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Abstract 

Aquaculture is an important industry that has the potential to stimulate economical 

growth, create jobs and assisting in poverty alleviation. However, the rapid growth and 

intensification of this sector has raised concerns about the environmental impact and 

sustainability of fish farming. Multi-stressor conditions such as infectious diseases, algal 

blooms, and water quality are among the most serious challenges that causes loss of 

production to the industry. To face these problems, approved antibiotics and 

chemotherapeutants are used as a treatment methods. Nevertheless, they are more often 

neither effective nor environment-friendly. They negatively affect the immune system of 

aquatic animals and are also a global health threat due to emergence of anti-biotic-

resistant bacteria. Hence, it is advised to use other prevention approaches such as feed 

additives in novel functional diets. Bio-active compounds from plants, as 

immunostimulants and dietary supplements, are currently arisen interest due to their 

beneficial health effects. The objective of this study was to evaluate the effects of two 

extracts from Norway spruce (Picea abies) woody biomass (Norway spruce extract 1: 

NSE1 and Norway spruce extract 2: NSE2), as bio-active compounds in functional diets, 

on gut health of Atlantic salmon (Salmo salar). For this, 640 Atlantic salmon pre-smolts 

(28.4 g ± 0.05) were randomly distributed into 16 fiberglass tanks (300 L capacity each). 

Fish were fed with one of eight diets for four weeks: a commercial-like plant-based control 

diet with no growth promoting components (D1), a diet with 0.2% of a commercial β-

glucan (MacroGard®) (D2), and 0.02% (D3), 0.1% (D4) and 0.2% (D5) of NSE1 and 0.02% 

(D6), 0.1% (D7) and 0.2% (D8) of NSE2. While there was no significant difference in 

growth performance among all diets, a modulation in the gene expression of immune-

related biomarkers were detected in the distal intestine of Atlantic salmon. D2 showed an 

increase in the expression of Prx2 and IL-1b, compared D1. In addition, D5 and D6 also 

showed an up-regulation of IL-1b, compared to D1, which suggests an activation of the 

pro-inflammatory immune response. Interestingly, D8 group showed down-regulation of 

IFNγ, IL-8 and iNOS, which may be related to the control or regulation of the immune 

response and the maintenance of homeostasis in the distal intestine. Based on these 

findings, both extracts from Norway spruce were shown to be strong candidates in 

functional aquafeeds, which could be used in different stages of salmon farming to achieve 

a more robust and resilient salmon, considering the multi-stressor conditions that fish 

face every day.  
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1. Introduction 

1.1. Global Aquaculture 

World population is projected to grow to 8.5 billion by 2030 and fisheries and aquaculture 

sectors are expected to meet the increasing fish and seafood demands and play important 

role in global food security (OECD/FAO, 2021). Aquaculture has been the main driver of 

the increase in fish production in the last three decades (FAO, 2021), where fed 

aquaculture production has outpaced that of wild fishery (FAO, 2020). This industry is 

forecast to account for 52% of all fish production by 2030, giving it the potential to 

stimulate economic growth, create jobs and assisting in poverty alleviation. From 2000 

until 2012, it has grown globally from 41.7 million tonnes to 90.4 million tonnes, with 

6.7% average yearly production growth since then (Tacon & Metian, 2015). In 2018, it 

was estimated that global fish production has reached about 179 million tonnes, overall 

capture fisheries were 96.4 million tonnes while aquaculture accounted 82.1 million 

tonnes and about 88% of this total production was used for direct human consumption, 

with the rest intended to non-food uses like fishmeal and fish oil (FAO, 2020; FAO, 2021).  

In the past few years, the consumption of fish and aquaculture products in Europa has 

increased considerably and in 2018, reaching 24.36 kg per capita (Lucas et al., 2021). The 

household expenditure for fish and aquaculture products in 2019 was approximately 

equal to 56.6 billion euros (Lucas et al., 2021). Because capture fisheries are remaining 

stagnant, the aquaculture production has been increasingly important protein source for 

the growing demand of the world´s population (Reverter et al., 2014). 

The Asia-Pacific region, which can be considered as the ‘backbone’ of aquaculture, is the 

main contributor to the aquaculture sector globally. China, as one of this region, is the 

major producer and the main exporter of fish and fish products since 2002 and stands out 

as the dominant nation in world‘s aquaculture production (De Silva & Yuan, 2022). On the 

other hand, US is the largest seafood importer, where 50% of this is from aquaculture 

production (Garlock et al., 2020). Norway is among the top ten countries with the largest 

total aquaculture production, where the production of farmed salmon has increased 

enormously. 
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Despite the large number and diversity of species being cultured, the aquaculture 

production by volume is dominated by a small group of species at the national, regional, 

and global levels. 27 species and species groups accounted 90 percent of the total finfish 

production in 2018 (FAO, 2020). Though Atlantic salmon (Salmo Salar) farming is not one 

of the dominant cultured species in the aquaculture production, it is one of the most 

important economic activities in Norway, for example, 304 million Atlantic salmon smolts 

were transferred to the Norwegian coastal waters in 2018 (Oliveira et al., 2021).  

 

1.2.  Norwegian Salmon Industry  

Norway is world’s largest producer of Atlantic salmon and the second main world’s fish 

exporter after China (FAO, 2021). Norway is the leading aquaculture producer in Europe 

(Kiron, 2012), and it is considered as the best example of success in developed countries 

by being among the top ten producing nations. Thus it has shown the world that the 

production of aquaculture is possible still with high labor costs and strict regulatory 

standards (Garlock et al., 2020). Technological and favorable environmental conditions 

and good governance structure are the main drivers that have led Norway to a 

magnificent increase in salmon production by 1200 times (Cadillo-Benalcazar et al., 

2020). Norway produced 53% percent of the world’s Atlantic salmon production in 2015 

and this accounted yearly value of 6.1 billion EUR (Olaussen, 2018; Oliveira et al., 2021) 

and in 2019, Norway accounted for 66% of the total global production of farmed Atlantic 

salmon (Abualtaher & Bar, 2020). In general, aquaculture production in Norway is 

projected to increase from the current annual 1.2 million tons to 5 million tons by 2050 

(Solberg et al., 2021). After petroleum and petroleum related input factors, the Norwegian 

seafood industry is the third largest export industry in Norway. It is considered that sea 

food industry will be one of industries that can take over when petroleum activities have 

to scale down over the next decades (Hersoug, 2015). 

