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SUMMARY

The aquaculture feed industry continuously works to decrease the share of marine
ingredients in the diets by searching for alternative feed ingredients. The increased use of
such ingredients, on one hand expose the fish for new components, and on the other hand
reduce the levels of components typical for diets rich in marine ingredients. Salmon diets
have, over the last decades, also changed regarding lipid content. The level has increased,
whereas the proportion of n-3 fatty acids has decreased. These changes may present
challenges for the aquaculture industry. Fish farmers have, since 2000, reported symptoms
of lipid malabsorption (LMS) in young as well as more mature salmon. The typically
characteristics of LMS are swollen, pale and coarse appearance of the pyloric and mid
intestine as a result of lipid accumulation in the tissue, seen histologically as large vacuoles.
Previous studies have indicated that impaired lipoprotein formation, as a result of lack of
phosphatidylcholine, could be the cause of the formation of excessive intestinal lipid
vacuolation. Phosphatidylcholine is not considered as an essential nutrient for any fish
species as it can be synthesized if sufficient choline is present. However, essentiality of
choline has been established for many animal species, including some fish species in

particularly for early stages, but not for any life stages of Atlantic salmon.

In this thesis, three separate experiments were conducted to increase knowledge on the
effects of choline and other key components involved in lipid and sterol metabolism on the
development of LMS in Atlantic salmon in seawater. The experiments included firstly
investigating whether choline chloride could prevent LMS. Secondly, whether other key
components in lipid and sterol metabolism may modify the development of symptoms of
LMS. The goal of the last experiment was to define the dietary requirement of choline for

Atlantic salmon in seawater.

The results from the first experiment showed that fish fed a diet with a choline level of 944
mg/kg developed clear signs of LMS whereas a diet supplemented to contain 4250 mg/kg

choline, did not develop such signs. The level of triglycerides (TAG) in the pyloric caeca of



fish fed the high choline diet was reduced by 65%. This reduction was reflected in a parallel
reduction in relative weight of the pyloric intestine. Choline altered the intestinal
expression of genes related to phosphatidylcholine synthesis (chk and pcytla), cholesterol
transport (abcg5 and npc1l1), lipid metabolism and transport (mgat2a and fabp2),
lipoprotein formation (apoAl and apoAlIV) and the surface marker of intestinal lipid
droplets (plin2). Furthermore, fish growth increased by 18% in the choline supplemented
group. Taken together, these results demonstrated the importance of choline in lipid

turnover in the intestine and its ability to prevent LMS.

The results in the second experiment confirmed those of the first, showing that fish fed a
diet low in fish meal (LF), with a choline level of 1190 mg/kg, developed clear LMS-
symptoms, whereas fish fed diets with high fish meal content and a choline level of 1860
mg/kg, did not show clear signs of LMS. Supplementation of LF with phosphatidylcholine or
choline chloride, resulting in choline levels of 2870 and 2980, respectively, eliminated the
LMS symptoms. Supplementing the low fishmeal basal diet, containing 1190 mg/kg choline,
with either taurocholate at two levels (3.5 and 6.9 g/kg), cholesterol (2.0 g/kg), taurine (0.8
g/kg), cysteine (0.8 g/kg) or methionine (1.0 g/kg) did not reduce the LMS symptoms. No
significant dietary effects on growth rate were observed in this experiment. The results
from the intestinal gene expression evaluation showed that phosphatidylcholine altered the
expression of pcytla, a gene involved in phosphatidylcholine synthesis and the cholesterol
transporter abcg5. Both choline and phosphatidylcholine altered the intestinal gene
expression for apoAlV related to lipoprotein formation and markedly suppressed plin2, the
surface marker of intestinal lipid droplets. Supplementation with methionine, did not alter
expression of genes involved in endogenous synthesis of choline. Cholesterol
supplementation suppressed the expression of genes involved in sterol uptake and de novo
cholesterol synthesis and induced genes involved in sterol efflux from the intestinal
mucosa. Taurocholate and taurine induced expression of genes involved in their respective
metabolic pathways. These results confirmed the importance of choline observed in the
first experiment, which was supplied either as choline chloride, phosphatidylcholine or as a
constituent in fishmeal, in lipid turnover in the intestine as well as its ability to prevent

LMS.



The last experiment, a dose-response study testing nine levels of choline ranging from 1340
to 4020 mg/kg choline, demonstrated a clear inverse relationship between dietary choline
level and the degree of vacuolation in the mucosa of the pyloric intestine of Atlantic salmon.
Analyses of the lipid content in the tissue confirmed that this was mainly due to reduction
in the level of TAG and diacylglycerol (DAG). Fish growth was not affected by dietary
choline in this study. Other biomarkers, such as relative weight of the proximal intestine
including the pyloric caeca and mid intestine, macroscopically observed whiteness and
histologically observed vacuolation of the pyloric intestine, and expression of the genes
peytla, apoAlV, apoAl and plin2 (biomarkers with a close functional association to lipid
transport) also showed a clear dose-response relationship with dietary choline level. This
make them suitable as biomarkers for the estimation of the choline requirement. Based on
the results for these biomarkers an average choline requirement, covering 50% of the
population, of 2936 mg/kg was estimated. To cover the needs of 95% of the population, a

level as high as 3350 mg/kg choline would be required.

The results from all three experiments clearly showed that Atlantic salmon in seawater, fed
a low fishmeal diet containing between 944-1340 mg/kg choline and 26-29% lipid, must be
supplemented with a choline source in an amount which increases the level to 3350 mg/kg,
to prevent developed LMS. Insufficient supply of choline impairs assembly of the intestinal
lipoproteins engaged in lipid transport, resulting in impaired lipid transport capacity across
the enterocytes and intracellular lipid accumulation. At higher feed intake and/or higher

lipid levels in the diet than in the present studies, an even higher level may be required.

The work presented in this thesis provides important knowledge on choline’s role in lipid
transport in the intestine, and has, for the first time, established a basis for defining choline
requirement in salmon kept in seawater. It will further help to improve the gut health of

Atlantic salmon in Norway.






SAMMENDRAG (SUMMARY IN NORWEGIAN)

Fiskeforindustrien jobber kontinuerlig for a redusere innholdet av marine ingredienser i
forene ved a sgke etter alternative ingredienser. Den gkte bruken av alternative
ingredienser utsetter imidlertid fisken for nye neeringsstoffer, og reduserer niviene av
neeringsstoffer som er typiske for de marine ingrediensene. I de siste tidrene har forene til
oppdrettslaks endret seg betydelig, ogsa nar det gjelder innhold av lipid. Nivaet av lipid har
gkt, mens andelen av n-3 fettsyrer pa samme tid har gatt ned. Disse endringene kan ha
medfgrt utfordringer for fisken. Oppdrettere har siden 2000 rapportert om symptomer pa
at opptaket av lipider hos oppdrettslaksen ikke er optimalt, og at det medfgrer sakalt lipid-
malabsorpsjon (LMS). Dette gjelder fisk bade i ferskvann og i sjg. Typiske symptomer pa
LMS er fortykket tarmvev og en hvitfarget og grov overflate i bade fremre og midtre deler
av tarmen, i motsetning til den normale, lyserosa fargen. Symptomene er et resultat av
unormal akkumulering av lipid i vevet, som vises som store, intracelluleere vakuoler i
histologiske snitt. Tidligere studier indikerer at nedsatt dannelse av lipoproteiner pa grunn
av mangel pa fosfatidylkolin, kan veere drsaken til gkningen av lipidvakuoler.
Fosfatidylkolin er ikke regnet som et essensielt naeringsstoff, ettersom fisken kan
syntetiserer denne viktige komponenten nar Kolin er til stede. Kolin derimot, er definert
som essensielt naeringsstoff for mange dyr, oftest i tidlige livsstadier. For fisk er behovet for
kolin definert for tidlige stadier for noen fiskearter, men ikke for noen livsstadier hos

Atlantisk laks.

Denne avhandlingen omfatter resultater fra tre forsgk, alle med mal om & gke kunnskapen
angaende effekter av kolin og andre ngkkelkomponenter involvert i lipid og sterol
metabolismen pd utviklingen av LMS hos atlantisk laks i sjgvann. I det fgrste forsgket ble
det undersgkt om kolinklorid kunne forhindre utvikling av LMS hos atlantisk laks i sjgvann.
Det pafglgende forsgket fulgte opp resultatene fra fgrste forsgk og undersgkte om andre
ngkkelkomponenter i lipid og sterol metabolismen kan pavirker utviklingen av LMS-

symptomer. Mélet med det siste forsgket var a definere kolinbehovet for laksens i sjg.



Resultater fra det fgrste forsgket viste at fisk som fikk et for som inneholdt 944 mg/kg
kolin, utviklet tydelige tegn pd LMS mens et for med et kolininnhold pa 4250 mg/kg, ikke
utviklet slike tegn. Den relative vekten av fremre del av tarm og innholdet av triglyserider
(TAG) i blindsekkene var redusert med henholdsvis 40% og 65%, hos fisk som fikk foret
med hgyt kolininnhold. Hgy kolintilfgrsel endret uttrykket av gener som er involvert i
syntesen av fosfatidylkolin (chk and pcytla), transport av kolesterol (abcg5 and npc1l1),
metabolisme og transport av lipid (mgatZa and fabpZ2), dannelse av lipoproteiner (apoA1
and apoAlV) og dannelse av lipidvakuoler i tarmen (plin2). Tilsetning av kolin ga dessuten
en gkning i tilvekst pa 18%. Tilsammen viser disse resultatene kolins viktige rolle i

lipidomsetningen i tarmen og dermed for a forhindre LMS.

Det andre forsgket bekreftet funnene fra det fgrste forsgket og viste at fisk gitt et for med
lavt fiskemel (LF) og med kolininnhold pa 1190 mg/kg ga klare LMS-symptomer, mens fisk
som ble gitt for med hgyt fiskemelinnhold, med et kolininnhold pa 1860 mg/kg, ikke hadde
vesentlige tegn pa LMS. Tilskudd av fosfatidylkolin eller kolinklorid til LF, som ga
kolinnivaer i forene pa hhv 2870 og 2980 mg/kg, eliminerte symptomene pa LMS. [ dette
forsgket var det ingen signifikante effekter av kolinniva i foret pa veksthastighet hos fisken.
Tilskudd av andre komponenter som er viktige i omsetningen av lipider, dvs. to nivier av
taurokolat (3.5 and 6.9 g/kg), kolesterol (2.0 g/kg), taurin (0.8 g/kg), cystein (0.8 g/kg)
eller metionin (1.0 g/kg) til LF, ga ingen reduksjon i LMS-symptomene. Evalueringen av
effekter av tilskuddene pa genuttrykk viste at fosfatidylkolin pavirket uttrykket av pcytla,
som er involvert i syntesen av fosfatidylkolin, og kolesterol transportgren, abcg5. Et gkt
uttrykk av apoAlV, indikator for lipoproteindannelse, og en markert nedregulering av plin2,
indikator for dannelse av lipidvakuoler, ble observert i bade kolin- og fosfatidylkolin foret

fisk.

Tilsetning av metionin, en viktig metyldonor som er ngdvendig for kolinsyntese, ga ikke
gkninger i uttrykk av gener i synteseveiene for kolin. @kt innhold av kolesterol i foret
medfgrte i en reduksjon i uttrykket for gener involvert i opptak av steroler og de novo
syntese av kolesterol, mens uttrykket av gener involvert i transporten av steroler gjennom

slimhinnene i tarmen gkte. Tilsetning av taurokolat og taurin induserte uttrykk av gener i



deres respektive metabolske reaksjonsveier. Resultatene fra dette andre forsgket bekreftet

den sentrale rollen kolin spiller i lipid omsetningen i tarmen og for & forhindre LMS.

Det siste forsgket, som hadde som mal 4 estimere behovet for kolin hos post-smolt laks, var
et dose-respons forsgk med ni nivéer av kolin fra 1340 til 4020 mg/kg. Resultatene viste et
klart, omvendt forhold mellom kolinnivaet i foret og graden av lipidvakuolisering i
tarmslimhinnene. Analyser av lipid innholdet i vevet fra den proksimale delen av tarmen
viste at arsaken til reduksjonen i vakuolisering hovedsakelig var en reduksjon i innholdet
av TAG og diacylglycerol (DAG). Veksten hos fisken var i dette forsgket ikke pavirket av
kolininnholdet i foret. Andre biomarkegrer, dvs relativ vekt av fremre del av tarm inkludert
blindsekker og midttarm, makroskopisk synlig hvitfarget overflaten av fremre del av tarm
og midttarm, vakuolisering av enterocyttene i blindsekkene, og ekspresjon av genene
peytla, apoAlV, apoAl and plin2 (biomarkgrer med en funksjonell tilknytning til
lipidtransport) viste ogsa et klart dose-responsforhold med kolinniva i foret. Dette gjgr dem
egnet som biomarkgrer for & estimere behovet for kolin. Basert pa resultatene for disse
biomarkgrene ble det gjennomsnittlige behovet for kolin, det vil si nivaet som dekker 50%
av populasjonens behov, estimert til 2936 mg/kg. For a dekke behovet til 95 % av fiskene
trengs 3350 mg/kg.

Resultatene fra de tre forsgkene viser klart at for med lavt innhold av fiskemel, med
kolininnhold mellom 944-1340 mg/kg, og som inneholder 26-29% lipid, ma tilsettes en
kolinkilde, i en mengde som gir et niva pa 3350 mg/kg for, for & forhindre utviklingen av
LMS. Utilstrekkelig tilgang pa kolin forhindrer dannelsen av lipoproteiner i enterocyttene,
og derved transporten av lipid gjennom cellene til blodet, med intracellulaer opphoping av
lipid i store vakuoler som resultat. Ved hgyere forinntak og/eller hgyere lipid niva i forene
enn det som var tilfelle i disse forsgkene, er behovet kanskje enda hgyere, noe som bgr

studeres i framtidige forsgk.

Dette doktorgradsarbeidet har frembragt viktig informasjon om kolins rolle i lipidtransport
i tarmen og har, for fgrste gang, gitt grunnlag for 4 definere behov for kolin hos atlantisk

laks i sjgvann. Resultatene vil bidra til forbedring av tarmhelsen hos norsk oppdrettslaks.
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INTRODUCTION

The foreseen increase in world aquaculture production has put further pressure on marine
ingredients and has stimulated the need for alternative ingredients. A blue-green shift has
also been seen in recent years in the selection of raw materials used for commercial Atlantic
salmon feed production. In salmon feed, the level of marine raw materials decreased from
90% in 1990 to around 30% in 2013 (Ytrestgyl et al., 2015) with reported levels as low as
25% in 2016 (Aas et al., 2019). The feed industry works continuously to decrease the
amount of marine raw materials used by searching for alternative feed ingredients.
Moreover, the feeds have become increasingly energy dense. A typical diet for salmon, from
500 g and above, contains roughly 10% of both fishmeal and marine oil with a total lipid
content up to 32%. Two main concerns when replacing fishmeal with alternative plant
ingredients are decreased growth performance and weakened fish health. Several studies
have shown that refined plant ingredients are good alternatives to fishmeal when used
within their recommended range in nutritionally balanced diets (Collins et al., 2013, 2012;
Hartviksen et al., 2014). However, since the requirement for several nutrients have yet to
be well defined, formulation of balanced diets can be challenging (NRC, 2011). Prevalence
of various intestinal disturbances has increased with the decrease of fishmeal and the
concomitant increase of plant meals in fish feed, indicating that diets with high levels of
plant ingredients may be deficient or imbalanced in some essential nutrients. One of the
intestinal disorders seen, is the lipid malabsorption syndrome (LMS). The first reports of
LMS came in the summer 2002. The symptoms seemed to disappear the following winter
but reoccurred in the spring 2003. Thereafter, no observations were reported until summer
2010 after which the symptoms have regularly been observed in cultivated Atlantic salmon.
The first signs were observed by the farmers as large accumulations of white or yellow

floating material accumulating on the water surface around the farm (Figure 1).
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Figure 1: Floating faeces on the water surface at an
aquaculture farm in Norway. Picture: Ragnhild Hanche-
Olsen

This floating material turned out to be faeces from the fish, which attracted birds and
predators to the sea cages causing stress for the fish and polluted the nearby seashores.
This phenomenon was occurring in all regions in Norway. Among neighbouring farms, some
suffered and others not. Even within a farm some sea cages were affected, while others
were not. No clear patterns were observed which could explain the cause for the floating
faeces. The only clear observed trend was that LMS peaked in periods with high water
temperatures. The fish had been reported to have high feed intake prior to signs of LMS and
fish suffering from LMS differed in behaviour, some exhibited reduced feed intake while

others continued to eat well (Penn, 2011).

Figure 2 shows a typical picture of the macroscopic appearance of LMS in the pyloric
intestine in Atlantic salmon. The typically characteristics of LMS is a swollen and coarse
structure and pale appearance of the pyloric caeca and intestine as a result of lipid
accumulation. The picture further illustrates that the pyloric caeca closer to the stomach are
pale in colour, while those closer to the mid intestine have a “normal” darker appearance. In
the most severe cases, a white “mayonnaise” like liquid could be seen “leaking” from the
pyloric caeca (Figure 3). The pale, swollen and coarse appearance may, in the most severe

cases, cover all the pyloric region as well as the mid intestine (Figure 4).

13



Figure 2: Macroscopic
appearance of LMS of the pyloric
caeca. Note both the swollen and
pale caeca, a result of excessive
lipid accumulation and the darker
appearance indicating normal
caeca.

Photo: Vegard Denstadli.

Figure 3: Example of white
“mayonnaise” like liquid “leaking”
from the pyloric caeca in a fish
with LMS.

Photo: Arne Guttvik.

Figure 4: Pale, swollen and
coarse appearance of the

proximal intestine.
| Photo: Arne Guttvik.
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The present work addresses questions whether LMS is a result of a deficiency of one or
more essential nutrients, present at high levels in fishmeal, which are insufficiently
supplied by plant-based raw materials. The first on the list of possible nutrients was
choline. Therefore, the ability for choline to prevent LMS was the focus of this PhD work. As
present knowledge on intestinal lipid transport is limited, this work also strengthens the

knowledge of intestinal lipid metabolism.

The following chapters present background information and knowledge of relevance for the

present thesis.

The alimentary tract of Atlantic salmon

The main function of the alimentary tract is to digest and absorb nutrients from the
ingested feed and to excrete undigested feed components. It is also the excretion route of
several waste products processed by the liver. The alimentary tract in salmon is often
divided into three main sections: the pre-gastric, gastric and post-gastric compartments.
The pre-gastric segment comprises the mouth, pharynx and the esophagus (E), the latter
forming a tube connecting the pre-gastric section to the gastric section, encompassing the
stomach (S; Figure 5). The post-gastric compartment covers the intestine, which can be
further divided into three regions: the pyloric intestine (PI), including the pyloric caeca (PC)
and the mid (MI) and distal intestine (DI). The PI covers the section from the pyloric
sphincter to the distal-most pyloric caecum; MI: from the distal end of PI to the increase in
intestinal diameter defining the entrance to the DI, which stretches from the distal end of

MI to the anus.

15



Figure 5: The alimentary tract of Atlantic salmon. Abbreviations: E, esophagus; S, stomach;
PC, pyloric caeca; PI, pyloric intestine; MI, mid intestine; DI, distal intestine.
Photo: Ashild Krogdahl.

Intestinal lipid absorption and transport

Lipids are one of the major nutrients in feeds for salmon and the richest source of energy on
a weight basis (Gunstone, 1999). They also play an essential role in cell structure and
metabolic regulation (Sargent et al., 2003). Dietary lipids can be divided into TAG, wax
esters, phosphoglycerides also referred to as phospholipids, sphingolipids and sterols.
Triacylglycerols (TAG) provide fatty acids for energy production (Sargent et al., 2003). Wax
esters also provide fatty acids for energy production, but they have lower digestibility than
TAG. Phospholipids play a crucial role in intestinal lipid emulsification, digestion and
absorption, and as a component in lipoproteins for lipid transport. Furthermore, they act as
a substrate for the production of the neurotransmitter acetylcholine, as a methyl donor in a
wide range of methylation processes and for cell structure and function (Li and Vance,
2008; Tocher et al., 2008). Sphingolipids have a structural function in cell membranes and
an important role in signal transmission. The major sterol in animals tissues is cholesterol,

which serves as an integral component of cell membranes and as a precursor for important
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metabolites such as steroid hormones and bile acids (Kortner et al., 2014). Dietary lipids
enter the intestinal lumen from the stomach as emulsified lipid droplets (Figure 6). The PI
and the PC are the predominant segments for lipid absorption of the gastrointestinal tract
of Atlantic salmon. However, a study with Atlantic salmon have shown that lipid absorption
occurs along the whole pyloric segment and also in MI if absorbable lipid is still present

(Denstadli et al., 2004).

