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1. Abstract

Witht he f ast g raguadulture mdustry, the demand for aquafeeds is
expanding dramatically. Finding sustainable alternative sotwéestimeal and fish

oil (FO) is becoming an urgent issue; vegetablé\dl)) and plant meal are potential
candidates. Replacing the fishmeal and FO with plant materials means fish eat low
levels of polyunsaturated fatty acids including eicosapentaenoic acid (EPA) and
docosahexaenoic ac{@®HA); this may affect the fish growth amealth such as

stress response. The objective of this study was to investigate the effect of low level

of dietary EPA and DHA on stress response in Atlantic saliBahmo salal.).

Atlantic salmon were fed four diets with increasing levels of EPARA, ranging

from 1.3% to 7.4% of total diaty fatty acids(FAs) for five months. All diets

contained 10% fishmeal of the total diets, and the reminder of protein was provided

by plant sources. To examine the effects of the different diet treatorestress

response, concentrations of plasma cortisol and glucose were analyzed before stress,
and 1h, 2h and 23h after stress. The gene expression of stress protein HSP27 and the
anioxidant enzymes (SOD1, CAT, GP), and SODlenzyme activity in liver were

tested at the same time points.

Replacing dietaryvO with vegetablails significantly affect fish growththe final
weight of fish fed two lower levels of EPA and DHA 3% and 2.7%, respectively)
was significantly lower than control gro@p.4% EPA and DHA) Significantly
higherSGR/% andweight gain ra#% wereobservedn fish fed4.4% and 7.4% EPA
and DHAcompared to fish fed.3% and 2.7% EPA and DHAA significantly lower
concentration of plasma cortisol in diet C (4.4% EPA and DHA) compared to the
control groupwas seen. No effect of the four diets was found on plasma glucose,
transcription of HSP27, SOD1 CAT and x@Hn liver, and SOD1 enzyme aetiy in

liver.
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2. Introduction

2.1 General introduction

The aquaculture industhas becoméhe fastest growing food production secigith

an average annual growth rate of 8.8% in the last three decade2(MBJQFAO,

2012). Globally, farmeéish accounts for 50% of human fish consumption and this
proportion will continue to grow with the decreasing amount from capture fisheries
and the increasing demand for seafood due to a growing world population (Turchini et
al. 2009). The fast growing agculture industry leads to an expanding demand for
aguafeeds, 40% fish oil (FO) are used in commercial salmon fEedzhini et al.

2009) The demand for FO from aquaculture may soon exceed supply. Fishmeal and
FO are mainly produced from lower valushies like small pelagic species, especially
anchoveta, which are strongly influenced by climatic factors such as El Nino.
Fishmeal production decreasaidsticallyin recent years from 30.2 million tons in

1994 to 15.0 million tons in 201fnhainly due tohe reduction banchoveta catch

(FAO, 2012). Additionally, some human induced events like pollution

environmental degradatiand over exploitation of resources will all increase this
problem. For these reasons, finding alternatives to FO in farmeig&dh is

becoming an increasingly urgent issue.

Increasing amounts of plant ingredients are added in diefarfoed fish a
consequence of this is a decrease in the dietary level of3imeghly unsaturated
fatty acids(HUFA), especiallyeicosapentnoic acid EPA) and docosahexaenoic
acid(DHA). A well balanced composition of the dietdf#s is vitalto fishgrowth
and welfare, thui is possiblethat partial replacement of FO by vegetable Q/l©s)

in fish feeds willinfluencethebalance. It is important to investigate how such diets
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may affect fish health and robustness, including in stressful situations where the fish
may struggle to maintain homeostasis. A previous study has shown a tendency for
increased plasma cortisol leseh Atlantic salmon fed low levels of EPA and DHA
(Jutfelt et al., 200)f and some previous results have also shown differences in how
quickly the fish recover from stress based on what VO was used in thé3fdkdt(al.
1991; Ganga et al. 2011 Theseobservations warrant a more in depth study

regarding stress response and recovery from stress in Atlantic salmon fed diets with
high levels of VO and low levels of EPA and DHA.

2.2 EPA and DHA in fish feed

Some farmed fish, especially marine fish, require inclusion of long chain unsaturated
n-3 essential fatty acids (EFAS) such as EPA (28pband DHA (22:6r3). EFAs

means a series 6fAs that are necessary in fish gtbvand health but cannot be
producedn vivoby fish andneeddo beobtairedfrom dietary source EPA and

DHA are necessary foreural developmentellularactivity and for maintaining cell
membrane structuri@ fish (Corraze, 1999; Tocher, 2003). Tlequirement®f EFAs

in fish vary with both species and different developmestafies (Tocher, 2010).
Freshwater fish can synthesize EPA and DHA in sufficient amounts iinoteriic
acid(18:3n-3). While some fish species, especially marine, fistve low activities of

the gb-desaturasandgb-desaturase enzymes which aeeessary for the formation

of EPA and DHA frontheir precursori8:3n3 (Tocher, 201 Atlantic salmon, an
anadromous fish species, which spends part of its lifecycle in seawater, can synthesize
some of EPA and DHAUW not enougl{Tocher, 201Q) Studies have shown

improved growth in Atlantic salmon when EPA and DHA were provided directly

from the diet, compared to when only 18:3nwvas provided (Ruyter et al. 2000).

has been reported thigeding Atlantic salmoa diet consisting of 100960 caused
several diseases such as heart lesions, muscle necrosis and everdghbance
mortality of fish in astress situation (Bell et al. 1991; Seierstad et al. 2005)rder

to fulfill the EFAs requirements in farmed fish, it seems that EPA and DHA have to
be added in feeds of salmonids. Traditionally, the dietary source of EPA and DHA is

mainly from wild catch FO likanchovetaEngraulis ringeng, sardines$ardira
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pilchardus), andcapelin Mallotus villosus) etc. Replacement of FO by VOs in
aguafeeds has increased considerably in rébitt years The overview of different

VOs sources and the effect of VOs feed on fish is in next seaftithis paper.

2.3 Vegetable oils (VOs) utlized in fish feed

TheVOs are generally consideradsubstituablesources of oil for use in aquafeeds,
dueto its large productivity. Thiargestproduction among V8in the worlds crude

palm oil (CPO)Turchiniet al. 2009).Palm oilcontainsa high concentration of the
saturated FApalmitic acid (16:0) and themonounsaturated FA oleic ac{d8:1n9).

Partial replacement of FO with CPO in Atlantic salmon feed has shown no significant
effect onfish growth, suvival and fillet quality (Rosenlund et al. 2001; Bell et al.

2002). It has been reported thapproximatelyl0% (wt/wt) CPQOin feeds ofAtlantic
salmondid not affectFA digestibility andgrowth of fish (Ng et al. 2004). 100% palm

oil replaced with FO in Atlantic salmon resulted in pBérdigestion (Torstensen et

al. 2000).

The second largest VO production next to CPO is rapeseeds oil (RO) (Turchini et al.
2009), the dominant FA in RO used isif feeds is oleic acid. It has been observed as
the acceptable VO in Atlantic salmon and rainbow trout when compared with linseeds
oil and sunflower olil, since a significantly higher feed intake of fish in RO group has
been found (Geurden et al. 2005020 No effect of RO feed in Atlantic salmon on

fish growth and health has been reported in several studies, but the fighAfdlet
compositions changed, especially EPA and DHA contents were significantly reduced
whenVO replaced~O (Bell et al. 2003, 2W; Tocher et al. 2000; Torstensen et al.
2004).

Linseed oil (LO) isalso a potential candidafier FO replacement sincedbntains

large amounts dfnolenic acid (18:3f8), which is the precursor for synthesis of EPA
and DHA. In addition, LOs rich inlinoleic acid (18:2 #6), thereforet has an
18:3(n3)/18:2(n6) ratio of 34:1 (Bell et al. 2003). Growth was not affected by LO
dietary treated fishRosenluncet al. 2001; Bell et al. 2002003), while FA
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compositionsn fish fillet werepositivelycorrelated withFA in diet(Bell et al. 2004).

VOs are different from FO in long chain unsaturdtéd, especially for lacking of

EPA and DHA. Partial replacement of FO with VEsshown no significant effect

on fish growth (Rosenlund et &001; Bell et al. 2002; Tocher et al. 2000; Torstensen
et al. 2004), but it alters tHeAs composition in fish tissue that may lead to change

the lipid metabolism, immune system and even stress susceptibility in fish (Bell et al.
1991).