As a result of concern about global environmental and social responsibilities, the 

Norwegian aquaculture industries focus has shifted towards sustainable production and 

growth since 2005 (Olaussen, 2018). Hence, aquaculture sector in Norway is strictly 

regulated, and each farm is obligated to keep detailed records. Consequently, Norway has 

the most detailed database registration in the world (Maroni, 2000). Moreover, regarding 
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food quality standards and the licensing process for medicines and pesticides, Norway 

follows EU regulations with a zero-detection limit for permitted levels of medicines and 

pesticides in aquaculture products at harvesting (Maroni, 2000).  

 

1.3.  Aquaculture Challenges  

The increasing demands for fish as a source of animal protein and the new technological 

advances are the main drivers for the rapid expansion of the aquaculture sector. 

Consequently, the intensification of aquaculture has magnified stressors for fish and thus 

heightening the risk of infectious disease which is the most series constraint that causes 

economic loss (it accounts almost 50% of production loss) to the industry (Assefa & 

Abunna, 2018; Reverter et al., 2014) . Factors such as poor water quality, algal blooms, 

poor nutritional status, overcrowding, periodic handling, temperature changes and 

salinity, contribute to physiological changes in fish such as stress or immunosuppression 

and thus increase the susceptibility to disease (Oliveira et al., 2021; Reverter et al., 2014). 

Stress reduces fish appetite and growth, causes degeneration of the intestinal mucosa and 

perturbs its barrier function and uptake mechanisms and thus, increase susceptibility to 

diseases by influencing on the population level of the fish intestinal microbiota (Olsen et 

al., 2002).  

In 2018, the yearly Atlantic salmon mortality in the Norwegian aquaculture was 27.8% 

(Oliveira et al., 2021). In Norway, Salmon louse (Lepeophtheirus salmonis) infections have 

the greatest economic impact of all parasites affecting aquaculture. The rapid resistance 

development to treatments like chemotherapeutants make it difficult to control sea lice 

infestations (Overton et al., 2019). Some of the best approaches in controlling infectious 

diseases are vaccines, water disinfection and dietary supplements such as prebiotics or 

various immunostimulants. In general, aquaculture advise to focus on preventing diseases 

outbreak rather than treatment (Assefa & Abunna, 2018). 
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1.4. Feed Additives and Functional Ingredients in Aquafeeds 

Aquaculture practicing has changed from solely dependent on fishmeal (FM) and fish oil 

(FO) as a fish feed to alternative feed plant-ingredients like soybean meal, corn, wheat, 

rapeseed meal and sunflower. Consequently, there is a significant reduction in use of FM 

and FO in aquafeed formulation (Jannathulla et al., 2019; Kok et al., 2020). Alternative 

novel feed ingredients need to be cost effective, available in sufficient quantities year-

round, nutritious, free from contaminants and other undesirable compounds like 

antinutrients, and able to support the desired nutritional traits of seafood such as highly 

unsaturated omega-3 fatty acids (HUFAs) (Jannathulla et al., 2019). In general, significant 

growth enhancement, immunity and diseases survival were found on the use of plant-

enriched diets in fish feed (Reverter et al., 2021).  

There is no industrial food production that is totally sustainable. As an example, the 

production of soybean is not truly sustainable because of deforestation and the use of non-

renewable phosphorous sources (Ytrestøyl et al., 2015). Other concerns regarding 

environmental sustainability, conflict with the demand for direct human consumption, 

and the presence of anti-nutrient factors, especially saponins and trypsin inhibitor that 

challenge function and health of the gut of fish have been raising with the use of soybean 

as fish feed (Bjørgen et al., 2020; Jannathulla et al., 2019; Ytrestøyl et al., 2015). These 

scenarios as well as the preference towards focusing on locally available ingredients to 

reduce the expense of the transport cost, have forced aquaculture nutritionists to develop 

sustainable novel feed ingredients based on non-food resources like insect-meals, macro- 

and microalgae and single-cell micro-organisms like bacteria, fungi and yeast. These novel 

ingredients are considered as most promising protein sources due to their renewable and 

fast-growing characteristics (Jannathulla et al., 2019). 

Microbial ingredients, particularly yeasts, have the ability to convert low-value non-food 

biomass from forestry and agricultural industry into high-value feed resources, thus they 

can serve as a high-quality protein source for aquaculture fish production, though the 

production cost is too high at present (Solberg et al., 2021; Øverland et al., 2013). Yeasts 

can improve the immune and antioxidative responses, enhance growth and survival rate 

of fish (Bharathi et al., 2019). The crude protein content of yeast dry matter is high which 

usually varies between 40% and 55%, and in general yeast amino-acid composition is 
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comparable with fish meal, except for the low methionine contents (Øverland & Skrede, 

2017). Study by Øverland group (Øverland et al., 2013) showed that 40% of Atlantic 

salmon protein feed meal can be replaced by yeast proteins. Additionally, yeasts have less 

environmental impacts due to their limited dependence on arable land and water use 

(Couture et al., 2019; Øverland et al., 2013). Yeast cell wall components, like prebiotic β-

glucans and Mannan oligosaccharide (MOS), have shown to influence the 

immunostimulant effect in fish by promoting gut health and growth, immune response 

and protection against infectious pathogens, (Talpur et al., 2014). Other important 

components in fish feed are plant derived bio-active compounds as a functional feed 

supplements that are believed to have immunostimulant effects.  

Researchers have shown interest in polyphenols, plant derived compounds as a functional 

feed supplements because they can induce physiological functions and health 

performance of fish over the normal feed additives (Bharathi et al., 2019). Functional 

feeds refer to ingredients which are supplemented in small quantities to the feed to 

enhance the health benefits of the organism beyond the basic requirements of the fish for 

normal growth and health (Martin & Król, 2017). Polyphenol possess a variety of 

biological properties such as antioxidant, anti-inflammatory, antibacterial, anti-protozoal, 

and antiviral activities (Marcotullio et al., 2018), and they play a vital role in the 

prevention and cure of various diseases. In addition, the use of approved antibiotics and 

chemotherapeutants as a treatment methods in aquatic animals are more often neither 

effective nor environment-friendly (Kiron, 2012). They negatively affect the immune 

system of aquatic animals and are also a global health threat due to emergence of anti-

biotic-resistant bacteria (Reverter et al., 2021), thus it is preferable to avoid treating fish 

diseases with antibacterial drugs. Therefore, unless the use of antibiotics and 

chemotherapeutics in some circumstances are a must, aquaculture are advised to use 

other prophylactic approaches such as functional feed additives (Assefa & Abunna, 2018). 

