The observed increase in ADG is supported by the findings of Wagner
and Bregendahl (2007) with salmon protein concentrate and Mateos et al. (2014) with porcine
mucosa hydrolysate in broiler chicken diets. In our study (Paper 1), no differences were
detected in feed or energy intake between any of the diets the first 10 days post-hatch, which is
in line with Mateos et al. (2014) while Wagner and Bregendahl (2007) concluded that the

observed increase in weight gain was due to an increased feed intake. In our experiment (Paper
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I11) the feed utilization, but not the energy utilization, in the 10% SPH diet groups were
increased compared to the plant protein-based or fishmeal diet groups during the first 10 days
post-hatch. The observed increase in ADG might be due to the content of peptides increasing
the absorption of amino acids in the immature intestine, stimulating intestinal growth and
development, together with increased amino acids concentration in the portal blood enhancing
the amino acids available for growth and/or due to some bioactive properties of the
hydrolysates.

During the grower period the difference in daily gain diminished between broiler chickens fed
the SPH containing diets and the fishmeal diet, while the broiler chickens fed the plant protein
based diet still had the lowest growth rates (Paper 111, Table 3). At the end of the experiment,
day 28, no difference in live weight was observed between broiler chickens fed the SPH or
fishmeal diets, while the broiler chickens fed the plant protein-based diet weighed less in
comparison to the other groups (Paper I11). During the later phase of the experiment the broiler
chickens’ intestines are more mature and compensatory regulation of amino acid absorption
and metabolism might conceal the effects of feeding SPH on growth performance that were
seen during the starter period. In addition, the litter score indicated more moisture in the litter

at day 28 in the plant protein diet group in comparison to the marine protein diet groups (Paper

11).

The inclusion of 10% SPH in diets for weaning piglets did not have effect on growth
performance in piglets during the first 11 days or for the overall period 0-32 days post-weaning
(Paper 1V, Table 3). This is in line with Tucker et al. (2011) who reported no differences in
growth performance the first week post-weaning in piglets fed diets which included 1.5% and
3.0% SPH and Ngrgaard et al. (2012) the first 14 days of the trial in piglets fed diets containing
fishmeal, SPH or soy protein concentrate (SPC). Ngrgaard et al. (2012) reported an increased
overall feed intake in piglets fed SPH diets in comparison to a FM diet, but not to a SPC diet,
which is in contrast to the experiment in Paper IV - where no differences in feed intake were
observed at any time between the experimental diet groups. However, these studies are not
directly comparable as Tucker et al. (2011) fed diets containing antibiotics that may have
influenced the results as infeed antibiotics are known to exhibit growth-promoting effects and
Ngrgaard et al. (2012) introduced the experimental diets one week post-weaning. Growth
performance in piglets fed hydrolysates from other sources shows conflicting results as Vente-
Spreeuwenberg et al. (2004) reported no difference in growth performance in piglets fed
hydrolyzed soybean meal and wheat gluten, while Zhou et al. (2010) reported increased growth
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performance with increasing levels of enzymolytic soybean meal in piglets. Increased daily
gain and feed intake is reported at two and three weeks post-weaning in piglets fed hydrolyzed
blood cells compared to piglets fed fishmeal or non-hydrolyzed blood cells (Chen et al., 2013).

The conflicting results reported on the effect of hydrolysates compared to intact proteins on
growth performance may be due to several factors. When feeding young animals the state of
intestinal development and maturity, immunity and species differences are obviously variable.
In addition, the hydrolysate composition can be influenced by several factors, as shown in
Papers | and Il. When feeding diets including hydrolysates, the peptide content and molecular
weight distribution is of significance as it is the peptide content and composition that is

hypothesized to enhance the protein digestibility and exert the possible biological effects.

4.3.2. Intestinal morphometry

Morphometric analysis has been and is a useful tool to study the development and growth of
the intestines in young animals. The intense metabolism and nutrient requirements in addition
to the intestine’s importance for nutrient absorption, growth and disease resistance makes
intestinal morphometry and morphology a useful tool for feed evaluation. Villus height and
morphology have been described as important indicators of intestinal maturity, functionality
and health (Lallés et al., 2007; Montagne et al., 2007).

The addition of SPH in the diets increased the duodenal villus height in broiler chickens (Paper
I11, Table 4) and tended to increase the duodenal villus height in piglets (Paper IV, Table 4) in
comparison to groups fed the plant protein—based diet, but not when compared to groups fed
the FM diet. This indicates that marine protein in the diets improved villus growth in broiler
chickens and, in piglets, tended to decrease villus atrophy in the duodenum. The improved
intestinal morphometry in duodenum may indicate increased proximal intestinal absorption and
growth when peptides are supplied in the diet. However, as no differences were found in
duodenal villus height between broiler chickens fed diets which included SPH in comparison
to the fishmeal diet, the effect on villus height cannot exclusively explain the observed
difference in ADG during the starter period in broiler chickens. A combined effect of peptides
on villus height and a more efficient absorption of amino acids into the portal blood may be

part of a plausible explanation for the observed effects on ADG in broiler chickens.

It is not known if there are components in the marine protein containing diets that enhance the

villus development and maintenance, or if there are factors in the plant protein-based diets that
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are detrimental for the villus. Marine protein sources contain nitrogenous components, such as
taurine and hydroxyproline, which are not detected in soy protein isolates (Liaset et al., 2003).
Both taurine and hydroxyproline are associated with an increased growth performance in
Atlantic salmon (Kousoulaki et al., 2009). However, impaired intestinal development and no
effect on daily gain or feed intake are reported in broiler chickens fed diets which included
taurine (Huang et al., 2014). In contrast, the plant protein-based diets contained more soya in
comparison to the other experimental diets and the anti-nutritional factors - such as lectins,
oligosaccharides, saponins and trypsin inhibitors, which are known to be present in soya, might
have a negative impact on the intestinal development and maintenance. It should however be
mentioned that the soya used in the piglet study was from a soya source where the anti-
nutritional factors are claimed to be significantly reduced or eliminated.

No differences in growth performance were detected between animal groups fed the fishmeal
and plant protein-based diets during the initial periods of the feeding experiments (Papers IlI
and 1V). These findings indicates that the effect of marine proteins most probably are through
supporting villus development and integrity during the early phases post-hatch and post-
weaning as seen by the proximal intestinal morphometry. This coincides with the time of
extensive growth and development in the broiler chickens intestines and atrophy and loss of
integrity in the piglet intestines, where a healthy intestine is a key factor for the animal growth

performance and disease resistance.

A significant positive correlation was found between duodenal villus height and average daily
weight gain in both broiler chickens the first 10 days post-hatch (r> = 0.27, p=0.03, data obtained
from the experiment in Paper I11) and piglets the first 11 days post-weaning (Paper 1V, Figure
1). This is in line with Pluske et al. (1996), who reported a positive correlation between
proximal intestinal villus height and weight gain in piglets fed diets of ewes’ milk or a standard
starter diet. These findings underline the importance of the intestinal integrity and development

in order to exploit the animal’s growth potential.

The ileal villus height tended to be increased in broiler chickens fed the SPH diets in comparison
to the plant protein-based diet (Paper Ill, Table 4), although this was not seen in the piglets
receiving SPH diets (Paper IV, Table 4). Interestingly, the piglets fed the SPH diets tended to
show an increased ileal crypt depth compared to piglets fed both the plant protein-based diet
and the fishmeal diet (Paper I11, Table 4). The mechanisms for this observation are not known;

however, if the SPH diets led to less protein reaching the hindgut and subsequent ileal crypt
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hypertrophy, this may be of importance for the microbiota community in the hindgut.
Microbiota fermentation is influenced by substrate availability and undigested proteins
reaching the hindgut are regarded as unfavorable as the number of proteolytic bacteria might
increase (Halas et al., 2007; Opapeju et al., 2009).

4.3.3. lleal microbiota

The ileal microbiota composition was notably similar between piglets fed the experimental diets
(Paper 1V), indicating small differences in the substrate available for microbial fermentation in
the ileum content. Alteration of the microbiota community is mainly achieved through changes
in macronutrients such as fiber, protein and fat (Wu et al., 2011; David et al., 2014) and the
results from Paper 1V indicates that inclusion of hydrolysates in piglet diets does not alter ileal
intestinal microbiota in well-balanced diets. The microbiota community consisted of 30-45%
of the genus Lactobacillus and 30-40% of the genus Turicibacter (Paper 1V). Different strains
of Lactobacillus are shown to suppress or inhibit microbial pathogens (Servin, 2004) and the
probiotic effects of Lactobacillus are well known, hence the highly significant inverse
correlation between Lactobacillus and Turicibacter described in Paper 1V, is therefore of
importance. This is in addition to the general importance of correlations between microbiota,

as bacterial imbalances are known to be non-beneficial for the host.
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5. Conclusion, further perspectives and recommendations

The present study has shown that the composition of raw materials together with process control
are the key factors for producing highly valuable feed ingredients from salmon rest raw
materials. It is possible, to some extent, to design the proximal composition, the size of the
peptides formed, the amino acid composition, and the potential bioactive peptides by combining
different raw materials, enzymes, and pretreatments. In general, hydrolysates from salmon rest
raw materials contain high levels of proteins, with high nutritional value, and a number of

bioactive motifs.

Viscera have high activity of the endogenous enzymes that intensively hydrolyze material
immediately post-mortem and during the stages of raw material preparation. The addition of
commercial enzymes is not always more efficient and economically beneficial, but can improve
the taste or release the oil from the hydrolysate fraction. Initial heat inactivation of the
endogenous enzymes increases the bitterness, and reduces the yield and nutritional value of the
hydrolysate. On the contrary, the initial separation of oil before hydrolysis offers several
advantages for the hydrolysis process, such as less lipids in the hydrolysate compared to
corresponding treatment without oil separation, higher quality in oil separated before hydrolysis
compared to after hydrolysis and increased productivity of the hydrolysis reactor due to
reduction of the hydrolysis volume. In addition, initial separation of oil did not affect the

nutritional value of the proteins or amino acid composition.

Salmon protein hydrolysates (SPH) are found to be an excellent novel source of proteins well
suited in diets for broiler chickens and weaning piglets. In broiler chickens, the inclusion of
SPH in the starter diets increased the growth performance in comparison to both a plant protein-
based diet and a fishmeal containing diet. The proximal intestinal development was enhanced
by inclusion of SPH in the broiler chicken diets compared to the plant protein-based diet, but
not when compared to the fishmeal diet. During the grower period, broiler chickens fed diets
with inclusion of SPH or fishmeal had an increased weight gain in comparison to broiler

chickens fed the plant protein-based diet.

Piglets fed diets with 10% SPH inclusion had similar growth performance during the first 11
days post-weaning and for the overall period 0-32 days post-weaning as piglets fed diets with
fishmeal or a plant protein-based diet. The inclusion of 10% SPH in the diets tended to maintain

the proximal intestinal architecture with increased villus height and absorption area in
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comparison to the piglets fed the plant protein-based diet. In the ileal microbiota analysis, a
highly significant positive correlation was found between the bacterial genera Lactobacillus
and Turicibacter, which is important as the microbiota community have several
interrelationships that may be useful when designing feed to influence the intestinal microbiota
community. At genus level, only small differences in ileal microbiota were detected between

piglets fed the different diets.

A significant positive correlation between the duodenal villus height and average daily gain in
the first 10 days post-hatch in broiler chickens and 11 days post-weaning in piglets were found,

implying the importance of intestinal architecture for growth performance.

No adverse effects were detected by including SPH in the broiler chicken or piglet diets, and
enzymatic hydrolysis of Atlantic salmon rest raw material appears to be a feasible way to extract

valuable proteins and peptides from lower value products.

Some perspectives and recommendations for future works:

e Viscera should be included in future studies as it is a major constituent of the available

rest raw material arising from fish farming and fishery.
e Mild thermal treatment in order to extract high quality oil before hydrolysis was a
feasible solution in the laboratory. Future work should focus on how to implement oil

extraction before hydrolysis in an industrial production.

e The sediment/sludge fraction after hydrolysis should be evaluated as possible feed

ingredient.

e Several interesting peptides with possible bioactivity was detected in the hydrolysates.
Further studies on possible bioactivity should be conducted.

e The functional physical properties, like pelleting-binding capacity, should be better

evaluated as this is an important feature in the feed industry.
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To gain more knowledge on changes in carcass composition related to the increased

weight gain seen in broiler chickens fed SPH in the starter diets.

Interrelationships between different bacteria, fungus and viruses in different intestinal

compartments and the influence of feed are important and further research warranted.

The environmental footprint should be included in cost-benefit analysis and regulated
to improve and encourage better utilization of all materials arising from the food and

feed chain.
This study has shown that local rest raw material is a highly valuable resource and that

interdisciplinary scientific cooperation is important in increasing the sustainability in

feed and food production, both locally and from a more global perspective.
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Abstract

Different fresh rest raw materials (viscera, heads and frames) from farmed Atlantic salmon
(Salmo salar) were differently pretreated and hydrolyzed with the use of commercial
(Protamex, Papain/Bromelain mixture) and endogenous enzymes. More viscera in the starting
material enhance the bitterness in the hydrolysate, and increase the amount of endogenous
enzymes which influences kinetics and extent of hydrolysis. Solubilisation by addition of
commercial enzymes is not always more efficient and economically beneficial, but can be
used to improve the taste and to release oil from hydrolysate fraction. Denatured proteins are
difficult to hydrolyze and obtained hydrolysate taste more bitter compared to other hydrolysis

treatments.

Separation of high quality oil before hydrolysis by mild thermal treatment does not influence
hydrolysate yield, and decreases the concentration of lipids in hydrolysates. The initial oil
separation also increases productivity of the hydrolysis reactor due to reduction of hydrolysis

volume.
Keywords: Enzymatic hydrolysis; Salmon; Viscera; Rest raw material; Bitterness, Feed
Introduction

Norway farmed 1.3 million tons of Salmon in 2013 [1] and from that 333 000 ton of rest raw
materials (both salmon and trout) were collected. Viscera and trimmings accounted for about
50% of the rest raw materials, while heads and backbones made for about 7% and 8%
respectively [1]. Profitable utilization of fish rest raw materials is a hot topic for both research

and fishery industry. Many studies on rest raw materials as well as practical industrial
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application have been performed during the last decades. The knowledge of potential
functional products from the rest raw materials has evoked an interest from a wide range of
scientists developing pharmaceuticals and other “high value products” [2, 3]. But still, most of
the salmon rest raw materials today are utilized for production of silage (approx. 55%) and oil
(approx. 25%) and only approx. 5 % is used for production of protein isolates and
hydrolysates [4].

Silage is often processed further into different products, such as oil and protein concentrate
and used as feed ingredients for monogastric animals, as pigs, poultry, pets, fur animals and
farmed fish. Silage is obtained by reducing pH in the rest raw material to approximately 4.0
and storing the material for a certain time at ambient temperature [5]. In fish silage, the
endogenous proteases promote hydrolysis and oil separation [6]. During silage preparation an
aqueous phase rich in small peptides and free amino acids is formed. The solubilisation of fish
tissue in traditional silage is a time consuming process which lasts over several days [7] or
weeks [8]. In addition, it is difficult to control the silage process and the final product has
bitter taste [6, 7]. Lipid oxidation leads to undesirable changes in flavor, color, and nutritional
value. Due to process conditions and formation of covalent bonds between lipid oxidation
products and proteins some amino acids like cysteine, tryptophan, methionine, histidine and
proline will be reduced or lost [9-11]. Potential formation of biogenic amines can also be

mentioned as undesirable process in silage production over time [12].

Controlled enzymatic hydrolysis with added commercial enzymes is a technological solution,
which can be applied in order to recover both valuable fish oil and proteins from rest raw
materials in a mild and reproducible way. In addition, enzymatically hydrolyzed proteins
often have better bioactive properties compared to silage proteins and can be used in different
diet formulations to improve immune function and weight management [13] and exhibit other
health beneficial properties [2]. One of the shortcomings of produced fish protein
hydrolysates (FPH) is the bitter taste. The differences in bitter taste preferences between
species can hinder successful application of hydrolysates in feed formulations. Birds have a
low number of taste buds and T2R-genes, associated with bitter taste, compared to humans
and pigs [14, 15] and it is unknown if they recognize all bitter compounds identified by
humans [14]. It is, however, shown that chickens perceive bitter taste for compounds like
quinine hydrochloride [16] and saccharine [17]. Additionally, the sensation of bitter taste
varies within commercial chicken breeds [16] making feed refusal difficult to foresee. Piglets

are known to be sensitive to several components humans will find bitter and the inter-
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individual variation appears to be large for some components [18]. Piglets, however, have
large preferences for sweeteners as i.e. sucrose and xylitol [19, 20] making it possible to

enhance palatability for piglets in diet formulations.

The possible sources of bitter taste may be the composition of starting material or the
hydrolysis process itself [21]. To define the sources and origin of the bitterness and to find the
critical technological points influencing the tastes of hydrolysates is a key issue for industrial
application when managing taste development. Optimal composition of rest raw material as
well as adjusted processing conditions would prevent or reduce undesirable taste in the
protein containing fractions. Better sensory properties would allow to use hydrolysates in
several applications as it is well documented that hydrolysates have good functional and
bioactive [22] properties and have high nutritional value [23, 24]. The non-soluble fraction
after hydrolysis can constitute a significant part, which contains a high percentage of protein
from the raw material. It is shown to have a higher protein efficiency ratio (PER) than FPH
(the soluble part), containing a high amount of lipids (up to 50%), including a high
concentration of phospholipids (up to 60% of lipids) and might be a bulk product for further
processing and purification of phospholipids, however, it can be an interesting feed ingredient
“as it is” [3].

Rest raw materials like heads, bones, cut-offs and damaged fillets can be used for production
of fish protein hydrolysates and marine oil for human consumption. However viscera or parts
of viscera are often considered as undesirable raw materials for human consumption, mostly
due to ethical considerations. Fish viscera contain parts like stomach, liver, kidney, gall
bladder, intestines - all parts considered to have a high enzymatic activity. Under uncontrolled
conditions and at elevated temperature these enzymes will lead to decomposition and reduced
quality immediately after loss of integrity. Due to the mentioned factors, viscera are defined
as a perishable raw material difficult to handle. At the same time, viscera can be considered as
a raw material rich in nutritionally valuable peptides and amino acids [23] that contain active
endogenous enzymes which could be employed for the hydrolysis and solubilizing of
proteins. In addition, viscera contain high percentage of valuable lipids which are inert

material during protein hydrolysis and may be extracted before hydrolysis.

The main aim of this study was to evaluate kinetics and yields of the hydrolysis process,
quality of the oil and hydrolysate when different Atlantic salmon (Salmo salar) rest raw

materials were hydrolyzed. Different process conditions as well as two different commercial
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enzymes were tested. Hydrolysis with and without endogenous enzymes was also
investigated.

Material and methods

Rest raw material

Whole fresh salmon, heads and frames (backbone from the fileting line) were taken from an
industrial slaughtering line (Salmar ASA, Norway), packed separately in plastic and stored in
crushed ice in styrofoam boxes. The raw materials were transported (6 hours) to SINTEF
laboratories (SeaLab, Trondheim, Norway) by thermo transport and kept in a dark cold room
on ice (4 °C). The fish, weighing 4.5 to 4.9 kg, heads and frames were delivered every other
day. The raw materials were processed either 24 or 48 hours after leaving the slaughtering
line. Viscera were collected from the whole salmon immediately before mincing. Viscera,
heads and frames were minced separately in a Hobart mincer using 10 mm holes to produce a
homogenous batch of each rest raw material. The minced raw materials were kept on ice (max
1 hour) until further processing. Minced heads (50 %, calculated on wet weight basis) and
minced frames (50%), was mixed to ensure that the composition of the head and frames

would be representative for later processing in a larger scale.

Enzymes and chemicals

Papain FG (powder on maltodextrin, from Carica papaya, cysteine protease with broad
specificity, 500 TU/mg) and Bromelain (powder on maltodextrin, Ananas comosus,
sulfhydryl protease with broad specificity, 400 GDU/qg) (both from Enzybel Intl.s.a., Belgium)
and Protamex (Bacillus protease from Novozymes A/S, Bagsvaerd, Denmark) were used for
the hydrolysis. Protamex was kindly delivered by Novozymes and comply with the
recommended purity specifications for food-grade enzymes given by the Joint FAO/WHO
Expert Committee on Food Additives (JECFA) and the Food Chemicals Codex (FCC).
Methanol, chloroform, formaldehyde hexane, diethyleter, and formic acid (Merck, Darmstad,

Germany) were used for the chemical analysis. All chemicals used were of reagent grade.

Hydrolysis experiments

Two different rest raw materials were used for hydrolysis: 1) mixture of viscera, heads and
frames (VHF): 50:25:25% (based on wet weight basis) and 2) viscera (V) 100% (Figure 1).
The hydrolysis was performed in a 4 | closed glass vessel placed in a water bath (52°C) and
stirred with a propeller (diameter 10 cm, approx. 80 rpm) to ensure the homogeneity of

mixture during the whole hydrolysis. The experiment was performed with adding warm (50
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°C) distilled water (1:1 of raw material mass). The hydrolysis mixture was warmed up (35-45
min) in warm water batch (54°C) until the temperature of the mixture reached 52°C. Then
enzymatic hydrolysis was initiated by adding either 0.1% Protamex (by wet weight of raw
material mixture) or 0.05%+0.05% of Papain and Bromelain respectively (Hydrolysis No 1 -
4 in Figure 1). Protamex was chosen as a commonly used enzyme in fish industry and mixture
of Papain/Bromelain is shown to give good sensory properties of hydrolysates [25]. All
enzymes were dissolved in water to ensure easy and complete addition into the hydrolysis
mixture. For hydrolysis kinetic studies representative sample from each hydrolysis were taken
after 30, 60, 90 and 120 min of hydrolysis. Enzymatic activity in the samples was inactivated
by microwave heating for 5 min at 90°C. The mixtures were cooled down to room
temperature, then placed in 50 ml graduated centrifuge tubes (NUNC) and centrifuged at
6500*g for 10 minutes. After centrifugation, the tubes were put upright in a freezer (-80°C)
and all fractions: oil, emulsion, fish protein hydrolysate (FPH) and sludge were separated by
cutting the frozen content of the tubes. The FPH fractions were freeze-dried. Several control
hydrolyses were performed with 100% viscera as a raw material. Hydrolysis No 5 (Figure 1)
was performed with only endogenous enzymes (without addition of commercial enzymes). In
hydrolysis No 6 endogenous enzymes were inactivated by heating viscera up to 70°C and kept
at this temperature for 5 min. Then the hydrolysis was performed at 52°C by adding
0.05%+0.05% of Papain/Bromelain. In hydrolysis experiment No 7 most of the oil from
viscera was separated before hydrolysis after heating the viscera up to 40°C (20 min to reach
and 5 min to keep the temperature of 40°C). Oil was separated by centrifugation (2250xg, 10
min) and rest material was hydrolyzed by adding 0.05%+0.05% of Papain/Bromelain. The
hydrolysis process as well as inactivation of enzymes and separation of different fractions

were performed as described above. All hydrolysis trials were performed in two replicates.