Intestinal lumen

Bile salts and phospholipids
from the gall bladder

~ .\f
Dietary lipid — )\ f Mucosa
droplets - % ~ ages
& . " 4 ° 7>
e ,;. ,5’ op '-\.\\‘ —e e
> ." o r r o— \ ) = Ent
\ .;:%.s” — 1. 2, o Enterocyte
& ! ]
® o ®
o V“;a;\' > » Ne N2
4 A &‘.
'S A &
A A
A, A
Lipase from pancreas
TAG A Lipase
® Cholesterol FFA
o— Bilesalt MAG
@< Phospholipids #~~~ Lysophospholipid

Figure 6: Lipid digestion and absorption. Dietary lipids (TAG, phospholipids and
cholesterol esters) enter the intestinal lumen from the stomach as emulsified lipid droplets.
These components are hydrolysed to 2-monoacylglycerols, lysophospholipids, cholesterol
and free fatty acids (Gunstone, 1999) by various lipases before incorporation into micelles.
The micelles dissolve when they come in contact with the mucosa and the lipid components
are subsequently taken across the membrane and into the enterocyte by diffusion or bound
to transporters.
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Figure 7: Lipid transport within the enterocyte. FFA are primarily activated by ASC to form
FA-CoA, utilized for the two-step re-synthesis of TAG through the MGAT pathway. First step
involves the formation of DAG from MAG and a FA-CoA by MGAT activity. The second step
involves the synthesis of TAG from DAG and a FA-CoA by DGAT activity. The synthesized
TAG could either be transported to the intestinal lipid droplets synthesis or to the
endoplasmic reticulum for intestinal lipoprotein synthesis. Abbreviations: FFA, free fatty
acids; ACS, acyl-CoA synthetase; FA, fatty acids; FA-CoA, fatty acyl-CoA; FABP, fatty acid
binding protein; MGAT, monoacylglycerol acyltransferase; DGAT, diacylglycerol
acyltransferase; P-IL, pre-intestinal lipoproteins; M-IL, mature intestinal lipoprotein.
Figure modified from Ashild Krogdahl.

The mechanisms of lipid absorption and transport in fish are presumed to be quite similar
to those in mammals (Sargent et al., 2003) and is suggested to involve two routes. The first
is a fast route for short and medium chain fatty acids. These components are transferred
across the mucosa of the intestinal epithelium by diffusion and carried into the cytoplasm
by specific protein transporters which can then enter into the portal blood and further to

the liver (Denstadli et al., 2004; Lie et al., 1993). The second, assumed to be slower, is
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handling long chain free fatty acids (FFA) which are re-esterified and incorporated into TAG

rich lipoproteins before being excreted into the lamina propria (Figure 7).

Lipoproteins are often divided into three classes: chylomicrons, very low-density
lipoprotein (VLDL) and high-density lipoprotein (HDL) (Babin, 1987; Field and Mathur,
1995; Gunstone, 1999). Chylomicrons are the predominant lipoprotein released from the
enterocytes of the pyloric intestine and in particular responsible for the intracellular
transport of TAG (Field and Mathur, 1995). Teleost species appear to differ from mammal
by lacking a lymphatic system for conveying lipid to the peripheral circulation and tissues
(Sire et al,, 1981). The intestinal lipoproteins are presumably drained into the portal vein
system from the lamina propria (Thorarensen et al., 1991) and passed on to the liver (Lie et
al,, 1993). A secondary, intestinal circulatory system has been described in fish (Olson,

1996), but whether it plays any role in lipid transport is not known.

Accordingly, it may be discussed if the term chylomicrons are the correct term for this
lipoprotein. In the following, the term intestinal lipoproteins, will be used. The core of the
intestinal lipoproteins contains mainly triglycerides, esterified cholesterol as well as lipid
soluble vitamins and other highly lipophilic compounds. The surface consisting of
apolipoproteins (1-2%), phosphatidylcholine (6-12%) and free cholesterol (1-3%) (Field
and Mathur, 1995) (Figure 8).

Figure 8: Mature intestinal
lipoprotein, modified from
Ashild Krogdahl.
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The intestinal lipoproteins are taken up by the liver where they are dismantled and re-
assembled into VLDL (van der Veen et al., 2017) for further transportation to peripheral
tissues. After delivering TAG and cholesterol to peripheral tissues, VLDL is transformed into
the VLDL remnant, low-density lipoprotein (LDL), which again can be absorbed by the liver
and peripheral tissues. The surplus of cholesterol in LDL and peripheral tissues are

absorbed by HDL and transported back to the liver for reuse (Lie et al., 1993).

Intestinal lipid droplets have been observed in the enterocytes of many fish species (Arai, S.,
Nose, T., 1972; Fontagne et al,, 1998; Gu et al., 2014; Olsen et al,, 2003, 2000; Oxley et al.,
2005; Sire et al,, 1981) (Figure 7). These lipid droplets are considered to be a temporary
storage site for lipid when the rate of lipid absorption (lipid load) exceeds the rate of
lipoprotein synthesis (Gunstone, 1999), with TAG being the primary lipid for storage in

almost all plants and animals, including Atlantic salmon (Tocher et al., 2008).

Choline

Choline, CsH14NO*, is defined as a vitamin-like compound. The main function of choline is as
a substrate for the synthesis of phosphatidylcholine (Gibellini and Smith, 2010). Around
95% of dietary choline is rapidly incorporated into phosphatidylcholine upon entering the
enterocyte (Gibellini and Smith, 2010; Li and Vance, 2008). Phosphatidylcholine functions
as a methyl donor for the production of the neurotransmitter acetylcholine and in a wide
range of methylation processes, is also essential for cell structure and functions in all
biological membranes (da Silva et al,, 2015; Li and Vance, 2008; Tocher et al., 2008; Yeh et
al,, 2015). Phosphatidylcholine is also an essential component for the assembly of intestinal
lipoproteins and for the formation and secretion of VLDL from the hepatocytes, both
playing important roles in lipid transport and absorption (Li and Vance, 2008).
Phosphatidylcholine constitutes for over 80% of the total phospholipid in lipoproteins
(Daum and Vance, 2002; Peter Wood and Kinsell, 1964).

Choline is found in a variety of foods and feeds mostly as phosphatidylcholine, but also as

free choline. The levels vary between raw materials, however higher levels are often found
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in marine versus plant ingredients. Atlantic and South American fishmeal contain roughly
3000 mg/kg of choline, whereas krill meal can have levels of about 15000 mg/kg. Soya
protein concentrate (SPC), which is widely used as a plant alternative for fishmeal, contains
roughly 600 mg/kg. Sunflower expeller and pea protein concentrate (50%) have, on the
other hand, a choline content in the range 2200 to 2400 mg/kg. Choline may also be
supplied as choline chloride. There are several suppliers marketing a broad range of
products with varying choline concentrations. Choline chloride is regarded as an effective
source of choline and is used in feed for animals both in agriculture and aquaculture. The
usage is considered as safe for consumers and not harmful to the environment (EFSA,
2016). The European Food Safety Authority (EFSA) states that it is safe to use between 400-
1500 mg/kg choline chloride in feed for fish (McDowell, 2000).

Choline absorption, transport and endogenous synthesis

Phosphatidylcholine supplied by the diet is hydrolysed to lysophosphatidylcholine in the
intestine, absorbed and re-esterified to phosphatidylcholine in the enterocyte, whereas
dietary free choline is transported as such through the brush border into the enterocyte. In
mammals, the uptake of choline is mediated by three classes of choline transporters: the
high-affinity transporter (CHT1), the intermediate-affinity transporters (CTL family) and
the low-affinity organic cation transporters (OCT family) (van der Veen et al., 2017). When
entering the enterocyte, choline is incorporated into phosphatidylcholine by the CDP-
choline pathway, also called the Kennedy pathway (Carmona-Antofianzas et al., 2015; Li
and Vance, 2008) (Figure 9). In several animals, the liver has the capacity for de novo
synthesis of phosphatidylcholine through the CDP-ethanolamine pathway, which is similar
to the CDP-choline pathway except it starts from ethanolamine (Li and Vance, 2008). Plants
and algae can synthesize ethanolamine from serine, whereas animals cannot, meaning that
they must obtain ethanolamine from their diet. Phosphatidylcholine can also be produced
from phosphatidylserine. Phosphatidylserine is decarboxylated into
phosphatidylethanolamine and further by three methylation steps into phosphatidylcholine
(Gibellini and Smith, 2010).
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Figure 9: Pathways of phosphatidylcholine synthesis. CDP-choline pathway. In the first
step of the pathway, choline is rapidly phosphorylated by ATP to phosphocholine mediated
by the enzyme choline kinase encoded by two chk genes. In the second step, considered to
be the rate-limiting step, phosphocholine is converted to cytidine-diphosphocholine (CDP-
choline) by phosphocholine and cytidine-5’-triphosphate (CTP) mediated by the enzyme
CTP:phosphocholine cytidylyltransferase (CCT), encoded by the pcytla gene. In the final
step CDP-choline: sn-1,2-diacylglycerol cholinephosphotransferase (CPT), encoded by
chptl, produces phosphatidylcholine (PC). CDP-ethanolamine pathway. In the first step of
the pathway, ethanolamine is rapidly phosphorylated by ATP to phosphoethanolamine
mediated by the enzyme ethanolamine. In the second step, considered to be the rate-
limiting step, phosphoethanolamine is converted to cytidine-diphosphoethanolamine (CDP-
ethanolamine) by phosphoethanolamine and cytidine-5’-triphosphate (CTP) mediated by
the enzyme CTP:phosphoethanolamine cytidylyltransferase (ECT). In the final step CDP-
ethanolamine: sn-1,2-diacylglycerol ethanolaminephosphotransferase (EPT) produce
phosphatidylethanolamine (PE). PC could also be produced from phosphatidylserine (PS)
which a decarboxylation turns into phosphatidylethanolamine (PE), catalysed by
phosphatidylserine decarboxylase (PSD1). PE is further transformed to PC by three
methylation steps, catalysed by phosphatidylethanolamine N-methyltransferase (PEMT).
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One of the goals in the present work was to gain more information of the effects on lipid
transport of other compounds related to the supply of phosphatidylcholine.

Phosphatidylcholine circulating in the bile is part of the phosphatidylcholine pool (Figure
10).

LIVER

Ethanolamine (~ cpp.

ethanolamine

Methioning

Diet: pathway
PC \. PS o
PE N 3Pi S/

-adenosyl
methionine
Chs Homo- +CH,

Diet: i Cysteine

Free choline
Free ethanolamine

Cholesterol Are

B“%

Conjugated bile salts

Figure 10: Main pathways of compounds important for the supply of phosphatidylcholine
(PC). Blue coloured compounds indicate those investigated in the present study. Dietary
free choline and phosphatidylcholine are contributing to the production of
phosphatidylcholine. Phosphatidylethanolamine (PE) can also be supplied from the diet
either as such or as free ethanolamine and follows the same pathways of absorption as
indicated for dietary phosphatidylcholine and choline. Phosphatidylcholine circulating in
the blood and bile is also part of the phosphatidylcholine pool. Endogenous synthesis from
PE and phosphatidylserine (PS) contributes to the pool. Dietary supply of taurine may also
be of importance for the size of the phosphatidylcholine pool, as taurine is needed for the
conjugation of bile acids and is produced from methionine, via cysteine.

Another supply pf phosphatidylcholine is from the endogenous synthesis in the liver from

phosphatidylethanolamine, involving methyl groups from methionine. Supplementing with
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methionine could then potentially promote lipid transport in the gut mucosa. If so, would
also the level of cysteine, produced from methionine, may play a role for production of
choline and have an impact on LMS. Cysteine is also a key substrate/metabolite in the
production of taurocholate (Schubert et al., 2003). Low supply of these components may

reduce availability of methyl groups for the formation of choline.

Choline requirement and deficiency

Choline is defined as an essential nutrient for mammals (Gibellini and Smith, 2010).
However in fish, choline has only been established as essential in early life stages for some
species; with the estimated requirement differing between those species (Duan et al,, 2012;
Halver and Hardy, 2002a; Kennedy et al., 2007; NRC, 2011; Ogino et al., 1970; Qin et al,,
2016; Shiau and Lo, 2000; Wilson and Poe, 1988). The US National Research Council (NRC),
reports a choline requirement for Pacific salmon larvae, including rainbow trout, of 800
mg/kg (NRC, 2011). However, Halver and Hardy (Halver and Hardy, 2002a) reported
requirements as high as 3000 mg/kg. Several studies on juvenile rainbow trout suggest an
inverse relationship between body weight and choline requirement, which estimated
dietary choline requirements for 0.12 g, 1.4 g, 3.2 g and 3.5 g fish to be 3000, 813, 714 and
between 50-100 mg/kg, respectively (NRC, 2011; Poston, 1990; Rumsey, 1991). Currently,
there are no estimates of choline requirements published in the scientific literature for any
life stages of Atlantic salmon (NRC, 2011). The available studies, addressing the
requirement for early life-stages of fish, show that a deficient supply of choline can cause
poor growth, low feed efficiency, fatty liver, haemorrhagic kidney and intestine, high
mortality and anorexia (Duan et al., 2012; Halver and Hardy, 2002a; Ketola, 1976; NRC,
2011; Poston, 1990; Rumsey, 1991). Lipid accumulation in the intestinal mucosa is seldom
an observed endpoint in studies of choline deficiency and requirement but was observed in
an early study of Japanese eel (Anguilla japonica) as “white-grey coloured intestines” (Arai,
S., Nose, T., 1972). In studies with many species of fish larvae (Dapra et al., 2011; De Santis
etal., 2015; Fontagne et al., 1998; Olsen et al.,, 2003) deficiency of phosphatidylcholine, and

likely also choline, seemed to lead to an insufficient assembly of lipoproteins and transport
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of lipids out of the intestines. The same has been seen in a previous study involving Atlantic

salmon (initial weight of 442 g) in seawater (Gu et al., 2014).

Estimating the requirement of a specific nutrient

Detailed knowledge on a species’ requirement for all essential nutrients is the foundation
for animal health and the development of high performance and cost-effective feeds. The
book, Nutrient requirement of fish and shrimp (NRC, 2011), provides guidance for the
aquaculture feed industry on the methodology and data analysis for nutrient requirements
studies, in addition to provide nutrient requirements for many farmed species. There are,
however, no general agreements on how to choose biomarkers to get the most relevant
requirement estimates. It is therefore up to the researcher to choose and design the
experiment with the understanding of which physiological responses that will confidently
and accurately provide an appropriate measure of the animal’s response to the nutrient in
focus (NRC, 2011). A condition, which is generally agreed upon, is that the biomarker
should have a close functional relationship with the nutrient in question and show a clear
dose-response relationship with an intake at levels below requirement. However,
information on the estimated requirements is limited or even absent for many fish species,
therefore caution should be taken when using available requirement estimates.
Furthermore, requirements may also differ depending on fish culture system used, life-
stage development, the response variables that are measured, environmental conditions,
experimental design and the statistical methods used to estimate the requirement. Dietary
nutrient requirements in fish has often been estimated using a basal diet deficient in the
nutrient in question, with the addition of graded levels of the specific nutrient. The dose-
response relationship is then examined, and the nutrient requirement are estimated from
the level producing the maximum/minimum response for the chosen end sampling criteria.
Experimental design and statistical methods used to define nutrient requirements in fish
and other animals have been addressed in several studies (Baker, 1986; Cowey, 1992;
Mercer, 1992, 1989, 1982; Mercer et al., 1978; Robbins et al., 1979; Shearer, 2000). These

papers agree that a dose-response design should be used in studies addressing a nutrient
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requirement level. According to the review of Shearer (2000), the broken-line method has
been the most common statistical method used to estimate a nutrients requirement
followed by the ANOVA and then the quadratic model (a second-order polynomial). The
review further concluded that the quadratic model produced the most accurate estimate of
a nutrient requirement level and that both the broken-line method and ANOVA have shown
a tendency to underestimate the requirement (Pesti et al., 2009; Shearer, 2000). The
broken-line method uses two straight lines to model the dose-response relationship. The
ascending or descending line represents increases in response with increasing nutrient
intake, while the horizontal line represents the nutrient abundance. The break point would
then indicate the estimated nutrient requirement. ANOVA would treat the nutrient levels in
a dose-response study as discrete rather than continuous and the requirement level will be
estimated as the range between two input levels. Often, both the broken-line and the
ANOVA methods are used in combination. For example, the data would first be analysed
with ANOVA to determine the break point at the lowest nutrient level above which no
significant difference among the studied levels could be found. The quadratic method uses
the least square to estimate the requirement level and the method forms a symmetric
parabola. The least square describes the variance in a prediction of the dependent variable
(response criterion) as a function of the independent variable (nutrient level) and the
deviations from the fitted curve. The statistical analyses will reveal the average
requirement for the nutrient studied. An average requirement means that the estimated
requirement of the nutrient covers 50% of the populations. To find the level which will
cover the needs of 95% of the population, 2 * SEM should be added to the average

requirement level.
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Hypotheses

The following hypotheses were the basis for the thesis:

e Low fishmeal and high energy feeds to Atlantic salmon in seawater can induce LMS.

o Insufficient dietary levels of key components in lipid metabolism, in particular

choline, can result in inefficient intestinal lipid uptake and transport.

e Atlantic salmon in seawater fed low fishmeal and high energy feeds requires dietary

supply of choline.
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AIMS OF THE STUDY

The overall goal of the present study was to elucidate the role and the requirement of
choline in lipid transport across the intestinal mucosa and to be able to formulate diets

securing optimal lipid absorption and healthy mucosa in post-smolt Atlantic salmon.
The strategies chosen for achieving the overall goal had the following aims:

e To investigate the development of LMS in post-smolt Atlantic salmon given a low

fishmeal and high lipid diet (Papers I, Il and III).

e To investigate the effect of choline on lipid accumulation in the intestine of Atlantic

salmon in seawater (Papers I, II and III).

e To study the effects of choline on expression of genes involved in phospholipid and
lipid synthesis and transport pathways in the pyloric intestine and liver of Atlantic

salmon in seawater (Paper I)

e To study the effect of supplementation with other key components in lipid and sterol
metabolism on lipid accumulation and on expression of genes involved in
phospholipid and lipid synthesis and transport pathways in the pyloric intestine of

post-smolt Atlantic salmon (Paper II).

e To define the dietary required level of choline supplementation in feed to Atlantic

salmon in seawater (Paper III).
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SUMMARY OF RESULTS

Paper I provide an assessment of whether supplementation with choline chloride would
prevent LMS, characterized by high OSIPI as well as hypervacuolation of the pyloric
enterocytes due to lipid accumulation. Post-smolt Atlantic salmon, kept in flow-through
tanks with seawater for 11 weeks, were fed two diets, a low fishmeal (LF; 10%) diet and
another where the LF diet was supplemented with 4 g/kg choline chloride, equivalent to
3306 mg/kg of choline (LFC). Analysed total choline was 944 and 4250 mg/kg for the LF
and LFC diets, respectively. Dietary lipid level was 29% (Table 1).

Choline supplementation increased fish growth by 18%. Furthermore, showed the choline
fed fish a significant reduced level, by 65%, of TAG in the pyloric caeca tissue compared to
the LF fed fish. This reduction was reflected in a parallel reduction in OSIPI by 40% and no
histological signs of hypervacuolation of the pyloric enterocytes were observed in fish fed
the LFC diet, whereas all fish fed the LF diet showed hypervacuolation. On the other hand,
there was no significant difference in apparent lipid digestibility between the two
experimental diets. Furthermore, the molecular analyses of the pyloric caeca revealed an
alteration in the expression of genes related to pathways involved in lipid metabolism in the
fish fed the LFC diet. The expression of the pcytla gene was significantly down-regulated
and chk showed a similar trend; both involved in the CDP-choline pathway of
phosphatidylcholine biosynthesis. No effect of choline supplementation was observed in the
expression of pemt, coding for the methylation steps transforming
phosphatidylethanolamine to phosphatidylcholine, called the PEMT pathway. On the other
hand, an up-regulation, as a result of choline supplementation, was observed for genes
playing important roles in lipoprotein formation (apoA1 and apoAlV), DAG re-esterification
and intracellular lipid transport (mgat2a and fabpZ2), cholesterol transport (abcg5 and
npc1l1). Another important finding was the observed down-regulation of the expression of
plin2, the general marker for lipid accumulation in non-adipogenic cells, indicating a
reduction of intracellular lipid storage. The alterations of these genes confirmed the

importance of choline in lipid turnover in the intestine.
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The analyses of lipoproteins in blood plasma revealed a decreased level of TAG, whereas an

increased level of cholesterol was found in fish fed the LFC diet.

Choline supplementation did not affect the liver to the same magnitude as in the pyloric
caeca. The choline fed fish (LFC) had significantly lower hepatosomatic index than the LF
group. Calculation of the absolute amount of liver lipid in grams showed no significant
differences between the two experimental diets nor did the histological degree of liver
vacuolation. Furthermore, choline supplementation caused only minor effects to the hepatic
transcriptome and the expression of one gene related to lipid metabolism, plin2, was down-

regulated.