Hence, plant extracts for diseases control in aquaculture has arisen interest as an 

alternative to antibiotics and chemical treatments (Reverter et al., 2014).  
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1.5. Plant Extracted Bioactive Compounds as a Functional Feeds  

Plant derivatives like phytobiotic or phytogenic compounds are heterogeneous feed 

additives originated from different part of the plants and their addition to the feed 

improves the growth and health performance of the fish (Bharathi et al., 2019). Bioactive 

compounds derived from by-product of woody biomass (low commercial importance) are 

promising sources of functional food ingredients and food additives, (Jablonsky et al., 

2017). Some beneficial effects of these phenolic substances have been observed. A 

previous study, for instance, have shown that such compounds can lower the risk of 

cancer or cardiovascular diseases in higher vertebrates due to their anti-oxidant 

properties (Jablonsky et al., 2017).  

Compounds derived from plant phenols attract intense intentions as dietary antioxidant 

supplementation and food preservation (Halliwell et al., 1995). Antioxidants are well 

known in controlling stress conditions and prevention of oxidation reactions, which cause 

tissue damage in living organisms. In humans, antioxidants protect the body against 

damage by reactive oxygen species (ROS), thus delay or prevent oxidation, as example, 

they inhibit lipid peroxidation and in addition, they might raise the levels of endogenous 

antioxidant defences (Halliwell et al., 1995). According to (Kähkönen et al., 1999) a wide 

variety of antioxidants, especially phenolic antioxidants, are abundant in knots, wood 

chips and barks of spruce tree (Picea abies). Though, extracts from woody biomass have 

antioxidant properties, the knot extracts from several trees have strong antioxidant 

effects (Pietarinen et al., 2006). In the knot wood of spruce tree, 30% of polyphenols can 

be extracted (Pietarinen et al., 2006). 

In Norway, forests occupy about 38% of the country’s total surface area and 47% of this 

is Norway spruce (Hu et al., 2018). Norway spruce knot wood is a rich source of lignans 

and other bioactive compounds (Mansikkala et al., 2020). Lignans, complex polyphenolic 

compounds, are strong antioxidants, and they are used as wound healing and anti-fungal 

effects, as well as hormonal activity in trees as a natural defence mechanism (Korkina, 

2007; Mansikkala et al., 2020). The high molecular weight of lignans provide rigidity to 

the cell wall structure of plants and these properties make lignans important in improving 

pellet quality and durability (Colombo et al., 2020). In China, lignan bio-active compounds 

from Taxus yunnanensis have been used in traditional medicine for treatment of cancer, 
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diabetic disease and kidney problems (Tezuka et al., 2011). Hydroxymatairesinol (HMR) 

are plant dominant lignans and they are abundantly (17%) found in Norway spruce 

(Mansikkala et al., 2020). The antioxidant and antitumor properties of HMR were tested 

in vitro study in rats, dogs, and humans, and in all cases significant inhibitory effect on 

tumor growth and effective antioxidant result were observed (Kangas et al., 2002). The 

use of extracted HMR from Picea abies as a dietary supplement in a feed of a high fat diet 

mice improved body weight, and fat and sugar metabolism (Biasiotto et al., 2018). In 

another in vitro study, addition of extracted bio-active lignan compounds on Cytochromes 

P450 (CYPs) showed strong inhibition effect (Tezuka et al., 2011). CYPs are enzymes that 

oxidize metabolism of drugs in human liver microsomes, hence, reduce drugs 

bioavailability and influences the residence time of toxic chemicals in the body (Tezuka et 

al., 2011). Furthermore, it was also shown that lignan extracted compounds can act as a 

potent antiproliferative effects on human breast cancer cell studies (Hafezi et al., 2020). 

Though, there are not so many studies that have been performed on fish, however, 

hydrolyzed lignin improved feed quality and fish growth performance in Atlantic salmon 

(Colombo et al., 2020).  

Natural polyphenols which act as important substances in the field of nutrition, health 

and medicine are also found in softwood barks (Jablonsky et al., 2017). Bark extractives 

can be classified as hydrophilic and lipophilic components and the content of the 

extractable components obtained from the bark of individual tree species differs 

significantly (Jablonsky et al., 2017). The lipophilic components are mainly fats, waxes, 

terpenoids and higher aliphatic alcohols, and they can be extracted by non-polar solvents 

like diethyl ether and dichloromethane (Jablonsky et al., 2017). Hydrophilic components 

are aromatic compounds and can be extracted by water or polar solvents such as acetone 

and ethanol (Jablonsky et al., 2017).  

In addition, stilbenes are polyphenolic compounds present in the bark parts of several 

plant families. The potential beneficial health effects of stilbene phenolic compounds are 

attracting a lot of interests. As an example, resveratrol is the most extensively studied 

stilbene due to its biological properties including its anti-inflammatory and anti-cancer 

effects (Maru et al., 2014). Stilbenes are considered as phytoalexins, compounds that are 

synthesized in plant tissues in response to disease, injury, or abiotic stress such as UV 

irradiation (Maru et al., 2014). It has been also shown that stilbenes can protect plants 
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against oxidative stress, inhibit the growth of competing plants and deter herbivorous 

(Hammerbacher et al., 2011).Though, the biosynthesis of stilbene is well known in plants 

like grape, peanut and pine, but very little is known about the biosynthesis and ecological 

role of stilbenes in spruce (Hammerbacher et al., 2011). Astringin and isorhapontin are 

the most abundant stilbenes presented in the softwood bark of spruce tree 

(Hammerbacher et al., 2011). These bio-active compounds have nutraceutical potential 

and capable of producing protective effects against chronic and degenerative diseases 

(Jablonsky et al., 2019). 

In Norway in 2020, more than 50 million out of 300 million smolts transferred to sea died 

prior to harvest (Sommerset et al., 2021), which is a significant economic loss for 

producers. Therefore, the antioxidant properties of the bio-active compounds may 

enhance fish health and consequently fish welfare and production profits. Furthermore, 

it is environmentally and economically sustainable to use biomass waste from forest or 

agricultural industry as fish feed ingredients. Hence, continues efforts are being made in 

extracting and purifying of these substances.  