Chemical analyses

The moisture content in the samples was determined gravimetrically after drying at 105 °C
until constant weight of samples was achieved (typically 24 h). Ash content was determined
after heating dry samples at 550°C for 20 h. Total nitrogen (N), determined by CHNS-O
elemental combustion system (Costech Instruments ECS 4010) and crude protein was
estimated by multiplying total N by a factor of 6.25. The measurements were performed in
four parallels. The total lipid content was determined gravimetrically and expressed as g

lipid/g sample material wet weight or dry weight by the method of Bligh and Dyer [26]. For
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the crude protein fraction, the extraction of lipids was performed on freeze-dried material. The
analyses were performed in duplicates.

Peroxide value (PV)

PV in the oil samples was determined by the iodometric titration method described in a
titration application issued by Radiometer Analytical SAS (Villeurbanne Cedex, France). The
titration end point was assessed potentiometrically, using TitraLab980 automatic titrator
(Radiometer Analytical SAS, Copenhagen, Denmark), coupled with a single platinum
electrode (M21Pt, Radiometer Analytical ASA, Copenhagen, Denmark) and a reference
electrode (REF 921, Radiometer Analytical ASA, Copenhagen, Denmark). The analysis was
performed with 4 — 6 parallels, and the results are expressed in meg/kg oil as a mean value +

standard deviation of the mean.

Free fatty acid (FFA)

FFA content in oil samples was analyzed according to a procedure proposed by Bernardez et
al. [27]. Isooctane was used as a solvent for lipids, instead of cyclohexane. Each sample was
measured in four parallels. Standard curve prepared with oleic acid standard (0 — 20 pumol)
was used for FFA content calculation. The results are expressed as % of oleic acid + standard

deviation.

Degree of hydrolysis
The degree of hydrolysis was evaluated as the proportion (%) of a-amino nitrogen with

respect to the total N in the sample [28]. Analyses were performed in duplicate.

Gel filtration of proteins (FPLC)

Dry hydrolysate powders were dissolved in 0.05 M Na-acetate buffer (pH=5.0), filtered
(0.22um) and separated on FPLC column (Superdex ® Peptide 10/300 GL). The flow rate was
0.5 ml/min, and the speed of recorder was 0.5 m/min. The standards used were Cytochrome c
(Mw =12 384), Aprotinin (Mw =6 512), Vitamin B1> (Mw =1 356), Cysteine (Mw =121).

Amount of free amino acids composition by high pressure liquid chromatography (HPLC)

The content of free amino acids in the fish protein hydrolysates was determined according to
Osnes and Mohr [29]. Protein was precipitated using sulfosalicylic acid, the supernatant was
diluted using doubly distilled water, filtered through 0.2 um pore size filters. Reversed phase
HPLC by precolumn fluorescence derivatization with o-phthaldialdehyde (SIL-9A Auto
Injector, LC-9A Liquid Chromatograph, RF-530 Fluorescence HPLC Monitor, Shimadzu,

6
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Japan) was performed using a Nova-Pak C18 cartridge. Amino acid concentrations were
determined once in each extract. Glycine/arginine and histidine/serine/glutamine were

determined together, as their peaks merged.

Sensory analysis

Ranking test was used for evaluation of bitter taste in freeze dried FPH. The participants (12
persons) in the sensory panel were selected among the SINTEF Fisheries and Aquaculture
(Norway) employees on the basis of their threshold level for bitter taste after training, using
caffeine solutions (0%, 0.006%, 0.014% and 0.027% in water). Freeze dried fish protein
hydrolysate (FPH) and stick water powders (soluble protein fraction before hydrolysis) were
dissolved in water to concentration of 0.2 % and presented for panelists evaluation. A ranking
test was used and the bitterness of 6 different samples was evaluated in range from 1 (the least
bitter sample) up to 6 (the most bitter sample). The samples were served in a completely

random order. Water was provided between samples to cleanse the palate.

Statistical analysis

Microsoft Excel was used for data processing and statistical analysis. Data were subjected to
analysis of variance (ANOVA). Means were accepted as significantly different at 95% level
(p<0.05).

Results and discussion

Yield, recovery and composition of FPH

Rest raw material used for hydrolysis (viscera, heads and frames) varied in chemical
composition and all had lipids as the major component in the dry material (Table 1). High
lipid content is a typical situation for fish rest raw materials especially when viscera make up
a significant amount of the mixture [30]. Due to the high amount of lipids in the starting
material, one of the hydrolysis was performed after separation of oil (\VV-oil ePaBr, Figure 1).
An expected outcome of this technological solution would be better oil quality (Table 2) and
increased productivity of the hydrolysis reactor due to lower hydrolysis volume. Oil quality
evaluated by peroxide values (PV) and amount of free fatty acids (FFA), indicated that oil
after hydrolysis of mixed raw material (VHF) had better quality compared to oil obtained
after hydrolysis of viscera (V): Table 2. Viscera contain more active lipases compared to other
fish rest raw materials [31] and this leads for higher amount of free fatty acids in oil obtained
only from viscera (Table 2). Thermal treatment before hydrolysis (V PaBr) produced the oil

with the lowest amount of FFA. This proves that lipase activity in the raw material was
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greatly reduced by heating to 70 °C for 5 min. The oil separated before hydrolysis also
contained low amount of FFA, which was significantly lower compared to the oil separated

from the same raw material after hydrolysis (\VV-oil ePaBr).

Amount of primary oxidation products measured as peroxide value (PV) was also lower in oil
after hydrolysis of mixed raw material (VHF) compared to oil obtained after hydrolysis of
viscera (V). The oil separated before hydrolysis was significantly less oxidized compared to
the oil separated from the same raw material after hydrolysis (V-oil ePaBr). These results
suggest that in order to obtain high quality oil, one way could be to separate the oil before

hydrolysis.

The kinetics of hydrolysis was influenced by both composition of raw material and hydrolysis
time. The amount of separated oil after hydrolysis reflected the amount of oil in raw material
(Table 1, Table 3). "Lean" raw material (VHF) and oil reduced viscera (V-oil ePaBr) gave
significantly less oil compared to hydrolysis of viscera alone. Amount of liberated oil
increased with hydrolysis time and was not influenced by the type of enzyme added (Table 3).
Endogenous enzymes were less effective to separate oil compared to hydrolysis where
endogenous enzymes were used together with Protamex and Papain/Bromelain mixture or
only Papain/Bromelain mixture. Initial heating of raw material (70°C, V PaBr) also gave less
oil, probably due to formation of protein — lipid complexes which are more resistant to

enzymatic hydrolysis and ended in the protein containing fractions (Table 5).

Approximately 0.5 g of dried material was found in the emulsion fraction which was slightly
reduced with the time of hydrolysis. Hydrolysis of thermally treated viscera and hydrolysis
after initial oil separation produced more emulsion compared to all other tested hydrolysis.
This again can be due to formation of protein — lipid complexes during thermal treatment,

which end in the mixed fraction between oil and hydrolysate.

The amount of sediments was reduced by increased time of hydrolysis. Mixture of viscera,
heads and frames (VHF) yielded more sediments compared to hydrolysis of viscera alone,
probably due to the bones which are not hydrolyzed. Endogenous enzymes were less effective
to solubilize sediments compared to hydrolysis where endogenous enzymes were used
together with Protamex and Papain/Bromelain mixture. Hydrolysis of heat denatured viscera
(V PaBr) gave more sediments (less hydrolysis) compared to the same treatment on fresh and

thermally untreated viscera.
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High rate of hydrolysis and high yield of solubilized material are two main factors describing
the economics of hydrolysis. Different factors influenced the yield and rate of the hydrolysis
process (Table 3). Most striking results of the yield are found in the hydrolysis of viscera with
heat denatured endogenous enzymes (70 °C) and subsequent proteolysis with added
Papain/Bromelain (V PaBr). No hydrolysis seems to take place after adding the commercial
enzymes as seen in the yield in Table 3 and Figure 2 and by the degree of hydrolysis given in
Table 6. Summarizing all hydrolyses it was observed that the increase in FPH yields was
faster during the first 60 min of hydrolysis at 52°C resulting in 30-60% increase in FPH
compared to the subsequent 60 to 120 minutes of hydrolysis (15-35%). The exception was
heat treated rest raw material (\V PaBr) where no significant hydrolysis was observed and the
increase in FPH amount was very low (Table 3) and hydrolysis of viscera with added
Papain/Bromelain mixture (V ePaBr), which gave significant increase in amount of FPH

(54%) during the last 60 minutes of hydrolysis.

Analysis of FPH data indicates that hydrolysis of viscera, head and frames mixture (VHF)
gave more FPH compared to hydrolysis of viscera alone (Table 3). However, this data do not
reveal the right picture of protein hydrolysis. As all raw materials contained high amounts of
lipids (Table 1), which is inert material for protein hydrolysis, it can significantly influence
calculation of yields. Recalculation, based of fat free raw material, gives a different picture of
production of FPH (Figure 2): hydrolysis of both raw materials for 60 min gives very similar
amounts independent on enzymes used. However, further hydrolysis for the next 60 min (120
min total hydrolysis time) gave significant more solubilized materials when only viscera was
used as raw material. Added enzymes did not play any significant role for the yield of
hydrolysate. In the viscera experiments, the concentration of endogenous enzymes were twice
the amount compared to the VHF hydrolysis, which contained only 50% viscera. The protein
concentration was lower in the viscera substrate than in VHF substrate (Table 1), but the VHF
substrate contained more easily degradable muscle proteins than viscera, that contained
slowly hydrolysable parts of connective tissue like the lining of the guts. As the amount of
solubilized proteins is approximately 60 % higher with viscera as substrate, it is fair to assume

that kinetics of solubilisation is determined by the endogenous enzyme concentration.

Hydrolysis of viscera with only endogenous enzymes (V e) gave similar yield compared to
hydrolysis with added commercial enzymes. The same tendency is observed in a study when
using Atlantic cod viscera as raw material [32]. The effect of adding commercial enzymes as

Protamex, Papain/Bromelain to raw material containing endogenous enzymes is therefore
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questionable. Viscera were collected from salmon that have been starved for minimum 7 days
before slaughtering to empty their digestive system. The empty stomach contains proteases at
comparable concentrations to feeding salmon [33]. This concentration of endogenous
proteases could be sufficient or even more efficient compared to added commercial proteases.
It can be concluded that endogenous enzymes can play the same or even more important role
for hydrolysis and solubilisation compared to hydrolysis with added commercial enzymes.
This is more evident in hydrolysis where only viscera was used as raw material as it is shown
that endogenous proteolytic enzymes in viscera are more efficient than in other rest raw

materials [34].

In order to control the hydrolysis process, especially when raw material like viscera contains
high level of active endogenous enzymes, it is needed to heat the raw material to inactive
these enzymes. However, this treatment drastically affects amount of solubilized proteins:
amount from inactivated viscera hydrolyzed by mixture of Papain/Bromelain was less than
half of the amount obtained with active endogenous enzymes (Table 3, Figure 2). This might
be explained by either a lack of activity of the commercial enzymes on heat-denatured
proteins or a need for co-operative effect of the endogenous and commercial enzymes. The
co-operation theory is not supported by the other hydrolysis experiments on viscera, as the
yield is the same for experiments with only endogenous enzymes and in experiments were
also commercial enzymes are added. The lack of enzymatic hydrolyzing power on heat
denatured proteins is also supported by other hydrolysis works [30, 35]. Protamex could be a
better choice for hydrolysis of denatured rest raw materials as Protamex was more effective
by hydrolyzing non heat treated rest raw materials (VHF ePr 120 vs VHF ePaBr 120 and V
ePr 120 vs V ePaBr 120).

The high FPH yield at the starting point of the hydrolysis, after heating the raw material to
52°C (time=0) is most probably due to the effect of the endogenous enzyme from the raw
material. Endogenous enzymes are active during the heating process from 30 °C up to 52°C
[36]. In the experiment where endogenous enzymes were heated to 70°C, the heating time was
shorter compared to the time to reach 52 °C resulting in lower amount of FPH at time zero
(Table 3).

Initial separation of oil did not influence the amount of FPH significantly (Figure 2). This
indicates that heating of raw material up to 40°C to separate the oil do not denature proteins in

a way that can influence the following hydrolysis. Initial oil separation also yields oil of better
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quality (Table 2) compared to oil after enzymatic hydrolysis [37]. In addition, the productivity
of the hydrolysis reactor will increase due to reduction of hydrolysis volume. The results
show that it is possible to remove a substantial amount of high quality oil and still retain the

activity of the endogenous enzymes.

The protein recovery (%) expressed as solubilized crude proteins in the hydrolysate fraction
in percentage of available protein in the starting material, was lowest for hydrolysate with
heat inactivated endogenous enzymes and denatured substrate: V PaBr (Table 4). No
measurable increase in protein solubilisation was found during the hydrolysis process when
commercial enzymes were added. However, a significant hydrolysis occurred during the
heating process from 30 °C to 52 °C: samples before hydrolysis contained 41-56% of protein
from raw materials in the hydrolysate fractions. This confirms that endogenous enzymes are
very active and play a significant role for hydrolysis even at material preparation stage. The
solubilisation of protein in the VHF hydrolysis is lower than solubilisation with viscera as
sole substrate, most probably due to the higher concentration of endogenous enzymes in the
viscera hydrolysis. There was no significant difference between the protein recovery in
hydrolysis performed with intact and oil-depleted viscera. This again proves that efficient
hydrolysis can be performed after removal of the oil. Crude protein recovery from thermally
untreated viscera into FPH fraction varied from 65 to 76 % after 60 min, from 87 to 99 %
after 120 min of hydrolysis and was proportionally reflected by FPH yield (Table 3). After 60
min of hydrolysis approximately 65 % of proteins can be recovered from both rest raw
materials by technological solutions tested in this study independent on enzyme used.
However, recovery after 120 min hydrolysis was higher for hydrolysis where only viscera
were used as raw material: 92+7% compared to 75+9% recovery for the mixture of rest raw
materials. Hydrolysis of thermally treated viscera (with inactivated endogenous enzymes)
gave only 35% recovery and was not increased by the time of hydrolysis. This again proves
the importance of endogenous enzymes for the progress of hydrolysis and proves results
reported in earlier studies [35] that inactivation of endogenous enzymes leads to denaturation
of substrate proteins which becomes more resistant to enzymatic degradation. Mixture of

Papain/Bromelain was not effective for hydrolysis of denatured proteins.

Nutritional value of hydrolysates is determined by the amount of proteins and composition of
amino acids. The composition of the hydrolysate varied with the extent of hydrolysis (Table
5). The crude protein concentration did not change significantly after the start of the

hydrolysis at 52 °C, with exception of the hydrolysis of oil-reduced viscera (V-oil) and for
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hydrolysis after inactivation of endogenous enzymes (V PaBr). V-oil hydrolysates contained
higher amount of proteins due to lower amount of oil in hydrolysates, and furthermore,
amount of proteins in V PaBr hydrolysates was lower due to higher amount of lipids, which
increased due to formation of lipid-protein complexes during thermal inactivation. All
hydrolysates from VHF showed lower fat content than hydrolysates from viscera. All
hydrolysates had crude protein as the major component (65-80% of dry material) followed by
lipids and ash (Table 5).

On contrary to proteins, lipids are not a desirable component in FPH. Even in low amount
lipids can oxidize and negatively influence sensory properties in hydrolysates [6]. In general,
the amount of lipids in FPH reflected the amount of lipids in starting raw materials: higher
amount leads to more lipids in FPH (Table 5). Hydrolysis significantly reduced amount of
lipids in FPH probably due to the breakage of bindings between proteins and lipids and
releasing both components as pure fractions. As reported earlier [30, 35] thermal inactivation
of enzymes before hydrolysis can influence formation of protein - lipid complexes which will
lead to increased amount of lipids in the proteins containing fractions. FPH obtained after
inactivation of endogenous enzymes contained significantly higher amount of lipids both
before and after 60 min of hydrolysis. With the aim to reduce lipid content in the FPH, the
initial separation of oil before hydrolysis seems to be a favorable technological option. The
soluble protein fraction after separation of oil contained significantly less lipids compared
with corresponding hydrolysis without initial oil separation (Table 5).

Extent of protein hydrolysis: degree of hydrolysis, amount of free amino acids and molecular
weight distribution

Degree of hydrolysis (DH) of samples before addition of commercial enzymes (time = 0)
was generally very high (Table 6). This can be explained by the nature of the raw materials
containing high levels of active endogenous enzymes. It is obvious when only viscera were
used as raw material and no commercial enzymes were added (V e). Another factor
influencing the high measured DH might be shortcomings of the testing method. The method
used in this study detects not only a-NH2 groups from peptides, but also other nitrogen
containing compounds and this can interfere with the final result. These N containing
components can form a constant background level for all the measurements. Data from DH
analysis confirms that thermal inactivation of endogenous enzymes stops the enzymatic
activity: these samples (V PaBr) had the lowest DH among the all viscera samples at 0 point.

However, initial separation of oil led to increase of DH at 0 point (V-oil ePaBr). This increase
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is probably due to the endogenous enzymes which were active at elevated temperatures until
the rest raw materials was warmed up for easier separation of oil. A temperature of 40°C
would be preferable for separation of oil as at this temperature minor denaturation of proteins
occurs, while endogenous proteolytic enzymes has their highest or very closed to their highest
activity at this temperature [36, 38]. In order to follow hydrolysis progress as well as the
identification of differences among the samples the increase in DH was calculated (Table 6).
Comparison of samples with only endogenous enzymes (V e) with the same raw material with
added commercial enzymes (V ePr and V ePaBr) shows that increase of DH and hydrolysis
rate was not significantly different. This once more confirms the importance of endogenous
enzymes for hydrolysis progress and kinetics. Stable DH (without detected increase) for
hydrolysis with inactivated endogenous enzymes (V PaBr) proves the assumption that

denatured proteins seems to be resistant to hydrolysis by Papain/Bromelain.

High degree of hydrolysis was also found in molecular weight distribution data (Figure 3A,
Figure 3B and Figure 3C). Most of the peptides in hydrolysates were smaller than approx.
1500 Da with the exception for hydrolysates obtained from raw material with inactivated
endogenous enzymes (Figure 3B and Figure 3C). Thermal treatment of rest raw material,
even warming of the material up to 70°C, leads to denaturation of proteins and formation of
complexes which are very resistant for the following enzymatic hydrolysis (Figure 3B and
Figure 3C). Activity and importance of endogenous enzymes is evident in the systems
containing viscera in starting raw materials (Figure 3C). Heating to hydrolysis temperature
(52°C) plays a significant role for hydrolysis process as "0" point of hydrolysis with active
endogenous enzymes have only a small peak representing big peptides while samples with
inactivated endogenous enzymes have high peak showing that significant part of peptides in
the samples are big peptides (Figure 3A). It is known that endogenous proteolytic viscera
enzymes are active up to 65 °C with their maximum activity at 50 °C [31, 38] and this must be

taken into account when handling fish rest raw materials.

Amount of free amino acids (FAA) in hydrolysates (Table 6) confirms earlier discussed DH
and molecular weight distribution results. Already at "0" point of hydrolysis, the samples
contains high amounts of free amino acids indicating that significant proteolysis took place
before this point. Only FPH obtained from raw material with inactivated endogenous enzymes
(V PaBr) contained significant lower amount of free amino acids. Amount of increased free
amino acids as results of hydrolysis with added commercial enzymes was smaller compared

to increase of free amino acid by the heating and preparation of rest raw materials for
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hydrolysis (samples V ePr, V ePaB, V e and V-oil ePaBr compared to V PaBr, Table 6). This
confirms that endogenous enzymes from viscera play an important role not only during

hydrolysis processes, but also during samples preparation.

DH is a measure of hydrolysis and indication of the concentration of free amino acid is the
final product of the same hydrolysis. It should then be expected a correlation between DH and
concentration of free amino acids. Analysis of the test data indicates that correlation exists
(Table 6). For all experiments, except hydrolysis with heat inactivated endogenous enzyme (V
PaBr) the relationship is fairly constant. A small deviation is found in in hydrolysis with
viscera where the oil was removed. This could be connected to the oil separation step where
endogenous enzymes are active and most probably works more as exopeptidases while
addition of commercial enzymes imply more endopeptidase activity. For the other
hydrolysates the average ratio is 7.0 £0.5 (SD), where the free amino acid concentration
varies from 212 to 418 mg/g and DH is in the range from 31 to 52%. Total protein
concentration is roughly 750 mg/g and concentration of FAA is around 300 mg/g, indicating
that 40 % of the proteins are degraded all the way to FAA. With a DH of 45%, the theoretical
average peptide length should be 2.5 amino acid per peptide, which corresponds to the above

findings.

Bitterness of hydrolysates

The initial composition of raw materials is important for the taste of final product (Figure 4).
Starting material composed of viscera, heads and frames had significantly lower median of
bitterness compared to samples where only viscera was the starting raw material. The same
tendency was also observed in the FPH after 60 min of hydrolysis. The importance of the
composition of the fish raw material for the bitterness of the final hydrolyzed product is
reported earlier [21]. Initial thermal inactivation of endogenous enzymes led to the bitterest
samples both before hydrolysis and after 60 min of hydrolysis (Figure 4). Hydrolysis with
only commercial enzymes (heat inactivated endogenous enzymes) gave more bitter taste
compared to hydrolysates obtained with active endogenous enzymes combined with
commercial enzymes. One of the explanations can be the amount of free leucine, which was at
the lowest levels in the mentioned samples (19.2 mg free leucine/g crude protein) in FPH
compared to 32 — 39 mg free leucine/g crude protein in FPH and other analyzed hydrolysates
produced from viscera [39]. Leucine is hydrophobic and bitter amino acid [40], but is several
times more bitter when is a part of peptide [41]. Percentage of free leucine in this sample is

lower compared to other FPH from viscera and this indicates that more leucine are in the form

14



452
453
454
455
456
457
458
459
460
461
462
463
464
465

466

467
468
469
470
471
472

473
474
475

476

477
478
479

480

481

of peptides and could lead to a more bitter hydrolysate. The same tendency is observed with
the amount of free bitter [40] amino acids: 9 mg free isoleucine/g crude protein in FPH
compared to 20-23 mg free isoleucine/g crude protein in FPH; 9 mg free phenylalanine/g
crude protein in FPH compared to 21-25 mg free phenylalanine/g crude protein in FPH; 9 mg
free methionine/g crude protein in FPH compared to 17-20 mg free methionine/g crude
protein in FPH; 19 mg free lysine/g crude protein in FPH compared to 33-39 mg free lysine/g
crude protein in FPH; 12 mg free valine/g crude protein in FPH compared to 24-27 mg free
valine/g crude protein in FPH. Parallel samples obtained on different days of the hydrolysis
(V e0 and Ve0*) indicate the same level of bitterness and conforms the validity of the test
even with the relatively wide distribution of evaluated values. As the bitterness of hydrolysate
is one of the key factors for their application, a reduction of the bitterness may be obtained by
hydrolysis with endogenous enzymes followed by addition of commercial enzymes.
Separation of oil before hydrolysis did not influence bitterness of FPH obtained after 60 min
of hydrolysis.