Paper II presents work assessing whether key components in lipid and sterol metabolism,
other than choline, may modify hypervacuolation of the pyloric enterocytes and
development of symptoms of LMS and alter the expression of genes related to pathways
involved in lipid metabolism in the pyloric caeca in Atlantic salmon. Post-smolt fish, kept in
flow-through tanks with seawater, were fed ten diets for 12 weeks. Two reference diets,
one with 30% fishmeal (HF) and one with 10% fishmeal diet (LF) and eight experimental
diets were made by supplementing the LF diet with one of the seven selected key
components of lipid and sterol metabolism; taurocholate (TC1 and TC2, 6.9 and 3.5 g/kg
respectively), cholesterol (CH, 2 g/kg), taurine (TA, 0.8 g/kg), phosphatidylcholine (PC, 15.3
g/kg), choline chloride (CL, 3.7 g/kg), cysteine (CY, 0.8 g/kg) and methionine (ME, 1.0 g/kg)
(Table 2 and 3). Analysed choline was 1860 mg/kg in the HF diet, an average of 1200 mg/kg
in LF and the diets supplemented with TC, CH, TA, CY and ME, 2870 mg/kg in the PC diet
and 2980 mg/kg in the CL diet. Analysed lipid level was 29% in the HF diet and 27%, on

average, for the supplemented diets. The feeding trial lasted for 12 weeks.

Supplementation with PC significantly increased lipid and lowered starch digestibility
compared to LF. An increased protein digestibility was observed for both TC2 and TA
compared to the LF group. No significant effect by any diets were seen on growth rate nor

on feed efficiencies. The relative weight of the pyloric intestine (OSIPI) was significantly
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reduced only in the fish fed the supplemented diets with PC and CL diets compared to LF
fed fish. Fish fed the HF diet showed also a significantly lower OSIPI compared to fish fed
the LF diet. Furthermore, showed the fish fed the HF diet a higher OSIPI compared to the PC
and CL groups. The relative weight of the mid intestine (OSIMI) were significantly affected
by the same diets as OSIPI. The HF fed fish and the LF diet supplemented with PC and CL
eliminated the hypervacuolation of pyloric enterocytes and signs of LMS, however none of
the other supplements had an effect. No significant differences were observed between the
fish fed the PC and CL diets and the HF fed group.

Both microarray and qPCR were used to study the effects of the supplements on gene
expression in pyloric caeca. The microarray analyses revealed few changes overall in the
expression of genes involved in lipid metabolism except for a clear transcriptional
suppression of cholesterol uptake and biosynthesis in the CH fed group compared to the LF
fed group. The suppression was also verified by qPCR, showing down-regulation of the
expression of the cholesterol influx transporter, npc111, whereas the apical efflux
transporter, abcg5, was induced indicative of a reduction of cholesterol uptake from the gut
in the CH group. The marked down-regulation of cholesterol biosynthesis was confirmed by

reduced expression levels of idi1 and cyp51.

The qPCR analyses revealed alterations in the expression of genes involved in both the
phosphatidylcholine and sterol metabolic pathways for the PC and CL groups. Of the genes
involved in the CDP-choline pathway, pcytla was significantly down-regulated only in the
PC fed group whereas no effect of supplementations was observed for chk for any of the
supplementations. Neither was the expression of pemt, altered by PC or CL
supplementation. On the other hand, an up-regulation in the expression of apoAIV was
observed in both the PC and CL group, whereas apoB was significantly induced only in the
PC group. The apolipoproteins are playing important roles in lipoprotein formation and are
essential for exporting TAG on the basolateral side of the intestinal mucosa. For genes
involved in cholesterol transport, both PC and CL fed fish showed an induced expression of
npc1ll, whereas an increased expression of abcg5 was only observed in the PC fed fish.

Another important finding was a down-regulation of plin2, indicating a reduction of
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intracellular lipid storage in both the PC and CL groups. For the other supplemented diets,

few significant changes in gene expression were seen.

The qPCR revealed significant differences between the two reference diets, HF and LF, for
the expression of apoAIV, plin2 and abcg5. The expression of apoAIV and plin2 were
significantly reduced in the HF group compared to LF group, whereas abcg5 was

significantly induced.

The analyses of lipoproteins in blood plasma revealed a significantly increased level in fish

fed the CH diet.

Paper III presents results which founded the basis for the estimation of choline
requirement for post-smolt Atlantic salmon. The post-smolt fish, kept in flow-through tanks
with seawater for 13 weeks, were fed nine experimental diets. The first was a reference diet
with 10% fishmeal (LF), while the additional eight diets were based on the LF diet but
supplemented with either 0.75, 1.50, 2.25, 3.00, 3.75, 4.50, 5.25 or 6.00 g/kg of choline
chloride (70%). Analysed choline level in the nine experimental diets was 1340, 1530,
1760, 2310, 2600, 2850, 3330, 3830 and 4020 mg/kg respectively and lipid level was 29%
in all diets (Table 4 and 5).

The biomarkers for the estimation of choline requirement in the present study were those
showing a significant correlation to dietary choline levels (with a response curve which
made them potential indicators for choline requirement). The relative weight of Pl and MI
decreased significantly with increasing choline levels before levelling off at the higher
inclusion levels, making them suitable biomarkers for the estimation of choline
requirement. An average required level of 3593 + 226 mg/kg was revealed for OSIPI and
3031 = 195 mg/kg for OSIMI. Macroscopically observed whiteness of the pyloric intestine
and histologically observed hypervacuolation of enterocytes, both signs of LMS, decreased
with increasing choline levels and were also suitable as biomarkers. The choline

requirement for the two abovementioned biomarkers were estimated to be at the level
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where all signs of LMS were diminished; 2850 and 2310 mg/kg for the macroscopical and

histological evaluation, respectively.

The results of the qPCR analyses showed a significantly decreased expression of both chk
and pcytla with increasing choline levels. The genes apoAl and apoAIV showed a significant
response with increasing choline level for the highest doses. The expression of both mtp,
coding for transporters facilitating the transport of TAG by assisting in the assembly of the
lipoprotein, and fatp, an actor in the transport of fatty acids from the enterocytes to the ER,
was altered by increasing choline level. A down-regulation of hmgcr, coding for the rate-
limiting enzyme in the biosynthesis of cholesterol, was observed with increasing levels of
choline. The observed down-regulation of plin2, as a result of choline levels, confirms the
findings presented in Papers I and II. Four of the studied genes: apoAlV, apoAl, pcytla and
plin2, showed a choline dose-response making them suitable as biomarkers for the
estimation of choline requirement. The analysed average choline requirement levels were
2593 £ 108 and 2610 * 35 mg/kg for apoAIV and apoAl respectively and 3210 + 404 and
3199 * 360 mg/kg for pcytla and plin2 respectively.

The results of the analysis of lipoproteins in blood plasma revealed a significant positive
relationship between choline level and both LDL-CH and lathosterol, indicating increased
cholesterol synthesis in the liver and an accelerated transport of cholesterol from the liver

to peripheral tissues.

The average choline requirement for post-smolt Atlantic salmon was estimated to be 2936
mg/kg based on the average choline requirement for the selected biomarkers mentioned
above. It should be a goal for an optimal diet to cover more than the needs of the average of
the population. By adding 2 * SEM, the estimate will cover the requirement of 95% of the
study groups. In the present study, the choline requirement was estimated to be 3350

mg/kg or 3.4 g/kg.
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DISCUSSION OF ASPECTS REGARDING MATERIALS
AND METHODS

Materials

Fish

The experimental trials in the present study were conducted at the Nofima's Research
Station in Sunndalsgra, Norway. This research facility is approved by the Norwegian Animal
Research Authority (NARA) and operates in accordance with the Norwegian Regulations of
17t of June 2008 No. 822: Regulations relating to Operation of Aquaculture Establishments
(Aquaculture Operation Regulations). Post-smolt Atlantic salmon (Salmo salar, Sunndalsgra
breed) in seawater, were used in all three experiments. The fish were treated in accordance
with the Aquaculture Operation Regulations during the trials. Previous nutrient
requirement studies have highlighted that the type of culture system used for the
experiment, stage of development of the fish, the response variables that are measured,
environmental conditions, experimental design and statistical methods, could all have an
impact on the estimated nutrient requirement level (Baker, 1986; Cowey, 1992; Mercer,
1992, 1989, 1982; Mercer et al., 1978; NRC, 2011; Robbins et al., 1979; Shearer, 2000),
therefore all three experiments in this study were carried out in the same culture system
with the same fish strain. The average start weight of the fish differed slightly between
trials with fish starting at 362 g, 330 g and 456 g in Papers |, II and III, respectively. The
average specific growth rate of the fish also differed between the experiments with values
of 0.92 and 0.94 for the fish in Papers I and III respectively compared to 1.37 for the fish in
Paper II. The differences in fish size at the end of the trial in Papers I and III were 944 g
and 1340 g respectively and is a result of two additional weeks for the trial presented in
Paper III. The differences in growth rate and potential differences in feed intake (and lipid
intake) may have had an impact on the degree of the responses indicating lipid

accumulation in the pyloric enterocytes and the accompanying molecular results.
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Diets

The experimental diets varied due to the inclusion of the various plant raw materials,
however the fishmeal level in the low fishmeal basal diets (LF) was 10% for all three
experiments, meaning that the contribution of choline as phosphatidylcholine from the raw
materials was quite similar. The analysed choline level for the LF diets were 944, 1190 and

1340 mg/kg for the work presented in Papers I, II and III, respectively.
Tables 1-5 show the diet formulations used in Papers I, IT and III.

Table 1. Diet formulation and chemical composition for the 11-week trial presented in
Paper 1.

Diets LF" LFC”
Ingredients (g/kg)
FM Super Prime 50 50
FM Nordic 50 50
Soy protein concentrate 190 194
Maize Gluten 150 150
Pea Protein 50 130 130
Dehulled Beans 140 130
Wheat Gluten 19.7 19.7
Fish oil 76.7 77.1
Rapeseed oil 176 177
Amino Acid mix 12.4 12.4
Mineral mix 3.0 3.0
Monocalcium phosphate 18.2 18.2
Lucantin Pink 10% 0.4 0.4
Yttrium 0.5 0.5
Choline chloride 70% 0 4.0
Analysed chemical composition (g/kg)
Dry matter 975 972
Protein 417 418
Fat 286 297
Starch 107 102
Total choline (mg/kg) 944 4250
Total methionine 9.1 9.4
Total cysteine 5.1 5.8

“LF, low fishmeal basal diet (10%); “LFC, LF supplemented with choline chloride

35



Table 2. Diet formulation for the basal diets for the 12-week trial presented in Paper II.

Diets HF* LF*
Ingredients (g/kg)

FM Westland 150 50
FM Super prime 150 50
Soy protein concentrate 83 200
Corn gluten 50 50
Pea protein 91 129
Wheat gluten 0 79
Beans, dehulled 128 129
Sunflower expeller 90.5 20
Fish oil 72 76
Rapeseed oil 167 178
Methionine 2.1 4.4
Lysine 0.1 6.6
Threonin 0.7 2.4
Histidine 2.7 3.9
Vit/Min mix 3.7 3.5
Mono calcium phosphate 12.7 2441
Barox 0.2 0.2
Yttriuim 0.5 0.5
Analysed chemical composition (g/kg)

Dry matter 929 943
Protein 398 412
Fat 290 260
Starch 53 69
Total choline (mg/kg) 1860 1190

“HF, high fishmeal diet (30%); “LF, low fishmeal basal diet (10%)

Table 3. Supplemented components to the LF basal diet for the trial presented in Paper II.

Diets TC1 TC2 CH
Ingredients (g/kg)

Taurocholate; TC 6.9 3.5
Cholesterol; CH 2.0

Taurine; TA
Phosphatidylcholine, 95%; PC
Choline chloride, 70 %; CL
Cysteine; CY

Methionine; ME

0.8
15.1
3.7
0.8
1.0
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Table 4. Diet formulation and chemical composition of the basal diet for the 13-week trial
presented in Paper IIL

Diets LF*
Ingredients (g/kg)

FM Nordic 100
Soy protein concentrate 173
Maize Gluten 150
Pea Protein 50 130
Beans, dehulled 140
Wheat Gluten 27.5
Fish oil (Standard) 75.5
Rapeseed oil 176
Amino Acid mix 14.5
Mineral mix 3.5
Monocalcium phosphate 24.3
Lucantin Pink CWD 10% 0.4
Yttrium 0.5
Choline chloride 70% 0
Analysed chemical composition (g/kg)
Dry matter 957
Protein 407
Fat 290
Starch 214

“LF, low fishmeal basal diet (10%)

Table 5. Supplemented and analysed choline (mg/kg) in experimental diets for the trial
presented in Paper III.

LF* LF1 LF2 LF3 LF4 LF5 LF6 LF7 LF8

Supplemented 392 785 1177 1569 1962 2354 2746 3139
Analysed 1340 1540 1760 2310 2600 2850 3330 3830 4020

“LF, low fishmeal basal diet (10%)
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Methods

Macro- and microscopic evaluation of lipid accumulation

For the work presented in Papers I, Il and III, sampling and evaluation of the pyloric caeca
and liver prepared for histological evaluation of lipid vacuolation was performed following
well-established histomorphological methods. Both a macroscopic and a histological
approach were used for evaluating the degree of lipid accumulation in the work presented
in Paper III. The macroscopic method assessed the whiteness of the pyloric intestinal
tissue. Fish showing no whiteness were given the score of zero, whereas fish showing
whiteness were given a score of one (Figure 2), however the whiteness score did not take
into consideration to what degree the whiteness occurred along the intestinal tissue (fish
showing a slight white appearance within a small section of the anterior part of the pyloric
intestine and fish with a whitish appearance within the whole pyloric intestine were both a
score of one). The histological observations of vacuolation were assessed based on the
appearance of lipid-like vacuoles, swelling and irregularly of the cells, and condensation of
the nuclei. The vacuolation was assessed semi-quantitatively by the proportion of total
histological picture affected: normal (< 10%), mild (10-25%), moderate (25-50%) or
marked (= 50%; Figure 11).
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Figure 11: Histological severity of vacuolation of the pyloric caeca tissue. Pyloric caeca with
enterocytes graded as normal (no hypervacuolation; left image) and marked (high degree of
hypervacuolation; right image).

The level of choline where the fish showed no indication of lipid accumulation differed
between the two methods (Paper III). The histological examination resulted in a lower
estimate for choline requirement than the macroscopic evaluation. The difference may be
related to the fact that macroscopic examination summarizes the characteristics of the
whole pyloric intestinal tissue, whereas the histological examination observes a very
limited area of a sample taken from a pyloric caecum located in the middle part of PI

(Figure 5).

Lipid class analyses

The lipid classes TAG, DAG, PL and FFA of the tissues pyloric caeca tissues were analysed in
fish fed the LF diets in the work presented in both Papers I and III. A choline supplemented

diet was also analysed in both studies (i.e. LFC in the work presented in Paper I and LF5 for
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Paper III; Table 1, 4 and 5). The pyloric intestine is a dynamic organ, with a primary role to
absorb the dietary lipid and transport it further to the circulatory system and liver
(Denstadli et al., 2004). Both studies observed a significant decrease of TAG (g/tissue) as a
result of choline supplementation, but the analysed amount differed notably between the
two studies. The analysed level of TAG in fish fed the LF diets were 12 mg TAG/g tissue in
the experiment presented in Paper I compared to 178 mg TAG/g tissue (a 15-fold increase)
in the work presented in Paper III. For the choline supplemented diets, the analysed value
reported in Paper III was 9 times higher compared to the level reported in Paper I, 42 and
4.5 mg TAG/g tissue, respectively. It was observed throughout many of the previous
experiments that fish appetite can vary from day to day. The observed difference of TAG in
the tissue of pyloric caeca may be related to differences in feeding rate at the day of
sampling between the two trials. Meaning that a higher feed intake would result in a higher
intake of lipid and potentially affect the analysed values. Unfortunately. equipment for feed
waste collection were not available for these two studies and therefore feed intake could
not be estimated. It should be noted that there was a higher level of choline in the LFC diet,
4250 mg/kg (Paper I), compared to 2850 mg/kg for LF5 (Paper III). In Paper III a dose-
response relationship between the dietary choline level and the degree of lipid vacuolation
in the pyloric intestine, such as the transport of lipid out of the pyloric enterocytes, was
observed. Both the effect of lipid and choline intake as a result of variation in feed intake or
lipid content in the diets, on the degree level of TAG accumulated in the pyloric tissue and

the development of LMS, warrants further investigations.

Gene expression profiling

Both microarray and quantitative real-time PCR (qPCR), are well established methods to
study gene expression. Microarray is a global transcriptomic profiling measuring the
expression of a large number of pre-defined genes (Krasnov et al., 2011). Microarray has
been the preferred method for large scale discovery projects, such as whole genome or
screening studies. The qPCR method is often considered to be more sensitive than the

microarray and has traditionally been used to validate the microarray discoveries. It is also
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the method of choice when analysing gene expression of a moderate number of genes
(VanGuilder et al., 2008). QPCR is a more targeted method than microarray, meaning that
the genes to be tested are defined by the person designing the experiment. Microarray was
performed on liver samples in the first experiment (Paper I) and on pyloric caeca samples
in the second experiment (Paper II). Although the overall picture was similar for the two
independent profiling methods, microarray results did not reveal the same significant
responses in the expression of selected genes related to lipid metabolism as qPCR. An
exception was the down-regulation of plin2 as a result of choline supplementation. Table 6
presents the overview of the genes tested by qPCR in the present thesis. Microarray and
gPCR are independent technologies with differences in the preparation of the sample which
could explain the observed divergences in the results. Another possibility is that the
sequence used for identifying and measuring a specific gene transcript differed between the
microarray chip and qPCR. Salmon have a large number of paralog genes where 10-20% of
the salmon genome are maintaining tetraploid genetic characteristics (four copies of a

gene) (Houston and Macqueen, 2019).

Although the gPCR method is an established method for profiling quantitative gene
expression, bias could be introduced to the results if the normalization of the data from the
reference genes is not performed correctly. There are several methods for normalizing gene
expression but the use of reference genes is a commonly accepted method for relative
normalization of qPCR assays (Kortner et al.,, 2011). There is a general agreement that a
universal reference gene, displaying a constant expression regardless of species, tissue or
experimental conditions, does not exist (Dheda et al., 2004; Schmittgen and Zakrajsek,
2000). Therefore, it is important to evaluate the stability of the selected reference genes for
different experimental setups. False positive or negative results may be obtained by using

unstable reference genes.
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In accordance to the suggestions above, several reference genes were tested, to identify a
stable reference gene for trials within this thesis. The reference genes were evaluated by
ranking relative gene expression according to their overall coefficient of variation (CV) and
their interspecific variation (Kortner et al,, 2011). The chosen reference gene(s) in the
assay(s) from the pyloric intestine of Atlantic salmon was gapdh for the experiments
presented in Papers I and II, whereas rnapolll was the most stable in the last study,

presented in Paper III (Table 6).
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Figure 12: Pyloric caeca gene expression of candidate reference genes in the choline dose-
response study (Paper III); glyceraldehyde-3-phosphate dehydrogenase (gapdh),
elongation factor 1a (ef1a), B-actin (actb), ribosomal protein S20 (rps20), ribosomal protein
18S (18S) and RNA polymerase Il (rnapolll). Values are means with standard deviations
represented by vertical bars. E: Reaction efficiency, Cq: quantification cycle; LF, low
fishmeal reference diet; LF2-7, choline chloride supplemented diets, See Tables 4 and 5.
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In the experiment presented in Paper I, the expression of the first reference gene analysed,
(gapdh), turned out to be stable so no additional analyses of alternative reference genes
were needed. In the second experiment (Paper II), actb, efla, gapdh and rps20 were
evaluated as alternative reference genes. In the last choline dose-response study presented
in Paper III, gapdh, ef1a, rnapolll, actb, rps20 and 18S were tested. Interestingly, a
systematic variation was observed in the expression of gapdh, efla, actb, 18S and to some
degree of rps20, as a result of increasing inclusion levels of choline chloride (Figure 12),
reiterating the importance to evaluate several reference genes for each experiment (Dheda

etal., 2004; Kortner et al,, 2011; Schmittgen and Zakrajsek, 2000).

Estimating choline requirement

Performing requirement studies with fish has additional challenges compared to studying
requirements in terrestrial animals, since experiments with fish are carried out in water.
Therefore, special considerations must be made in order to control the feed intake. There
are important considerations which should be evaluated on methodology and data analysis

for nutrient requirements studies, as already presented above.

The main finding in the two first experiments, presented in Papers I and II, was a clear
diminishing effect of the hypervacuolation of the enterocytes, as a result of dietary choline
supplementation. Overall, indicated by the observations in these two studies, PI was the
most sensitive organ for studying the effects of variation in dietary choline. This formed the
basis for the final choline dose-response study (Paper III), aiming to estimate the choline
requirement for post-smolt Atlantic salmon. In previous investigations addressing choline
function and requirement, indicators of lipid transport in gut mucosa have seldom been
response criteria, including the NRC’s (NRC, 2011) basis for estimates of choline
requirement. Weight gain and liver lipid content have more often been ending points in
studies addressing choline requirement (Craig and Gatlin, 1997; Griffin et al., 1994; Halver
and Hardy, 2002b; Ketola, 1976; Rumsey, 1991; Shiau and Lo, 2000; Wilson and Poe, 1988).