 

1.6. Gut Health in Atlantic salmon  

The gastrointestinal tract (GIT) is an organ with multiple functions in immunity and it is 

the main site where environmental microorganisms and antigens interact with the host 

(Montalto et al., 2009). The gut microbiota in GIT is essential for intestinal development, 

homeostasis and protection against pathogenic challenges, and play a fundamental role 

in the maturation of the host's innate and adaptive immune responses (Koch et al., 2021; 

Montalto et al., 2009). The gut mucosa is rich in immune cells such as B and T lymphocytes, 

macrophages and granulocytes, and can trigger local responses (Press & Evensen, 1999). 

Gut-associated lymphoid tissue (GALT) is one among the other three main mucosa-

associated lymphoid tissues (MALTs) (skin-associated lymphoid tissue, gill-associated 

lymphoid tissue and nasopharynx-associated lymphoid tissue) in teleost that are 

constituted of both innate and adaptive immune cells and molecules that work together 

to maintain homeostasis at the mucosa (Salinas, 2015). GALT is the critical protective 

immune system in the GIT, and it helps in defending against pathogenic stimuli that 

penetrate the luminal mechanical barrier, as example, many of the chemokines secreted 
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in GALT participate in the regulation of intestinal immune responses (Caballero, 2005; 

Neu, 2008).  

Distal intestine of Atlantic salmon is considered to play an important role in immune-

related gut functions and functional ingredients are claimed to have beneficial effects 

within the intestine (Wang et al., 2020). Functional feed additives could directly stimulate 

the innate immune system or enhancing the growth of gut microbiota (Dawood et al., 

2018). These additives boost the natural defence of a fish by stimulating the immune 

system or increasing immune resistance, promote the proliferation of gut microflora and 

enhance the specific or nonspecific defense mechanisms (Assefa & Abunna, 2018).  

Gut health problems like intestinal inflammation and lipid malabsorption, and 

consequently fish susceptibility to various diseases, are observed in association with 

increased use of plant-based salmon feed (Li et al., 2019). Studies have shown that high 

dietary inclusion of plant-based protein sources such as soybean meal and pea protein 

concentrate in diets for farmed Atlantic salmon cause proliferative or inflammatory 

conditions in the intestinal mucosa. These antinutrients challenge function and health of 

the gut of fish (Agboola et al., 2021; Gajardo et al., 2017; Penn et al., 2011). 

Considering the above background, the present study aimed to investigate the potential 

beneficial health effects of two locally available Norway spruce extracts (NSE1 and NSE2) 

and increase the knowledge of these compounds as novel functional feed ingredients, and 

to characterize modulatory properties in the gut of Atlantic salmon, which, as MALT, is a 

key organ in coordinating the immune response, and may help to achieve improved 

overall fish health. 
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2. Hypothesis  

Dietary inclusion of bio-active compounds from Norway spruce woody biomass (NSE1 

and NSE2) in novel functional aquafeeds, modulate gut health through a differentiated 

expression of immune-related genes, and thereby improving immune function and 

robustness of Atlantic salmon.  

 

 

3. Objectives  

3.1. General objective 

To characterize the immunomodulatory effects of NSE1 and NSE2 from Norway spruce 

woody biomass as bio-active compounds in functional feeds on gut health of Atlantic 

salmon. 

 

3.2. Specific objective  

 To develop functional feeds for Atlantic salmon based on a well-balanced feed 

formulation and inclusion of NSE1 and NSE2 from Norway spruce woody biomass as 

bio-active compounds. 

 To assess the effects of the functional feed on gene expression of immune-related 

biomarkers in the hindgut of Atlantic salmon. 

 To correlate the gene expression of the target biomarkers in the hindgut of Atlantic 

salmon fed a plant-based commercial diet (control diet) with different inclusion 

levels of NSE1 and NSE2.  
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4. Materials and Methods 

4.1. Diets 

In this study, eight diets were used (Table 1), these were a plant-based commercial diet 

(control diet) and seven experimental diets with different inclusion of bioactive 

compounds (MacroGard®, NSE1 and NSE2). The diets were produced at the Centre for 

Feed Technology (Norwegian University of Life Sciences) in Ås, Norway. 

Table 1: Description of the diets used in the study.  

Diet number Diet code Description (g/kg)  Inclusion (%) 

Diet 1 D1 Plant-based diet (PBD), control 0% 

Diet 2 D2 PBD + MacroGard (2g/kg) 0.2 % 

Diet 3 D3 PBD + NSE1 (0.2g/kg) 0.02 % 

Diet 4 D4 PBD + NSE1(1g/kg) 0.1 % 

Diet 5 D5 PBD + NSE1 (2g/kg) 0.2 % 

Diet 6 D6 PBD + NSE2 (0.2g/kg) 0.02 % 

Diet 7 D7 PBD + NSE2 (1g/kg) 0.1 % 

Diet 8 D8 PBD + NSE2 (2g/kg) 0.2 % 

 

The control diet was used as the basis for the production of all other diets (Table 2). This 

diet was formulated to meet or exceed the nutrient requirements for Atlantic salmon 

(NRC, 2011). The feed pellets were produced using P35A pasta machine. Each feed 

ingredient was weighed and mixed thoroughly with a professional small-scale 

commercial paddle mixer for four minutes, prior to the adding of water, gelatin, and fish 

oil. Gelatin was dissolved in 1500 ml of cold water and heated until 55℃. The solution was 

added to the dry ingredients and stirred in spiral mixer (Prismafood Solutions, Italy). 

Cold pelleting was carried out using pasta machine (ITALGI P35A, Italy) to produce pellets 

of 2.5mm of size. Approximately 600ml of warm water was added for each diet to obtain 

the optimal consistency. After pellet formation, they were dried at 60℃ until the moisture 

content below 10%. The feeds were then transferred into labelled bags and stored at 4℃ 

until used. 
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Table 2: Formulation of plant-based commercial diet (PBD).   