Conclusions

Composition together with freshness and quality of raw materials are the key factors for
making ingredients from salmon rest raw material containing viscera. Endogenous enzymes
are very active and intensively hydrolyze material even during preparation steps. Commercial
enzymes can be used to improve the taste or release the oil during hydrolysis. Denatured
proteins are difficult to hydrolyze and increase bitterness of hydrolysate. Bitterness is more
affected by starting material than the enzymes and hydrolysis conditions.

Initial separation of oil before hydrolysis yields similar amount of FPH, separates significant
amount of high quality oil and soluble protein fraction contains less lipids compared to

corresponding treatment without oil separation.
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592  Figure 1. Hydrolysis test design. The hydrolysis process was performed at 52°C for 120 minutes. The oil, possible emulsion, water

593  phase and sediment were separated by centrifugation after hydrolysis.
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595  Figure 2. Amount of dry FPH obtained from 100 g wet fat free raw materials obtained after
596  hydrolysis (60 and 120 min) and drying. Values are presented as average = SD.
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597  Figure 3. Molecular weight distribution Graph A: the hydrolysates obtained from mixture of
598  viscera, heads and frames (VHF) with active endogenous enzymes (e) hydrolyzed with
599  Protamex (Pr) or mixture of Papain/Bromelain (PaBr). 0 and 60 indicates time of hydrolysis;
600  Graph B: the hydrolysates obtained from hydrolysis of viscera hydrolyzed with endogenous
601  enzymes (e), Protamex (Pr) or mixture of Papain/Bromelain (PaBr). 0 and 60 indicates time of
602  hydrolysis; Graph C: the hydrolysates obtained from hydrolysis of viscera with inactivated
603  endogenous enzymes hydrolyzed with mixture of Papain/Bromelain (PaBr). V e represents
604  samples obtained from viscera with active endogenous enzymes (e) before hydrolysis started.

605 0, 60 and 120 indicates time of hydrolysis.
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Figure 4. Relative bitterness of the hydrolysates and stick water (0.2% solution in water)
Scale of relative bitterness: 1 (the least bitter sample) up to 6 (the most bitter sample). Box
plot presents the median of the measurements, first and third quartiles as well as total

distribution of the measurements.
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Table 1. Chemical composition of wet rest raw materials

. Values are presented as average +

SD.

Rest raw material ~ Dry material,  Lipids, % Ash, % Protein, % Mass balance,
% calculated

(measured)

Frames (F) 42+2 27+1 4+1 15+1 46 (42)

Heads (H) 39+4 22+2 4+1 13+1 39 (39)

Viscera (V) 60+8 44+9 1+0 8+2 53 (60)

VHF (50:25:25)* 50.3 34.3 25 11 48 (50)

*Calculated based on composition of the three constituting parts.

Table 2. Quality of oil, obtained after 60 min of hydrolysis and after thermal separation

before hydrolysis. The quality markers are peroxide value (PV) and amount of free fatty

acids. The values and presented as average + standard error. Vertical columns of means with

different superscripts differ significantly (p<0.05).

Treatments of obtained PV (meq/kg) FFA (%)
oil

VHF ePr 15.0+1.0° 0.74+0.01°
VHF ePaBr 14.3+0.92 0.74+0.01°
V ePr 16.8+1.4% 0.92+0.03f
V ePaBr 17.8+1.2% 0.86+0.01"
Ve 18.4+1.4° 0.92+0.01
V PaBr 17.0+1.8% 0.24+0.02¢
V-oil ePaBr 30.6+2.0° 1.33+0.01"
QOil thermal (V) 6.8+1.4¢ 0.29+0.06¢
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624

Table 3. Yield of oil, dried emulsion, dried FPH and dried sediments obtained from 100 g wet raw materials before hydrolysis (0) and

after 60 and 120 min hydrolysis and drying. Liberated oil is determined after separation by centrifugation. Values presented as average

+SD
Oil Emulsion FPH Sediments

Hydrolysis time 0 60 120 0 60 120 0 60 120 0 60 120
VHF ePr 22.9+2.6 30.3x1.3 33.9+4.2| 0.6+0.3 0.5+0.2 0.4+0.1| 5.7#1.2 8.2+0.9 10.6+0.7| 15.6+0.6 7.9+0.0 5.0+0.9
VHF ePaBr 22.0£1.3 30.1+0.9 32.4+2.2| 0.840.1 0.5+0.0 0.3+0.0| 5.3+15 8.8+1.7 8.9+1.1| 13.843.4 8.9+0.4 7.5+0.3
V ePr 45.6+6.7 46.745.2 45.1+1.8| 0.6£0.2 0.4+0.1 0.3+0.1| 4.8+0.9 8.0+1.3 10.8+0.6] 7.0+2.3 4.7+05 3.8+0.1
V ePaBr 42.0+4.2 47.1454 47.8+4.0 0.5+0.3 0.3t0.0 0.3x0.0| 6.0+0.3 6.7+0.1 10.4+0.7| 7.3+t0.4 5.3x04 3.9+0.0
Ve 39.1+0.2 40.4+2.6 41.9+25 0.6+0.0 0.2+0.1 0.4+00| 5.1+0.8 7.5+0.5 9.0+1.0| 8.1+0.2 8.2t1.1 6.7+2.9
V PaBr 35.3+4.8 33.0+25 459 0.9+0.2 1.1+0.1 1.1+0.1| 3.6+0.1 4.0+04 3.8+0.3| 13.4+2.6 11.3+0.4 6.6%£1.7
V-oil ePaBr 10.3 9.0 12.8 0.9+0.2 2.3+00 1.2+07| 6.0+1.9 7.2+1.4 8.8+0.8| 8.7+05 7.0+22 7.1+25




625  Table 4. Protein recovery (%) for different substrates (VHF and V) and enzymes used (-¢, €,
626  Prand PrBr) at different hydrolysis time. Recovery is calculated from protein in raw material
627  (Table 1) and yield given in Table 3.

VHF e Ve Vv V-oil e
Pr \ PaBr | Pr \ PaBr \ Endo PaBr PaBr
Before addition of 41-44 46-56 30 73
enzymes
After hydrolysis: 60 min 62 69 76 65 73 36 75
After hydrolysis: 120 min 80 70 99 96 87 35 91
628
629
630
631

632  Table 5. Chemical composition of fish protein hydrolysates. Numbers given after hydrolysate

633  description represents hydrolysis time in minutes.

Hydrolysate Ash, Lipids, % Crude Moisture, Sum
average+9 % of proteins, % average+14 % of
value value
VHF e Pr0 10 38+13 79+1 7 100
VHF ePr60 8 42+05 77+1 7 97
VHF ePaBr 60 8 31+04 80+1 7 97
Vel 10 90+£15 71+1 6 96
V ePr 60 10 8,3+0,5 71+1 6 95
V ePaBr 60 10 70+0,3 72+1 6 96
V e 60 8 98+1,3 72+1 7 98
V PaBr 0 14 10,8 +0,1 63+1 8 95
V PaBr 60 15 10,9+£0,2 65+3 7 97
V-0il 0 9 6,4+0,6 74+1 6 96
V-oil ePaBr 60 7 5701 77+3 7 97

634
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Table 6. Correlation between amount of free amino acids (FAA, mg/g hydrolysate) and

degree of hydrolysis (DH, %) of the hydrolysates obtained from different raw materials,

different treatment and time of hydrolysis.

FAA, mg/g hydrolysate | DH, %, average 4% of FAA/DH Average
value

Hydrolysis time 0 60 120 0 60 120 0 60 120

VHF ePr 212 342 339 31 43 51 68 79 6.6 7.1
VHF ePBr 212 288 295 31 41 45 67 71 6.6 6.8
V ePr 299 344 372 44 50 52 68 69 71 6.9
V ePBr 299 418 421 44 49 52 68 86 81 7.9
Ve 260 336 328 44 48 52 59 70 63 6.4
V PBr 136 101 156 37 35 36 37 29 43 3.6
V-oil ePBr 255 312 346 49 52 57 52 6.0 6.1 5.8
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This study evaluates the composition, nutritional value, and potential bioactive peptides in hydrolysates
obtained from different Atlantic salmon rest raw materials. The effect of enzymes (endogenous enzymes,
Protamex, and papain plus bromelain), pretreatments, and industrial-compared to laboratory-scale pro-
duction was evaluated. Proximal composition of the hydrolysates reflected the composition of the starting
material. Removal of oil by slight warming (40 °C) before hydrolysis of viscera did not influence amino acid
composition, nutritional value, or peptide analysis. However, excessive heating (70 °C) of viscera before

g:?; ;Vr?lﬁslc hydrolysis hydrolysis reduced protein content, nutritional value, free amino acids, and the degree of hydrolysis (DH)
Salmon compared to other viscera hydrolysates produced with papain plus bromelain with active endogenous
Viscera enzymes. Hydrolysis of viscera with only endogenous enzymes was similar to hydrolysis with Protamex

or papain plus bromelain concerning proximal and total amino acid composition, DH, nutritional value,
and number of different bioactive motifs in the hydrolysates. However, the number of different peptides
and the total number of bioactive motifs was higher when using papain plus bromelain compared to Pro-
tamex with viscera-containing starting material. Differences between laboratory- and industrial-scales
of production of hydrolysates appear to be mainly due to lower efficiency in the hydrolysis, separating

Rest raw material
Nutritional value
Bioactive motifs

processes, and storage conditions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Aquaculture is a large and fast-growing industry in Norway, and
the production of farmed Atlantic salmon (Salmo salar) reached 1.3
million tons in 2013, producing 336,000 t of rest raw material [1]. As
viscera are a major constituent of rest raw material from aquacul-
ture (salmon farming), it is of great importance to consider viscera
in order to increase sustainability and to exploit valuable marine
proteins and oils. In 2011, about 50% of the rest raw material from
aquaculture in Norway was minced and acidified to reach a pH<4
to produce a semisolid fluid called salmon-silage [2]. Most of the
salmon-silage is used as a raw material in animal feed produc-
tion [1], and is considered to be a valuable source of protein. It is,

* Corresponding author at: Department of Animal and Aquacultural Sciences,
Norwegian University of Life Sciences, P.O. Box 5003, N-1432 As, Norway.
Tel.: +47 95871070.

E-mail address: margareth.opheim@fkf.no (M. Opheim).

http://dx.doi.org/10.1016/j.procbio.2015.04.017
1359-5113/© 2015 Elsevier Ltd. All rights reserved.

however, possible to increase the value of salmon rest raw mate-
rial by more gentle processes than silage production, e.g., controlled
enzymatic hydrolysis, thus allowing protein, oils, and minerals to
be extracted to supply the market with higher value products with
desirable features.

The enzymatic hydrolysis process is achieved by the activity of
enzymes at certain temperatures for a defined time. Many factors
influence the properties and constituents of the final hydrolysate,
e.g., composition and variation of raw materials, specificity, activ-
ity and concentration of endogenous and added enzymes, pH,
temperature, and time. During the hydrolyzing process, the pro-
teins become more soluble due to cleavage of the peptide bonds
between the amino acids, generating peptides with a smaller
molecular size and with more ionizable amino and carboxyl groups,
which probably contribute to the solubility [3]. After hydrolysis,
by using phase separation, it is possible to obtain an oil fraction,
possibly an emulsion phase, a protein-rich aqueous phase (here-
inafter referred to as the hydrolysate), and an insoluble sludge
fraction.
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The amino acid composition in fish is well balanced, and pro-
vides both animals and humans with proteins of high nutritional
value. In addition, many of the isolated protein fractions have
shown promising effects on health by modulating blood pressure
and the immune system, by inhibiting cancer development, and by
exerting antioxidant and antibacterial effects, among others [4-6].
The knowledge of these effects has evoked interest from a wide
range of scientists exploring the opportunity for producing high-
value products by better utilization of the rest raw material [7-11].

Viscera are traditionally considered as a low-value raw material
due to high enzymatic activity [12,13] and variable intestinal con-
tent and seasonal variations in wild-caught fish [ 14]. Many of these
challenges can be solved or diminished in farmed Atlantic salmon
that are slaughtered after fasting and under controlled and hygienic
conditions. Together, this makes it possible to utilize fresh rest raw
material directly after filleting, and to get the desired stability and
composition needed for further controlled processing and for the
final products.

Many of the earlier studies of salmon hydrolysates have used
rest raw materials without viscera [15-18]. However, hydrolysates
from viscera-containing rest raw material have been studied
from other species, including pink salmon (Oncorhynchus gor-
buscha) [14], cod (Gadus morhua) [19-21], yellowfin tuna (Thunnus
albacares) [22], sturgeon (Acipenser persicus) [23], herring (Clupea
harrengus) [24], and sardinella (Sardinella aurita) [25] with different
aims for the final products.

The nutritional value of hydrolysates can be evaluated by pro-
tein content and amino acid composition-however, the molecular
size of the peptides, content of free amino acids, and amount of
bioactive motifs are important factors for defining the intended
application of the hydrolysate. Generally, the goal is to obtain a
hydrolysate that is rich in protein with a peptide size <10kDa, is
rich in essential amino acids, and at the same time has a low con-
tent of lipids and ash. The number and type of bioactive motifs, with
expected bioactivity, may play a crucial role in some applications
of protein hydrolysates and other important components, such as
taurine and anserine, may be important.

The main aim of this study was to evaluate the composition,
nutritional value, and potential bioactive peptides of different
hydrolysates produced from viscera-containing salmon rest raw
material that was processed with different enzymes and pre-
treatments. A further goal was to compare laboratory- and
industrial-scale production of hydrolysates with respect to the
above-mentioned parameters.

Rest raw material
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2. Materials and methods
2.1. Rest raw material for the laboratory hydrolysis

Fresh, farmed salmon was taken from the slaughtering line
(Salmar, Norway) and packed in isophore boxes with ice. Salmon
frames and heads from filleting lines (Salmar, Norway) were col-
lected, and packed in isophore boxes with ice separately. Whole
salmon, frames, and heads were transported to the SINTEF's SeaLab
(Trondheim, Norway) and kept in a cold (4 °C) room until testing.
The fish (weight 4.5-4.9 kg) were delivered every other day, and
the raw material for hydrolysis was either 1 or 2 days old. Viscera
(taken from the whole salmon), frames, and heads were minced ina
Hobart mincer using 10-mm holes to produce a homogenous batch
of each rest raw material. The minced raw materials were kept on
ice (maximum 60 min) until further processing. Two different raw
materials for hydrolysis were prepared. The first (VHF) was made
of approx. 50% viscera, 25% minced heads, and 25% minced frames
(calculated on a wet-weight basis), and the second was 100% vis-
cera (V). This was done to ensure that the composition of the head
and frames would be representative for later processing at a larger
scale.

2.2. Enzymes and chemicals

Papain (powder on maltodextrin, 500 TU/mg) and bromelain
(powder on maltodextrin, 400 GDU/g) (both from Enzybel Intl. SA,
Belgium) and Protamex (Novozymes A/S, Bagsvaerd, Denmark)
were used for the hydrolysis. Protamex was kindly donated by
Novozymes, and complied with the recommend purity specifi-
cations for food-grade enzymes of the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) and the Food Chemicals
Codex (FCC) [26,27]. Methanol, chloroform, formaldehyde hexane,
diethyl ether, and formic acid (Merck, Darmstad, Germany) were
used for the chemical analysis. All chemicals used were of reagent
grade.

2.3. Hydrolysis

The schematic hydrolysis process is outlined in Fig. 1.

The lab hydrolysis was performed in a 4-1 closed glass vessel
placed in a water bath (52 °C), and stirred with a marine impeller
(approx. 80rpm) in order to ensure the homogeneity of the mix-
ture during the entire hydrolysis. The experiment was performed

Salmon rest

raw
material

50% viscera
25% frame
25% head

Starting material

1100%

viscera

1 1 1
Heat 40 C
Pretreatment None 70 C >5 withdrawal
min X
of oil
—1—
| 1 1 I I
Enzymes and water added. Hydrolysis at 52 C Endogenous Endogepous Endogenous Endogepous Papain Endogepous
A N N 3 Papain Papain Endogenous . Papain
withdrawal of oil,emulsion and sediment Protamex . Protamex N Bromelain A
Bromelain Bromelain Bromelain
Hydrolysate®? VHF ePr VHF ePaBr* VePr V ePaBr* ‘ Ve* ‘ V PaBr V-oil ePaBr

Fig. 1. Hydrolysis trial design. The hydrolysis process ran for 120 min and was sampled after 60 min. The oil, possible emulsion and sediment layers was separated by
centrifugation after hydrolysis. * Hydrolysates also produced by an industrial hydrolyzing plant. 1 VHF: Viscera (50%), head (25%) and frame and trimmings (25%). V: viscera
(100%). V-oil: viscera (100%) oil separated before hydrolysis. 2 e: endogenous enzymes active. Pr: Protamex (Novozymes A/S, Bagsvaerd, Denmark). Pa: papain (powder on
maltodextrin, 500 TU/mg) and Br: bromelain (powder on maltodextrin, 400 GDU/g) (both from Enzybellntl.s.a., Belgium).
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by adding warm (approx. 50 °C) distilled water (1:1 of raw material
mass). The enzymatic hydrolysis was started when the temper-
ature of the mixture was 52°C by adding either 0.1% Protamex
(by wet weight of raw material) or 0.05%+0.05% of papain plus
bromelain, respectively (the first four hydrolyses in Fig. 1), and
the hydrolysis reaction was incubated for 120 min. Samples were
taken after 0, 60, and 120 min, followed by enzyme inactivation by
microwave heating for 5min at 90°C. The mixtures were cooled
to room temperature, then placed in 50-mL graduated centrifuge
tubes and centrifuged at 6500 x g for 10 min. After centrifugation,
the tubes were put upright in a freezer (—80°C), and all fractions
(oil, emulsion, fish protein hydrolysate, and sludge) were sepa-
rated by cutting the frozen content of the tubes. The fish protein
hydrolysate fractions were freeze-dried, and the 60-min samples
were used for further analysis in this study.

Three additional hydrolyses were performed with 100% vis-
cera as starting material. The first hydrolysis (V e) was performed
with only active endogenous enzymes (without addition of com-
mercial enzymes). Two other hydrolysis reactions were thermally
treated before hydrolysis: the first (V PaBr) was heated to inactivate
endogenous enzymes (70 °C for minimum 5 min), while the second
(V-oil ePaBr) was warmed to 40°C for 5min to initiate better oil
separation before hydrolysis. Oil separation in V-oil ePaBr was per-
formed after warming before hydrolysis. The latter two hydrolyses
were performed by adding 0.05% + 0.05% of papain plus bromelain
(wet-weight basis of raw material). The whole hydrolysis process,
as well as inactivation of enzymes and separation of different frac-
tions, was performed as described above. All hydrolysis trials were
performed twice.

2.4. Industrial-scale production

Three of the hydrolysates from the laboratory trial were selected
for production by an industrial plant (Nutrimar A/S, Norway) based
on raw material availability, expected nutritional value of the
hydrolysate, and overall production costs. Endogenous enzymes
were active during the industrial production of hydrolysate. The
first production of industrial hydrolysate was from a viscera, head,
and frame mixture as the starting material, and was processed with
papain plus bromelain (IndVHF ePaBr). The second production used
viscera as the raw material, which was hydrolyzed by use of papain
plus bromelain together with active endogenous enzymes (IndV
ePaBr). The third production was from viscera that were hydrolyzed
without addition of commercial enzymes during hydrolysis (IndV
e).

The industrial production mimicked the laboratory trials, and
used the same type and concentration of enzymes, as well as the
same processing parameters, such as time and temperature. For
practical reasons, not all technological steps were reproduced at
the industrial scale. Time from slaughter to hydrolysis was shorter
at the industrial plant (within 120 min) compared to the labora-
tory, added water was not preheated, separation was conducted
by a decanter, and no drying was performed on the hydrolysate.
Industrially produced hydrolysates were acidified with formic acid
to reach pH<4.

2.5. Analyses

2.5.1. Protein

The total nitrogen (N) was determined by a CHN-S/N elemental
analyzer 1106 (Costech Instruments ECS 4010 CHNSO Analysator),
and crude protein (CP) was estimated by multiplying the total N
by a factor of 6.25 in the laboratory hydrolysates. Measurements
were performed in quadruplicate. For the industrially manufac-
tured hydrolysates, the protein content was measured in duplicate
by the Kjeldahl method according to ISO 5983-2 [28].

2.5.2. Water and ash

Content of water and ash in the samples was determined gravi-
metrically after drying for 24 h at 105 °C until constant weight of the
samples was achieved. Ash content was determined according to
Association of Analytical Communities [29]. The water and ash con-
tent in the industrially manufactured hydrolysates was performed
according to ISO 6496 [30] and ISO 5984 [31].

2.5.3. Lipids

The method of Bligh and Dyer [32] was used for the extraction
of lipids, and total lipid content was determined gravimetrically.
In the laboratory hydrolysates, the extraction of lipids was per-
formed on freeze-dried material while undried samples were used
for industrial samples.

2.5.4. Water-soluble protein

Water-soluble protein from salmon protein hydrolysate was
extracted with boiling water, filtered through a black ribbon filter
paper, and the protein was determined by the Kjeldahl method.

2.5.5. Amino acids

Analysis of total and free amino acids was performed in dupli-
cate after initial preparation from one sample, and as described in
Cohen and Michaud [33] and Bidlingmeyer et al. [34].

2.5.6. Protein quality

The equation for the protein efficiency ratio (PER) was adapted
from Alsmeyer et al. [35] and Lee et al. [36]. The protein digestibil-
ity corrected amino acid score (PDCAAS) was from the report from
World Health Organization [37] with digestibility of CP set to 92
as given by the Videncenter for Svineproduktion (VSP) in Denmark
[38].The digestible indispensable amino acid score (DIAAS) was cal-
culated as described in the Food and Agriculture Organization (FAO)
report about dietary protein quality evaluation [39] using rooster
coefficients from Folador et al. [40] (DIAASa), swine coefficients
from VSP [38] (DIAASD), and mink coefficients from Kopenhagen
Fur [41] (DIAASC), as ileal digestibility data from humans or newly
weaned piglets is not available for salmon protein hydrolysates.
The amino acid pattern for children (from 6 months to 3 years) was
used for calculations of PDCAAS and DIAAS, as recommended by
the FAO expert consultation report from 2013 [39].

2.5.7. Degree of hydrolysis

DH was evaluated as the proportion (%) of a-amino N with
respect to the total N in the sample [42], and was measured in
duplicate for laboratory samples. For the industrial samples, the
o-phthaldialdehyde (OPA) method [43] was performed.

2.5.8. Molecular weight

The molecular weight was analyzed by high-performance lig-
uid chromatography (HPLC) as described in Wang-Andresen and
Haugsgjerd [44]. In short, Superdex peptide 10/300 GL columns (ID:
10 mm, length: 300 mm; GE Healthcare) were used with a flow-rate
of 0.5 mL/min and with 214-nm UV detection. The eluent solutions
were according to the manufacturer’s recommendations.

2.5.9. Peptides

The peptide analysis was performed at the International
Research Institute of Stavanger (IRIS), and was based on the method
described by Pampanin et al. [45].