2.4 Replacementof fishmeal with plant meal in
fish feed

Like VOs, plant meal is alsanalternative to fish feeds. However, change the dietary
composition means changed nutrigntthe feed. For example, tké\s as mentiord
above and thieessindispensable aminacids (IAA) provided by plant proteihan by
fishmeal When using the plant meal in aquafeeds, some problemsaikplex
carbohydratetevelsand some mtinutritional factoramaybeintroduced into fish

feeds, which may affect digestion and nutrientabetism in fish (Francis et al. 2001;
Krogdahl et al. 2005). 100% fishmeal replaced by plant meal reduced final weight of
Atlantic salmon, mainly due to the imbalance of AA and lacking IAA (Espe et al.
1991, 1993). Some of the problems can be solved subly addingrystallinelAA

to balance the AA requirements, and by reprocessing the plant meal to remove
antinutritional factors (Espe et al. 2006). It has been reported that 90% fishmeal
replaced by plant meal with balanced AA did not affect fish grodehgiled

influence of plant protein on growth of Atlantic salmon has bestudsed by Espe et
al. (2006). Nearly total replacement of both the FO and fishmeal with plant materials
(contains really low EPA and DHA) resulted in decreased final weight¢lewdted
plasma glucose concentration in Atlantic salmon (Torstensen et al. 2i868neet

al. 2013). The diets used in the present saldyad the same amount of fishmeal and

plant proteins.
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2.5 Stress in fish

Fish are exposed &iressors not only from aquaculture practices like handling,

sorting, grading, transport and poor water quality but also from various methods of
fish capture, physical trauma and environmental contaminants (Barton, 1997). Stress
response of fish involveal levels of organization from cells and organisms of

individual fish to the fish population.

2.5.1 Physiological stress response

There are three physiological response stages when fish undergo a stressful situation.
The primary response includes tieéeag of stress hormondi&e catecholamines and
cortisolinto thecirculation. Whenthefish areunder stress condition two axae
stimulated inthefish brain the simpaticechromaffincell axis innervates chromaffin
cellsto release catecholaminesd the hypothalamic pituitary interregnal (HPI) axis
induces adenocorticotropic hormone (ACTH) to stimulate adrenaline to release

cortisol (Figure 21) (Montero and lzquierdo, 20)0Plasma cortisol is used as a

general stress indicator frotine 1960ssince many studies demonstrated the increase

in corticosteroids in fish elicited by handling and confining stressor (Barton, 1997).
The secondary response represémdiochemical and physiological effects in blood
chemistry and haematologgctivated ly the stress hormones mentioned previously.

For example the elevated adrenaline and cortisol is shown to increase plasma glucose
concentration to cope with the energy metabolism in fish, and the plasma glucose has
also been used as an indicator of strefisad The tertiary response involves the
wholefish performancand population level changech as reproduction, growth and
even alteedcommunity species and diversity (lwama, 1998).
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Figure 2-1 Generaproceduref stress response in fish.
Oncethefish areundera stresedsituation, the sympatico chromaffin cell axis (dotted line) and the
hypothalamus pituitary interrenal (HPI) are stimulateth@fish brain, which result in releasing two
stresshormonegcatecholamines and cortisol) inteeblood circulation. The consequence of stress
responsénvolves changing different organs functi®aurce Montero, et al. (2010).

2.5.2Stress protein- heat shock proteins (HSPs)

On a cellular level, heat shock proteins (HSPs) have been useticasors of

stressful situations in fish, since this group of protein is present in nearly alll
organisms and expressed in response to biotic and abiotic stressors (lwama et al. 1998;
lwama et al. 2004). The HSPs play a constitutive role in cells arekpressed to
protect cellular processes involving protein folding, fidelity and translocation in the
unstressed condition (Welch, 19%8ghtower, 1994) The HSPs can be divided into
two sections based on the molecular mass, therha&cularweight (HMW) section:
HSP100, HSP90, HSP70, HSP60, #mellow molecular weight (LMW) from16 to
30kDa (Morimoto et al., 1994) Most of HMW HSPs have been documented that
they increased under stressful condition, as they have the constitutive function and
repair themisfolded and denatured proteins. While the LMW HSPs, such as HSP27,

are more species specific (lwama et al. 1998) and play the role as molecular
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companios, preventing irreversible protein aggregation (Derhawhtdarding, 1999

The study of HSPs in fisis still in early stages when comparing with mammals,
bacteria and yeast (lwama et al. 1998). Seldom research has been focused on the
effect ofFAs in fish diets on HSPs, lower HSP27 lewels foundn head kidney
leukocytesof Atlantic salmon fed soybean oil when compared with fishHed

(Holen et al., 2011)while HSP27n intestine was elevated rainbow troutfed 35%
soybean meal (Sealey et al., 2013).

2.5.30xidative stress and antioxidants (CAT, SOD, GPx1)

Oxidative stresss caused by the imbalance between the generation of reactive
oxygen species (ROS) and the ability of the biological system to neutralize and
eliminate them.Generatiorof ROSoccurs naturally during aerobic metabolism in
mitochondriaof aerobic animalsROS include superoxide anion{® hydrogen
peroxide (HO;) , hydr oxyl r (Bvans and Halliyefl, 200Bly , et c.
addition, environmental factors such as increase or decrease in water temperature,
elevated metal ions, antd@mical pollutants caalsoproduce ROS. ElevaleROS
may damage DNA, protein, aid\s (Halliwell and Gutteridge, 1999). Endogenous
antioxidants likeCuzn-superoxide dismutase (SQJ) catalase (CAT), and
glutathioneperoxidase (GPxare easily oxidized and ensure the protection against
oxidative stress in cell (Michiels et al. 1994; Herrhera 2004). SOD is considered
asa vital antioxidantn most of theorganismsxposed to oxygen. The basic reaction
of SOD is performed in equah (1); itdismutatesO,' to H,O, which can be
removed byCAT and GPx as indicated in equation (2) and (3):
20, +2H - H,0,+ O, (1)
2H,0; - 2H,O0 + G (2)
H.O, + 2GSH- 2H,0 + GSSG (3)

CAT isusually located in peroxisomesdatalyzehydrogen peroxidea byproduct
of FA oxidation, to water and oxygern addition to reducél,O, to water, GP>xcan
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catalyze organiperoxides (ROOH) tthe corresponding stabdéécohols (ROH)
(Tocher, 2003)

VOs in the fish feesichangehe FAs compositionn fish tissueswhich potentially
may affect the oxidative system in salmoni@$etary imbalances might increase
RGOS generation and thus increaseédative stres in fish. Few studies have
addressed theeplacement ofFO and possible effg#son antioxidants activity and
transcription. Down regulation of SOD and CAT transcription was seen in liver of
Atlantic salmon fed soybean oil compared with fish fE€@{Olsvik et al. 2011),

indicating that VO supplement diet may affect antioxidatigéense system in salmon.

2.6 Effect of dietary EPA and DHA on fish stress
response

Dietary FAs can affect stress resistance in fish under different types of stressor
(Kanazawa, 1997; Montero et al. 2004; 1998). Stress tolerancenvascd with
the increasing DHA content in VO fed fish (Kanazawa 19%93ul et al. 1998 Bell
et al. (1991) reported a transportatioduced shock syndrome that caused 30%
mortality in Atlantic salmon fed for 16 weeks on a fishrigaded diet where lipid
wasprovided by sunflower ail Injuvenile sea breamower EPA and DHA FA diet
induced a longerm elevated plasma cortisol levels as well as under stressful
condition (Montero et al. 1998).

Few studies focused on the stress response of fish fed V@ siBtitutes. Some
previous studies show that plasma cortisol level in gilthead sea bream was not
affected by dietary VOs (Montero et al. 2003; Diampez et al., 2009 Hsh fed60%
linseed d diets showed a significantly highkavel of plasmacortisol compared with
FO fed fishafter stresswhile neither rapeseeds oil or soybean oil had a significant
effect (Montero et al. 2003)Atlantic salmorfed soybean oil and elevated plasma
cortisol was found during pasmolt transformationJutfelt et al2007)
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2.7 Aim of the study

To investigate the effect of lodietary levels oEPA and DHAfrom 1.3%7.4% (of
theFAs) on stress responses at three levels of biological organization; the
physiologicallevel, the cellular level and the molecular lev€his was achieved by
investigatingplasma cortisol and glucesRNA transcripts oheat shock protein27
(HSP27) in liver andjene transcript levels of antioxidant enzymes (SOD1, @Ad’
GPx1) and SOD1 enzyme activity in liver.
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3. MATERIALS AND METHODS

Theexperiment was part of a large project financed by the Norwegian Research
Council, project number 225086, ATailoring
utilization of EPA and DHAO.