However, they are not necessarily the optimal biomarkers for estimating a choline
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requirement, at least not in larger fish. Indicators of the efficiency of lipid transport in the
mucosa of the pyloric caeca, supposedly the organ with the highest lipid turnover
(Denstadli et al., 2004) (in particular in rapidly growing fish on high lipid diets) may be
better biomarkers for choline requirement. The choline dose-response study (Paper III)
confirmed the abovementioned hypothesis regarding biomarkers in choline requirement
studies where intestinal responses and not liver responses fulfilled the criteria and turned

out to be suitable as biomarkers for estimating the choline requirement.

The estimated average choline requirement indicated by the various biomarkers; whiteness
of PI, hypervacuolation of pyloric enterocytes, OSIPI, OSIMI and the expression of pcyt1a,
apoAlV, apoAl and plin2 in pyloric caeca differed. Thinking of the key role of choline in lipid
transport and metabolism observed in the present work, it is likely that choline
requirement depends on dietary lipid level and feed intake, i.e., lipid load. The diets used in
the experiment presented in Paper III contained 29% lipid and the average SGR was 0.94%
(TGC: 2.7). Higher growth rates, higher feed intakes and/or higher dietary lipid levels are all
factors which could potentially influence the choline requirement level of 3350 mg/kg (3.4
g/kg) for Atlantic salmon in seawater in the present study. Further studies are needed for

the characterization of these relationships.
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GENERAL DISCUSSION

The summaries of the results of this thesis led to the following topics for discussion:

Atlantic salmon in seawater requires dietary supply of choline.
The effects of choline chloride versus phosphatidylcholine.
Impact of choline on gene expression.

Consequences of LMS on performance.

A

Commercially available choline sources.

1. Atlantic salmon in seawater requires dietary supply of choline.

The results document, for the first time, that post-smolt Atlantic salmon requires dietary
supply of choline. Choline requirement is defined for early life stages for many fish species
(NRC, 2011) and the requirement appears to differ substantially between species. These
requirement estimates are mostly based on the observation of effects on weight gain and
liver lipid content (Craig and Gatlin, 1997; Griffin et al., 1994; Halver and Hardy, 2002b;
Ketola, 1976; NRC, 2011; Rumsey, 1991; Sargent et al,, 2003; Shiau and Lo, 2000; Wilson
and Poe, 1988). Indicators of lipid transport in the gut mucosa have rarely been used as
response criteria in studies addressing choline function and requirement in previous
investigations for any species at any life stage (NRC, 2011). Weight gain and liver lipid
indicators are, however, not necessarily optimal biomarkers when estimating choline
requirement in larger fish. Indicators of efficiency of lipid transport in the mucosa of the
pyloric intestine, particular in rapidly growing fish fed high lipid diets, may be more
suitable biomarkers for choline requirement. In all the three independent studies in this
PhD (Papers I-1I1I), choline seemed to have a stronger impact on biomarkers related to the
pyloric intestine and is therefore considered as a more relevant biomarker than both

growth and liver lipid content.

The biomarkers which showed a clear dose-response relationship with dietary choline level
in addition to having a close functional relationship with choline in the requirement study
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presented in Paper III, are all involved in the lipid transport in the mucosa of the pyloric
intestine. This raises the question whether choline requirement might be a function of both
feed intake and dietary lipid level. The present estimate of choline requirement of 3350
mg/kg was obtained with a dietary lipid content of 29% and an average SGR of 2.7. Higher
lipid levels and higher growth rates are common in salmon production. A higher lipid level
might demand a higher choline level; higher than 3350 mg/kg. The impact of fish size is

another potential factor which should be investigated in future studies.

2. The effects of choline chloride versus phosphatidylcholine.

The elimination of sign of LMS, the decreasing effects on organ indices, and the alteration of
expression of genes involved in lipid transport observed with diets supplemented with
phosphatidylcholine, were very similar to those caused by diets supplemented with choline
chloride (Paper II). In line with the fact that choline is an integrated component of
phosphatidylcholine, similar responses were expected and were in agreement with
observations from a corresponding study on juvenile white sturgeon (Hung, 1989). Fish fed
the high fishmeal diet showed very similar responses to those mentioned above for the two
choline supplemented diets, compared to the low fishmeal diet. Interestingly, the high
fishmeal group showed a significantly higher organ index of the pyloric intestine compared
to the two choline supplemented groups, whereas no significant effects where seen for the
histological vacuolation (LMS). This observation may be a consequence of the lower
analysed dietary choline level in the high fishmeal diet (1860 mg/kg) compared to the two
supplemented diets (2870 and 2980 mg/kg for the phosphatidylcholine and choline
chloride group, respectively). Furthermore, the higher choline requirement for the organ
index of the pyloric intestine, 3593 (+ 226) mg/kg, found in the choline dose-response study
presented in Paper III, might explain the observed significant difference for this biomarker

and not for the histological vacuolation, where a lower requirement were revealed, 2310

mg/kg.
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The expression of a few genes differed significantly between the choline and
phosphatidylcholine fed fish. Expression of srebp2, the controlling transcription factor, and
mtp, playing an important role in the formation of the intestinal lipoproteins, were
significantly higher expression in the choline chloride fed fish. These lipoproteins are
involved in export of soluble lipids such as TAG and cholesterol esters from the enterocytes.
The impact of the abovementioned differences in gene expression between the two
supplements remains unclear. Overall, the observed responses in the fish fed choline,

supplemented either as phosphatidylcholine or choline chloride, were very similar.

An observation worth mentioning is the substantial increase in lipid digestibility observed
in the phosphatidylcholine group (+2.4%) compared to the low fishmeal reference diet.
Both the choline chloride supplemented group and the high fishmeal fed group (HF)
showed higher lipid digestibility than the low fish meal group (LF), but the difference was
smaller and not significant, +1.1% and +1.2%, respectively. The explanation for the positive
effect of phosphatidylcholine, and not choline, on lipid digestibility, may be its important
role in emulsification of lipid in the stomach and in the formation of micelles, whose role is
to deliver soluble lipid components to the absorptive cells of the mucosa (Bauer et al.,
2005) (Figure 6). The lower analysed level of choline in the high fishmeal diet, meaning a
lower level of phosphatidylcholine, might explain the lower lipid digestibility for this diet
compared to the phosphatidylcholine supplemented group.

3. Impact of choline on gene expression.

The changes in the degree of lipid accumulation, as a result of choline supplementation,
were not reflected in major transcriptomic changes other than for genes involved in lipid
metabolism. Choline supplementation, in general, resulted in moderate transcriptomic
changes in the pyloric tissue performed both by qPCR in all three studies. The moderate
transcriptomic changes were also confirmed by microarray, in the liver in the first
experiment (Paper I) and in the pyloric caeca in the second experiment (Paper II). A
previous study conducted on first feeding salmon fry documented relatively stable

transcriptome profiles after dietary phospholipid supplementation (De Santis et al., 2015).
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Of the 25 genes tested in all three of the present experiments, the expression of pcytla,
apoAlV and plin2 were significantly and systematically altered as a result of choline
supplementation (Table 7). The direction of the modulations in expression were the same,

however pcytla and plin2 were reduced, whereas apoAIV was induced.

The pcytla is the rate limiting enzyme in the production of phosphatidylcholine (Gibellini
and Smith, 2010; Li and Vance, 2008) whereas apoAIV codes for the apolipoprotein ApoAIV
(Kamalam et al., 2013). One could question why choline affected pcytla and apoAlV in
opposite directions when both play an important role in the formation of lipoproteins and
are therefore essential in the transport of dietary lipid from the intestine. Insufficiency of
phosphatidylcholine has been suggested to result in a disrupted assembly of lipoproteins
and transport of lipids from the enterocytes (Dapra et al., 2011; De Santis et al., 2015;
Fontagne et al,, 1998; Gu et al,, 2014; Olsen et al., 2003). Because of this, the expression of
pcytla may become induced in periods with an insufficient supply of choline in order to
secure that all available choline is fully utilized. The apolipoproteins, on the other hand,
may be induced only when the supply of all the components needed for a successful
lipoprotein assembly are present in sufficient amounts. Another possible explanation is that

the synthesis of phosphatidylcholine is regulated by the availability of phosphatidylcholine.

The supplementation of choline increased the biosynthesis of phosphatidylcholine and the
decreased expression of pcytla was the result of phosphatidylcholine inhibiting its own
synthesis pathway through a negative feed-back mechanism. As the regulation of pcytla
activity is very complicated, including several post translational steps (Cornell and
Ridgway, 2015), further studies of this rate limiting enzyme are therefore needed to

understand the mechanisms underlying the observed effect of choline on pcytla.
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Table 7. Genes affected by choline and phosphatidylcholine (indicated by PC)
supplementation in the work presented in Papers I- III*.

Gene symbol Paperl Paper II2 Paper III

abcal

abcg5 PC
acat
apoAl
apoAlV
apoB48
cd36
chk
fabp2b
fatp
fxr
hmgcr
Ixr
mgatZa
mtp
npclll
peytla
pemt
plin2
ppara
ppary
slc44a2
slc6a6
srebp1

srebp2 _

I“I Iﬂ

aCells with no writing = the response is representative for both the choline chloride and
phosphatidylcholine group (PC). PC = a significant response where observed only for the PC
group. Grey colour = no significant differences, green colour = significantly down-regulated,
red colour = significantly up-regulated. *genes significantly affected by increasing choline
level.
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In all the three studies, choline supplementation induced a marked reduction of plin2, a
surface marker of intestinal lipid droplets (Schubert et al., 2003; Xiao et al., 2019). The roles
and interaction of plin2 and phosphatidylcholine in the formation and mobilization of lipid

droplets, in intestinal lipoprotein formation and secretion, remains to be elucidated.

Molecular processes are of key importance in maintaining optimal functionality in any
organ and show typical responses to various diet-related challenges such as in soybean
meal induced inflammation (Gu et al., 2014; Kortner et al., 2014, 2012; Krogdahl et al,,
2003). The lack of strong gene expression responses observed in the presented studies,
despite the clear differences in gut mucosa structure and enterocyte hypervacuolation is
interesting to investigate in further studies. Intestinal lipid absorption and transepithelial
transport, including the temporary storage of lipid in the cytosolic lipid droplets, are
through natural metabolic processes undertaken by all healthy animals upon ingestion of a
high fat meal. A possibility is that the lipid load in the present study did not exceed the
threshold requiring compensatory changes of the transcriptome. This may also explain the
lack of responses of pemt in the liver (Paper I), encoding for the endogenous pathway for
production of phosphatidylcholine from phosphatidylethanolamine (De Santis et al., 2015;
Li and Vance, 2008).

4. Consequences of LMS on performance.

Symptoms of LMS may occur without a clear negative effect on performance. The
significantly higher growth observed in fish fed the choline supplemented diet in the first
study (Paper I), were not confirmed in the two following studies (Papers II and III).
Previous studies report similar findings where no growth effects of choline were observed
on adult Atlantic salmon (Espe et al., 2017), fingerling channel catfish (Wilson and Poe,
1988) nor juvenile giant grouper (Yeh et al.,, 2015). However, several other studies with
juveniles of Atlantic salmon (Hung et al., 1997; Poston, 1990), carp (Duan et al., 2012; Wu et
al,, 2011) and blunt snout bream (Jiang et al., 2013; Li et al., 2016) report increased growth
with choline supplementation. The increased growth in the choline fed group observed in

the first experiment (Paper I) was not a result of more available energy since the diets
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were isoproteic and isoenergetic and no significant differences in nutrient digestibilities
were observed. A choline regression study with juvenile blunt snout bream reported an
increase of crude lipid in the dressed carcass as a result of choline supplementation (Jiang
et al,, 2013). The impact of choline on lipid content of the muscle, as a result of the
improved transport of lipid from the intestine to other tissues, warrants further

investigations also for Atlantic salmon.

The present experiments showed that feed with high levels of plant ingredients and
corresponding lower levels of fishmeal need to be supplemented with choline to prevent
LMS in Atlantic salmon in seawater, which should not be accepted from a fish health
perspective. The lipid level in the three trials varied from 27 to 29%, which is substantially
lower than the highest levels, around 40%, used in commercial feeds for the largest sizes of
farmed Atlantic salmon. Lipid intake of farmed fish increases with the increasing level in the
feed throughout the lifecycle and over a longer time period than the fish experienced in the
present studies. The question then arises whether fish fed very high lipid diets would
develop a more severe LMS than observed in the present studies, with floating faeces as a

result. These questions require further investigations to be answered.

5. Commercially available choline sources.

The results mentioned above indicate that fishmeal, phosphatidylcholine and choline
chloride are good choline sources. On the other hand, from a sustainability and economical
point of view, neither fishmeal nor phosphatidylcholine would be suitable for use in
commercial feed for Atlantic salmon. An inclusion of around 60% of fishmeal would be
needed to achieve the choline requirement level of 3350 mg/kg presented in Paper III. A
level of 60% fishmeal is not an alternative for the industry from both a sustainable and
economical point of view. Moreover, the phosphatidylcholine product used in the present
thesis work, is too expensive to be considered as an alternative choline source for the
commercial salmon feed industry. Soybean lecithin on the other hand, is a mixture of
several phospholipids, and is a commonly used source for phospholipids in feed for

aquaculture. In a previous report, we have presented results showing a small, 16%, but
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significantly reduced weight of the proximal intestinal tissues by supplementing a low
fishmeal basal diet (10%) with 15 g/kg soybean lecithin (Kortner et al,, 2016). The
histological examination (unpublished data) showed a corresponding trend for enterocyte
hypervacuolation. The choline chloride supplemented group, reported in Paper I, showed a
stronger significant reduction compared to the lecithin group by 38% for the relative
weight of the proximal intestinal tissue and no observed hypervacuolation. The choline
level in the abovementioned lecithin supplemented diet was 1153 mg/kg. The
concentration of choline in the soybean lecithin product was therefore too low to be the
only source of additional choline to achieve the requirement level of 3350 mg/kg. A
supplement of 180 g/kg would then be needed which is not possible from a commercial
point of view. The best option therefore seems to be choline chloride products which are
available at a reasonable price and will make it possible to reach the required choline level
at fairly low inclusion levels. There are no published reports claiming negative effects as a
result of choline supplementation in feed for fish. In the choline dose-response study
presented in Paper III doses between 400 - 3100 mg/kg choline (Table 5) were used and

no negative effects on performance were observed.
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MAIN CONCLUSIONS

e The present study indicates that a dietary choline level of 3350 mg/kg will cover the
choline requirement in 95% of post-smolt Atlantic salmon fed a diet containing 29%

lipid.

e Higher levels of choline may be required if higher dietary lipid levels are used and if

higher growth rates are observed than in the present study.

e Choline, supplemented in the form of choline chloride or phosphatidylcholine, or as

part of fishmeal, prevented LMS in post-smolt Atlantic salmon in seawater.

e Atlantic salmon in seawater fed a diet with 10% fishmeal and 28% lipid (70%
rapeseed and 30% fish oil) develop LMS.

e LMS s aresult of impaired lipid transport across the enterocytes due to impaired

lipoprotein assembly, as a result of deficient availability of phosphatidylcholine.
e Supplementation of taurocholate (6.9 and 3.5 g/kg), cholesterol (2 g/kg), taurine

(0.8 g/kg), cysteine (0.8 g/kg) or methionine (1.0 g/kg) did not affect the
development of LMS.
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FUTURE PERSPECTIVES

The present thesis has, for the first time, provided a requirement for choline in post-smolt
Atlantic salmon. New knowledge of suitable biomarkers, indicating intestinal lipid transport
capacity and development of LMS, when studying effects of choline in fish have been
elucidated. However, there are still questions which deserve further investigation. A better
understanding of the relationship between choline requirement, dietary lipid level and feed
intake should be established. Knowledge of the functions, interactions and the impact of
quantitative levels of choline, cholesterol and lipid should be further explored. The

following questions still need to be elucidated:

e Would higher dietary lipid levels and higher growth rates increase the choline

requirement?

e Would fish size, from smolt to harvest size of Atlantic salmon, have impact on the

choline requirement?

e Does the improved transport of lipid from the intestine by choline supplementation
result in increased lipid content in other peripheral tissues, i.e., heart, liver or

muscle?
e How long does it take for an Atlantic salmon with LMS to revert to a normal state (no
signs of LMS) after the dietary choline level is increased or dietary lipid level supply

isreduced?

e What is the functional interaction of choline with other key components involved in

lipid metabolism?
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Abstract

Background: Various intestinal morphological alterations have been reported in cultured fish fed diets with high
contents of plant ingredients. Since 2000, salmon farmers have reported symptoms indicating an intestinal problem,
which we suggest calling lipid malabsorption syndrome (LMS), characterized by pale and foamy appearance of the
enterocytes of the pyloric caeca, the result of lipid accumulation. The objective of the present study was to
investigate if insufficient dietary choline may be a key component in development of the LMS.

Results: The results showed that Atlantic salmon (Salmo salar), average weight 362 g, fed a plant based diet for 79
days developed signs of LMS. In fish fed a similar diet supplemented with 0.4% choline chloride no signs of LMS
were seen. The relative weight of the pyloric caeca was 40% lower, reflecting 65% less triacylglycerol content and
histologically normal gut mucosa. Choline supplementation further increased specific fish growth by 18%. The
concomitant alterations in intestinal gene expression related to phosphatidylcholine synthesis (chk and pcytia),
cholesterol transport (abcg5 and npcli1), lipid metabolism and transport (mgat2a and fabp2) and lipoprotein
formation (apoAT and apoAlV) confirmed the importance of choline in lipid turnover in the intestine and its ability
to prevent LMS. Another important observation was the apparent correlation between plin2 expression and degree
of enterocyte hyper-vacuolation observed in the current study, which suggests that plin2 may serve as a marker for
intestinal lipid accumulation and steatosis in fish. Future research should be conducted to strengthen the knowledge
of choline’s critical role in lipid transport, phospholipid synthesis and lipoprotein secretion to improve formulations of
plant based diets for larger fish and to prevent LMS.

Conclusions: Choline prevents excessive lipid accumulation in the proximal intestine and is essential for Atlantic
salmon in seawater.

Keywords: Choline, Lipid accumulation, Lipid transport, LMS, Lipid malabsorption, Gut health, Fish feed, Plant
ingredients

Background

The main driver for replacement of marine raw materials
with alternative plant ingredients in fish feed is the ambi-
tion to maintain growth of the aquaculture industry and
to secure flexibility regarding raw materials in feed pro-
duction. However, in parallel with the decrease in fishmeal
and increase in plant meals in fish feed, the prevalence of
various intestinal disturbances has increased. Therefore, it
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N BMC

is likely that some of the observed intestinal challenges
may be due to deficient supply of nutrients, which are
present at lower levels in plant ingredients than in fish-
meal, but not corrected for due to lack of information on
their essentiality and/or required level. The requirements
for many nutrients have been defined for many species
but all nutrient requirements are far from defined [1].

The present work addresses symptoms of a well-
known intestinal disorder for which we suggest the term
lipid malabsorption syndrome (LMS) and which since
2000 have been reported by salmon farmers to affect
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young as well as more mature fish [2—4]. The typical sign
is increased lipid accumulation in the enterocytes giving
the pyloric caeca a pale and foamy appearance on the
macroscopic level. Similar signs have been reported also
in other fish species fed diets high in plant meal [5-8] or
high in plant oil [7, 9-11]. The apparent disturbance in
lipid transport is also observed on the molecular level.
Plant based diets may influence the expression of genes
involved in lipid metabolism in a manner reflecting re-
duced lipid export from the enterocytes [8, 12—20]. How-
ever, the mechanisms underlying the excessive lipid
accumulation are not yet fully clarified. Some studies
seem to indicate that phospholipid synthesis, and in
particular phosphatidylcholine, might be the bottleneck
in lipid export from the enterocytes in fish showing
such lipid accumulation [9, 10, 21-27]. Phosphatidyl-
choline, however, is not established as an essential nu-
trient for Atlantic salmon nor for any other fish species
(NRC, 2011). For choline, on the other hand, of which
about 95% is found in phosphatidylcholine [28, 29], a
requirement is established for several fish [1]. Due to
insufficient information, the question of whether cho-
line is essential, and if so, the required amount, cannot
currently be determined for Atlantic salmon.

In animals, including fish, choline is necessary for syn-
thesis of phosphatidylcholine for use in lipid digestion
and absorption, as a component in lipoproteins for lipid
transport, in production of the neurotransmitter acetyl-
choline, and as a methyl donor in a wide range of
methylation processes. Poor growth and low feed effi-
ciency, fatty liver, high mortality, and anorexia are all re-
ported effects of choline deficiency in the species for
which we have documentation [1, 30-32]. Lipid accumu-
lation in the intestinal mucosa is, however, not a com-
mon endpoint in studies of choline deficiency and
requirement and has only been observed in an early
study of Japanese eel (Anguilla japonica) as “white-grey
colored intestines” [33]. This gut observation appears
similar to that observed in Atlantic salmon with LMS.
No studies have been conducted to define whether cho-
line is essential for Atlantic salmon, or how much can
be synthesized. Accordingly, a requirement is not estab-
lished, and the question whether high plant diets might
be deficient in phosphatidylcholine or choline, cannot be
answered. Rainbow trout have been found to require
choline at earlier life stages due to an inability to pro-
duce sufficient choline even with a high supply of methyl
donors such as betaine and methionine [31]. On the
other hand, channel catfish were able to produce suffi-
cient choline, if the supply of methionine was high [1].