Samples were freeze-dried on arrival and stored at —20°C. To
prepare for analysis, samples were diluted 1:30 (w/v) in distilled
water, and filtered with a 10-kDa cut-off filter. Samples were
purified and concentrated using ZipTip pipette tips (C;g, Milli-
pore, Merck KGaA), and were analyzed with LC-MS/MS. Analysis
was performed using an UltiMate 3000 dual-pump nanoflow HPLC
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system (Dionex, Sunnyvale, USA) connected to a linear ion trap-
orbitrap mass spectrometer (LTQ-Orbitrap XL, Thermo Scientific).
Two columns were used in series: a Nanoviper monolithic PS-
DVB pre-column (PepSwift 200 pwm x 5 mm; Thermo Scientific) and
a monolithic PS-DVB PepSwift® analytical column (ID: 100 wm,
length: 25-cm; Nano Viper Thermo Scientific). The sample-loading
mobile phase was 0.1% formic acid. The separation mobile phase
A was 2.5% ACN in 0.1% formic acid, and the separation mobile
phase B was 80% ACN and 0.1% formic acid. Loading flow through
the pre-column was 2 pL/min during injection, analytical flow was
set at 300 nL/min, and the injection volume was 5 L. The opti-
mized gradient used was a multistep linear gradient between the
A and B phases: 0-10min, 100% A; 10-175 min, 100% to 70% A;
175-185 min, 70% to 0% A; 185-215 min, 0% to 0% A; 215-220 min,
0% to 100% A; and 220-250 min, 100% to 100% A. The MS method
was data dependent, using dynamic exclusion-based MS/MS anal-
ysis on peptides with two or more charges.

The LC-MS/MS raw data files were analyzed using Proteome
Discoverer 1.4 (Thermo Scientific) using the Sequest algorithm to
search against the Salmonidae database (downloaded from Uniprot
02.01.13, Tax.1d 8015, containing 15,818 sequences). Peptide iden-
tification was performed by correlating acquired experimental
MS/MS spectra with theoretical spectra predicted for each pep-
tide contained in the protein sequence database. The best scoring
peptide spectrum match was considered as the peptide identifica-
tion and was subjected to statistical validation [46]. Raw data were
searched against a decoy database with false-discovery rate strict:
0.01 and relaxed, 0.05 to remove false-positive peptide identifica-
tions. Precursor ion tolerance was set to 10 ppm, and fragment ion
mass tolerance to 0.8 Da. Oxidation (M) was set as a dynamic mod-
ification. The peptide confidence filters were set with the following
combinations of X correlation and charge (z): high significance, 1.9
(z=2),2.3(z=3), and 2.6 (z > 4); medium significance, 0.8 (z=2), 1
(z=3),and 1.2 (z>4).

The identified peptides were exported to a text file and com-
pared to the sequences in an in-house bioactive database using an
algorithm for motif searching. The database was generated through
literature searches for bioactive motifs, and thereafter sorted for
their different physiological properties (cardiosystem, antioxidant,
immunomodulation, and antimicrobial).

2.5.10. Statistical analysis

Data handling and statistics were performed using Microsoft
Excel 2010 and JMP 11.1.1 from SAS (SAS Institute Inc., Cary, NC).
The evaluation of data was performed by relative standard devi-
ation when comparing groups and one-way analysis of variance
(ANOVA). Tukey adjustments were used in the multiple compari-
son of means when a significant F-test was detected. p-Values <0.05
were considered significant.

3. Results and discussion
3.1. Proximate composition

The proximate composition of different rest raw materials from
Atlantic salmon varied significantly, depending on which fraction
was selected, and is shown in Table 1.

The CP content in the hydrolysates varied from 69.9% to 86.0% on
a dry-matter basis (Table 2), with the lowest content in hydrolysate
from viscera that was initially heated (70°C) before hydrolysis
(V PaBr). The highest content of protein was obtained in the
hydrolysate from the mixed starting material obtained with added
papain plus bromelain in the laboratory test (VHF ePaBr).

Generally, hydrolysates from viscera contained less CP (ortho-
gonal contrast, p=0.0004, HFV vs. V) and more lipids (orthogonal

Table 1
Proximate composition of Atlantic salmon (Salmo salar) rest raw material. (Values
given as % of wet material. Mean values £+ SD. n=2).

Raw material Viscera (V) Head (H) Frame (F) VHF!

Dry material 60 +8 39+ 4 42 + 2 50+ 6
Crude protein 8+£2 13£1 15+1 11£2
Ash 1+0 4+1 4+ 1 3+1
Lipids 44 +9 22+2 27 £ 1 34+5

1 VHF values are calculated from a 50% plus 25% plus 25% mixture of viscera (V),
head (H) and frame (F), respectively, on wet weight basis.

contrast, p<0.0001, HFV vs. V) than hydrolysates from mixed raw
material. This reflects the composition of the starting material
before hydrolysis, and was also confirmed in the hydrolysate of vis-
cera where the oil was removed by slight warming (40 °C) before
hydrolysis (V-oil ePaBr). Slizyté et al. [20] found an inverse linear
correlation between lipids in cod rest raw material and protein con-
tent in the hydrolysate by use of Neutrase and Flavourzyme. This
tendency was also detected for the hydrolysis of salmon viscera-
containing rest raw material by use of Protamex and papain plus
bromelain. Hence, oil separation before hydrolysis makes it possi-
ble to increase the protein content in hydrolysates.

Addition of Protamex or papain plus bromelain compared to
only endogenous hydrolysis of viscera (V e) did not increase the
protein content in hydrolysates, but significantly decreased the
lipid content from 10.5% to 7.4-8.8%. It is well known that pro-
teins and peptides are good emulsifiers and the observed decrease
in lipid content in hydrolysates when adding Protamex or papin
plus bromelain during hydrolysis of viscera, might be caused by
reduced emulsifying properties in these hydrolysates. This might
have been influenced by higher total enzymatic activity in these
hydrolysates (V ePr and V ePaBr) as endogenous enzymes, in addi-
tion to the commercial ones, were active during these hydrolysis.
Lipid content was significantly higher in the hydrolysates obtained
by use of Protamex compared to hydrolysates obtained by use
of papain and bromelain (orthogonal contrast, p<0.001 VHF ePr
and V ePr vs. VHF ePaBr and V ePaBr). This might be a signifi-
cant factor, as quality and stability of hydrolysate depend largely
on lipid content and the risk of lipid oxidation. Despite a numeri-
cal increase in the protein content in hydrolysates obtained by the
use of papain plus bromelain compared to Protamex, the choice of
enzyme did not significantly influence the content of CP and ash
produced with the same process parameters and starting mate-
rial. Others have found differences in proximate composition of
hydrolysates that are dependent on the enzyme used, and often
Alcalase revealed the highest content of protein in the hydrolysates
compared to other commercial enzymes [21,47,48]. The proximate
composition of hydrolysate is, however, very much dependent on
the raw material composition, enzymes used, enzyme activity, and
concentration and process conditions. Choice of enzyme is usually
a cost/benefit-dependent consideration [49], and depends on the
process conditions and the final uses of the hydrolysates.

Inactivation of endogenous enzymes by heat (70°C) prior to
hydrolysis changed the composition of the hydrolysate and sig-
nificantly reduced the CP (orthogonal contrast p=0.01 V ePaBr
vs. V PaBr) and increased the lipid content (orthogonal contrast
p<0.001V ePaBr vs. V PaBr) in the hydrolysates. The reduced effi-
ciency of hydrolysis after excessive heat pretreatment has also been
described by others [21,50,51], and is hypothesized to be due to
conformational changes in the protein structure [52,53] or forma-
tion of lipid-protein complexes in the hydrolysate [21] making it
resistant to enzymatic breakdown, in addition to reduced endoge-
nous proteolytic activity.

The industrial hydrolysates contained less CP and ash but more
lipids compared to the hydrolysates produced in the laboratory
from the same raw material. This might be the result of a less
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Table 2

Proximate composition of laboratory and industrial hydrolysates from Atlantic salmon (Salmo salar) rest raw material (g per 100 g DM hydrolysate. Statistical testing for

laboratory hydrolysates. Laboratory: n=2, Industrial n=1).

Raw material’ VHF VHF \ \ \ V-oil ANOVA Ind VHF Ind V IndV
Enzyme? ePr ePaBr ePr ePaBr e ePaBr s.e.m.3 p-Value ePaBr ePaBr e
Crude protein 82.8% 86.0? 75.5b¢ 76.6> 77.4b¢ 69.9¢ 82.8% 14 <0.001 78.8 71.9 73.0
Ash 8.6¢ 8.6¢ 10.6° 10.6° 8.6¢ 16.12 7.5¢ 0.3 <0.001 6.6 7.1 7.3
Lipids 4.54 3.3d 8.8b 7.4¢ 10.52 11.72 6.1¢ 0.2 <0.001 129 139 16.1

abe: Significant (p < 0.05) differences, within rows, between laboratory hydrolysates using Tukey adjustments for multiple comparison.
1 VHF: viscera (50%), head (25%) and frame and trimmings (25%). V: viscera (100%). V-oil: viscera (100%) oil separated before hydrolysis. Ind VHF: industrial production with

VHF. Ind V: industrial production with V.

2 e: endogenous enzymes active. Pr: Protamex (Novozymes A[S, Bagsvaerd, Denmark). Pa: papain (powder on maltodextrin, 500 TU/mg) and Br: bromelain (powder on

maltodextrin, 400 GDU/g) (both from Enzybellntl.s.a., Belgium).
3 s.e.m.: pooled standard error of the mean.

efficient separating process and different processing parameters
despite the effort to standardize the process between the laboratory
and the industrial plant.

3.2. Total amino acids

The total sum of amino acids varied between 73.0% and 85.1%
of analyzed CP (Table 3). This was lower than expected, and might
be explained by the multiplication factor 6.25 used in the Kjeldahl
method. The factor of 6.25 is based on the average content of N
in proteins, and might give estimates of CP that are too high in
these hydrolysates as smaller peptides and free amino acids have
relatively higher water content compared to intact proteins, hence
decreasing the gram N in CP. Furthermore, non-protein N in the
hydrolysates will be analyzed as CP by the Kjeldahl method.

Different raw materials have different amino acid compositions,
and this was reflected in the hydrolysates from different raw mate-
rials. This is in accordance with previous work on capelin (Mallotus
villosus) [54]. The content of glycine and hydroxyproline, which
are the main constituents of collagen, was about 30% higher in
the hydrolysates from the mixture of raw material compared to
the hydrolysates produced from viscera alone. On the other hand,
the content of tryptophan, cysteine, and tyrosine was higher in
the hydrolysates from viscera alone. Oil removal before hydroly-
sis did not affect the amino acid composition in the hydrolysate
from viscera. The exception to this pattern was the hydrolysate
that was initially heated to 70 °C before hydrolysis with papain plus
bromelain (V PaBr). This hydrolysate contained a lower amount of
amino acids per gram of CP compared to the other hydrolysates.
The reason for this observation is unknown-however, a possible
explanation might be that strong bonds in the denatured pro-
teins in this hydrolysate may inhibit hydrolysis during amino acid
analysis. In particular, indispensable and hydrophobic amino acids,
such as isoleucine, leucine, phenylalanine, tryptophan, and valine,
were lower in this hydrolysate (V PaBr) compared to the other
hydrolysates. Additionally, the content of tyrosine was lower than
the other hydrolysates from viscera. During excessive heating,
unfolding of the proteins takes place, and the hydrophobic interiors
of proteins are exposed. This facilitates packing of the hydropho-
bic residues inside the molecule, and hence reduces the solubility.
The locking of hydrophobic amino acids after excessive heat before
hydrolysis was also described by Liu and Zhao [51], and a higher
proportion of hydrophobic indispensable amino acids in the insol-
uble fraction was shown by SliZyté et al. [20] and Liaset and Espe
[55].

No major differences were revealed in the total content of amino
acids per gram of CP in the hydrolysates produced by Protamex
or papain plus bromelain. However, the tendency was that the
choice of enzyme seemed to have more impact on the amino acid
composition in the mixed starting material than the viscera alone.
Hydrolysates produced by Protamex increased the content of the

majority of amino acids from the mixed starting material compared
to hydrolysates obtained by the use of papain plus bromelain.

The industrial hydrolysates produced a lower amount of amino
acids per gram of CP compared to laboratory hydrolysates (806 vs.
838-860 mg amino acid per gram of CP for mixed material, and
767-778 vs. 811-839mg amino acid per gram of CP for visceral
material). This lower content was especially evident for lysine,
threonine, alanine, glycine, hydroxyproline, and proline. Glycine,
hydroxyproline, and proline are abundant in collagen, which forms
a stable triple helix of a-chains that is more resistant to differ-
ent proteases compared to other proteins of the viscera, head, or
frame. Interestingly, industrial hydrolysates contained more tyro-
sine compared to the laboratory hydrolysate on the same rest raw
material.

3.3. Protein quality

Different protein quality calculations (Table 3), such as con-
tent of aromatic and branched-chain amino acids, PER values,
and PDCAA and DIAAS, almost all showed higher values for the
hydrolysates produced from viscera compared to hydrolysates pro-
duced from mixed raw material. An exception to this observation
was the hydrolysate that was initially heated before hydrolysis (V
PaBr), which produced lower values for these parameters com-
pared to the other hydrolysates. From a nutritional point of view,
it is important that supply of amino acids fulfills the requirements
for maintenance and production in the animal. Feed formulations
are designed to supply sufficient amounts of the limiting essential
amino acids, which might result in excess supply of other amino
acids, thus challenging the amino acid metabolism. The high val-
ues of aromatic and branched-chain amino acids, PER, PDCAA, and
DIAAS in the hydrolysates implies that hydrolysates from viscera-
containing rest raw material is well balanced according to the
FAO-recommended amino acid pattern for a preschool child (from
6 months to 3 years) [39]. All hydrolysates, except the hydrolysate
from viscera after initial heating (V PaBr), had DIAAS values exceed-
ing 78, with the highest value of 92 in the viscera hydrolysate
produced at the industrial plant without addition of commercial
enzymes (IndV e). In comparison, the DIAAS values for wheat, peas,
and whole milk powder are calculated to be 40, 64, and 122, respec-
tively [39].

3.4. Free amino acids

Initial heating of the raw material up to 70°C before hydroly-
sis (V PaBr) markedly affected the amount and composition of free
amino acids (Table 4). This was especially evident for the content of
histidine, tryptophan, and the small molecule anserine compared
to the other hydrolysates from viscera produced in the labora-
tory. This supports the hypothesis that conformational changes of
proteins during excessive heating makes them more resistant to
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Table 3
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Total amino acid composition and protein quality evaluations of hydrolysates from Atlantic salmon (Salmo salar) rest raw material (amino acids given as mg per gram crude
protein. Presented values are average + SD of duplicate measurements where SD is given).

Raw material’ VHF VHF \ \ \% \ V-oil Ind VHF Ind vV Ind vV
Enzyme? ePr ePaBr ePr ePaBr e PaBr ePaBr ePaBr ePaBr e
1AA3
Arginine 56.2+0.3 55.0+0.6 50.8+0.7 50.5+0.2 49.6+1.0 48.4+0.2 48.7+0.0 543+1.3 49.4+0.1 49.7+0.1
Histidine 26.3+0.2 258+0.3 23.2+0.7 234403 23.5+0.5 18.2+0.3 23.4+0.1 27.9+0.1 25.0+0.3 254+04
Isoleucine 36.0+0.2 33.9+05 37.4+0.0 36.7+0.1 36.0+0.2 25.0+0.1 36.2+0.1 34.1+05 35.9+0.2 36.8+0.3
Leucin 579+04 55.6+0.6 62.6+0.3 61.2+0.5 60.3+0.4 45.5+0.1 59.94+0.0 58.1+0.1 60.8 63.1+0.6
Lysine 71.2+0.6 69.7+1.2 69.4+0.4 723+19 68.7+1.9 64.5+0.6 68.0+2.2 649+1.3 62.9+15 63.8+0.5
Methionine 243+0.1 23.44+0.2 244408 243+04 23.7+03 18.5+0.0 24.1+0.1 23.8+0.8 22.7+0.0 229403
Phenylalanine 31.2+0.2 29.6+0.3 33.9+03 33.3+0.2 32.6+0.0 22.3+0.0 33.2+0.0 31.4+03 33.3+0.1 34.7+04
Threonine 39.3+0.1 37.9+04 424+03 41.9+0.7 419+1.0 36.4+04 40.5+0.3 323104 349+0.6 344+0.1
Tryptophane 8.2 7.8 104 10.1 10.7 6.8 10.6 8.7 10.2 103
Valine 42.6+0.2 40.5+0.5 45.6+0.1 449+0.5 44.2+05 33.0+0.1 44.3+0.0 40.9+0.7 43.6+£0.2 44.6+0.2
DAA*
Alanine 57.0+0.0 55.4+0.6 53.4+2.0 52.4+04 52.1+0.9 523+0.3 50.7+0.3 50.2+1.5 45.5+0.0 45.1+0.1
Aspartic acid 77.8+0.8 75.6+0.6 77.0+0.1 76.1+0.3 73.6+1.9 59.6+0.1 73.5+0.5 70.5+1.0 68.2+1.5 69.6+0.6
Cysteine 9.4 9.5 12.4 11.9 11.9 11.1 12.3 10.8 11.9 12.1
Glutamic acid 113.1+13 111.6+12 1096+19 109.8+0.1 107.1£2.6 107.6+04 1042+0.6 103.3+2.1 979+1.7 100.6+1.1
Glycine 85.8+1.4 85.1+0.9 66.5+0.0 65.7+0.9 63.3+1.7 70.9+0.1 64.4+0.1 78.6+1.6 57.4+0.8 573+0.5
OH-proline 16.9+0.3 17.1+£0.1 9.1+0.0 9.1+0.5 8.5+0.1 11.8+0.1 9.4+0.0 142+0.2 7.0+£0.0 6.9+0.8
Proline 49.2+0.5 48.5+0.4 47.0+0.3 46.2+1.9 45.9+04 48.6 +£0.4 46.5+0.4 432+1.7 38.7+0.8 381+1.1
Serine 39.2+0.2 38.4+0.7 41.2+09 41.2+0.3 404+1.8 35.1+0.2 39.1+0.1 375+04 36.9+0.2 38.1+0.1
Tyrosine 18.9+0.5 17.7+£0.0 222402 21.3+04 215+1.0 143+0.0 21.3+0.6 21.3+05 24.5+0.0 25.1+0.1
AA 860.5 838.1 838.5 8323 815.7 729.8 810.5 806.2 766.7 778.5
IAA 393.1 379.2 400.2 398.4 391.2 318.6 389.0 376.5 378.7 385.5
DAA 467.3 458.9 4383 433.8 4245 411.2 4215 429.7 388.1 3929
Ratio EIAA:ZDAA 0.8 0.8 0.9 0.9 0.9 0.8 0.9 0.9 1.0 1.0
Aromatic AA® 84.6 80.8 89.7 88.0 88.3 61.6 88.5 89.4 92,9 95.5
Branched Chain AA®  136.5 130.0 145.6 142.8 140.5 103.5 140.5 133.1 154.4 144.4
PERa’ 1.94 1.85 2.12 2.06 2.02 1.43 2.01 1.92 2.01 2.11
PERD® 2.53 241 2.53 2.50 238 1.57 240 2.32 2.13 2.27
PERc® 2.34 224 2.44 243 238 1.87 237 2.20 227 2.32
PERd'? 2.40 231 2.45 243 239 1.91 237 2.31 233 2.38
PDCAAS!! 80.7 77.5 87.3 853 84.1 63.4 83.5 80.9 84.7 87.9
DIAASa'? 84.2 80.9 91.1 89.1 87.8 66.2 87.2 84.4 88.4 91.7
DIAASD'? 83.1 79.9 89.9 87.9 86.6 65.3 86.1 83.4 87.2 90.5
DIAASc!? 81.6 78.4 88.2 86.3 85.0 64.1 84.5 81.8 85.6 88.7

1 VHF: viscera (50%), head (25%) and frame and trimmings (25%). V: viscera (100%). V-oil: viscera (100%) oil separated before hydrolysis. IndVHF: industrial production with

VHF. IndV: industrial production with V.

2 e: endogenous enzymes active. Pr: Protamex (Novozymes A/S, Bagsvaerd, Denmark). Pa: papain (powder on maltodextrin, 500 TU/mg) and Br: bromelain (powder on

maltodextrin, 400 GDU/g) (both from Enzybellntl.s.a., Belgium).
3 IAA: indispensable amino acid.

4 DAA: dispensable amino acid.

5 Aromatic AA: His + trp + phe + tyr.

6 Branched chain AA: Leu +iso +val.

7 PERa: protein efficiency ratio: —0.468 +0.45[leu]—0.105[tyr].

8 PERD: protein efficiency ratio —1.816 +0.435[met] +0.780[leu] +0.211[his]-0.944[tyr].

9 PERc: protein efficiency ratio 0.08084[ZAA7]—0.1094 where

ZAA7 =threonine +valine + methionine +isoleucine +leucine + phenylalanine +lysine.

10 PERd: protein efficiency ratio 0.06320[2AA10]—0.1 539 where ZAAlO = ZAA7 +histidin + arginin + tyrosin.

11 PDCAAS: protein digestibility corrected amino acid score: based on WHO/FAO/UNU report 2007 [37]. Reference pattern for a preschool child from FAO [39]. Fecal digestibility
of crude protein set to 92% in accordance with Videncenter for Svineproduction (VSP) [38].

12 DIAAS: digestible indispensable amino acid. Based on the FAO report from 2013 [39]. a: Coefficients from Folador et al. [40] in roosters. b: Coefficients from Videncenter

for Svineproduction (VSP) [38]. c: Coefficients from Kopenhagen Fur [41].

degradation by proteases. The exception was the taurine content,
which was much higher in this hydrolysate (V PaBr) compared to
the other hydrolysates (67.8 vs. 14.0-33.1 mg/g of CP). This might
be of importance as taurine has antioxidant and anti-inflammatory
properties, and is involved in several important physiological func-
tions, such as osmoregulation, organ development, and vascular,
cardiac, muscular, and retinal regulation [56]. The beneficial effect
of taurine in human nutrition during low availability is also shown
in, e.g., preterm babies and parenteral nutrition, as reviewed by
Stapleton et al. [57] and Redmond et al. [58]. Taurine is a small
water-soluble amine and sulfur-containing acid, which is not incor-
porated into proteins or metabolized in the body [59], and the
higher concentration of taurine in this hydrolysate (V PaBr) might
be due to lower hydrolysate yield in this hydrolysate compared to
the others.

Hydrolysates from viscera (except for V PaBr) had a higher con-
tent of free amino acids (389-426 mg free amino acid per gram of
protein) compared to hydrolysates from mixed starting material
(292-305 mg free amino acid per gram of protein). This was most
evident from the higher content of free isoleucine, tryptophan,
valine, proline, and serine, together with taurine. The only excep-
tion was the content of anserine, which was higher in hydrolysates
from mixed starting material compared to hydrolysates from vis-
cera. Anserine (b-alanyl-1-methyl-histidine) is more abundant
in skeletal muscles compared to heart and brain in vertebrates
[60], and is also found in salmon frame hydrolysates [16]. The
higher content of anserine in hydrolysate from mixed starting
material compared to hydrolysates from viscera alone might be
of importance in some applications as anserine has antioxidant
[61], buffering [62], and osmotic [60] properties. Different starting
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Free amino acid composition and degree of hydrolysis of hydrolysates from Atlantic salmon (Salmo salar) rest raw material (amino acids given as mg per gram crude protein.
Presented values are average & SD of duplicate measurements).

