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SUMMARY 

A consequence of the foreseen increase in demand for Atlantic salmon (Salmo salar) is 

search of new production sites. In Norway, new production sites are available in the Arctic 

areas, such as Finnmark. As most studies of biology and requirements of Atlantic salmon 

have been conducted in more southerly areas, the present knowledge on how extreme 

variation in photoperiod, very low average temperature and specific pathogens occurring in 

the Arctic areas are influencing fish in general and, in this context gut health and microbiota 

in particular, is limited. Functional feed ingredients are commonly used in diets for fish 

produced to improve fish health and disease resistance in particular during stressful farming 

conditions. They are claimed to have positive effects on gut functions and health, at least 

under certain conditions, via direct or indirect actions on the function of the intestinal mucosa 

and/or via modulation of gut microbiota. However, documentation of their effects under 

commercial conditions is limited in general, and absent for the Arctic region. 

 

The goal of this thesis was to fill some of the knowledge gaps regarding gut health and 

microbiota of Atlantic salmon in the life period from late freshwater to seawater in the Arctic 

region for which two strategies were chosen: Firstly, to observe biomarkers of important, 

health-related gut functions in fish in a commercial size experimental farm fed diets without 

and with functional feed ingredients over a year from the last weeks before seawater transfer, 

and secondly, to use an in vitro approach to study effects of functional feed ingredients in a 

gut cell line model to reveal mechanisms underlying possible in vivo effects of functional 

feed ingredients.  

 

Observation from the commercial size experimental farm 

Atlantic salmon were observed at four sampling time points from late freshwater stage until 

about one year in seawater: in May, two weeks before seawater transfer (i.e. FW); in June, 

four weeks after seawater transfer (SW1); in November (SW2), and in April the following 

year (SW3) (Paper Ⅰ and Ⅱ). Two series of diets were fed, varying throughout the 

observation time in nutrient composition according to the requirements of fish, one with 

functional feed ingredients (Test diet), and the other without (Ref diet). The functional feed 

ingredients, i.e. nucleotides, yeast cell walls, a prebiotic and essential fatty acids, were 

supplemented to the diets either as single ingredient or as a mixture based on a strategy 
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developed by the feed producer for commercial production in the Arctic region.  

 

Overall, the growth performance of the fish, gut health and gut microbiota varied greatly 

between the sampling time points, whereas the inclusion of functional feed ingredients in 

the diet affected the fish only marginally.  

 

Compared to fish observed at FW, fish at SW1, i.e. four weeks after seawater transfer, 

showed substantially lower plasma cholesterol and triglycerides levels. The same was the 

case for gene expression levels related to immune and barrier functions, i.e. cytokines, T-cell 

markers and tight junction proteins, indicating suppressed status of some key physiological 

functions after seawater transfer. This suppression is most likely a cause of the increased 

vulnerability to diseases observed in Atlantic salmon just after seawater transfer. During the 

period SW1 to SW3 the plasma nutrients and most gene expression biomarkers returned to 

the levels observed at FW. 

 

Hyper-vacuolization was observed in the pyloric caeca enterocytes, particularly the fish at 

SW1 and SW2, indicating a situation of gut mucosa lipid malabsorption. The increasing 

symptoms of lipid malabsorption were corresponded with the up-regulated perilipin-2 (plin2) 

expression levels. 

 

Microbiota in digesta from the distal intestine at FW was dominated by phylum Firmicutes 

(e.g. genera Lactobacillus, Weissella, Peptostreptococcus and family Ruminococcaceae), 

Proteobacteria (e.g. genera Photobacterium, Deefgea and Pseudomonas) and Bacteroidetes 

(mainly genus Flavobacterium). The gut microbiota also showed slightly alteration just after 

seawater transfer, i.e. at SW1. Specifically, it was strongly dominated by the phylum 

Firmicutes (mainly genus Lactobacillus) and Proteobacteria (mainly genus Photobacterium). 

As fish progressed towards SW2 and SW3, the genera Lactobacillus and Mycoplasma 

became more prominent with a corresponding decline in genus Photobacterium.  

 

Multivariate association analysis identified the expression levels of gut barrier function 

genes to be negatively correlated with 26 taxa including genera Megasphaera, 

Photobacterium and certain lactic acid bacteria (LAB). Also, the relative abundance of 

Megasphaera was positively correlated with the levels of gut immune gene expressions and 

plasma nutrients. 
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Mostly, the functional feed ingredients did not significantly affect the observed indicators of 

production or gut functions of the fish. However, the mix of functional feed ingredients used 

at SW2, nucleotides, yeast cell walls and essential fatty acids, seemed to represent a 

metabolic cost for the fish, as indicated by a tendency to slower growth, and a reduction in 

condition factor. Plasma triglyceride levels showed a corresponding significant decrease. At 

the same sampling time point, decreased microbial richness and diversity and low relative 

abundance of LAB were observed in Test-fed fish.  

 

Observation from the in vitro study 

The nucleotides, mannanoligosaccharides (MOS) and β-glucans, were selected for 

evaluation of effects on intestinal epithelial functions at cellular level using the rainbow trout 

intestinal epithelial cell line, RTgutGC (Paper ⅠⅡ). The MOS treatment seemed to be the 

most potent modulator of immune and barrier functions in RTgutGC, and strongly 

suppressed reactive oxygen species (ROS) production and cell proliferation. Treatment with 

β-glucans induced high gene expression levels of immune and barrier functions, as well as 

possibly enhanced barrier functions via increasing transepithelial electrical resistance 

(TEER) levels and F-actin content. Compared to MOS and β-glucans, nucleotide treatment 

induced minor effects, i.e. only on expression levels of a few genes, i.e. interleukin 1 β (il1b), 

interleukin 8 (il8) and E-cadherin (cdh1).  

 

Altogether, this thesis work fills knowledge gaps regarding dynamics of gut health and 

microbiota in Atlantic salmon from late freshwater stage until about one year in seawater in 

the Arctic region of Norway, effects of strategic use of selected functional feed ingredients 

throughout the production cycle, as well as mechanisms underlying effects of these 

functional feed ingredients.  
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SUMMARY IN NORWEGIAN 

En konsekvens av den forventede økningen i etterspørselen etter atlantisk laks (Salmo salar) 

er søk etter nye lokaliteter for produksjon. I arktiske områder i Norge finnes muligheter for 

økt produksjon. Men, ettersom de fleste studier av effekter av variasjon i miljø og fôr på 

laksens produksjonsbiologi og helse er utført i mer sydlige områder, mangler vi kunnskaper 

om slike forhold for fisk produsert under arktiske forhold så som virkninger av ekstreme 

variasjoner i fotoperiode, lav gjennomsnittstemperatur og spesifikke patogener på 

fiskevelferd og helse. Arbeidet som presenteres i denne avhandlingen hadde som må å fylle 

kunnskapshull som gjelder tarmfunksjon og helse gjennom kritiske perioder av 

produksjonssyklusen hos fisk produsert under arktiske forhold. Funksjonelle ingredienser 

brukes i fiskefôr for å forbedre fiskehelse og sykdomsresistens, spesielt under stressende 

oppdrettsforhold. Bruken begrunnes med at de kan ha positive effekter på tarmfunksjon og 

helse, via direkte virkning på tarmslimhinnen og/eller via modulering av tarmmikrobiota. 

Dokumentasjonen for slike virkninger er imidlertid, svært begrenset, særling under 

kommersielle forhold. Målet med dette doktorgradsarbeidet var å fylle noen av 

kunnskapshullene som gjelder produksjon av laks under arktiske strøk. To strategier ble 

valgt. I den første ble forhold i en kommersiell produksjon indersøkt. I den andre ble effekter 

av funksjonelle ingredienser på tarmceller studert under in vitro betingelser. 

 

Observasjoner under kommersielle forhold 

Atlantisk laks ble undersøkt på fire tidspunkter, fra sent i ferskvannsfasen til etter ett år i 

sjøvann: i mai, to uker før overføring til sjøvann (FW); i juni, fire uker etter overføring til 

sjøvann (SW1); i november (SW2), og i april året etter (SW3) (Artikkel Ⅰ og Ⅱ). Fisken ble 

gitt kommersielt fôr gjennom hele forsøksperioden. Det varierte i 

næringsstoffsammensetning gjennom livsstadiene i henhold til variasjoner i laksens 

næringsstoffbehov. Fisken i forsøket ble delt i to populasjoner. Den ene fikk en serie av fôr 

som var uten tilsettinger av funksjonelle ingredienser (Ref diet), den andre en tilsvarende 

serie fôr som var supplert med funksjonelle ingredienser (Test diet). De funksjonelle 

fôringrediensene var nukleotider, et gjærcelleveggprodukt, et prebiotisk produkt og 

essensielle fettsyrer. De ble tilsatt fôrene enten som en enkelt ingrediens eller i blandinger i 

henhold til en strategi som var utviklet av produsenten.  
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Forsøket viste at fiskens vekst tarmhelse og tarmmikrobiota varierte sterkt mellom 

prøvetakingstidspunktene, mens strategien som var valgt for bruk av funksjonelle 

fôringredienser i dietten, påvirket fisken marginalt. 

 

Sammenlignet med fisk observert ved FW viste fisk ved SW1, dvs. fire uker etter overføring 

av sjøvann, vesentlig lavere nivåer av en rekke biomarkører, som plasmakolesterol og 

triglyserider. Det samme var tilfelle for genekspresjonsnivåer relatert til immun- og 

barrierefunksjoner: dvs. cytokiner, T-cellemarkører og tight junction proteiner, noe som 

indikerer undertrykking av noen svært viktige fysiologiske funksjoner etter overføring til 

sjøvann. Disse endringene har trolig nær sammenheng med den økte mottageligheten for 

sykdom hos fisken etter utsett. I løpet av perioden SW1 til SW3 kom imidlertid plasma 

næringsstoffene og de fleste genuttrykksmarkørene tilbake til nivåene som ble observert ved 

FW. 

 

Hypervakuolisering ble observert i enterocytter i blindsekkene, spesielt fisken ved SW1 og 

SW2, noe som indikerer lipid malabsorpsjon. De økende symptomene på lipidmalabsorpsjon 

korrelerte med oppreguleringen av perilipin-2 (plin2) som er en indikator på 

lipidakkumulering. 

 

Når det gjelder mikrobiota i tarminnholdet i baktarmen ved FW, ble fisken dominert av fylum 

Firmicutes (f.eks. Slektene Lactobacillus, Weissella, Peptostreptococcus og familien 

Ruminococcaceae), Proteobacteria (f.eks. Slektene Photobacterium, Deefgea og 

Pseudomonas) og Bacteroidetes (hovedsakelig slekten Flavobacterium). Tarmmikrobiotaen 

viste også endring etter overføring til sjøvann. Ved SW1 ble tarmmikrobiotaen sterkt 

dominert av fylum Firmicutes (hovedsakelig slekten Lactobacillus) og Proteobacteria 

(hovedsakelig slekten Photobacterium). Etter hvert som fisken utviklet seg mot SW2 og 

SW3, ble slektene Lactobacillus og Mycoplasma mer fremtredende med en tilsvarende 

nedgang i slekten Photobacterium. 

 

Multivariate assosiasjonsanalyser identifiserte ekspresjonsnivåene av sentrale gener i 

tarmens barrierefunksjon til å være negativt korrelert med mikrober i 26 taxa inkludert 

slektene Megasphaera, Photobacterium og visse melkesyrebakterier (LAB). Også relativ 

forekomst av Megasphaera var positivt korrelert med uttrykksnivåene av immune relaterte 

gener og næringsstoffer i plasma. 
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Tilsetting av de funksjonelle ingrediensene til det kommersielle fôret som ble brukt i dette 

prosjektet så ikke ut til å ha en positiv effekt på noen av de observerte funksjons- og 

helseindikatorene i tarmen hos fisken. Ved SW2 så de ut til å representere en metabolsk 

kostnad for fisken, uttrykt som redusert vekst, lavere kondisjonsfaktor og lavere nivå av 

triglyserider i plasma. På det samme prøvetidspunktet ble det også observert redusert 

mikrobiell «richness» og «diversitet» og lavt relativt innhold av melkesyrebakterier hos fisk 

som fikk Test Diet. På dette tidspunktet, men ikke ved de andre, var gjærcelleveggproduktet 

inkludert i Test Diet.  

 

Observasjoner fra in vitro studiet 

De funksjonelle ingrediensene nukleotider, mannanoligosakkarider (MOS) og ß-glukaner 

ble valgt til studier av virkningsmekanismer av slike ved bruk av en tarmepitelcellelinje fra 

regnbueørret (RTgutGC) (Papir Ⅲ). MOS så ut til å være den mest potente modulatoren av 

immun- og barrierefunksjoner i RTgutGC. Samtidig undertrykte MOS sterkt ROS-

produksjon og celleproliferasjon. Eksponering for ß-glukaner induserte høye 

genuttrykksnivåer av immun- og barrierefunksjoner, samt økte, dvs forbedret, transepitel-

elektrisk motstandsnivå (TEER) og F-aktininnhold. Sammenlignet med MOS og ß-glukaner 

induserte nukleotider ekspresjonsnivåer av bare noen få gener, dvs. interleukin 1 ß (il1b), 

interleukin 8 (il8) og E-cadherin (cdh1). 

 

Totalt sett bidrar arbeidet i denne avhandlingen med ny kunnskap om dynamikken i 

tarmhelse og tarmmikrobiota hos atlantisk i laks fra sent ferskvannsfase til ett år i 

sjøvannsfasen under arktiske forhold i Norge og hvordan funksjonelle fôringredienser 

påvirker tarmfunksjon og helse in vivo og in vitro. 
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INTRODUCTION 

In Norway, Atlantic salmon production in the northernmost areas, such as Finnmark, 

contributed with 8.9% of total aquaculture production in 2019 (https://www.fiskeridir.no). 

Lack of information on the consequences of the extreme changes in harsh Arctic conditions 

of these areas, e.g. low average temperature, longer winter period and extreme variation in 

photoperiod, which may challenge the physiology of the fish, hinders optimization of the 

production management compared to those conducted in more southerly areas. Also, many 

of the pathogens in these waters are unique, some causing severe disease outbreaks. It is 

highly likely that, due to environmental effects on fish biology, the influence of diet 

composition on gut health and microbiota may differ in fish produced in the northerly areas 

from that of fish grown more southerly. The general lack of information on how fish in the 

north may differ in biology and interaction with the environment, has stimulated the feed 

producers to recommend using functional feed ingredients with the aim to strengthen the 

fish’ capacity to manage harsh environmental conditions and resist specific pathogens. 

 

Functional feed ingredients are widely used in aquatic feed and are claimed to improve 

immunity during stressful farming situations (Tacchi et al., 2011;Kiron, 2012). A number of 

studies support this argument and show functional feed ingredients have positive effects on 

gut immune responses (Carbone and Faggio, 2016) and barrier functions (Torrecillas et al., 

2013;Torrecillas et al., 2014). The mechanism of action of functional feed ingredients may 

be directly or indirectly via the intestinal mucosa and/or via modulation of gut microbiota 

(Ringø et al., 2012;Merrifield and Ringø, 2014;Ringø et al., 2016;Guerreiro et al., 2018). 

However, the detailed knowledge on their mechanisms of action is still limited. 

 

The present thesis work aimed to strengthen knowledge on gut health and microbiota of 

Atlantic salmon by observing fish under commercial conditions over a one-year period 

starting from the late freshwater stage. The observations in the seawater stage started just 

after seawater transfer and were followed by observations in the autumn, and the spring the 

following year. In this study, effects of two diet series were compared, one without and one 

with functional feed ingredients to understand how they might modulate gut health status 

and microbiota under commercial conditions in the Arctic region. A complementary in vivo 

study of mechanisms underlying effects of functional feed ingredients was also conducted 
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employing a cell line developed from the intestine of rainbow trout, the RTgutGC. In vivo, 

fish gut health and function were evaluated observing various endpoints including intestinal 

somatic indices, digesta trypsin activity and total bile acid level, brush border membrane 

enzyme activity, histo-morphological appearances, gut function related gene expressions, as 

well as the microbiota in digesta of the distal intestine. In vitro, the endpoint analysis 

included the cell viability, brush border digestive enzyme activity, barrier functions, cell 

migration, reactive oxygen species (ROS) production, morphology, as well as gene and 

protein expression. 

 

The chapters below give background information and knowledge relevant for this thesis. 

 

Atlantic salmon farming in Norway 

Aquaculture production is currently the fastest-growing sectors for animal food production 

and is considered to be so in the near future. The world aquaculture production reached 82 

million tons fish in 2018, with Atlantic salmon contributing with about 3% of total 

aquaculture production (FAO, 2020). In Norway, Atlantic salmon is an economically 

important species with about 1.4 million tons in 2018 (FAO, 2020), and has the potential for 

further development to reach a level 4-5 times higher than today by 2050 (Almås and Ratvik, 

2017).   

 

A condition for fulfilling such an increase in Atlantic salmon production is expansion of the 

aquaculture production into areas with the potential for growth in this industry. One area of 

current interest for salmon expansion is the northernmost areas in Norway, such as Finnmark. 

However, literature searches reveal that knowledge relevant for fish production under Arctic 

conditions regarding nutrition, digestive functions, gut health and microbiota is very limited. 

Most studies have been carried out under more southerly conditions. Environmental 

differences, such as low average temperature and extreme variation in photoperiod, affect 

feed intake and growth rate. Also, disease challenges in these regions are different, some 

causing severe disease outbreaks. For example, two pathogens are of particular concern in 

these Arctic areas, the bacteria Tenacibaculum finnmarkense and the micro parasite 

Parvicapsula pseudobranchicola. The former causes ulcers in the unscaled parts of the 
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salmon skin, usually presented as erosions around the mouth and fins. The latter infects 

smolts shortly after seawater entry and disease outbreaks occur after 3-4 months (Nylund et 

al., 2005;Nylund et al., 2018).  

 

As the salmon production in the northernmost region of Norway is increasing, it becomes 

more and more urgent to increase knowledge on the fluctuations of fish health biomarkers 

and microbiota through the production cycle, to be able to develop feed and management 

strategies for host health and welfare in the aquaculture industry in these areas. 

 

The Atlantic salmon intestine 

The intestine is a multifunctional organ responsible for digesting and absorbing the nutrients 

from the ingested food, as well as transporting nutrients, ions and water from intestinal lumen 

into systemic circulation. Among other functions, the intestine is responsible for 

osmoregulation via both transcellular and paracellular routes. Moreover, the intestine is 

acting as a barrier towards the environment by physical, chemical and immunological 

functions, vital for the fish health and protection against pathogens and potential harmful 

components. Lastly, the intestine hosts a great number of bacteria with potential effects on 

most intestinal digestive, absorptive, barrier and immune functions. 

 

Morphology and functions 

 

The intestine of Atlantic salmon can be divided into three macroscopically distinguishable 

parts (Figure 1): proximal intestine (PI) with pyloric caeca (PC), mid intestine (MI) and 

distal intestine (DI).  

Figure 1: Anatomy of the intestine of Atlantic salmon. Abbreviations: PI, proximal intestine 
divided in two (PI 1 and PI 2); PC, pyloric caeca; MI, mid intestine; DI, distal intestine 

divided in two (DI 1 and DI 2). Modified from Bjørgen et al. (2020). 
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A wide range of digestive enzymes, secreted into the intestine from pancreatic tissue 

embedded in the mesentery fat depot between the PC or located on the brush border of 

enterocytes, break down complex nutrients, such as proteins, lipids, and carbohydrates, into 

small fragments that can be absorbed by the enterocytes. The digestive capacities and 

nutrient absorptive functions vary along the digestive track in Atlantic salmon (Bakke-

McKellep et al., 2000;Denstadli et al., 2004;Krogdahl et al., 2015b). The proximal part of 

the intestine is the primary site for digestion and absorption of feed nutrients in salmon, 

accounting for about 70% of the total nutrient absorption (Bakke-McKellep et al., 

2000;Denstadli et al., 2004). For example, trypsin is one of the main proteolytic enzymes 

secreted by the pancreatic tissue (Krogdahl and Sundby, 1999) and becomes active after 

activation in the intestinal lumen. The trypsin activities in the chyme decrease gradually from 

PI to DI in Atlantic salmon (Lilleeng et al., 2007;Krogdahl et al., 2015a). Bile acids from 

the gallbladder, mainly composed by taurocholic acid (Kortner et al., 2014), mixed in digesta 

play an important role in solubilization of lipid and stabilizing digestive enzyme activates 

(Buchinger et al., 2014). As the chyme moves along the digestive tract, the levels of bile 

acids decreased, as observed in Atlantic salmon (Kortner et al., 2013;Gu et al., 2014) 

suggesting efficient reabsorption and recycling.  

 

Intestinal mucosa 
 

The Atlantic salmon intestinal mucosa comprises three layers (Figure 2): a monolayer of 

epithelial cells (EC) directly facing the intestinal lumen (LU) and a mucus layer (ML) 

protecting the monolayer. The monolayer of cells is attached to the basement membrane 

surrounding the third layer, the lamina propria (LP). The LP is a structure of loose connective 

tissue in which blood vessels, as well as nerves are important structures. In land animals, 

lymphatic vessels are also draining nutrients and other components from the tissue. A 

lymphatic system has not yet been identified in Atlantic salmon. The blood vessels transport 

nutrients to the rest of the body. The LP also contains a complex population of immune cells 

protecting the organism against pathogens and alien components which might enter the 

mucosa.  

 

Digestive functions 
 

The epithelial layer of the intestinal mucosa is located on a highly folded membrane. The 

apical side of the absorptive cells is also highly folded, called the brush border membrane 
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(BBM). Together, these folds make an enormous surface for absorption securing high 

digestive and absorptive capacity. On the other hand, this surface exposes the organisms to 

the environment. A wide range of digestive enzymes are harbored by intestinal absorptive 

cells, such as leucine aminopeptidase, maltase and alkaline phosphatases, localized on the 

BBM. Nutrients released from the digestive processes in the intestinal lumen can be further 

digested into smaller components under the effects of these BBM enzymes. Transporters and 

channels in the BBM convey the nutrients from the intestinal LU into the systemic 

circulation (Bakke-McKellep et al., 2000;Bakke et al., 2010).  

Figure 2: Structure of the intestinal epithelium. Left: Histological section of the distal 

intestinal epithelium (Source: Elvis Chikwati). Right: Schematic drawing of intestinal 

epithelium. The intestinal mucosa in teleost is mainly composed by microbiota, mucus layer, 

intestinal epithelium cells and lamina propria (mainly epithelial cells, macrophages, goblet 

cells, B cells, T cells, granulocytes, lymphocytes and plasma cells). M cells and dendritic 

cells are shown, although their presence in fish intestine is not demonstrated yet. 

Abbreviation: LU: Lumen; ML: Mucus layer; BBM: Brush border membrane; EC: Epithelial 

cells; GC: Goblet cells; N: Nucleus; LP: Lamina propria. AMPs, antimicrobial peptides; Ig, 

immunoglobulin. Modified from (Gomez et al., 2013;Hu et al., 2016). 

 

Barrier and osmotic functions 
 

The ML covering the intestinal mucosa acts as the first physical and chemical barrier against 
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potential harmful components from dietary or endogenous origin. The mucus is produced by 

goblet cells and enriched with a great number of defense components, including mucins, 

lysozymes, complement components, lectins, antimicrobial peptides and immunoglobulins, 

which plays critical roles in maintaining the intestinal homeostasis and forming defense 

against pathogens (Ellis, 2001;Dongarra et al., 2013;Beck and Peatman, 2015;Martin et al., 

2016). Besides defense functions, mucins have important roles in structural forming and 

lubrication of the mucosal wall (Beck and Peatman, 2015). Two type of mucin genes, 

annotated as muc2 and muc5, have been widely reported in fish (van der Marel et al., 

2012;Salinas, 2015;Sveen et al., 2017). In Atlantic salmon, muc2 is highly expressed in the 

intestinal regions, whereas muc5 is mainly expressed in skin, gill and PC (Krogdahl et al., 

2015a;Sveen et al., 2017). 

 

The intestinal epithelial cells and their cell-to-cell connections, i.e. tight and adherens 

junctions, form the intestinal epithelial barrier defending pathogens and regulating 

paracellular pathway and osmotic pressure in the gut (Sundell and Sundh, 2012). The claudin 

family, zonula occludens family and occludin are the best-known types of tight junction 

proteins in intestinal epithelial cells of Atlantic salmon. Regarding the claudin family, mRNA 

expression of claudin-15 and -25b seems to be predominant in the intestine of Atlantic 

salmon (Tipsmark et al., 2010a), while three claudin-3 isoforms are highly expressed in 

kidney tissue (Tipsmark and Madsen, 2012). Regarding the zonula occludens family, zonula 

occludens 1 (ZO-1) has been widely reported to involve in paracellular signaling pathways 

(Kosinska and Andlauer, 2013). The main function of occludin has been found to be 

regulation of water and large macromolecule flux possibly via the “leak” pathway, and its 

gene expression order is gill > intestine > kidney in Atlantic salmon (Tipsmark and Madsen, 

2012;Kosinska and Andlauer, 2013). The adherens junctions are located below the tight 

junctions, also playing crucial roles in the formation of the intestinal epithelial barrier. The 

most extensively studied adherens junction is the E-cadherin, which is responsible for 

forming intestinal barrier via regulation of actin cytoskeleton and paracellular pathways 

(Kosinska and Andlauer, 2013). Among these tight and adherens junction proteins, some can 

increase paracellular permeability, whereas others have the opposite functions (Sundell and 

Sundh, 2012). Previous studies have claimed that occludin and claudin family were involved 

in the reorganization of intestinal epithelium and altered paracellular permeability in Atlantic 

salmon during seawater acclimation (Tipsmark et al., 2010a;Tipsmark and Madsen, 2012).  
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In addition to permeable tight junctions, specific water transporters, specifically aquaporins 

(aqps), located in the BBM are involved in osmoregulation via the regulation of water 

permeability (Sundell and Sundh, 2012). In Atlantic salmon, aqps, i.e. aqp-1a, aqp-1b, aqp-

8ab and aqp-10, are the main water channel protein genes in the intestine. These genes show 

marked increase in expressions during the smoltification period (Tipsmark et al., 

2010b;Sundell and Sundh, 2012). These aqps are located both in the BBM and the sub-apical 

of intestinal regions (Madsen et al., 2011). Compared to other water channel genes, the aqp-

8ab is suggested to play the most important role in water uptake in the intestine of Atlantic 

salmon after seawater transfer due to its high expression (Tipsmark et al., 2010b).  

 

Immune functions 
 

The mucus layer and epithelial cells together with tight junctions form the first physical 

barriers to block the entry of pathogen and protect the host from external environment. In 

addition to these physical barriers, the immune system inside the intestinal mucosa is also a 

vital defense mechanism when harmful stimuli succeed in bypassing the physical barriers. 

The immune system is coordinated by the gut associated lymphoid tissue (GALT) in the 

intestinal mucosa. The GALT comprises various protective and antimicrobial molecules, as 

well as immune cells, such as leukocytes in LP (mainly macrophages, granulocytes, 

lymphocytes and plasma cells) and intraepithelial lymphocytes (mainly T cells and B cells), 

that are involved in a complex network of innate and adaptive immune responses (Figure 2) 

(Gomez et al., 2013;Lazado and Caipang, 2014). 

 

Like in humans and land-animals, the protective components of the innate immune system 

in fish represent the first immune barrier. The innate immune system is mainly formed by 

humoral innate immunity and cellular innate immunity. The humoral innate immunity 

contains a wide variety of defense components, such as complements, lysozyme, proteases 

and antimicrobial peptides. Regarding the cellular innate immunity, in mammals the main 

components are natural killer cells, mast cells, dendritic cells, macrophages and granulocytes 

including eosinophils, basophils and neutrophils, while in fish the main cellular defense 

components are mast cells, macrophages and granulocytes (reviewed by (Gomez et al., 

2013)). As part of the innate immune system, the presence of innate pattern recognition 

receptors (PRRs) that are expressed by the GALT and intestinal epithelial cells could 

recognize exogenous molecules via the pathogen-associated molecular patterns (PAMPs). 
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Some PAMPs are part of cell walls of bacteria (e.g. lipopolysaccharide (LPS)) and fungi 

(e.g. β-glucans). The PRRs could enhance innate immune responses through activation of 

the signals of related immune and inflammatory cells, which will increase expression of 

soluble mediators. In fish, most studies on the PRRs are the toll-like-receptors (TLR) that 

play a pivotal role for the innate immune response (Tao et al., 2012). So far, about 20 

different TLRs have been identified in fish (Li et al., 2017). These specific TLRs are induced 

by immune cells, such as macrophages and neutrophils, against different PAMPs, which 

make the immune system able to distinguish between self and non-self antigens. The TLRs 

could induce immune responses via recruiting different adaptors, such as myeloid 

differentiating factor 88 (MyD88), and thereby regulate diverse downstream signaling 

proteins (Tao et al., 2012). Moreover, the activation of TLR2 has been reported to maintain 

gut barrier function, such as ZO-1, via the MyD88-independent pathway (Resta-Lenert and 

Barrett, 2009). 