3.1 Fish experiment

3.1.1Experimental design

The feeding trialvasrun by Skretting ARC, the research department of a leading
manufacturer of feed for farmed fish in Norway, through most of the seawater
production cycle for Atlantic salmon, from April 2012 to February 2013hén t
beginning, 2% of April 2012, 1200 fish of about 600g were put in a common 8m tank
andweref ed t he same diet with 3% EPA+DHA, to
levels of thes&As, reared at & water temperature. Then,"i6f August 2012the

fish were transferred to five 3m tanks for acclimation, dretemperature was

gradually increased from 8 to 12 andthefish werestill fed with 3% EPA+DHA
Onthe29" of September 2012he fsh were about 1450g and were distributed in
eight 3mtanks with70 fish per tank, anderefed the 4 experimental diets with 1.3,
2.7, 4.4 and 4% EPA+DHA of totalFAs forabout 5Smonths before sampling of

tissues.

All diets containedl0% fishmeal of the total diet, while the remainder of the protein
wasprovided ly plant sourcs. In diet A, all added lipidvas avO mix (palm oil 30%,
rapeseed oil 55% and linseed oil 15%eaning that all EPA+DHA was from the
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fishmealata level of about 1.3% of tot&lAs and 0.4% of the dietDiet B to Dwere

added somé&Oto give an EPA+DHA level of about 2.7% ta1% in the different
diets (0.9%-2.2% of the diet) Table 31 shows the formulation and proximate
composition of the diets and Tabl&3hows thé-A composition of the diets.

Table 3-1 Formulationand proximateomposition (g k‘gl) of the experimental diets (Bm)

Diet A | B | c | D
Ingredients:

Fish meal® 100 100 100 100
Wheat quten2 101.9 101.9 | 101.9 101.9
Sunflower meal® 40 40 40 40
Faba beans, 60 60 60 60
dehulled”

Soya concentrate® 275 275 275 275
Wheat" 50 50 50 50
Fish oil® 0 31.0 | 66.5 110.9
Rapeseed oil* 175.0 156.8 | 137.2 112.8
Palm oil” 94.0 85.5 74.9 61.5
Linseed oil® 47.0 42.8 37.4 30.8
DL-Methionine® 0.39 0.39 0.39 0.39
L-Lysine 99%° 6.28 6.28 6.28 6.28
Premixes™ 50.43 50.43 | 50.43 50.43
Proximate composition:

Dry matter 926 933 932 931
Protein 382 383 386 382
Fat 337 343 347 331
Ash 66 67 65 57
Astaxanthing, mg 39.4 39.1 39.4 39.7
kg™

1. Scandinavian fish meal, Skretting, Stavanger, Norway

2. Cargill Cerestar, Hautbourdin, France

3. Linas Agro AS, Aalborg, Denmark

4. Skretting, Stavanger, Norway

5. Selecta, Goiégna -GO, Brazil

6. South American and Northern hemisphere fish oil (50:50), Skretting, Stavanger. Norway

7. Fritex 24, Aarhus Karlshamns, Karlshamn, Sweden

8. Elbe Fetthandel GmbH, Geesthacht, Germany

9. Trouw Nutrition, Boxmeer, The Netherlands

10. Include vitamins and minerals; Trouw Nutrition, Boxmeer, the Netherlands, proprietary composition

Skretting ARC,vitamin and mineral supplementation as estimated to cover requirements according NRC

(2011)
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Table 3-2 Fatty acid composition (area % and mg/g) of the expetah8 mm diets

Diet A B C D
Area% | mg g™ | Area% | mgg™ | Area% | mg g™ | Area% | mg g™
Fatty acid
C14:0 0.70 24 11 4,2 1,7 6,2 3,2 10,6
C16:0 15,1 53,2 14,9 54,6 15,0 53,7 145 | 47,4
C16:1n-7 0.60 2,0 11 4,0 1,8 6,3 3,0 9,7
C16:2n-6 <0,01 | <0,1 0,1 0,3 0,1 0,5 0,3 1,0
C18:0 25 8,7 23 7,6 2,6 9,1 2,6 8,2
C18:1n-9 40.4 | 139,0 | 38,6 | 137,6 | 355 | 1243 | 29,5 93,7
C18:1n-7 2.30 8,0 21 8,2 2,3 7.9 23 7.3
C18:2n-6 16.50 | 56,5 15,6 55,1 14,3 49,7 12,6 39,8
C18:3n-3 11.70 | 39,8 | 11,10 | 39,0 10,1 34,9 9,0 28,1
C18:4n-3 0.10 0,5 0,3 1,0 0,5 1,8 1,0 3,3
C20:1 sum isomers 15 5,2 1.8 6.4 2,3 8,0 31 9,7
C20:4n-6 <0,02 1,0 0,1 1,2 0,2 8,2 0,3 0,8
C20:4n-3 <0,02 | <0,2 0,1 0,2 0,1 0,4 0,3 0,9
C20:5n-3 EPA 0.60 2,0 14 4,9 2,4 7,9 4,1 12,5
C22:1 sum isomers 1,1 3,8 1,4 5,0 2,2 7,4 3,7 11,3
C22:5n-3 0.10 0,4 0,2 0,7 0,3 1,1 0,5 1,7
C22:6n-3 DHA 0.70 2,4 1,3 4,4 2,0 6,7 33 9,8
C24:1n-9 0.2 0,5 0,2 0,6 0,2 0,7 0,3 1,1
Sat. FA not listed 0.8 2,3 0,8 2,4 0,9 2,5 1,1 2,5
Monoenes not listed 0.3 1,0 0,3 0,1 0,2 0,7 0,3 0,8
n-6 FA not listed 0.10 0,2 0,1 0,4 0,2 0,5 0,3 1,0
n-3 FA not listed <0,02 | <0,2 0,1 0,1 0,1 0,3 0,3 0,5
Others 0.1 0,2 0,1 0,7 0,1 1,2 0,2 1,8
Sum Sat FA 19,1 66,6 19,1 69,4 20,2 71,5 21,4 68,7
Sum monoenes 46.4 | 159,5 | 455 | 162,2 | 44,5 | 155,3 |42,2 133,6
Sum n-6 FA 16.60 | 57,8 15,9 57,0 14,8 58,9 |13,5 42,6
Sum n-3 FA 13,20 | 455 14,5 50,3 15,5 53,1 |18,4 56,8
Unsat/Saturated 4.00 3,95 3,97 3,88 3,7 3,74 | 3,46 3,39
n-6/n-3 1.3 1,27 1,1 1,13 |0,95 1,11 |0,73 0,75
EPA+DHA 1.30 4.4 2,7 9,3 4.4 146 (7,4 22,3
Sum FA 329,6 339,6 340,0 303,5

This results in a regression design (Bapire31.), and each diet was fed to duplicate
tanks (n=2)
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Fish tanks (8 in total):

Diet A Diet B Diet C DietD
1.3% EPA+DHA 2.7% EPA+DHA 4.4% EPA+DHA 7.4% EPA+DHA

Figure 3-1 Design of the regression trial with 4 diets containing 1733% EPA+DHA and each
diet was fed to dujmate tanks

3.1.2 Sampling

Thesmpl ing took place at Lsatia)frgm2@"®kr etti ng
22" of February 2013Samples were collected before stressjLhr, 2hr and 23
hours after stress. Stress was induced by reduction ofates level in the tank for 30
min before it was filled up again (Fig-3). The sampledish were anesthetized,
weighted andength wasneasuredBlood samples were takémom the caudal vessel
usingvacutainers. These were centrifuged for 7 min at 3000 gbtain the plasma
fraction which was flash frozen and stored8C until analyses of glucose and
cortisol. Livers were weighed and commemtsre written down for livers deviating
from the rest in color, appearance etevo small pieces (50@00mgper piece)one
for gene expression analysis and one for enzyme aststing same place from each
liver were cut and placed into eppendorf twiéed therfrozen in liquid nitrogen (Fig
3-3, 34, 35, 3-6). Five fishes from each tardt each time poinvere taken as

parallels.
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SN w&};L
Figure 3-2 Protocol for stress test: water reduced in tank for 30 minutes, and then filled up again

Figure 3-3 Liver sampling first cut Figure 3-4 Liver sampling for stress test
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Figufe 35 SampleaiVer plaed into eppendrf tube Figure 3-6 Sample fozen in quUi'i:hitrogen ‘

3.2 Analytical methods

3.2.1 Determination of cortisol in plasma

Pooled plasma samples from 8 fish, n=2gliet group were analyzed before stress,
and individual samples from 5 fish per tank for the time points after stress (except

three plasma samples that were missing)

Cortisol in plasma was determined with a GammaCudiJortisol

Radioimmunoassay K{DiaSorin, Stillwater, Minnesota, USA). The kit procedure is
principally basd on aradioimmunoassay, which counts the number of the binding
antibody by use of the specific antigens. The plasma sample and reagents

thawed in room temperature atieenmixed thoroughly by vortex. Five calibrate
points rangng from 1-60 ng/dL andablankwereprepared for making standard

curve. 10Ol calibrator or plasma sample was added at the same place on the bottom
of the antibodycoated GammaCoat tube where andipis fixed All the tubes were
added 1mtortisol tracetbuffer and mixed gently by vortex for 1 min. Thieibes
wereincubata in a 37 C water bath for 45 minutes. After the incubation the tubes
were drained in an inverted position for 30 minutestapdhe tubes on absorbent
paperto removethe water The tubes were counted in a gamma counter and the
concentration of cortisol in sample was calculated from a calibrated standard curve.