Raw material’ VHF VHF \ \ \% \% V-oil Ind VHF Ind vV Ind vV
Enzyme? ePr ePaBr ePr ePaBr e PaBr ePaBr ePaBr ePaBr e
1AA3
Arginine 261+10 29.0+04 292+14 320+06 307+13 166+12 333+05 234+02 31.0+03 29.4+09
Histidine 8.0+0.1 7.8+0.1 10.1+£0.2 10.5+0.2 9.84+0.1 34+02 105+0.5 4.9+0.0 7.5+0.1 74+04
Isoleucine 159+0.8 13.8+00 202+03 19.6+03 20.2+0.7 88+03 23.0+0.7 93+0.0 16.0+0.0 16.1+0.1
Leucine 327+1.1 303+0.1 396+1.2 395+07 398+09 187+0.8 44.0+0.1 232401 347+03 347+03
Lysine 26.7+0.5 29.9+0.7 356+1.4 39.3+0.5 32.8+2.2 19.2+1.1 36.2+2.4 24.1+0.2 34.8+0.1 31.7+0.7
Methionine 145+06 139+00 17.1+04 17.6+03 18.0+£0.5 85+0.2 203+03 99+0.0 133+06 152+14
Phenylalanine 16.8+1.1 16.1+£0.2 206+0.0 20.7+05 20.9+0.6 9.0+0.2 247+16 11.5+00 179+02 17.9+04
Threonine 11.7+0.1 13.4+2.6 17.3+0.2 18.4+0.2 17.7+1.1 10.1+0.4 19.7+0.1 43+0.2 6.6+0.1 6.6+0.3
Tryptophane 4.8+04 45+0.2 6.9+0.0 6.8+0.1 7.2+0.5 25+0.1 8.7+0.7 2.0+0.0 3.9+0.0 3.8+0.2
Valine 17.4+05 159+02 23.6+04 23.7+04 244+06 11.8+05 27.1+03 11.8+0.1 19.1+£0.5 193+0.2
DAA*
Alanine 159+1.0 177+05 203+14 231405 225+2.1 165+0.6 23.6+0.1 13.7+£0.1 169+03 185+05
Asparagine 1.8+0.1 1.1+£0.0 1.6+£0.0 1.6+0.3 1.0 09+0.1 1.9+0.2 04+0.1 1.2+0.1 1.0+0.1
Aspartic acid 99+23 142+14 138+24 193+04 143428 83+12 148+24 85+0.1 151+02 154+03
Cysteine/cystin <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.1 <0.1 <0.1
Glutamine 243+11 238+04 368+21 381+11 350+18 19.5+2.1 353+23 1.3+0.0 1.1+0.2 1.0+03
Glutamic acid 15.6+22 201+10 20.7+24 264405 21.7+£3.0 21.0+26 22.0+23 13.0+0.1 19.4+0.0 20.1+0.6
Glycine 7.4+03 7.4+0.1 10.2+0.1 10.7+0.2  10.8+0.6 8.0+0.5 12.1+08 7.1+0.1 8.7+0.5 8.7+0.1
OH-proline 0.7+0.0 09+0.0 1.0+£0.0 1.2+0.0 0.8+0.0 1.5+0.2 0.8+0.0 0.3+0.0 0.3+0.0 02+0.1
Proline 3.1+0.1 3.2+0.0 58+0.1 6.0+0.1 6.6+0.4 43+0.2 8.8+0.9 29+0.1 4.8+0.2 5.1+0.0
Serine 11.1+£09 119+03 173+10 195+04 175+15 10.0+0.8 19.1+1.6 7.4+0.1 123+03 124+0.1
Tyrosine 9.6+06 10.1+0.1 10.9+0.1 106+03 11.0+05 86+03 11.1+0.8 105+00 103+0.0 125+0.3
Anserine 45+0.2 3.8+0.3 1.1+0.0 1.1+0.2 1.1 0.2+0.1 1.3+0.1 6.6+0.1 1.7+04 14+0.0
Taurine 140+0.7 163+04 294+00 309+06 327+08 678+36 284+12 202+05 285+1.0 33.1+00
ZFree AA +anserine +taurine  292.5 305.0 389.2 416.8 396.4 275.1 426.4 216.2 305.2 3115
Ratio  “FreeAA:) "AA 0.34 0.36 0.46 0.50 0.49 0.38 0.53 0.27 0.39 0.40
Degree of hydrolysis 431 40.6 50.0 48.6 48.0 35.0 52.2 27.0 40.8 373

1 VHF: viscera (50%), head (25%) and frame and trimmings (25%). V: viscera (100%). V-oil: viscera (100%) oil separated before hydrolysis. IndVHF: industrial production with
VHF. IndV: industrial production with V.
2 e: endogenous enzymes active. Pr: Protamex (Novozymes A/S, Bagsvaerd, Denmark). Pa: papain (powder on maltodextrin, 500 TU/mg) and Br: bromelain (powder on

maltodextrin, 400 GDU/g) (both from Enzybellntl.s.a., Belgium).
3 JAA: indispensable amino acid.
4 DAA: dispensable amino acid.

materials and a more extensive hydrolysis in the viscera
hydrolysates compared to the hydrolysates from mixed starting
material probably caused these differences in the amount and com-
position of free amino acids.

Different enzyme treatments revealed minor differences in
the composition of free amino acids. However, there was a ten-
dency towards a higher content of free amino acids, such as
arginine, lysine, aspartic acid, and glutamic acid, in hydrolysates
treated with papain plus bromelain compared to Protamex, which
was not dependent on the raw material used. Different enzymes
have different binding-site preferences and theoretically result in
hydrolysates with different compositions of free amino acids. The
minor differences seen in this study is probably a result of high
proteolytic activity in the raw material itself, as it contained at least
50% viscera and may have dominated the proteolytic activity during
hydrolysis.

Industrially produced hydrolysate contained a lower concentra-
tion of free amino acids compared to the laboratory hydrolysates.
In particular, the content of histidine, isoleucine, threonine,
tryptophan, glutamine, hydroxyproline, and serine was lower
in the industrial hydrolysates with a decrease between 22%
(isoleucine) and 97% (glutamine) compared to the laboratory-scale
hydrolysates. This was also the case for asparagine in the mixed
raw material. Glutamine is a labile amino acid in solution and is
degraded to ammonia depending on the storage conditions, such
as temperature, pH, and time [63,64]. The industrial hydrolysates
were preserved by addition of formic acid, and it is likely that the
observed low content of glutamine in the industrial hydrolysates
was due to degradation during storage and not due to the hydrolyz-
ing process itself. Interestingly, the content of anserine and taurine

was higher in the industrial hydrolysates from the mixed raw
material compared to the corresponding hydrolysates in the labo-
ratory. This was most probably due to the lower amount of protein
in industrial samples giving a higher concentration of small free
molecules, such as anserine and taurine, when calculated on a CP
basis.

3.5. Degree of hydrolysis

Two different analysis methods were used to evaluate DH for
laboratory and industrial hydrolysates, which made direct com-
parison difficult despite there being a strong positive correlation
between these two analytical methods in hydrolysates from whey
proteins [65].

Hydrolysates from viscera had higher DH (Table 4) compared
to the hydrolysates from mixed starting material (48.0-52.2% vs.
40.6-43.1%), with the exception of the hydrolysate obtained after
initial heating before hydrolysis, which reached 35.0% DH after
60 min of hydrolysis. Oil separation before hydrolysis (V-oil ePaBr)
appeared to enhance DH in viscera hydrolysates, which was prob-
ably due to the slight warming to 40°C before hydrolysis, during
which the endogenous enzymes are still active [13] and facilitate
endogenous hydrolysis during warming and oil-separation steps.

Hydrolysis by use of papain plus bromelain only slightly
enhanced DH compared to the viscera hydrolysate produced with
only endogenous enzymes (V e) in both laboratory (48.6 vs. 48.0)
and industrial (40.8 vs. 37.3) hydrolysates. The high proteolytic
activity in viscera found in this study are supported by the work of
Pastoriza et al. [66] who found that endogenous enzymes increased
DH compared to commercial enzymes (papain and pepsin) during



1254

hydrolysis of rayfish (Raja clavata) residues. A number of other
studies have also reported high proteolytic activity in different fish
viscera [13,14,19]. Protamex seems to produce hydrolysates with
higher DH in both visceral and mixed starting materials compared
to papain plus bromelain. Interestingly, Protamex seems to pro-
duce aslightly lower concentration of free amino acids compared to
papain plus bromelain in the same starting materials. Despite this,
there was a significant and strong positive correlation between DH
and the content of free amino acids (r=0.95, p<0.0001). A similar
finding was also described by SliZzyté et al. [20] during hydroly-
sis of cod by-products, and by Silvestre et al. [65] in whey protein
hydrolysates, although this was not significant.

In general, DH in industrial hydrolysates was lower than that in
the laboratory hydrolysates. The endogenous enzymes are active
during storage and pre-heating of raw material before addition of
commercial enzymes, which is often defined as the start of the
hydrolysis. A different degree of endogenous hydrolysis due to stor-
age, heating capacity, and time used to reach 52 °C might therefore
influence DH in the hydrolysates. Despite the effort to replicate the
laboratory trials, the observed differences in DH are probably partly
due to the shorter time from slaughter to hydrolysis and the higher
heating capacity in the industrial plant. It is expected that the most
resistant proteins would be hydrolyzed later in the process.

3.6. Molecular weight

As hydrolysates from VHF had lower DH, it was expected that
they would contain larger peptides (>1 kDa) compared to visceral
hydrolysates. This was proved by the molecular weight distribution
analysis in which VHF hydrolysates contained 16.9% and 24.7% of
peptides >1 kDa compared to 10.9% and 14.7% in the corresponding
V hydrolysates (Table 5).

Initial heating of viscera to 70 °C before hydrolysis had a great
impact on the molecular weight distribution of the hydrolysate, as
7% of the components still had a molecular weight of >10 kDa after
hydrolysis compared to <2% in the other hydrolysates from viscera.
Only 51% of the peptides had a molecular weight below 1 kDa in the
initially heated viscera hydrolysate (V PaBr), compared to >81% in
the other hydrolysates from viscera. These findings are in contrast
to those of Adjonuetal. [67], who did not find significant differences
in molecular weight distribution between initially heated and non-
heated raw material when hydrolyzing whey protein isolate with
chymotrypsin and pepsin. On the other hand, our findings are in
accordance with those of Liu and Zhao [51] and Duan et al. [50] who
found lower efficiency of hydrolysis and larger peptides after exces-
sive heating before hydrolysis of blue mackerel (Decapterus maru-
adsi) and silver carp (Hypophthalmichthys molitrix), respectively.
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Hydrolysates produced with Protamex tended to result in
smaller peptides (<1kDa) compared to papain plus bromelain
from both V and VHF. This explains the higher DH in Protamex
hydrolysates, as the content of peptides >10kDa from Protamex
compared to papain plus bromelain hydrolysates was 1.1% vs. 1.7%
from viscera raw material, and 0.7% vs. 1.4% from the mixture of
raw material, respectively.

The molecular weight distribution in the industrial hydrolysates
revealed differences, as the content of peptides between 1 and
10 kDa was higher in the industrial hydrolysates compared to those
produced in the laboratory. The content of peptides between 1 and
10kDa was 30.8% in industrial hydrolysates from mixed starting
material (IndVHF ePaBr) and 17.3-17.4% in industrial hydrolysates
from viscera (IndV e and IndV ePaBr). For laboratory hydrolysates,
the percentages were 16.2-23.3% for the mixed starting material
and 9.8-14.2% for the viscera hydrolysates, respectively.

The molecular weight distribution of proteins in hydrolysates
has a great impact on the use of hydrolysates. Peptides between 3
and 20 amino acid residues are regarded as the most promising in
the search for biologically active peptides as the chance of crossing
the intestinal membrane and exerting a biological effect is higher
for the lower molecular weight peptides [68], and published bioac-
tive peptides usually contain between 3 and 20 amino acid residues
[69].

3.7. Bioactive peptides

Hydrolysates from different raw materials were expected to give
rise to different peptides. This was, however, difficult to detect, as
the difference between the two enzymes used during hydrolysis
were substantial in the presented peptide analysis. The number of
different peptides was lower in hydrolysates produced with Pro-
tamex compared to those produced with papain plus bromelain
(Table 6). In hydrolysates obtained by use of Protamex, the num-
ber of different peptides was 157 (VHF ePr) from mixed starting
materials and 147 (V ePr) from viscera as the starting material,
compared to 355 (VHF ePaBr) and 298 (V ePaBr) in hydrolysates
obtained by the use of papain plus bromelain from mixed starting
material and viscera as the starting material, respectively. How-
ever, the number of different bioactive motifs was approximately
equal among the hydrolysates VHF ePr, V ePr, VHF ePaBr, and V
ePaBr, although the total number of bioactive motifs was lower
in hydrolysates obtained by using Protamex compared to papain
plus bromelain. The reason for these findings are unknown, as
other analyses performed in this research, such as DH, and content
of CP, free amino acids, and amino acids, did not reveal substan-
tial differences between the enzymes used during hydrolysis. The

Table 5

Molecular weight distribution of hydrolysates from Atlantic salmon (Salmo salar) rest raw material (molecular weight class given as Da and content as % of water-soluble

protein).
Raw material’ VHF VHF \ \ \ \ V-oil Ind VHF Ind V Ind V
Enzyme? ePr ePaBr ePr ePaBr e PaBr ePaBr ePaBr ePaBr e
>20,000 0.3 0.7 0.6 1.1 0.8 2.9 0.3 0.1 0.2 0.2
20,000-15,000 0.1 0.2 0.1 0.1 0.1 0.9 0.1 0.1 0.1 0.1
15,000-10,000 0.3 0.5 0.4 0.5 0.5 3.2 0.4 0.5 0.4 0.5
10,000-8000 0.3 0.4 0.4 0.5 04 35 0.3 0.6 0.4 0.5
8000-6000 0.6 0.9 0.6 0.8 0.8 5.9 0.5 13 0.7 0.8
6000-4000 1.2 2.1 1.0 14 1.5 8.8 0.9 33 1.6 1.7
4000-2000 4.3 7.3 2.6 3.6 44 13.7 2.8 10.7 5.4 5.4
2000-1000 9.8 12.6 52 6.7 7.1 10.2 5.7 14.9 9.2 9.0
1000-500 13.2 12.8 8.6 8.7 8.4 7.0 8.4 13.9 11.1 10.5
<500 69.9 62.6 80.5 76.6 76.0 44.0 80.7 54.6 71.0 713

1 VHF: viscera (50%), head (25%) and frame and trimmings (25%). V: viscera (100%). V-oil: viscera (100%) oil separated before hydrolysis. IndVHF: industrial production with

VHF. IndV: industrial production with V.

2 e: endogenous enzymes active. Pr: Protamex (Novozymes A/S, Bagsvaerd, Denmark). Pa: papain (powder on maltodextrin, 500 TU/mg) and Br: bromelain (powder on

maltodextrin, 400 GDU/g) (both from Enzybellntl.s.a., Belgium).
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Number of recognized peptides in Atlantic salmon (Salmo salar) rest raw material hydrolysates. (Values given as number of different recognized peptides except in total

number of bioactive motifs).

Raw material’ VHF VHF \Y \% \% \% V-oil Ind VHF Ind V Ind V

Enzyme? ePr ePaBr ePr ePaBr e PaBr ePaBr ePaBr ePaBr e

No. of peptides detected? 157 355 147 298 314 168 282 48 274 326

No. of bioactive motifs detected* 40 48 45 44 45 49 44 25 52 47
No. of cardiovascular 27 35 34 35 35 41 34 20 38 40
No. of antioxidant 10 12 8 7 8 6 8 4 12 6
No. of pep® 1 0 1 1 1 1 1 1 1 1
No. of immunomodulation 2 1 2 1 1 1 1 0 0 0
No. of antimicrobial 0 0 0 0 0 0 0 0 1 0

No. of total number of bioactive motifs® 184 453 232 402 423 252 385 60 380 455

1 VHF: viscera (50%), head (25%) and frame and trimmings (25%). V: viscera (100%). V-oil: viscera (100%) oil separated before hydrolysis. IndVHF: industrial production with

VHF. IndV: industrial production with V.

2 e: endogenous enzymes active. Pr: Protamex (Novozymes A/[S, Bagsvaerd, Denmark). Pa: papain (powder on maltodextrin, 500 TU/mg) and Br: bromelain (powder on

maltodextrin, 400 GDU/g) (both from Enzybellntl.s.a., Belgium).

3 Number of different peptides detected by described method based on Pampanin et al. [45].

4 Number of different bioactive motifs detected.
5 pep: prolyl endopeptidase.
6 Sum of all bioactive motifs recognized.

hydrolysate from viscera produced with only endogenous enzymes
(V e) appears to have a high number of different peptides, and high
total number of bioactive motifs compared to hydrolysate from
viscera using papain plus bromelain in both the laboratory and
industrial production of the hydrolysates.

The effect of initial inactivation of the endogenous enzymes
(V PaBr) affected the number of different peptides, but not the
number of different bioactive motifs. In addition, this hydrolysate
(V PaBr), compared to all the other hydrolysates, contained six
unique bioactive motifs. These unique and potentially bioactive
peptides were found in small numbers (from one to five detected
peptides in the hydrolysate) and might be caused by conforma-
tional changes uncovering different binding sites for the enzymes
during hydrolysis.

Based on the total number of different peptides, the hydrolysate
from the mixed material with papain plus bromelain (VHF ePaBr)
appears to be the most efficiently hydrolyzed with 355 differ-
ent peptides detected, whereas the hydrolysis process was least
efficient in the industrial production of the same hydrolysate (Ind-
VHF ePaBr) with only 48 detected different peptides. Theoretically,
these two hydrolysates should contain the same number of differ-
ent peptides, but as described earlier, DH was lower in the industrial
hydrolysates and the number of different peptides was expected to
be lower from the industrially processed hydrolysates. However,
this tendency was not observed in the hydrolysis of viscera between
industrial- and laboratory-scales of production of the hydrolysates.

The identified bioactive motifs are located within larger pep-
tides (usually 8-10 amino acids in length) and from the current
analysis it cannot be determined whether or not the peptides are
bioactive. Further in vivo and in vitro testing is recommended
to verify the proposed bioactive properties presented here. As
expected, the majority of recognized bioactive peptides were asso-
ciated with the cardiosystem, upon which most of the published
data are based on.

4. Conclusion

Hydrolysates from farmed Atlantic salmon rest raw mate-
rial contain high levels of proteins, with high nutritional value,
and a number of bioactive motifs. The present work shows that
hydrolysate composition may be designed by selection of start-
ing material, and by choosing the correct pretreatments before
hydrolysis and commercial enzymes in order to obtain the desired
final products. Composition of starting material, V and VHF, was
reflected in the proximal composition in the hydrolysate, as the

high lipid content in raw material tended to increase the lipid con-
tent in hydrolysate at the expense of CP content. Composition of
amino acids in the hydrolysates was also influenced by composi-
tion of the raw material. Removal of oil before hydrolysis reduced
lipids and increased CP content in the hydrolysate, but had little
effect on amino acid composition, and slightly changed the molec-
ular weight distribution and enhanced the content of free amino
acids together with DH.

Small differences were seen between hydrolysates obtained by
the use of Protamex and papain plus bromelain in the current work
on viscera-containing rest raw material, except for the number of
different peptides detected and total amount of bioactive motifs,
which was higher after papain plus bromelain treatment compared
to Protamex. However, the number of different bioactive motifs was
at the same level for all the laboratory hydrolysates, despite differ-
ent viscera-containing raw materials, enzymes, or pretreatments.
Compared to the other laboratory viscera hydrolysates, the
hydrolysate without commercial enzymes added (V e), gave the
highest amount of detected bioactive motifs, which was nearly
equal to that treated with papain plus bromelain (V ePaBr), which
yielded the next best results.

Heat inactivation of endogenous enzymes had a great impact
on the hydrolysate composition, as this hydrolysate contained less
protein and amino acids (both free and total), larger peptides, and
a smaller number of recognizable peptides compared to initially
non-heated hydrolysates. Up-scaling is not a direct repetition of
the technology from the small scale, as laboratory findings are not
necessarily easy to mimic at an industrial scale. Possible challenges
are the time from fish slaughter to hydrolysis of the rest raw mate-
rial, storage conditions, separating processes, and heating capacity
in industrial production.

However, the present work shows that the hydrolyzing pro-
cess increases the possibilities for refinement and further usage of
viscera-containing rest raw material from Atlantic salmon. It is pos-
sible, to some extent, to design the size of peptides formed, amino
acid composition, and potential bioactive peptides by combining
different raw material, enzymes, and pretreatments.
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Abstract

An experiment was conducted to evaluate the effect of different salmon protein hydrolysates
on growth performance and intestinal morphometry in broiler chickens. Two different
Atlantic salmon protein hydrolysates (SPH) from viscera were produced, one without the
addition of exogenous enzymes and the other with added papain+bromelain during
hydrolysis. The hydrolysates were included with 5% and 10% in both the starter and grower
diets for broiler chickens. Additionally, one fish meal diet (FM) and a plant protein-based
(PP) diet were included as controls in each period. Immediately after hatching, 5282 Ross308
broiler chickens were allotted to 66 pens and fed the starter diet from days 0-9 and the grower
diet from days 10-28. Growth performance data were recorded for the starter period, early
grower period (days 10-20) and late grower period (days 21-28), and duodenum, jejunum
and ileum were sampled at day 10 for morphometric analysis. Inclusion of 10% SPH in the
diet led to increased average daily gain (ADG) (P < 0.05) in the broiler chickens compared
with the broiler chickens fed the PP, FM and 5% SPH diets. Using contrast statistical analysis,
the gain to feed ratio (G:F) was significantly higher in the groups fed the 10% SPH diets
compared with the groups fed the PP and FM diets in the starter period. Also, ADG values
were higher for the 5% SPH diet groups compared with the groups fed the FM (FM vs. 5%
SPH, P <0.001) and PP (PP vs. 5% SPH, P = 0.015) diets in the starter period. In the grower
period, the impact of SPH inclusion on ADG diminished compared with the FM diet group;
however, broiler chickens fed the PP diet did not reach the same final live-weight as broiler
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chickens fed the marine protein diets. There was a tendency towards longer villi in the
duodenum and ileum, as well as larger villi absorption area in the ileum, of broiler chickens
fed marine proteins compared with those fed the PP diet. No adverse effect on mortality or
litter quality was detected when salmon protein hydrolysates were included in the broiler
chicken diet. In conclusion, addition of salmon protein hydrolysates to broiler chicken starter
diets improved the growth performance compared with the PP and FM diets. Additionally,
starter diets with inclusion of marine proteins tended to improve the small intestinal

development in broiler chickens compared to a plant protein-based diet.