 

The adaptive/specific immune system in fish intestine is mainly related to humoral adaptive 

immunity (i.e. immunoglobulins (Igs)) and cellular adaptive immunity (i.e. B cells and T 

cells). The Igs, antibodies secreted by B cells, could recognize specific molecule of 

pathogens, called antigens. Two types of Igs have been identified in the fish intestine to date, 

i.e. IgM+ and IgT+/IgZ+ (Zhao et al., 2008). T cells are abundant in the intestine, and the 

expression of a number of T cell marker genes, including cluster of differentiation 3γδ 

(cd3γδ), 4α (cd4α) and 8β (cd8β), have been widely investigated in Atlantic salmon (Bakke-

McKellep et al., 2007;Lilleeng et al., 2009;Marjara et al., 2012). Moreover, T cells marker 

genes could be induced by anti-inflammatory cytokines (Beck and Peatman, 2015) and 

suppressed by gamma-interferon-inducible lysosomal thiol reductase (gilt) that plays an 

important role in antigen processing (Lilleeng et al., 2009).  

 

The common functions for both innate and specific immunity are the production and release 

of cytokines (Secombes et al., 2001;Secombes, 2016). The pro-inflammatory and anti-

inflammatory cytokines are signaling substances involved in regulating different immune 

cells to mount an appropriate immune responses, and thereby secure maintenance of immune 

homeostasis to inhibit excessive activation of the inflammatory responses during intestinal 

infections (Fast et al., 2007;Gomez and Balcazar, 2008;Rombout et al., 2011;Marjara et al., 

2012). Moreover, the pro-inflammatory cytokines genes can be modulated by the MyD88-
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independent pathway (Zhou et al., 2014).  

 

Gut Microbiota 
 

The microbial communities that inhabit the intestine, termed as gut microbiota, play 

important roles in various host-related functions (Bengmark, 2013;Kamada and Nunez, 

2013;Wang et al., 2017;Egerton et al., 2018). The gut microbiota comprises bacteria, archaea, 

fungi and viruses. It can be divided into digesta- (called transient or allochthonous) and 

mucosa-associated (called resident or autochthonous) microbiota based on their location in 

the intestine. The digesta-associated microbiota includes the microorganisms living in the 

digesta, while the mucosa-associated microbiota refers to microorganisms inhabiting the 

mucosal layer and is in close contact with enterocytes. 

 

Over the last few years, since this thesis work started, results of many studies regarding 

functional roles of gut microbiota in fish and effects of variation in diet and environmental 

conditions have been published. Most of them are the results of experiments conducted under 

controlled conditions, or in farms in the more southerly areas. It is reported that the gut 

microbiota has potential relationships with host responses in fish, for better or worse, such 

as growth performance (Ringø et al., 2016;Wang et al., 2017), endogenous enzyme activities 

(Ray et al., 2012), nutrient digestion and utilization (Semova et al., 2012;Falcinelli et al., 

2015), development and maturation of gut-associated lymphoid tissue (Austin, 2006;Gomez 

and Balcazar, 2008;Merrifield and Ringø, 2014) immune responses (Rawls et al., 2004;Rolig 

et al., 2015) and energy homeostasis (Butt and Volkoff, 2019). 

 

Regarding Atlantic salmon, the previous advances in understanding gut microbiota cover 

various factors affecting the taxonomic composition, including diet composition (Zarkasi et 

al., 2016;Gajardo et al., 2017;Catalan et al., 2018), various environmental factors (separate 

or synergistic effect, e.g. daylight, temperature, salinity, dissolved oxygen, water currents, 

etc.,) (Hovda et al., 2012;Zarkasi et al., 2014;Zarkasi et al., 2016;Dehler et al., 2017;Rud et 

al., 2017;Fogarty et al., 2019;Lokesh et al., 2019), location within the digestive tract 

(Gajardo et al., 2016), disease (Karlsen et al., 2017) and developmental stages (Zarkasi et 

al., 2014;Lokesh et al., 2019). A few very recent studies have described the associations 

between gut microbiota and host responses in Atlantic salmon, and have found differentially 

abundant taxa closely related to flesh pigmentation (Nguyen et al., 2020a;Nguyen et al., 
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2020b), lipid metabolism (Dvergedal et al., 2020), immunostimulation (Parra et al., 2020), 

and gut immune and barrier gene expressions (Li et al., 2020). However, the studies on 

associations between gut microbiota and host responses are still a largely unexplored area. 

 

Functional feed ingredients  

There is no common and accepted definition for what functional feed ingredients are so far. 

The general understanding is that such diet additives induce beneficial effects, beyond the 

basic nutritional requirement, on growth performance and health of fish (Tacchi et al., 

2011;Kiron, 2012). For growth benefits, functional feed ingredients may reduce energy 

expenditure, and then increase growth performance via decreasing body metabolic demands 

and inhibition of protein turnover and oxygen demand (Tacchi et al., 2011). Improvement of 

health status of fish fed functional feed ingredients have been suggested to be related to the 

direct or indirect regulation of innate and adaptive immune responses, and/or the 

enhancement of beneficial gut bacteria, such as lactic acid bacteria (LAB) (Kiron, 

2012;Guerreiro et al., 2018;Hossain et al., 2019). Prebiotics and nucleotides, the most 

common functional feed ingredients used in aquaculture production (Kiron, 2012;Ringø et 

al., 2012;Akhter et al., 2015;Guerreiro et al., 2018;Hossain et al., 2019), were used in the in 

vivo work of this thesis according to a strategy developed by the feed producer. 

 

Prebiotics 
 

Prebiotics could be defined as “the feed ingredients that allow specific changes in the 

composition and/or activity of gut microbiota for the benefits of the host” (Gibson et al., 

2010). The most commonly used prebiotics include the extracts from yeast, bacteria, fungi 

or plants (Song et al., 2014). Previous studies have indicated that these prebiotics could 

improve growth performance (Li, 2004;Staykov et al., 2007;Munir et al., 2016), alter the 

intestinal morphology (Dimitroglou et al., 2009), regulate gut microbiota (Ringo et al., 

2006;Dimitroglou et al., 2009), enhance cellular and humoral immune responses of epithelial 

tissues and thereby increase disease resistance, as demonstrated against Streptococcus iniae 

infection (Li, 2004;Staykov et al., 2007;Akhter et al., 2015;Munir et al., 2016;Guerreiro et 

al., 2018). The extracted products from yeast cell walls, such as oligosaccharides (e.g. 

mannan oligosaccharide (MOS)), and polysaccharides (e.g. β-1, 3, 1, 6-glucan), are widely 

used as prebiotics in aquatic feed. These yeast cell wall products were used in the in vitro 
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work of this thesis. Atlantic salmon fed a diet with inclusion of these yeast cell wall products 

can increase feed efficiency, alter gut morphology, improve immune responses, modulate 

gut microbiota and enhance disease resistance against sea lice infestation (Table 1).  

 

Table 1 Overview of yeast cell wall products used in Atlantic salmon diets. 

 

Nucleotides 
 

Nucleotides are low-molecular weight intracellular compounds of crucial importance for 

many physiological and biochemical functions, such as cell division and differentiation, 

tissue growth, repair and development, nutrient metabolism and immune functions (Gil, 

2002). Nucleotides may be supplied through three pathways: de novo synthesis, the salvage 

pathway and the diet. They are not considered essential nutrients, but de novo synthesis and 

the salvage are energy consuming processes. Dietary supply may therefore save energy 

(Tacchi et al., 2011;Ringø et al., 2012). Several different commercial nucleotide supplements 

are available and have gained attention as potentially beneficial ingredients in aquaculture 

feed, being reported to promote growth performance, increase quality of brood-fish and 

larvae, modulate intestinal morphology, enhance immune functions and defend sea lice 

infection, as well as modulate gut microbiota (reviewed by (Hossain et al., 2019). These 

benefits may be associated with the regulation of expression of growth factors and immune 

related genes, as well as increased colonization of beneficial intestinal bacteria (Wei et al., 

2015;Xu et al., 2015).  

Types Results Study 

MOS Serum lysozyme activity↓ 

Oxygen consumption↓ 

Body protein level ↓ 

Body energy level ↑ 

Grisdale-Helland et al. (2008) 

Microvilli density↑ 

Microvilli height↑ 

Sweetman et al. (2008) 

Feed efficiency ratio↑ 

SBM-induced enteritis↓ 

Refstie et al. (2010) 

Sea lice infestation↓ 

Carcass protein content↑ 

Liver glycogen deposition↑  

Dimitroglou et al. (2011) 

Modulate intestinal microbiome Green et al. (2013) 

Yeast extracts Calreticulin-like protein↑ Micallef et al. (2017) 

β-1,3,1,6-glucan Sea lice infestation↓ Refstie et al. (2010) 

Number of immune cells↑ Kiron et al. (2016) 

Innate immune responses↑ Carolina (2018) 
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What is optimum supply seems to vary between the fish species. For example, positive 

effects on growth performance were observed in juvenile red sea bream fed diets 

supplemented with mixed nucleotide in the range 1.0 - 1.5 g kg-1 (Hossain et al., 2016a). 

With somewhat higher levels, also rainbow trout have shown improved growth when fed 

diets supplemented with nucleotides, i.e. in the range 1.5 - 2 g kg-1 (Tahmasebi-Kohyani et 

al., 2011). For Atlantic salmon, earlier studies (Table 2) have observed that fish fed diet with 

2 g kg-1 Optimûn®, containing 0.03% nucleotides, promoted growth performance, increased 

intestinal fold height and antibody titers. Also, they can reduce mortality (Burrells et al., 

2001c) and sea lice infection rate (Burrells et al., 2001a). In addition, salmon fed a diet 

supplemented with nucleotides have been found to show an increase in Na+, K+-ATPase 

activity in PC (Oulad et al., 2009) and enhance disease resistance against Caligus 

rogercresseyi infestation (González and Troncoso, 2009). 

 

Table 2 Overview of types of nucleotides used in Atlantic salmon diets. 

 

Of note, there are still many gaps in the present knowledge on dietary inclusion of functional 

feed ingredients in fish, such as various aspects regarding their digestion, absorption, 

metabolism and how their effects vary depending on variation in characteristics of the 

functional feed ingredient itself, timing and duration of administration, environmental 

factors, fish species and life stages, as stated in previous reviews (Ringø et al., 

2016;Guerreiro et al., 2018;Hossain et al., 2019).  

Impacts of commercial conditions on gut immune functions and microbiota 

Through the freshwater to seawater production periods under commercial conditions, the 

salmon may sense and respond to a range of changeable factors, including daylight, 

temperature, water salinity, water dissolved oxygen, water alkalinity, aquaculture practices 

(e.g. handling stress), as well as diets (e.g. adjustments of macronutrient composition). All 

Types Results Study 

Optimûn® Sea lice infection↓  Burrells et al. (2001a) 

Nucleotides Sea lice infection↓ Burrells et al. (2001b) 

Optimûn® Mortality ↓ Plasma chloride↓  

Growth rate↑ Antibody titre↑   

Intestinal fold height↑ 

Burrells et al. (2001c) 

Nucleotides Immunofluorescence of Na+, K+-ATPase↑ Oulad et al. (2009) 

Optimûn® and  

Sanictum® 

Disease resistance against Caligus 

rogercresseyi ↑ 

González and Troncoso 

(2009) 
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these factors may alone or together influence gut health and microbiota, and are hard to 

control under the commercial conditions (Kononova et al., 2019;Legrand et al., 2020). Most 

previous studies did not aim to highlight the weight of every single factor separately but 

explore the extent of the effect of all these potential factors together. Of note, the most 

prominent alterations of immune functions take place in the period of freshwater-to-seawater 

transition supposedly due to the physiological alterations taking place in the fish, tremendous 

handling stress, and the new environmental challenges (Sissener et al., 2009;Tipsmark et al., 

2010b;Sundh et al., 2014;Johansson et al., 2016). Available information shows clear 

alterations in immune functions, and reports from the industry document great losses due to 

transportation stress and diseases after seawater transfer (Karlsen et al., 2018). A study found 

that the expression of about 300 immune-related genes were severely suppressed without 

recovery for at least three weeks after seawater transfer (Johansson et al., 2016). Another 

study also found inflammatory gene expression, i.e. NOD-like receptors C5, clearly 

depressed after seawater transfer (Pontigo et al., 2016). Moreover, regarding microbiota, the 

freshwater-to-seawater transition have been found to alter bacterial communities 

significantly (Lokesh and Kiron, 2016;Rudi et al., 2018;Jaramillo-Torres et al., 2019).  

 

Taken together, it is important to increase the knowledge on fluctuations of gut health and 

microbiota through freshwater to seawater production periods under commercial conditions. 

However, most available information were conducted in laboratory conditions or in more 

southerly areas. For Atlantic salmon in the northernmost areas under commercial conditions, 

the knowledge is still limited.  

The characterizations of rainbow trout intestinal epithelial cell line (RTgutGC)  

Although functional feed ingredients are widely used in aquafeed and claimed to improve 

growth and health, knowledge on their mechanisms of action is limited due to lack of 

targeted research tools. The use of cell lines may offer well-controlled experimental 

environment and reproducible tools for the investigation of the mechanisms underlying 

effects of functional feed ingredients on intestinal functions and health at the molecular and 

cellular levels. Moreover, the cell lines will help reduce the current dependence on feeding 

trials and use of experimental fish, and thus contribute to a development in line with the 3R 

principles. In mammals, the extensively studied and used intestinal epithelial cell lines, such 

as Caco-2, show many characteristics which are similar to mucosal cells in vivo. They have 



 

14 
 

been a valuable tool for exploration of basic mechanisms of intestinal epithelial functions 

and the interactions with dietary additives. For example, nucleotide treatment has been 

observed to increase intestinal maturation using the human Caco-2 and rat IEC-6 cell lines 

(He et al., 1993). Treatment with β-glucans has been shown to affect intestinal immune and 

barrier functions using the human Caco-2 cells (Maren Amasheh and Michael Fromm, 

2008;Amasheh et al., 2009;Volman et al., 2010). 

 

Over the last 10 years, the fish gut cell line RTgutGC, the first of its kind from fish, has been 

established based on cultures developed from rainbow trout distal intestine (Kawano et al., 

2011). Since the initial isolation of the RTgutGC cells, some of their structural and functional 

features have been documented when grown on conventional culture plates without (Figure 

3 A) or with permeable membrane insert (Figure 3 B). In the latter, the cells grow on a 

permeable membrane forming a two-compartment intestinal barrier model consisting of a 

polarized epithelium, which is divided into an upper (apical) and a lower (basolateral) 

compartment to mimic gut lumen and portal blood, respectively.  

Figure 3: Schematic representation of RTgutGC cells grown on conventional culture plates 

without (A) or with (B) permeable membrane insert. 

 

To be useful for the study of mechanisms underlying in vivo effects of functional feed 

ingredients, it is important that a gut cell line has characteristic which resembles those of in 

vivo gut cell. Regarding the characteristics of RTgutGC, in comparison to gut cells in vivo, 

studies have shown that their expression levels of the mucus related genes were similar levels 

as found in in vivo tissue (Schug et al., 2019). For brush border membrane, specific enzymes, 
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such as Na+/K+ -ATPase (Minghetti et al., 2017) and alkaline phosphatase activity (Kawano 

et al., 2011) have been observed. Two other important characterizations, the existence of 

microvillus structures and mucins, have been suspected (Langan et al., 2017;Langan et al., 

2018), but are not conclusively confirmed. 

 

The cytoskeleton is essential for maintaining cell interactions in the intestinal epithelium and 

is suggested to be a major target of intestinal injury. Actin filaments, including filamentous 

actin (F-actin), are key cytoskeletal elements involved in stabilizing cell-to-cell connections, 

cellular shape changes and cellular migration. The F-actin has been observed in RTgutGC 

cells (Drieschner et al., 2017;Minghetti et al., 2017). Their intensity and distribution of stress 

fibers could be altered after nutrient deprivation (Pumputis, 2017) and phytochemical 

naringenin treatment (Pumputis et al., 2020). 

 

When cells grow on permeable membrane insert, measurement of the transepithelial 

electrical resistance (TEER) is used to assess the tightness of cellular epithelium, i.e. the 

higher TEER values suggesting higher tightness and existing barrier functions (Geppert et 

al., 2016). In addition, an epithelium is formed shown as polarized epithelial cells which 

grow as monolayers and are tightly connected via tight junction proteins. A characteristic of 

such monolayers is the prevention of passage of nanoparticles from the apical to the 

basolateral chamber (Geppert et al., 2016). Junction proteins, such as claudin 3, ZO-1 and e-

cadherin, have been observed in RTgutGC using confocal fluorescence microscopy (Geppert 

et al., 2016;Langan et al., 2017;Minghetti et al., 2017;Pumputis, 2017). Also, ZO-1 has been 

observed using scanning and transmission electron microscopy (Minghetti et al., 2017), and 

its barrier related gene expression level is similar to tissue in vivo, but downregulated after 

immune stimuli exposure with LPS and Poly (I:C) (Schug et al., 2019). Altogether, these 

observed barrier functions of RTgutGC cells exhibit epithelial cell characteristics as these in 

vivo. 

 

Regarding immune functions, for some immune related genes in RTgutGC cells, compared 

to in vivo tissue, their expression level are similar, for others, however, lower or higher levels 

have been reported (Schug et al., 2019). Moreover, the immune stimuli (LPS and Poly (I:C)) 

can activate the myd88 and Ticam-dependent signaling pathways, which resulted in 

downstream activation of pro-inflammatory cytokines and interferon (Schug et al., 2019).  
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Based on these structural and functional characteristics, this cell line has been proposed as a 

physiologically adequate fish intestinal epithelial model, equivalent to the Caco-2 cell line 

for human intestinal epithelium (Kawano, 2009;Minghetti et al., 2017). In our work of Paper 

Ⅲ, the RTgutGC was used to further explore their features and functions as a fish intestinal 

epithelial model and to assess effects of functional feed ingredients on intestinal epithelial 

immune, barrier and digestive functions. 
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AIMS OF THE STUDY 

The work presented in this thesis was conducted firstly to strengthen knowledge on gut 

health and microbiota of Atlantic salmon in commercial production in the Arctic region of 

Norway, in the period from a late freshwater stage, through the transfer to seawater and 

onward until the fish had reached about 2 kg. Other goals were to study and reveal 

mechanisms underlying effects of functional feed ingredients, in vivo as well as in vitro. In 

order to achieve the goals, three aims were formulated: 

 

Aim 1: To gain knowledge on fluctuations in performance and gut health and assess the 

effects of functional feed ingredients in Atlantic salmon in the period from late freshwater 

stage until one year in seawater under commercial conditions in Arctic region (work 

presented in Paper I). 

 

Aim 2: To strengthen knowledge on the dynamics of gut microbiota assemblage and its 

potential association with host responses, and to gain understanding of the effects of 

functional feed ingredients on the microbiota in Atlantic salmon from freshwater to seawater 

life stages under large scale, commercial conditions in Arctic region (work presented in 

Paper II). 

 

Aim 3: To strengthen knowledge on the characteristics of the RTgutGC cell line and its 

suitability as in vitro model for studies of intestinal epithelial functions in fish, and to better 

understand the mechanism of action of functional feed ingredients on intestinal epithelial 

cells by employing this in vitro model (work presented in Paper III). 
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HYPOTHESES 

The following hypotheses were based on the aims of the current thesis work: 

 

1: Performance, gut health and gut microbiota profile in Atlantic salmon vary substantially 

during the period from freshwater to one year in seawater, in particular during the seawater 

transfer period. 

 

2: Functional feed ingredients improve production, fish gut health and stimulate growth of 

beneficial bacteria in the gut. 

 

3: Specific intestinal bacterial communities in Atlantic salmon show clear associations with 

host gut functions. 

 

4: The RTgutGC cell model can be used for evaluation of mechanisms underlying effects of 

functional feed ingredients on intestinal epithelial functions. 
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SUMMARY OF RESULTS 

Paper I and II present the work to gain knowledge on fluctuations in growth performance, 

gut health and microbiota, as well as potential association of microbiota with host responses, 

and assessing the effects of functional feed ingredients in Atlantic salmon from late 

freshwater stage until one year in seawater under commercial conditions in Arctic regions. 

In these studies, fish were observed from late freshwater stage until one year in seawater at 

four sampling time points: in May, two weeks before seawater transfer (i.e. FW); in June, 

four weeks after seawater transfer (SW1); in November (SW2) and in April (SW3) the 

following year. Two series of diets were fed, varying throughout the observation time in 

nutrient composition according to the requirements of fish, one without (Ref diet), and the 

other with functional ingredients (Test diet). The functional feed ingredients, i.e. essential 

fatty acids, nucleotides, yeast cell walls and a prebiotic, were supplemented to the diets either 

as single ingredient or as a mixture according to recommendations from the producers. 

 

In the work of Paper I, the fish gut health was assessed based on histopathological indicators 

of lipid malabsorption and gut inflammation, expression of gut immune, barrier and other 

health related genes, plasma biomarkers, somatic indices of intestinal sections, growth 

performance as well as biomarkers of digestive functions. For the work of Paper II, the 

microbiota was characterized in samples of the distal intestinal digesta of fish using 16S 

rRNA gene sequencing. 

 

Effects of sampling time points 

The results presented in Paper I overall revealed that fish from seawater sampling time 

points showed higher intestine-somatic indices, plasma ions concentration, as well as 

expression levels of aqp8ab compared to those from FW throughout the observation period. 

Four weeks after seawater transfer, i.e. at SW1, the fish showed lower levels of plasma 

cholesterol and triglycerides, as well as lower gene expression levels of some barrier and 

immune-functions in the DI, i.e. inflammation cytokines (il1β, il10, tgfβ, ifnγ), T-cell markers 

(cd3γδ), myd88 and tight junction proteins (zo-1, claudin-15, claudin-25b), than those before 

seawater transfer (FW). At SW2 and SW3, most of these gut immune biomarkers, as well as 

plasma cholesterol and triglycerides increased to the levels observed at FW. Hyper-

vacuolization was observed in the PC enterocytes indicating a situation of gut mucosa lipid 
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malabsorption. The severity of lipid malabsorption increased gradually from FW through 

SW1, culminated at SW2 and decreased at SW3. The increasing symptoms of lipid 

malabsorption were also corresponded with the up-regulated expression levels of plin2 that 

a marker for lipid accumulation. 

 

The work of Paper II comprises the characterization of microbiota in distal intestinal digesta 

throughout the observation period from freshwater to seawater. Analyses of alpha diversity 

revealed that fish from seawater sampling time points had higher microbial richness, as 

indicated by Observed species index, while microbial diversity tended to decrease 

throughout the observation period, as indicated by Simpson’s index. Compared to fish from 

SW1, fish sampled at life stages above four weeks after seawater transfer, i.e. SW2 and SW3, 

showed more apparent difference from those in fish at FW based on the results of beta 

diversity. The most abundant phyla Firmicutes (mainly Lactobacillus) and Proteobacteria 

(mainly Photobacterium) varied among sampling time points and accounted for about 80% 

of the total abundance. Specifically, at FW, gut microbiota was dominated by phylum 

Firmicutes (e.g. genera Lactobacillus, Weissella, Peptostreptococcus and family 

Ruminococcaceae), followed by Proteobacteria (e.g. genera Photobacterium, Deefgea and 

Pseudomonas) and Bacteroidetes (mainly genus Flavobacterium). Of note, the genera 

Deefgea, Flavobacterium and Pseudomonas, as well as family Ruminococcaceae were 

detected in only a few fish, but when present, they dominated gut microbiota. Four weeks 

after seawater transfer, i.e. at SW1, Proteobacteria (mainly Photobacterium) and Firmicutes 

(mainly Lactobacillus) showed similar presence and dominated the microbiota. As fish 

progressed towards SW2 and SW3, Firmicutes (mainly Lactobacillus) and Tenericutes 

(mainly Mycoplasma) became more prominent with a corresponding decline in 

Proteobacteria (mainly Photobacterium).  

 

Effects of functional feed ingredients 

In our study, except fish at SW2, fish fed diet supplementation of these selected functional 

feed ingredients affected health related-biomarkers (Paper I) and gut microbiota (Paper II) 

of fish only marginally. At SW2, compared to those fed Ref diet, fish fed the diet with 

selected functional feed ingredients tended to grow slower and showed lower condition 

factor and plasma triglyceride levels (Paper I). At the same sampling time point, decreased 

microbial richness, microbial diversity and the lower relative abundance of LAB were also 
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observed in Test-fed fish (Paper II). At this observation period, but not at the other, it is an 

important growth stage from June to November. Also, the packages of functional feed 

ingredients differed from the packages used at the other sampling time points, in its content 

of a mixture of nucleotides, yeast cell walls and essential fatty acids.  

 

The associations between microbial clades and metadata of interest 

The multivariate association analysis identified 27 differentially abundant taxa (Paper II) to 

be significantly correlated with the gene expressions of gut barrier functions. Except 

Flavobacterium, the relative abundance of 26 differentially abundant taxa, including 

Megasphaera, Photobacterium and certain LAB, showed a negative correlation with 

expression levels related to barrier function genes. Moreover, the relative abundance of 

Megasphaera was positively correlated with expression levels of gut immune genes and the 

levels of plasma nutrients.  

 

RTgutGC in vitro study 

The aims of the work in Paper Ⅲ were to strengthen knowledge on the characteristics of 

the RTgutGC cell line and its suitability as in vitro model for studies of intestinal epithelial 

functions, and to better understand the mechanism of action of functional feed ingredients 

on intestinal epithelial cells.  

 

Overall, the biomarkers of brush border membrane enzyme activity, cell proliferation, as 

well as barrier and immune functions showing the characteristics of RTgutGC indicated that 

it is a potential for use as an efficient in vitro mode for investigation of effects of functional 

feed ingredients on intestinal epithelial functions. Specifically, for brush border membrane 

enzyme activities, the leucine amino peptidase (LAP) and maltase were detected in the 

RTgutGC cells suggesting RTgutGC develop certain intestinal digestive functions like the in 

vivo situation. The TEER level, as an indicator of cellular barrier function, increased steadily 

forming tight junction, and thereby strongly prevented albumin translocation from apical to 

basolateral chamber in our study. Meanwhile, the tight junction protein claudin 3 was clearly 

observed in RTgutGC via confocal fluorescence microscopy images. Regarding cell 

proliferation, cells fully immigrated the gap area of culture wells in 4 days. We also compared 

a variety of important genes related to immune, barrier function and metabolism between 

RTgutGC and rainbow trout in vivo tissues (i.e. PC, MI, DI and liver). The immune related 
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genes were expressed at comparable relative levels in RTgutGC cells as in vivo DI, whereas 

most genes related to barrier function and metabolism showed lower relative expression in 

RTgutGC than those in tissue. 

 

LPS, i.e. a PAMP as immune stimulant, elevated gene expression levels of several pro-

inflammatory cytokines, including il1b, il6, il8 and tnfa, as well as tight junction gene 

Claudin 3 (cldn3), but suppressed expression of intestinal alkaline phosphatase (ialp). 

Immunostaining also indicated increased F-actin contents after LPS treatment.  

 

Regarding the effects of functional feed ingredients on RTgutGC, the results of cell viability, 

based on the metabolic activity and cell membrane integrity of dose-response exposure tests, 

suggested that 75μg/mL nucleotides, 4 mg/mL MOS and 100μg/mL β-glucans were selected 

as final working concentration for further analysis. MOS significantly increased albumin 

translocation and the expression levels of immune-related genes and cldn3, but strongly 

suppressed ROS production, cell proliferation, as well as the gene and protein expression 

levels of E-cadherin. Treatment of β-glucans induced high gene expression levels of immune 

(il1b and il8), barrier (cldn3 and cdh1) and proliferating cell nuclear antigen (pcna), as well 

as clearly increased TEER levels and F-actin content, but decreased protein expression level 

of E-cadherin. Compared to MOS and β-glucans, nucleotides induced expression levels of 

only a few genes, i.e. il1b, il8 and cdh1.  
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DISCUSSION: Materials and Methods 

Materials  

Fish 

 

The feeding trials presented in the work of Paper I and II were carried out in commercial 

sized farms. Fish in the freshwater stage were grown in two smolt production tanks, near 

Bodø (N67° - E14°) of Norway and observed over 15-week for prior to seawater transfer. 

The tanks were large closed aluminum, flow-through system (depth: 2.8 m, volume: 450 m3) 

supplied with water from a nearby lake. Each tank contained about 180 000 fish. When ready 

for seawater transfer, the fish were transported to a sea location near Alta (N70° - E22°) of 

Norway. The fish from each tank were distributed into 3 sea cages, i.e. triplicate cages for 

each diet.  

 

In freshwater stage, only one tank was used for each diet, as the tanks of the freshwater 

facility was too big, and too few, to allow use of more than one tank per diet. Our choice to 

help this situation with lack of replicate tanks, as tank variation was expected to be 

negligible, was to sample three groups of fish from each of the two tanks and consider these 

as proper replicates. The results of our study confirmed that the tank variation was small and 

that this approach should be acceptable, as the means of biomarkers of the fish in the two 

tanks did not differ significantly, and the variances were similar, indicating no important 

tank variation.  