In order to get a good average, all the calibratorthedampés were testedh
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duplicate.

3.2.2 Determination of glucose in plasma

Glucoseconcentration in plasmaas determined with a colorimetric enzymatic
method by using commerciakit (GLUCOSE PA?, Maxmat S.A., Montpellier,
Francg on Maxmat instrumenwith PL Multipurpose diagnostic analyzer system.
Plasma samples were thawed on ice before putting into the instrument. The method
was calibrated with the calibrator Maxcal (ref. RM MXCA0018V, Maxmat S.A.,
Montpellier, Franceand controlled with Maxtrol N(reMNCO0030V,Maxmat S.A.,
Montpellier, Franckand Maxtrol P (ref. RM MPCO0030Waxmat S.A.,
Montpellier, France Theprincipleis thatglucose is oxidized by glucose oxidase
resulting in gluconic acid and hydrogearpxide. Hydrogen peroxide is subseautly
used for the generation of a Quinonimin dye with the presence of other reagents
(peroxidase, phenol and Ami#lantipyrine). The intensity of the color is
proportional to the concentration of glucose in the sanaplgis measured at 500nm.
Glucose oncentratiorin the sample is calculatém an external standard curve.

Enzymatic determination of glucos&s doneaccording to the following reactions:
Glucose + 02 LLESEEAS.  Gluconic Acid + H20;

2H;02 + Phenol+ Amino-4-antipyrine %%%%%-  Quinonimin + 4H,0

3.2.3 Gene expression analyses for SOD1, CAT, GR1
and HSP27

Foursamplesvere selected randomfsom each diet group (2 per tank) from each of

the 4 time pointso analyze the gene expression.
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1) RNA isolation

To avoid the liver samples being contaminatedibgnucleaseRNase), an RNA
degrading enzymd&iNase Zap (Sigmaildrich, Missouri, USA) was used to remove
the RNA from fume hood table, pipette and all the sample preparatiordtoolg the
procedureAbout 25mgof each sample was cut, and add@d a homogenizer tube
(tube for Precellysjogethemwith 7507L Qiazol lysis reagent (Qiagen, Austin, TX,
USA) and 5 zirconium beads. Since RNA is easily degraded at room temperature, all
the samples were treated on the drybefore homogenizationThe tissue waghen
homogenizedy Precellys 24AH Diagnostics, Aarhus, Denmar&) 6000rpm 10 sec
for 3 times. After standng for 5 min,1507L chloroformwas added into the tulte
separate RNA from proteins and DNFaenthetubewas shakeby handfor 15-30
sec ankeptfor 3 minuteson icebefore centrifugingEppendorf centrifuge 5415Ryj
1200 rpm for 15 minutes dtC. The supernatant was collectatb the sample tube
(tube for Biorobot EZ1and added Ol DNAse for purifying RNA using the
BiorobotEZI (Qiagen, Austin, TX, USA). The samples wérenfrozen at-80 C for

later analysis.

2) Check RNA quality:

NanoDrop 1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA)
was used to get the concentration and purity of RS&#pleswere dilutedo

50nghi with milliQ water (RNAfree water). Twelve samples weselected

randomly to determine the RNA integrity on Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) with RNA 6000 Nano Assay Kihce all

downstream apptations depend on a higjuality RNA, we accepd a260/230 ratio
(nucleic acid puritypf 1.752.3 fromNanoDrop 1000 Spectrophotometer and RIN
(integrity of RNA)>7.5 from Agilent 2100 Bioanalyzefhe RIN of all selected

samples were > 8.3 in this study

3) Reverse transcription reaction (RT reactitojn RNA to cDNA

A standard curve with 6 dilution points from 31 ng to 1000 ng, each run in triplicate
onthecDNA plate, was made from a pooled sample using #om each of 48 RNA
samples. Two 98vell cDNA plates(Roche Applied Sciences, Basel, Switzerland)
were used to set up 48 samples, which all after stress, in triplicate with the standard
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curve and two negativeontrols;a nonamplification control without enzymes (nac)
and a nortemplate controlvithout RNA (ntc). For economical reason, the 16 before
stress samples were set up in the cDNA plate of other study (Effect on lipid
metabolism in Atlantic salmor&élmo salarL.) fed diet low in the marine-8 FAs

EPA and DHA) under same project. MORNA sample and 4@L master mix
(TagMar? Reverse Transcription Reagenteere added in each wellhe RT

reaction took place on a PCR machi@efeAmp PCR 970QQvith athermal program
(Table 33). The cDNA plates werrozen with a plastic film cover a0 C for later

Realtime PCR analysis.

Table 3-3 Thermal program for Reverse transcription reaction

Step Temperature C) | Time (min)
Incubation 25 10
Reverse transcriptase activatior 48 60
Reverse transcriptase inactivati 95 5
End 4

4) OneSte’CR

The specificity of the new primer SOD1 was tedigdIAGEN OneStep R'PCR

Kit. The primer was firstly dithTERbuflerd t o
and the master mix reagent was made according to the QIAGEN kit. The RT reaction
took placeon PCR machineGeneAmp PCR 97QQvith asetup program (Table8)

Table 3-4 Thermal program for OneStep RT PCR reaction

Step Temperature C) | Time
Reverse transcriptas 50 30 min
PCR activation 95 15 min
Denaturation 94 45 sec
Annealing 60 45 sec
Exstension 72 1 min
Final extension 72 10 min

The PCR product was tested on an agarose gelGetiRed Nucleic Acid Stain as a

dye by charged voltage as 80V. Aftare hour, the gel was photographed by a UV
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light to check the result. A single bandtlé expected size was found in the gel
(Figure 37).

Figure 3-7 Agarose gel
*represents the target g¢pODL1 in liver.Others a@ CPTL1, ICDH, G6PDH and MKEfor other study
in the same project) from the left to right respectively.

5) Realtime quantitativePCR (qPCR)

The cDNA plates were thawed on ice before being vortexed on MixMate for 5
minutes at 1500rpnA reaction mixwhich contained 574 Sybrgreen, 319L

MiliQ water, 11.4r forward primer and 11rL reverse prime, was prepared. A
pipeting robot (Biomek® 3000yvas used to transfen8 reaction mix and 2L

cDNA to each well of a 38%vell gPCR plate with setup program. Before putting into
Roche Lightcycler 480 Systerthe plate wasentrifuged at 1500rpm for 2 minutes
with optical plastidilm cover. The gPCR reaction performed according to a thermal

cycling program (Table-3).

Table 3-5 Thermal cycling program for gPCR reaction

Step Temperature C) Time
Incubation 95 5 min
45 cycles of Amplification with 3 95 10 sec
steps: denaturatioannealing ang 60 20 sec
elongation 72 30 sec
Melting curve analysis 95 5 sec
65 1 min
97
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The software Light Cycler® 48W¢rsion 1.5.03pwas used to calculate the reaction
efficiencies and the standard curve.

3.2.4 Determination of CuZn superoxide dismutase
(SOD1) enzyme activity in liver

In order to compare gene expression and enzyme activity thedivgnies from the
samefish which were analyzed for gene expressiodthe SOD enzyme assag0-

90mg of individual liver samples wepeepared by adding cold 20 mM HEPES buffer
(ph7.2, containing 1 mM EGTA, 210 mM mannitol, and 70 mM sucrose) (Sanden et
al. 2013). Samples were kept on ice the whole time during preparation. The tissue was
then homogenized by Precellys 24 homogenizer 8/t seconds at 6000 rpm and
centrifuged at 10000 g for 15 min at@. The supernatant was collected aras

frozen at80 C for later analysis. SOD enzyme activity was determined using the
SOD Assay Kit (Item No. 706002, Cayman Chemical Company, AnnrAkbio

USA). The procedure of the Kit is based onghieaciplewhich use tetrazolium salt

to detecte the superoxide radicals created by xanthine oxidase and hypoxanthine
(Figure 38).