Keywords: broiler chicken, hydrolysate, intestinal morphometry, salmon viscera, growth

performance
1. Introduction

Broiler chickens have a number of critical periods when they are prone to delayed or retarded
growth and to developing diseases. The first critical period is during hatching, at which time
there is extensive intestinal development (Uni et al., 1998; Batal and Parsons, 2002) and the
chickens are sorted by sex, moved to a new environment where they experience new
physiological and microbiological challenges, and are introduced to solid feed. Another
critical period is one to two weeks after hatching when the concentration of plasma 1gG (1gY)
is at its lowest due to the short half-life of maternal 1gG (IgY) and low endogenous production
post-hatching (Hamal et al., 2006). A highly digestible and palatable feed is often needed to
stimulate feed intake and to support a healthy growth of the intestine and broiler chickens
during these periods. The importance of a healthy intestine for productivity and disease
resistance is well known and plays a role in animal welfare and economic considerations in

commercial broiler chicken production (Choct, 2009).

Fish meal is often used as a feed ingredient in young animals and during periods where high
protein digestibility and a balanced amino acid composition are needed to support the growth
potential without challenging the protein metabolism. The positive effect of fish meal
compared with traditional plant proteins on growth performance is well known. However, due
to increasing prices of traditional fish meal, the feed industry has been searching for protein
sources with the same — or better — qualities as fish meal. Novel marine protein sources have
the potential to serve as an alternative to traditional fish meal. The annual Norwegian

production of Atlantic salmon is 1.3 million tons and after filleting and withdrawal of the
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primary products (e.g. filet, eviscerated salmon), about 336,000 tons of rest raw material are
available for further processing into oils, silage, hydrolysates and fish meal (Olafsen et al.,
2014). Viscera accounts for about 40% (wet weight basis) of the rest raw material (Olafsen et
al., 2014) and it is of great importance to utilise this fraction to increase sustainability in
salmon aquaculture. Viscera are often considered as a minor value product due to high
enzymatic activity and immediate loss of integrity post-mortem. The high enzymatic activity
can, however, be exploited in downstream applications, as the addition of water and slight
heating for a defined time facilitates hydrolysis. After phase separation, it is possible to obtain
oil, as well as an emulsion phase, a protein-rich aqueous phase (hereinafter referred to as
salmon protein hydrolysate, SPH), and a sediment phase. Although not needed for hydrolysis
of Atlantic salmon viscera, the addition of exogenous enzymes may produce other peptide
fractions that are potentially rich in bioactive peptides with different properties (Opheim et
al., 2015).

The high levels of smaller peptides and free amino acids may increase the digestibility and
absorption rate of SPH. Additionally, as reviewed by Ngo et al. (2012), many marine peptides
are reported to possess biological activity, including anti-oxidative, anti-hypertensive, anti-
cancer and cholesterol-lowering effects with many potential applications in functional foods

and pharmaceuticals.

A positive effect on growth rates from diets containing small proteins and peptides from
marine sources has been reported in Atlantic salmon (Salmo salar) (Refstie et al., 2004;
Hevroy et al., 2005; Kousoulaki et al., 2009), Japanese flounder (Paralichthys olivaceus)
(Zheng et al., 2012) and in broiler chickens (Wagner and Bregendahl, 2007). However, no or
little effect on growth performance was reported in piglets fed diets that included fish protein
hydrolysate (Tucker et al., 2011; Ngrgaard et al., 2012) or in broiler chickens fed diets with
up to 8% shrimp hydrolysate inclusion (Mahata et al., 2008). Additionally, reduced growth
performance was reported in Atlantic salmon fed diets with high inclusion levels of SPH
(Refstie et al., 2004; Hevroy et al., 2005), and in broiler chickens fed diets with high levels of
a fish silage (Santana-Delgado et al., 2008) and shrimp hydrolysate (Mahata et al., 2008).

The main aim of this study was to investigate the effects of two inclusion levels of SPH in
broiler chicken diets on growth performance and intestinal morphometry. A further goal was

to examine the effects of using two different types of SPH from Atlantic salmon viscera with
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endogenous enzymes only or endogenous enzymes in addition to papain and bromelain during

hydrolysis.
2. Material and methods
2.1. Animals, feeding and weighing

All chickens were cared for according to the laws and regulations controlling experiments
with live animals in Norway (the Animal Welfare Act of December 28, 2009, and the Animal

Protection Ordinance concerning experiments with animals of January 15, 1996).

Immediately after hatching, 5282 Ross308 broiler chickens were sorted by sex and allocated
into 66 pens in four rooms. One room contained 30 pens, while three rooms contained 12 pens
each. Each pen (5.3-5.9 m?) consisted of 40 females and 40 males, except one pen that
consisted of 82 broiler chickens (41 females and 41 males). The lighting regime was 23 hours
of light and 1 hour in darkness for the first 2 days, and 16 hours of light and 8 hours of
darkness from day 3 onwards.

Feed intake was recorded for days 0-9, 10-20 and 21-28 post-hatch and average daily feed
intake (ADFI) was calculated within these periods. Broiler chickens were weighed in each
pen at days 0, 10, 21 and 28, and the ADG was calculated for each period and used for further
analysis. The feed efficiency ratio (G:F) was calculated as g weight gain/g feed intake.
Apparent metabolic energy content in the experimental diets was calculated by use of
analysed values of the diets and the equation from the (European Commission, 2009) with the
modification that the value 2.2 was used as fixed factor for sugar. Energy utilisation was
calculated as g weight gain/ME intake. Daily water intake was recorded in each pen in one of
the rooms consisting of 12 pens. Litter quality was recorded weekly on a 0-5 scale (0 = dry
and 5 = watery). There was no exchange or addition of litter bedding during the experiment.
Dead birds were recorded each day and the mortality was calculated for each period. Growth

performance data was adjusted for mortality.
2.2. Hydrolysates

Viscera from Atlantic salmon (Salmo salar) were used as the starting material for the
hydrolysing process at an industrial hydrolysing plant (Nutrimar A/S, Frgya, Norway). The
hydrolysis process was performed within 2 hours after slaughter and ran for 1 hour at 52°C

before separation of the hydrolysate using a decanter. After heat-inactivation at 90°C for 10
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minutes, formic acid was added to the hydrolysates until the pH was <4. One hydrolysis was
performed with only the endogenous enzymes (Ve), and a second hydrolysis was performed
after the addition of the commercial enzymes papain plus bromelain (\VePaBr). Both papain
(powder on maltodextrin, 500 TU/mg) and bromelain (powder on maltodextrin, 400 GDU/g),
both from Enzybel Intl. SA, (Belgium), were added to 0.05% on a wet weight basis.
Hydrolysate composition is outlined in Table 1 and further details of these hydrolysates are
given in Opheim et al. (2015).

2.3. Experimental diets

Six experimental diets were produced for the starter period (days 0-10) and six diets for the
grower period (days 11-28), all diets were based on standards for commercial starter and
grower feed formulations for broiler chickens. One negative control diet with protein from
only plant sources (PP) and one positive control diet with 4% fish meal (FM). Two diets were
produced with 10% inclusion of SPH (10% SPH diets, both Ve and VePaBr) replacing 100%
of the fish meal protein and two diets with 5% inclusion of SPH (5% SPH diets, both Ve and
VePaBr) replacing 50% of the fish meal protein. Nutrient digestibility values from CVB
(2005) were used for all ingredients, except for SPH where the protein and amino acids
digestibility values were set to 95%. The experimental diets in each period were formulated to
be isoenergetic, equal in digestible lysine per energy unit, and equal for digestible
methionine+cysteine, threonine, tryptophan and arginine per lysine unit, together with an
equal concentration of sodium, calcium and sum EPA+DHA (Table 2). All diets were
formulated to meet or exceed the recommendations from the National Research Council
(NRC, 1994). Diets were allocated randomly to pens within each room, and chickens were fed
ad libitum. All diets were well tolerated and the voluntary feed intake was satisfactory during
the experiment. Diet formulation, calculations and chemical compositions are outlined in
Table 2. Due to the high water content in the 10% SPH diets, these diets were dried after
production for better preservation. On a dry matter basis, the calculated and analysed values

of the experimental diets were as expected.
2.4. Sampling and morphometry of the small intestine

At day 10 post-hatch, one bird from each pen (in total, 11 birds from each diet group) was
euthanised by cervical dislocation after sedation with a head blow before sampling. Weight

and sex were recorded. Between 3 and 4 cm of the distal segments of the duodenum (denoted
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from the gizzard to the pancreatic and gallbladder ducts), jejunum (from the pancreatic ducts
to Meckel’s diverticulum) and ileum (Meckel’s diverticulum to the ileo-cecal junction) were
dissected and rinsed carefully with 10% formaldehyde before being submersed in 10%
formaldehyde. After 4 days' fixation, the middle part of each intestinal segment sample was
cut, dehydrated in alcohol and embedded in paraffin by standard procedures. Two sections, at
least 25 um apart, were mounted on glass slides and stained with hematoxylin and eosin
following standard protocols. All processed slides were examined on a Jenoptic ProgRes®
CapturePro 2.8 camera (Jena, Germany) mounted on a Leica DM2000 microscope. The
handling of the software was as recommended by the manufacturer and a calibration slide was
used as a control for each day of reading to ensure calibrated measurements. From each of the
intestinal sections, the 10 longest and most intact villi were measured. Villi height was
considered as the distance from the top of the villi to the villi—crypt junction. Villi width was
measured in two places (upper and lower thirds of the villi), and the mean value was used in
further calculations. Crypt depth was from the villi—crypt junction to the base of the crypt.
Villi absorption area was calculated by mean villi width x villi height on each measured villi.
The mean value of 10 measurements from each intestinal site was considered as the value

from one broiler chicken and was used for further analysis.
2.5. Chemical analysis

In the hydrolysates, CP was measured in duplicate by the Kjeldahl method according to 1SO
5983-2 (ISO, 2009) and water and ash content according to ISO 6496 (ISO, 1999) and 1SO
5984 (ISO, 2002). The method of Bligh and Dyer (1959) was used for the extraction of lipids.
Analysis of amino acids was performed in duplicate after initial preparation from one sample,
and as described according to Cohen and Michaud (1993). The degree of hydrolysis was
determined by the o-phthaldialdehyde (OPA) method (Nielsen et al., 2001). The molecular
weight distribution was determined as described by Wang-Andersen and Haugsgjerd (2011)
using high-performance liquid chromatography (HPLC). In brief, the molecular weight
distribution was analysed by use of Superdex peptide 10/300 GL columns (ID: 10 mm,
length: 300 mm; GE Healthcare) with a flow-rate of 0.5 mL/min and with 214-nm UV
detection. The eluent solutions were according to the manufacturer’s recommendations.
Analyses of crude protein, fat, water and ash in the diets were performed with methods
adapted from the EU directive 76/371 EC regulation EF nr. 152/2009 (European Commission,
2009).
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2.6. Statistical analysis

The experimental unit was pen for the growth performance analysis, whereas broiler chicken
was the unit for the intestinal analysis. Statistical analyses were performed using the PROC
MIXED procedure in the SAS 9.2 statistical package (SAS Institute Inc, Cary, USA). Tukey
adjustments were used in the multiple comparisons when a significant F-test was detected.
Data are presented as the least-squares mean with a pooled standard error of the mean

(s.e.m.). P-values <0.05 were considered significant and P<0.10 as a tendency.

For the growth performance parameters, the model consisted of the diet as the fixed effect and
the room as a random effect. The interaction term diet x room was tested and, when

significant, was included in the model as a random effect, but otherwise was excluded.

In the morphometry analysis, the model consisted of diet and sex as fixed effects. The
interaction term diet x sex was included in the model as a random variable when it was found
to be significant. Weight did not have a strong correlation with any of the morphometric
parameters and hence was excluded from the model.

Contrast analysis were performed by the contrast option in SAS.
3. Results
3.1. Starter period

In the starter period, the ADG was significantly higher in broiler chickens fed the 10% SPH
diets compared with broiler chickens fed the PP, FM and 5% SPH diets (Table 3). The largest
difference was detected between the 10% Ve and the FM diet group, where the 10% Ve diet
group showed 11.6% higher ADG than the group fed the FM diet. Additionally, the 5% SPH
diet groups showed increased growth compared with the PP and FM diet groups, although it
was not significant for the 5% Ve diet group. No significant differences were found in the
ADFI (P = 0.565) or ME intake (P = 0.750) between the diet groups in the starter period. No
significant differences in the G:F ratio, which varied between 0.89 and 1.01, were detected
between the diet groups. However, by contrast analysis, broiler chickens fed the 10% SPH
diets showed a higher G:F ratio than the PP (PP vs. 10% SPH, P = 0.036), FM (FM vs. 10%
SPH, P = 0.009) and 5% SPH (5% SPH vs. 10% SPH, P = 0.002) diet groups in the starter
period. No significant differences (P = 0.172) in energy utilisation were detected between the

diet groups. However, by contrast analysis, broiler chickens fed the 10% SPH diets showed
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significant higher energy utilisation than the broiler chickens fed the 5% SPH diets (P =
0.012) and a tendency towards higher energy utilisation than the broiler chickens fed the FM
diet (P = 0.067). No statistical differences were found between the PP and FM diet groups for
ADG, ADFI, G:F ratio, ME intake or energy utilisation during the starter period.

3.2. Grower period

In the early grower period (days 10-20), ADG was significantly higher in groups fed the 5%
Ve, 10% Ve and 10% VePaBr diets compared with the PP diet group (Table 3). Additionally,
three of the hydrolysate diet groups (5% Ve, 10% Ve and 5% VePaBr) showed significantly
higher ADFI than the PP diet group. Although a significant statistical model (P = 0.019), the
G:F ratio showed only small numerical variations and the post-hoc test did not detect any
significant differences between the diet groups on an as-fed basis. However, by contrast
analysis, broiler chickens fed the PP and FM diets showed significantly higher G:F ratio
compared with the 5% SPH diet groups during days 10-20 (PP vs. 5% SPH, P = 0.003 and
FM vs. 5% SPH, P = 0.043). The PP diet group showed significant higher energy utilisation
compared with the 5% Ve and 10% Ve diet groups during days 10-20 post-hatch. In the
second phase of the grower period (days 21-28), the broiler chickens fed 5% SPH and FM
diets showed the highest ADG, which were significantly higher than the PP diet. No
significant differences in ADFI were detected between any of the diet groups and the G:F
ratio was significantly higher in the FM diet group compared with the PP diet group. Energy
utilisation was significantly higher in the group fed the FM diet compared with the PP diet,
and both 10% SPH diets.

The ADG during the whole grower period (days 10-28) was significantly higher in the broiler
chickens fed marine protein sources compared with the PP diet. However, the marine protein
groups showed higher ADFI compared with the PP diet group during the overall grower
period, although this was non-significant for the 10% VePaBr diet group. Despite only small
numerical differences in the G:F ratio, significant differences were found between the groups
fed the 10% VePaBr and the FM diets compared with the group fed the 5% VePaBr diet,

which showed the lowest G:F ratio.
3.3. Whole period

Broiler chickens fed the PP diet showed significant lower ADG and ME intake values than
those of the FM and SPH diet groups. In addition, broiler chickens fed the PP diet showed
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significantly lower ADFI than broiler chickens fed the FM diet, both of the Ve diets, and the
5% VePaBr diet. The ME intake was significantly higher in the groups fed the Ve diets
compared with the groups fed the PP and FM diets. The overall G:F ratios were highest in the
groups fed the 10% SPH diets, which were higher than the PP (PP vs. 10% SPH, P = 0.002),
FM (FM vs. 10% SPH, P = 0.017), and 5% SPH (5% SPH vs. 10% SPH, P < 0.001) diet
groups. No major differences between the diet groups Ve and VePaBr were detected for
ADG, ADFI or G:F ratio when the inclusion level was equal, except for ADG in the period
10-20 days, in which the 5% Ve diet group showed significantly higher ADG compared with
the 5% VePaBr diet group.

No differences in litter quality were detected until day 28. At day 28, the litter in the PP diet
group was more moist (score 3.37) compared with the diet groups containing marine proteins
(score 3.18-3.23), both numerically and by contrast (PP vs. SPH, P = 0.003 and PP vs. FM, P
= 0.007). No difference in water intake was detected between any of the diet groups at any
time during the experiment (data not shown). Similarly, no differences between the diet
groups were found for mortality rate, which varied from 1.9% to 3.2% for the whole period (P
= 0.660).

3.4. Morphometry

The duodenal villi height was significantly longer in the broiler chickens fed marine protein
diets compared with the broiler chickens fed the PP diet (PP vs. SPH, P = 0.019 and PP vs.
FM, P = 0.013) at day 10 post-hatch (Table 4). Furthermore, the ileal villi tended to be longer
(PP vs. SPH, P = 0.09 and PP vs. FM, P = 0.09) and to have a larger absorption area (PP vs.
SPH, P = 0.06 and PP vs. FM, P = 0.04) in the marine protein-fed groups compared with the
group fed the PP diet.

4. Discussion

The present study showed a significant increase in ADG in broiler chickens fed starter diets
(days 0-9) with 10% inclusion of SPH compared with PP, FM and 5% SPH diets. A similar
12% increase in ADG was reported by Wagner and Bregendahl (2007) when 11.5%
condensed salmon protein concentrate was added to a broiler chicken diet compared with a
plant protein-based diet. The same authors concluded that the increased growth rate was due
to a higher feed intake in the salmon protein concentrate diet. However, we did not observe

any significant differences in ADFI or ME intake between the diet groups in the starter period
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in the current study. An increase in ADG without affecting feed intake or the feed:gain ratio
during the first 7 days by use of a porcine mucosa hydrolysate in the broiler chicken diet is
also reported by Mateos et al. (2014). Increased ADG together with no increase in ADFI
normally improves the G:F ratio. Our study did not detect differences in the G:F ratio despite
a statistically significant model. However, by contrast analysis, the effect of increased ADG
was associated with improved G:F when comparing the 10% SPH diets with the PP and FM
diets.

The observed increase in ADG might be associated with increased absorption rates of amino
acids from peptides by use of SPH in the diets compared with FM and PP diets. Absorption of
amino acids into the portal blood was shown to be more efficient from peptides compared
with free amino acids and intact protein in rats (Kodera et al., 2006). Gilbert et al. (2010)
reported higher mRNA expression of several peptide and amino acid transporters when a
hydrolysed whey protein source was given to chickens compared with both intact whey
protein and free amino acids. Additionally, although the broiler chicken intestine develops
extensively during the first 2 weeks and appears immature at hatching (Uni et al., 1998; lji et
al., 2001; Batal and Parsons, 2002), there is a high capacity for absorption of glucose, amino
acids and easily digestible proteins immediately after hatching (Batal and Parsons, 2002).

The marine protein diet groups (FM and SPH diets) showed higher ADG during the grower
period (days 10-28) compared with the group fed the PP diet. This difference between the
marine protein and PP diets might be caused by factors in the marine protein diets that
enhance growth or factors in the PP diet that impair intestinal development and growth, or
combinations thereof. The PP diet contained more soya compared with the other diets and the
anti-nutritional factors — such as lectins, oligosaccharides, saponins and trypsin inhibitors,
which are known to be present in soya — might have had a negative impact on growth
performance. Marine protein sources contain nitrogenous components, such as taurine and
hydroxyproline, which are not detected in soy protein isolate (Liaset et al., 2003). Both
taurine and hydroxyproline are reported to be positively correlated with growth parameters in
Atlantic salmon (Kousoulaki et al., 2009). Surprisingly, the inclusion of taurine in broiler
chicken diets resulted in impaired intestinal mucosal development and enhanced feed
utilisation for the first 7 days, without affecting the ADG or ADFI (Huang et al., 2014).
Despite several possible factors, no obvious candidates were detected in our study and further
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investigation is needed to fully understand the underlying relationships between the observed
differences between the PP and marine protein diets.

Withholding feed from broiler chickens for 36 hours after hatching leads to retarded growth
of the intestines for up to 9 days (Uni et al., 1998), and this impaired intestinal growth is
difficult to remedy later in the production (Juul-Madsen et al., 2004). Luminal stimulation and
adequate feed intake, therefore, seem to be crucial for intestinal development in broiler
chickens. In our experiment, inclusion of fish meal and SPH in the broiler chicken starter
diets tended to increase the villi height in the duodenum and ileum, in addition to the ileal
absorption area, compared with the PP diet group. The improved development of the small
intestine during the first days of life may favour growth performance at older ages (Wijtten et
al., 2010) as nutrient absorption is thought to be facilitated with increased villi height
associated with increased luminal absorptive area. In the present study, broiler chickens fed
the FM diet showed higher ADG than broiler chickens fed the PP diet during the late grower
period (days 21-28) despite similar ADG during the starter period. The delayed increase in
ADG in the groups fed the FM diet compared with the SPH diets corresponds well with the
morphometric findings in the broiler chicken intestine at day 10 as no morphometric
differences were detected between the FM and SPH diets at this stage.

In the late grower period, the effect of SPH compared with FM diminished and no significant
differences were detected in ADG, ADFI or G:F ratio. At this stage, the broiler chicken
intestines are more mature and compensatory regulation of amino acid absorption and
metabolism might conceal the effects of SPH on growth performance. Maturity of the
intestines, in addition to the differences in hydrolysate composition and species, may explain
some of the conflicting results reported on the effect of hydrolysates compared with intact
proteins in growth performance. The efficiency of protein absorption seems to be highly
regulated. In a dog study, Zhao et al. (1997), it was observed a dose-dependent slowing of the
intestinal transit time and reported that intact protein reduces the transit time more effectively
than the hydrolysed form. An almost constant protein absorption efficiency was reported
when using different concentrations of hydrolysate and intact protein, although the amount of
protein absorbed in the intestinal proximal parts was significantly higher when protein was

given in the hydrolysed form compared with the intact form (Zhao et al., 1997).

As different enzymes were used during hydrolysis, this may have influenced the peptide
composition of the two different hydrolysates from Atlantic salmon viscera that were used in
11
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the present study (Opheim et al., 2015). However, no differences were detected on growth
performance between the hydrolysates (Ve and VePaBr) at the same inclusion level. Hence,
no additional effects on growth performance or intestinal morphometry in broiler chickens
were detected by the addition of papain and bromelain when hydrolysing Atlantic salmon
viscera for inclusion in broiler chicken diets. Endogenous enzymes in viscera, therefore, seem
sufficient for hydrolysis of viscera in order to obtain the reported effects detected in this
study. High levels of fish protein hydrolysates in the diets of Atlantic salmon were reported to
have inhibitory effects on growth performance (Refstie et al., 2004; Hevroy et al., 2005), and
two inclusion levels of 5% and 10% SPH were used in this study in order to detect a dose-
response effect. The largest effect of inclusion level was seen during the starter period, as the
10% SPH diet groups showed higher ADG than the 5% SPH diet groups. However, for the
overall period, broiler chickens fed the 10% SPH diets showed similar ADG and lower ADFI,
and hence higher G:F ratio, compared with the broiler chickens fed the 5% SPH diets.