 

Diets 

 

For long-term experiments under commercial conditions, fish may sense and respond to a 

range of environmental variables and aquaculture practices. Moreover, diet composition 

must change according to the nutritional requirements of the fish. As the production 

conditions in the north are unpredictable regarding attacks of pathogens and parasites, also 

the supplementation with functional feed ingredients varied throughout the observation 

period. They were given alone or in combination depending on the expected physiological 

and environmental challenges. From a scientific point of view, this complicates the 

discussion of the results somewhat, since environmental variables and characteristics of 

ingredients themselves (e.g. levels and during of administration) are important factors for 
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their effects (Ringø et al., 2016;Guerreiro et al., 2018;Hossain et al., 2019). However, this 

type of feeding trials represents an important validation step between small-scale 

experimental trial of limited duration and the introduction of new diets into the salmon 

production that resemble the current commercial practices. 

 

Sample origin for gut microbiota profiling  

 

For Atlantic salmon, intestinal bacterial communities vary from proximal to mid to distal 

intestinal regions (Gajardo et al., 2016). These differences could be attributed to the 

difference in nutrient concentrations between intestinal regions, since the digestive and 

absorptive functions removed nutrients from the chyme, as the chyme moves from the 

proximal to the distal region (Bakke-McKellep et al., 2000;Denstadli et al., 2004). Moreover, 

the level of endogenous digestive components, such as digestive enzymes secreted by the 

pancreas (Krogdahl et al., 2015b) and bile acid from the liver (Kortner et al., 2013;Gu et al., 

2014), diminish along the intestine (also observed in Paper I of the current work) and could 

be of importance for microbial composition.  

 

Some previous studies have also managed to explore independently the digesta-associated 

and mucosa-associated gut microbiota in Atlantic salmon, and found substantial differences 

between them, with higher microbial richness and diversity in the former (Gajardo et al., 

2016;Gajardo et al., 2017;Gupta et al., 2019;Jaramillo-Torres et al., 2019). Digesta- and 

mucosa-associated gut microbiota may also respond differently to dietary modulation. 

Mucosa-associated gut microbiota often shows higher resilience towards changes in diet 

composition (Gajardo et al., 2017;Huyben et al., 2018;Rimoldi et al., 2019;Terova et al., 

2019;Li et al., 2020), but contradictory results have also been reported (Jaramillo-Torres et 

al., 2019).  

 

The majority of studies investigating gut microbiota of Atlantic salmon have used digesta 

than mucosa samples. The causes may be grouped in three. Firstly, standardized collection 

of mucosa samples for microbial profiling may be challenging, since collecting mucosa 

tissues after removing the remaining digesta strictly depends on the fish size and consistency 

of digesta (Gajardo et al., 2016;Gajardo et al., 2017;Gupta et al., 2019;Jaramillo-Torres et 

al., 2019). Secondly, based on our experience, even after multiple optimization steps for the 
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PCR amplification, there is still a high probability to get low quality PCR products for 

sequencing. Finally, although digesta-associated gut microbiota lacks the attachment to the 

intestinal mucosa, they are presumed to affect functions and health of the host through their 

metabolite production, such as short chain fatty acids (Gajardo, 2016;Petit et al., 2019). The 

existing knowledge on the association of these bacteria with systemic health in Atlantic 

salmon is still limited. 

 

With this background, in the work of Paper II, we decided to investigate gut microbiota of 

Atlantic salmon using the distal intestinal digesta. An additional reason for focusing on the 

DI digesta was that lower levels of bile acids and activities of digestive enzymes, but higher 

levels of indigestible material, e.g. fiber, in the DI may benefit the growth of bacteria and 

increase the microbial abundance (Gajardo et al., 2016). Another consideration was that 

higher mucus production and immunological functions are observed in DI than those in other 

intestinal segments (Petrie and Ellis, 2006;Harstad et al., 2008;Lokka et al., 2014;Moldal et 

al., 2014), and therefore the samples from the DI may provide a better possibility to explore 

associations between gut microbiota and host gut immune functions.  

Methods 

Microbiota characterization by 16S ribosomal RNA gene sequencing 
 

In the past decade, the culture-independent approaches, in particularly high-throughput 

sequencing of the 16S rRNA gene, have become more common for studying gut microbiota 

composition due to more affordable costs and rapid development of bioinformatics pipelines. 

These methods comprise a range of processing steps, such as sample collection, sample 

storage (fresh or frozen samples), DNA extraction, choice of primers targeting different 

hypervariable regions, library preparation, choice of sequencing platform, bioinformatics 

pipelines and down-stream analysis strategy. It is important to remember that bias can occur 

at all processing steps, which may affect the final microbiota profiling (Pollock et al., 2018). 

There are some initiatives or guidelines which can help decrease bias (Pollock et al., 

2018;Eisenhofer et al., 2019). Also the experimental procedures may differ, due to lack of 

standardization, a fact which can hamper meta-analyses of salmon microbiota studies. Better 

standardized protocols are necessary to integrate the information and allow easy comparison 

across studies. 



 

26 
 

In the work presented in Paper Ⅱ, we characterized the gut microbiota based on high-

throughput sequencing of the 16S rRNA gene using the Illumina Miseq platform, which is 

now the most commonly used method (Perry et al., 2020). In the work of this thesis, we 

focused on two important, but often neglected issues using this method: bioinformatics 

analysis and quality control (see below in DISCUSSION: Results).  

Operational taxonomic unit (OTU) has been the common operational definition for 

classifying bacterial communities by 16S rRNA gene sequencing data until 2018. This 

method uses the clusters of reads based on shared similarity thresholds (defined at ≥ 97% 

sequence similarity level) (Blaxter et al., 2005). Recently, new data processing methods have 

been developed requiring new terms, i.e. amplicon sequence variants (ASVs). The ASVs can 

avoid clustering sequences at a similarity threshold and instead uses only unique, identical 

16S rRNA sequences for downstream community analyses (Callahan et al., 2017). In the 

present work of Paper II, the bioinformatics analyses were performed to generate ASVs, 

and downstream analyses were conducted at the genus level. Compared to the OTUs method, 

the ASVs approach could improve taxonomic resolution through resolving sequences that 

differ by as little as one base pair and avoid similarity-based clustering, as supported by one 

recent study (Gosmann et al., 2017). Moreover, using the ASVs-based approach, the 

sequences within each ASVs are identical, which means that it is easier to compare sequences 

between different datasets compared to using the OTUs approach (Callahan et al., 2017). 

However, the ASVs approach is not inherently better than OTUs. For example, regarding the 

alpha (i.e. measuring the diversity within a sample) and beta diversity (i.e. comparing the 

differences between samples), previous studies found that the ASVs approach had similar 

(Glassman and Martiny, 2018) or lower alpha and beta diversity compared to those using 

OTUs method (Capunitan, 2018). This contradicts the expectation that using the ASVs 

approach would increase alpha and beta diversity by improving taxonomic resolution. The 

reason may be that ASVs approach is too sensitive to data quality. When the data quality is 

very low or has sequencing errors, there will be a significant reduction in reads before 

downstream analysis. Each approach has advantages and disadvantages. When we put up a 

set of standard protocols for characterizing gut microbiota profiling, the method of 

bioinformatics analysis should also be considered to allow easy comparisons across studies. 

 

Permeable membrane for RTgutGC barrier model 
 

Two-compartment insert systems, i.e. cells cultured on a commercial polymer-based 
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permeable membrane insert with around 10 μm thick and 3 μm pore sizes, have been widely 

used for in vitro epithelial cell barrier models. In the work of Paper Ⅲ, we utilized and 

further developed an established two-compartment barrier model system based on the 

RTgutGC cell line. This system has in recent years become a common culture model for 

studying physiological and toxicological responses in fish (Geppert et al., 2016;Langan et 

al., 2017;Minghetti et al., 2017;Pumputis, 2017;Langan et al., 2018;Schug et al., 2019). 

Given that the in vivo basement membrane is less than 1 μm thickness with a 3-D shape and 

high permeability (LeBleu et al., 2007), while the standard commercial permeable membrane 

inserts used are about 10 μm thick, the limitations regarding the thickness, porosity and 

permeability in this system may affect the relevance of some sensitive measurements (Jud et 

al., 2015;Drieschner et al., 2017). For example, high variation of TEER levels was found in 

Paper Ⅲ. In order to better the mimicking of the structure of fish gut epithelium, an ultrathin 

aluminum membrane with 1 μm thickness has recently been developed for use in the two 

compartment system, resulting in higher permeability rates for small molecules, enabling 

high quality microscopy and sensitive measurement of TEER compared to those using 

traditional permeable membranes (Drieschner et al., 2017). Unfortunately, the released 

aluminum ions from aluminum membranes might interfere with metal exposure or other 

exposure tests. Another new membrane recommended for the RTgutGC barrier model is 

made by silicon nitride membranes with 500 nm thickness and 1.2 μm pore size. The 

permeability of this membrane has been reported to better correspond with in vivo basement 

membrane levels, and gives higher quality microscopy without negative effects of aluminum 

ions (Drieschner et al., 2019). These membranes will, supposedly, improve the cell barrier 

model and give even more reliable results. However, unlike the commercial permeable 

membrane inserts, these membranes are costly tools, still in a research developmental stage, 

and should be critically evaluated in future studies.  
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DISCUSSION: Results 

Based on the methodological discussion above, the following topics seem to deserve further 

discussion beyond the discussion in Paper I-III. 

1: Quality control for gut microbiota profiling. 

2: Association between gut microbiota and host responses.  

3: Possible negative effects of use of some functional feed ingredients. 

4: RTgutGC as a tool for fish nutrition studies. 

Quality control for gut microbiota profiling 

In the experiment presented in Paper Ⅱ, in order to critically evaluate and optimize the 

microbiota profiling workflow, a mock, i.e. a microbial community standard, was added for 

each DNA extraction batch as a positive control. The mock includes the following 8 bacteria, 

i.e. 12% Listeria, 12% Pseudomonas, 12% Bacillus, 12% Escherichia, 12% Salmonella, 12% 

Lactobacillus, 12% Enterococcus, 12% Staphylococcus, and two yeasts, i.e. 2% 

Saccharomyces and 2% Cryptococcus.  

 

The analyses of relative abundance of microbiota in the mock samples (Figure 4) identified 

all eight bacteria at genus level which together accounted for about 99.9% of the total 

abundance, suggesting that the workflow was reliable for taxonomic profiling of the gut 

microbiota. The mock from 8 different DNA extraction batches showed similar microbiota 

profile indicating good reproducibility and no significant batch effect.  

 

Our observations in the mock of Lactobacillus (33 ± 2%, mean ± S.D), Salmonella (19 ± 

1%), Escherichia-Shigella (14 ± 0.3%), Bacillus (13 ± 0.7%), Pseudomonas (11 ± 0.6%), 

Staphylococcus (6 ± 1%), Enterococcus (1 ± 0.1%), Listeria (1 ± 0.1%) and other (0.4 ± 

0.5%), showed different concordance between the theoretical compositions based on 

genomic DNA in mock. The reasons could be attributed to the bias during the microbial 

processing steps, since some taxa could be down or over represented due to bias introduced 

during DNA extraction and PCR amplification (Brooks et al., 2015;Earl et al., 2018;McLaren 

et al., 2019). There is a need to develop the methodologies to overcome this. For example, 

sequencing of the whole 16S rRNA gene, rather than a small sequence region would be an 

improvement (Klemetsen et al., 2019). Whether a study has employed, the Mock samples 
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should be taken into account when comparing studies with different methods. 

 

 

Figure 4: The relative abundance of microbiota in mock samples from 8 DNA extraction 

batches. 
 

Contamination is a common challenge in gut microbiota studies using the 16S rRNA gene 

sequencing. The contamination problems can be reduced following appropriate laboratory 

practices, but do not eliminate it, since they are also easily caused by the contaminated 

reagents, such as PCR master mixes and water (Salter et al., 2014;Eisenhofer et al., 2019). 

In the work of Paper Ⅱ, the contaminants were identified based on their presence in negative 

controls and their inverse relationship with bacterial DNA levels according to the description 

of Davis et al. (2018). The removed sequences were classified as Acinetobacter, Aeromonas, 

Cutibacterium, Flavobacterium, Leptothrix, Pseudomonas, an unclassified bacterium of 

order Chitinophagales and Betaproteobacteriales, as well as Streptophyta. Among these taxa, 

Streptophyta is usually assumed as chloroplast sequences to reflect non-bacterial-associated 

taxa (Parris et al., 2016). Pseudomonas and Cutibacterium have been reported as 

contaminants in salmon microbiota studies previously (Krogdahl et al., 2020;Li et al., 2020), 

while Acinetobacter, Flavobacterium and Leptothrix have also been commonly found in 
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negative controls (Eisenhofer et al., 2019). Notably, some removed taxa, such as 

Pseudomonas and Flavobacterium, have been reported to be core bacteria of gut microbiota 

in Atlantic salmon whether using culture-based (Cantas et al., 2011;Hatje et al., 2014) or 

culture-independent methods (Gajardo et al., 2016;Gajardo et al., 2017;Rudi et al., 

2018;Lokesh et al., 2019). One potential explanation for this discrepancy is that it is still 

hard to distinguish contaminating species from true community members based on 

taxonomic labels as the amplicon sequencing taxonomic resolution is very low. On the other 

hand, the method of Davis et al. (2018) still has one limitation to remove the cross-

contamination. Contamination issues should always be addressed in microbiome analyses, 

and strategies for removal in microbiota studies should be employed, as it may influence the 

outcome of microbial community survey. 

Association between gut microbiota and host responses 

When evaluating gut microbiota, the question arises: do the observed changes in microbiota 

composition have any implications for host responses? In mammals, intestinal bacterial 

communities have been found to play key roles in a range of host physiological processes, 

such as mucosal immune responses (Kamada and Nunez, 2013;Sommer and Backhed, 2013), 

lipid metabolism (Petersen et al., 2019), the central nervous system via brain-gut microbiota 

axis (Lyte and Cryan, 2014), function and maturation of mucus layer (Petersson et al., 

2011;Schroeder, 2019) and energy homeostasis (Rosenbaum et al., 2015). Although the 

knowledge of gut microbiota in fish lags that of mammals, it is clear that alterations in 

intestinal bacterial composition may influence host physiological responses and induce 

disease development, such as nutrient digestion (Ray et al., 2012;Semova et al., 

2012;Falcinelli et al., 2015), development and maturation of gut-associated lymphoid tissue 

(Austin, 2006;Gomez and Balcazar, 2008;Merrifield and Ringø, 2014), energy homeostasis 

(Butt and Volkoff, 2019), gut immunity (Lopez Nadal et al., 2020) and dysbiosis (Infante‐

Villamil et al., 2020).  

 

In the work of Paper Ⅱ, we identified differentially abundant taxa to be significantly 

associated with gut immune and barrier gene expressions, and plasma nutrients. Our finding 

is an important step to reveal the potential implications of variation in gut microbiota and 

could supply valuable information for further manipulation of these observed taxa to test 

hypothesis regarding their action. Very recent studies, in Atlantic salmon, have shown 
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significant association between gut microbiota composition and growth performance (Bozzi 

et al., 2020), flesh pigmentation (Nguyen et al., 2020a;Nguyen et al., 2020b), lipid 

metabolism (Dvergedal et al., 2020), immune responses in head kidney (Parra et al., 2020), 

as well as immune and barrier functions in the gut (Li et al., 2020).  

 

The genus Photobacterium is often reported to belong to the core bacteria of the Atlantic 

salmon gut (Gajardo et al., 2016;Gajardo et al., 2017;Catalan et al., 2018;Rudi et al., 

2018;Fogarty et al., 2019;Jaramillo-Torres et al., 2019;Lokesh et al., 2019), and is commonly 

found in the seawater where Atlantic salmon sampled environment (Rud et al., 2017). Its 

increasing abundance after seawater transfer may be attributed to the drinking behavior of 

post-smolt salmon to prevent dehydration, as supported by the work in Paper II. 

Multivariate association analysis identified a negative relationship between the expression 

levels of barrier function genes and relative abundance of genus Photobacterium (Paper II). 

In this context, it is interesting to note that previous studies have demonstrated that certain 

Photobacterium species may cause disease outbreaks in salmon right after seawater transfer, 

and that this may be linked to malfunction of the gut barrier (Osorio et al., 2000;Zhao et al., 

2009). Further studies are therefore recommended to investigate the potential relationship 

between Photobacterium species, gut barrier functions, and disease resistance in salmon. 

 

Our findings in Paper II clearly demonstrated that the relative abundance of Megasphaera, 

a genus of phylum Firmicutes, was positively correlated with gut immune gene expressions. 

This finding is partly in line with the work of Parra et al. (2020) showing filifolinone-induced 

immune responses via increasing the abundance of phylum Firmicutes. One mucosa-

enriched taxa Brevinema andersonii in Atlantic salmon has also been found to be correlated 

with expression levels of gut immune genes (Li et al., 2020). Published studies revealing 

effects of variation in gut microbiota on immune responses in Atlantic salmon are still 

limited, but gut microbiota in zebrafish has been found to be related to 212 function genes, 

including immune functions (Rawls et al., 2004) and to stimulate immune system (Rolig et 

al., 2015). It is assumed that these bacteria shape the host’s immune functions and regulate 

host metabolic functions.  

 

Despite that our findings fill certain knowledge gaps regarding the association between gut 

microbiota and host functions, it is urgent to reveal the mechanisms behind these associations 
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as many knowledge gaps still dominate the current status. The general lack of information 

has stimulated us to recommend using more holistic technologies and methods to supply 

improved resolutions to reveal their interplay between systemic functionality. The novel 

technologies, such as multi-omics approaches (e.g. genomics, transcriptomics, proteomics 

and metabolomics), immunohistochemistry, fluorescence-activated cell sorting and imaging, 

have been used in fish, which could provide comprehensive insights into the suite of 

functional contributions to the host (Legrand et al., 2020). The existing manipulative 

methods, such as bacteria isolation, fecal transplants and germ-free salmon models, are 

required to determine whether these observed bacteria are responsible for these functional 

roles, rather than associated with host responses. 

Possible negative effects of use of some functional feed ingredients. 

The lack of predicted effects of functional feed ingredients in the present experiments of 

Paper I and II raises questions regarding the representativeness of the majority of relevant 

scientific studies (reviewed by (Merrifield and Ringø, 2014;Rignø, 2014;Song et al., 

2014;Akhter et al., 2015;Dawood et al., 2018;Guerreiro et al., 2018;Hossain et al., 2019)). 

Our findings indicated that certain functional feed ingredients when supplemented to 

Atlantic salmon feed do not always exert beneficial actions, and may represent a cost 

regarding energy utilization and growth. It is, however, known that, besides characteristics 

of functional feed ingredients themselves, dosage and duration of oral administration are two 

key determinants in such effects, as discussed below. 

 

Dosage and duration of administration 
 

It is widely accepted that high dosage of some functional feed ingredients, beyond what is 

indicated as optimum dosage, may reduce performance and affect physiological functions in 

fish. This has been shown in studies of red sea bream, fed high levels of nucleotides, showing 

clear negative effects on growth performance and stress resistance (Hossain et al., 

2016a;Hossain et al., 2016b;Hossain et al., 2016c). The possible explanation is the 

suppression of digestive enzyme and immune functions. Increasing nucleotides levels have 

been observed to cause reduction in digestive enzyme activities, as shown for alkaline 

protease, lipase and amylase (Safari et al., 2015), as well as reduction in immune responses, 

such as in lysozyme and bactericidal activities (Burrells et al., 2001a;Welker et al., 

2011;Hossain et al., 2016a). In the work presented in Paper Ⅰ and Ⅱ, the levels of functional 
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feed ingredients cannot be disclosed due to commercial interests and production of 

intellectual rights. However, they are within the ranges suggested by the producers. 

Therefore, excessive level is unlikely to be the explanation for the seemingly negative effects 

observed in the present study. 

 

Whether or not supplementation with some functional feed ingredients have beneficial 

effects may depend on the duration of the exposure (Sakai, 1999). For instance, 8-week 

administration of nucleotide to hybrid striped bass increased antibody responses significantly, 

as well as enhanced disease resistance against S. iniae, while 16-week administration did not 

show such enhancement of immunity and disease resistance (Li et al., 2004). Compared to 

short-term administration, long-term administration causing detrimental effects were also 

observed for β-glucan supplementation in previous studies of catfish (Yoshida et al., 1995), 

turbot (Ogier de Baulny et al., 1996) and sea bass (Bagni et al., 2005), as well as for 

nucleotide-supplemented diets fed to red drum (Li et al., 2007). Our results presented in 

Paper Ⅰ and Ⅱ showed that at SW2 Atlantic salmon fed diet supplemented with a mixture of 

nucleotides, yeast cell walls and essential fatty acids, tended to grow slower and showed 

significantly lower CF and plasma triglyceride levels. Also, the microbial richness and 

diversity, and the relative abundance of LAB were significantly reduced at this time point. 

These results may suggest that long term exposure, in this case a 10-week administration, 

may cause negative effects on fish health, and have economic consequences for the farmer. 

Similarly, more than 20-week administration of a mixture of nucleotides, a prebiotic and 

essential fatty acids in fish at SW3 showed higher proportion of mild steatosis and a tendency 

to slower growth (Paper Ⅰ). There is a need to define the optimal use of functional feed 

ingredients, which probably will differ between ingredients and conditions for the fish. It is 

obvious that available scientific literature has large knowledge gaps regarding effects of 

duration of administration for functional feed ingredients, as stated in recent reviews 

(Dawood et al., 2018;Guerreiro et al., 2018;Hossain et al., 2019). 

 

Are the elicited immune responses or changes of microbiota always beneficial? 

 

The claims regarding mechanism underlying health benefits of functional feed ingredients 

in fish are supposedly directly or indirectly regulated via two ways: one regards stimulation 

of the immune system, the other regards the growth of bacteria considered beneficial for the 

animal. For both categories improvement of disease resistance is a goal (Song et al., 
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2014;Hossain et al., 2019).  

 

For immune responses, lack of effects of functional feed ingredients on immune related 

genes were observed in the in vivo trial (Paper Ⅰ), while selected functional feed ingredients 

mostly induced immune gene expressions in the in vitro treatments (Paper Ⅲ). The question 

arises whether or not functional feed ingredients induced immune responses which will result 

in increasing immunity to alleviate stress and ward off pathogens? Unfortunately, most of 

the available data in the literature focus on the host immune responses (mainly cytokine 

parameters) and are interpreted to modulate the immune system, whereas far fewer studies 

shed light regarding effects in challenge trials, and only a few publications report both (as 

reviewed (Song et al., 2014;Akhter et al., 2015;Guerreiro et al., 2018;Hossain et al., 2019). 

Some functional feed ingredients may induce either pro- or anti-inflammatory cytokine 

responses, as shown in our work presented in Paper Ⅲ, making implications for disease 

resistance difficult to predict without challenge test. 

 

With this background, another question arises whether some immune responses induced by 

functional feed ingredients may have negative effects on fish health? Regarding humans, it 

is suggested that beneficial effects of prebiotics in terms of enhancing immune system are 

regulated via increasing expression of anti-inflammatory cytokines genes and decreasing 

expression of pro-inflammatory cytokines genes (Shokryazdan et al., 2017). Immune 

responses, such as regulation of pro-inflammatory cytokines, may therefore indicate 

detrimental effects in the host, since the up-regulation of expressions of genes of pro-

inflammatory cytokines is often a result of infection or inflammation responses (Ibrahim and 

El-Sayed, 2016) and enteritis in Atlantic salmon (Krogdahl et al., 2015a). As such, in the 

absence of immunological challenge trials or other health related indictors, the molecular 

immune biomarkers alone may not predict real effects on fish health. 

 

Regarding gut microbiota, LAB have been identified as a major player in the Atlantic salmon 

gut and are presumed to have beneficial effects on the host through modulation of immune 

responses, improvement of digestive processes and protection against pathogenic bacteria, 

at least under certain conditions (Ringø and Gatesoupe, 1998;Balcázar et al., 2007;Ringø et 

al., 2010). In our study, diets with functional feed ingredients caused a decrease in the relative 

abundance of LAB (mainly genus Lactobacillus) in fish at SW2 (Paper Ⅱ), in contrast to 
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what was expected. Whether this effect was related to the indication of increased metabolic 

cost and growth retardation (Paper Ⅰ), cannot be decided. The presumption that LAB are 

beneficial, is challenged as there are indications that increased population of LAB may not 

always be beneficial in our study. This is in line with the previous concerns regarding the 

efficacy and safety of feeding some probiotics, such as some Lactobacillus strains to 

mammals (reviewed by (Martinez et al., 2015;Lerner et al., 2019)). Their concerns are 

supported by previous studies that Lactobacillus plantarum, which is a potent strain of 

probiotics, could disrupt healthy intestinal tissues in humans (Tsilingiri et al., 2012) and 

worsen colitis in mice (Mileti et al., 2009). The increasing susceptibility to infectious disease 

has also been observed in tilapia following the suspension of administration of some 

probiotic Lactobacillus strains (Liu et al., 2016). Regarding Atlantic salmon, previous 

studies have shown that salmon fed soybean meal, replacing fish meal, which developed the 

classical soy-induced enteritis in the distal intestine, also showed high levels of LAB in the 

digesta of the distal intestine (Reveco et al., 2014;Gajardo, 2016). From these studies LAB 

does not appear to protect against immune challenging conditions (Reveco et al., 

2014;Schmidt et al., 2016;Gajardo et al., 2017;Krogdahl et al., 2020). Therefore, present 

knowledge is not sufficient to conclude the population of LAB leads to beneficial or 

detrimental effects on salmon gut health. It may for example depend on the challenge and 

level of LAB. 

 

It is noteworthy that, compared to the great number of previous studies that claim to show 

positive effects of functional feed ingredients, very few studies published to date have shown 

non-beneficial effects of functional fish feeds. For aquaculture production, lack of intended, 

beneficial effect of inclusion of functional feed ingredients, as we demonstrate in Paper Ⅰ 

and II, has merit and deserves attention and support to increase the basis for taking decisions 

regarding how and when functional feed ingredients should be used.  

RTgutGC as a tool for fish nutrition studies 

Intestinal epithelial cell lines are useful tools for in vitro study of intestinal epithelial 

responses to various components, including nutrients and dietary additives. Regarding fish, 

RTgutGC, the only fish cell line available for similar studies, still under development and 

characterization, has given the opportunity to explore mechanisms underlying effects of fish 

feed additives. 
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Our observations presented in Paper Ⅲ confirmed the possibilities of RTgutGC for 

exploring the effects of bioactive compounds and found that treatment with functional feed 

ingredients, i.e. MOS, nucleotides and β-glucan, significantly increased gene expression 

levels of immune functions. This seems to be in line with earlier findings that β-glucan 

treatment increased expression of il1β at the both transcript and protein levels (Schmitt et al., 

2015). The observation of increasing TEER levels after beta-glucan treatment suggests the 

increase in barrier function in our study (Paper Ⅲ). Similar finding has been found in 

phytochemical naringenin treatment (Pumputis et al., 2020). Contrarily, MOS treatment 

seems to weaken barrier functions, as supported by the increasing fluorescently-labeled 

albumin permeation from apical to basolateral chamber (Paper Ⅲ). Moreover, like MOS 

treatment in the Paper Ⅲ, phytochemical naringenin treatment impeded cell migration 

(Pumputis et al., 2020). Collectively, these findings indicate that the RTgutGC cell line 

responds to these components showing various physiological functionalities and features, 

which can accumulate valuable information helping predict responses in vivo.  

 

It is also suggested that RTgutGC cell line may lose some of inherent functionalities and 

features due to the decreased number of stimuli under continuous cultivation. As such, a 

more comprehensive characterization of RTgutGC cell line should be completed based on 

their purpose of use, as we conducted in Paper Ⅲ. Additionally, the limitations of 

establishing intestinal barrier model using the commercial polymer-based permeable 

membrane have stimulated the researchers to explore improved membranes or culture 

models, such as fish-gut-on-chip model based on the co-culture of RTgutGC and RTgutF 

(intestinal fibroblasts) (Drieschner et al., 2019). These improved models should highly 

mimic fish gut complexity and narrow the gap between in vitro and in vivo, and thereby 

support more detailed and accurate features and functions underlying effects of aquatic feed 

ingredients.  
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MAIN CONCLUSIONS 

 

Sampling time points 

 

 Gut functions, health biomarkers and gut microbiota composition varied greatly 

between sampling time points.  

 Seawater transfer caused great temporary reductions in plasma cholesterol and 

triglycerides levels, as well as expression of genes involved in intestinal immune 

and barrier functions. 

 Three major genera Lactobacillus, Photobacterium and Mycoplasma varied 

between sampling time points, while Lactobacillus and Mycoplasma increased 

its relative abundance with time.  

 

Functional feed ingredients 

 Inclusion of functional feed ingredients, alone or in a mixture of nucleotides, 

yeast cell walls, a prebiotic and essential fatty acids, affected the fish only 

marginally. 

 At SW2, when fish fed diet with a mixture of nucleotides, yeast cell walls and 

essential fatty acids, lower performance and reduced microbial richness and 

diversity, and reduced relative abundance of LAB were observed.  