The level of fishmeal in today’s commercial salmon di-
ets is in general low and decreases throughout the life
cycle of the fish. A diet for salmon weighing 500 g or
more typically contains between 5 and 10% fishmeal.
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Fishmeal would be the main contributor for choline in
these diets, which means that supply of choline from the
other main ingredients would be rather low. For ex-
ample, the basal diet (LF) used in the present experiment
was a commercially representative feed with 10%
fishmeal which revealed a choline level of 944 mg/kg
(Tables 1 and 2). With several recent reports from the
salmon industry regarding LMS [4], investigation of the
role of choline for LMS is needed. The present work
therefore aimed to elucidate whether LMS is a result of
insufficient choline supply and also addressed the role of

Table 1 Formulation and chemical composition of the
experimental diets

Diets LF® LFC®
Ingredients (g/kg)
Super Prime fra Peru® 50 50
Nordic LT 94 fishmeal ¢ 50 50
Soya 60% (SPC) © 190 194
Maize Gluten " 150 150
Pea Protein 50 9 130 130
Dehulled Beans " 140 130
Wheat Gluten ' 19.7 19.7
Fish oil (Standard)’ 76.7 77.1
Rapeseed oil © 176 177
Amino Acid mix ' 124 124
Mineral mix ' 30 30
Monocalcium phosphate ! 182 182
Lucantin Pink CWD 10% ' 04 04
Ytrium ™ 05 05
Choline chloride 70% 0 40
Analyzed chemical composition (g/kg)
DM 975 972
Protein 417 418
Fat 286 297
Starch 107 102
Total choline (mg/kg) 944 4250
Total methionine 9.1 94
Total cysteine 5.1 58

“Low fishmeal diet

“Choline supplemented low fishmeal diet

“Supplied by Késter Marine Proteins GmbH

dSupplied by Norsildmel AS

“Supplied by Selecta S/A, Avenida Jamel Ceilio, 2496 - 12th region. SPC, soya
protein concentrate

fSupplied by Cargill Nordic

9Supplied by DLG Food Grain

"Supplied by HC Handelscenter

'Supplied by Roquette

JSupplied by FF Skagen

“Supplied by Emmelev

'Supplemented to meet the requirements

"Inert marker for the evaluation of nutrient digestibility
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Table 2 Growth performance (Mean values with their standard

errors)

LF® LFC® Pooled SEM P-value®
IBW (g)¢ 364 354 73 0501
Growth (g) 344 418 203 < 0.001
SGR (%d-1)° 084 099 004 <0.001

“Control low fishmeal diet group (n=70)

Choline supplemented low fishmeal diet (n = 68)

P-values obtained in t-test, values in bold indicate significant differences
between the two treatments

9Initial body weight

“Specific growth rate

choline in enterocyte lipid transport in post-smolt Atlan-
tic salmon.

Results

Growth performance and nutrient digestibilities

Growth performance was significantly higher for fish fed
the choline supplemented feed (LFC) compared to those
fed the unsupplemented basal diet (LF, Table 2). Choline
inclusion did not affect apparent digestibility (AD) sig-
nificantly for any of the nutrients. The average AD (+
SEM) for the two test diets was 96.1 (+ 0.24) for crude
lipid, 90.1 (+ 0.19) for crude protein and 75.8 (+ 0.65)
for starch.

Intestinal chyme dry matter and brush border leucine
aminopeptidase

Choline supplementation tended to increase dry matter
content of digesta along the intestine (Table 3). The in-
crease was significant for the mid intestine (MI) and dis-
tal intestine (DI) sections of the intestine. The trend was
clear also for proximal half of the pyloric intstine 1 (PI1)

Table 3 Intestinal dry matter and leucine aminopeptidase
activity (LAP) (Mean values with their standard errors)

LF LFC® Pooled SEM P-value®

Intestinal dry matter (%)

PI1 93 103 0.65 0.062

P2 1.0 122 0.71 0.086

MI 129 14.5 0.67 0.005

Dbn 129 14.0 048 0.011

D12 1.0 127 047 <0.001
LAP (mmol/h/kg BW)

Pl 244 235 16.1 0.729

DI 44 43 3.1 0.743
LAP (umol/h/mg prot)

Pl 331 385 253 0.309

DI 228 244 173 0.237

“Control low fishmeal diet group (n = 20)

PCholine supplemented low fishmeal diet (n = 20)

P-values in bold indicate significant differences between the two treatments;
italicized values represent trends
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and PI2 (p = 0.062 and 0.086, respectively). Brush border
membrane leucine aminopeptidase (LAP) activities for
PI and DI are shown in Table 3. There were no signifi-
cant differences in the enzyme activity between the two
treatments either in PI or DI tissue.

Organosomatic indices, intestinal and liver lipid content
and histology

Relative organ weights of the PI, MI, DI and liver (LI)
are shown in Fig. 1. Choline supplementation reduced
relative weights of PI, MI and LI significantly, but not of
DI. Macroscopic observations revealed white and swol-
len pyloric caeca in most of the sampled individuals fed
the LF diet, whereas this observation was not recorded
for any of the fish fed the LFC diet (Fig. 2a). Accord-
ingly, the histological examination showed a significantly
higher degree of lipid droplet accumulation in the pyl-
oric caeca in fish fed the LF diet compared to those fed
the LFC diet (Fig. 2b and c, respectively, p < 0.001). The
degree of vacuolation of the enterocytes was 0% in sam-
pled fish fed the LFC diet compared to 100% in the LF
fed group (Fig. 3). Choline supplementation significantly
lowered triacylglycerol (TAG) concentration in the
tissue of the PI (Fig. 4, p =0.024). No significant differ-
ences due to supplementation were found for free fatty
acids (FFA), monoacylglycerol (MAG), diacylglycerol
(DAG) and phospholipid (PL). The histological examin-
ation of LI vacuolation did not indicate similar effects of
choline supplementation as in the pyloric caeca. No sig-
nificant differences in the degree of liver vacuolation was
found between the two diets (p = 0.867). Likewise, calcu-
lation of absolute amount of liver lipid (g) did not reveal
significant differences (p = 0.867) between LFC and LF
fed fish, 0.33 (+ 0.04) and 0.33 (+ 0.03), respectively.

Intestinal gene expression

Figure 5 illustrates the molecular regulations of the studied
genes involved in synthesis of phosphatidylcholine, choles-
terol, and lipids, as well as intestinal lipid transport, lipo-
protein assembly and secretion. Table 4 presents the
results of the effect of choline supplementation on intes-
tinal gene expression. Expression of genes encoding three
enzymes involved in the pathway of phosphatidylcholine
biosynthesis was analysed. The expression of the pcytla
gene was significantly down-regulated whereas the effect
for chk showed a trend towards down-regulation (p=
0.068). No significant effect was observed on expression of
pemt. Genes involved in cholesterol (CH) transport were
also significantly affected in fish fed the choline enriched
diet. Niemann-Pick CI like 1 (npclll) and abcgS were up-
regulated. Expression of fabp2 homologs, encoding fatty
acid transporters, and the transcription factors ppara and
ppary were significantly enhanced. Also mgat2a, respon-
sible for TAG re-esterification, was significantly up-
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Fig. 1 Organ somatic indices of the intestinal sections, pyloric intestine (PI), mid-intestine (Ml), distal intestine (DI) and liver (LI). Values are means
(Pl n=20 and MI, DI 'and LI n=30) with standard errors represented by vertical bars. Significant differences (p < 0.05) between the LF and LFC
group are indicated with *. The inclusion of choline resulted in a significant lower organ somatic index for PI, Ml and LI (p < 0.05)

DI LI

Fig. 2 a example of white pyloric caeca with grossly visible of lipid
accumulation. Image credit: Vegard Denstadli. Histological appearance
of pyloric caeca in fish fed (b) the low fishmeal diet, LF and (c) the
choline supplemented diet, LFC. Scale bare = 100 um

regulated. A similar up-regulation was seen for both apoAl
and apoAlV, involved in lipoprotein assembly. The general
marker for lipid load of non-adipogenic cells, adipophilin/
perilipin 2 (plin2) was down-regulated. The taurine trans-
porter slc6a6 was up-regulated in the choline treated fish.

Hepatic gene expression

In the microarray analysis (fold change > 1.6, p < 0.05),
168 entities were found to be differentially expressed be-
tween the two diet groups (Additional file 2). The differ-
entially expressed genes appeared to be distributed
among many functional classes, and a search for
enriched GO and KEGG terms provided little meaning-
ful information (data not shown). Among the highest
responding transcripts, two innate immunity-related lec-
tins (nattectin, c-type mbl-2 protein) were markedly in-
duced by the choline treatment. In contrast, rxr, pmm
and sod3 were down-regulated by choline supplementa-
tion. Perilipin 2 (plin2) showed up-regulation in the liver
in contrast to the down-regulation found in PI. To fur-
ther verify the microarray data, rxr, pmm, sod3 and plin2
were quantified by qPCR (Table 5). In accordance with
microarray data, pmm and plin2 were down- and up-
regulated, respectively, whereas no differences for rxr
and sod3 were observed with qPCR. The lipoprotein and
sterol associated transcripts measured in pyloric caeca
were also quantified in liver using qPCR (Table 5). In ac-
cordance with the microarray data, we observed no sig-
nificant changes for any of these transcripts. Altogether,
microarray and qPCR data were closely correlated (Per-
son’s correlation coefficient: 0.74, p = 0.0003).

Blood plasma endpoints
Most of both the TAG and cholesterol in plasma was
present in the high-density lipoprotein (HDL) fraction
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Fig. 3 Contingency charts of the pyloric intestine showing
proportions of sampled individuals that scored vacuolation grade
“normal”, “moderate” and “marked” (none scored “mild”). Fish fed the
low fishmeal diet displayed hyper-vacuolated enterocytes. Choline
inclusion resulted in normal epithelium. The differences between the
diets were significant (p < 0.05; Chi-squared test)

independent of treatment and the distribution of TAG
and cholesterol among the lipoproteins were similar.
Choline supplementation significantly decreased the
plasma level of TAG reflecting reductions in HDL and
low-densitylipoprotein (LDL) (Table 6). The opposite ef-
fect was seen on plasma cholesterol reflecting choles-
terol increase in all the lipoprotein fractions. Plasma
lathosterol, indicative of the rate of cholesterol synthesis, in-
creased upon choline supplementation. The level of 7a-
hydroxycholesterol, a metabolite in cholesterol catabolism
and conversion to bile acids, also increased, whereas C4

16 + *
14 -
12 4
é‘:lO*
%Z mLF
34ﬁ [ILFC
5 |
o /] wm W

FFA MAG DAG TAG PL

Lipid classes

Fig. 4 Distribution of the lipid classes; free fatty acids (FFA),
monoacylglycerol (MAG), diacylglycerol (DAG), triacylglycerol (TAG)
and phospholipid (PL) in pyloric caeca tissue. Values are means
(n=10) with standard errors represented by vertical bars. Significant
differences (p < 0.05) between the LF and LFC group are indicated
with *. The inclusion of choline resulted in a significant lower
content of TAG (p < 0.05; T-test)
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(7a-Hydroxy-4-cholesten-3-one), a later metabolite in the
cholesterol catabolism, was not significantly affected. Plasma
levels of other catabolic products of cholesterol, i.e. the oxy-
sterols 7p- hydroxycholesterol, 7f-keto-hydroxycholesterol,
24-hydroxycholesterol and 27-hydroxycholesterol were in-
creased by dietary choline supplementation.

Discussion

In brief, the present study revealed that choline supple-
mentation to a plant based diet, 4.3 g/kg, improved
growth by 18%, without effects on macronutrient digest-
ibilities or other observed indicators of digestive func-
tion. The relative weight of the pyloric caeca decreased
by 40% - reflecting a reduction in TAG and was shown
histologically as elimination of enterocyte hyper-
vacuolation. On the molecular level the supplementation
caused down-regulation of genes involved in the CDP-
choline pathway in which phosphatidylcholine is synthe-
sized from free choline and a phosphorylated diglyceride
(chk and pcytla), but had no significant effect on expres-
sion of pemt involved in synthesis of phosphatidylcho-
line from phosphatidylethanolamine via the PEMT
pathway, the second pathway for phosphatidylcholine
synthesis. Choline supplementation up-regulated two
genes involved in cholesterol transport (abcg5 and
npclll), as well as genes involved in lipid metabolism
and transport (mgat2a and fabp2), and lipoprotein for-
mation (apoAl and apoAIV). The reduced intracellular
lipid level was reflected in marked suppression of the
lipid droplet marker plin2.

The aim of the present study was to elucidate if
choline deficiency is a key contributor for LMS, and
whether dietary supplementation with choline might
prevent development of LMS. Our results clearly affirm
these hypotheses. In this respect, our results are in line
with the observations of lipid accumulation in Japanese
eel fed choline deficient diets [33]. Our observations also
highlight the importance of choline in lipid turnover in
post-smolt Atlantic salmon, and supply information rele-
vant for later developmental stages.

Choline effects on performance

Choline supplementation of the feed for Atlantic salmon
of the size used in the present study, start weight 362 g
and final weight 740 g, was found to have a great im-
proving effect on SGR, by 18%. Similar improvements
have been observed at juveniles stages in Atlantic sal-
mon as well as in other species [32, 34-38]. Several
studies have also confirmed the requirement for
phospholipid in both freshwater and marine juveniles
[31, 34, 39, 40]. The 18% increase in growth rate in fish
fed the choline supplemented diet may give great expec-
tations for improvement of efficiency in production of
Atlantic salmon. It should, however, be kept in mind,
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Fig. 5 Overview of genes involved in lipid digestion and absorption in the intestine of Atlantic salmon and studied in the present study. Arrows
indicates steps in the pathways. Studied genes are italicized. Green color indicates genes which were significantly down-regulated and red color
indicate up-regulated genes. No color represents genes not significantly affected. Dietary choline (CL) is synthesized by choline kinase (chk) to
phosphocholine (P-CL) and after an intermediate step not studied here, choline-phosphate cytidylyltransferase (pcytia) to phosphatidylcholine (PQ).
PC could also be synthesized from endogenous phosphatidylethanolamine (PE) by phosphatidylethanolamine N-methyltransferase (pemt). PC is an
important element in the membrane portion of lipoproteins preventing triacylglycerol (TAG) from leaking out. Cholesterol (CH) is transported
from the lumen and over the membrane by Niemann-Pick Ci-Likel (npc1l1). Acyl-CoA cholesterol acyltransferase (acat) located in ER, facilitates the
esterification of CH to cholesterol esters (CE). ATP-binding cassette G5 (abcg5) returns some of the free cholesterol back to the gut for reuse. Some
of the free cholesterol is also shuttled to the basolateral membrane for biogenesis of high-density lipoprotein (HDL) mediated by ATP-binding
cassette Al (abcal). Fatty acids (FA) are transported from the gut lumen over the brush border membrane and into the epithelial cell by cd36
(cluster of differentiation 36). The fatty acid-binding protein 2 (fabp2) shuttles the fatty acids within the epithelial cell and the fatty acid transport
protein (fatp) further to the smooth endoplasmic reticulum (ER). Monoacylglycerol (MAG) is esterified by monoacylglycerol acyltransferase (mgat2a),

located in ER, to diacylglycerol (DAG) which is further transformed into triacylglycerol (TAG), a step not studied here. Microsomal triglyceride
transfer protein (mtp) further facilitates the transport of TAG by assisting in the assembly of the lipoprotein. The three apolipoproteins apoB48,
apoAl and apoAlV are important elements for successful production and secretion of the lipoprotein. The formation of lipoproteins is again an
essential step for export of lipid to the general circulation and to other organs such as the liver. Excess lipid is stored as lipid droplets in the
enterocytes. The lipid droplet structure and formation are regulated by the amphiphilic structural protein, adipophilin/perilipin 2 (plin2)

that the SEM indicates that the true difference might be
much less, or much higher. Follow-up studies are there-
fore needed, to find whether similar improvements can
be expected in the long run.

Effects of choline on lipid accumulation in the pyloric
intestinal tissue

There is a general understanding that TAG is the pri-
mary lipid class in lipid stores [40] and an increased
supply of fatty acids promotes TAG synthesis and stor-
age in fat cells where lipid droplets increase in abun-
dance and size [41]. The high TAG levels and the
corresponding occurrence of large lipid vacuoles ob-
served in the pyloric caeca of the control fish suffering
from LMS in the present study are in line with this. The
absence of lipid droplets in pyloric caeca in choline fed
fish might also be explained by phosphatidylcholine

playing an important role in lipoprotein formation, and
therefore in the transport of lipids across cell mem-
branes and an efficient transport of dietary lipids from
the pyloric caeca [22, 42-44]. The relatively low TAG
level observed in fish fed the choline supplemented feed
could also be a result of phosphatidylcholine also acting
as a surfactant stabilizing growing lipid droplets and fur-
ther preventing lipid droplet coalescence [41]. The con-
comitant alterations in expression of genes involved in
phosphatidylcholine synthesis, cholesterol synthesis, lipid
droplet formation, lipid transport, and lipoprotein for-
mation and metabolism tested in the present study con-
firmed the importance of choline in this respect.

The cytidine (CDP)-choline pathway is the main pathway
for phosphatidylcholine synthesis from dietary choline [29].
Choline kinase (c/k), catalyzing the initial and committing
step, showed a tendency to be down-regulated by choline
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Table 4 Gene expression profiling of pyloric caeca samples by gPCR

Gen category and function Gen symbol Fold change® P-value®
Lipid uptake and transport
Fatty acid transporter cd36 1.13 0.175
Fatty acid transporter fabp2b 137 0.004
Fatty acid transporter fabp2al 1.1 0.302
Fatty acid transporter fabp2a2 1.01 0.962
Fatty acid transporter fatp 0.89 0.120
Lipoprotein assembly mtp 1.12 0259
Lipoprotein component apoB48 1.07 0.730
Lipoprotein component apoAlV 1.58 0.028
Lipoprotein component apoAl 142 0.001
Lipid droplet component plin2 0273 < 0.001
Nuclear receptor — regular of lipid metabolism ppara 152 0.037
Nuclear receptor - regular of lipid metabolism ppary 1.38 0.024
Resynthesis of triacylglycerols mgat2a 1.39 0.023
Phosphatidylcholine synthesis
Choline transporter slc44a2 1.09 0329
Phosphatidylcholine biosynthesis pemt 0.95 0486
Phosphatidylcholine biosynthesis chk 061 0.068
Phosphatidylcholine biosynthesis peytla 0.58 0.004
Cholesterol metabolism
Bile acid nuclear receptor fxr 1.15 0415
Cholesterol biosynthesis hmgcr 091 0.260
Cholesterol efflux transporter abcal 095 0.650
Cholesterol efflux transporter abcg5 161 0.004
Cholesterol esterification acat 095 0677
Cholesterol transporter npcill 1.58 < 0.001
Nuclear receptor - regular of lipid and sterol metabolism Ixr 1.06 0.580
Nuclear receptor - regular of lipid and sterol metabolism srebpl 0.55 0.159
Nuclear receptor - regular of lipid and sterol metabolism srebp2 1.04 0.907
Taurine transporter - bile salt metabolism slc6a6 139 0.001

“Values are mean fold change observed in the choline diet fed group in comparison with those in the control group
Pp-values in bold indicate significant differences between the two treatments; italicized values represent trends

supplementation, whereas significant down-regulation was
found for pcytia, regulating the second and rate-limiting
step in the CDP-pathway [28, 29]. These results are in
agreement with findings presented earlier [8] showing
lower expression of cik and pcytla in the pyloric caeca of
fish fed a high fishmeal diet, supposedly with a higher cho-
line level, compared to the expression in hyper-vacuolated
pyloric caeca of fish fed a plant meal based diet with a
lower choline level. The down-regulation of c/k and pcytla,
as a result of choline supplementation in the present study,
could be an indication that the fish received more than
enough choline and that the phosphatidylcholine synthesis
was regulated through a negative feed-back control. How-
ever, regulation of pcytla activity is very complicated with

important post translational steps [45]. Further studies of
this rate limiting enzyme are therefore needed to under-
stand the impact of the observed effect on pcytla. Choline
supplementation did not, however, alter the expression of
pemt in the present study, which is in agreement with pre-
vious studies carried out with mammals which showed that
pemt is expressed mainly in the liver [29].