Component  g kg-1  Amino acids g kg-1 

Fishmeala 260  Ala 21.7 

Soy protein concentrateb 245  Arg 27.6 

Wheat glutenc 100  Asp 36.9 

Pre-gelatinized potato starch  118  Cys 4.6 

Gelatin 60  Glu 83.3 

Fish Oil 160  Gly 28.6 

Monocalcium phosphate 15  His 9.9 

Vitamin/Mineral premixedd 5.0  Ile 16.1 

L-lysine 4.0  Leu 28.7 

DL-Methionine 1.5  Lys 28.6 

Choline chloride 1.0  Met 9.4 

Yttrium oxide 0.1  Phe 18.3 

Calculated nutrient content  Pro 30.3 

Dry matter 932.2  Ser 18.3 

Crude protein 483.3  Thr 14.9 

Crude lipids 216.4  Tyr 11.4 

GE (MJ kg-1) 17.7  Val 16.9 

Total P 9.9    

Calcium 14.5  SUM 405.9 
aLT fishmeal, Norsildmel, Egersund, Norway; bTriple A AS, Honsyld, Denmark; cAmilina 

AB, Panevezys, Lithuania; dVit/min premix, NMBU Fish Premix Basic, Trouw Nutrition, LA 

Putten, The Netherlands. Per kg of feed: Vitamin A 2500 IU; Vitamin D2 1500 IU; Vitamin 

E (all-rac-alpha-tocopheryl acetate) 200 IU; Vitamin K3 (Menadione nicotinamide 

bisulfite) 10.05 mg; Vitamin B1 (Thiamine mononitrate) 15.0 mg; Vitamin B2 (Riboflavin) 

25.0 mg; Calcium D-pantothenate 40.0 mg; Niacinamide 75.05 mg; Vitamine B6 

(pyridoxine hydrochloride) 15.0 mg; Folic acid 5.0 mg; Vitamin B12 (cyanocobalamin) 

25.0 mg; Vitamin C 125.0 mg; Biotin 275.0 mg; Calcium iodate, anhydrous, Iodine 30.0 mg; 

Manganese (II) oxide, Manganese 15.0 mg; Zinc oxide, Zinc 105.0 mg. Carrier: Calcium 

carbonate. 
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4.2. Experimental design and fish trails  

The fish experiment was conducted at the Center for Fish Research at the Norwegian 

University of Life Sciences (NMBU, Ås, Norway). The experimental procedures were 

performed according to the Norwegian Animal Research Authority’s established 

guidelines (Directive 2010/637EU) and Norway (FOR-2015-06-18-761). 

Atlantic salmon eggs were obtained from AquaGen AS from Sjøanlegg, Norway and 

hatched at 5 ℃. All fish were fed the same commercial salmon feed and kept at 24 hours 

light and average temperature of 14 ℃ prior to the start of the experiment.  

Fish experiment was conducted for four weeks (from 25 October 2021 to 25 November 

2021). A total of 640 parr with average weight of 28.4 g ± 0.05, were randomly distributed 

into 16 fiberglass tanks (300 L capacity each). Each tank was stocked with 40 fish and 

each dietary treatment was fed to duplicate tanks (Figure 1). 

Fish were kept at 24 hours light and water quality parameters were checked and recorded 

daily. The average temperature was kept at 14 ℃ and flow rate was adjusted to maintain 

the oxygen saturation above 75% and dissolved oxygen concentration above 7.0 mg L-1. 

Feed was weighed and placed on an automatic feeder each day and fish were fed once a 

day for a period of six hours (from 6:00 AM to 12:00 PM). Uneaten feed was collected on 

a screen for each tank and recovered within one hour after feeding and weighed as 

described by Helland et al. (1996). From that, the amount of feed supplied to the fish for 

the next day was adjusted per tank. Each tank was checked daily for abnormal behavior 

or mortality.  

 

 

Figure 1. Experimental design of the experiment for Atlantic salmon with 40 fish per tank 

(duplicate tanks per diet). Feeding period: 4 weeks.  
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4.3. Sampling fish tissue and measurement of physical parameters 

Six fish from each tank were randomly sampled, sedated with metacaine (MS-333; 15 mg 

L-1) and euthanized with a sharp blow to the head. Fish weight and length was measured 

and recorded (total of 96 fish for all 16 tanks). Then, fish was opened with sterile scalpel 

and the intestine was removed and cleared of any adipose tissue. Thereafter, distal 

intestine (DI) was open longitudinally and one section (0.5-1.00 cm) was collected and 

preserved in RNAlater®, stored overnight at 4°C, and then kept at -80°C until RNA 

isolation.  

The remaining fish in the tanks (34 fish per tank) were sedated with the same method 

described above and weighed in bulk. 

4.4. RNA isolation in distal intestinal samples 

Distal intestine samples (eight per dietary group from duplicated tanks) were thawed on 

ice for about one hour. Between 20-40 mg of each sample was taken into 2ml tube 

together with Qiazol® (900 µL). Then, the samples were disrupted and homogenized 

(twice) using metal beads in a TissueLyser II (Qiagen) for 2 minutes at 20 Hz. Each sample 

was carefully pipetted into a new Eppendorf tube and incubated at room temperature for 

5 minutes. After, 180 µL chloroform was added to each sample and shook for 20 seconds. 

Then, the samples were centrifuged at 13800 x g for 15 minutes (4°C). Thereafter, 450 µL 

of the upper phase (containing RNA and water) of each sample was transferred to a new 

Eppendorf tube. Subsequently, 450 µL isopropanol was added to each sample and, after 

mixing, samples were incubated at room temperature for 10 minutes. The samples were 

then centrifuged again at 13800 x g for 15 minutes (4°C) and the supernatants were 

removed without touching the pellets. Samples were centrifuged for 3 min and the excess 

liquid were removed. Later, 70 % ETOH (200 µL) was added, and all samples were 

centrifuged at 13800 x g for 10 minutes (4°C). Supernatants were removed and again 

centrifuged for 3 minutes. Any excess liquid was removed. Tubes were laid down on side 

with open lid to air dry for 10 minutes to dry the RNA pellet. Following drying, the RNA 

pellets were dissolved in 40 µL RNAse free H2O, incubated at 55°C for 10 minutes, and 

then kept on ice.  
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The concentration and purity of RNA samples were measured by NanoDrop TM 8000 

spectrophotometer (Nanodrop Technologies), and the RNA integrity was checked on a 

Bioanalyzer (Agilent 2100). Finally, 64 RNA samples for 64 fish were stored at -80 °C until 

further analysis. 

 

4.5. Complementary DNA synthesis 

The complementary DNA synthesis (cDNA) was performed using AfinityScript qPCR 

cDNA Synthesis Kit, according to the kit manufacturer’s protocol. Briefly, RNA samples 

were diluted to a final concentration of 500ng mL-1. A mix with all the kit components was 

made enough to all reactions (Table 3). Subsequently, 14 µL of the mixed reagents and 6 

µL from RNA sample were loaded into an individual reaction tube. Finally, to allow cDNA 

synthesis, samples went through a thermal cycle (Table 4) on GeneAmp PCR system 9700 

(ThermoFisher).  