 Supplementation with some functional feed ingredients may represent a 

metabolic cost and may not always be beneficial for fish. 

 

Multivariate association 

 Different taxa, in particularly genus Megasphaera, were significantly associated 

with gut immune and barrier gene expressions, as well as plasma nutrient levels. 

 

RTgutGC in vitro study 

 

 The RTgutGC cell line possesses many features similar to that intestinal 

epithelial cells in vivo, indicating its usefulness for use as an efficient in vitro 

model for the evaluation of effects of functional feed ingredients on intestinal 

epithelial functions. 

 MOS appeared as a potent modulator of immune and barrier functions in 
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RTgutGC.  

 Treatment with beta-glucans regulated RTgutGC immune functions, increased 

barrier functions. 

 Nucleotides induced expression levels of only a few immune and barrier genes. 
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FUTURE PERSPECTIVES 

This thesis provides new information of growth performance, gut functions and health, 

as well as gut microbiota in farmed Atlantic salmon from freshwater to seawater 

production period in the Arctic region and effects of functional feed ingredients. 

Moreover, the present thesis suggests that the RTgutGC cell line can be a potential 

efficient in vitro model to gain new knowledge on how functional feed ingredients can 

affect intestinal epithelial functions in fish. Based on the conducted experiments and the 

results obtained, the following questions are among those which should be addressed in 

the future studies: 

 

 What are the causes and consequences of the suppression of gut immune 

functions of farmed Atlantic salmon right after seawater transfer?  

 

 How to improve host health during freshwater to seawater transition? 

 

 What are nutritional and health consequences of variation in LAB and other 

microbes in the gut microbiota?  

 

 How can we modulate gut microbiota to improve host health? 

 

 Why does application of functional feed ingredients not always have beneficial 

effects?  

 

 How can the correlation between in vitro and in vivo studies be increased?  
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A B S T R A C T   

The present study was conducted to strengthen the knowledge on gut immune functions and health in Atlantic 
salmon under large scale, commercial conditions in the Arctic region of Norway. Two groups of fish were 
monitored, one fed a series of diets without functional ingredients (Ref) and the other diets with functional 
ingredients (Test). The nutritional composition of the two diet series varied in parallel according to the nutrient 
requirements of the fish during the observation time. The content of functional ingredients in the Test diets, i.e. 
nucleotides, yeast cell walls, a prebiotic and essential fatty acids, varied in accordance with a strategy developed 
by the feed company. The fish were observed at four sampling time points, the first (FW) in May 2016 two weeks 
before seawater transfer, the other three throughout the following seawater period until the fish reached a size of 
about 2 kg, i.e. in June, four weeks after seawater transfer (SW1); in November (SW2), and in April the following 
year (SW3). Gut health was assessed based on histopathological indicators of lipid malabsorption and gut 
inflammation, expression of gut immune, barrier and other health related genes, plasma biomarkers, somatic 
indices of intestinal sections, as well as biomarkers of digestive functions. 

Seawater transfer of the fish (SW1 compared to FW) caused a marked lowering of expression of genes related 
to immune and barrier functions in the distal intestine, i.e. cytokines (il1β, il10, tgfβ, ifnγ), T-cell markers (cd3γδ), 
myd88 and tight junction proteins (zo-1, claudin-15, claudin-25b), indicating suppressed immune and barrier 
functions. At SW2 and SW3, most of the immune biomarkers showed values similar to those observed at FW. The 
development of plasma cholesterol and triglyceride levels showed similar picture, with markedly lower levels 
after seawater transfer. Lipid malabsorption was observed in particular in fish from SW1 and SW2, as indicated 
by hyper-vacuolation of the pyloric caeca enterocytes with concurrently increased expression levels of plin2. 
Regarding effects of functional ingredients, significantly lower condition factor and plasma triglyceride level 
were observed for Test-fed fish at SW2, indicating a metabolic cost of use of a mixture of nucleotides, yeast cell 
walls and essential fatty acids. No clear effects of functional ingredients on expression of gut immune genes and 
other health indexes were observed through the observation period. The great, temporary lowering of expression 
of gut immune and barrier genes at SW1 is suggested to be an important factor underlying the increased 
vulnerability of the fish at this time point. Our findings regarding supplementation with functional ingredients 
raise questions whether some of these ingredients overall are beneficial or might come with a metabolic cost. Our 
results highlight the need for a better understanding of the cause and consequences of the suppression of gut 
immune functions of farmed Atlantic salmon just after seawater transfer, and the use of functional ingredients 
under commercial conditions.   
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1. Introduction 

Norwegian Atlantic salmon (Salmo salar) production has the poten-
tial to reach a level 4–5 times higher than today by 2050 [1,2]. Condi-
tions for fulfilling such projected growth in production are considered to 
include expansion of aquaculture production in the Arctic region [3,4]. 
However, the environmental conditions are extreme in the north with 
very low average temperature and extreme variation in photoperiod. 
Use of diets formulated for fish in the south, may not be optimal for fish 
in the north. Adjustments to local conditions may be required to obtain 
optimal function and health. Literature searches reveal only limited 
information about nutrient requirement of fish produced under Arctic 
conditions. Therefore, as feeds used in the northern regions are quite 
similar to those in the south, it is not unlikely that the diets may be 
deficient and imbalanced for some nutrients. 

It is well documented that suboptimal feed and feeding strategies 
may affect immune functions and health in fish [5–7]. In Atlantic 
salmon, the consequences may be most severe during the physiological 
transitions taking place in the fish in the period of transfer from fresh-
water to seawater [8–11]. Available information from studies conducted 
in the south of Norway show clear alterations in immune functions in 
Atlantic salmon upon seawater transfer with decreases in immune 
related plasma proteins and levels of lysozyme, IgM and leucocyte 
[12–14]. A study of expression of immune genes during smoltification 
and seawater transfer in tissue from pyloric region, employing micro-
arrays, showed alteration in about 300 immune genes including cyto-
kines and T cells marker genes [15]. Also in the distal intestine of 
Atlantic salmon, which is considered to play the most important role in 
immune-related gut functions [16] altered expression of 
immune-related genes has been observed [17]. 

In the present situation, with a weak knowledge basis for optimizing 
the nutrient content of the diet, preventative use of so-called functional 
ingredients is common. Such compounds are claimed to prevent or 
milden disease outbreaks and improve function and health during pe-
riods expected to be particularly challenging, for example the period just 
before and after seawater transfer [7,18]. The most commonly used 
functional ingredients for fish include certain nutrients (e.g. essential 
fatty acids and nucleotides), a range of polysaccharides (e.g. prebiotics) 
and microbial extracts (e.g. compounds from yeast cell walls) [7,18]. 
Such functional ingredients are claimed to have beneficial effects locally 
within the intestine with possible direct or indirect modulatory effects 
on gut immune responses [18,19], gut barrier functions [20] and gut 
microbiota [21]. Functional ingredients have different main functions. 
They are therefore used alone or in combination throughout the pro-
duction cycle depending on the expected physiological and environ-
mental challenges, to improve the robustness of the fish. Additionally, in 
the commercial production cycle, Atlantic salmon sense and respond to 
various changeable environmental factors (e.g. daylight, temperature, 
salinity and dissolved oxygen), aquaculture practices (e.g. netting and 
transferring of fish), as well as adjustments of macronutrient composi-
tion to meet fish requirement according to growth rate and body 
composition. Hence, long-term, lager scale feeding trials, conducted 
under commercial conditions, would represent an important validation 
step between small-scale feeding experiments of limited duration and 
the introduction of new diets into the commercial production [22]. 

The present study was therefore conducted to gain knowledge on 
fluctuations in gut immune functions and health of Atlantic salmon from 
late freshwater stage until one year in seawater farmed under large 
scale, commercial conditions in Arctic regions, and whether use of 
functional ingredients would benefit gut functions and health. 

2. Materials and methods 

2.1. Fish husbandry 

This experiment was conducted following the Norwegian laws and 

regulations of the experimentation with live animals according to Nor-
wegian Animal Research Authority. Atlantic salmon fry, from the same 
batch of eggs hatched in the spring of 2015, were raised at two smolt 
production tanks in the Bodø area of Norway (N67◦ – E14◦), each tank 
containing about 180 000 fish. When ready for seawater transfer, the 
fish were transported to the sea location in Alta area (N70◦ – E22◦) of 
Finnmark County by boat where each tank was split into triplicated net 
pens, each containing about 55 000 fish. 

For water parameters, a vertically devise connected to an automatic 
winch (HF5000, Belitronics, Lunde, Sweden) was used to monitor water 
salinity, temperature and oxygen levels at 3 m depth throughout the 
experimental period. The temperature followed natural fluctuations in 
the water and averaged, 6.8 ± 2.6 ◦C (mean ± SD) for the entire period. 
Oxygen and salinity levels averaged 11.8 ± 1.3 mg/L and 29.8 ± 3.8‰ 
throughout the experimental period, respectively (Fig. S1). 

2.2. Diets and feeding routines 

Two groups of fish were monitored, one fed a series of diets without 
functional ingredients (Ref) and the other with functional ingredients 
(Test). The nutritional composition of the two diet series varied in 
parallel according to the development in nutrient requirements. As the 
production conditions in the north are unpredictable regarding attacks 
of pathogens and parasites, feeding with functional ingredients were 
chosen. The functional ingredients, i.e. nucleotides, yeast cell walls, a 
prebiotic and essential fatty acids, were supplemented to the Test diets 
either as single ingredient or as a mixture according to a strategy 
developed by the feed producer. Table 1 shows the composition of the 
diets fed during a period of several weeks before each of the four sam-
pling time points. In freshwater, fish were fed continuously to satiation 
using automatic feeders. Also, during the first weeks in seawater, fish 
were fed according to appetite, by automatic feeders. Later, feed was 
supplied according to appetite in one to three meals depending on the 
length of daylight. 

2.3. Sample collection 

Samples were taken from the fish at four sampling time points as 
illustrated in Fig. 1 showing the experimental set-up. The samples were 
collected once during freshwater period, i.e. two weeks before seawater 
transfer in May 2016 (FW) and three times during the seawater period, i. 
e. four weeks after seawater transfer (SW1, June 2016) and two times 
thereafter (SW2 and SW3, November 2016 and April 2017). Only fish 
with content along the whole intestine were sampled to be sure that fish 
were exposed to the diets for several hours before the sampling. Fish 
were anesthetized with tricaine methanesulfonate (MS222, Argent 
Chemical Laboratories) and euthanized by cervical dislocation before 
tissue sampling. Three replicate sampling groups for each treatment, 12 
fish per replicate were sampled, i.e. 36 fish per treatment. Length and 
body weight were measured for all fish, and blood were collected from 
the caudal vein using heparinized vacutainers for plasma biochemistry 
analyses. Thereafter, the abdominal cavity was opened, and the diges-
tive organs were taken out and cleared of adipose tissue. 

For each replicate, 6 of them were collected for the analysis of 
digestive functions, i.e. 18 fish per treatment. Specifically, the content 
from the proximal intestine (PI) divided in two (PI 1 and PI 2), mid 
intestine (MI) and distal intestine (DI) divided in two (DI 1 and DI 2) 
were collected and pooled for the analysis of bile acid concentration and 
trypsin activity. After removing the content, the tissues from PI, MI and 
DI were weighed for organosomatic indices, respectively, then collected 
for the evaluation of leucine aminopeptidase (LAP) capacity. 

Another 6 fish per replicate were collected for the evaluations of 
histology and qPCR. More specifically, tissues from DI and pyloric caeca 
(PC) were rinsed in phosphate buffered saline (PBS) three times to 
remove traces of remaining chyme before cut into pieces for histological 
evaluation. These tissue were fixed in 4% phosphate-buffered 
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formaldehyde solution for 24 h, and then transfer to 70% ethanol for 
storage. Regarding qPCR, tissues from DI and PC were preserved in 
RNAlater solution and incubated at 4 ◦C for 24 h, and then stored at 
− 20 ◦C before RNA extraction. 

3. Analytical procedures 

3.1. Plasma biochemistry 

Plasma triglyceride, free fatty acid, cholesterol, glucose, chloride and 
sodium were analyzed according to standard protocols at the Central 
Laboratory of the NMBU Faculty of Veterinary Medicine (Oslo, Norway). 

3.2. Digesta trypsin activity and total bile acids concentration 

Trypsin activity was determined according to the description of 
Kakade et al. [23], using benzoylarginine p-nitroanilide (No. B-4875, 
Sigma Chemical Co., St. Louis, MO) as the substrate. Bovine trypsin was 
used to make standard curve. The total bile acid concentration was 
quantified by the Enzabile test kit (No. 550101, BioStat Diagnostic 

Systems, Cheshire, U.K.). Taurocholic acid was used to make the stan-
dard curve. 

3.3. Leucine aminopeptidase (LAP) capacity 

The LAP capacity was analyzed according to the description of Bieth 
et al. [24] using tissue homogenates. The tissue homogenates were 
prepared using the ice-cold Tris− mannitol buffer (1:20, w/v). The 
four-(two-aminoethyl)-benzene-sulfonyl fluoride hydrochloride (Pefa-
bloc SC, Basel, Switzerland) was used as a serine proteinase inhibitor. 
The LAP capacity is expressed as mmol substrate hydrolysed per hour 
per kg fish. 

3.4. Gut mucosa structure 

Tissues from DI and PC were processed to produce 3-μm thickness 
sections that were stained with hematoxylin and eosin (H&E) according 
to standard histological techniques [25]. 

Evaluation of DI sections was conducted with light microscopy and 
focused on the morphological changes of soybean meal-induced enteritis 

Table 1 
Formulation and nutrient composition of the two diet seriesa.  

Feed composition FW-Ref FW-Test SW1-Ref SW1-Test SW2-Ref SW2-Test SW3-Ref SW3-Test 

Ingredients (%) 
Marine protein sourcesb 40 40 30 30 19 19 19 19 
Plant protein sourcesc 35 35 39 39 53 53 53 53 
North Atlantic fish oil 9 9 24 24 10 10 10 10 
Rapeseed oil 9 9 – – 7 7 7 7 
Binders & Micronutrients 7 7 7 7 11 11 11 11 
Sum 100 100 100 100 100 100 100 100 
Nutrient composition (%) 
Crude protein 44 44 44 44 46 46 46 46 
Crude fat 22 22 28 28 22 22 22 22 
Starch 7.5 7.5 8 8 10 10 10 10 
Crude fiber 1.5 1.5 3 3 3 3 3 3 
Ash 7 7 6 6 5 5 5 5 
Functional ingredientsd 

Essential fatty acids – – – ✓ – ✓ – ✓ 
Nucleotides – ✓ – ✓ – ✓ – ✓ 
Yeast cell walls – – – – – ✓ – – 
One prebiotic – – – – – – – ✓  

a The composition of four different basic diets varied throughout the time of observation following the strategy developed for this commercial site according to the 
development and production and health of the fish in the farm. At each observation time, two diets were formulated, one without functional ingredients (Ref diet) and 
one with functional ingredients (Test diet). FW, sampling point in freshwater (May 2016); SW1, the first seawater sampling point (June 2016); SW2, the second 
seawater sampling point (November 2016); SW3, the final seawater sampling point (April 2017). 

b Mix of Scandinavian origin fish meal and, fish protein concentrate (Norway). 
c Mix of soy protein concentrate, wheat protein concentrate, wheat gluten, sunflower meal. 
d Inclusion levels were determined according to recommendations from the producers and cannot be disclosed due to commercial interests and production of in-

tellectual rights. These functional ingredients were added in the dry meal mix with other dry ingredients in a homogenous dry mix, then going to the preconditioner 
and extruder. 

Fig. 1. Outline of the experimental setup. The time for sampling and diet change are shown in green and red dotted arrow, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(SBMIE) in Atlantic salmon that consist of shortening of mucosal fold 
length, increase in width and cellularity of the submucosa and lamina 
propria, and reduction in enterocyte supranuclear vacuolization. For the 
PC, the degree of vacuolization of the enterocytes was evaluated. The 
morphological characteristics were scored on a scale of 0–4 where 
0 represented normal; 1, mild; 2, moderate; 3, marked, and 4, severe 
changes as described by Bakke et al., 2007 [26]. 

3.5. Gut mucosa gene expression 

Total RNA was extracted from DI and PC tissues using a FastPrep-24 
homogenizer, Trizol® reagent and further purified with PureLink 
(Thermo Fisher Scientific) with an on-column DNase treatment. For PC, 
samples from FW, SW1 and SW2 were selected for analysis based on 
histological results, and equal amount of total RNA from three fish per 
replicate were pooled after RNA extraction. For DI, three individual fish 
per replicate were processed (i.e. 9 fish per treatment), and all four 
sampling points were included in the analysis. The integrity of the RNA 
samples was verified by the 2100 Bioanalyzer using RNA Nano Chips 
(Agilent Technologies), and RNA purity and concentrations were 
measured using the NanoDrop ND-1000 Spectrophotometer (NanoDrop 
Technologies). The average RNA integrity number (RIN) of all samples 
was 9.0. Total RNA was stored at − 80 ◦C until use. 

The synthesis of cDNA, DNase treatment and qPCR were conducted 
as previously described [27]. For DI, 32 target genes related to intestinal 
immune responses, barrier functions, osmoregulation and nutrient 
metabolism were selected. Primers and assay details are shown in 
Table 2. For PC, a panel of 16 target genes was profiled, targeting in-
testinal lipid and sterol metabolism, immune and barrier functions 
(Table 3). RNA polymerase II (rnapolii) and hypoxanthine 

phosphoribosyl transferase 1 (hprt1) for DI and beta-actin (actb) and 
gylceraldehyde-3-phosphate dehydrogenase (gapdh) for PC were used as 
reference genes for the target gene normalization based on their overall 
coefficient of variation (CV) and interspecific variance [28]. The geo-
metric mean of the reference genes was used as the normalization factor. 
Mean normalized levels of target genes were calculated from raw 
quantification cycle (Cq) values [29]. 

3.6. Calculations 

The thermal growth coefficient (TGC) was calculated as follows:  

TGC = 1000 * [sampling body weight (g) 1/3 - initial body weight (g) 1/3] * (
∑

day degree)− 1                                                                                        

Condition factor (CF) was calculated as follows:  

CF = 100* sampling body weight (g) / sampling body length (cm) 3              

Organosomatic indices (OSI) was calculated as follows:  

OSI (%) = 100* organ weight / sampling body weight (g)                             

3.7. Statistical analysis 

In order to compare the mean values and clearly identify significant 
differences between sampling time points, as well as between different 
diets at each observation time, eight different treatments were defined 
by combining the sampling time points and diets, i.e. FW-Ref, FW-Test, 
SW1-Ref, SW1-Test, SW2-Ref, SW2-Test, SW3-Ref and SW3-Test. A two- 

Table 2 
Details of primer pairs used for qPCR assays in the distal intestine.  

Function Acronyma Primer sequence (5’→3′) Primer sequence (5’→3′) Annealing 
temp 

Product size 
(bp) 

Acc.no 

Forward Reverse 

Pro-inflammatory il17a TGGTTGTGTGCTGTGTGTCTATGC TTTCCCTCTGATTCCTCTGTGGG 60 136 GW574233 
il8 ATTGAGACGGAAAGCAGACG CGCTGACATCCAGACAAATCT 60 136 NM_001140710 
il1β GCTGGAGAGTGCTGTGGAAGA TGCTTCCCTCCTGCTCGTAG 60 73 NM_001123582 
ifnγ CTAAAGAAGGACAACCGCAG CACCGTTAGAGGGAGAAATG 60 159 FJ263446 

Anti-inflammatory tgfβ AGTTGCCTTGTGATTGTGGGA CTCTTCAGTAGTGGTTTGTCG 60 191 EU082211 
il10 CGCTATGGACAGCATCCT AAGTGGTTGTTCTGCGTT 62 59 EF165028 

Adaptive immunity myd88 GACAAAGTTTGCCCTCAGTCTCT CCGTCAGGAACCTCAGGATACT 60 110 NM_001136545 
gilt ACGGAAATGCACACGAATCT GCCTCCATGCAGTAGACGAT 60 148 BT047766 

T-cell markers cd4α GAGTACACCTGCGCTGTGGAAT GGTTGACCTCCTGACCTACAAAGG 60 121 NM_001123611 
cd8β CGCACACACCTCAACAACTC ATTGATGCGCAGTGTGAAAG 59 153 AY693394 
cd3γδ AAAGGCGCATGGACAGATCT GCCCGCACAACATTAAAGCT 60 160 NM_001123621 

Goblet cell markers muc13 ATTGTCGGCACTGTTCTTGG GGAGCTCTTCTTGGACGTCT 60 88 DY723445 
muc2 TCTGTCCTGATGGGATGAAAC GGACTCCAAACAAACGCAAT 60 143 CK885177 

Stress response cat CCCAAGTCTTCATCCAGAAACG CGTGGGCTCAGTGTTGTTGA 60 101 BG935638 
hsp70 CCCCTGTCCCTGGGTATTG CACCAGGCTGGTTGTCTGAGT 60 121 BG933934 
sod CCACGTCCATGCCTTTGG TCAGCTGCTGCAGTCACGTT 55 140 BG936553 

Tissue remodeling pcna TGAGCTCGTCGGGTATCTCT GTCCTCATTCCCAGCACACT 55 170 BT056931 
Mucosal barrier 

function 
zo-1 CAAAGCCAGTGTATGCCCAG CAGCTTCATACTCGGCCTGA 60 119 XM_014175464.1 
e-cadherin ACTATGACGAGGAGGGAGGT TGGAGCGATGTCATTACGGA 60 107 BT058864.1 
claudin-15 GGCACGTCTGAGAAACAACA TAGGAAGTGGCAGCCTGACT 60 92 BK006395 
claudin- 
25b 

CCTGTAAGAGGGGTCCATCA TGACACATGTTCTGCCCTGT 60 101 BK006399 

occludin GACAGTGAGTTCCCCACCAT ATCTCTCCCTGCAGGTCCTT 60 101 NM_001173656.1 
Nutrient transport slc6a6 GGAGGTGGAAGGACAGATCA ACATGCCACCTTTCGTTACC 60 143 NM_001139800 

fabp2b TGCCTTCCCCTCATTCTCTA GGTGATACGGTCTTCATCCAA 60 152 BT046827 
pept GGCTTTCTGCTCTGTGAAGG TAGGGGGACACAACAAGACC 55 89 NM_001146682 
slc10a2 CCCTGGGAATCTACGTCAAA GGTCCAGGAGGACTGGTACA 60 134 XP_014019465 

Osmoregulation ecc GCAGTGTTGCTGCTGGTTTA TCAGGCACCACTGGGTTAAT 60 104 C081R050 
aqp10 GGTGTTGGTGATCGGAGTCT CGCCCTAAACACCTCATCC 62 121 DW569041 
aqp1a CTACCTTCCAGCTGGTCCTG TGATACCGCAGCCTGTGTAG 62 141 BT046625 
aqp1b CTGTGGGTCTGGGACATCTT TAAGGGCTGCTGCTACACCT 62 153 NM_001140000.1 
nkaα1b CTGCTACATCTCAACCAACAACATT CACCATCACAGTGTTCATTGGAT 60 81 NM_001124460 
aqp8 ab GTTGGCATAGTTCTCCTTTGATG TTTCAACCCTCCCTTCACC 60 148 KC626879.1 

Reference genes rnapoii CCAATACATGACCAAATATGAAAGG ATGATGATGGGGATCTTCCTGC 60 157 BG936649 
hprt1 CCGCCTCAAGAGCTACTGTAAT GTCTGGAACCTCAAACCCTATG 60 255 BT043501  

a For explanation of gene abbreviations see Tables S1–3. 
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way ANOVA was considered unsuitable as diet composition varied 
throughout the observation time both regarding macronutrient and 
functional ingredients composition. Differences in histological scores 
were analyzed for statistical significance using the Fisher exact test. Post 
hoc analysis for significant Fisher Exact Test results was conducted using 
the Chisq.post.hoc test. Both statistical tests were run in the R statistical 
package (version 3.4.2; 2017) within the RStudio interphase (version 
1.1.383; 2017; RStudio Inc.). Other statistical analyses were performed 
with JMP Pro 13.0.0 (SAS Institute, United States). One-way ANOVA 
and Tukey-Kramer HSD multiple comparisons were performed to 

interpret and compare the mean values and identify significant differ-
ences between these eight different treatments. Data were evaluated for 
homogeneity of variance and normality of residuals using the “residual 
by predicted” plot and histogram, respectively. When necessary, data 
were transformed by box-cox power transformation to meet the statis-
tical assumptions, and then refitted for a second evaluation. The level of 
significance in all analyses was set at P < 0.05. In the tables and figures, 
values with the same superscript letter are not significantly different. 
Figures were made using GraphPad Prism 8 (GraphPad Software, La 
Jolla, California, United States). 

Table 3 
Details of primer pairs used for qPCR assay in the pyloric caeca.  

Function Acronyma Primer sequence (5’→3′) Primer sequence (5’→3′) Annealing temp Product size (bp) Acc.no 

Forward Reverse 

Immune il1β GCTGGAGAGTGCTGTGGAAGA TGCTTCCCTCCTGCTCGTAG 60 73 NM_001123582 
tgfβ AGTTGCCTTGTGATTGTGGGA CTCTTCAGTAGTGGTTTGTCG 60 191 EU082211 
cd3γδ AAAGGCGCATGGACAGATCT GCCCGCACAACATTAAAGCT 60 160 NM_001123621 

Mucosal barrier function Zo-1 CAAAGCCAGTGTATGCCCAG CAGCTTCATACTCGGCCTGA 60 119 XM_014175464.1 
claudin-15 GGCACGTCTGAGAAACAACA TAGGAAGTGGCAGCCTGACT 60 92 BK006395 
claudin- 
25b 

CCTGTAAGAGGGGTCCATCA TGACACATGTTCTGCCCTGT 60 101 BK006399 

Nutrient transport pept GGCTTTCTGCTCTGTGAAGG TAGGGGGACACAACAAGACC 55 89 NM_001146682 
Osmoregulation nka-α1b CTGCTACATCTCAACCAACAACATT CACCATCACAGTGTTCATTGGAT 60 81 NM_001124460 

aqp8 ab GTTGGCATAGTTCTCCTTTGATG TTTCAACCCTCCCTTCACC 60 148 KC626879 
Stress response hsp70 CCCCTGTCCCTGGGTATTG CACCAGGCTGGTTGTCTGAGT 60 121 BG933934 
Lipid metabolism fabp2b TGCCTTCCCCTCATTCTCTA GGTGATACGGTCTTCATCCAA 60 152 BT046827 

hmgcr CCTTCAGCCATGAACTGGAT TCCTGTCCACAGGCAATGTA 60 224 NM_001173919 
plin2 CCCAGGTCTACTCCAGCTTC CAGCGACTCCTTCATCTTGC 60 104 BT072598 
apoa1 CTGGTCCTCGCACTAACCAT TGGACCTCTGTGCAGTCAAC 60 144 NM_001123663 
cyp51 TGCATTGGGGAGAACTTTGC ATCTGATGACGGGGTTGTGT 60 148 DY731118 
npc1l1 CCAAAGACCTGATCCTGGAA CGAAGCACACATCCTTCAGA 60 108 CB505644 

Reference genes gapdh AAGTGAAGCAGGAGGGTGGAA CAGCCTCACCCCATTTGATG 60 84 BT050045 
actb CAAAGCCAACAGGGAGAAGATGA ACCGGAGTCCATGACGATAC 60 88 AF012125  

a For explanation of gene abbreviations see Tables S4–5. 

Fig. 2. Contingency charts showing proportions of sampled fish that scored normal, mild, moderate, marked and severe for the selected distal intestine and pyloric 
caeca morphological characteristics among treatments. P values of the Fisher’s exact test are shown on the lower right corner of the subplot. Asterisk indicates 
significant effect of diet (P < 0.05, n = 18). DI: distal intestine, SM: submucosa, PC: pyloric caeca. 
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4. Results 

4.1. Histological characteristics of the gut mucosa 

The distal intestine of the fish showed normal morphological char-
acteristics for most of the samples based on observations of mucosal fold 
height, submucosa width and cellularity and enterocyte supranuclear 
vacuolization. The exception was for samples taken at SW2 for which 
about 50% of the fish from both Ref and Test diets showed mild to 
marked reduction in supranuclear vacuolization of the enterocytes 
(Fig. 2 A, B and C). In pyloric caeca, enterocyte hyper-vacuolization, 
interpreted as steatosis and indication of lipid malabsorption, was 
observed (Fig. 2 D). The severity of this hyper-vacuolization increased 
gradually from FW through SW1, culminated at SW2 and decreased at 
SW3 (Fig. 2 D). A diet effect was observed for fish sampled at SW3, i.e. a 
higher proportion of mild steatosis for fish fed the Test diet compared to 
fish fed Ref diet (Fig. 2 D). 

4.2. Gene expression 

4.2.1. Gene expression in distal intestine 
Overall, expression of genes related to gut immune functions and 

other health related functions showed clear differences between sam-
pling time points. The results observed at SW1, i.e. just after seawater 
transfer, revealed substantially suppressed expression of most immune, 
barrier, stress, goblet cell marker genes as well as some other gut 
function related gene expressions. However, thereafter, i.e. at SW2 and 
SW3, most of gene expression levels returned back to the levels observed 
at FW (Fig. 3 and Tables S1–3). 