Figure 3-8 Formulaof the Superoxide dismuta§@OD)assay

Sourceinstruction of Superoxide Dismutase Assay Kit Iltem NO. 706002
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One unit of SOD is defined as the amount of enzyme needed to cause 50%

dismutation of the superoxide radicdlwo 96-well plate were used to set up 64

samples in duplicate pardlle Seven SOD standards activity from O U/ml to 0.25

U/ml were prepared for stdard curve The absorbtance was read by a plate reader at

450 nm. The Pierd¢ 660nm Protein Assay (Thermo scientific, Pierce Biotechnology,
Rockford, IL, USA) was used to deteine the protein concentratioifhe sample
supernatant was diluted five times within

activity (U/ml) was calculated from the equation:

SOD(U/ml) =

5 fwan Qo0 Q¢ ¢

The final results will be given as SOD(U)/mg protein.

3.3 Statistics

Microsoft Excel (2010) was used teeat theexperimentatlata such asaulculating

mean valuesyeight gain rate, sepcific growth rate (SGIR)d standard deviation (SD)
ect. The stability of reference genes was calucultethbyprogram geNornfversion

3.5, asthe M value. Te wo reference genes Elongatifactor Ja and UBA52 got a
satisfactory M value of 0.463 in this trial.he reference genes warsed to

determinghe normalization factors. Ct values of each target genes from gPCR were
used to calculate theormalized gene expressiaiith its respective normalization

value

Statisti@a software (STATISTICA 10., Statsoitc, Tulsa, USA) was used for
analyzing all the dataRegressioranalysisvas performedo evaluatalietaryeffects
onglucose, cortisol, gene expression (RIFCAT, GB1 and SOR) and SO0
enzyme ativity within thefour different time points seperatelilestedANOVA was
used to check the diahd tankeffect(with diet as fixed factor and tank as random
factor to account for the fact that individual fish from the same tank are
pseudoreplicate®)n initial weight,final weight, weight gain rate arfiGR using
individual fishas the statistical n. Weight gain rate was calculated as: Hd@Po[
weight (g)i Start weight (g)]/Start weight (g&nd SGR asl00%[In(End weightj In
(Start weight)]/ Experimental days (145 day$wo-way ANOVA was used to
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investigateboth diet and time point factors effemt glucose, cortisol, gene

expression (HSP7, CAT, G1 and SOR) and SO enzyme ativity, using tanks

(mean valuesjs the stastical n. Nesed ANOVA wasalsousedhereto check tank

and dieffactor effectwithin thefour time pointfANOVA run separately for each

time point)andwith tank nested in dietssingindividual fishas the statistical nP-

values < 0.05 wereonsideedas statistically significant and Tukey HSD post hoc test

was performed when the ANOVA gavevplues<0.05Leveneds test was UsS
check the homogeneity of variances before ANOVA analySwrelation matrices

analysiswas used to check the correlatiogtweercortisol and glucose in plasraad

gene expression of SAxnd SODlenzyme activity
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4. Results

4.1 Growth

The fish appeared in good health with an average weight gain of 188&9+hndo
mortality occurred during the 5 months of feeding. Fish fed diet A and B shibvwed
lowestmean final weigh{3252#89g and325546 30g, respectively) compared tesh
fed diet C and diet D3@3204625g and3597+4703g, respectively)andfish feddiet D
hadsignificantly higheffinal weightthanfish feddiet A and diet B Tukey HSD test
p=0.0002 and p=0.0008espectively; Figure-2). A significantly higher SG& was
observed irish fedtwo higher levels oEPA and DHAgroupswith 0.60% and
0.62%, respctively(Table 41), when compared witthetwo lower levels oEPA
and DHAgroups with 0.55%Tukey HSD tesp<0.024; Figure €). A similar
situation waseerfor theweight gain rate %a lower weight gain rate %126%)was
seenfor fish fed dietA and Bcompared to fish fediet C and D 141% and 151%
respectivelyTukey HSD tesp<0.013; Figure 48B). No significant tank effas were
found.

Table 4-1 Mean initial weight (gfn=120), mean final weight (gh=120), weight gain rate (¥gndspecific growth rate
SGR (%) for Atlantic salmon fed the four different diets: A (1.3% EPA and DHA), B (2.7% EPA and DHA), C (4.7%
EPA and DHA) and D (4% EPA and DHA).The initial weight and final weight are given as mdaniS

Diet Mean weight Mean weight  Weight gain SGR

initial#£5D(g) final#5D(g) rate (%) (%)
A 14464202 3252689 125.5 0.55
B 14402 11 325546 30 125.9 0.55
C 142642 09 3420625 141.2 0.60
D 1443219 3597+703 1508 0.62
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Figure 4-1 Finalweight of Atlantic salmon fed the four different diets: A (1.3% EPA and DHA), B (2.7% EPA and
DHA), C (44% EPA and DHA) and D (4% EPA and DHAM}II time points combined. Results are presenteceas +
sd (n120) Data were analyzed usingstedANOVA.. Significantly differentdiet groupsare indicated by different

letters
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Figure 4-2 Specific growth rate (SGR%gf Atlantic salmon fed the four different diets: A (1.3% EPA and DHA), B
(2.7% EPA and DHA), C (4% EPA and DHA) and D (4% EPA and DHA) all time points combined. Results are
presented amiean +sd (n420) Data were analyzed usingstedANOVA. Significantly differentdiet groupsare

indicated by different letters
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Figure 4-3 Weight gain rate (%)f Atlantic salmon fed the four different diets: A (1.3% EPA and DHA), B (2.7% EPA
and DHA), C (4% EPAand DHA) and D (A% EPA and DHA) all time points combined. Results are presented as
mean +sd (n420) Data were analyzed usingstedANOVA. Significantly differentdiet groupsare indicated by

different letters

4.2 Cortisol and glucose in plasma

4.2.1 Cortisolin plasma

Table 42 shows the meacortisolconcentration in plasmat Atlantic salmon fedhe
four different dietsatfour time points. Thecortisol concentration increased sharply

from 5.02 3.3ug/dlto 14.7a 3.8ug/dl 1h after stress andugtinued to increase to
19.8 6.4ug/dl 2h after stress, then decreds$e a lower valuet3.962 1.7ug/dl23h

after stress (Figure-8). The gasmacortisolvalueslh afterstressveresignificantly
higher tharbefore stress and 23h after stréiskeyHSD testp=0.0003. The
highest mean value of plasma cortisol happereaft2r stress, whictvas
significantly higher tharih after stresgfukey HSD tesp=0.01 Figure4-3).
Significant differencewere found betweethefour dies independentf time (Figure
4-4. two-way ANOVA). Fish fed et C (10.4% 6.2ug/dl) showedsignificantly

lower plasma cortisol levels compared to fish faiét D (13.65 8.1ug/dl) (Tukey

HSD test p=0.013). A linear regression model was tested eewalecho linear

relationship betwen plasmaortisoland EPA and DHA content in the didtrom
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nested ANOVA results we know that there is no signifitank effecton plasma

cortisolof individual fishwithin four time points separately

Table 4-2 Cortisol concentratioin plasmaof Atlantic salmon fed the four different diets: A (1.3% EPA ancdARHB
(2.7% EPA and DHA), C (4.4% EPA and DHA) and D #B.EPA and DHARtfour different time points: before stress,
1h after stress, 2h after stress and 23h after stressafHaeedgiven as meanEbbefore stress (n=2), 1h after stress
(n=10), 2h after stress (n=10) and 23h after stress (h=10, except for Diet A n=8, Diet B n=9).

Cortisol (pg/dl) Diet A Diet B Diet C Diet D
Before stress 6.7a0 5.0 3.8 2.8 1.8 1.0 7.60 0.8
1h after stress 1432 5.1 15.3 3.6 13.2 1.6 15.4 4.4
2h after stress 20.4 4.8 21.00 9.0 16.3 3.4 21.7% 6.4
23h after stress 3.5 1.7 3.5 1.2 3.60 1.8 5.1s 1.7

Cortisol- Diet
Current effect: H(3,16)=4.4518,p=01864
Effective hyp ath esis d ecomp osition
Vertica barsdenate0.95 confidenceintervals
15

14

13
12 A

11 AB

AB
10

Cortisol consentration (ug/dl)

Diet
Figure 4-4 Cortisol concentration in plasnaf Atlantic salmon fed the four different diets: A (1.3% EPA andARHB
(2.7% EPA and DHA), C (4.4% EPA and DHA) and D ¥3.EPA and DHARII time points combinedResults are

presented aankmean +sd (n2). Data were analyzed using tm@y ANOVA within the factoDIET. Significantly
differentdiet groupsare indicated by different letters
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Figure 4-5 Cortisol concentration in plasnoé Atlantic salmon before stress, 1 h, 2h and 23 h after stifbdiet groups
combinedResults are presentedtaskmean +sd (n2). Data were analyzed using twm@y ANOVA within the factor
TIME. Significantly differentdiet groupsare indicated by different letters