Table 3. Component and volume of the components for cDNA synthesis per each reaction. 

Component Volume (µL) 

First strand master mix  10 

Random primers  3 

AffinityScript Reverse transcriptase  1 

RNA template  6 

Total volume 20 

 

 

Table 4. Thermo Cycle for cDNA synthesis. 

Step Temperature (°C) Time (m) 

Allowing primer Annealing 25 5 

Allowing cDNA synthesis 42 45 

Terminating cDNA synthesis reaction 95 5 
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Synthesized cDNA was diluted to 1:10, and then, the samples were stored at -20 °C until 

forward analysis. 

 

4.6. Reverse transcription-quantitative polymerase chain reaction (RT-

qPCR) 

RT-qPCR of selected genes (Table 5) was subsequently performed on cDNA samples (8 

per dietary group from duplicated tanks) by using LightCycler® 480 SYBR Green I Master 

and following supplier recommendations. Briefly, each reaction was composed by 10 µL 

of SYBR Green, 1.5 µL of PCR primers (10nM each), 5.5 µL water and 3 µL of diluted cDNA, 

a total of 20 µL (table 6). A mix was prepared enough to all the samples and additional 

controls.  

Reactions were performed in duplicates in a white multiplate 96 well PCR plates (Bio-Rad 

white Multiwell Plate 96). For each primer pair two wells with no template were included 

(no template control), where cDNA template was replaced by 3 µL of PCR grade water. 

The plate was then sealed, briefly centrifuged, and then loaded in CFX96 Touch Well Real-

Time PCR machine to perform RT-qPCR with 40 cycles (Table 7). A melting curve was 

added to provide the accurate identification of single amplified cDNA sample. Gene 

expression was normalized to a housekeeping elongation factor 1 alpha. 
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Table 5. Genes evaluated by qPCR 

Gene 
Forward 

Primer 

Reverse 

primer 

Melting Temp 

(°C) 

EFα1 

(Elongation factor 1 

alpha) 

GCAGTGGCAGTGTGATTTCG GTAGATCAGATGGCCGGTGG 61 

IL-1β 

(Interleukin 1 beta) 
AGGACAAGGACCTGCTCAACT CCGACTCCAACTCCAACACTA 64 

IL-8 

(Interleukin-8) 
ATTGAGACGGAAAGCAGACG CGCTGACATCCAGACAAATCT 63 

TGFb 

(Transforming 

growth factor beta) 

AGTTGCCTTGTGATTGTGGGA CTCTTCAGTAGTGGTTTGTCG 63 

iNOS 

(Inducible nitric 

oxide synthase) 

AGGTGCTGAATGTGTTGCAC GTATTCTCCTGCCTGGGTGA 64 

SOD 

(Superoxide 

dismutase) 

CCACGTCCATGCCTTTGG TCAGCTGCTGCAGTCACGTT 64 

IFNγ  

(Interferon gamma) 
GTGAGCGGAGGGTGTGGATG CAGGAAGTAGTGTTTCTGGGTC 64 

Prx2 

(Peroxiredoxin 2) 
TCACTGACAAACACGGAGAAG CTGCTGCTTGGAGAAGAAGT 64 

 

 

Table 6. Components for preparation of PCR Mix for one 20µL reaction 

Component per reaction Volume (µL) 

LightCycler® 480 SYBR Green I Master 10 

Primers (10nm) (Forward + Reverse) 1.5 

DNA Template  3 

Water, PCR grade 5.5  

Total  20 
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Table 7. Thermo cycle for RT-qPCR 

Step Duration Temperature (°C) 

Activation of DNA-polymerase 7 min 95 

Amplification of the target DNA (40x) 10 sec 95 

Primer Annealing (40x) 15 sec variable 

Elongation (40x) 15 sec 72 

Melting curve 

5 sec - 95 

1 min 65 

variable 97 

Cooling 10 sec 40 

 

 

4.7 Data analysis 

Microsoft Excel 2013 was used for graphical presentation and calculation of means and 

standard error of the mean (SEM). Moreover, after Shapiro’s test, log transformation (ln) 

in all qPCR data was performed and multiple t tests was used (GraphPad Prism 8.0.2) to 

compare the gene expression of the different biomarkers between the control diet and the 

other experimental diets. Differences were considered significant when p-value < 0.05. 

Correlation coefficients among diets were calculated by Corrplot (v.0.92) in R (Wei & 

Simko, 2021) . The correlation was considered significant when p value < 0.01 (degrees 

of freedom=5). 
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5. Results  

5.1 Health status and physical parameters  

During the fish trial, no mortality was recorded, and no significant differences in length 

and final body weight were observed between the dietary groups (Figure 2). 

 

Figure 2. Physical parameters. Length (A). Final body weight (B). Control: D1; MacroGard: 

D2; Diet 3: D3; Diet 4: D4; Diet 5: D5; Diet 6: D6; Diet 7: D7; Diet 8: D8. Each bar=6 fish. 

 

5.2 Gene expression of immune-related biomarkers 

The group fed MacroGard (D2) showed an up-regulation of IL-1β (p<0.005) and Prx2 

(p<0.020), compared to Control diet (D1) (Figures 3/4 A and E). No significant differences 

were detected within the other genes. 

The inclusion of compounds from spruce tree showed that the highest inclusion level of 

NSE1 D5 was able to induce a modulation of immune-related genes (Figure 3 A), with a 

significant up-regulation of IL-1β (p<0.001) compared to control diet D1. Similarly, Diet 6 

also showed this same trend (Figure 4 A), with an increase in IL-1β expression (p<0.041).  

In the group fed Diet 8, a different trend in the expression of immune-related genes was 

observed. In this group, the down-regulation in the expression of IFNγ (p<0.007), IL-8 

(p<0.001) and iNOS (p<0.010) were detected compared to control diet (D1).  