Also, goblet cell marker mucin-13 (muc13) showed lower expression 
levels in fish at SW1 compared to FW fish, followed by an increase at the 
later seawater sampling points (P < 0.05, Fig. 4 A). Regarding diet ef-
fects, only negligible differences were observed. 

In detail: Pro-inflammatory cytokines (interleukin-1 beta, il1β and 
interferon gamma, ifnγ), showed high expression at FW, a drop after 
seawater transfer, followed by an increase or no change throughout the 
rest of the observation period (P < 0.05, Fig. 4 B and C). A similar 
pattern was seen for anti-inflammatory cytokines (transforming growth 
factor-beta, tgfβ and interleukin 10, il10) (Fig. 4 D and E), T-cell markers 
(e.g. cluster of differentiation 3 γδ, cd3γδ) (Fig. 4 G) and myeloid dif-
ferentiation factor 88 (myd88) (Fig. 4 I) showing high expression in fish 
from FW, followed by lower expression of fish from SW1 and higher 
expression thereafter. For cluster of differentiation 8 beta (cd8β), fish 
showed the lower expression at FW and SW1 but increased at later 
sampling points (Fig. 4 F). Gamma-interferon inducible lysosomal thiol 
reductase (gilt) showed higher expression at SW3 compared to those 
from other sampling time points (Fig. 4 H). 

Similar to the observations for the immune related genes, genes 
related to tight junction barrier function (zo-1, claudin-15 and claudin- 
25b) showed lower expression levels in fish from SW1 compared to FW 
fish, followed by an increase throughout the later seawater sampling 
points (Fig. 5). 

For the intestinal water channel aquaporin-8ab (aqp8ab), gene 
expression levels increased progressively from the first to the last sam-
pling point (P < 0.05, Fig. 6 A). The gene expression levels of aquaporin- 
10 (aqp-10) showed a similar trend regarding differences between 
sampling points but except for a decreased expression at SW2 (Fig. 6 B). 
Compared to the expression of aqp-10 and 8adb, very low expression 

Fig. 3. Heatmap showing the hierarchical clustering of differentially expressed genes in distal intestine of Atlantic salmon fed Ref and Test diets during the 
observation period. Colors correspond to Z-score (z = (relative expression – mean)/standard deviation) based on the relative gene expression, i.e., red (high positive 
value) indicates higher relative expressions; Green (low negative value) indicates the lower relative expressions. The level of significance in all analyses was set at P 
< 0.05 between treatments (n = 9). An alternative representation of the data and the explanation of gene abbreviations can be found in Tables S1–3. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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levels of aquaporin-1a and 1b (aqp-1a and 1b) were found for all fish 
without clear difference between sampling points (Table S2). 

The peptide transporter (pept) showed decreasing expression levels 
after sea water transfer (Fig. 6 C), while a significant increase was found 
for fatty acid binding protein 2b (fabp2b) (P < 0.05, Fig. 6 D). 

Regarding the expression profile of other gut health related genes, 
such as interleukin 17A (il17a), interleukin 8 (il8), cluster of 

differentiation 4α (cd4α), epithelial chloride channel protein (ecc), so-
lute carrier family 10-member 2 a (slc10a2), e-cadherin (e-cad), 
occluding, proliferating cell nuclear antigen (pcna) and mucin-2 (muc2), 
no significant effects of life stage were found (P > 0.05, Tables S1–3). No 
clear and consistent diet effects were found on the expression level of 
genes related to intestinal immune responses, barrier functions, osmo-
regulation and nutrient metabolism at any of the sampling points 

Fig. 4. Expression levels of genes related to immune responses in the distal intestine of Atlantic salmon fed Ref and Test diets during the observation period. For 
explanation of gene abbreviations, see Table S1. Data are presented as mean ± SEM. Different letters among values denote significant differences (P < 0.05, n = 9) 
and values sharing the same letters are not significantly different. 

Fig. 5. Expression levels of genes related to barrier function in the distal intestine of Atlantic salmon fed Ref and Test diets during the observation period. For the 
explanation of gene abbreviations, see Table S1. Data are presented as mean ± SEM. Different letters among values denote significant differences (P < 0.05, n = 9) 
and values sharing the same letters are not significantly different. 
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(Tables S1–3). 

4.2.2. Gene expression in pyloric caeca 
The tissue of PC showed increased expression levels of aqp8ab in fish 

from SW1, followed by a suppression at SW2 (Fig. 7 A). Expression of 
pept decreased from FW throughout the seawater stages (P < 0.05, Fig. 7 
B). The opposite picture was found for lipid droplet marker perilipin-2 
(plin2) with higher expression levels observed after seawater transfer 
(P < 0.05, Fig. 7 C). The expression level of cholesterol synthesis gene 
cytochrome P450 51 (cyp51) increased and stabilized after sea transfer 
(P < 0.05, Fig. 7 D). The diet effect was insignificant for these variables 
at all sampling points. Regarding the gene profile expression of other 
immune, barrier function and metabolism related genes in PC, no sig-
nificant effects of life stage nor of diet were found (P > 0.05, Tables S4 
and 5). 

4.3. Growth and body indices 

Growth rate, estimated as TGC, was based on the initial weights of 
the whole population 6 months before FW sampling time point, as well 
as on the weights of the individual sampled fish. The results showed 
large differences between the sampling points. In the period of FW and 
SW1, fish showed the lowest TGC (P < 0.05, Fig. 8). In the next period, 
the growth rate increased significantly to a value about twice as high 
and stabilized thereafter. In the period between SW2 and SW3, fish fed 
Test diet tended to have lower growth than the fish fed the Ref diet, but 
no statistical difference was found (Fig. 8). 

The lowest, and similar CF values for the two diets, were observed in 
fish from FW and SW1, whereas those from SW2 and SW3 showed 

significantly higher values. At SW2 and SW3, lower CF values were 
observed for the Test diet compared to the Ref diet (Table 4). 

Regarding organo-somatic indices for PI, significant differences were 
seen between all sampling points (P < 0.05, Table 4) with increasing 
values from FW to SW1 and SW2. At SW3, the values had decreased to 
levels falling between those of SW1 and SW2. Regarding diet effects, no 
clear differences between the diets were observed at FW, SW1 or SW2. 
At the last sampling point (SW3) however, higher PI somatic indices 
were shown for fish fed Test diet (P < 0.05, Table 4). The results for MI 
and DI somatic indices showed the same trends regarding differences 
between sampling points, but the differences were less pronounced 
(Table 4). A significant diet effect was observed in DI at SW3, i.e. higher 
value in fish fed the Test diet (Table 4). 

4.4. Plasma biomarkers 

Plasma cholesterol and triglyceride decreased substantially after 
seawater transfer (P < 0.05, Fig. 9 A and B). Thereafter the values 
returned to a level not significantly different from that of the fish 
sampled at FW and remained at this level. Regarding plasma free fatty 
acid, the values decreased slightly after the seawater transfer, for then to 
increase to values at about the same level as observed in fish in the fresh 
water. Thereafter the values decreased significantly at SW3 (P < 0.05, 
Fig. 9 C). Fish from the FW sampling point showed markedly higher 
glucose levels compared to fish from seawater samplings (P > 0.05, 
Fig. 9 D). No significant diet effects were observed for plasma choles-
terol, triglyceride, free fatty acid or glucose levels at any of the sampling 
time points, except for a significantly lower plasma triglyceride level in 
fish fed the Test diet at the SW2 sampling point (P < 0.05, Fig. 9 B). 

Fig. 6. Expression levels of genes related to water and nutrient transport in the distal intestine of Atlantic salmon fed Ref and Test diets during the observation 
period. For the explanation of gene abbreviations, see Tables S1–3. Data are presented as mean ± SEM. Different letters among values denote significant differences 
(P < 0.05, n = 9) and values sharing the same letters are not significantly different. 
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Compared to fish from the FW sampling point, fish from the SW had 
higher plasma chloride and sodium levels (P < 0.05, Fig. 9 E and F). A 
diet effect was only observed at SW2, i.e. higher plasma chloride levels 
in fish fed the Test diet compared to those fed Ref diet (P < 0.05, Fig. 9 
E). 

4.5. Digesta bile acid concentration and trypsin activity 

Compared to fish from other sampling points, fish from SW3 had 

higher digesta bile salts concentrations in PI 1, PI 2, MI and DI 1 
(Table 5). For PI 1 and PI 2, the lowest values were observed in fresh-
water, while for DI the lowest values were observed right after seawater 
transfer. In samples from DI 2, no significant differences were observed 
between life stages. Moreover, no clear diet effect was observed at any of 
the sampling points (Table 5). 

The trypsin activities in intestinal digesta showed no significant 
differences between sampling points nor between the two diets (P >
0.05, Table 5). 

Fig. 7. Expression profile of selected genes in the pyloric caeca of Atlantic salmon fed Ref and Test diets during the observation period. For the explanation of gene 
abbreviations, see Tables S4–5. Data are presented as mean ± SEM. Different letters among values denote significant differences (P < 0.05, n = 3) and values sharing 
the same letters are not significantly different. 

Fig. 8. Growth performance of Atlantic salmon fed Ref and Test diets during the observation period. Data were presented as mean ± SEM. Different letters among 
values denote significant differences (P < 0.05, n = 36) and values sharing the same letters are not significantly different. 
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4.6. Brush border leucine aminopeptidase (LAP) capacity 

In the PI and DI, the LAP capacity increased significantly after the 
seawater transfer (P < 0.05) and tended to stabilize at a higher level 
thereafter (Fig. 10). In the MI, the LAP capacity increased slightly and 
tended to stabilize after the seawater transfer. No clear diet effects on 
intestinal LAP capacity were observed at any of the sampling points (P >
0.05, Fig. 10). 

4.7. Management observations 

Over the 15-week observation period in freshwater, the body weight 
in both the fish fed the Ref and Test diet showed average weight of 122 g. 
The mortality during the freshwater phase was similar for fish fed Ref 
and Test diets, averaging 9%. The main part of the loss (about 80%) was 
due to hemorrhagic smolt syndrome (HSS), not uncommonly observed 

in fish within the smoltification period. At slaughter time, TGC, calcu-
lated for all fish in the farm over the whole saltwater phase, showed high 
values and a trend (P = 0.085) towards higher growth for fish fed the Ref 
diet compared to the Test diet, 3.7 and 3.6, respectively. There was no 
significant difference between diets regarding FCR (P = 1.00). In the 
seawater period, recorded mortality did not differ significantly (P =
0.09) and averaged 8.6% for fish fed the Ref and the Test diet. There 
were two main events of increased mortality in this period. The first 
during transport from the freshwater to the seawater site, the second 
right after seawater transfer which is a frequent observation. Some of 
this mortality might partly be due to complications from the pre-existing 
HSS condition. In December, the first winter in seawater, the population 
was diagnosed with heart and skeletal muscle inflammation (HSMI) 
which temporarily increased mortality. No outbreaks of parvicapsulosis 
or teacibaculosis, commonly challenging salmon in the northern re-
gions, occurred in the studied population. 

5. Discussion 

The main findings of the present work were as follows: 
Major, temporary drops were observed in expression of gut immune 

and barrier function genes four weeks after seawater transfer. Apparent 
enterocyte hyper-vacuolation in pyloric caeca was observed in samples 
from FW to SW2 with concurrent increased expression levels of the lipid 
droplet surface marker plin2. No clear indication of beneficial effects was 
observed throughout the observation period. However, an increased 
metabolic cost was indicated by lower CF and plasma triglyceride levels, 
and a tendency to lower growth at SW2 due to the mixture of nucleo-
tides, a prebiotic and essential fatty acids used at this time point. 

5.1. Gut immune and barrier functions 

Firm conclusions regarding consequences for the fish health, per-
formance of the many alterations in the expression of gut immune and 
barrier related genes two weeks before seawater transfer and four weeks 
after, cannot be made. However, existing literature indicates that most 

Table 4 
Condition factor and indices of gut sections in Atlantic salmon fed Ref and Test 
diets during the observation perioda.   

Condition factor PI MI DI 

One-Way ANOVA 
P value <0.001 <0.001 <0.001 <0.001 
Pooled SEM 0.02 0.12 0.01 0.02 
Mean values -Tukey-Kramer HSD 
FW-Ref 1.03d 1.6e 0.17de 0.37de 

FW-Test 1.04d 1.6e 0.16e 0.32e 

SW1-Ref 1.02d 2.4d 0.22bcd 0.49bc 

SW1-Test 1.03d 2.2d 0.21cde 0.44cd 

SW2-Ref 1.42a 4.8a 0.40a 0.54ab 

SW2-Test 1.33b 4.9a 0.38a 0.52abc 

SW3-Ref 1.30bc 3.1c 0.25bc 0.49bc 

SW3-Test 1.24c 3.7b 0.28b 0.58a  

a For explanation of sampling point and diet abbreviations see Table 1. PI, 
proximal intestine; MI, mid intestine; DI, distal intestine. Values with same su-
perscript in a column are not significantly different (P < 0.05, condition factor n 
= 36, organosomatic indices n = 18). 

Fig. 9. Plasma biomarkers of Atlantic salmon fed Ref and Test diets during the observation period. Data are presented as mean ± SEM. Different letters among values 
denote significant differences (P < 0.05, n = 36) and values sharing the same letters are not significantly different. 
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of the alternations seen after seawater transfer weaken disease resis-
tance and production [15,30,31]. The mucus layer, with its mucins, acts 
as the first immune barrier [32]. Downregulation of muc13 in DI just 
after seawater transfer, as observed in our study indicates a reduction of 
goblet cells, since the gene muc13 codes for the main sialomucin and its 
downregulation expression has been observed to be accompanied by 
reduced goblet cells [33,34]. Also, the downregulation of muc13 might 
render the tissue more prone to inflammation, as supported by the study 
in mice that muc13 prevents intestinal inflammation by inhibiting 
epithelial cell apoptosis [35]. 

The observation in our study of down-regulation of expression of pro- 
inflammatory (ifnγ and il1β) and anti-inflammatory cytokines genes (tgfβ 
and il10) after seawater transfer may have important implications for 
the disease resistance of fish, since inflammatory cytokines play critical 
roles in intestinal immune homeostasis [36,37]. Decreased expression of 
inflammatory cytokines genes may be expected to induce tissue damage 
due to overreaction of inflammatory response [38–41]. However, this 
did not appear to be the case in our situation as no clear inflammation 
signs was observed in the present study. The suppression of 
pro-inflammatory cytokines genes may be due to the modulation of the 
myd88-independent pathway [42], observed as lower expression of 
myd88 in DI after seawater transfer in our study. Regarding 
anti-inflammatory cytokines, decreased expression of tgfβ usually cor-
roborates with il10 downregulation, also observed in our study, working 
as a regulatory cytokine in T-cells [43]. T-cell barrier-disrupting effect 
can be mediated through decreased counteraction of anti-inflammatory 
cytokines, e.g. tgfβ [44,45], as found in our study in which T cell 
markers, i.e. cd3γδ and cd8β, revealed lower expression levels at SW1. 
The activation of T cells may be suppressed by gilt indicating that lower 

gilt expression possibly takes place in the course of sensitization of T cells 
[45,46]. These results are suggested to support the hypothesis that the 
decreasing gene expression of T cell markers may related to the reduc-
tion of T cells or intestinal epithelial cell loss [45]. The lower expression 
levels of immune-related genes at SW1 may be an unavoidable effect of 
all the physiological challenges related to stress due to transporting, 
handling and exposure to new pathogens, as well as great changes in 
environmental conditions, such as alteration in water temperature and 
salinity [47–49]. It is not unlikely that the observed alteration in 
expression of immune genes are important factors in the mechanisms 
underlying the increased mortality observed soon after seawater transfer 
[50,51]. 

The decrease in expression of zo-1 and claudins after seawater 
transfer is line with earlier studies [52,53]. Also, the work of [54,55] 
showed rapidly changing intestinal permeability and translocation rates 
after seawater transfer which may cause disturbances in barrier func-
tions and suppressed immune defense mechanisms. As mentioned 
above, the triggers of the changes in immune and barrier functions just 
after seawater transfer may be both physiological, e.g. related to the 
smoltification processes, and farming conditions, such as feed depriva-
tion, handling stress, rapidly changing water temperature, water salinity 
and other environmental factors [55–57]. The dominating claudins, i.e. 
claudin-15 and claudin-25b, in the intestine of Atlantic salmon are 
involved in the reorganization of the intestinal epithelium and may 
affect paracellular permeability during seawater acclimation [58,59]. 
Hence, the decreased claudin-15 and claudin-25b expression levels after 
seawater transfer, which is accompanied by increase in paracellular 
permeability, might also be explained by natural physiological re-
sponses for osmoregulation during seawater adaption rather than the 

Table 5 
The total bile acid concentration and trypsin activity in the digesta of Atlantic salmon fed the Ref and Test diets during the observation perioda.   

Total bile acid levels (mg/g dry matter) Trypsin activity (U/mg dry matter) 

PI 1 PI 2 MI DI 1 DI 2 PI 1 PI 2 MI DI 1 DI 2 

One-Way ANOVA 
P value <0.001 <0.001 0.002 0.002 0.15 0.05 0.073 0.18 0.46 0.38 
Pooled SEM 15.4 12.5 6.9 4.1 2.0 44.8 31.1 24.7 16.6 10.6 
Mean values-Tukey-Kramer HSD 
FW-Ref 142c 131b 94c 28bc 9 196 203 172 94 27 
FW-Test 152c 126b 106bc 21bc 8 201 203 166 113 49 
SW1-Ref 187bc 167ab 108abc 16c 5 252 328 180 61 14 
SW1-Test 171c 177ab 107bc 16c 5 334 338 228 74 23 
SW2-Ref 174c 144b 97c 29b 14 316 238 107 70 46 
SW2-Test 194bc 155b 98c 30b 13 340 246 126 74 46 
SW3-Ref 292a 233a 157a 47a 9 401 235 164 105 41 
SW3-Test 265ab 229a 133ab 41a 9 373 267 142 100 27  

a The explanation of sampling point and diet abbreviations see Table 1. PI 1, the proximal half of the proximal intestine; PI 2, the distal half of the proximal intestine; 
MI, mid intestine; DI 1, the proximal half of the distal intestine; DI 2, the distal half of the distal intestine. Values with same superscript in a column are not significantly 
different (P < 0.05, n = 3). 

Fig. 10. Leucine aminopeptidase (LAP) capacity of Atlantic salmon fed Ref and Test diets during the observation period. PI, proximal intestine; MI, mid intestine; DI, 
distal intestine. Data are presented as mean ± SEM. Different letters among values denote significant differences (P < 0.05, n = 18) and values sharing the same 
letters are not significantly different. 
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loss of the intestinal immune function with implications for the immune 
apparatus. 

As the fish developed towards SW2 and SW3, most of the biomarkers 
which were down regulated just after sea transfer, increased to the level 
observed in fish from FW. This observation suggests that immunological 
adaption to seawater environment was reached at a stage between SW1 
and SW2, i.e. more than four weeks after seawater transfer, as supported 
by an earlier study [15] that recovery time of the immune-related gene 
expression to pre-transfer levels should take more than three weeks. 

5.2. Variation in PC hyper-vacuolization 

The hyper-vacuolization in the PC observed in our study at SW1 and 
SW2, indicates insufficient lipid transport capacity across the mucosa at 
these time points [60,61]. These observations corresponded with the 
increases in plin2 (adipophilin) expression, a marker for lipid droplets 
and lipid accumulation, and shunting of lipid into storage vacuoles [62]. 
Similar correspondence between pyloric caeca hyper-vacuolization and 
plin2 expression has been observed in salmon previously [43]. In the 
current study, we also observed an increased expression of cyp51, which 
is involved in de novo synthesis of cholesterol, another component 
involved in lipid transport. The apparent hyper-vacuolization of PC 
observed at the two sampling time points may have different causes. At 
SW1, the lipid accumulation may be related to the generally slower level 
of several biomarkers and functions, e.g. the low plasma cholesterol 
levels, which might lead to reduced capacity for lipid transport, and 
possibly other factors of importance for lipid transport. Deficiency of 
nutrients, due to low feed intake, may also be a factor. The 
hyper-vacuolization observed at the SW2 sampling, one the other hand, 
may be due to high feed intake and therefore high fat intake concomitant 
with insufficient supply of components essential for lipid transport, e.g. 
choline [63]. Until recently, and probably still, commercial salmon 
feeds, mainly based on plant ingredients, have been deficient in choline 
for efficient transport of lipid across the mucosa when feed intake is high 
[63,64]. 

5.3. Effects of functional ingredients 

Several reviews [7,65,66] conclude that inclusion of single or mix-
tures of functional ingredients, for example, nucleotides, prebiotics and 
immunostimulants, will improve growth or health of fish during 
stressful farming conditions, such as seawater transfer and critical life 
stages. In our study, fish fed the Test diet, with selected functional in-
gredients, tended to grow slower at SW2 compared to those fed Ref diet. 
At this sampling point, fish were fed diet with nucleotides, yeast cell 
walls and essential fatty acids and showed reduced condition factor and 
plasma triglyceride level, indicating lower lipid content in the body, 
which would be expected to be due to increased energy demand and 
consequently reduction in energy efficiency. Overall, the present results 
indicate that these selected functional ingredients, used during the 
production cycle, may represent a metabolic cost for the fish. Our 
findings are in line with previous reports of decreased efficacy of 
immune-stimulants, including yeast cell walls, after long-term oral 
administration to fish [67]. 

The lack of effects of functional ingredients on expression of immune 
genes and other health indices in our study, was unexpected in light of 
the results of a multitude of controlled feeding experiments, typically 
demonstrating strong immune-modulating effects of such components 
when included in animal feed. It is, however, known that, such effects 
depend on several factors, including the characteristics of the functional 
ingredient itself, timing and duration of administration, species and life 
stage [7,65,66]. One explanation for the apparent discrepancy between 
our observations and the majority of available scientific literature may 
therefore be related to the fact that the present experiment was con-
ducted under Arctic conditions, which have never been assessed in 
controlled laboratory experiments. Another factor may be that the 

accuracy of the estimates of our study was not as high as in controlled 
feeding experiments, which in turn may be able to detect smaller dif-
ferences than the present experiment. The long-term use of functional 
ingredients throughout the production cycle, is another possible reason 
for the lack effects on the immune biomarkers [68]. The present 
experiment reveals a great need for further studies of effects of func-
tional ingredients under commercial conditions in the Arctic region to 
find whether they are useful or not, and how they should be used if 
useful. 

5.4. General performance 

Our observations of low growth performance and body indices at FW 
and SW1 are in line with previous reports of poor growth performances 
in shorter time periods before [69,70] and after [71,72] seawater 
transfer. The poor growth performance is assumed to be related to the 
demanding smoltification process that takes place in this period as well 
as stress due to handling and the exposure to new seawater environment, 
which affect osmoregulation and may reduce feed intake [73,74]. 
Overall, these adaptation processes imply a higher energy requirement 
during this developmental stage, for which the fish do not seem to be 
able to compensate by adjusting their feed intake [10,75,76]. Our ob-
servations of lower plasma nutrient concentrations, such as triglyceride 
and cholesterol, in fish at SW1, support this consideration. 

The observation of stable plasma chloride and sodium levels at all the 
SW sampling time points, at higher levels than observed for FW, are in 
agreement with the results of previous studies [9,10,77,78]. The results 
indicate that the fish were well adapted to new seawater environment 
four weeks after seawater transfer. Aquaporins, especially aqp8ab, also 
play a central role in osmoregulation through trans-epithelial water 
transport [8,79,80]. One previous study found the expression levels of 
aqp8ab in the intestine was elevated after seawater transfer [8]. These 
observations were in line with our study that increasing expression 
levels of aqp8ab in DI were observed throughout the production cycle, 
from the lowest level at FW, to the highest level at SW3, strongly sug-
gesting the importance of aqp8ab in regulation of intestinal transcellular 
uptake of water during seawater acclimation, as also supported by 
previous studies in Atlantic salmon [81] and Japanese eels [82]. 

6. Conclusion 

The processes taking place from two weeks before to four weeks after 
seawater transfer caused large reductions in plasma nutrient content and 
intestinal immune and barrier functions. Apparent enterocyte hyper- 
vacuolization in pyloric caeca was observed in samples from SW1 to 
SW2, while there were no clear signs of inflammation of the distal in-
testine which looked healthy throughout the observation period. Func-
tional ingredients, used throughout the observation period, did not show 
beneficial effects, but seemed to represent a metabolic cost for the fish. 
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Abstract 22 

Background: The importance of the gut microbiota for health and wellbeing is well 23 

established for humans and some land animals. The gut microbiota is supposedly as 24 

important for fish, but existing knowledge has many gaps, in particular for fish in the 25 

northernmost Arctic region. This study addressed the dynamics of Atlantic salmon gut 26 

microbiota assemblage and its associations with host responses from freshwater to seawater 27 

life stages under large scale, commercial conditions in northernmost Arctic regions of 28 

Norway and explored effects of functional ingredients. Microbiota was characterized by 16S 29 

rRNA gene sequencing in distal intestinal digesta at four time points: two weeks before 30 

seawater transfer (in May, FW); four weeks after seawater transfer (in June, SW1); in 31 

November (SW2), and in April (SW3) the following year. Two series of diets were fed, 32 

varying throughout the observation time in nutrient composition according to the 33 

requirements of fish, one without (Ref diet), and the other with functional ingredients (Test 34 

diet). The functional ingredients, i.e. nucleotides, yeast cell walls, a prebiotic and essential 35 

fatty acids, were supplemented as single or mixtures based on the strategies from feed 36 

company. 37 

Results: Overall, the fish showed higher microbial richness and lactic acid bacteria (LAB) 38 

abundance after seawater transfer, while microbial diversity decreased throughout the 39 

observation period. At SW1, the gut microbiota was slightly different from those at FW, and 40 

was dominated by the genera Lactobacillus and Photobacterium. As the fish progressed 41 

towards SW2 and SW3, the genera Lactobacillus and Mycoplasma became more prominent, 42 

with a corresponding decline in genus Photobacterium. The overall bacterial profiles at these 43 

time points showed a clear distinction to those at FW. A significant effect of functional 44 

ingredients (a mixture of nucleotides, yeast cell walls and essential fatty acids) was observed 45 

at SW2, where Test-fed fish showed lower microbial richness, diversity, and LAB 46 



 

3 
 

abundance. The multivariate association analysis identified differentially abundant taxa, 47 

especially Megasphaera, to be significantly associated with gut immune and barrier gene 48 

expressions, and plasma nutrients. 49 

Conclusions: The gut microbiota profile varied during the observation period, and the 50 

Mycoplasma became the dominating bacteria with time. Megasphaera levels were 51 

associated with gut health markers and plasma nutrients. Functional ingredients induced 52 

mild modulations of the gut microbiota profile at an important ongrowing stage.   53 

Keywords: Atlantic salmon; Arctic region; gut microbiota; functional ingredients 54 

Background 55 

The understanding of gut microbiota as a key element for proper function, health and general 56 

wellbeing of animals, including fish, has been greatly strengthened in the past decade. 57 

Although present knowledge of gut microbiota in fish is still limited [1, 2], it is clear that 58 

alterations in gut microbiota profiles may affect enzyme production [3], nutrient digestion 59 

and utilization [4, 5] and not at least the immune status which, in turn, may alter disease 60 

resistance, for better or worse (reviewed by [6-8]). Based on existing literature, it is apparent 61 

that the outcome of alterations in gut microbiota depends on complicated interactions 62 

between the host and diet composition, and not at least environmental conditions.  63 