High initial growth rates are associated with metabolic disorders and leg problems in broiler
chickens (Bessei, 2006), and therefore, high initial ADG is not necessarily an ultimate goal.
Despite significantly different growth rates in the starter period, no differences in mortality
between any of the diet groups were detected at any time in our experiment. Conflicting
results were also described by Wijtten et al. (2010) who reported lower mortality due to leg
problems in Ross308 broiler chickens with high early weight gain compared with the lower
early weight gain group. The same researchers did not find any relationship between weight
development in the small intestines and leg problems. The observed increase in ADG in the
groups fed the SPH diets during the starter period might be due to increased visceral weight,
although this was not examined in the present study. The litter score indicates that there was
more moisture in the groups fed the PP diet than the groups fed the marine protein diets at day
28. This might be an important result, both related to growth performance and animal welfare,
as litter high in moisture predisposes towards higher microbial activity and an increase in
temperature and ammonia in the environment. Such an environment increases the incidence
of contact dermatitis and respiratory diseases in the chickens (Bessei, 2006) and hence should
be avoided.

5. Conclusion

The present study shows that hydrolysed Atlantic salmon viscera at 5% and 10% inclusion
levels increase broiler chicken growth performance when included in starter diets compared
12
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with either a plant protein-based or a fish meal diet. In the grower period, the effect between
hydrolysate and fish meal diets diminished — however, the plant protein-based diet group
achieved lower final live-weight than the marine protein diet groups. A tendency towards
longer villi in the proximal and distal parts of the small intestine, which might facilitate
increased nutrient absorption and higher live-weight later in the production, was detected in
the marine protein diet groups compared with the group fed the plant protein-based diet. No
adverse effects on mortality or litter quality were detected when salmon hydrolysate was
included in the broiler chicken diet. Salmon protein hydrolysate might be a novel protein

source for broiler chickens.
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487 Tablel
488  Composition of Atlantic salmon viscera hydrolysates (As is basis).

Salmon protein hydrolysate (SPH)

Hydrolysate Ve? VePaBr®
Proximal content (%)
Dry matter 38.5 39.6
Crude protein 28.1 28.5
Lipids 6.2 55
Ash 2.8 2.8
Indispensible amino acids (%)
Arginine 1.40 1.41
Histidine 0.71 0.71
Isoleucine 1.03 1.02
Leucine 1.77 2.13
Lysine 1.79 1.79
Methionine 0.64 0.65
Phenylalanine 0.97 0.95
Threonine 0.97 0.70
Tryptophan 0.29 0.29
Valine 1.25 1.24
Dispensible amino acids (%)
Alanine 1.27 1.30
Aspartic acid 1.96 1.94
Cysteine 0.34 0.34
Glutamic acid 2.83 2.79
Glycine 1.61 1.63
OH-proline 0.19 0.20
Proline 1.07 1.10
Serine 1.07 1.05
Tyrosine 0.70 0.70
Molecular weight distribution (Dalton) (% of soluble protein)
>20 000 0.2 0.2
20 000-15 000 0.1 0.1
15 000-10 000 0.5 0.4
10 000-8 000 0.5 0.4
8 000-6 000 0.8 0.7
6 000-4 000 1.7 1.6
4 000-2 000 54 5.4
2 000-1 000 9.0 9.2
1 000-500 10.5 11.1
<500 71.3 71.0
Degree of hydrolysis 37.3 40.8

489  ?Ve: SPH from viscera obtained with endogenous enzymes.
490 P VePaBr: SPH from viscera obtained by addition of papain and bromelain.

17
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Table 2

Diet formulation, calculated and analysed composition of experimental diets in broiler chickens (As is basis).

Starter diets

Grower diets

Salmon protein hydrolysate (SPH)

Salmon protein hydrolysate (SPH)

Ve VePaBr Ve VePaBr
PP FM 5% 10% 5% 10% PP FM 5% 10% 5% 10%
Ingredient g/kg

LT Fishmeal® - 4.00 2.00 - 2.00 - - 400 200 - 2.00 -
SPH — VeP - - 5.00 10.00 - - - - 5,00 10.00 - -
SPH — VePaBr¢ - - - - 5.00 10.00 - - - - 5.00 10.00
Wheat 36.16 39.54 36.39 33.22 36.38 33.22 40.81 43.83 41.04 37.87 41.03 37.87
Soya HI-PRO 26.08 20.70 21.47 22.25 21.46 22.21 22.05 17.00 1744 18.22 17.42 18.18
Corn 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00
Corn gluten 8.00 8.00 8.00 8.00 8.00 8.00 800 800 800 8.00 8.00 8.00
Oats 500 5.00 5.00 5.00 5.00 5.00 500 5.00 500 5.00 5.00 5.00
Soy oil 422 417 4.84 5.40 4.61 5.06 4.14 4.13 475 5.31 4.53 4.97
Vitamin - mineral

premix¢ 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 300 3.00 3.00 3.00
Salmon oil 1.27 - - 0.11 0.23 0.46 1.27 - - 011 0.23 0.46
Limestone 0.74 0.64 0.73 0.82 0.73 0.82 043 032 041 051 0.41 0.50
Mono calcium phosphate  0.44  0.20 0.25 0.31 0.26 0.31 0.24 - 005 010 0.06 0.11
Sodium bicarbonate 0.30 0.23 0.28 0.33 0.28 0.33 031 023 028 0.33 0.28 0.33
L-Lysine 040 0.32 0.32 0.32 0.32 0.32 040 030 032 0.32 0.32 0.32
DL-Methionine 0.21 0.16 0.17 0.19 0.17 0.19 0.19 0.14 0.16 0.17 0.15 0.17
L-Threonine 0.07 0.05 0.05 0.05 0.06 0.08 008 0.05 005 0.05 0.07 0.08
NaCl 0.10 - - - - - 0.10 - - - - -
Water evaporation® - - -150 -3.00 -1.50 -3.00 - - -150 -3.00 -1.50 -3.00

Calculated value
Metabolisable energy: 117 117 12.0 12.2 11.9 12.2 11.9 11.9 120 124 11.6 12.3
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ME (MJ/kg)'
Analysed composition (%)

Dry matter 89.4 88.8 88.1 914 87.6 88.9 89.0 884 869 889 86.3 89.2
Crude protein 240 240 24.1 25.7 23.9 24.9 226 234 245 228 224 23.0
Crude fat 7.4 6.6 7.1 8.0 7.0 8.1 7.5 6.5 7.3 7.9 7.3 8.0
Starch 311 327 33.1 31.3 32.7 314 33.0 343 323 352 32.2 34.3
Crude ash 5.6 5.6 55 6.1 5.5 5.7 5.1 5.0 4.9 55 4.9 5.3
Calcium 0.89 0.89 0.88 1.01 0.92 0.87 073 072 077 0.80 0.71 0.80
Phosphorous 0.62 0.63 0.61 0.68 0.60 0.61 054 055 054 0.62 0.53 0.59

493 PP = Plant protein-based diet; FM = Fishmeal diet; Ve = SPH from viscera obtained with endogenous enzymes; VePaBr = SPH from
494  viscera obtained by addition of papain and bromelain

495 LT Fishmeal: Norse-LT 94 Fishmeal (http://www.norsildmel.no).

496 P SPH-Ve: salmon protein hydrolysate from viscera obtained by use of endogenous enzymes.

497  ° SPH-VePaBr: salmon protein hydrolysate from viscera obtained by use of papain and bromelain mixture.

498 Y Premix: Vitamins, minerals, enzymes and coccidiostatics (Narasin).

499 ¢ Water evaporation: Estimated water evaporation during feed production.

500 fCalculated ME value by equation from the European commission 2009 with the modification 2.2 used for sugar, based on diet
501  analysis.
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Table 3
Effect of two different Atlantic salmon protein hydrolysates, with two inclusion levels, on growth performance in broiler chickens in

the starter and grower period (n=11 pens).

Salmon protein hydrolysate (SPH) Contrast analysis

Ve VePaBr PP vs. SPH? FM vs. SPHP
PP FM 5% 10% 5% 10% s.e.m.® P-value® 5% 10% 5% 10%
Daily gain (g/day)
Day 0-9 28.0¢ 27.7°¢ 28.4" 30.9¢2 29.0° 30.02 0.5 <0.001 0.015 <0.001 <0.001 <0.001
Days 10-20 71.7°¢ 7250 74.4%° 73.6%® 72.6% 73.6%® 0.5 <0.001 <0.001 <0.001 0.031 0.015
Days 21-28 103.3> 110.2%  108.7°% 106.4%®  108.0%¢  106.8% 1.0 <0.001 <0.001 0.011 0.148 0.006
Grower period 10-28  84.1° 87.22 87.92 86.52 86.52 86.72 0.5 <0.001 <0.001 <0.001 0.927 0.301
Whole period 0-28 64.1° 66.02 66.62 66.62 65.92 66.42 0.4 <0.001 <0.001 <0.001 0.489 0.214
Daily feed intake
(9/day)
Days 0-9 31.0 324 31.9 30.5 33.2 30.6 24 0565 0.300 0.790 0.913 0.237
Days 10-20 88.8¢ 91.4°b¢ 96.72 94.0% 94,3 91.3b¢ 1.2 <0.001 <0.001 0.006 0.004 0.335
Days 21-28 146.7 147.8 148.9 147.7 150.6 147.0 2.1 0.355 0.073 0.723 0.267 0.767
Grower period 10-28 111.8¢ 113.7°¢ 117.62 11553  116.8% 113.3« 1.1 <0.001 <0.001 0.005 <0.001 0.427
Whole period 0-28 83.0¢ 85.2b¢ 86.8% 85.0¢ 87.12 83.7¢ 0.9 <0.001 <0.001 0.012 0.002 0.116
Gain to feed ratio
(gain/intake)
Days 0-9 0.922 0.892 0.902 1.01° 0.892 0.982 0.05 0.031 0,513 0.036 0965 0.009
Days 10-20 0.81° 0.79° 0.77% 0.782 0.772 0.812 0.01 0.019 0.003 0.262 0.043 0.940
Days 21-28 0.71° 0.752 0.73% 0.72%® 0.72%® 0.73% 0.01 0.049 0.085 0.109 0.0563 0.041
Grower period 10-28 0.75%  0.77° 0.75% 0.75%® 0.74" 0.762 0.01 0.007 0.147 0642 0.001 0.114
Whole period 0-28 0.77%  0.77° 0.77%¢ 0.78% 0.76¢ 0.792 0.01 <0.001 0.061 0.002 0.015 0.017
ME intake (MJ)
Days 0-9 3.64 3.80 3.82 3.74 3.94 3.72 028 0.750 0.184 0.616 0.672  0.659
Days 10-20 11.61¢ 11.94 12752 12.802 12.08%  12.33% 0.16 <0.001 <0.001 <0.001 0.010 <0.001
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Days 21-28 12.20° 12.29%

Grower period 10-28 23.91¢ 2431

Whole period 0-28  27.579  28.29°¢
Energy utilisation (g gain/ME

intake)
Days 0-9 78.00 75.77
Days 10-20 68.00°  66.87%
Days 21-28 59.40" 62.94°

Grower period 10-28 63.34% 64.68°2
Whole period 0-28  65.022  65.32°

12.49%
25.37%®
29.16%

74.74

64.15"
61.10 ®°
62.30"
63.90 %

12.792
25.73%
29.42%

82.38

63.24°
58.29°¢
60.44°
63.34°

12.28°
24.49
28.46°

74.77

66.23
6171
63.56 &
64.82 2

12.62%
25.02"¢
28.71%

80.90

65.70
59.37 ¢
62.31"
64.71%

0.18
0.25
0.28

4.26
0.96
0.93
0.59
0.46

0.005
<0.001
<0.001

0.172
0.001
<0.001
<0.001
0.004

0.206
<0.001
<0.001

0.292
0.006
0.039
0.469
0.159

<0.001
<0.001
<0.001

0.240
<0.001
0.551
<0.001
0.035

0.531
0.005
0.016

0.738
0.093
0.125
0.004
0.048

0.007
<0.001
<0.001

0.067
0.018
<0.001
<0.001
0.008

PP = Plant protein-based diet; FM = Fishmeal diet; Ve = SPH from viscera obtained with endogenous enzymes; VePaBr = SPH from

viscera obtained by addition of papain and bromelain; ME = metabolisable energy

2 PP diet group vs. SPH diet groups, both Ve and VePaBr, and 5% and 10% levels of SPH.

b FM diet group vs. SPH diet groups, both Ve and VePaBr, and 5% and 10% levels of SPH.

¢ Pooled standard error of mean.
d p-value all groups included.

abed \alues within a row with different superscripts differ significantly at P<0.05.
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512 Table4

513  Intestinal morphometric data in broiler chickens at day 10 fed experimental diets during the starter period (days 0-9 post-hatch). Diets
514  contained two different hydrolysates with two different inclusion-levels in addition to one plant protein-based and one fish meal diet
515  (n=11).

Salmon protein hydrolysate (SPH) Contrast analysis (P-values
Ve VePaBr
PP FM 5%  10% 5% 10% s.e.m? P-value® PP vs. SPH° PP vs. FM¢
Duodenum
Villi height (um) 1498 1660 1605 1598 1589 1680 45  0.082 0.019 0.013
Vabs (um? x 10°) 291 317 294 279 305 331 17 0.308 0.561 0.288
Crypt depth (um) 105 111 105 107 98 120 12 0.836 0.830 0.735
Villi:Crypt ratio 144 153 152 156 16.3 15.5 09 0.747 0.187 0.472
Jejunum
Villi height (um) 617 612 570 607 619 610 27 0.813 0.604 0.896
Vabs (um? x 107%) 104 105 90 111 109 112 8 0.338 0.859 0.934
Crypt depth (um) 87 90 77 83 80 82 6 0.675 0.316 0.758
Villi:Crypt ratio 7.6 7.2 7.5 7.5 8.0 7.5 05 0.925 0.935 0.567
lleum
Villi height (um) 388 456 460 446 416 443 28  0.409 0.086 0.085
Vabs (um? x 107) 55 71 66 70 63 69 5 0.284 0.056 0.038
Crypt depth (um) 67 79 71 76 70 70 4 0339 0.307 0.046
Villi:Crypt ratio 5.9 5.9 6.6 5.9 6.0 6.3 04 0674 0.511 1.000

516 PP = Plant protein-based diet; FM = Fishmeal diet; Ve = SPH from viscera obtained with endogenous enzymes; VVePaBr = SPH from
517  viscera obtained by addition of papain and bromelain; Vabs = villi absorption area

518  ?Pooled standard error of mean.

519 P P-value all groups included.

520 ¢ PP diet group vs. all SPH diet groups.

521 9PP diet group vs. FM diet group.
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Abstract

Salmon protein hydrolysates (SPH) from two different rest raw materials were evaluated in
diets for weaning piglets. Four experimental diets were included in the study: one diet based on
plant protein (PP), one diet based on fishmeal (FM), and two diets in which different SPHs
replaced fishmeal. The experimental diets were fed to piglets from the day of weaning until 32
days post-weaning. In addition to live-weight and feed intake, intestinal sampling for
morphometry and 16S rRNA gene sequencing were performed at day 11 on a subset of the
animals. The duodenal villi absorption area was significantly larger in the SPH diet groups
compared with the PP diet group (p < 0.05) and there was a tendency towards an increased
duodenal villi height-to-crypt-depth ratio in the SPH diet groups compared to both PP (PP vs.
SPH, p =0.13) and FM (FM vs. SPH, p = 0.13) diet groups. A significant positive correlation
between duodenal villi height and ADG during the first 11 days post-weaning was detected.
Only small differences in intestinal microbiota community and no differences in growth
performance were detected between the experimental diets. An inverse correlation was shown
between Turicibacter and Lactobacillus, which together comprised most of the bacteria found
in the ileal content. To conclude, SPH seem to be an interesting novel protein source with

possible effects on intestinal health in weanling piglets.
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1 Introduction

At weaning, the relationship between sow and offspring is abruptly disconnected and the piglets
are forced to adapt immediately to a grain-based diet. In addition, piglets are often moved to
nurseries and mixed with unfamiliar piglets, and hence are exposed to a new macro- and
microenvironment and to psychological disruption. This period may induce intestinal barrier
dysfunction, digestive disorders and reduced performance (Peace et al. 2011; Kim et al. 2012),
which increases the piglet susceptibility to anorexia and post-weaning diarrhoea. In addition,
the pancreatic and brush border proteolytic enzyme systems are still undergoing development
at weaning (Pluske et al. 2003). Normally, post-weaning feed is highly digestible and the
protein content and amino acid composition is fine-tuned to minimize the amount of protein
reaching the large intestine, as undigested protein serves as a nutrient source for potential
pathogens. It is therefore hypothesised that by using highly digestible feed ingredients and
taking intestinal development into account, the feed utilisation and intestinal integrity will be
improved, as a healthy intestine is important for high utilisation of feed, improved growth and
disease resistance (Wu 2014). By feeding a mixture of peptides to rats, the availability and
absorption of peptides, especially in the proximal part of the digestive system, was enhanced
and stimulated (Kodera et al. 2006). Additionally, as reviewed by Harnedy and FitzGerald
(2012) and Ngo et al. (2012), many marine peptides are proposed to exert a biological activity,
including anti-oxidative, anti-hypertensive, anti-cancer and cholesterol-lowering effects.

It is shown that marine protein hydrolysates have a positive effect on growth
performance when included in diets for salmon (Espe et al. 1999; Refstie et al. 2004; Hevroy
et al. 2005). However, conflicting results are reported regarding the use of hydrolysates in other
species as none or minor effects on growth performance were detected in piglets fed diets with
salmon protein hydrolysate (Tucker et al. 2011; Ngrgaard et al. 2012) or plant-based
hydrolysates (Vente-Spreeuwenberg et al. 2004). Furthermore, reduced growth performance
are reported in salmon fed diets with high levels of salmon protein hydrolysates (SPH) (Hevroy
et al. 2005) and in broiler chickens fed diets with high levels of shrimp hydrolysate (Mahata et
al. 2008).

The main aim of this study was to 1) investigate possible effects of SPH compared to

non-hydrolysed fish protein and plant protein on growth performance, intestinal morphometry
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and intestinal microbiota composition in piglets during the post-weaning period, and 2)
compare two SPHSs produced from different compositions of Atlantic salmon rest raw materials,
namely viscera alone and a mixture of viscera, head and frame using the same processing
conditions, in diets for piglets on growth performance, intestinal morphometry and ileal

microbiota.
2 Material and methods
2.1 Animals, feeding and weighing

All piglets were cared for according to the laws and regulations controlling experiments with
live animals in Norway (the Animal Welfare Act of 28 December, 2009, and the Animal
Protection Ordinance concerning experiments with animals of 15 January, 1996).

The experiment was conducted at the Animal Production Experimental Centre at the
Norwegian University of Life Sciences (Aas, Norway) in a randomised block design. At
weaning, 96 piglets (age 34 = 4 days, mean weight 12.5 £ 3.5 kg) of the breed (Norwegian
Landrace x Yorkshire) x (Norwegian Landrace x Duroc) were blocked by sex, litter and live
weight, and randomly allocated to four dietary treatments with four replicate pens per treatment.
Each pen consisted of six piglets. At day 11 post-weaning, two piglets from each pen were
sacrificed. Individual piglet weight was recorded at days 0, 11, and 32 post-weaning, and
average daily gain (ADG) was calculated for each pen for the period 0-11 and 0-32 days.
Accumulated feed intake was recorded for each pen on the same day as weighing, and average
daily feed intake (ADFI) was calculated for the periods 0-11 and 0-32 days. Metabolisable
energy was calculated from chemical analysis of the diets and according to Central
Veevoederbureau (CVB 2005) before being included in calculation of energy intake. Feed
efficiency is given as g gain/g feed (G:F) and energy utilisation as g gain/energy intake. Feed

was given ad libitum from automatic feeders.
2.2 Hydrolysates

Two different rest raw materials from farmed Atlantic salmon (Salmo salar) were used as
starting material for hydrolysis at the Nutrimar A/S industrial plant (Freya, Norway), and
hydrolysates were produced within two hours after slaughter. One starting material was 100%
viscera (Ve), and the other consisted of a mixture of viscera, head and frame/trimmings (VHFe);
50:25:25% wet weight, respectively. No exogenous enzymes were added and hence only

endogenous enzymes were active during hydrolysis. The hydrolysis process ran for one hour at

3
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a temperature of 52°C before separation of the protein-rich aqueous phase (hereinafter referred
to as salmon protein hydrolysate, SPH) using a decanter. After heat-inactivation at 90°C for 10
min, formic acid was added to the hydrolysates until pH <4. Chemical composition and

molecular weight distribution of the hydrolysates are displayed in Table 1.
2.3 Experimental diets

Four experimental diets were included in the experiment: one diet based on plant protein (PP),
one diet based on fishmeal (FM), and two diets with 10% inclusion of each of the hydrolysates
(Ve and VHFe) replacing the fishmeal protein. The experimental diets were optimised to be
isoenergic, equal in digestible lysine, methionine+cysteine, threonine, tryptophan, and valine
per energy unit, together with an equal amount of EPA+DHA. All diets were formulated to
meet or exceed the recommendations from the National Research Council (NRC 1998). Diet
formulation, calculations and chemical compositions are displayed in Table 2. The two
hydrolysate-containing diets were dried after feed production, due to high moisture content, to
avoid spoilage during storage. On a dry matter basis, the calculated and analysed chemical
values of the diets were equivalent.

2.4 Sampling

Two piglets (one male and one female) with average weaning weight from each pen were
sampled at day 11. The 32 piglets were sedated and anesthetised with azaperone (Stresnil 40
mg/mL) and ketamine (Ketalar 50 mg/mL) before being euthanised with pentobarbital
(Euthasol 400 mg/mL). Immediately after cardiac arrest, the abdominal wall was opened and
the small intestine was dissected. The small intestinal length was recorded and intestinal
samples of 4-5 cm in length were taken from 15-20 cm distal from the pylorus (duodenum),
300-305 cm (jejunum) and 20-25 cm (ileum) proximal to the ileocecal junction. Approximately
40-50 pL of the terminal ileal content was suspended in 1.5 mL RNAlaterTM (Ambion, Inc.,
Austin, Texas) and refrigerated at 4°C for 24 hours before being frozen at -80°C until further
analysis. The small intestines were gently emptied of intestinal content and weighed after
sampling. The middle part of each intestinal segment sample was cut, dehydrated in alcohol
and embedded in paraffin using standard procedures after four days of fixation in 10%
formaldehyde. Two sections, at least 25 pum apart, were mounted on glass slides and stained
with haematoxylin and eosin following standard protocols. The slides were examined on a

Jenoptic ProgRes® CapturePro 2.8 camera (Jena, Germany) mounted on a Leica DM2000
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microscope (Wetzlar, Germany). The handling of the software was as recommended by the
manufacturer. From each of the intestinal segments, the 10 longest, well-oriented and most
intact villi were measured. Villi height was considered as the distance from the top of the villi
top to the villi-crypt junction. Villi width was measured in two places (upper- and lower-thirds
of the villi), and the mean value was used in further calculations. Crypt depth was measured as
the distance from the villi-crypt junction to the base of the crypt. Villi absorption area was
calculated by mean villi width x villi height of each measured villi. The mean value of 10
measurements from each intestinal site was considered as the value from one piglet and was

used for further analysis.
2.5 Chemical analysis

The experimental diets were analysed with methods adapted from the EU directive 76/371 EC
regulation EF nr. 152/2009 (European Commission 2009). Nitrogen was measured using a
Kjeltec Auto System, and was multiplied by 6.25 to obtain CP. Fat was extracted after acid
hydrolysis and weighed, and water and ash weighed after drying and combustion, respectively.
Chemical analyses of hydrolysates were performed as described in Opheim et al. (2015) with
the exception that fat was extracted using the ethyl acetate method NS 9402 (Standards Norway
1994).