Choline induced the expression of both npcl/1, involved
in the absorption of cholesterol from the intestinal lumen
into the enterocytes [46] and abcg5, catalyzing the trans-
port of a proportion of the free cholesterol back to the gut
for reuse [47]. As such, choline seemed to promote the
circulation and reuse of free cholesterol, also indicated by
the increased blood plasma CH levels in choline fed fish.
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Table 5 Gene expression profiling of liver samples by gPCR
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Gen category and function Gen symbol Fold change® P-value®
Lipid uptake and transport
Fatty acid transporter cd36 0.948 0.711
Fatty acid transporter fatp 0.992 0923
Lipoprotein component apo(B100) e 0.996 0.983
Lipid droplet component plin2 1.626 0.013
Nuclear receptor - regular of lipid metabolism ppara 0.660 0.182
Nuclear receptor — regular of lipid metabolism ppary 0973 0.834
Phosphatidylcholine synthesis
Phosphatidylcholine biosynthesis pemt 0.998 0.988
Phosphatidylcholine biosynthesis chk 0.505 0.116
Phosphatidylcholine biosynthesis pcytla 0923 0597
Cholesterol metabolism abclal 0.851 0310
Bile acid nuclear receptor fxr 1.154 0.265
Cholesterol biosynthesis hmgcr 0.936 0479
Cholesterol biosynthesis cyp’al 0.925 0.580
Cholesterol efflux transporter abcal 0.855 0.289
Cholesterol efflux transporter
Cholesterol efflux transporter abcgs 1.063 0.601
Cholesterol transporter npclll 0.955 0.776
Nuclear receptor - regular of lipid and sterol metabolism Ixr 0837 0.156
Nuclear receptor - regular of lipid and sterol metabolism srebp 0.944 0.851
Nuclear receptor - regular of lipid and sterol metabolism srebp2 1.174 0405
ROS metabolism / antioxidant
Superoxide dismutation sod3 0.739 0374
Nuclear receptor — control of gene transcription
Transcription factor xr 0.789 0.104
Mannose metabolism
Glycosylation pmm 0.759 0.029

“Values are mean fold change observed in the choline diet fed group in comparison with those in the control group
Pp-values in bold indicate significant differences between the two treatments; italicized values represent trends

Choline supplementation seemed not to influence the
transport of fatty acids across the brush border mem-
brane from gut lumen to the enterocytes and further to
ER as no significant alteration of ¢d36 and fatp expres-
sions were observed. On the other hand, choline seemed
to influence the transport of fatty acids within the epi-
thelial cell due to the induced expression of fabp2 in the
choline fed group [48, 49]. The up-regulation of mgat2a
indicates that choline is also important in the synthesis
of MAG to DAG, which is an important intermediate
for the synthesis of both TAG and phosphatidylcholine
[50]. The synthesized TAG is exported from the cells
in lipoproteins. Both apoAl and apoAIV are major pro-
teins in enterocyte lipoprotein assembly [51] and were
up-regulated with choline supplementation. These re-
sults support our hypothesis regarding the importance

and key roles of choline for efficient lipid supply and
metabolism in salmon and strengthens the suggestion
that choline is important for the synthesis and secre-
tion of lipoproteins [10, 22, 27, 42, 52]. A study on rats
[53] observed an increased intestinal lipid content and
an impaired chylomicron secretion as a result of cho-
line deficiency. These observations support our find-
ings regarding the importance of choline for proper
lipid metabolism.

Another important observation was the decreased ex-
pression of plin2, a general marker for the lipid load of
non-adipogenic cells [54]. In humans, plin2 has been
suggested as a marker for detection of lipid droplets in
tissues, which further are associated with various dis-
eases such as hepatocyte steatosis [55]. Plin2 has also
been reported to coat cytoplasmic lipid droplets in
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Table 6 Blood plasma variables

LF*  LFC®  Pooled SEM  P-value®

Glucose (mmol/L) d 53 59 022 < 0.001
Free Fatty Acids (mmol/L) ¢ 027 025 0.02 035
Lipoptoteins

Total CH (mmol/L) ¢ 83 1.1 174 <0.001

HDL-CH® 75 89

LDL-CH® 13 15

VLDL-CH® 0.1 03

Total TAG (mmol/L) ¢ 33 25 0.27 0.01

HDL-TAG® 32 24

LDL-TAG® 1 07

VLDL-TAGE 05 08

Bile salts (umol/l) ¢ 20 19 847 0822

Sitosterol (ug/ml) ” 71 61 6.98 0.204

Campesterol (ug/ml) " 188 224 274 0.342

Lathosterol (ug/ml) © 38 92 048 < 0.001

C4 (ug/ml) 001 001 002 0921
Oxysterols (ng/ml) ©

7a-hydroxy-CH 130 295

7B-hydroxy-CH 37 139

7-keto-hydroxy-CH 101 538

24-hydroxy-CH 22 4

25-hydroxy-CH 5 5

27-hydroxy-CH 21 33

“Low fishmeal diet

PCholine supplemented low fishmeal diet

P-values in bold indicate significant differences between the two treatments;
italicized values represent trends

9Measured for n =20 per diet

“Lipoprotein and oxysterol profiles were measured in pooled samples of n=5
per diet

*Measured for n=10 per diet. Mean values with their standard errors

enterocytes of chronic high-fat fed mice [54]. The appar-
ent correlation between plin2 expression and degree of
enterocyte hyper-vacuolation observed in the current
and previous studies [56], suggest that plin2 may serve
as a marker for intestinal lipid accumulation and steato-
sis in fish.

Effects of choline on liver

The choline fed fish had significantly lower hepatoso-
matic index than the control, but this was not reflected
in lower content of lipid, nor in histological apparent
vacuolation. Both diets resulted in relatively high degree
of lipid accumulation. This is in accordance with previ-
ous observations in gibel carp [32] and red drum [57]
showing that dietary choline deficiency did not cause an
increased accumulation of liver lipid. On the other hand,
studies on common carp [58], lake trout [30], rainbow
trout [31] and blunt snout bream [59] reported fatty
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livers in fish fed choline deficient diets. In the present
study, choline supplementation caused only minor ef-
fects on the hepatic transcriptome and no genes related
to lipid metabolism showed altered expression. Collect-
ively, the lack of response to choline supplementation in
liver is in sharp contrast to the marked changes observed
in the intestine and clearly points towards a focus on in-
testinal responses in future studies of lipid accumulation
and choline requirements in salmon.

Choline effects on plasma indicators

Very low-density lipoprotein (VLDL) synthesis and as-
sembly is regulated by the availability of triglycerides
[60-63] and it seems from the tendency of the enhanced
amount of both VLDL-TAG and VLDL-CH observed in
the choline group that choline increased the VLDL syn-
thesis and assembly. Even though an increase in VLDL-
TAG was observed did the total level of TAG decrease
in plasma in fish fed the choline enriched diet. The re-
duction was a result of reduced TAG in both HDL and
LDL which could indicate that the lipids were success-
fully extracted from VLDL in the peripheral tissues [64].
A similar decrease in TAG level in plasma has been ob-
served for juvenile lobsters [65] and cobia larvae [39] fed
soy lecithin. Niu et al. [39] further suggested that this
was a result of a positive effect of phospholipids on lipo-
protein lipase and hepatic lipase activities for TAG up-
take in liver and further distribution to other tissues.
Choline also seemed to increase HDL’s, in addition to
VLDL and LDL'’s, capacity to bind and transport choles-
terol due to the higher cholesterol amount. The present
study further supports previous observations [66-68]
showing that HDL is the most abundant lipoprotein car-
rying the main load of both cholesterol and TAG. The
increase of cholesterol bound to HDL in the choline
supplemented group could be a result of higher levels of
phospholipids incorporated into the HDL, which in a
study with rat, was shown to play a key role in modulat-
ing cholesterol efflux (transport and re-use of choles-
terol) [69]. Phospholipid levels in the lipoproteins were
not analysed in the present study, so this should be in-
vestigated in further studies.

Conclusion

Choline is an essential nutrient for Atlantic salmon,
even after early developmental stages. Plant based diets
must be supplemented with choline to ensure normal
uptake, metabolism, and export of lipids across the
intestinal mucosa.

Methods

Diets

A low fishmeal, high plant diet (LF) was used as a refer-
ence diet, containing 10% of a 50/50 mix of Nordic LT
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fishmeal from the North Atlantic and Super Prime fish-
meal from Peru. The total lipid content was 70% rape
seed oil and 30% fish oil. The choline supplemented diet
(LFC) was made by supplementing the LF diet with 4 g/kg
of choline chloride. The diets contained approximately the
same amount of methionine and cysteine. Table 1 shows
diet formulation and analysed chemical composition. Both
diets were supplemented with standard vitamin and min-
eral premixes in accordance with NRC guidelines (2011)
and BioMar standards to meet requirements. Yttrium
oxide (0.5 g/kg) was added as inert marker for estimation
of nutrient apparent digestibility. The two experimental
diets were produced by extrusion (feed pellet size 6 mm)
at BioMar Feed Technology Centre (Brande, Denmark)
using a BC 45 twin screw extruder (Clextral, France).

Experimental animals and conditions

Atlantic salmon (Salmo salar L., post smolt, Sunndalsera
breed) with mean initial weight of 362g+95 (mean +
SD) were pit tagged, weighed individually, and randomly
allocated into four fiberglass tanks with 2701 of salt-
water, two replicate tanks per diet, 35 fish in each. Each
tank was supplied with flow through seawater. Salinity
ranged between 32 and 33 g/l. The water flow was in-
creased accordingly to the increase in biomass and to
maintain oxygen saturation at any time above 80%. The
oxygen content of the outlet water was monitored once
a week or more often in periods with larger temperature
variations. Temperature varied between 7.0 and 14.5°C
during the experimental period (from July to Septem-
ber), with an average of 9.4°C. A 24 h light regime was
employed during the experimental period. The fish were
fed continuously using disc feeders aiming at an excess
feeding of 15% during the trial period. Equipment for re-
cording feed waste and hence feed intake was not avail-
able for the present experiment.

Sampling

After 79days, feeding was terminated. Weight and
length were recorded for all fish. From each tank ten fish
were anaesthetized with tricaine methane-sulfonate
(MS-222). Blood was sampled from the caudal vein in
vacutainers with lithium heparin. The vacutainers were
stored on ice until plasma preparation. Plasma, 2 mL ali-
quots, was frozen in liquid nitrogen and stored at —
80 °C. Following blood sampling the fish were killed by a
sharp blow to the head and opened ventrally. The
gastro-intestinal tract was removed from the abdominal
cavity, cleared of other organs and adipose tissue, and
sectioned as follows. Pyloric intestine (PI): the section
from the pyloric sphincter to the most distal pyloric
caeca; mid intestine (MI): from the distal end of PI and
proximal to the increase in intestinal diameter; distal in-
testine (DI): from the distal end of MI to the anus. The
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intestinal wall tissue of PI and DI was collected and
weighed, whereas the digesta from these two sections
were each split into two samples, i.e. the proximal half
(PI1 and DII, respectively) and distal half (PI2 and DI2,
respectively). The intestinal samples were snap frozen in
liquid nitrogen and stored at —80°C. The liver (LI) was
also sampled and weighed. Another five fish per tank were
euthanized and killed for sampling of LI and PI for histo-
logical and gene expression analyses. The 20 fish
remaining in each tank were stripped for faeces as de-
scribed by Austreng [70]. They were then fed for one
more week for an additional stripping. The fecal samples
were pooled for each tank, frozen immediately after strip-
ping (N,) and stored at — 80 °C until analysis. Tissues sam-
pled for histological examination were fixed in 10%
neutral buffered formalin (4% formaldehyde). Samples for
gene expression analyses were rinsed in sterile saline
water, submerged in RNAlater®, incubated at 4 °C for 24 h
and subsequently stored at — 40 °C until analysis.

Histology

Pyloric caeca and liver samples were processed at the
Norwegian University of Life Sciences (NMBU) using
standard histological techniques: dehydration in ethanol,
clearing in xylene, and embedding in paraffin before sec-
tioning (5 um). Hematoxylin and eosin were used for tis-
sue staining. The samples were evaluated for enterocyte
vacuolation blinded in a randomized order using a light
microscope. Vacuolation was assessed based on appear-
ance of lipid-like vacuoles, swelling and irregularity of
the cells, and condensation of the nuclei. Vacuolation
was assessed semi-quantitatively as the proportion of
total tissue affected: normal (< 10%), mild (10-25%),
moderate (25-50%) or marked (> 50%) and presented as
percentage of vacuolated enterocytes (Fig. 6).

RNA extraction

Total RNA was extracted from pyloric caeca samples (~
30 mg) using a Ultraturrax homogenizer, TRIzol® reagent
(Invitrogen, ThermoFisher Scientific) and chloroform ac-
cording to the manufacturer’s protocol. Obtained RNA
was DNase treated (TURBO™, Ambion, ThermoFisher
Scientific) and purified with PureLink RNA mini kit
(Invitrogen, ThermoFisher Scientific). Total RNA from
liver samples (~ 30 mg) were also extracted using Trizol®
/chloroform whereas the homogenization was carried
out using a FastPrep-24 (MP Biomedicals) before the
samples were purified with PureLink RNA mini kit in-
cluding an on-column DNase treatment according to
the manufacturer’s protocol. The integrity of the RNA
from pyloric caeca samples were assessed by gel electro-
phoresis, and in addition selected samples were verified
with a 2100 Bioanalyzer using a RNA Nano Chip (Agi-
lent Technologies). All liver samples were evaluated by
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Fig. 6 Severity of vacuolation (steatosis)
=100 pm

Bioanalyzer. RIN values for both pyloric caeca and liver
samples were all >8. RNA purity and concentrations
were measured using the NanoDrop ND-1000 Spectro-
photometer (NanoDrop Technologies). Total RNA was
stored at — 80 °C until use.

Microarrays

A two-colour microarray design was used for liver tran-
scriptome profiling. Samples from five fish per treatment
were labeled with fluorescent Cy3 and hybridized against
a common reference sample (pool of 10 individual fish
fed a fishmeal-based diet) labeled with fluorescent Cy5.
Nofima’s Atlantic salmon 15k oligonucleotide micro-
array SIQ-6 (GEO Omnibus GPL16555) was manufac-
tured by Agilent Technologies (Santa Clara, CA USA).
Reagents and equipment were from the same source un-
less indicated otherwise. RNA amplification and labelling
were performed with a Two-Colour Quick Amp Label-
ling Kit and Gene Expression Hybridization kit was used
for fragmentation of labelled RNA. A total of 200 ng
RNA was used as input for each reaction. After
hybridization in an oven over night (17 h, 65 °C, 10 rpm
rotation speed), arrays were washed with Gene Expres-
sion Wash Buffers 1 and 2 and scanned with a GenePix
4100A (Molecular Devices, Sunnyvale, CA, USA).
GenePix Pro 6.0 was used for spot to grid alignment, as-
sessment of spot quality, feature extraction and quantifi-
cation. STARS were used to carry out the subsequent
bioinformatics data analysis [71]. Low quality spots were
flagged by GenePix and filtrated away before Lowess
normalization of log,-expression ratios (ER) was per-
formed. Genes that passes quality control in at least four

samples per group were included in subsequent analyses.
The differentially expressed genes (DEG) were selected
by the following criteria: fold difference>1.6 and
p< 0.05 (T-test). Enrichment of GO and KEGG terms
in the list of DEG was assessed with Yates’ corrected
chi-square using all probes that passed quality control as
reference. Enriched terms corresponding to at least five
differentially expressed genes were selected.

Quantitative real-time PCR (qPCR)

Quantification of hepatic gene expression by qPCR was
conducted to validate the microarray results and to
examine particular genes of interest in detail. qPCR was
also used for quantification of genes related to lipid and
sterol metabolism and transport in pyloric caeca. Assays
were carried out in accordance to the MIQE standards
[72]. First strand ¢cDNA synthesis was carried out using
four fish from each tank giving a total of eight fish per
treatment, and Superscript III in 20 pL reactions (Invi-
trogen) with total RNA (0.8 ug) and oligo (dT),o primers
were used. Negative controls were performed in parallel
by omitting RNA or enzyme. Obtained cDNA was di-
luted 1:10 before use and stored at — 20 °C. Quantitative
PCR primers were obtained from literature or designed
using Primer3web version 4.0.0 (http://bioinfo.ut.ee/pri
mer3/). Detailed information of the primers is shown in
Additional file 1. PCR reaction efficiency (E) for each
gene assay was determined separately for both pyloric
caeca and liver using 2-fold serial dilutions of randomly
pooled ¢cDNA. A LightCycler 480 (Roche Diagnostics)
was used for DNA amplification and analysis of the ex-
pression of individual gene targets. Each 10ul DNA
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amplification reaction contained 2 pl PCR-graded water,
2 ul of 1:10 diluted complementary DNA template, 5 pl
of LightCycler 480 SYBR Green I Master (Roche Diag-
nostics) and 0.5 pl of each forward and reverse primer.
Each sample was assayed in duplicate in addition to a no
template control. The three-step qPCR program in-
cluded an enzyme activation step at 95°C for 5min
followed by 40 or 45 cycles (depending on the individual
gene tested) of 95°C (10's), 58, 60 or 63 °C (10 s depend-
ing on the individual gene tested) and 72°C (15s).
Quantification cycle (Cq) values were calculated using
the second derivative method. The PCR products were
evaluated by analysis of melting curve and by agarose gel
electrophoresis to confirm amplification specificity. All
primer pairs gave a single band pattern on the gel for
the expected amplicon of interest in all reactions. For
target gene normalization, actb, efla, gapdh, rnapolll
and rps20 were evaluated for use as reference genes by
ranking relative expression levels according to their stabil-
ity, as described previously [73]. For liver samples, ruapolll
was used as normalization factor, whereas gapdh was used
for pyloric caeca. Relative expression of target genes was
calculated using the AACT method [74].

Chemical analyses

Diets and faecal samples were analysed for dry matter
(after heating at 105°C for 16—18h), ash (combusted at
550°C to constant weight), crude protein (by the semi-
micro-Kjeldahl method, Kjeltec-Auto System, Tecator,
Hoganéds, Sweden), lipid (diethylether extraction in a
Fosstec analyzer (Tecator) after HCL-hydrolysis), starch
(measured as glucose after hydrolysis by alpha-amylase
(Novo Nordisk A/S, Bagsvaerd, Denmark) and amylo-
glucosidase (Bohringer Mannheim GmbH, Mannheim,
Germany), followed by glucose determination by the
“Glut-Dh method” (Merck Darmstadt, Germany)), gross
energy (using the Parr 1271 Bomb calorimeter, Parr,
Moline, IL, USA) and yttrium (by inductivity coupled
plasma (ICP) mass-spectroscopy as described by Refstie
et al. [75]. The plasma variables; free (non-esterified)
fatty acids, cholesterol and total triacylglycerides were
analysed according to standard procedures at the Central
Laboratory of the Norwegian University of Life Sciences
(NMBU). Lipoprotein profile analyses (HDL, LDL and
VLDL) in plasma were carried out by size exclusion
chromatography and measurements of cholesterol and
triglycerides on-line using microliter sample volumes as
described by Parini et al. [76]. Isotope dilution mass
spectrometry as described by Lund et al. [77] was used
for analyzing lathosterol. 7a-hydroxy-4-cholesten-3-one
(C4) was analyzed by isotope dilution and combined
HPLC-MS as described by Lovgren-Sandblom et al. [78].
Plasma levels of oxysterols, sitosterol and camposterol
were analyzed by isotope dilution and combined GC-MS
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after hydrolysis as described by Dzeletovic et al. [79] for
the first mentioned and by Acimovic et al. [80] for the
last two mentioned. The lipid classes free fatty acids
(FFA), monoacylglycerol (MAG), diacylglycerol (DAG),
triacylglycerol (TAG) and phospholipid (PL) in the pyloric
caeca were extracted using the Folch procedure [81], then
analysed using HPTLC Silica gel 60 F plates. DigiStore 2:
documentation was used for visual documentation and
the integration program WinCats was further used for cal-
culating the amount of the lipid classes.

Enzyme analyses

Brush-border membrane enzyme activity were analysed
by measuring the activity of the enzyme leucine amino-
peptidase (LAP; EC 3.4.11.1) in intestinal tissue homoge-
nates. The homogenates were prepared from tissue
thawed on ice-cold tris-mannitol buffer (1:20 w/v) con-
taining the serine proteinase inhibitor 4-[2-Aminoethyl]
benzensulfonylfluoride HCL (Pefabloc® SC; Pentapharm
Limited). LAP activity was then determined colorimetri-
cally with a kit (Sigma procedure no. 251) using L-
leucine-B-napthylamide as substrate.

Calculations

Growth of the fish was calculated as specific growth rate
(percent growth per day): SGR = ((In FBWg / In IBWg) /
D) X 100. IBW and FBW are the initial and final body
weight (tank means) and D is number of feeding days.
Organ somatic index was calculated as percentages of
the weight of the organ in relation to body weight. Ap-
parent digestibilities (AD) of main nutrients was esti-
mated by using Y,Os; [82] as an inert marker and
calculated as: AD, =100 — (100 X (Mged/Maeces) X
(Nfeed/Naeces)), Where M represents the percentage of
the inert marker in feed and faeces and N represents the
percentage of a nutrient in feed and faeces.