Most studies of gut microbiota in Atlantic salmon (Salmo salar L.) to date have described 64 

how the bacterial composition of the intestine may be affected by factors such as diet [9-13], 65 

environment (e.g. water temperature and salinity) [10, 14-18], disease situation [19], location 66 

within the digestive tract [9, 12, 20] and developmental stage [21]. For Atlantic salmon, the 67 

freshwater-to-seawater transition phase is a critical period during salmon production. The 68 

adaption to the seawater environment, involves a great number of physiological changes, 69 

such as increased hypoosmotic-regulatory ability, and alterations in endocrinology, 70 
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metabolism, morphology and behavior [22-25]. Recent studies have also demonstrated that 71 

the freshwater-to-seawater transition can have major impacts on the microbiota communities 72 

of the intestine and skin [12, 26-28].  73 

A consequence of the foreseen increase in demand for Atlantic salmon is search of new 74 

production sites. In Norway, northernmost Arctic areas, such as Finnmark, are potential 75 

candidates to expand the salmon production sites. However, present knowledge on how 76 

extreme variation in photoperiod, low average temperature, long winter period and specific 77 

pathogens in the Arctic areas influence gut microbiota is limited. It is highly likely that, due 78 

to environmental effects on the fish biology, effect of diet composition on gut health and 79 

microbiota may differ in fish produced in the northerly areas from that of fish grown in 80 

southerly areas in Norway. The lack of information on how fish in the northernmost Arctic 81 

areas might differ in biology and interaction with the environment, has stimulated the feed 82 

producers to recommend use functional ingredients to strengthen the fish’ capacity to 83 

manage harsh environmental conditions and resist site specific pathogens.   84 

Functional ingredients, such as nucleotides, and the so-called immunostimulants and 85 

prebiotics, are commonly used with the intention to improve fish health and disease 86 

resistance, in particular during stressful farming conditions [29, 30]. They seem to have 87 

positive effects on gut health, at least under certain conditions [29, 31-33], and their effects 88 

are suggested to be mediated primarily via modulation of the gut microbiota, such as 89 

increasing numbers of beneficial bacteria (e.g. lactic acid bacteria, LAB) [6]. However, the 90 

effects of functional fish feed ingredients depend on several factors, including the 91 

characteristics of the functional ingredient itself, timing and duration of administration, fish 92 

species and life stage [6, 34, 35]. It is also likely that functional ingredients may exert 93 

different actions under practical farming conditions than what can be expected based on 94 

information from controlled tank experiments, since environmental factors possibly have 95 
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greater effects than diet on fish health [36]. Yet, how functional ingredients may exert 96 

modulatory actions on gut microbiota under large scale, commercial production conditions 97 

in the Arctic areas remains relatively unexplored.  98 

Characterizing compositional changes in intestinal bacterial communities during the 99 

production cycle, as well as exploring their associations with host responses are fundamental 100 

steps to understand the impact of gut microbiota on host function and gut health in practical 101 

salmon production. The work presented herein is part of a larger project conducted to gain 102 

knowledge on fluctuation in gut function and health of Atlantic salmon from late freshwater 103 

stage until one year in seawater farmed under large scale, commercial conditions in Arctic 104 

areas. The host response data have been published previously [37]. The present study was 105 

conducted with three potential aims, firstly to gain knowledge on the changes in gut 106 

microbiota of Atlantic salmon from late freshwater stage until one year in seawater in a large-107 

scale, commercially relevant setting under Arctic conditions, secondly whether use of 108 

functional ingredients would modify the microbiota profiles during the observation period, 109 

and finally exploring potential relationships between gut microbiota and host response. 110 

Results 111 

The absolute bacterial DNA level in the digesta of the distal intestine was not significantly 112 

affected by sampling time point or diet composition (P > 0.05, Figure S1). From the 16S 113 

rRNA gene sequencing, a total number of 10.8 million counts were obtained. The minimum 114 

and maximum counts per sample were 16,639 and 159,531, respectively, with an average of 115 

74,972 counts/sample. After sequence quality filtering, trimming and filtering of ASVs, the 116 

effective sequences were about 16,000/sample available for further downstream analyses.  117 

Alpha diversity 118 

Compared to fish at FW, fish sampled from seawater showed higher microbial richness 119 

(Observed species index), especially at SW1 and SW3 (P < 0.05, Fig. 1a). The evenness 120 
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(Pielou’s evenness) (Fig. 1b) and diversity (Shannon’s index) (Fig. 1c), on the other hand, 121 

did not show significant differences between the sampling time points. However, the 122 

diversity, estimated by Simpson’s index, showed a decreasing trend throughout the 123 

observation period with the lowest value in fish from SW3 (P < 0.05, Fig. 1d). 124 

Regarding the effects of functional ingredients, significant differences were observed 125 

(Observed species index and Shannon’s index) at fish at SW2, but not at any of the other 126 

time points. Fish fed the Test diet showed reduced richness and diversity compared to those 127 

fed the Ref diet (P < 0.05, Fig. 1 a and c).  128 

Beta diversity 129 

Results from the permutation multivariate analysis of variance (PERMANOVA) analysis of 130 

both weighted and unweighted UniFrac revealed significant differences in gut microbiota 131 

among sampling time points (P < 0.001, Table 1). Compared to fish from SW1, fish sampled 132 

at SW2 and SW3, showed more apparent difference from those in fish at FW based on both 133 

weighted and unweighted UniFrac (P < 0.001, Table 1). Regardless dietary treatment, 134 

principal coordinate analysis (PCoA) plots based on weighed UniFrac showed that samples 135 

from SW2 and SW3 tended to cluster together and seemed to be separated from those at FW 136 

and SW1 (Fig. 1e). The PCoA plots based on unweighted UniFrac showed that samples 137 

within each sampling time point clustered together and tended to separate from samples from 138 

other time points (Fig. 1f). 139 

     Significant effect of dietary treatment, i.e. inclusion of functional ingredients, was 140 

observed in fish at SW1 and SW2 according to the PERMANOVA analysis of unweighted 141 

UniFrac (P < 0.01 and P < 0.001, respectively, Table 1). The PCoA plots based on 142 

unweighted UniFrac metrics showed that at SW2 fish within Ref diet tended to cluster 143 

together compared to those in Test-fed fish (Fig. 1g). No clear diet effects were observed in 144 

fish at FW or SW3 (P > 0.05, Table 1). Overall, fish from the SW2 sampling time point 145 
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showed the strongest response to diet, where significant effects on both alpha and beta 146 

diversity were observed. We therefore chose to present detailed contrast effects of functional 147 

ingredients on microbiota assemblage for SW2 only.  148 

Gut microbiota composition 149 

The relative abundance of microbiota in all samples at the genus level (the top 25 genera) is 150 

illustrated in Fig. 2a. Overall, the most abundant phyla Firmicutes and Proteobacteria varied 151 

among sampling time points, and accounted, in total, for about 80% of the total abundance. 152 

As fish progressed towards SW2 and SW3, phyla Firmicutes and Tenericutes became more 153 

prominent corresponding to a decline in phylum Proteobacteria. The most abundant genera 154 

within the phylum Firmicutes were lactic acid bacteria (LAB), mainly Lactobacillus, 155 

Leuconostoc and Lactococcus, and the most abundant genera within Proteobacteria and 156 

Tenericutes were Photobacterium and Mycoplasma, respectively (Fig. 2a). Across all 157 

samples, 10 genera including Lactobacillus, Photobacterium, Leuconostoc and Lactococcus, 158 

were core microbiota at genus level (above 0.1% relative abundance in 80% of samples) 159 

(Fig. 2b). Notably, in freshwater stage, genera Deefgea, Flavobacterium and Pseudomonas, 160 

as well as family Ruminococcaceae were detected sporadically, but when present, they alone 161 

or together dominated gut microbiota (Fig. 2a). Here, we focused on the three major genera, 162 

i.e. Lactobacillus, Photobacterium and Mycoplasma, as they varied among sampling time 163 

points. Specifically, after seawater transfer, fish showed an increased relative abundance of 164 

Lactobacillus, i.e. 29% ± 15%, 48% ± 10% and 50% ± 20% at SW1, SW2 and SW3, 165 

respectively, compared to that those at FW (7% ± 6%) (Fig. 2a and c). Regarding 166 

Photobacterium, four weeks after seawater transfer, i.e. at SW1, fish had the highest relative 167 

abundance of Photobacterium (40% ± 25%) compared to fish from other sampling time 168 

points (Fig. 2a and c). Higher relative abundance of Mycoplasma was observed in fish at 169 

SW2 (7% ± 17%) and SW3 (23% ± 31%) while low levels, less than 0.1%, were observed 170 
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at FW and SW1 (Fig. 2a and c). The MaAsLin 2 analysis showed significant differences in 171 

69 genera among sampling time points including Lactobacillus, Photobacterium and 172 

Mycoplasma (Fig. 3). 173 

Regarding the effects of functional ingredients at SW2 (Fig. 4a), Test-fed fish had a lower 174 

relative abundance of Lactobacillus (17% ± 19%) than those in Ref-fed fish (48% ± 10%). 175 

The relative abundance of Photobacterium (12% ± 4%) and Mycoplasma (7% ± 17%) were 176 

observed in Ref-fed fish, while Photobacterium (26% ± 40%) and Mycoplasma (27% ± 37%) 177 

were found in Test-Fed fish. The MaAsLin 2 analysis showed that significant differences 178 

between Ref and Test diets were due to the decrement of 25 genera/family in fish fed Test 179 

diet, including LAB, such as Lactobacillus and Leuconostoc (Fig. 4b).  180 

Significant associations between distal intestinal digesta microbiota and metadata of 181 

interest 182 

In the heatmap (Fig. 5a), cells that denote significant associations are colored (red or blue) 183 

and overlaid with a plus (+, positive) or minus (-, negative) sign that indicates the direction 184 

of association between microbial clade abundance and the PC1 value of PCA of host 185 

responses. Of note, the gut immune gene expression were negatively correlated with their 186 

PC1 value of the PCA, while gut barrier gene expression and plasma nutrient levels were 187 

both positively related with their PC1 value of the PCA (Table S1). 188 

The multivariate association analysis identified 27 differentially abundant taxa that were 189 

significantly correlated with gene expression related to gut barrier function (Fig. 5a). Except 190 

for Flavobacterium, 26 differentially abundant taxa, such as Photobacterium and LAB (e.g. 191 

Lactobacillus), showed a negative correlation with expression levels related to barrier 192 

function genes (diagnostic plots of raw data in Figure S2). Among 26 taxa, the relative 193 

abundance of Megasphaera showed a clear negative correlation with expression levels of DI 194 

barrier function genes (FDR = 0.032, Fig. 5b), which decreased as PC1 of the PCA increased.  195 
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    The relative abundance of Megasphaera was positively correlated with expression levels 196 

of gut immune genes (FDR = 0.053, Fig. 5a and c), which decreased as PC1 of the PCA 197 

increased. The relative abundance of Megasphaera (FDR = 0.132) and Bacteoides (FDR = 198 

0.249) showed weak positive correlations with the levels of plasma nutrients (Fig 5a and d), 199 

which increased as PC1 of the PCA increased.  200 

 201 

Discussion 202 

Effects of sampling time points on distal intestinal digesta microbiota 203 

The observed changes in gut microbiota composition from freshwater to seawater sampling 204 

points were probably related to the adjustments made in commercial diets, different 205 

environmental conditions across sampling points, as well as the host physiology, which 206 

changed substantially during the observation time, may play important roles in these 207 

alterations. Together, these changes likely lead to the competitive distribution by certain 208 

microbial species, thereby reorienting the gut microbiota composition of the fish. 209 

Environmental conditions, such as alterations in temperature and water salinity, are well 210 

documented to influence gut microbiota [14, 38, 39]. The freshwater-to-seawater transition 211 

has also profound effects on host physiology, e.g. on osmoregulatory and immune functions 212 

in the gut [22, 40-42]. The effects of physiological changes on gut microbiota profiles in our 213 

study may be a protracted process taking longer than the four-week timeline examined, and 214 

are generally line with recent studies in Atlantic salmon [12, 28].  215 

Although previous studies all have reported seawater transfer has profound effects on the 216 

microbiota profiles of salmon, the observed changes in intestinal microbiota composition 217 

vary inconsistently among studies. Our observation that fish showed an increase in microbial 218 

richness in distal intestinal digesta after seawater transfer is in agreement with results of 219 

previous studies of gut [27] and skin microbiota [28] of Atlantic salmon. However, other 220 
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studies have reported that seawater transfer decrease [26, 43] or maintain [12, 21] microbial 221 

richness compared to the freshwater stage. In the present work, the phyla Firmicutes (mainly 222 

genus Lactobacillus) and Proteobacteria (mainly genus Photobacterium) dominated the gut 223 

microbiota four weeks after seawater transfer, which is in accordance with the study of 224 

Lokesh and co-workers [21]. Other studies have reported that phylum Firmicutes strongly 225 

dominated the distal intestinal digesta microbiota, whereas other taxa, including phylum 226 

Proteobacteria, declined three weeks after seawater transfer [26, 27]. The reasons behind 227 

this discrepancy are unclear, but likely caused by the combined variation in environmental 228 

conditions, diet composition and sample origin, and possibly also methodology. 229 

The LAB has been identified as a major component of the gut microbiota in Atlantic 230 

salmon and is presumed to have beneficial effects on the host through immune regulation, 231 

improvement of digestive processes and inhibition of pathogens, at least under certain 232 

conditions [44-47]. Our study showing a higher relative abundance of LAB (mainly 233 

Lactobacillus) in fish during seawater stages than those in FW, is in agreement with the 234 

results of Dehler and co-workers [26]. In the present study, the alteration in LAB abundance 235 

occurred in parallel to the increase in content of plant ingredients in the diets at SW2 and 236 

SW3. The increased dietary content of fermentable plant carbohydrates, serving as substrate 237 

for LAB bacteria, may therefore be the cause of the increase in relative abundance of LAB, 238 

as also observed in previous studies [9, 20, 48, 49]. However, one recent study found a 239 

significant decrease in the relative abundance of  LAB in mucosa-associated microbiota of 240 

Atlantic salmon six weeks after seawater transfer [12]. Digesta- and mucosa-associated gut 241 

microbiota have shown substantial different composition [9, 12, 20] and it is therefore 242 

possible that these two gut compartments may contain different LAB levels and/or 243 

compositions. Given the potential functional role of LAB for salmon health, additional 244 
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studies of both digesta- and mucosa-associated microbiota are recommended to increase our 245 

knowledge of LAB roles on salmon health and function.  246 

Compared to fish at SW2 and SW3, fish at SW1 shared more similar bacterial taxa with 247 

those in fish at FW, which could be attributed to microbial colonization in historical life 248 

processes [50]. The alteration in microbial profile from SW1 to SW2 may have other 249 

potential causes. Since the observation period (from June to November) between SW1 and 250 

SW2 is an important stage for growth and physiological changes due to increased water 251 

temperature and high feed intake [37], the temperature may be the leading environmental 252 

factor impacting these alternations, and diet could exert synergistic effects. Day length is 253 

another environmental factor which might have influenced gut microbiota in our study, for 254 

which documentation is lacking so far.  255 

As Atlantic salmon progressed towards adult, the enrichment of genus Mycoplasma at 256 

SW2 and SW3 time points compared to FW and SW1 is one of the most striking differences 257 

found in our study. Previous studies have found Mycoplasma, as a member of the core 258 

microbiota, to be one of the most abundant bacteria in both farmed and wild Atlantic salmon 259 

during seawater stages [26, 43, 51-55] reaching levels above 70% of total abundance in 260 

certain cases [19, 43, 54]. Increased levels of genus Mycoplasma may therefore be an 261 

important characteristic for gut microbiota of adult salmon. Some increasing bacteria species, 262 

such as Photobacterium in our study, are widely inhabiting in the surrounding seawater 263 

environment [15]. Increased levels of these species in the salmon gut after seawater transfer 264 

may therefore be related to increased water intake, in order to prevent the dehydration in 265 

hyperosmotic seawater environment. Interestingly, Mycoplasma are rarely [50] or not 266 

observed [56, 57] in the surrounding seawater. Hence, the reason for their colonization in 267 

intestine is uncertain although they seem to be particularly well-adapted to the intestinal 268 

environment of Atlantic salmon. On the contrary, one previous study by Lokesh et al. [21] 269 
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found changes in Mycoplasma between life stages to be minimal, and this taxon was only 270 

abundant at the early freshwater life stages and during the smoltification process. Besides 271 

differences in sample origin, this discrepancy could also be due to the differences in 272 

environmental factors including geographic location and dietary differences that could 273 

influence the relative abundance of Mycoplasma. Anyhow, given the important symbiotic 274 

relationship between Mycoplasma and host [58], more studies are warranted to increase our 275 

understanding of their ecological and functional significance. 276 

Effects of functional ingredients on distal intestinal digesta microbiota 277 

Available research indicate that functional ingredients, when included in fish diets, such as 278 

prebiotics, nucleotides and immunostimulants, may affect gut microbiota through direct or 279 

indirect modulatory effects (reviewed by [6, 34-36, 59, 60]). However, except at SW2 in our 280 

study, the applied functional ingredients were unable to produce significant alterations in 281 

microbial profile of the distal intestine. How dietary functional ingredients may modulate 282 

gut microbiota composition in fish will clearly depend on various important factors, such as 283 

the specific composition of the functional ingredients, timing and duration of administration, 284 

fish life stage, fish physiology, as well as environment factors [34, 35]. The lack of effects 285 

of functional ingredients could be explained by low feed intake, since our study was 286 

conducted under Arctic conditions with low average temperature during most of the 287 

observation period. Another explanation is that compared to the small-scale experimental 288 

trials of limited duration in the majority of available scientific literature, it is likely that, the 289 

complicated and changeable environmental conditions in the current study may have resulted 290 

in diminished impact of the functional ingredients on gut microbiota [36].  291 

As mentioned above, the observation period from SW1 to SW2 is an important ongrowing 292 

stage due to high temperature and long daylight, and thereby high feed intake. The decreased 293 

microbial richness and diversity and the relative abundance of LAB, observed at SW2 for 294 
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Test-fed fish could therefore be attributed to the high ingestion of a mixture of nucleotides, 295 

yeast cell walls and essential fatty acids. Similar results have been observed in rainbow trout 296 

previously [61]. Unexpectedly, these findings seem to be in contrast to the positive effects 297 

often ascribed to functional ingredients on abundance of presumed beneficial bacteria, such 298 

as LAB, in intestine and other mucosal surfaces [6, 35, 62-64]. One potential explanation for 299 

the discrepancy may be linked to the duration of administration as long-term oral 300 

administration of immunostimulants have been reported to cause decreased efficacy in fish 301 

[65]. This assumption is also supported by an apparent increased metabolic cost in fish fed 302 

these functional ingredients at SW2, i.e. lower condition factor and plasma triglyceride levels, 303 

and a tendency to lower growth [37]. It is therefore possible that the ten-week continuous 304 

oral administration of these selected functional ingredients before the sampling at SW2, may 305 

have resulted in less favorable changes in gut microbiota composition, and may offer an 306 

explanation for the reduced richness, diversity and relative LAB abundance. Despite that the 307 

functional ingredients decreased the relative abundance of LAB, it is still far away to 308 

conclude that Test-fed fish showed an “unhealthier” gut microbiota profile compared to Ref-309 

fed fish. The interaction between gut microbiota and host is too complex to generalize which 310 

kind of microbiota profile may benefit the host physiology [3]. As an example, certain LAB, 311 

such as the probiotic strain Lactobacillus plantarum, can disrupt healthy intestinal tissues in 312 

mammal [66, 67] and induce gut dysbiosis in fish [68]. Our findings call into question of the 313 

effects of long-term administration of these functional ingredients, and also suggest the need 314 

for caution when and how using them to regulate gut microbiota. 315 

Associations between distal intestinal digesta microbiota and host response 316 

Very recently, attempts have been made to start shedding light on the potential physiological 317 

functions of the gut microbiota in Atlantic salmon. For example, the salmon gut bacterial 318 

communities can be closely associated to flesh pigmentation [69, 70], lipid metabolism [71] 319 
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and immunostimulation [72]. A recent study from our group demonstrated that mucosa-320 

enriched taxa, Brevinema andersonii and unclassified Spirochaetaceae were found to be 321 

correlated with expression levels of gut immune and barrier genes, respectively [73]. In the 322 

present work, 26 differentially abundant taxa including Photobacterium, LAB (e.g. 323 

Lactobacillus) and Megasphaera were negatively correlated with gut barrier gene expression, 324 

and Megasphaera was positively associated with gut immune gene expression and plasma 325 

nutrient levels. The mechanism behind and implications of these relationships remain 326 

unknown. Possibly, certain bacterial taxa shape intestinal barrier and immune functions, and 327 

could thereby regulate metabolic functions [74]. However, knowledge on the interaction 328 

between gut microbiota and host responses is still a largely unexplored area, and future 329 

studies are clearly warranted. 330 

Conclusions 331 

This study provides new information on the dynamics of salmon gut microbiota assemblage 332 

and its associations with host responses from late freshwater stage until one year in seawater 333 

during large scale, commercial farming conditions in Arctic regions. The core microbiota 334 

genera Lactobacillus and Photobacterium varied among sampling time points. As fish 335 

progressed towards adult, the genera Lactobacillus and Mycoplasma became more 336 

prominent corresponding to a decline in genus Photobacterium indicating more apparent 337 

separation with fish from freshwater. Significant effect of functional ingredients on gut 338 

microbiota was observed at fish after a rapid growth period showing that inclusion of a 339 

mixture of nucleotides, yeast cell walls and essential fatty acids reduced microbial richness 340 

and diversity, as well as the relative abundance of LAB. The differentially abundant taxa 341 

including Photobacterium, LAB (e.g. Lactobacillus) and Megasphaera were found to be 342 

negatively correlated with gut barrier gene expression, while the relative abundance of 343 
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Megasphaera were positively correlated with the levels both in gut immune gene expression 344 

and plasma nutrients. 345 

Materials and methods 346 

Experimental fish  347 

The experimental setup is shown in Fig. 6. Atlantic salmon hatched in the spring of 2015 348 

were raised in two large, closed aluminum flow-through tanks for spring smolt production 349 

at Hopen, near Bodø (N67° – E14°). The tanks were supplied with freshwater from a nearby 350 

lake. When the fish were ready to be transferred to seawater, they were transported by a 351 

well-boat to Sommarbukt (N70° – E22°), near Alta, in Finnmark of Norway, where the fish 352 

from each tank was split into triplicated sea cages, i.e. three replicates for each dietary 353 

treatment in seawater, each holding about 55,000 fish. The temperature followed natural 354 

fluctuations in the water intake, ranging from 1 to 14 °C for the entire period. Oxygen and 355 

salinity levels fluctuated from 8 to 15 mg/L and from 11 to 44 ‰ throughout the 356 

experimental period, respectively (Figure S3). 357 

Diet composition and sampling 358 

The macronutrient composition of the diet series varied throughout the observation time 359 

according to the requirements of the fish. At each observation time, two series of diets were 360 

fed, one without functional ingredients (Ref diet) and one with functional ingredients (Test 361 

diet). The functional ingredients, e.g. nucleotides, yeast cell walls, a prebiotic and essential 362 

fatty acids, were supplemented to the diets either as single ingredient or as mixtures 363 

following the strategy developed for this particular commercial site and according to the 364 

development and production stage of the fish in the farm. The inclusion levels of these 365 

functional ingredients were not listed due to commercial interests and production of 366 

intellectual rights. The samples were collected at four sampling time points as the 367 

experimental set-up in Fig. 6: two weeks before seawater transfer (May 2016, FW) and three 368 
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times during the seawater period, i.e. four weeks after seawater transfer (June 2016, SW1) 369 

and two times thereafter (November 2016 and April 2017, SW2 and SW3, respectively). 370 

Eight treatments were defined by sampling life stages and dietary treatment, i.e. FW-Ref, 371 

FW-Test, SW1-Ref, SW1-Test, SW2-Ref, SW2-Test, SW3-Ref and SW3-Test. The 372 

formulations and nutrient compositions of the diets among treatments are presented in Table 373 

2. 374 

Only fish with digesta throughout the distal intestine were selected to ensure exposure to 375 

the diet at the time of sampling. At each sampling time point, 3 times 3 fish were sampled 376 

for each dietary treatment. Regarding the freshwater sampling, three groups of fish came 377 

from the same tank as the facility’s tanks were too big, each holding 180 000 fish, and the 378 

facility did not allow replicate tanks for each diet. This approach was considered to be 379 

suitable and included in the statistical evaluation as independent replicates for observation 380 

of diet effects. The results of our study confirmed that this approach was acceptable, as the 381 

means of the fish in the two tanks did not differ significantly, and the variances were similar, 382 

indicating no important tank variation [37]. For the sampling in seawater, the three groups 383 

of fish per diet came from three sea cages. A total of 72 fish were collected for DNA 384 

extraction. All tools were cleaned and decontaminated by an ethanol spray and flaming 385 

during each sampling fish. The digesta from the distal intestinal region as previously defined 386 

[75] was collected  into 1.5 mL skirted sterile centrifuge tubes, then mixed thoroughly using 387 

a spatula before frozen in liquid N2, thereafter stored at -80 ℃ before DNA extraction. 388 

DNA extraction  389 

One fish was randomly selected from per treatment to divide 72 samples into 9 batches for 390 

DNA extraction. About 100 mg of digesta of distal intestine from each sample was used for 391 

DNA extraction and processed according to the protocol in the QIAamp Fast DNA Stool 392 

Mini Kit (Qiagen, Hilden, Germany), except for an additional heating step following the 393 
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bead beating step at 95 °C for 7 min before proceeding according to the standard procedure 394 

suggested by [76]. At each DNA extraction batch, a blank negative control and a positive 395 

mock control (ZymoBIOMICS Mock Community Standard, Zymo Research Corp, Irvine, 396 

CA, USA) were included and processed in parallel with the experimental samples. 397 

PCR amplification 398 

PCR amplification of about 300bp amplicons from the V1-V2 region of the 16S rRNA was 399 

carried out using the bacterial universal primers 27F (5′ AGA GTTTGA TCM TGG CTC 400 

AG 3′) and 338R-I (5′ GCW GCC TCC CGT AGG AGT 3′) and 338R-II (5′ GCW GCCACC 401 

CGT AGG TGT 3′). The PCR was carried out as previously described by Gajardo et al. [20] 402 

using 25 μl sample volume in duplication with 2 μl of DNA template, 22.4 μl Phusion® High-403 

Fidelity PCR Master Mix (Thermo Scientific, CA, United States of America) and 0.6 μl of 404 

forward (27F) and reverse (pooled 338R-I and II) primers (50 pM). The PCR was run in 405 

duplicate and negative PCR controls using molecular grade water as a template were 406 

included. The duplicate PCR products were pooled and analyzed in 1.5% agarose gels and 407 

samples with bright bands between 300 and 350bp were considered suitable for further 408 

processing. Since samples from one of 9 batches showed low quality of PCR products, we 409 

removed these samples for further analysis. Hence, there were 8 samples per treatment left 410 

for final sequencing (n = 8). 411 

DNA quantification 412 

The 16S rRNA gene quantity in the diluted DNA templates used for the amplicon PCR was 413 

measured by qPCR. The qPCR assays were performed using a universal primer set (forward, 414 

5'-CCA TGA AGT CGG AAT CGC TAG-3'; reverse, 5'-GCT TGA CGG GCG GTG T-3') 415 

used for bacterial DNA quantification as the description in previous studies [77, 78]. 416 

PCR cleanup, library preparation and sequencing 417 
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PCR cleanup, library preparation and sequencing were performed using the protocol 418 

provided by Illumina (part #15044223 Rev B). Briefly, the PCR products were cleaned using 419 

AMPure beads followed by index PCR using Nextera XT Index kit (Illumina, California, 420 

USA; catalog no., FC-131-1096) and subsequently another round of purification with the 421 

AMPure beads. After the cleanup, the representative libraries were analyzed using the 422 

Agilent DNA 1000 Kit (Agilent Technologies, California, USA; catalog no., 5067-1505) to 423 

verify the library size. The cleaned libraries were quantified using Qubit fluorometer 424 

(Thermo Scientific, CA, United States of America). The library was then denatured and 425 

diluted to 6 pM, 20% of 6 pM PhiX control was added before finally being sequenced on an 426 

Illumina MiSeq platform. 300bp paired-end reads were generated.  427 

Data analysis 428 

Raw sequence data was analyzed using the Quantitative Insights Into Microbial Ecology 2 429 

(QIIME 2) software version 2019.4 (https://qiime2.org/) [79]. Sequence analysis was 430 

performed by QIIME2. First, sequences were demultiplexed using QIIME2. The sequences 431 

were then denoised, pair-ended, trimmed and quality filtered using the DADA2 algorithm in 432 

QIIME2 to generate amplicon sequence variants (ASVs) [80]. The taxonomy was assigned 433 

in QIIME2 against the SILVA database (version 132) [81] trained with a scikit-learn naive 434 

Bayes machine-learning classifier [82]. The contaminant sequences were removed based on 435 

their prevalence and abundance in the samples according to the description of [83]. The 436 

majority of removed sequences were classified as Pseudomonas, Acinetobacter, Leptothrix, 437 

Aeromonas, an unclassified bacterium of Betaproteobacteriales order, three kinds of genera 438 

Flavobacterium, an unclassified bacterium of Chitinophagales order and Cutibacterium. 439 

Streptophyta filtering is usually performed to remove chloroplast sequences which are 440 

assumed to reflect non-bacterial-associated taxa [84]. The other sequences considered as 441 

https://qiime2.org/
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contamination were sequences found in the negative controls from both de DNA extraction 442 

and PCR amplification. 443 

Phylogenetic classification, richness and diversity parameters 444 

All ASVs were aligned with MAFFT [85] and then phylogeny was constructed with FastTree 445 

2 [86]. In order to compute alpha and beta diversity, the ASVs table was rarefied at 16,000 446 

reads to have an even number of reads across all the samples. Differences in alpha diversity 447 

(observations within sampling time points and dietary treatment) were evaluated by four 448 

indices: 1) Observed species index, which counts the numbers of ASV in each sample, also 449 

called richness; 2) Pielou’s evenness, which refers to the abundances of the species; 3) 450 

Shannon’s index which takes into account richness as well as how many of each ASV are 451 

observed (abundance), also called diversity; 4) Simpson’s index, which describes the 452 

diversity of a community. Two indices were used also for evaluation of beta diversity, which 453 

estimates phylogenetic difference between bacteria communities: 1) Unweighted UniFrac 454 