Regarding to the other genes (TGFβ, Prx2 and SOD), no significant differences were 

detected between the different diets with spruce compounds at all inclusion levels. 
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Figure 3. Gene expression (by qPCR) of immune-related biomarkers (A: Interleukin 1 beta, 

B: Interferon gamma, C: Interleukin 8, D: Inducible nitric oxide synthase, E: Peroxiredoxin 

2, F: Transforming growth factor beta G: Superoxide dismutase) in DI from Atlantic 

salmon fed diets with three different inclusion levels of NSE1 (D3, D4, and D5). D1: Control 

diet. D2: control diet with MacroGard. Each bar= 6 fish. *: significant difference, compared 

to the control diet (p value <0.05). 
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Figure 4. Gene expression (by qPCR) of immune-related biomarkers (A: Interleukin 1 beta, 

B: Interferon gamma, C: Interleukin 8, D: Inducible nitric oxide synthase, E: Peroxiredoxin 

2, F: Transforming growth factor beta, G: Superoxide dismutase) in DI from Atlantic 

salmon fed diets with three different inclusion levels of NSE2 (D6, D7 and D8). D1: control 

diet. D2: Control diet with MacroGard. Each bar= 6 fish. *: significant difference, compared 

to the control diet (p value <0.05).  
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5.3. Correlations  

Statistical analysis showed that NSE1 D3 and NSE2 D7 diets were positively correlated 

with almost all other diets except with control diet (D1: -0.38 and -0.26), and NSE2 D8 

(D8: 0.72 and 0.76). Moreover, both MacroGard (D2), NSE1 D5 and NSE2 D6 were 

correlated with the other diets, except with control (D1: -0.52, -0.57 and -0.49, 

respectively), NSE1 D4 (D4: 0.79, 0.86 and 0.84, respectively) and NSE2 D8 (D8: 0.61, 0.59 

and 0.72, respectively). 

Interestingly, neither the control diet nor diet 8 showed significant correlations. In 

addition, no significant negative correlations were detected. 

 

 

Figure 5. Correlation analysis among dietary groups using the gene expression data from 

target immune-related biomarkers. The prefix ‘D’ refers for Diet. All the parameters that 

are significantly correlated (p-value < 0.01) are denoted by ‘*’. Degrees of freedom = 5. In 

blue: Positive correlation. In red: Negative correlation. 
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6. Discussion  

Aquaculture is an important economic industry helping to solve the growing demand of 

the world´s population for more high-quality proteins. Finfish aquaculture industry has 

progressively caught up with capture fisheries and is expected to overtake it in the near 

future. Furthermore, advances in fish farming techniques and the nutritional and health 

promoting value of fish products will probably drive an even higher acceleration of 

farmed fish production in the future (FAO, 2020; FAO, 2021)  

However, the rapid growth of this sector has raised concerns about the environmental 

impact and sustainability of fish farming. As an example, one argument against the 

sustainability of aquaculture is the dependence of fish feed industry on fish meal and fish 

oil, and the effects on the environment and wild fish stocks. Furthermore, with the 

increasing use of plant ingredients in fish feeds, deforestation concerns and the need for 

phosphorus, an essential nutrient, is increasing. Thus, it is believed that phosphorus will 

become a limited resource for food production soon (Ytrestøyl et al., 2015). Besides, the 

intensification of salmon farming has been facing many constraints and challenges, which 

cause large economic losses. Among these, multi-stressor conditions such as handling, 

infectious diseases, algal blooms, and water quality, are the most serious challenges that 

causes huge loss of production (Assefa & Abunna, 2018; Kiron, 2012; Sommerset et al., 

2021).  

Research efforts have increased during the last 20 years to understand the link between 

fish immune response, nutrition and resistance to diseases (Buchmann & Secombes, 

2022; Kiron, 2012). Teleost fish have both innate and adaptive responses, which operates 

in a coordinated interaction between them and the environment. Among important 

immune organs, DI is a crucial site for the modulation of the host’s response. Distal 

intestine, as a MALT (Cesta, 2006; Jung‐Schroers et al., 2018) has a key role in the 

modulation of both local and systemic physiological responses by regulating pro- and 

anti-inflammatory cytokines, effector molecules, and coordinating antigen-presenting 

cells (Morales-Lange et al., 2022). Bioactive compounds in functional feeds (e.g., α-glucan, 

β-glucan, α-mannan, and nucleic acids) have the potential to improve fish health and 

welfare, acting as immuno-modulatory compounds (Kiron, 2012; Talpur et al., 2014). 
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These ingredients can enhance or suppress the immune response, reducing stress, 

protecting from pathogens, and increasing the resistance of fish to infectious diseases. 

β-glucans, which are non-digestible carbohydrates that as a feed additive can act as a 

prebiotics, enhance the innate immune responses and, consequently, improving gut and 

overall fish health and growth performance. Hence, it is common to use them as an 

immunomodulator in the aquaculture industry (Dawood et al., 2018; Koch et al., 2021). In 

the current study, a dietary group had a 0.2% inclusion level of a commercially available 

β-glucan (MacroGard®), which showed a significant up-regulation of IL-1β and Prx2 

compared with the control. This differential gene expression could be an indication of the 

activation of immune cells related to innate responses in distal intestine, as reported 

previously (Schmitt et al., 2015). Moreover, in an experiment with Nile tilapia 

(Oreochromis niloticus) fed a diet containing β-glucan, significantly higher activity of 

intestinal lysozymes was observed, thus indicating improved humoral innate immune 

responses and the tilapia’s resistance to bacterial diseases (Aeromonas sobria and 

Streptococcus agalactiae) (Koch et al., 2021). In another study, a significant expression of 

IL-1β was observed in intestinal epithelial cells of rainbow trout in response to β-glucan 

-supplemented diets (Schmitt et al., 2015). 

IL-1β is a pro-inflammatory cytokine with a key role in the production of other pro-

inflammatory cytokines (e.g., IL-8 and IL-6) and in the activation of lymphocytes and 

phagocytic cells, which can increase fish resistance to bacterial infection (Sakai et al., 

2021). In rainbow trout, an increase in the number of phagocytes that migrate into the 

peritoneal cavity were observed with the increasing expression of IL-1β (Zou & Secombes, 

2016). Moreover, IL-1β also play a key role on the production of anti-inflammatory 

cytokines such as IL-10 and TGF-β (Buchmann & Secombes, 2022; Khansari et al., 2017), 

contributing then the immune homeostasis.  

In fish, further studies have confirmed that an increase in the expression and release of 

Prx2 was observed after the increase of IL-1β in a study of viral infection (Valero et al., 

2015). Prx2, also known as natural killer enhancing factor (NKEF), is an antioxidant 

enzyme from the family peroxiredoxins and it is important for the control of the cellular 

redox potential and facilitate tissue repair after damage. It can also act as modulators of 

inflammation in pathogen infection as observed in European sea bass (Dicentrarchus 
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labrax), where viral loads of nervous necrosis virus in the brain were decreased after 

intramuscular injection of Prx2 (Valero et al., 2015). 