4.2.2 Glucose in plasma

Table 43 shows the mean glucose concentration in plasma for Atlantic salmon fed
thefour different dietsat thefour time points. Glucose concentration increased
sharply from 5o 0.9mmol/Lto 10.3x 1.6 mmol/L 1hafter stress andontinuecto
increagto 11.8 2.6 mmol/L 2h after stressThe glucose concentration decreased to
a lower value (6.8 1.0 mmol/L) 23 hours laterwhich wasclose tothe glucose
valuesbefore stress (Figure@). Same like plasma cortisohé gasma glucose
valueslh afterstressweresignificantly higher tharbefore stress arZiBh after stress
(Tukey HSD tesp=0.0002. The highest mean value of plasma glucose happ#mned
after stress, whictvasalsosignificantly higher thardh after streséTukey HSD test
p=0.02§. Therewasno significant difference betwedine four dietson plasma
glucose(two-way ANOVA). A linear regression model was testedtno linear
relationshipvas observedt any time poinbetweerplasma glucose arfelPA and

DHA content in the dietThere was no gnificant tank effect.
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Table 4-3 Glucose concentration in plasiinam Atlantic salmon fed the four different diets: A (1.3% EPA andd}H
B (2.7% EPA and DHA), C (4.4% EPA and DHA) and D ¥%.BEPA and DHARtfour different time points: before
stress, 1lafter stress, 2h after stress and 23h after stress. Trarelgtaen as meansbefore stress (n=2), 1h after
stress (n=10), 2h after stress (n=10) and 23h after stress (n=10, except for Diet A n=8, Diet B n=9).

Glucose (mmol/L) Diet A Diet B Diet C Diet D
Before stress 5.64.1 6.24.3 4.940.1 6.741.0
1h after stress 9.8#.3 11.0#..8 10.54.3 10.14.7
2h after stress 12.62.0 10.52.3 11.83.1 12.52.6

23h after stress 6.50.9 6.541.4 5.941.2 6.24.6

Glucose-Time point
Current effect: K3, 16)=82.752, p=.00000
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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©
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Figure 4-6 Glucose concentration in plasmidAtlantic salmon before stresksh, 2h and 23 h after stress, all diet
groups combinedResults are presentedtaskmean tsd (n2). Data were analyzed using tway ANOVA within the
factor TIME.Significantly differentdiet groupsre indicated by different letters

38



4.2.3 Correlation of cortisol and glucose

Figure 47 shows a high correlation betweeartisoland glucose in plasma (r=0.704),
when cortisol levedwerelow in plasma the glucose lewshsalso low for individual
fish.

glucose

-10 0 10 20 30 40 50 G0
cortisol

Figure 4-7 Correlation matrices analyze with cortisol and glucose in plasdgantic salmon before stress, 1 h, 2h
and 23 h after stress fed four differentsligte points represehietindividual fish sample. X axis represents cortisol
concentration, Y axis represents glucose concentration.

Glucose=5.9764 6.26721 * cortisqglCorrelation: r =0.70474
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4.3 Gene expression analyses for HSP27, CAT,
SOD1and GPx1

Thefour genegHSP27, CAT, SOD1, GH) showeddecrease expression after
stress anéxpression waquite stable betweeahefour dietgrous (Figure4-8).
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Figure 4-8 Mean normalize@xpressiofMNE) of Heat shock proteid7(HSP27)Catalas€CAT), CuZnSuperoxide
dismutase (SODBndGlutathione peroxidase (QP) in liver tissue fromAtlantic salmon fed the four different diets: A

(1.3% EPA and DW), B (2.7% EPA and DHA), C (4.4% EPA and DHA) and D ¥%.BPA and DHA) afour time
points: before stressh after stress, 2h after stress and 23h after. SResaslts are presentedtak mean +sd (n=2).
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Mean normalized expression RNE) of HSP27 was 0.35 #0.13beforestress and
decreased to 0.210.07 and).24x 0.091 h and 2 tafter stress, respectiveind then
increased to 0.380.18 23h after stress (Figuredl MNE for HSR27 beforestress
wassignificantly higher thardh after stressliukey HSD testp=0.038)and23h after

stress was significantly higher thahafter(Tukey HSD testp=0.0l) and 2h after
stresqTukey HSD testp=0.03).

HSP-Time point
Curenteffect F(3, 16)6.4068, p=.00467
Effective hypothesis decomposition
Vettical bars denote 0.95 confidence intervals

Gene expression HSP
o
w
o

BC

Before stress 1h after 2h after 23h after

Time point
Figure 4-9 Mean normalize@xpression dfleat shock protein&iSP)in liver of Atlantic salmorbefore stressl h, 2h

and 23 h after stresall diet groups combine&esults are presentedtaskmeam SD(n=2). Data were analyzed using
two-way ANOVA within the factofTIME. Significantly differentdiet groupsare indicated by different letters

MNE for CAT decreased sharply frodib7 + 0.20 before stress to 0.29.07 1h
after stress and thesmowed a low expression lex&h to 23h after stre¢6.31° 0.13
and 0.36> 0.09, respectivelyjFigure4-10). Two-way ANOVA followed bytukey
HSD test of MNE for CATshowedhatthe expression level waggnificantly higher
before stress compared to thtber time point§Tukey HSD testp<0.003).
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CAT-Time point
Current effect: F(3, 16)=14.934, p=.00007
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Figure 4-10 Mean normalizeéxpression o€atalas¢CAT) in liver of Atlantic salmorbefore stress, 1 h, 2imd 23 h
after stressall dietgroups combinedResults are presentedtaskmeam SD(n=2). Data were analyzed usihgo-way
ANOVA within the factofTIME. Significantly differentdiet groupsare indicated by different letters

MNE for SODL wasdecreased mucttablewhen compamto HSP and CATrom
0.46+ 0.16before stress to 0.320.11 1h after, then continued to decrease to
0.290.082h after and increased to 0.88.10(Figure 411). MNE for SOD1before
stresswassignificantly higher than 2h after stre§aikey HSD test, p=04).
SOD-Time point
Current effect: F(3, 16)=3.3642, p=.04492
Effective hypothesis decomposition

Vertical bars denote 0.95 confidence intervals
0.6

0.5

04

AB
0.3 AB

Gene expression of SOD
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Before stress 1h after 2h after 23h after

Time point

Figure 4-11 Meannormalizedexpression o€uzn siperoxide dismutases (S@pDn liver of Atlantic salmorbefore
stress1 h, 2h and 23 h after streafi dietgroups combinedResults are presentedtaskmeam SD (n=2). Data were

analyzed usingvo-way ANOVA within the factofTIME. Significantly differentdiet groupsare indicated by different
letters
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MNE for GPx1 decreased quite stable from before stress to 23h after stress (0.46
0.16, 0.32+ 0.18,respectivelycompared to CAT and SODand the differences
were not significantly between four time pointso significant dietary effects were
seen for the four geneseither by ANOVA nor by linear regression at the different

time points.

4.4 CuZn superoxide dismutase (SOD 1) enzyme
activity in liver

4.4.1 SO enzyme activity
Similar to the gene transcript levels (MRNA levés)SODL the SOLL enzyme activity

(protein levelsgecreasgafter stress from 0.570.04U/mg proteinbefore stress to 0.53
a 0.09U/mg proteinlh after stressThere was no significant diet effect on the SOD1
enzyme activity{two-way ANOVA, p>0.05, Figure42).

A significant difference was found between 1h after sti@&84.09 U/mg and 23h
after stress (0.69.08 U/mg) (Figure 413, TukeyHSD test, p=0.017%5

Linear regression was tested amdwedo relationship between four diets, and no
difference was foundith nested ANOVA.
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Figure 4-12 CuZnsuperoxide dismutase (SQPenzyme activity in liveof Atlantic salmon fed the four different diets:
A (1.3% EPA and D), B (2.7% EPA and DHA), C (4.4% EPA and DHA) and D ¢.EPA and DHA) afour time
points: before stress, 1h after stress, 2h after stress and 23h afteReels are presentedtaskmean =& (n=2).
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Figure 4-13 CuZn superoxide dismutase (SQRnzyme activity in liver of Atlantic salmdrefore stress, 1 h, 2h and
23 h dter stressall dietgroups combinedResults are presentedtaskmeam SD(n=2). Data were analyzed usihgo-
way ANOVA within the factofTIME. Significantly differentdiet groupsare indicated by different letters
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4.4.2 Correlation of mean normalized expression (MNE) for
SOD1 and SO enzyme activity

Figure 414 showsthecorrelation betweethe transcript levels of SOD1 (MNE values)
andprotein levels o50DL (enzyme activityin liver of Atlantic salmon, antherewasa
low correlation betweeS8ODL gene transcript levels and SOD1 protein activity

(correlation r=0.07%6

1.1
1.0 |
0.9 |
0.8 |
07|
0.6 |

0.5 fooeens?
0.4 |
0.3 |

0.2 : : ' ' : : '
00 01 02 03 04 05 06 07 08

50D U/mg protein

Gene expression of S0OD

Figure 4-14 Correlation matrices analyze with mean normalized expression (MNE) fot &@D500enzyme
activity in liver of Atlantic salmon before stress, 1 h, 2h and 23 h after stress fed four differgrihdipbints represent
the individual fish sample. X axis represents MNE for SOD, Y axis represents SOD enzyme activity.