Distance, indicating number of different ASV and their phylogenetic distance; 2) Weighted 455 

UniFrac Distance, which takes into account the number of different ASV, their phylogenetic 456 

distance as well as the number of similar ASV. 457 

Statistical analysis and graphics 458 

To evaluate the effect of the sampling time points through freshwater to seawater on gut 459 

microbiota composition and exclude the potential effect of functional ingredients, only fish 460 

fed Ref diets among sampling time points were analyzed and compared. At each sampling 461 

time point, statistical comparisons between Ref and Test diets were conducted to explore the 462 

effect of the functional ingredients. In order to assess differences in microbiota composition 463 

between the different treatments, Kruskal-Wallis test followed by multiple comparisons was 464 

performed to compare the alpha diversity using GraphPad Prism 7 (GraphPad Software, La 465 

Jolla, California, United States). Regarding the dietary functional ingredients effect at SW2, 466 
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the data of gut microbiota composition at phylum level was subjected to multiple t-tests 467 

using GraphPad Prism 7. In addition, Primer 7 (version, 7.0.13) was used to perform beta 468 

diversity analysis followed PERMANOVA [87]. The raw data generated by QIIME2 was 469 

also used to make core microbiota of all samples at genus levels (above 0.1% relative 470 

abundance in 80% of samples) using MicrobiomeAnalyst [88]. The graphs of alpha diversity, 471 

heatmaps and gut microbiota composition were made by GraphPad Prism 7 basing on the 472 

raw data generated by QIIME2.  473 

Microbiome Multivariable Association with Linear Models (MaAsLin2) 474 

Differentially abundant taxa (genus level) among the sampling time points and between the 475 

dietary treatments at SW2 were identified by the MaAsLin2 (version, 0.99.12) 476 

(https://huttenhower.sph.harvard.edu/maaslin2) in R, using the default program parameters. 477 

Bacterial taxa of very low abundance (< 0.01%) or low prevalence (present in < 25% of 478 

samples) were removed before running the differential abundance testing. The difference in 479 

the taxa abundance was considered significant when the q-value (FDR) was below 0.05.  480 

Regarding the multivariate association analysis, the distal intestinal digesta microbiota were 481 

tested for the associations with metadata of interest (from the same individual fish) (Table 482 

S1) using the MaAsLin2. Bacterial taxa of more than 0.1% abundance and 25% prevalence 483 

of samples were selected for association testing. The significant association was set at q-484 

value less than 0.25. The metadata of interest, i.e. gut immune and barrier functions (gene 485 

expression in distal intestine), as well as plasma nutrients (plasma cholesterol and 486 

triglyceride) were selected to run the multivariate association testing with fixed factor, i.e. 487 

treatment, since these gut immune and barrier functions, and plasma nutrients varied greatly 488 

among sampling time points with clearly decreasing values in fish at SW1 [37]. The gut 489 

immune functions related genes were selected for the association testing including the goblet 490 

cell marker (muc13), pro-inflammatory cytokines (interleukin-1 beta, il1β and interferon 491 
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gamma, ifnγ), anti-inflammatory cytokines (i.e. transforming growth factor-beta, tgfβ and 492 

interleukin 10, il10), T-cell markers (i.e. cluster of differentiation 3γδ and 8β, cd3γδ and 493 

cd8β), as well as the myeloid differentiation factor 88 (myd88). The gut barrier functions 494 

related genes were selected for the association testing including zo-1, claudin-15 and 495 

claudin-25b. Since the expression levels of immune related genes were highly correlated, 496 

we ran a principal component analysis (PCA) and extracted the first principle component 497 

(PC1) for the association testing to avoid multicollinearity and reduce the number of 498 

association testing. Similarly, gut barrier functions related genes were highly correlated, 499 

their extracted PC1 of the PCA was used for the association testing. The plasma nutrients 500 

were also highly correlated. Their extracted PC1 of the PCA was used for the association 501 

testing. 502 
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Figure legends 802 

Fig. 1 Alpha diversity and beta diversity of distal intestinal digesta microbiota of Atlantic 803 

salmon. a Microbial richness in distal intestinal digesta microbiota of Atlantic salmon 804 

between treatments, as measured using the Observed species index. b Microbial evenness in 805 

distal intestinal digesta microbiota of Atlantic salmon between treatments, as measured using 806 

the Pielou’s evenness. c Microbial diversity in distal intestinal digesta microbiota of Atlantic 807 

salmon between treatments, as measured using the Shannon’s index. d Microbial diversity 808 

in distal intestinal digesta microbiota of Atlantic salmon between treatments, as measured 809 

using the Simpson’s index. e PCoA plots based on weighted UniFrac show the clustering 810 

between treatments. f PCoA plots based unweighted UniFrac show the clustering between 811 

treatments. g PCoA plots based on unweighted UniFrac show the clustering of dietary 812 

treatment at SW2. For alpha diversity, asterisks indicate significant effect of diet among 813 

treatments (* P < 0.05, ** P < 0.01, n = 8). For beta diversity, each dot represents one sample.  814 

Fig. 2 Gut microbiota composition of distal intestinal digesta microbiota of Atlantic salmon. 815 

a Top 25 most abundant taxa at genus level of all samples and mean (right side) relative 816 

abundance of each taxon between fish fed Ref diet among sampling time points. The top 25 817 

genera were selected accounted for more than 80% of the total abundance in each treatment. 818 

f__, family. b The core microbiota between samples at genus level. The figures showing the 819 

bacteria were selected above 0.1% relative abundance in 80% of samples. c Balloon plot 820 

showing the relative abundance of five major genera between treatments (n = 8). The five 821 

major genera were selected based on MaAsLin 2 and core microbiota analysis. 822 

Fig. 3 Heatmap of bacterial abundance in fish fed the Ref diets based on MaAsLin 2 analysis. 823 

Rows indicate results for 69 bacteria at genus level (q-value < 0.05), columns depict the 824 

results for the 8 samples at each of the four sampling time points. Color differences indicate 825 
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differences in normalized relative abundances at genus level, i.e., red (high positive value) 826 

indicates the maximum relative abundance; Green (low negative value) indicates the 827 

minimum relative abundance. o__: order; f__: family. 828 

Fig. 4 The effect of dietary functional ingredients on distal intestinal digesta microbiota of 829 

Atlantic salmon at SW2. a Mean relative abundance (Top 25) of each taxon at genus level 830 

in fish at SW2 fed Ref and Test diets. The top 25 genera were selected accounted for more 831 

than 80% of the total abundance in each treatment. b The heatmap of bacterial abundance at 832 

SW2 based on MaAsLin 2 analysis. Rows depict results for 25 bacteria (q-value < 0.05), 833 

columns depict the results from the 8 samples from fish fed each of the two diets. Colors 834 

correspond with normalized relative abundances, i.e., red (high positive value) indicates the 835 

maximum relative abundance; Green (low negative value) indicates the minimum relative 836 

abundance. f__: family. 837 

Fig. 5 Significant associations between microbial clades with sample metadata. a Heatmap 838 

summarizing all the significant associations between microbial clades and sample metadata. 839 

Color key: -log (q-value) * sign (coefficient). Cells that denote significant associations are 840 

colored (red or blue) and overlaid with a plus (+) or minus (-) sign that indicates the direction 841 

of association: qPCR_barrier_function (-), negative correlation between microbial clade 842 

abundance and qPCR_barrier_function (PC1 of PCA); qPCR_immune_response (-), 843 

negative correlation between microbial clade abundance and qPCR_immune_function (PC1 844 

of PCA); plasma_nutrients (+), positive correlation between microbial clade abundance and 845 

the levels of plasma_nutrients (PC1 of PCA). b The negative correlation between the relative 846 

abundance of Megasphaera and qPCR_barrier_function (PC1 of PCA). c The negative 847 

correlation between the relative abundance of Megasphaera and qPCR_barrier_function 848 

(PC1 of PCA). Of note, the gut immune gene expression was negatively correlated with PC1 849 

of the PCA, which decreased as PC1 of the PCA increased (Table S1). Hence, the relative 850 
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abundance of Megasphaera shows a positive correlation with immune gene expression level. 851 

d The positive correlation between the relative abundance of Megasphaera and Bacteoides 852 

and plasma_nutrients (PC1 of PCA), respectively. FDR, false discovery rate; f__, family. 853 

The significant association was set at FDR < 0.25. 854 

Fig. 6 Outline of the sampling program. The four diet series were changed at week 4, week 855 

22, week 34 and week 45, respectively (Diet composition see Table 2).  856 

 857 

 858 

 859 

 860 

 861 

 862 
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 866 

 867 

 868 

 869 

 870 

 871 
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Table 1 Result of the PERMANOVA analysis of the weighted and unweighted UniFrac1.  872 

 1FW, sampling time point in freshwater (May 2016); SW1, the first seawater sampling time 873 

point (June 2016); SW2 the second seawater sampling time point (November 2016); SW3, 874 

the final seawater sampling time point (April 2017); Ref: diet without functional ingredients; 875 

Test, diet with functional ingredients. 876 

PERMANOVA 

 

Weighted UniFrac Unweighted UniFrac 

Pseudo-F  P Pseudo-F  P 

Sampling time points 7.518 0.001 3.008 0.001 

Pairwise comparison 

FW-Ref vs SW1-Ref  0.005  0.025 

FW-Ref vs SW2-Ref  0.001  0.001 

FW-Ref vs SW3-Ref  0.001  0.001 

SW1-Ref vs SW2-Ref  0.001  0.001 

SW1-Ref vs SW3-Ref  0.001  0.002 

SW2-Ref vs SW3-Ref  0.001  0.001 

Dietary effect at each sampling time point 

FW-Ref vs FW-Test 0.949 0.409 1.056 0.347 

SW1-Ref vs SW1-Test 2.331 0.05 1.271 0.01 

SW2-Ref vs SW2-Test 2.099 0.129 2.937 0.001 

SW3-Ref vs SW3-Test 0.698 0.406 1.176 0.146 
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Fig. 2 887 
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Fig. 3 894 
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Fig. 4 895 
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Fig. 5 914 
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Fig. 6 920 
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  929 

Figure S1. The bacterial DNA quantification among treatments. 930 
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Figure S2. Microbial clades showing significant associations with expressions of barrier 947 

function related genes in the distal gut. Since the expression levels of barrier function related 948 

genes were highly correlated, we ran a principle component analysis (PCA) and used the first 949 

principle component (PC1) for the association testing to avoid multicollinearity and reduce the 950 

number of association testing. Except Flavobacterium, 26 differentially abundant taxa showed 951 

a clear negative correlation with expression levels of gut barrier function genes, which 952 

decreased as PC1 of the PCA increased. FDR, false discovery rate. 953 
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 954 

Figure S3. The experimental conditions of salinity (A), temperature and oxygen (B) in water 955 

through the production cycle. 956 
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Rainbow Trout (Oncorhynchus
Mykiss) Intestinal Epithelial Cells as a
Model for Studying Gut Immune
Function and Effects of Functional
Feed Ingredients

Jie Wang 1, Peng Lei 2, Amr Ahmed Abdelrahim Gamil 1, Leidy Lagos 2, Yang Yue 1,
Kristin Schirmer 3,4,5, Liv Torunn Mydland 2, Margareth Øverland 2, Åshild Krogdahl 1 and
Trond M. Kortner 1*

1Department of Basic Sciences and Aquatic Medicine, Faculty of Veterinary Medicine, Norwegian University of Life Sciences
(NMBU), Oslo, Norway, 2Department of Animal and Aquacultural Sciences, Faculty of Biosciences, Norwegian University of
Life Sciences (NMBU), Oslo, Norway, 3 Eawag, Swiss Federal Institute of Aquatic Science and Technology, Dübendorf,
Switzerland, 4 EPF Lausanne, School of Architecture, Civil and Environmental Engineering, Lausanne, Switzerland, 5 ETH
Zürich, Institute of Biogeochemistry and Pollutant Dynamics, Zurich, Switzerland

The objective of this study was to evaluate the suitability of the rainbow trout

intestinal epithelial cell line (RTgutGC) as an in vitro model for studies of gut immune

function and effects of functional feed ingredients. Effects of lipopolysaccharide

(LPS) and three functional feed ingredients [nucleotides, mannanoligosaccharides

(MOS), and beta-glucans] were evaluated in RTgutGC cells grown on conventional

culture plates and transwell membranes. Permeation of fluorescently-labeled albumin,

transepithelial electrical resistance (TEER), and tight junction protein expression

confirmed the barrier function of the cells. Brush border membrane enzyme activities

[leucine aminopeptidase (LAP) and maltase] were detected in the RTgutGC cells

but activity levels were not modulated by any of the exposures. Immune related

genes were expressed at comparable relative basal levels as these in rainbow trout

distal intestine. LPS produced markedly elevated gene expression levels of the pro-

inflammatory cytokines il1b, il6, il8, and tnfa but had no effect on ROS production.

Immunostaining demonstrated increased F-actin contents after LPS exposure. Among

the functional feed ingredients, MOS seemed to be the most potent modulator

of RTgutGC immune and barrier function. MOS significantly increased albumin

permeation and il1b, il6, il8, tnfa, and tgfb expression, but suppressed ROS production,

cell proliferation and myd88 expression. Induced levels of il1b and il8 were also

observed after treatment with nucleotides and beta-glucans. For barrier function

related genes, all treatments up-regulated the expression of cldn3 and suppressed

cdh1 levels. Beta-glucans increased TEER levels and F-actin content. Collectively, the

present study has provided new information on how functional ingredients commonly

applied in aquafeeds can affect intestinal epithelial function in fish. Our findings
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suggest that RTgutGC cells possess characteristic features of functional intestinal

epithelial cells indicating a potential for use as an efficient in vitromodel to evaluate effects

of bioactive feed ingredients on gut immune and barrier functions and their underlying

cellular mechanisms.

Keywords: RTgutGC, in vitromodel, lipopolysaccharide, functional feed ingredients, mucosal immune responses,

gut barrier

INTRODUCTION

The fish intestine is a multifunctional organ responsible for
key physiological processes such as digestion, absorption of
nutrients, and osmoregulation (1). Furthermore, the intestine
has an important immunological role and constitutes a physical
barrier against pathogens (1). In order to secure optimal gut
health and function in farmed fish, there is now particular focus
on various feed additives including functional feed ingredients
that are branded not only in terms of their nutritional value,
but also based on their health promoting and disease preventing
properties. These functional feed ingredients could include
intact microbes (e.g., probiotic organisms), mixed or purified
extracts from microbial or plant structural components [e.g.,
mannanoligosaccarides (MOS), beta-glucans], metabolites (e.g.,
nucleotides) or even conventional nutrients, if their dietary
inclusion is higher than the animal’s requirement. Functional
feeds are typically applied during predicted stressful events
or challenging farming conditions, such as grading, sea water
transfer, vaccination, and during critical life stages to help the
animal ward off pathogens and secure good health (2). Functional
feed ingredients are generally believed to exert their main
actions locally within the gut, and may have direct modulatory
effects on gut microbiota (3), gut barrier, immune, and/or
metabolic functions (4–7). For example, nucleotides are of crucial
importance for a whole range of normal intestinal functions,
such as growth, nutrient metabolism, immune system, tissue
repair, and development (8). Beta-glucans can increase cellular
and humoral immune responses in immune cells and epithelial
tissues of fish (9–11). MOS as an immune modulator has a close
relation to pathogen colonization blocking and immune system
regulation, as well as improving intestinal morphology and the
epithelial brush border (10, 12, 13).

Current knowledge regarding mechanisms underlying effects
of functional feed ingredients on fish gut health and function
is, however, limited largely due to a lack of targeted research
tools. The use of in vitro approaches, such as appropriate cell
lines, would facilitate further research on basic functions of the
digestive tract and effects of functional feed ingredients on host
intestinal immune, barrier and digestive function. It would also
reduce the current dependence on large-scale feeding trials, thus
contributing to a shift toward 3R studies within fish nutrition
research. In mammalian research, intestinal cell lines have proven
to be valuable tools for exploration of basic mechanisms of gut
function and health and interactions with dietary components.
For example, nucleotide supplements in human Caco-2 and
rat IEC-6 cell lines have been observed to strengthen intestinal
maturation and growth (14). Beta-glucans and plant flavonoids

can suppress nuclear factor-kB transactivation, regulate immune
response, and strengthen intestinal epithelial barrier function in
human Caco-2 cells (15–17).

Until recently, no relevant intestinal cell lines from fish have
been available, but promising cultures have been established
based on the rainbow trout (Oncorhynchus mykiss) intestinal
derived cell line RTgutGC (18). Since their initial isolation,
RTgutGC cells have been relatively well-characterized and are
now routinely grown as monolayers on permeable supports,
leading to a two-compartment intestinal barrier model
consisting of a polarized epithelium. The system is divided
into an upper (apical) and a lower (basolateral) compartment,
thereby mimicking the intestinal lumen and the portal blood,
respectively. Reported structural and functional features of the
RTgutGC cells include tight junction and desmosome formation
between adjacent cells, development of transepithelial resistance
and polarization over time to exhibit epithelial and brush border
characteristics (18–20). The cell line has, as such, been proposed
as a physiologically adequate fish intestinal epithelial model,
equivalent to the Caco-2 cell line for human intestinal epithelium
(20, 21), and has been used recently in studies on fish intestinal
immune and barrier function (18, 22, 23).

The objective of this study was to evaluate the suitability of
the RTgutGC cells as an in vitro model for studies of gut immune
function and effects of functional feed ingredients. Effects of
a prototype pathogen-associated molecular pattern (PAMP),
lipopolysaccharide (LPS), and three functional ingredients
commonly applied in commercial fish feeds (nucleotides, MOS,
and beta-glucans) were evaluated by diverse analyses, including
cell viability measurements and proliferation, brush border
digestive enzyme activity, barrier function, ROS production,
morphology, and relevant gene and protein expression.

MATERIALS AND METHODS

RTgutGC Cell Culture
Routine RTgutGC cell cultivation was based on the
description by Kawano et al. (18). Briefly, RTgutGC cells were
cultured in 75-cm2 flasks (TPP, Trasadingen, Switzerland).
L-15 complete medium (L-15/C), i.e., Leibovitz’s L-15
medium without Phenolred (21083, Gibco Invitrogen,
Basel, Switzerland) supplemented with 10% bovine serum
(F7524, Sigma Aldrich, Buchs, Switzerland) and gentamicin
(15710-049, Invitrogen, Basel, Switzerland) with a final
concentration of 100 µg/mL, was used to culture cells in
a 20◦C incubator under normal atmosphere. Cells were
split in a 1:2 ratio using trypsin (0.25% in PBS w/o Ca2+,

Frontiers in Immunology | www.frontiersin.org 2 February 2019 | Volume 10 | Article 152

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. RTgutGC Immune and Feed Interactions

Mg2+; L0910; Biowest; Nuaillé, France) after reaching
confluency.

For cells grown on conventional culture plates without inserts,
1 mL or 3.5 mL cell suspensions (1.5 × 105 cells/mL, 78,947
cells per cm2 for 24-well plates and 54,688 cells per cm2 for
6-well plates) were seeded in 24-well (No.662160, Greiner-Bio-
one, Frickenhausen, Germany) or 6-well plates (No. 657960,
Greiner-Bio-one, Frickenhausen, Germany), respectively, and
were cultured to reach at least 80 % confluency before
use (3–4 days).

For the two-compartment intestinal barrier model, RTgutGC
cells were cultured as described previously (19, 20). Briefly,
24-well plates with 33.6 mm2 transwell inserts (No. 662 630,
Greiner-Bio-one, Frickenhausen, Germany) and 6-well plates
with 425.4 mm2 transwell inserts (No. 657 630, Greiner-Bio-one,
Frickenhausen, Germany) with pore sizes of 3 µm were used to
simulate gut lumen (apical /upper chamber) and portal blood
(basolateral /lower chamber). Cells were seeded adding 300 µL
or 3.5 mL cell suspension (8 × 104 cells/mL, 71,429 cells per cm2

for 24-well plates and 65,820 cells per cm2 for 6-well plates) in
the apical chamber of 24-well or 6-well plates, respectively. Then,
1 or 3.5 mL of L-15/C were added into the basolateral chamber of
24-well or 6-well plates, respectively. The apical and basolateral
medium was changed once per week for a total of 28 days.

Exposure Design
Stock solutions were prepared for LPS and the functional
ingredients. LPS (L2630, Sigma, Norway) stock solution was
prepared to 1 mg/mL in L15/ex medium. The L15/ex medium
contains only the inorganic salts, galactose, and pyruvate
concentrations of L-15 (24). Nucleotides (T25-1KT, Sigma,
Norway) stock solution was prepared to 10 mg/mL using milliQ
water. MOS (Active MOS extracted from yeast, Biorigin, São
Paulo, Brazil) stock solution was prepared to 20 mg/mL using
sterile PBS, and then sonicated in a water bath (30 s/3 times) and
centrifuged (500 × g/ 5 min). The supernatant was subsequently
transferred into new vials and stored at −20◦C according to
previous descriptions (13). Beta-glucans (G5011, Sigma, Norway)
stock solution was prepared to 2 mg/mL in sterile PBS according
to previous reports (23).

For all exposure tests performed with the two-compartment
intestinal barrier model, the stock solutions of LPS and the
functional ingredients were diluted in mucosal saline, prepared
according to Genz et al. (25) (Supplementary Table 1), and
added to the apical chamber in order to mimic intestinal
lumen conditions. Before performing the exposure tests with
LPS and the functional ingredients, L-15/C and mucosal saline
acted as exposure medium for RTgutGC cells to evaluate
whether the mucosal saline affected cell viability. For exposure
tests performed with conventional plates, working solutions
were prepared by diluting in mucosal saline or L15 medium,
depending on the analytical assay as specified below. To select
final working concentrations for further analysis, LPS and
the functional ingredients were tested at a range of different
concentrations in 6 h exposures in 24-well-conventional plates
without inserts (Supplementary Table 2).

Assessment of Cell Viability
Alamar Blue (AB, DAL1025, Invitrogen, Basel, Switzerland) and
5-carboxyfluorescein diacetate acetoxymethyl ester (CFDA-AM,
C1345, Invitrogen, Basel, Switzerland) were used to measure
cell viability (24, 26). AB was used to measure cell metabolic
activity, whereas CFDA-AM was used to measure cell membrane
integrity. After 6 h of incubation, stimulant working solutions
were discarded, cells were washed twice using 1 mL PBS and
subsequently, a volume of 400 µL of fresh AB and CFDA-AM
were added to each well. The plates were then incubated at 20◦C
for 30 min in the dark before measurement. The Cytation 3
plate reader (Bio Tek Instruments, Winooski, USA) was used to
measure the fluorescence of AB (λex = 530 nm; λex = 595 nm)
and CFDA-AM (λex = 493 nm; λex = 541 nm).

Measurement of Transepithelial Electrical
Resistance (TEER)
As a quality measure of monolayer formation, TEER was
measured in RTgutGC cells grown in 24-well-culture plates with
membrane inserts at day 1, 7, 14, and 28. Additionally, TEER was
measured in RTgutGC cells exposed to LPS and the functional
ingredients for 6 h after 28 days of culture on transwell membrane
inserts in 6-well plates. TEER levels were measured using
an EVOM Voltohmmeter with STX2 electrode and Endohm-
6 electrode (World Precision Instruments, Berlin, Germany)
as described by Geppert et al. (19). TEER was calculated by
subtracting the values without cells from the values with cells.
TEER values were given as � × cm2.

Brush Border Membrane Enzyme Activity
After 3–4 days of culture on conventional 24-well plates,
RTgutGC cells were exposed to LPS and the functional
ingredients for 6 h. After discarding the mucosal saline with LPS
or functional ingredients, cells were harvested by trypsination
and centrifugation. Cell pellets were reconstituted in 1 mL
ice-cold 2 mM Tris/50 mM mannitol pH 7.1, containing
phenyl-methyl-sulphonyl fluoride (P-7626, Sigma, Norway)
as serine protease inhibitor. Brush border membrane enzyme
activities, i.e., leucine amino peptidase (LAP) and maltase,
were subsequently measured. LAP activity was analyzed
colorimetrically with a commercial kit (NO. 251, Sigma, Norway)
using L-leucine-β-naphthylamide as substrate according to the
methods described by Krogdahl et al. (27). Maltase activity was
measured using maltose as substrate according to the description
of Dahlquist (28). Total protein concentrations were determined
using a Bio-Rad Protein Assay (Bio-Rad Laboratories, Munich,
Germany). Enzyme activities were expressed as mol substrate
hydrolysed per hour per mg protein.

Albumin Translocation Assay
After 28 days of culture on transwell-membrane inserts in 6-well
plates, RTgutGC cells with an initial seeding density of 8 × 104

cells/mL (65,820 cells per cm2) were exposed to LPS and the
functional ingredients for 6 h. The permeation of fluorescent-
labeled albumin was then used to evaluate the barrier potential
of the cells. 20 µL albumin (Alexa FluorTM 488 Bovine Serum
Albumin, Thermo Fisher Scientific, USA) was added into the
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apical chamber of each well, and 250 µL of culture medium was
collected from the basolateral chamber at the following intervals:
10, 30, 45, 60, and 90 min and temporary stored in the dark at 20
◦C. After collecting all the samples, 100 µL of each sample was
added to a 96- well black plate (M5061-40EA, Sigma, Norway)
in duplicate, and fluorescence was measured using a Cytation
3 plate reader (Bio Tek Instruments, Winooski, USA) equipped
with a 490 excitation and 525 emission filter.

Quantitative Real Time PCR (qPCR)
After 28 days of culture on transwell membrane inserts in
6-well plates, RTgutGC cells were exposed to LPS and the
functional ingredients for 6 h, and subsequently harvested for
gene expression profiling. After discarding the mucosal saline
with LPS or functional ingredients, 1 mL of TRIzol (Invitrogen,
Thermo Fisher Scientific, USA) was added to each apical
chamber. Cells were collected by scarping and flushing the
membrane inserts 10 times with the TRIzol solution. The cell
homogenate was transferred into a 1.5 mL Eppendorf tube, snap
frozen in liquid N2 and subsequently stored at −80 ◦C until
RNA extraction. Gene expression levels in RTgutGC cells were
compared with those of rainbow trout tissues by using total RNA
samples from liver, pyloric, mid and distal intestine obtained
from a fresh-water stage female rainbow trout as previously
described (29). RNA was subsequently purified using a PureLink
RNA mini Kit (Invitrogen, Thermo Fisher Scientific, USA).
RNA purity and concentration were measured using an Epoch
Microplate Spectrophotometer (BioTeK Instruments, Winooski,
USA). The RNA integrity was verified using a 2100 Bioanalyzer in
combination with RNA Nano Chip (Agilent Technologies, Santa
Clara, USA). First-strand complementary DNA was synthesized
from 1.0 µg total RNA from all samples using SuperScript
IV VILO Master Mix (InvitrogenTM, ThermoFisher Scientific).
Negative controls were performed in parallel by omitting RNA
or enzyme.

Twelve target genes with important functions related to
immunity, barrier function and metabolism were profiled. The
qPCR primers were designed using Primer3web software version
4.0.0 (http://primer3.ut.ee/) or obtained from the literature.
Primer details are shown in Supplementary Table 3. All primer
pairs were first used in gradient reactions in order to determine
optimal annealing temperatures. To confirm amplification
specificity, the PCR products from each primer pair were
subjected to melting curve analysis and visual inspection of the
PCR products by agarose gel electrophoresis. PCR efficiency for
each gene assay was determined using 2-fold serial dilutions
of randomly pooled complementary DNA. The expressions of
individual gene targets were analyzed using the LightCycler
96 (Roche Diagnostics, Basel, Switzerland). Each 10 µl DNA
amplification reaction contained 2 µl PCR grade water, 2 µl of
1:10 diluted complementary DNA template, 5 µl LightCycler 480
SYBR Green I Master (Roche Diagnostics) and 0.5 µl (10 mM)
of each forward and reverse primer. Each sample was assayed in
duplicate, including a no-template control. The three-step qPCR
run included an enzyme activation step at 95◦C (5 min), forty to
forty-five cycles at 95◦C (10 s), 60◦C (10 s), and 72◦C (15 s) and a
melting curve step. Target gene expression was normalized to the

geometric average of beta-actin (actb) and ribosomal protein s20
(rps20) after confirming reference gene intra- and interspecific
stability (30). Mean normalized expression of the target genes was
calculated from raw Cq values by relative quantification (31).

Cell Proliferation Assay
The ability of RTgutGC cells to close a gap during exposure
to LPS, MOS and beta-glucans was investigated in a cell
proliferation assay by using 2-well-culture inserts (80241, Ibidi
GmbH, Martinsried, Germany). The inserts were placed on a
conventional cell culture surface, i.e., a µ-Dish 35 mm (81156,
Ibidi GmbH, Martinsried, Germany) creating two wells, which
were separated by a rubber partition. Approximately 10,000 cells
in 70 µL L-15/C were seeded into each well. The cultures were
incubated at 20 ◦C for 2 days until confluence. Then, the rubber
partition was removed to create a 500 µm gap between the cells.
Immediately, LPS (50 µg/mL), MOS (4 mg/mL), beta-glucans
(100 µg/mL) and PBS (control), all dissolved in L-15 medium,
were added to the cultures and phase contrast pictures were
captured at day 0, 1, 2, and 4 (or until the gap was closed) using
a ZEISS Axio microscope (with Axiocam 105 color). The image
were processed using ImageJ (32). In brief, all images were first
adjusted using Adjust tool for achieving a clear contrast between
the cell-free area and area covered by cells. Subsequently, the
cell-free area was measured using Analyze particles tool. The cell
proliferation rate was calculated by dividing the cell-free area at
each time point with the cell-free area at day 0.