In this study, the impact of bio-active compounds NSE1 and NSE2 (from Norway spruce 

tree) on the gene expression of immune biomarkers in distal intestine were evaluated. 

Interestingly, both higher inclusion of NSE1 and lower inclusion of NSE2 induced 

upregulation of IL-1β (compared to control diet), which, similar to MacroGard®, suggests 

the activation of immune cells and the activation of inflammatory processes. 

Contrary to what was described above, the high inclusion of NSE2 induced a 

downregulation of several immune-related biomarkers (IL-8, IFNγ and iNOS) compared 

to control diet. Similar phenomenon was observed in grass carp where the up-regulation 

of IL-1β, IL-8 and iNOS, induced by Lipopolysaccharide, were inhibited by TGF-β (which 

have immunosuppressive functions) (Zou & Secombes, 2016). However, there was no 

significant difference in the expression of TGF-β in this study. Hence, the justification for 

the down regulation of IFNγ, IL-8 and iNOS in this research is not clear. Nevertheless, by 

damping the inflammatory response, NSE2 can contribute for the immune regulation and 

homeostasis in the gut, since long-period inflammation may cause over-stimulation or 

exhaustion of the immune system, tissue damage and at last, immunosuppression (Koch 

et al., 2021) 

Both IL-8 and IFNγ are pro-inflammatory cytokines. IL-8, also known as CXCL-8, is a good 

indicator of the occurrence of inflammatory processes, and it is known for its importance 

in the regulation of inflammatory responses during bacterial and parasitic infections 

(Carriero et al., 2020). IL-8 is a chemokine that exerts a chemoattractant effect on 

neutrophils and mononuclear leukocytes and induces neutrophil infiltration, therefore, it 

is highly involved in the initiation of the inflammatory process (Carriero et al., 2020).  

IFNγ is a powerful pro-inflammatory cytokine involved in bactericidal activity and 

contributes to cell-mediated immunity by activating macrophages against pathogens 

during both innate and adaptive immune responses, and it is also able to increase 

production of nitric oxide (Buchmann & Secombes, 2022; Xu et al., 2012; Zou & Secombes, 

2016). Chronic granulomatous disease (genetic disorder), which is chronic hereditary 

immune disorder can be treated by IFNγ (Samuel, 2001). However, studies in higher 
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vertebrates have also shown that higher expression of IFN- can lead to immunopathology 

(Xu et al., 2012). 

Inducible nitric oxide synthase (iNOS) is one of three key isoforms that is expressed by a 

variety of cells like T cells, macrophages, and dendritic cells. After induction by cytokines 

or other stimuli, it can regulate the differentiation and function of immune cells 

(Panettieri et al., 2019; Xue et al., 2018). iNOS produces nitric oxide (NO), which is a 

reactive species mediator that protects the host against various pathogens, including 

bacteria, parasites, and viruses. NO is generally considered detrimental due to the 

accumulation of unstable reactive nitrogen species (RNS), including peroxynitrite, which 

is known as oxidative stressor and is harmful to the cells. Increased RNS can also be 

removed by antioxidant enzymes such as Prx2 (Morales-Lange et al., 2018). 

Altogether, NSE1 and NSE2 proven to induce different responses in salmon, as well as 

different responses with different inclusion level. Not only the extraction and fractioning 

process of woody compounds, industrial handling can also influence the bioactive 

properties of Norway spruce extracts (Jyske et al., 2022). 

It has already been described that differences in the proportion and level of bio-active 

compounds could differentially modulate how sensible Atlantic salmon is to the 

compounds and how they change their physiological response at the intestinal level 

(Morales-Lange et al., 2022). 

NSE may have application in the salmon farming industry to prevent or reduce disease 

outbreaks and/or improve function and health, particularly during challenging periods. 

Salmon farming takes place in both freshwater and seawater during different stages like 

egg stage, fry or parr stage, smolt stage (that is ready for seawater transport) and on 

growing stage in the seawater. Mortality in Atlantic salmon occurs in all the production 

cycle in the freshwater stage, during sea transfer, as well as in on growing stage at sea. 

Infectious diseases outbreak is high, for example, when Atlantic salmon switch between 

fresh and saltwater. At that point, stress levels are high and fish are more vulnerable to a 

variety of factors associated with the aquaculture environment and management 

procedures, such as exposer to new environment, high stocking densities, handling and 

delousing lice treatments (Iversen et al., 2005; Martin & Król, 2017). Under such stressor 

conditions, activation of the immune response would be helpful, thus NSE1 can stimulate 
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the immune system, enhancing the host’s protection against invasion of pathogens which 

then can reduce mortality.  

However, an aggressive immune response over long periods of time is not only harmful 

to a potential pathogen, it can also be harmful to the host. Therefore, NSE2 could serve as 

a functional feed ingredient, which may enable to reduce or control over-inflammatory 

processes in Atlantic salmon smolts.  

Lastly, this study was conducted in a controlled laboratory environment, where the fish 

were healthy, not exposed to pathogens or contaminants, constantly monitored, good 

water quality, and deprived of general stressful conditions. However, in future studies, 

which consider the dietary inclusion of NSEs, fish should be exposed to multiple stress 

conditions under unfavorable environmental conditions combined with relevant 

pathogens challenges for Atlantic salmon, to evaluate the efficacy of these compounds in 

promoting a more robust fish. 

  



33 
 

7. Conclusion 

Atlantic salmon fed bio-active compounds (NSE1 and NSE2) extracted from Norway 

spruce have shown to modulate immune-related biomarkers in the distal intestine. While 

the use of NSE1 as a functional ingredient in novel feeds induced a modulation of IL-1β, 

suggesting the activation of the pro-inflammatory response, NSE2 showed a pattern of 

down-regulation associated with IL-8, iNOS and IFNγ, which may be related to the control 

of the immune response and the maintenance of homeostasis in the distal intestine.  

These results allow establishing the bases for the evaluation of NSEs, which could be used 

in future investigations that seek to expand the knowledge related to the 

immunomodulatory properties of novel ingredients from woody biomass in functional 

feeds, improving productive aspects of salmon farming, and allowing Atlantic salmon to 

cope with multi-stressor conditions.  
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