2.6 Microbiota analysis

2.6.1 DNA extraction

Material from the terminal ileum was stored in RNAlater at -80°C until DNA purification,
which was done with the Maxwell® LEV Blood DNA Purification Kit (Promega Corporation,
Madison, W1, USA). Briefly, 200 mg of sample was incubated for 30 min at 37°C in 200 pL of
lysozyme mixture (20 mM Tris-HCL (pH 8), 2 mM EDTA, 1.2% Triton X and 25 mg/mL
lysozyme). Afterwards, the samples were mixed with 350 pL lysis buffer, and one 5-mm
stainless steel bead (Qiagen GmbH, Hilden, Germany) was added to the samples followed by
shaking on a Qiagen TissueLyser 1l (Qiagen GmbH, Hilden, Germany) for 2 min at 20 Hz.
Samples were then incubated for 1 hour at 56°C with 30 uL proteinase K. The DNA was then
extracted on a Maxwell®16 Research Instrument System (Promega Corporation, Wisconsin,
USA) according to the manufacturer's instructions. The concentration of the DNA was then
guantified on a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies,
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Wilmington, DE, USA).

2.6.2 16S rRNA gene PCR

The 16S rRNA gene was amplified through PCR using the universal primers V1-forward (5°-
AGAGTTTGATCCTGGCTCAG-3’) and V2-reverse (5’-CTGCTGCCTYCCGTA-3 )
(Strube et al. 2015) (Sigma-Aldrich, Broendby, Denmark) that target the V1/V2 region of the
gene. Both primers were 5’-barcode tagged with unique hexameric barcodes for each sample.
The reaction was carried out in 50-pL volumes containing 5 pL of 5x Gold Taq buffer (Applied
Biosystems, Branchburg, NJ, USA), 0.5 pL AmpliTag Gold® polymerase (Applied
Biosystems, Branchburg, NJ, USA), 34.5 uL nuclease-free H.O and 2 uL DNA template (10
ng/uL), 1 pL of each primer (20 uM), 2 puL of 10 mM dNTP and 4 pL of 25 mM MgCl..
Reaction conditions were 94°C for 6 min, 30 cycles of 94°C for 45 s, 57°C for 45 s and 72°C
for 90 s, followed by 72°C for 10 min. The PCR products were then checked for quality and
concentration on an Agilent 2100 Bioanalyzer using the Agilent DNA 1000 kit (Agilent
Technologies, Waldbronn, Germany) and then pooled in equimolar ratios (50 ng per barcoded
sample). Following this, the pooled DNA samples were then purified for detergents and primers
using a Qiagen MinElute® PCR purification kit (Qiagen GmbH, Hilden, Germany) according

to the manufacturer’s instructions.

2.6.3 Illumina MiSeq sequencing

The DNA was sequenced at the National High-Throughput DNA Sequencing Centre at
University of Copenhagen, Denmark, on the lllumina MiSeqTM 250PE platform. The BION-
meta software was then used for further analysis (for more information about BION-meta and
for acquisition of software, see http://box.com/bion). Sequences were demultiplexed into
original samples according to their barcodes, followed by joining of forward and reverse
sequences, allowing no gaps, a maximum mismatch percentage of 80, and a minimum overlap
length of 35 bp. Next, the sequences were cleaned at both ends by removal of bases of quality
less than 98%, equivalent to a Phred score of 17. Sequences with 100% identity were further
de-replicated into consensus sequences for downstream analysis. Following removal of
chimeric sequences, the consensus sequences were taxonomically classified against the
Ribosomal Database Project I (RDP-I1) SSU database (RDP-II;
http://rdp.cme.msu.edu/index.jsp) using a word length of 8 and a match minimum of 90%. The

top 1% of the obtained similarities from the RDP-II database was used for taxonomical
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classification of the consensus sequences, and the counts of each operational taxonomic unit
(OTU) were re-replicated to the original counts. The resulting counts in each barcoded sample
were normalised to 100,000 in order to enable direct statistical comparisons of relative

abundance in each sample.

2.7 Statistical analysis

For the growth performance and morphometric data, the PROC MIXED procedure in the SAS
9.2 statistical package (SAS institute Inc., Cary, North Carolina, USA) was used, in which
group-wise comparisons were made by Tukey’s test when a significant F-test was detected. Pen
and piglet were the experimental unit in growth performance and intestinal morphometric data
respectively, and diet was the fixed variable in the statistical model. Contrast statistical analyses
were performed by the contrast option in SAS. The significance level was set at p <0.05, and p
>0.05 to <0.15 was considered a tendency. Correlations and linear regression were performed
by use of JMP 11.1.1 (SAS institute Inc. Cary, North Carolina, USA).

The software R, version 3. 1. 0, (R Core Team, Vienna, Austria. URL http://www.R-
project.org/.) was used for statistical analysis of the microbiota data. Sequencing data was
analysed at a given taxonomic level by analysis of variance (ANOVA) on log-transformed data
corrected for multiple comparisons by the Sidak correction (Sidak 1967). Given a significant
ANOVA, this was followed by Tukey's post-hoc test. A multivariate analysis of the microbial
community was performed on species-level data by canonical analysis of principal coordinates
(CAP) with treatment diets as constraints and using the Bray-Curtis dissimilarity index,
followed by analysis of similarities (ANOSIM), as well as k-means clustering. Beta-diversity

was calculated as Shannon indices.
3 Results

3.1 Health

All diets were well tolerated, and voluntary feed intake was satisfactory during the experiment.
From days 12—-13 post-weaning, there was an outbreak of weaning diarrhoea and the two most
affected pens (one from the FM diet and one from the VHFe diet) were excluded from the study
from day 11. In addition, one piglet was removed from the study due to leg problems at day 2

post-weaning, and the pen was excluded from statistical analysis of growth performance.
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3.2 Growth performance

During the periods 0-11 days and 0-32 days post-weaning, no significant differences were
detected in ADG, ADFI, G:F, energy intake or energy utilisation between the diet groups (Table
3). No differences in small intestinal weight or length were detected at day 11 post-weaning in

piglets fed the different experimental diets (data not shown).

3.3 Intestinal morphometry

The duodenal villi absorption area was significantly larger in piglets fed the Ve diet compared
to piglets fed the PP diet (Table 4). By contrast analysis, piglets fed the SPH diets had a larger
duodenal villi absorption area compared to piglets fed the PP diet (PP vs. SPH, p = 0.02). The
duodenal villi tended to be longer in piglets fed the SPH diets compared to the piglets fed the
PP diet (PP vs. SPH, p = 0.09), and the duodenal crypt tended to be deeper in the piglets fed
the FM diet compared to the piglets fed the SPH diets (FM vs. SPH, p = 0.06). Therefore, the
duodenal villi height-to-crypt-depth ratio tended to be increased in the SPH diet groups
compared to both PP (PP vs. SPH, p = 0.13) and FM (FM vs. SPH, p = 0.13) diet groups. In
the jejunum, there was a tendency towards deeper crypts in piglets fed the FM diet compared
to piglets fed the SPH diets (FM vs. SPH, p = 0.11) and a higher villi height-to-crypt-depth
ratio in piglets fed the SPH diets compared to piglets fed the PP diet (PP vs. SPH, p = 0.14).
Small differences were detected in the ileum, but crypt depth tended to be deeper in the SPH
diet groups compared to both the FM (FM vs. SPH, p = 0.12) and PP (PP vs. SPH, p = 0.11)
diet groups. There was a significant positive linear correlation between duodenal villi height at
day 11 and ADG in days 0-11 post-weaning (r> = 0.36; p <0.02) (Figure 1), and jejunal crypt
depth and ADFI in days 0-11 post-weaning (r? = 0.47; p <0.01).

3.4 Microbiota

From sequencing on the Illumina MiSeq platform, 10 million reads were acquired. Following
demultiplexing, pairing of forward and reverse reads, quality trimming and chimera removal, 3
million sequences were classified by the RDP-1I database, resulting in 1.7 million mapped
reads.

The microbiota of the ileal samples from all diets were notably similar, consisting of
>99% of phylum Firmicutes of which 30-45% were genus Lactobacillus and 30—40% genus
Turicibacter (Figure 2). The remaining bacteria were various members of the order
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Clostridiales. A highly significant inverse correlation between Turicibacter and Lactobacillus
(r>=0.92; p <0.001) was found. The Shannon index at the genus level was significantly lower
in piglets fed the FM diet compared to piglets in the PP diet group. In multivariate analysis, no
differences were observed by CAP, and cluster analysis showed no distinct patterns. ANOSIM
revealed no differences in ileal samples between the diets (P for difference = 0.99). Family
Enterobacteriaceae comprised less than 1% in all diets, and no pathogenic bacteria were
detected.

4 Discussion

In the present study, no significant differences were detected in ADG, ADFI, G:F, energy intake
or energy utilisation between piglets fed the different experimental diets during the first 11 days
post-weaning. This is in accordance with Tucker et al. (2011) who reported no difference in
ADG, ADFI, or G:F during the first week post-weaning in piglets fed diets with inclusion of
1.5% and 3.0% SPH, and Ngrgaard et al. (2012) who reported no differences in ADG, ADFI or
feed conversion ratio in piglets fed diets containing FM, SPH or soy protein concentrate during
the first 14 days of the trial. However, Ngrgaard et al. (2012) introduced the experimental diets
one week post weaning, and hence the experiments are not directly comparable. Hydrolysates
from other sources, such as soybean meal and wheat gluten, are also reported not to influence
growth performance in piglets during the first 14 days post-weaning compared to non-
hydrolysed control diets (Vente-Spreeuwenberg et al. 2004). However, improved growth
performance at two weeks post-weaning is reported in weaning piglets fed hydrolysed blood
cells compared to piglets fed diets containing fishmeal or non-hydrolysed blood cells (Chen et
al. 2013). Ngrgaard et al. (2012) reported increased overall ADFI in piglets fed a SPH diet
compared to a soy protein concentrate diet. This is in contrast to our results, as no differences
in ADFI were observed at any time between the experimental diet groups.

The observed tendency towards higher duodenal villi height-to-crypt-depth ratio in
piglets fed the SPH diets, compared to both the PP and FM diets, may indicate increased
proximal intestinal absorption when peptides are supplied in the diet. In our study >74% of the
water-soluble proteins of the hydrolysates had molecular weight <1000 Da corresponding to a
peptide chain-length less than about 10 amino acids and free amino acids. A significant positive
correlation between duodenal villi height and ADG during days 0-11 was detected. This is in
line with a study by Pluske et al. (1996), who found a positive correlation between proximal

intestinal villi height and weight gain in piglets fed ewe’s milk or a standard starter diet.
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However, the observed increase in absorption area and the tendencies towards increased villi
height in the duodenum in piglets fed the SPH diets compared to the PP diet did not result in
differences in ADG in the present study. This might be explained by the significant inter-
individual variation in ADFI and ADG normally seen during the first 14 days post-weaning.

The main route of digestion and absorption of proteins is through peptides and amino
acids that are normally hydrolysed from larger proteins in the stomach and intestine. Small
peptides, below 4-5 amino acids in length, are able to be transported through specialised peptide
transporters along the intestinal mucosa, co-transported with other components, and can diffuse
through permeable tight junctions (Gilbert et al. 2008). In addition, peptides are reported to be
digested and absorbed in the more proximal parts of the small intestine in dogs (Zhao et al.
1997) and more effectively absorbed in rats (Gilbert et al. 2010) compared to both intact protein
and free amino acids. Additionally, in rats, a brief fasting period (Thamotharan et al. 1999) and
malnutrition due to parasite infection (Barbot et al. 2003) are associated with high levels of
intestinal peptide transporter (PepT1) expression, probably increasing the capacity for peptide
absorption. SPH might therefore facilitate increased peptide and amino acid absorption
compared to intact proteins during the critical post-weaning period and enteric diseases.

In ileum, there was a tendency towards increased crypt depths in the SPH diet groups
compared to both the PP and FM diet groups. It is not known if this indicates that less protein
reached the distal small intestine in the SPH diet groups or if other regulatory mechanisms were
involved. The importance of undigested proteins reaching the hindgut has been investigated
previously (Nyachoti et al. 2006; Heo et al. 2008) as this might facilitate microbial proliferation
of proteolytic bacteria (Halas et al. 2007; Opapeju et al. 2009). However, the piglet microbiota
community by 16S rRNA gene sequencing revealed small differences between the diets
included in this study. This probably indicates small differences in the substrate available for
microbial fermentation in the ileum content, suggesting that replacing SPH with FM or PP in
piglet diets does not impair or negatively interact with the ileal luminal microbiota. Shifting the
microbiota is mainly achieved through changes in intake of macronutrients like fibre, protein
and fat (Wu et al. 2011; David et al. 2014). In our study, the experimental diets were
comparable in these components and it is therefore likely that this has not influenced the
intestinal microbiota community. In addition, a nutritional influence on the bacterial profiles in
the ileum are reported to be more pronounced in mucosa-associated bacterial profiles compared
to intestinal content profiles (Levesque et al. 2012). There was an inverse correlation between

Turicibacter and Lactobacillus, which together comprised most of the bacterial genera found
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in the ileal content. As different strains of Lactobacillus and Bifidobacteria are shown to
suppress or inhibit microbial pathogens (Servin 2004), the knowledge about correlations
between different bacterial genera may play an important role in the search for feed
formulations that stimulate the piglets' robustness against post-weaning diarrhoea.

No differences were found between the two salmon protein hydrolysates on piglet
growth performance, intestinal morphometry or intestinal microbiota composition. This
indicate that the observed effects of SPH compared to the PP and FM diets are more related to
the content of peptide and free amino acids, rather than differences in potential bioactivity
between the two hydrolysates. Besides, the VHFe hydrolysate consisted of 50% viscera, which
may have dominated and masked the potential effect from the head and frame rest raw material

fractions.

5 Conclusion

The present study shows that inclusion of SPH in a piglet weaner diet increased the duodenal
absorption area compared to the PP diet and tended to increase the duodenal villi height-to-
crypt-depth ratio compared to both PP and FM diets. A significant positive correlation between
duodenal villi height and ADG during the first 11 days post-weaning was detected. Only small
differences in intestinal microbiota community and no differences in growth performance were
detected between the experimental diets. Protein hydrolysates from salmon rest raw materials
seem to be an interesting novel protein source with possible effects on intestinal health in

weanling piglets.
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442  Table 1. Composition of Atlantic salmon hydrolysates.

Salmon protein hydrolysate

(SPH)
Hydrolysate Ve' VHFef
Proximal composition (g/kg)
Crude protein 291 304
Crude fat 27 13
Crude ash 28 24
Water content 605 642
Indispensible amino acids (g/kg)
Arginine 14.7 17.1
Histidine 5.7 6.1
Isoleucine 10.3 9.8
Leucin 17.2 16.5
Lysine 18.0 19.0
Methionine 7.1 7.9
Phenylalanine 9.7 9.0
Threonine 11.7 11.3
Tryptophan 2.7 2.1
Valine 13.7 13.1
Dispensible amino acids (g/kg)
Alanine 13.3 16.6
Aspartic acid 21.8 23.2
Cysteine 3.8 2.8
Glutamic acid 30.1 33.3
Glycine 15.7 25.2
OH-proline 1.7 5.2
Proline 11.2 14.4
Serine 115 11.6
Tyrosine 8.9 7.4
Molecular weight distribution (Dalton) (% of soluble protein)
>20,000 0.2 0.1
20,000-15,000 <0.1 <0.1
15,000-10,000 0.2 0.2
10,000-8000 0.2 0.2
8000-6000 0.4 0.5
6000-4000 0.9 1.5
4000-2000 3.6 7.9
2000-1000 7.6 15.2
1000-500 10.9 15.6
<500 75.9 58.9
Degree of hydrolysis 50.1 33.7
443  Notes: *Ve, SPH from viscera obtained by use of endogenous enzymes; TVHFe, SPH from viscera,
444 head and frame (50%:25%:25% wet weight) obtained by use of endogenous enzymes
445
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Table 2. Diet formulation, calculated and analysed composition of experimental diets.

Salmon protein

hydrolysate (SPH)
PP* FMT Vel VHFe?
Ingredient (g/kg)
LT Fishmeal* - 40.0 - -
SPH - Ve* - - 100.0 -
SPH - VHFe® - - - 100.0
Wheat 500.0 500.0 500.0 500.0
Barley 199.5 223.7 211.4 215.5
HP 3108 122.1 70.0 70.0 70.0
Soybean meal 85.0 85.0 85.0 85.0
Soy oil 37.2 42.4 42.9 39.9
Limestone 10.4 8.5 11.3 11.0
Salmon oil 8.7 - 2.8 5.9
Mono calcium phosphate 8.3 5.7 6.9 7.5
Salt (NaCl) 6.9 5.6 6.1 6.0
Selenium premix® 1.1 0.8 0.6 0.6
Premix? 114 11.4 11.4 11.4
L-Lysin 5.6 5.2 5.6 54
DL-Methionin 2.3 2.1 2.2 2.2
L-Threonin 1.6 1.6 1.7 1.7
L-Valin 0.3 0.3 0.4 0.4
L-Tryptophan 0.5 0.5 0.6 0.6
Formic acid 85% 8.1 8.1 53 5.3
Water evaporation® -8.9 -11.1 -64.1 -68.4
Metabolisable energy (ME) (MJ/kg)? 14.06 14.19 14.19 14.20
Analysed composition (g/kg)
Crude protein 176 180 180 181
Crude fat 62 64 70 65
Crude ash 51 49 51 51
Starch 376 392 340 368
Water 122 126 105 111
Phosphorous 54 4.7 54 5.3
Calcium 7.8 6.2 8.6 7.8

Notes: “PP, Plant protein-based diet; TFM, Fishmeal diet; *Ve, SPH from viscera obtained by use of
endogenous enzymes; *VHFe, SPH from viscera, head and frame (50%:25%:25% wet weight)
obtained by wuse of endogenous enzymes; ‘LT Fishmeal, Norse-LT 94 Fishmeal
(http://www.norsildmel.no); *SPH-Ve, SPH from viscera obtained by use of endogenous enzymes;
°SPH-VHFe, SPH from viscera, head and frame (50%:25%:25% wet weight) obtained by use of
endogenous enzymes; HP 310, Hamlet Protein 310, Horsens, Denmark, Soy protein concentrate;
$Selenium premix, 300 mg selenium/kg; "Premix, Vitamins, minerals, and enzymes; £Water
evaporation, Estimated water evaporation during feed production; *Calculated ME value from the
Dutch Central Veevoedertabel (CVB, 2005).
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456  Table 3. Growth performance in piglets fed a plant protein-based diet (PP), a fishmeal diet (FM), and two diets with different Atlantic
457  salmon hydrolysates (Ve and VHFe) included.

Salmon protein

hydrolysate (SPH) Contrast analysis
PP FM Ve VHFe SEM" p-value? PPvs. SPH* FM vs. SPH?

Days 0-11 post weaning

Daily gain (g/d) 391 391 394 401 22 0.99 0.82 0.81

Daily feed intake (g/d) 462 480 467 469 24 0.95 0.84 0.68

Feed utilisation (gain/feed intake) 0.85 0.82 0.84 0.86 0.03 0.69 0.94 0.31

Energy intake (MJ) 6.50 6.82 6.62 6.66 0.34 0.92 0.74 0.68

Energy utilisation (gain/energy

intake) 60.2 57.4 59.5 60.2 1.8 0.65 0.87 0.29
Days 0-32 post weaning

Daily gain (g/d) 573 647 597 608 41 0.63 0.55 0.41

Daily feed intake (g/d) 828 933 858 874 58 0.64 0.59 0.39

Feed utilisation (gain/feed intake) 0.69 0.69 0.70 0.70 0.02 0.95 0.61 0.80

Energy intake (MJ) 11.65 13.23 12.18 12.40 0.82 0.59 0.52 0.39

Energy utilisation (gain/energy

intake) 49.0 48.9 49.3 49.1 1.4 1.00 0.93 0.90

458  Notes: " Pooled standard error of mean; *p-value, all groups included; *PP diet group vs. SPH (both Ve and VHFe) diet groups; *FM diet group vs.
459 SPH (both Ve and VHFe) diet groups.
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460 Table 4. Intestinal morphometric data, 11 days post-weaning, in piglets fed a plant protein-based diet (PP), a fishmeal diet (FM), and

461  two diets with different Atlantic salmon hydrolysates (Ve and VHFe) included.

Salmon protein hydrolysate

(SPH) Contrast analysis
PP FM Ve VHFe SEM®  p-value® PPvs.SPH* FM vs. SPH?

Duodenum

Villi height (um) 527 574 605 560 25 0.21 0.09 0.78

Vabs (um? *103) 70° 82 922 78%® 5 0.03 0.02 0.58

Crypt depth (um) 245 269 233 237 14 0.28 0.56 0.06

Villi:Crypt ratio 2.18 2.18 2.73 2.39 0.20 0.19 0.13 0.13
Jejunum

Villi height (um) 445 510 491 470 26 0.34 0.27 0.37

Vabs (um? *10®) 50 60 56 52 4 0.30 0.44 0.20

Crypt depth (um) 196 207 196 182 9 0.28 0.53 0.11

Villi:Crypt ratio 2.26 2.48 2.55 2.69 0.19 0.47 0.14 0.54
lleum

Villi height (um) 387 381 411 365 24 0.61 0.97 0.82

Vabs (um? *107) 45 48 47 43 4 077 0.89 0.49

Crypt depth (um) 148 149 158 169 7 0.18 0.11 0.12

Villi:Crypt ratio 2.66 2.59 2.63 2.20 0.18 0.25 0.27 0.44

462  Notes: " Pooled standard error of mean; *p-value, all groups included; *PP diet group vs. SPH (both Ve and VVHFe) diet groups; *FM diet group vs.
463 SPH (both Ve and VHFe) diet groups; **Values within a row with different superscripts differ significantly at P<0.05.
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465  Figure 1. Significant positive correlation between duodenal villi height at day 11 and
466  average daily gain 0-11 days post-weaning.
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“ o

Notes: PP = Plant protein-based diet; FM = Fishmeal diet; Ve = salmon protein hydrolysate from
viscera obtained by use of endogenous enzymes; VHFe = salmon protein hydrolysate from
viscera, head and frame (50%:25%:25% wet weight) obtained by use of endogenous
enzymes. Data are for eight samples each dietary treatment, 11 days post-weaning.
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