Oxidative Stress Detection and Substrate
Uptake Assay
After 3–4 days of culture on conventional 6-well plates, RTgutGC
cells were exposed to LPS and the functional ingredients
for 6 h. After discarding the mucosal saline with LPS or
functional ingredients, cells were harvested by trypsination and
centrifugation. Cell pellets were reconstituted in 5% FBS in PBS
for ROS generation measurement. CellROX R© (C10444, Thermo
Fisher, Waltham, USA) reagent was added to the cell suspensions
at a final concentration of 5 mM, followed by incubation at
room temperature for 30 min. After the incubation, cells were
washed three times with ice-cold phosphate buffered saline
(PBS) and ROS generation was analyzed by flow cytometry
(Beckman Coulter Gallios). At least 10,000 events were collected
for each sample. Data were analyzed using Kaluza software
v.2.1 (Beckman Coulter) and gated using Side scatter (SSC)
(granularity) and Forward scatter (FSC) (size) parameters.
Discrimination of aggregates from single cells was performed
using side scatter-W (SSC-W) vs. side scatter (SSC). ROS was
measured at 650/675 nm (FL3).

Fluorescence conjugated Zymosan (Z23373, Thermo Fisher
Scientific, USA) and albumin (Alexa FluorTM 488 Bovine
Serum Albumin, Thermo Fisher Scientific, USA) were added
into culture media at 20 and 12.5 µg/ml, respectively for cells
growing in 6-well-conventional plates. Cells were trypsinized
and centrifuged after 1, 1.5, and 3 h after adding substrates,
respectively. Cell pellets were reconstituted in 5% FBS in PBS
before flow cytometry (Beckman Coulter Gallios) was performed
to analyze the cells with or without fluorescence at 495/519 nm.
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Immunocytochemistry of F-actin Content
For morphological characterization, confocal laser microscopy
was used for imaging. RTgutGC cells in L-15/C were seeded in
an 8 chamber tissue cultured treated glass Falcon CultureSlide R©

(Corning, New York, USA) at a density of 150,000 cells per
chamber. When reaching 80% confluence, cells were washed with
Dulbecco’s Phosphate-Buffered Saline (DPBS) and treated with
LPS (50 µg/mL), MOS (4 mg/mL), beta-glucans (100 µg/mL),
and PBS (control), all dissolved in L-15 medium. After 6 h, cells
were washed with DPBS and fixed with 3% paraformaldehyde
(Sigma-Aldrich) for 20 min at 4◦C. Following fixation, the cells
were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich,
St. Louis, USA) for 10 min at room temperature. Cells were
then incubated in blocking buffer (BB) (10% goat serum, 3%
bovine serum albumin, and 0.1% Triton X-100 in DPBS) for
1 h at room temperature. Afterwards, cells were incubated
with phalloidin (R425, Thermo Fisher) for F-acin staining
according to the manufacturer’s instruction. After staining, cells
were washed three times for 3 min with DBPS and left to
air dry. Once dry, plastic chambers were removed from the
slides. Three drops of mounting medium, Fluoroshield (Sigma-
Aldrich), containing DAPI were added to the slides, followed
by covering with coverslip. The image was analyzed by ImageJ
software to investigate the morphology change of the cells under
different treatments. Three random pictures were taken from
cells under respective treatments. Individual cell numbers were
counted based on DAPI-stained nuclear numbers manually.
F-actin contents were subsequently calculated by the total
fluorescence intensity of phalloidin divided by number of the
cells.

Protein Expression of E-cadherin,
Aquaporin 8, and Hsp70 by Western Blot
Analysis
RTgutGC cells were seeded on 6-well plates and grown until
confluence before 6 h exposure to LPS (50 µg/mL), MOS
(4 mg/mL), beta-glucans (100 µg/mL), and PBS (control), all
dissolved in L-15 medium. Cells were harvested by trypsinization
and centrifugation and protein was extracted using PARIS Kit
(AM 1921, Thermo Fisher) according to the manual. Protein
concentrations were measured using Bradford protein assay
kit (Bio-Rad, Hercules, California, United States) and 10 or
20 µg of the protein were loaded on SDS page gels. After
40 min electrophoresis at 100 voltage, proteins were transferred
to PVDF membranes, blocked with 5% dry milk for 1 h at
room temperature, and incubated consecutively with E-cadherin
monoclonal antibody (#701134, Thermo Fisher), Heat shock
protein 70 (Hsp70) monoclonal antibody (MA3-008, Thermo
Fisher), or Aquaporin 8 (Aqp8) polyclonal antibody (kindly
provided by Prof. Steffen S. Madsen, Institute of Biology,
University of Southern Denmark). After 3 times washing in
PBS and incubation of HRP conjugated secondary antibody,
the signal was visualized with Bio-Rad Gel Doc system after
adding ECL detection reagents (GERPN2209, Sigma-Aldrich)
to the membrane. Due to the potential influence of treatments
on candidate reference protein expression, the total membrane

protein content was visualized with Ponceau S (P3504, Sigma)
and used as a qualitative loading control.

Statistical Analysis
All data were tested for normality and variance homogeneity
using histogram and “residual by predicted” plot, respectively,
using JMP Pro 13.0.0 (SAS Institute, United States). When
necessary, the data were transformed to achieve normal
distribution. Further statistical analyses and graphics were
made using GraphPad Prism 7 (GraphPad Software, La Jolla,
California, United States). The flow cytometry figures were made
by Kaluza (Beckman Coulter). Data of albumin translocation
and cell proliferation rate were analyzed using two-way ANOVA
using time and treatment as class variables followed by Dunnett
multiple comparisons tests. Other data were analyzed using one-
way ANOVA followed by Dunnett multiple comparisons tests.
Data were calculated as mean± SEM of two or three independent
experiments with 3 or 4 technical well or insert replicates
(depending on analytical assays, see specifications in figure
legends). Asterisks denote the level of statistical significance
(∗P < 0.05, ∗∗P < 0.01, ∗∗∗ P <0.001).

RESULTS

Key Features of RTgutGC Cells Exposed in
Mucosal Saline in Conventional Culture
Plates and Transwell Membranes
Compared with RTgutGC cells cultivated in L-15/C medium,
cells cultivated in mucosal saline maintained above 80% cell
viability after 12 h exposure (Figure 1A). When RTgutGC cells
were grown on transwell membrane inserts in 24-well plates,
TEER levels increased steadily and reached about 26 � ×

cm2 after 4 weeks of culture (Figure 1B). After addition of
fluorescent albumin to mucosal saline solution in the apical
chamber, basolateral fluorescence levels increased steadily with
time when no cells were seeded on the membrane whereas with
cells, low fluorescence was observed over the 90 min observation
period, demonstrating that the RTgutGC cells formed a barrier
and strongly attenuated albumin translocation from the apical
to the basolateral chamber (Figure 1C). Confocal fluorescence
microscopy images of RTgutGC cells grown on conventional
culture plates illustrated presence of the tight junction protein
Claudin 3 (red) and the nuclei (blue) (Figure 1D).We also
investigated the uptake of albumin and zymozan in RTgutGC
cells, grown on conventional support, as a character of functional
enterocytes. During a time course of 3 h, albumin uptake into
RTgutGC cells increased (Figure 1E). However, RTgutGC cells
did not take up zymosan as shown in Figure 1F.

Effects of LPS and Functional Ingredients
Cell Viability
Using a cell viability cut-off level of 80% compared to
control cells, 6 h of exposure to 50 µg/mL LPS (Figure 2A),
75 µg/mL nucleotides (Figure 2B), 4 mg/mL MOS (Figure 2C)
and 100 µg/mL beta-glucans (Figure 2D) were selected as final
working concentration for further analysis.
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FIGURE 1 | Key features of RTgutGC cells grown on conventional culture plates or transwell membranes. (A) Viability of RTgutGC cells in 24-well-culture plates with

1.5 × 105 cells/mL (78,947 cells per cm2) exposed to mucosal saline for 12 h. (B) TEER of RTgutGC cells grown up to 4 weeks in 24-well-culture plates with

membrane inserts at initial density of 8 × 104 cells/mL (71,429 cells per cm2). (C) Fluorescent levels in basolateral media after fluorescent albumin exposure into

apical chamber in 24-well-transwell membrane plates with or without RTgutGC cells. (D) Confocal fluorescence microscopy images of the tight junction protein

claudin 3 (red) and the nuclei (blue) in RTgutGC cells grown on conventional culture plates. (E,F) Uptake of albumin (E) and zymosan (F) during the 3 h exposure time

with cells cultured in conventional 6-well plates. For both panels (E,F), X axis shows the fluorescence signal from albumin or zymosan in cells. Y axis shows the

percentage of albumin/zymosan positive cells out of total live cell population. Data represent mean ± SEM of two independent experiments with 3–4 technical

replicates each (wells or inserts). Scale bar = 100µm.

TEER and Albumin Translocation
After 6 h of exposure to beta-glucans, TEER levels increased
significantly compared to control (Figure 3, P < 0.05). Other
treatments had no effect on TEER levels (Figure 3, original TEER
values seen in Supplemental Figure 1).

After 6 h of exposure to MOS increases in basolateral albumin
fluorescent levels were observed compared to control cells,
significantly at 30 and 60 min time points (P < 0.05). No
significant effects on the fluorescent level were observed for other
treatments (Figure 4, P > 0.05).

Brush Border Membrane Enzymatic Activity
Brush border membrane enzyme activities (LAP and maltase)
were detected in the RTgutGC cells. There were no significant
effects of LPS or any of the functional ingredients on LAP
(Figure 5A) or maltase (Figure 5B) activities (P > 0.05).

Gene Expression
LPS exposure resulted in markedly increased mRNA levels
of several pro-inflammatory cytokines, including interleukin
1β (il1b), interleukin 6 (il6), interleukin 8 (il8), and tumor
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FIGURE 2 | Viability of RTgutGC cells exposed to LPS (A), nucleotides (B), MOS (C), and beta-glucan (D). Breaking lines indicate cut-off level of about 80% cell

viability compared to control cells. For LPS, data represent mean ± SEM of two independent experiments with 3 technical well-replicates. For nucleotides, MOS and

beta-glucan, two independent experiments with 3 technical well-replicates each and concentrations as shown in Supplementary Table 1 were conducted. For

concentrations evaluated in both experiments, data represent mean ± SEM of the two experiments. For concentrations only evaluated in one of the experiments,

single mean values are plotted.

necrosis factor alpha (tnfa). Furthermore, LPS up-regulated the
expression of the tight junction gene Claudin 3 (cldn3, P <

0.001), but suppressed the intestinal alkaline phosphatase (ialp)
expression (Figure 6, P < 0.05).

Pro-inflammatory cytokine genes (il1b and il8) were
significantly increased after exposing cells to functional
ingredients, especially MOS (P < 0.01). MOS also produced a
significant up-regulation of transforming growth factor beta
(tgfb) following 6 h of exposure (P < 0.05) while expression
of myeloid differentiation factor 88 (myd88) and proliferating
cell nuclear antigen (pcna) were significantly decreased
(Figure 6, P < 0.01).

Compared to control, MOS and beta-glucans up-regulated
the expression of cldn3 (P < 0.01) while the expression of ialp
and Na/K-ATPase (nkaα1b) decreased significantly following
exposure to MOS (Figure 6, P < 0.05). There was also a
significant decrease in the expression of E-cadherin (cdh1)
after exposure to the different functional ingredients (P <

0.05). Gene expression levels of the bile acid transporter
solute carrier family 10 member 2 (slc10a2) in RTgutGC cells
increased significantly after exposure to nucleotides and MOS
(P < 0.05).

In general, immune genes were expressed at comparable
relative basal levels in RTgutGC cells as in rainbow trout
distal intestinal tissue, whereas most genes related to barrier
function and metabolism showed lower relative expression
(Supplementary Table 3). Overall, nucleotides produced little or
no effect on analytical endpoints related to barrier function and
gene expression. In order to reduce costs, we therefore chose
to omit nucleotide exposures in the additional analyses outlined
below.

Cell Proliferation
In control cells, the gap area of the culture wells was fully closed
by day 4 (Figure 7). When treated with LPS or beta-glucans, cells
were able to close the gap in a similar pace as in the control cells.
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In contrast, MOS treatment reduced the cell proliferation and
consequently the gap closure rate to <50% at day 4 as shown in
Figure 7.

ROS Generation
As shown in Figures 8A–C, viable cell numbers were
not affected by treatments, while MOS diminished ROS
positive cells markedly (96% decreased, P < 0.001).
Moreover, mean fluorescence intensity of ROS in cells
were significantly smaller than in other groups (P <

0.001).

FIGURE 3 | TEER levels of RTgutGC cultures exposed to LPS and functional

ingredients in 6-well-transwell membrane inserts for 6 h. Data are expressed

as percent of control cells and represent mean + SEM of two independent

experiments with 3 technical insert replicates each. Asterisks denote treatment

groups statistically different to the control (*P < 0.05).

FIGURE 4 | Fluorescent levels in basolateral media after fluorescent albumin

exposure into apical chamber in 24-well transwell membrane with RTgutGC

cells exposed to LPS and functional ingredients for 6 h. Data are expressed as

percent of control cells and represent mean + SEM of two independent

experiments with 3 technical insert replicates each. Asterisks denote treatment

groups statistically different to the control at the same time point (*P < 0.05,

***P < 0.001).

F-actin Content and E-cadherin, Aquaporin 8, and

Hsp70 Protein Expression
As shown in Figures 9A,B, intracellular F-actin contents were
significantly increased in LPS and beta-glucan groups (P < 0.01),
while MOS treated cells remained at control levels. Western
blot analyses demonstrated that expressions levels of Aqp8
and Hsp70 were not influenced by any of the treatments. E-
cadherin expression was increased in cells treated with LPS, but
decreased in beta-glucan and MOS treated groups (P < 0.01)
(Figure 10).

DISCUSSION

Well-characterized in vitro model systems offer many benefits
for screening purposes, given their simplicity and relative
inexpensiveness compared to experiments using live animals.
They could also serve as essential tools to increase the
knowledge of cellular and molecular mechanisms underlying
effects observed in animal trials. In the present work, we have
continued the ongoing characterization of the first established
intestinal epithelial cell line from fish, RTgutGC (18) and
evaluated its suitability as an in vitro model for studies of effects
of LPS and functional feed ingredients.

Functional Characterization of RTgutGC
Cells
Based on previously established RTgutGC cell features (18–23,
33), we first confirmed the viability and barrier function of the
RTgutGC cells when grown on transwell membranes. Barrier
formation was assessed by TEER measurements and fluorescent
albumin translocation from the apical to basolateral cell chamber.
TEER levels in the present study were comparable to those
reported previously (19, 20). We also observed a strong and
time-dependent increase in basolateral fluorescence of albumin
in wells without cells, whereas low and stable values were
observed for wells with cells. Thus, our observations confirmed
earlier reports (20, 33) demonstrating that RTgutGC cells
grown on permeable inserts strongly attenuate fluorescent model
molecules’ translocation from apical to basolateral chamber.
RTgutGC barrier function was further supported by related gene
and protein expression (cldn3, cdh1, Claudin 3) as previously
demonstrated (19, 20, 22). We also confirmed the findings by
Minghetti and co-workers (20) by demonstrating the viability
of the RTgutGC cells when exposed to a buffer designed to
mimic the intestinal lumen (25), i.e., mucosal saline. Another
indication that the RTgutGC cells function as enterocytes is the
presence of brush border membrane enzymatic activity. Previous
studies have demonstrated that RTgutGC cells possess alkaline
phosphatase activity (18). In the current work, we continued to
explore RTgutGC brush border features by measuring activity
levels of two important brush border digestive enzymes, i.e.,
LAP and maltase. Activity of both these enzymes were detected
in the RTgutGC cells. Higher LAP activity, but very low
maltase activity, were found compared to the results of in
vivo tests (34). Altogether, the current re-establishment of key
barrier and brush border features demonstrates the robustness
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of the RTgutGC transwell system and shows that RTgutGC
cells develop certain intestinal functions similar to the in vivo
situation.

Effects of LPS Exposure on RTgutGC
We continued to explore RTgutGC cell immune function by
detailed exposures to a prototype PAMP, i.e., LPS. LPS showing
no effect on cell viability at concentrations up to 100 µg/mL is
in line with previous reports suggesting that fish cells without
TLR4/CD14 signaling system may be less responsive to LPS
compared to mammalian cells (18, 35, 36). The LPS used in the
present study was derived from E. coli, and it is possible that LPS
isolated from a fish pathogen could be more potent in RTgutGC
cells. Anyhow, the final working concentration (50 µg/mL LPS)
was clearly sufficient to induce immune-related gene expression
responses and influence cell proliferation and F-actin contents of
RTgutGC cells in this study.

The epithelial cells of the intestinal tract are in direct
contact with the external environment of the gut lumen and
must be prepared to mount an immune response against
antigens and infections agents of dietary origin. It is well-known
that intestinal epithelial cells of teleost fish produce several
innate immune defense factors, and they can over-express pro-
inflammatory cytokines following a bacterial infection (23). In
the present study, LPS produced markedly elevated levels of
pro-inflammatory cytokine gene expression (il1b, il6, il8, and
tnfa). The data point toward RTgutGC immunocompetence,
and demonstrate that RTgutGC cells possess the ability and
transcriptional apparatus to mount an innate immune response
against LPS, a common model PAMP. There are, to our
knowledge, no published studies on spatial immune gene
expression patterns along the rainbow trout intestinal tract.
Given that the RTgutGC cell line was initially isolated from
the distal intestine (18), which is believed to be a specific
intestinal region for certain mucosal immune functions (29),
it is interesting to note that RTgutGC relative immune gene
expression were found at comparable levels as in the distal
intestine of rainbow trout (Supplementary Table 3). Induced

immune transcriptional responses to pathogen infection have
previously been observed in human intestinal epithelial cells
(37). In fish, similar effects of LPS on innate immune related
gene expression have been observed also in head kidney
leukocytes of rainbow trout (9). Moreover, LPS has been
reported to up-regulate tnfa gene expression in RTgutGC
cells grown on conventional culture plates (18). Intestinal
alkaline phosphatase (Ialp) is an important apical brush border
enzyme, which has been found to lower the expression of
pro-inflammatory cytokines by inhibiting the activation and
translocation of their master transcription factor NF-κB (38).
LPS is a reported substrate for Ialp (38), and in the current
work, LPS suppressed ialp expression. This response could reflect
the interplay between LPS, Ialp and pro-inflammatory cytokine
signaling.

Effects of Functional Feed Ingredients on
RTgutGC
Our strategy for determining the final exposure concentrations
of the functional ingredients was based on measurements of
cell viability. When applied at high concentration, all functional
ingredients significantly reduced cell viability in RTgutGC cells.
We chose our final exposure concentrations at levels that
maintained 80% cell viability as compared to control cells, with
the underlying assumption that these cells were in a healthy state
and could exert true physiological responses to the functional
ingredients. It should be noted that the cell viability assays were
performed with cells grown on conventional plates, and we
therefore assume similar responses to the stimulants in cell grown
on membrane inserts.

In two-compartment epithelial cell in vitro systems, increased
TEER levels are interpreted as an increase in epithelial
barrier tightness. In the present study, beta-glucans increased
TEER values, whereas no significant effects were observed for
nucleotides or MOS exposure. In contrast, MOS treatment
increased albumin translocation across the RTgutGC monolayer,
indicative of a reduced barrier function that could be attributed

FIGURE 5 | Brush border membrane leucine aminopeptidase (LAP, A) and maltase (B) activity of RTgutGC cells grown on 24-well-conventional culture plates

exposed to LPS and functional ingredients. Data represent mean + SEM of two independent experiments with 3 technical well replicates each.
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FIGURE 6 | Immune, barrier, and metabolic gene expression in RTgutGC cells grown on 6-well transwell membranes exposed to LPS and functional ingredients. Data

are expressed relative to control cell levels and represent mean + SEM of two independent experiments with 3 technical insert replicates each. Asterisks denote

treatment groups statistically different to the control (*P < 0.05, **P < 0.01, ***P < 0.001).

to alterations in both transcellular and paracellular routes.
The relative proportion of trans- and paracellular translocation
of albumin remains unknown, and should be explored in
future studies, for example by detailed studies of albumin
uptake kinetics into RTgutGC cells grown on permeable
supports. Of note, we demonstrated that albumin was indeed
taken up by the RTgutGC cells when grown on conventional

supports, whereas no uptake of the larger molecule zymosan
was detected. For junction barrier related gene expression,
all functional ingredients suppressed cdh1 levels and all
ingredients except nucleotides increased cldn3. The suppressed
cdh1 levels in cells treated with MOS and beta-glucan were
also mirrored by decreases at the protein expression level. In
Caco-2 cells, decreases in cldn3 mRNA levels were observed
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FIGURE 7 | Cell proliferation assay of RTgutGC cells. (A) Cells treated with LPS, MOS and beta-glucan at day 0, 2, and 4 after removal of the gap insert.

Representative images of three independent experiments are shown. (B) Quantification of cell proliferation rate at different time points during treatment. Data represent

mean ± SEM of three independent experiments with 3 technical well-replicates each. Asterisks denote treatment groups statistically significant different to the control

at the same time point (***P < 0.001). Scale bar = 100µm.

in concert with increase in paracellular permeability and a
reduction in TEER (39). Similarly, the observed decreases in
adherence junction-related cdh1 expression would be expected
to loosen the junction barrier and increase paracellular
permeability. In vivo, MOS supplementation to fish has in
several independent studies been found to improve microvilli
integrity in terms of microvilli density (12) and length

(12, 40, 41). In European seabass, MOS treatment enlarged
intestinal fold height and reduced gut bacterial translocation,
demonstrative of MOS effects on epithelial barrier function
(42). Furthermore, beneficial physiological effects on epithelial
cells of fish fed MOS could be a result of increasing mucus
secretion (43), viscoelasticity of the mucus (44) or induced
tight junction closure (ZO-1, occluding or E-cadherin) (45).
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FIGURE 8 | Flow cytometry analysis of reactive oxygen species (ROS) production in RTgutGC cells grown on 6-well conventional plates and exposed to LPS, MOS

and beta-glucan for 6 h. (A) Representative histograms of ROS dye fluorescence intensity. X axis shows the CellRox fluorescence signal in cells. Y axis shows the

percentage of total live cell population. Horizontal bar indicate ROS positive (ROS+) cells. (B) Statistical analysis of ROS+ cell number under different treatments

(C) Mean Fluorescent Intensities of ROS dye in cells under different treatments. Data represent mean + SEM of two independent experiments with 3 technical

well-replicates each. Asterisks denote treatment groups statistically significant different to the control (***P < 0.001).

To our knowledge, there are no published studies of effects
of MOS on gut epithelial barrier or tight junction function in
rainbow trout. The findings of TEER, albumin translocation,
and junction barrier related gene and protein expression
in the present study may point to how MOS can act as
homeostatic balancer of barrier function in vivo and in vitro
(46).

RTgutGC cell proliferation was assessed by a previously
established cell proliferation assay (22). RTgutGC cells had
the ability to close the cell free gap in 4 days in this
study, which was faster than in a previous report, possibly
due to different culture conditions (22). During the 4-day
period, MOS strongly reduced the cell proliferation speed
compared to control. In addition, MOS significantly suppressed
ROS production compared with control cells. ROS plays
important roles in homeostasis and cell signaling, and ROS
levels typically increase during periods of environmental stress
and may cause significant damage to cell structures (47).
Whether the MOS-induced decrease in RTgutGC proliferation
ability could be a result of reduction in stress fibers and
suppressed ROS production as previously reported (48, 49)

warrants further investigation. Pcna plays an important role
in cell proliferation (50). MOS also down-regulated pcna
gene expression in the present study, confirming the cell
proliferation assay results indicating that MOS inhibited cell
proliferation (50).

Functional ingredients are expected to exert immune-
modulatory effects in the intestine by regulating the
expression of cytokines (2, 7, 10, 51). Among the functional
ingredients evaluated in the present work, MOS seemed
to be the most potent modulator of RTgutGC immune
responses. Specifically, MOS treatment induced levels of
pro-inflammatory (il1b, il6, il8, and tnfa) and tgfb cytokine
transcripts, but suppressed myd88 expression. In particular,
the alterations of pro-inflammatory cytokine gene expression
and the suppression of ialp mirrored the effect of LPS.
In vivo, dietary MOS in European sea bass can provide
protection against Vibrio alginolyticus infection (52) and
counteract the side effects of soybean meal oil by increasing
the mucus cell density and area in the distal intestine and
regulating GALT-related genes (i.e. il6, il10, and tgfb) (46).
MOS supplementation to rainbow trout was also found
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FIGURE 9 | RTgutGC cell morphology after treatments with LPS, MOS, and beta-glucan. (A) Staining of cell nuclei (blue) and skeleton (orange) after 6 h exposure to

stimulants. (B) Mean Fluorescent Intensities (MFI) of RTgutGC skeleton (F-actin). Data represent mean + SEM of three independent experiments, with 3 technical

replicates each. Asterisks denote treatment groups statistically significant different to the control (**P < 0.01). Scale bar = 100µm.

to improve lysozyme concentration, classical pathway of
complement (APCA and CPCA) (53), microvilli structure
and absorptive surface area (12). Whether the immune-
modulatory effects induced by MOS in the present study
having any relation to the increase in epithelial permeability
is a question that clearly warrants attention in future
studies. Possibly, the increased permeability could lead to
an increased antigen influx that would trigger mucosal
immune responses, including modulation of cytokine
expression.

Beta-glucan is one of the potent and promising
immunostimulants in aquaculture which could be beneficial for
growth, disease resistance and immune response of a range of fish

species including rainbow trout (54–56). In vitro, beta-glucans
were found to have positive effects on neutrophil degranulation
of fathead minnows (57) and respiratory burst activity of Atlantic
salmon (58). In the present study, beta-glucan treatment also
produced increased mRNA levels of pro-inflammatory cytokine
genes (il1b and il8). This observation is in agreement with
previous studies demonstrating that beta-glucans up-regulated
pro-inflammatory cytokine expression in head kidney cells of
rainbow trout (9) and increased il1b expression in Atlantic cod
after challenged with Vibrio anguillarum (10). A previous report
also found that il1b production was induced by cathelicidin-
2 variants and il1b expression upregulation was elicited by
a synergic effect of zymosan and cathelicidin-2 variants in
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FIGURE 10 | (A) Representative Western blot pictures for target proteins. Statistical analysis of protein expression levels of heat shock protein 70 (hsp70, B),

aquaporin 8 (Aqp8, C), and e-cadherin (D). Data represent mean + SEM from two or three independent experiments with 3 technical replicates each. Asterisks denote

treatment groups statistically significant different to the control (*P < 0.05, **P < 0.01). Full scans of the entire original blots are shown in Supplementary Figure 2.

RTgutGC cells (23). Beta-glucan lowered transactivation of
NF-κB to stimulate immune response was also found in Caco-2
cells (15). Whether the expression of il1b and il8 is affected
by the cathelicidin-2 variants or the activation of NF-κB in
RTgutGC still needs to be explored in future studies. In vivo,
the expression of il8 was not affected significantly in the
distal intestine of Atlantic cod fed beta-glucans (10), which
is different from our findings. Available literature suggests
that beta-glucans may regulate inflammatory effects in an
inconsistent pattern, possibly depending on the differences
of composition, dosage, quality, route, and exposure time
(11, 23, 54, 59). Nucleotides also produced elevated levels of
il1b and il8, but the degree of response was minor compared
to the other functional ingredients evaluated in the current
study. Previous in vivo tests have found that dietary nucleotides
might improve growth, disease resistance against S. iniae and
pancreatic necrosis, serum alternative complement activity,
serum lysozyme activity and crowding stress of rainbow trout
(60–62) and influence macrophage activity, respiratory burst
activity and expression of il1b, il8, and tnfa in turbot (63).
However, the mechanism of growth and immune promotion
by nucleotides still need to be identified in vitro or in vivo
tests.

CONCLUSION

An increasing body of literature demonstrates that functional
feed ingredients can support intestinal health and reduce disease
susceptibility via multiple mechanisms, including direct effects
on a variety of intestinal functions, e.g., barrier function,
nutrient transport and immune responses (7, 23, 64–66).
In fish, knowledge about basic mechanisms of functional
ingredients and their interactions with the intestinal tissue is
weak and fragmentary. The present study has provided new
information on how functional ingredients commonly applied
in aquafeeds can affect intestinal epithelial function in fish.
Additionally, our study demonstrates the suitability of the
RTgutGC transwell system as an alternative to fish feeding
experiments for prediction of health effects of functional
feeds.
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