Statistical analysis

The diets in the present study were part of a larger trial.
To obtain the best estimate of variance of tank means
(SEM), results from all treatments were included. The
other results of the experiment are published elsewhere
[66, 67]. Tank was the experimental unit for all re-
sponses except for the histological observations for
which the individual fish were the unit. Statistical ana-
lyses were performed using SAS (SAS Institute Inc.,
Cary, NC, USA). Data was analysed using the General
Linear Model procedure with diets and tanks as class
variables. Specific differences were evaluated by Dun-
can’s test. The level of significance was set to P< 0.05,
and P-values between 0.05 and 0.1 were considered as
indications of effects and mentioned as trends. All data
are means + SEM. A Chi-squared test was used for ana-
lyzing histology data.
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Abstract

Excessive enterocyte lipid accumulation, with the suggested term lipid malabsorption syndrome
(LMS), is frequently observed in Atlantic salmon (Sa/mo salar L), in small fish in fresh water as
well as in large fish in seawater. The symptoms indicate insufficient supply of components
involved in lipid assimilation. The questions addressed in the present work were whether dietary
supply of components involved in phospholipid and sterol metabolism might prevent LMS.
Atlantic salmon (35 fish, 330 g per 200 1 tank) were fed a low fish meal diet (LF) as such or
supplemented with taurocholate at two levels (3.5 and 6.9 g/kg), cholesterol (2.0 g/kg), taurine
(0.8 g/kg), phosphatidylcholine (15.1 g/kg), choline (3.7 g/kg), cysteine (0.8 g/kg) or methionine
(1.0 g/kg). A high fish meal diet (HF) was also included. The overall growth rate of the fish was
high (TGC>4.2) with no significant effects of diet. Fish fed the LF diet showed increased relative
weight of the pyloric and mid intestine and excessive lipid accumulation in the enterocytes,
characteristics were nearly absent in fish fed the HF diet and the LF diet supplemented with
choline and phosphatidylcholine. The phosphatidylcholine supplemented diet showed
significantly higher lipid digestibility than the LF diet. None of the other supplements eliminated
the signs of excessive enterocyte lipid accumulation. Phosphatidylcholine down-regulated
peytla, involved in the phosphatidylcholine synthesis and both choline and phosphatidylcholine
induced apoalV, important in lipoprotein assembly, and markedly suppressed the lipid droplet
marker plin2. Methionine supplementation did not stimulate endogenous synthesis of choline.
Cholesterol supplementation suppressed sterol uptake and de novo cholesterol synthesis, and
induced sterol efflux from the intestinal mucosa. Taurocholate and taurine induced their
respective metabolic pathways. All feed supplements, in particular cholesterol and cysteine,
down-regulated immune genes with antiviral, chemokines, antigen presentation,

immunoglobulins roles and extracellular proteases. The results of this study confirm the results
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our previous study showing that in low fish meal diet choline or phosphatidylcholine is a
necessary ingredient.

Keywords: High fishmeal, low fish meal, intestinal lipid accumulation, choline

1 Introduction

Various gut health challenges, such as excessive enterocyte lipid accumulation, inflammation,
neoplasia and ulcers are observed, seemingly, with increasing frequency in cultivated salmon.
This development may be related to the change in content of nutrients, non-nutrients and
antinutrients in fish diets resulting from the shift in proportion of fish meal and plant ingredients
which has taken place over the last decades (Ytrestoyl et al., 2015; Aas et al., 2019). Reduced
cholesterol and bile salt levels in digesta and blood are common findings in fish fed diets with
high levels of plant components (Kortner et al., 2013; Romarheim et al., 2008; Romarheim et al.,
2006). Moreover, diets high in plant ingredients contain low levels of phospholipids. The
symptoms of excessive lipid accumulation in the pyloric caeca of Atlantic salmon, which are
commonly observed in salmon in both fresh water and seawater, and in severe cases results in
floating faeces around the sea cages indicate impaired absorption of lipids. The suggested term
for the condition is lipid malabsorption syndrome (LMS) (Penn, 2011). The condition raises
questions whether disturbances and deficiencies in sterol and phospholipid metabolism may

cause LMS.

The work presented herein was conducted to follow up the results of a previous feeding study
which aimed to reveal mechanisms underlying effects of dietary supplementation with
components involved in lipid and sterol metabolism on gut function and health (Kortner et al.,
2016; Kortner et al., 2014). In the former study, a high plant diet was supplemented with either

4
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taurocholate (1.8 %), a crude mix of bovine bile salts (1.8 %), taurine (0.4 %), lecithin (1.5 %)
and cholesterol (1.5%), all key components in lipid and sterol metabolism. The results showed
negative rather than positive effects of cholesterol and bile salt supplementation on gut
inflammation (Kortner et al., 2016). The reason for this may have been that the levels chosen for
bile salts and cholesterol were too high to be physiologically relevant for Atlantic salmon. The
basis for the choices was levels used in former studies on rainbow trout by Japanese researchers
giving results indicating beneficial effects of such levels (Iwashita et al., 2009; Iwashita et al.,
2008). In our previous experiment we also included a crude preparation of phospholipids, i.e.
soybean lecithin, observing no clear effect on enterocyte lipid accumulation. However, analyses
of the lecithin showed that the content of phosphatidylcholine, the major phospholipid in the

lipoproteins transporting lipids from the enterocytes, was very low (Kortner et al., 2016).

Our aim in the present work was therefore to gain more information on effects of various levels
of pure taurocholate, the dominating bile salt in Atlantic salmon, and purified
phosphatidylcholine, the dominating phospholipid involved in lipid transport across the intestinal
mucosa, on gut inflammation and lipid transport. The role of free choline, one of the two
essential nutrients of phosphatidylcholine besides essential fatty acids, was also studied.
Moreover, we wanted to find if supplementation with methionine, a key substrate in synthesis of
choline from ethanolamine, might promote lipid gut mucosal transport. If so, also the level of
cysteine, produced from methionine, may play a role for production of choline. Cysteine is also a
key substrate/metabolite in the production of taurocholate, and was also included in the study
(Schubert, Blumenthal, Cheng, 2003). Figure 1 illustrates the main pathways and components in

the supply and metabolism of compounds important in production of phosphatidylcholine and
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indicates the position and role of the compounds studied in the present work (dopted from

Harvey R.A., 2011).

2 Materials and methods

2.1 Experimental diets

Ten experimental diets were formulated: a high fish meal diet (HF), a low fish meal diet (LF),
and eight diets based on the LF diet with supplementation of taurocholate at two levels (LF_TC1
and LF_TC?2), cholesterol (LF_CH), taurine (LF_TA), phosphatidylcholine (LF_PC), choline
(LF_Cl), cysteine (LF_CY) and methionine (LF_ME). The receipts are shown in Table 1A. The
diets were supplemented with standard vitamin and mineral premixes in accordance with NRC
guidelines (2011) and BioMar standards to meet the requirements. Yttrium oxide (0.50 g/kg) was
added as inert marker for estimation of nutrient apparent digestibility. The experimental diets
were produced by extrusion (feed pellet size 6 mm) at BioMar Feed Technology Centre (Brande,

Denmark) using a BC 45 twin screw extruder (Clextral, France).

2.2 Experimental animals, feeding and rearing conditions

The feeding trial was performed at Nofima’s research facility at Sunndalsera, Norway, a research
facility approved by Norwegian Animal Research Authority (NARA), operating in accordance
with Norwegian Regulations of 17th of June 2008 No. 822: Regulations relating to Operation of
Aquaculture Establishments (Aquaculture Operation Regulations). Atlantic salmon (Salmo salar
L., post smolt, Sunndalsera breed) with mean initial weight of 330g + 46 (mean + SD) were pit
tagged and randomly assigned to cylindrical fiberglass tanks (1m?®, 600L), 35 fish per tank. The

fish were weighed individually when allocated to the experimental units, to assure similar
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biomass in all tanks. The diets were allocated randomly to the tanks and two tanks were used per
diet. The feeding period lasted 84 days. Each tank was supplied with flow through seawater at a
rate of 6-7 1 min™ and constant light. During the feeding trial, water temperature decreased
gradually from 11.5 to 8.0°C. Dissolved oxygen in the outlet water was measured daily and was
maintained above 80% saturation throughout the experiment. The fish were fed continuously
using disc feeders aiming at an excess feeding of 20% (Helland et al., 1996). Feed intake was

recorded by collection of spilled feed pellets in the outlet water.

2.3 Trial termination - sampling

After 84 days, feeding was terminated. From each tank 18 fish, randomly selected, were
anaesthetized with tricaine methane-sulfonate (MS-222), followed by a sharp blow to the head.
Weight and length were recorded for all fish and blood was sampled from the caudal vein in
vacutainers with lithium heparin. The vacutainers were stored on ice prior to plasma preparation.
Plasma was sampled in 2 mL aliquots and snap frozen in liquid nitrogen and stored at -80°C.
Following blood sampling the fish were opened ventrally. The gastro-intestinal tract was
removed from the abdominal cavity, cleared of other organs and adipose tissue, and sectioned as
follows: pyloric intestine (PI): the section from the pyloric sphincter to the most distal pyloric
caeca; mid intestine (MI) from the distal end of PI and proximal to the increase in intestinal
diameter; distal intestine (DI) section from the distal end of MI to the anus. The tissue of the PI
and DI, cleared of external fat, was collected and weighed, and tissue from pyloric caeca and PI
and DI tissues were sampled for enzyme analyses. Digesta from PI and DI was collected and

split in two samples, i.e. the proximal half (P11 and DI1, respectively) and distal half (P12 and
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DI2, respectively) for bile salt analyses. The intestinal samples were snap frozen in liquid

nitrogen and stored at -80°C.

An additional eight fish per tank were euthanized prior to sampling of tissue from the pyloric
caeca, mid and distal intestines, and liver for histological examination and gene expression
analysis. Tissues for histology were fixed in 10% neutral buffered formalin (4% formaldehyde)
for 24 hours and subsequently transferred to 70% EtOH for storage until processing. Samples for
gene expression analyses were rinsed in sterile saline water, submerged in RNAlater®, incubated
at 4°C for 24 hours and subsequently stored at -20°C until analysis. The remaining fish in each
tank were stripped for faeces and fed for one more week for an additional stripping in order to
collect enough sample for digestibility analysis. Faecal samples were pooled, frozen in liquid

nitrogen and stored at -80°C until analysis.

2.4 Chemical analyses of feed and feaces

Diet and faecal samples were analyzed for dry matter (after heating at 105°C for 16-18 h), ash
(combusted at 550°C to constant weight), nitrogen (crude protein) (by the semi-micro-Kjeldahl
method, Kjeltec-Auto System, Tecator, Hogands, Sweden), fat (diethyl ether extraction in a
Fosstec analyzer (Tecator) after HCl-hydrolysis), starch (measured as glucose after hydrolysis by
alpha-amylase (Novo Nordisk A/S, Bagsvaerd, Denmark) and amylo-glucosidase (Bohringer
Mannheim GmbH, Mannheim, Germany), followed by glucose determination by the ‘Glut-DH
method” (Merck, Darmstadt, Germany)), gross energy (using the Parr 1271 Bomb calorimeter,
Parr, Moline, IL, USA), and yttrium (by inductivity coupled plasma (ICP) mass-spectroscopy as

described by (Refstie et al., 1997).
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2.5 Plasma analysis

Plasma was analysed for non-esterified (free) fatty acids (NEFA), total triglycerides, cholesterol
and total bile acids following standard procedures at the Faculty of Veterinary Medicine,

Norwegian University of Life Sciences, Oslo.

2.6 Intestinal histology

Evaluation of histological appearance of tissues from PI and DI was performed at the Norwegian
University of Life Sciences (NMBU) using standard histological methods. Slides were
randomized to ensure blinded examination and evaluated using a light microscope. Proximal
intestine (pyloric caeca) tissue samples from four individuals per tank (i.e. eight per diet) were
evaluated. Enterocyte hypervacuolation was assessed semi quantitatively, indicating the
proportion of total mucosa affected: Score 1=no hypervacuolation (normal) (< 10%); Score 2=
Mild to moderate hypervacuolation, some areas appear normal; (10 - 25 %); Score 3= Moderate
hypervacuolation in almost all areas (25 — 50%) or Score 4= Moderate to severe
hypervacuolation in almost all areas (clearly abnormal) (> 50%). Fig 2 shows representative

pictures of pyloric caeca samples given scores 1 and 4.

Histological appearance of the DI, focusing on indications of processes corresponding to
soybean induced enteritis, a scoring system with a scale of 0-10 was used where 0-2.5
represented normal, >2.5 to 4.5 mild changes, >4.5 to 6.5 moderate changes, >6.5-8 marked
changes, and >8-10 severe changes. The scores were categorical variables and the differences
between the diets were explored by contingency analysis using the chi-squared test. The
following variables were observed: changes in mucosal fold length, width and cellularity of the

submucosa and lamina propria, enterocyte supranuclear vacuolation, and frequency of goblet
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cells, intra-epithelial lymphocytes, mitotic figures and apoptotic bodies within the epithelial

layer.

2.7 RNA extraction

Based on the results of the histological examination, showing clear effects of diet in the pyloric
caeca but hardly any in the distal intestine, we chose to focus the gene expression analyses on the

pyloric caeca tissue.

Total RNA was extracted using a Precellys® homogenizer, Trizol® reagent and further purified
with PureLink RNA mini kit (Invitrogen, Thermo Fisher Scientific, USA) including an on-
column DNase treatment. The integrity of the RNA samples was verified by the 2100
Bioanalyzer in combination with an RNA Nano Chip (Agilent Technologies), and RNA purity
and concentrations were measured using the NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies). RNA integrity number (RIN) was >8 for all samples and average RIN was 9.1,
indicative of excellent RNA quality. Total RNA was stored at -80°C until use.

2.8 Microarrays

A two-color microarray design was used, where individual fish samples (five in each study
group, two to three individuals from each tank duplicate) were labeled with fluorescent Cy3 and
hybridized against a common reference sample labeled with fluorescent Cy5. The common
reference sample consisted of a pool of equal amounts of RNA from all individual fish included
in the analysis. Nofima’s Atlantic salmon 15k oligonucleotide microarray SIQ-6 (GEO accession
GPL16555) was manufactured by Agilent Technologies and unless indicated otherwise, the
reagents and equipment were from the same source. RNA amplification and labelling were

performed with a Two-Colour Quick Amp Labelling Kit and a Gene Expression Hybridization

10
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kit was used for fragmentation of labelled RNA. The input of total RNA used in each reaction
was 200ng. After overnight hybridization in an oven (17 hours, 65°C, rotation speed 10 rpm),
arrays were washed with Gene Expression Wash Buffers 1 and 2 and scanned with a GenePix
4100A (Molecular Devices, Sunnyvale, CA, USA). GenePix Pro 6.0 was used for spot to grid
alignment, assessment of spot quality, feature extraction and quantification. Subsequent data
analyses were performed with the bioinformatic system STARS (Krasnov et al., 2011). After
filtration of low-quality spots flagged by GenePix, Lowess normalization of logz-expression
ratios (ER) was performed. Genes that passed quality control in at least four samples per group
were included in subsequent analyses. The HF diet and all LF supplemented diets were
compared against the LF reference diet group. Differentially expressed genes (DEG) were
selected by criteria: log; fold difference > 0.8 and p < 0.05 (T-test). STARS annotated genes by
GO, KEGG and custom vocabulary. Groups of functionally related genes were compared by
mean log,-FC and difference from LF was assessed (T-test, p < 0.05). Complete data files were
deposited in NCBI’s Gene Expression Omnibus with accession no. xx. (will be published after

article acceptance)

2.9 Quantitative real-time PCR

Quantification of pyloric caeca gene expression by quantitative real-time PCR (qPCR) was
conducted to validate the microarray results, and to examine selected genes related to lipid and
sterol metabolism. Totally, 24 genes involved in metabolism of lipids and bile acids were
analyzed (Table S1). Assays were performed according to MIQE standards (Bustin et al., 2009)
on eight animals from each diet group (four individuals from each tank duplicate). First strand

c¢DNA synthesis was performed using 0.8pg total RNA from all samples using Superscript 111

11
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(Invitrogen, Thermo Fisher Scientific, USA) in 20puL reactions, and primed with a mixture of
Oligo(dT)20 and random hexamer primers according to the manufacturer's protocol. Negative
controls were performed in parallel by omitting RNA or enzyme. Obtained cDNA was diluted
1:10 before use and stored at -20°C. PCR primers were obtained from the literature or designed

using Primer3web software version 4.0.0 (http:/primer3.ut.ee/). Detailed information of the

primers is shown in Table S1. All primer pairs gave a single band pattern for the expected
amplicon of interest in all reactions. PCR reaction efficiency (E) for each gene assay was
determined using 2-fold serial dilutions of randomly pooled cDNA. Expression of individual
gene targets was analyzed using the LightCycler 480 (Roche Diagnostics). Each 10uL DNA
amplification reaction contained 2pL. PCR-grade water, 2uL of 1:10 diluted cDNA template
(corresponding to 8ng total RNA), SuL of LightCycler 480 SYBR Green I Master (Roche
Diagnostics) and 0.5uL (final concentration 500nM) of each forward and reverse primer. Each
sample was assayed in duplicate, including a no template control (NTC). The three-step gPCR
program included an enzyme activation step at 95°C (5 min) and 40 cycles of 95°C (10 s), 60°C
(10 s) and 72°C (15 s). Quantification cycle (Cq) values were calculated using the second
derivative method. The PCR products were evaluated by analysis of melting curve and by
agarose gel electrophoresis to confirm amplification specificity. For target gene normalization,
actb, efla, gapdh and rps20 were evaluated for use as reference genes by ranking relative gene
expression according to their overall coefficient of variation (CV) and their interspecific variance
(Kortner et al., 2011). The graph showed a stable expression pattern and was therefore used as
normalization factor. Relative expression of target genes was calculated using the 2Cq method

(Livak and Schmittgen, 2001).
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2.10 Calculations

Crude protein (CP) was calculated as N x 6.25. Thermal-unit growth coefficient (TGC) was

calculated as: TGC = (FBWI/3 —IBW'3) x (£D°)!, where IBW and FBW are the initial and final
body weights (tank means) and XD is the thermal sum (feeding days x average temperature in
°C). Feed efficiency (FE) was calculated as: (FBW-IBW)/Feed eaten. Organosomatic indices
were calculated as percentages of the weight of the organ in relation to body weight. Apparent
digestibility (AD) was estimated by the indirect method using Y203 as an inert marker (Austreng
et al., 2000) and calculated as: ADn =100 — [100 X (Mfeed /Mfacces) % (Nfacces / Nieed)] Where Mieed
and Miaeces are percent concentration of the inert marker (Y203) in feed and faeces, respectively

and Nreed and Neces represent percent concentration of a nutrient in feed and faeces, respectively.

2.11 Statistical analyses

Data was analyzed using one-way ANOVA followed by Duncan’s multiple range test for post
hoc comparison, unless otherwise noted. Tank means (i.e. the mean of all individuals per tank)
were used as the statistical unit. For histological results the scores generated were categorical
variables and the differences between the diets were explored by contingency analysis using the

chi-squared test.
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3 Results

The fish appeared healthy throughout the feeding period, and no mortality was recorded.

3.1 Diet composition, including cholesterol and bile salt level

The analysed content of nutrient in the diets showed results close to the intended composition
(Table 1B). As expected, diet cholesterol level was higher in the HF (1.4 g/kg) and the LF_CH
(4.4 g/kg) diet, than the LF basal diet (0.7 g/kg). The HF diet contained much more bile salts
than the LF diet, and the T _CA supplemented diet clearly deviated from the others as intended.
The diet differences reflected the level of cholesterol and bile salts of the ingredients and the

supplementation.

3.2 Effects on feed growth and nutrient digestibility
Fish growth rates and feed efficiencies are shown in Table 2. Growth, as indicated by both TGC

and SGR, was in general very high for all treatments. The differences between the treatments did

not reach significance. The highest result was observed for fish fed the LF_PC diet.

Apparent digestibility of lipid is shown in Table 2. Lipid digestibility was in general high for all
diets. Phosphatidylcholine supplementation to the LF diet (LF_PC) increased lipid digestibility
significantly compared to the LF reference and showed a result similar to the HF diet. All diets,
except the LF diet, showed significantly higher lipid digestibility than the diet supplemented with
taurine (LF_TA). None of the other treatments differed significantly regarding lipid digestibility.
Compared to the LF treatment, crude protein digestibility increased significantly by dietary

supplementation with the lower level of taurocholate (LF_TC2), and with taurine (LF_TA)
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(Table 2). None of the other supplementations caused significant differences compared to the LF.
The lowest protein digestibility was observed for the HF diet and the result was significantly
lower than for all other treatments. Among fish fed the LF based diets, significant reduction in
starch digestibility was observed for LF_PC treated fish (Table 2). No other significant
differences were observed between these treatments. For the HF fed fish, starch digestibility was
significantly higher than for all the other treatments, supposedly due to the lower starch level in

the HF diet.