SOD U/mg protein ©.57419 +0.07363 *MNE for SOD, Correlation: r =0.07621
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5. Discussion

5.1 Discussion of materials and methods

5.1.1 Experimental design

The trial was seatip as a regression design with 4 diets containing 1.3%, 2.7%, 4.4%
and 7.4% EPA and DHA of tot&As (0.4%2.2% EPA and DHA of total dietsand
each diet fed to duplicate tanli®egression is one of the most used experimental
designs for dietary nutrieméquirement studies for figshearer, 2000). The high

point (7.4% EPA and DHA) in this experiment is approximatieéyamount used in
commercial salmon diets at ttime the tridwas run. Ideally, if resourcesvere

unlimited more replicates at many levels wolb&Vegiven betteraccuracy of the

model. However, Mead (1988) have certified that replication is not necessary when
using regression, in fact, when the total observdtmrels? replicates) is over 20,
more observation will give little improvement. In the present study there were 4 levels
(1.3%, 2.7%, 4.4% and 7.4%) and 2 replicates for each level, which gives 8
observations. Eight points in a graph will give clear teeifithere are linear

relationships.

5.1.2 Feed and sampling

All nutrientsupplementatian (FAs, protein, vitamin and mineraékcept EPA and
DHA met the requirements accordingNRC (2011). In order to investigate the

difference between salmon groups fed different diets, the diet groups were treated as
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similarly as possible. However, there are still some uncertainties that can affect the
results such as different feed intake of figithin the same tank, differeséx

appetite and diseases. In addition, the water exchange system, temperature, light, and
gas pressure can lead to variance between tanks. However, in the present study the
temperature, light and gas conditions wenailsir for all tanks throughout the whole

study.

5.1.3 Statistics

In order to get representative and homogenous samples it is suggested to analyze large
enough samples, but this is not always possible mainly due to economic

constraints In this study he mean value of the fish from one tank counted as one
independent sample when using ANOVA, since single fish from one tank cannot be
regarded as independent. There were only two tanks per diet in this experiment, and
because we had three factors (tinaktand time), it was impossible to use nested
ANOVA whenincludingboth of the factors, sinddere would béoo many factors in

the analysis relative to the degrees of freedom. The solution was to separate different
time points like we did in the regression analysis and only include two factors (diet

and tank) in the nested ANOVA design.

5.2 Discussion of results

5.2.1 Effect of low EPA and DHA on growth of Atlantic
salmon

Low dietary leves of EPA and DHA (1.3%.4%) influencd the final weight,

specific growth rate (SGRYnd weight gain ratm this trial. Some previous studies
on FO replaced by VOsave showrsimilar resultTurchini et al., 2009Bransderet
al., 2003; Torstensen et al., 2005). For example, studies with Atlantic salmon fed
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diets with 100% replacement BO by soybean oil have shown significantly lower
growth compared with fish fedith 100%FO (GrisdaleHellandet al., 2002).
Stubhauget al. (2007) found a significant lower SGR in Atlantic salmonéd
compare with fish fe@O. In a feeding trial byRuyteret al. (2000) it was shown that
growth rates osalmon fry increased fasiith increasing levels ai-3 FAs up to 1%

in diet,and salmon fethe diet including=PA and DHAgrewfaster than fish fed
only 18:3r3. On the other hand, mamyevious studies on replacementa with
VOs have showrthat VOdietsdo not significantly affect fish growth (Rosenlund et
al. 2001; Bell et al. 2001, 2002, 2003, 2004; Ng et al. 2004; Tocher et al. 2000;
Torstensen et al. 200Ro0senluncet al.). However, nost of these studies used
fishmeal based digtwhich contan someEPA ard DHA. Turchini et al. (2009)
indicated that a minimum of 1.6% EPA and DidRdietaryFAs is impatant in

partial replacement ¢fOto guarantee a good fish growdhsalmonids While Diet

B (2.7% EPA and DHAf total FA9 in this experimenstill significanty affecied
Atlantic salmon growththis may because different fish species and life stages of fish
require different minimum of EPA and DHA in dietary FAs.

5.2.2Effect of low of EPA and DHA on cortisol in plasma
of Atlantic salmon after stress

Plasma cortisol of the control group (Diet D, before stress)ivas 8 ng/ml, which

is in accordance with the results obtained by Wiik et al. (1989) that reported 76 ng/ml
under norstressed condition for Atlantic salmon psestolts. Recent research has
shown that the plasma cortisol vdmgtweerdifferentageof salmonids. Foexample,
Einarsdottir et al. (1996) reported that plasma cortisol of immature seawater adapted
Atlantic salmon was 23 ng/ml before stress. 8 ng/ml ar8328g/ml have been

reported by Mazur et al. (1993)juvenile Atlantic salmorand Waring et al. (192)

in cannulated fishrespectively.

In this experiment plasma cortisol increased rapidly 2h after stress in all groups, then
returredto a lower lever 23h after stress which was clogbdpre-stresdevels Our

results are in agreement with theliy Ganga et al. (2011) on sea bream fed diets
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containing linseed and/or soybean oil, and also simwiithr the lesultson stress

response itlantic salmomobtained by Waring et al. (1992While different

stressors or experimental methods may lead to different cortisol response of Atlantic
salmon, a feeding trial by Einarsdottir et al. (1996) reported plasmas cortisol peak
levels at 20min which then returned to resting level 24h aiflerduction ofthe

stressor. A maximin cortisol level at 1h after handling stress (15s out of water)

seen in a study Fast et al. (2008)nd returedto prestress level 6h after stress.

Thereweresignificant differences beween the four diet groupsanisol responses

of Atlantic salmon subjected to acute stress, diet C (4.4% EPA and DaiA\)
significantly lower than control group diet D (7.4% EPA and DHHApwever, the
fact that no linear regression was seen, and no effect was seen on the twaugiet g
fed even less EPA and DHA (1.3% and 2.7%), may indicate that this was just a
random difference, not caused by the di&sveral previous stigs indicatehat

basal plasma cortisol increasstien fishwerefed VOs (Ganga et al. 2011, Jutfelt et
al. 2007). The inclusion of sunflower ail a diet with5% EPA and DHAed to
Atlantic salmoncausecklevatedplasma cortisotluringthe parrsmolttransformation
(Jutfelt et al., 200)f and sea bream fed 1008@ substituted by linseed oil by Ganga
et al. (2011) also founithe same situation. Whilemeffect was found for rapeseed
soybean olil fed fisiMontero et al. 2003)l'he authors indicated that linseed oil based
diets produced highein vitro adenocortictropic hormongACTH), which induced
therelease of cortispko different ratio o¥/O replacingFO may affect cortisol
responseén fish farming. Fewstudies have focused on sepcHias and theireffects

on cortisol response in fish farming, more studies are required to clearif{the

effect on cortisol response and cortisglated hormone in fistMonteroet al. 2010).

5.2.3Effect of low EPA and DHA on glucose in plasma of
Atlantic salmon after stres

Plasma glucosmcreased and reached high les/sh to 2h after acute stress in this
study. This is in accordance with the results by Fevolden et al. (1991) and Fast et al.

(2008) in Atlantic salmonvhen stress wasduced byconfiningandhandling
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respectively. Thomas et al. (1991) stressed red dru2any in air transfer stressor
andthe plasma glucosgasmaintained at a higher level from 30min to 2h after stress.
It has been indicated that glucose respodster betweerfish species (Davis et al.
2009). There was a high correlation between plasma glucose and plasma cortisol in
this experiment. It is known thtte rise ofplasma glucose levelsas been highly
relatedto high level of plasmaortisoland energyequirements under stress condition
(Gamperl et al., 1994. McCormick et al., 1998).

No significant differencen plasma glucose response ofaftic salmon between the
four diet groups were found this expriment. Similar resultserefound by Diaz

Lopez et al. (2009whotested gilthead seabream juveniles fed 5GG0Echium oil.

Lee et al. (2003) fed juvenile starry flounder Io¥8 HUFA levels (0.0%2.7%) with

VOs indicated that plasma glucdseel were not affected by dietary VO in fish.

From all these studies we can not directly conclude that low dietary EPA and DHA
does not affect plasma glucose response in fish under acute stress condition, since
some previous studies may give us othenpoi view involvingFAs effects on fish
stress responseédowever, it is possible that the effects of VOs in other studies were
caused by other FAs than EPA and DHA, for instance high level$ diAs. A

feeding trial by Menoyo et al. (2006) in Atlansalmon partially fed sunflower oil

(rich in n-6) and found thablasma glucose levels ®mo decrease with increasing
sunflower oil levels in diet, this could be explaingdhe high R6 dietwhich may

delay cortisol release (Ganga et al. 2011) andgdubam 3/n-6 ratio in fish diet may
affect stress response (Bell et al. 1991). It has been reploatédtal replaced FO

and fishmeal with plant materials resuted in elevated plasma glucose when compared
to FO and fishmeal diet fislB{sseneet al. 2013.

5.2.4Effect of low EPA and DHA on gene expressionof
HSP27 in liver of Atlantic salmon after stress

In this expriment the mean normalized expression (MNE) of heat shock protein
27(HSP27) in liver decreased significantly 2h after stress and returned to-the pre
stress levehfter23h. The same response of HSR2Iiver of Atlantic salmon fed

soybean meadlicited bythe stress of reduced water lewals reported by Sissener et
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al. (2009. Manystudies havehownthat HSPsareup-regulatel in response to a

wide range of stressors, as they have a role in repair and degradation of misfolded or
denatured preins (lwama et al. 1998). While as mentioned in the introduction, the
low molecular weight (LMW) HSP, such as HSP27, are nmohespecies specific
compared with high molecular weight HSPs. The LMW Hi®Fmallyplay a role as
molecularchaperonegpreventing irreversible protein aggregation (Derhauth a

Harding, 1999

No differencan HSP27 expression in liver under stress situatias foundbetween
thefour diets in this study. Nprevious studiesnthe effect ofFAs effect on
transcription ®HSP27 in liverseem to have been conducté&bmparing to results

from other tissuesitlantic salmon fed soybean oil showed significantly lower HSP27
in head kidney leukocytesompare to fish fe@O (Holen et al., 2011) and HSP&v
intestine was elevated rainbow troutfed 35% soybean meal (Sealey et al., 2013).
The HSPresponse can vawyith differenttissue (Smith et gl1999) and stressors
(lwama et al 1998) andhe HSPexpression may also vary with tfigh species

(Nakano and lwama, 2002age (Martin et aJ 2001), and season (Fader et 4099).

Research istill in an early stage on a cellular level of fish strdsgafna et al. 1998
Some studies on the relationship between stress hormones (cortisolrandhe)

and HSP have just emerged recently. Handling stressor increase cortisol levels but
reduce the gill tissue levels of HSP30 in Atlantic salmon, whigjgestshat cortisol

may down regulate HSP30 synthesis (Ackerman et al. 2000). This maybe the same
reason that can explain the decreased expres§ HSP27n liver after stresé the
present study Sincethe detailed principle of theserelationships areot clear yet,

future researcheedgo focous on HSRjene in fishstresgesponse at moleculkavel
(Kayhan and Duman, 2010; Iwama et al. 2004).

5.2.5Effect of low EPA and DHA on gene expressionof
CAT, SOD1 and GPx1in liver of Atlantic salmon after
stress

The mean normalized expression (MNE}lwéthree antioxidant gen&0OD1, CAT
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and GPxlall decreased after stresthis is in agreemerto the results oDlsvik et al.
(2013) in Atlantic salmomespondingo high temperature stress. The aushor
suggested that a high temperature reduced ROS productiatoshandriaand then
reduced ovettbmetabolism in fish. From previous studies we can find that different
stressas mayaffectMNE of antioxidant genesMNE of SOD1 and GPx1 increased
and CAT decreased in brown trout exposed in metatekktress (Hansen et al.,
2007). Since no previagwstudyhas been conductedlated tahe effect ofphysicial

stress on MNE of antioxidant genes, this area is not clear yet.

There was no significa difference betweethefour diet groups for MNE of SOD1,
CAT and GR1 in this study. This is in line w Olsvik et al.(2007)on100%
replacement ofFO by VO in Atlantic salmormon MNE of CAT. But some different
points were found by other studies such as the MNE of SOD1 decreased in Atlantic
salmon fedvOs (Olsvik et al., 2011). The author suggested that/Os contains

lower polyunsturated fatty acids (PUFA) compared to FO, which may lower the
superoxide production in fish liver. Saérda et al.(2009) investigated that dietary
FO replaced with VOs decreased the expression of GPx1 in liver of giltiesad

bream. While Bowyer et al. (2012) in yellowtail kingfish fed canola oil had opposite
results in expression of GPx1. The aufindicated that differefPUFA:SFA ratioin

fish diet may vary the expression of GPx

5.2.6Effect of low EPA and DHA on SOD1 enzyme
activity in liver of Atlantic salmon after stress

The SO enzyme activity decreadsignificantly 1hafter stressThe @me result has
been found by Heink et al. (2013) in rainbow trout exposed to ozone, \@iilé S

activity in liver increased in other two species in the same experifitenauthor
suggested that SAEnzyme activity vary with different species by specific stressor and

in certain tissues.

No significant difference of SOD1 activityas seeietweerthefour dietgroupsin

this experiment. This is similar with the results by Mercan et al. (202&jribow
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trout fed soybean owhen compared with FO group. A significantly higher total
SOD (CuzZRSOD+MnSOD) enzyme activity in liver of Atlantisalmon fed F@nd
fishmeal diet compared with plant oil and plant meal group was fouldwk et al.
(2011). The authasindicated that some antioxidants liaeocopherol and
astaxanthin concentratiomsre much higher in the marine material dietugr, while

a highg-tocopherolconcentration was onlyresenin plant material group. Maybe the

total antioxidant®r the antioxidant status fish are equal in both of the diet groups.

Low correlation between SOD1 enzyme activity and MNE of SOD1 in Vireex seen

in this study, this result caisobe found in some previous studies (Anderson et al.,
1997, Olsvik et al., 2007, Sagstad et al., 2007). While Mercan et al. (2013)
investigatedhat rainbow trout fed goose fat (richsauratedFAs and
monounsaturateBAs) showed highest level of SARnzyme whereas the minimum
expression level was also observed in this group, the author explained that maybe
goose fasuppress the expression@®D1gene.

5.3 Conclusions

Overall, bw levek of EPA and DHA (1.3%.4%)do notseem taaffect stress

response and recovery in Atlantic salm8almo salaL.).

A significantly lower plasma cortisol concentration in diet C (4.4% EPA and DHA)
comparedo control group (7.4% EPA and DHA)ossiblydue to theandom effect
(type 1 error)as no similar trend was seen for diet group A andiB.dietary effect
on plasma glucose wdsund in this studybutthere was a high correlation (r=0.705)

between plasma cortisol and glucose.

On the cellular level, no significant difference between four diet groups has been

found on transcription of HSP27 in stress situation.
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The transcriptions of antioxidant enzgs(SOD1, CAT, G#¥l) and the SOD1
enzyme activitywerenot influencel by low levek of EPA and DHA in Atlantic

salmon in this study.

Both plasma glucose and dedl, as well as transcriptiasf stress related genes and
enzyme activity was affected byess (significantly different between the time

points). This shows that we successfully managed to stress the fish, and thus should
have been able to detect differencesvieen the diet groups if EPA and DHA at the

current levels had an impact on strespomse and recovery.
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6. Future perspective s

In this study wdooked for the effect of lowdietarylevels of EPA and DHA on stress
response in Atlantic salmowijth diets high inplant based matergl To obtain an
overview of stress response in salmon, it would be integast include nore diet
groups such as usgher VOs since different f8/n-6 may influenceaherelease of
stress hormaes or includedifferent levels ofishmealreplacemento see if plant

meal affect stress response in fish.

Theeffect ofdietary fatty acid®n gene expression of HSI liver of Atlantic

salmon is 8ll at aneaty stage The genexpression of HSPs vawyith different

organ in fish under stress situation, but the principal of this is not cleare $tudy
need to be doneon this arean the future especially on the interaction between stress
hormonesand HSPs

Physiologicalstress decrease the gempressiorof antioxidantsand SOD1 enzyme
activity in this studysince no previous study has been conducted related to the effect
of physicial stress on antioxidagmzymesit would be interstingo find the principal

of this, especially on relationship between plasmas cortisol concentration and
antioxidant enzymes activityThe effect of low dietary HUFA on antioxidant enzyme
activity is still not clear,more study needs to be done on this aewell.
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