3.3 Organosomatic indices

Relative organ weights (organosomatic indices, OSI) of the pyloric (PI), mid (MI) and distal (DI)
intestines, as well as liver are shown in Fig 3. Somatic indices for PI and MI differed
significantly between diet groups. The OSI for PI was significantly higher in fish fed LF in
comparison with the HF diet. The tissues with high somatic indices also had a whitish and foamy
appearance. Among the fish groups fed the supplemented LF diet, those fed choline and
phosphatidylcholine showed significantly lower OSI for PI, as well as normal colouration and
texture compared to the groups fed the other LF diets. Also compared to fish fed the HF diet, the
LF _PC and LF_Cl groups showed lower OSI for PI. The OSI for MI showed a similar effect of
diet as OSI for PI, whereas no dietary effect was observed for OSI of the DI. The greatest
difference in liver OSI was observed between fish fed LF diet and those fed the LF_PC and

LF CL diets, and the difference was close to significant (p=0.0530).
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3.4 Chyme bile salt concentration along the intestine

No difference was observed in chyme bile salt concentration along the intestine between the HF
and LF fed fish (Table 3). Fish fed the LF diets supplemented with bile salt showed elevated chyme
bile salt concentration. Compared to the LF diet, the LF_TCI diet caused significantly elevated
levels in PI2, whereas both these bile salt supplemented diets produced elevated bile salt levels in
DIl and DI2. In the two distal most intestinal sections, cholesterol supplementation, LF_CH,
elevated chyme bile salt concentration significantly. Moreover, PC supplementation increased bile

salt concentration in DI1, and the same trend was observed in DI2.

3.5 Histology

The degree of vacuolation of the pyloric caeca were significantly lower in fish fed the HF,
LF PC and LF_Cl diets compared to all the other treatments (Fig 4). No significant differences
were observed between the HF, LF_PC and LF_CI groups. The fish fed the other diets showed
moderate to severe vacuolation, with no significant difference between the groups. The DI
sections of all fish showed morphological appearance typical of healthy DI mucosa, except for

one individual.

3.6 Blood plasma biochemistry

Blood plasma was analyzed for free fatty acids, triglycerides, cholesterol and total bile salts
(Table 4). The plasma cholesterol was significantly higher in fish fed the LF_CH diet compared
to all the other treatments except for LF_PC. No significant differences were observed for the

other indicators analysed.
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3.7 Pyloric caeca microarray

The LF diet was used as a reference for comparison with other diets. The numbers of DEG,
which reflect the magnitude of transcriptome responses to additives ranged from 25 (LF_TCI) to
171 (CF_CH) (Table 5) (See Table S2 for the list of all DEGs). The difference between the HF
and the LF diet control was small — only 42 DEG. Several functional groups of immune genes
showed coordinated expression changes being down-regulated in fish given the supplemented
diets (Fig 5). Of note is that in HF fed fish expression of these genes was also significantly lower
than in LF fed fish. The largest group (50 DEG, Fig 5) was innate antiviral immunity related,
which included a number of emblematic markers of viral infections, such as mx, viperin, ifn-
induced protein 44 and very large inducible GTPases. The metabolic responses were relatively
small but some of them might have functional consequences. All LF diets except LF_TA caused
down-regulation of a small set of extracellular proteases (chymotrypsin b, carboxypeptidase a2,
proproteinase e, duodenase and elastase) and their expression further decreased for diets with
additives (Fig 6A). Nine genes with the key roles in terpenoid and steroid biosynthesis were

down-regulated by LF_CH (Fig 6B) suggesting suppression of the entire pathway.

3.8 Pyloric caeca qPCR

Gene expression profiles were further studied with PCR (qPCR) focusing on genes involved in
biosynthesis and transport of fatty acids, cholesterol, bile acids and phospholipids. Results are
presented in Fig 7A-C. In general, the qPCR results reflected alterations in lipid and sterol
metabolic pathways. The strongest responses were seen in the LF_CH, LF_PC and LF_CI
groups. In accordance with the microarray data, a clear transcriptional suppression of cholesterol

uptake and biosynthesis was observed for fish fed the LF_CH diet (Fig 7A). The cholesterol
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363  influx transporter npclll was suppressed, whereas the apical efflux transporter abcg5 was

364  induced, indicative of possible reduction of cholesterol uptake from the gut. The marked down-
365  regulation of cholesterol biosynthesis was confirmed by reduced levels of the enzymes IPP

366  synthase (idil) and cyp51 as well as the controlling transcription factor srebp2. On the other
367  hand, cholesterol supplementation produced increased expression levels of the fatty acid

368  synthesis transcription factor srebpl.

369

370  Alterations of genes involved in lipid metabolism were also observed for the two choline

371 supplemented groups (LF_PC and LF_Cl) (Fig7B and C). The rate-limiting enzyme in the

372 phosphatidylcholine synthesis (pcyt/a) was down regulated by phosphatidylcholine inclusion,
373 and a similar trend was observed for choline kinase (chk) and pemt. An interesting finding was
374  the clear suppression of a proposed marker for lipid load of non-adipogenic cells,

375  adipophilin/perilipin 2 (plin2) in both choline supplemented groups and the HF group.

376  Phosphatidylcholine inclusion also significantly up regulated both apoAIV and apoB, involved in
377  lipoprotein assembly. A similar trend was seen for mgat2a, the fatty acid transporter fabp2 and
378  the connected transcription factors ppara and ppary. Choline significantly induced the

379  expression of apoAIV. Genes involved in cholesterol metabolism were also significantly affected
380 in fish fed the choline enriched diets, indicative of increased cholesterol uptake and/or synthesis.
381  Phosphatidylcholine significantly induced the cholesterol transporter abcg5 and the master

382  regulator srebp2. Choline induced the expression of the two cholesterol biosynthetic enzymes

383  idil and cyp51 in addition to srebp?2 (Fig 7A).

384
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For the other supplemented diets few significant changes in gene expression were seen. The two
taurocholate groups, LF_TC1 and LF_TC2 showed stable transcript profiles for the selected
genes, in accordance with microarray data. Induced expression of idi/ and cyp51 was seen for
the LF_CY diet (Fig 7A), which could indicate an increased capacity for cholesterol
biosynthesis. Some differences between the LF and the HF basal diets were seen, which could
reflect the different degree of lipid accumulation between these two diet groups. As previously
noted, the lipid load marker plin2 was clearly induced in the LF diet as compared to the HF diet.
In contrast, reduced levels of expression of apolipoproteins (apoal, apoalV, apoB) were

observed (Fig 7B).

4 Discussion

The discussion below is organized as follows. Firstly, the results for the fish fed the LF diet are
compared to the results for those fed the HF diet. Thereafter effects of the individual

supplements are discussed.

4.1 LF versus HF diet
The 50% lower cholesterol and 30% lower bile salt content of the LF diet compared to the HF

diet did not induce significant differences in plasma cholesterol, plasma bile salt level or sterol
and bile-related gene expression, indicating that the body’s endogenous cholesterol synthesis and
further conversion to bile acids compensated for the lower supply to fish fed the LF diet. These
findings are in line with the results of an earlier study comparing diets varying in plant
ingredients (Kortner et al., 2016). The absence of effects on plasma free fatty acids, triglycerides
and bile salts are in line with the results of the study by Kortner et al. (2016). However, in earlier
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feeding experiments with salmon, major drops in plasma cholesterol and bile salt have been
observed in fish fed diets with high inclusion of plant ingredients compared fish fed diets high in
fish meal, in particular when soybean meal has been included (Kortner et al., 2013; Romarheim
et al., 2008; Romarheim et al., 2006). Varying dietary levels of compounds with the ability to
compete with cholesterol for absorption, such as phytosterols and saponins, may be the
explanation for the difference between experiments (Krogdahl et al., 2015). Another point to
keep in mind is that fish meal level in commercial salmon diets has dropped significantly the last
10-20 years. In earlier studies the fishmeal control diets contained typically around 50-60% of
fish meal. Today diets with around 30% of fishmeal represents a high fishmeal control diets,

based on today’s practical salmon diets.

The macroscopically whitish and foamy appearance of the pyloric intestine and the histological
observations of excessive lipid droplet accumulation in the fish fed the LF diet is in accordance
with our previous study (Gu et al., 2014). The increased relative weight of the PT and M1
observed in LF fed fish were most likely a result of an increase in lipid content due to increased
lipid vacuolation [Hansen et al., 2019, manuscript submitted]. This lipid accumulation was most
likely a result of reduced lipid transport from the intestinal mucosa to the circulatory system. The
observed symptoms were similar to those described in detail for Arctic charr (200 — 250 g) by
Olsen and co-workers (Olsen et al., 2000; Olsen et al., 1999). The charr were fed semi-purified
diets with linseed oil as the only lipid source. The authors suggested deficiency of certain fatty
acids as the plausible explanation for the lipid accumulation. Excessive lipid accumulation in the
enterocytes due to deficiency of essential fatty acids has recently been documented also for

Atlantic salmon (Bou et al., 2017). Enterocyte lipid accumulation has been observed in PI of

20



431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

rainbow trout (500 g) fed a diet containing either fish oil, soybean oil or soybean lecithin as the
only fat source (Olsen et al., 2003), whereas only minor accumulation was observed in fish fed
diets with fish oil and soybean lecithin. Based on these results, the authors concluded as follows:
fish may require exogenous phospholipids in order to sustain a sufficient rate of lipoprotein
synthesis and phosphatidylcholine was suggested to be the key compound in this context. A
study of development in fish of expression of genes involved in the pathways for the production
of phospholipids have shown low values at the early stages (Carmona-Antonanzas et al., 2015;
De Santis et al., 2015). However, a phosphatidylcholine requirement of Atlantic salmon after

juvenile stage has not been established (NRC, 2011).

Despite clear differences in gut mucosa structure and enterocyte hypervacuolation, changes in
gene expression were small or moderate by magnitude, as evaluated by a combination of
microarray analyses and qPCR assays targeting the genes involved in lipid and sterol
metabolism. This contrasts with the major transcriptional changes associated with other intestinal
disturbances in salmon, such as dietary induced inflammation (Kortner et al., 2012). Slight but
consistent down-regulation of immune genes from several functional groups and pathways might
be interpreted as mild immune suppression with CH being the most potent. Down-regulation of
several digestive proteolytic enzymes was observed, which, nonetheless did not affect growth
and feed efficiency. Expression changes of genes involved in lipid metabolism were limited.
Intestinal lipid absorption and transepithelial transport, including temporary storage of lipid in
cytosolic lipid droplets, are natural metabolic processes undertaken by all healthy animals upon
ingestion of a high fat meal. It is possible that the lipid load in the present study did not exceed

the threshold that requires compensatory changes of transcriptome. However, the trend towards
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lower lipid digestibility in the fish fed the LF diet may indicate that the fish’ capacity for lipid
absorption was surpassed, leading towards lipid malabsorption syndrome (LMS) (Hanche-Olsen,
2013; Penn, 2011). Lack of strong gene expression responses could also be related to the general
understanding that Atlantic salmon most likely do not encounter such problems in their natural

environment and mechanisms for adaptation to high-fat plant diets have not evolved.

4.2 Choline supplements to the LF diet

The most pronounced effects of the choline supplementation were the significant reduction in
lipid vacuolation in pyloric intestine and the organo-somatic index for the pyloric intestine (PISI)
and mid intestine (MISI) compared to all the other treatments. These observations corresponded
to the histological findings showing normal, low degree of enterocyte vacuolation in the
proximal intestine region in the LF_Cl fed fish, in contrast to the marked to severe vacuolation in
all the other LF treatments, except the LF_PC (see discussion below). These results indicate that
dietary choline is a key component for efficient transport of lipid across the intestinal mucosa
and that the level in the LF basal diet, in the form of free and bound choline, was not sufficient.
These results correspond to our previous study [Hansen et al., 2019, manuscript submitted] and
are further in line with the key role choline plays in lipid transport as part of
phosphatidylcholine, an essential, structural component of lipoproteins (Harvey, 2011). Choline
metabolism in fish has not been studied in sufficient detail in fish. It is however, likely that
choline is metabolized in salmonids as in monogastric mammals. A major difference may be the
route from the enterocytes to the peripheral tissues as salmonids seems to lack a lymphatic
system. Also birds lack lymphatic vessels in the mesentery (Whittow, 2000). Without lymphatic

vessels, the major route for lipoproteins and their phosphatidylcholine would be via vena porta,
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directly to the liver. Free dietary choline is absorbed by the enterocytes via choline transporters
and immediately phosphorylated to phosphocholine and further bound to diacylglycerol to form
phosphatidylcholine (Fig 1) (Li and Vance, 2008). Phosphatidylcholine entering the intestine,
with food or in bile, is hydrolyzed by phospholipases to lysophosphatidylcholine before uptake
into the enterocyte and re-esterification to phosphatidylcholine. Another supply of
phosphatidylcholine is endogenous synthesis in the liver from serine, activated diglycerides,
ethanolamine and methyl groups from methionine as described in Fig 1. Endogenous synthesis of
phosphatidylcholine seems to be sufficient for many animals at most life stages. However, for
some species, such as chickens, an absolute requirement for choline has been determined (NRC,
1994). A requirement is established also for several fish species, but only at the early life stages
(NRC, 2011), and not yet for Atlantic salmon. An early study of effects of dietary
supplementation of phospholipid and choline in Atlantic salmon weighing from 1.0 to 7.5 g
indicated, based on growth rate, that the smallest fish required a dietary supply, but not the larger
(Poston, 1990). Since these conclusions, research on phospholipid and choline metabolism in
Atlantic salmon has been conducted only with very young salmon. The most recent studies, also
investigating very young fish, have for the first time addressed lipoprotein metabolism in the
intestine of the Atlantic salmon (Jalili et al., 2019; Jin et al., 2018a; Jin et al., 2018b). These
studies seem to confirm that phospholipid metabolism is immature in the young Atlantic salmon

and that an exogenous supply may be necessary.

The results of the molecular studies in the present study are in accordance with our previous
work [Hansen et al., 2019, manuscript submitted] and confirm the role of choline in lipoprotein

assembly and lipid transport. Choline supplementation, in both of our studies, seemed to cause a
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down-regulation of phosphatidylcholine synthesis by decreasing pcytla. It also seemed to
promote intracellular lipid transport by inducing apoalV expression and reducing intracellular
lipid storage as indicated by the reduced expression of p/in2. However, the overall transcriptome
response to the choline supplementation was low, as pointed out above. A previous study
conducted on first feeding salmon fry has also documented relatively stable transcriptome

profiles after dietary phospholipid supplementation (De Santis et al., 2015).

4.3 Phosphatidylcholine supplements to the LF diet

The effects of supplementation with PC, were very similar to those caused by supplementation
with choline regarding organ indices, lipid vacuolation of the PI and intestinal gene expression.
In line with the fact that choline is an integrated component of PC, this was as expected. PC
supplementation significantly increased the lipid digestibility by 2.4%, compared to the
unsupplemented diet. Choline supplementation elevated the lipid digestibility less than for PC
with 1.1%. The explanation for greater effect of PC was most likely related to the role of PC, as
one of several phospholipids, in emulsification of lipid in the stomach and intestine and its role
in micelle formation following hydrolysis (Bauer et al., 2005). Based on these considerations, it
appears likely that supplementation of a choline/PC deficient diet with PC would more
efficiently rectify the effects of the deficiency on lipid digestibility. The changes in lipid

digestibility by PC would be interesting to follow up in further investigations.

4.4 Methionine supplements to the LF diet

The lack of effects of methionine supplementation suggests that the methyl groups of methionine

are not available for the synthesis of phosphatidylcholine from phosphatidylserine, via the
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pathway known to function in the liver of some other animals, and as shown in Fig 1. This is in
line with the results of Rumsey et al (Rumsey, 1991) who investigated choline requirement in the
young rainbow trout. No replacement value for choline was observed for methionine
supplementation. This implies that, Atlantic salmon in salt water, need a dietary supply of
choline or phosphatidylcholine. According to nutritional principles, choline will be defined as the

essential nutrient, as phosphatidylcholine can be synthesized if sufficient choline is present.

4.5 Taurocholate, taurine and cysteine supplements to the LF diet

Taurocholate, at both inclusion levels, affected only biomarkers related to bile salt metabolism,
and the responses were as expected. The only exception was an elevation in protein digestibility
observed for the low taurocholate level (LF_TC2), i.e. compared to LF. This might be due to the
stabilizing effect of bile salts on intestinal proteases, such as trypsin and chymotrypsin making
them more resistant to degradation. Higher stability may secure higher efficiency of protein
hydrolysis (Maldonado-Valderrama et al., 2011; Gass et al., 2007). The highest level of
taurocholate supplementation (LF_TC1) did not further increase protein digestibility. The
explanation might be that the maximum effect was obtained with the lower dose. No indications
of either beneficial or detrimental alterations associated with diet-induced enteritis were
observed upon inclusion of taurocholate in the diet, in contrast to the detrimental effects of

higher levels shown in our previous study (Kortner et al., 2014).

Supplementation with taurine, the conjugate, in taurocholate, did not affect any of the observed
biomarkers. The exception was an elevated protein digestibility similar to the effects of the

LF_TC2 diet. The plasma level of bile salts in fish fed the LF_TA diets were high, and similar to
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the levels of the LF_TC fed fish. It may be suggested that the positive effect on protein
digestibility, as for the LF_TC fed fish, was related to higher bile salt concentration in the

chyme.

In line with the lack of responses of taurine supplementation, responses to supplementation with

cysteine, a precursor of taurine, were also insignificant.

4.6 Cholesterol supplements to the LF diet

In general, the cholesterol supplementation produced expected effects on sterol and bile salt
metabolism and confirms the findings in our previous study (Kortner et al., 2016; Kortner et al.,
2014). Sterol uptake was suppressed as well as de novo cholesterol biosynthesis and, hence,
induction of sterol efflux from the intestinal mucosa. The magnitude of response in gene
expression was lower in the present study as compared to our earlier work. Lower cholesterol

dose used in the present study (0.2% vs. 1.5%) is the likely explanation for this difference.

5 Conclusions

Choline is an essential nutrient for Atlantic salmon in seawater, particularly important in lipid
transport across the intestinal mucosa. Phosphatidylcholine is a good source of choline. Neither
supplementation with methionine, cysteine, taurine nor taurocholate diminished the symptoms of
choline deficiency. High plant diets for Atlantic salmon must include a choline or

phosphatidylcholine source.
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Supplementary data

S1 Table. Primer pair sequences, efficiency, amplicon size and annealing temperature for the

genes used for real-time PCR.

S2 Table. Normalized log2-FC to the means of all samples. Significant differentially expressed

genes (DEG) as compared to the LF reference are underlined.

Figure captions

Fig 1. Main pathways of compounds important for supply of phosphatidylcholine.
Phosphatidylcholine supplied by the diet is hydrolyzed to lysophosphatidylcholine in the
intestine, absorbed and reesterified to phosphatidylcholine in the enterocyte. Dietary free choline
is transported as such through the brush border into the enterocytes, followed by activation via
the Kennedy pathway, i.c. by use of both ATP and cytidine triphosphate (CTP) and fusion with
diacylglycerol (DAG), producing phosphatidylcholine. Phosphatidylcholine circulating in the
blood and bile is also part of the phosphatidylcholine pool. Endogenous synthesis is possible if
the necessary substrates are available, i.e. phosphatidylethanolamine which can be produced
from serine by incorporation of serine into phosphatidylserine, through the Kennedy pathway,
and subsequent decarboxylation to generate phosphatidylethanolamine. However, the Kennedy
pathway from serine appears to be insufficiently developed in many animal species, in particular
in young individuals. Ethanolamine is converted to phosphatidylcholine after three methylation
steps catalyzed by phosphatidylethanolamine methyl transferase (PEMT). The condition for the
methylations, is sufficient supply of methionine as methyl donor as well as of the B-vitamins
folic acid, cobalamine (B12), pyridoxine (B6) and niacin, necessary for remethylation of the

donor molecules. Dietary supply of taurine may also be of importance for the size of the
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phosphatidylcholine pool, as taurine is needed for conjugation of bile acids, and is produced
from methionine, via cysteine. Low supply may reduce availability of methyl groups for
formation of choline. Phosphatidylethanolamine can also be supplied from the diet either as

such, or as free ethanolamine, and follows the same pathways of absorption as indicated for
dietary phosphatidylcholine and choline. In the figure, blue colored compound indicate those
investigated in the present study regarding importance for phosphatidylcholine availability in an
animal. (Adopted from Harvey R.A., 2011).

Fig 2. Histological severity of vacuolation of the pyloric caeca tissue. Pyloric caeca with enterocyte
hypervacuolation graded as 1=no vacuolation/normal (left image) and 4=moderate to severe

hypervacuolation (right image).

Fig 3. Gut and liver somatic indices (OSI). PI=pyloric intestine; MI=mid intestine, DI=distal
intestine. Different letters denote significant differences between diet groups. Error bars indicate

SEM.

Fig 4. Degree of vacuolation of PI tissue. The columns indicate average score for fish fed the
different diets. Score 1=Normal, Score 4=Moderate to high vacuolation. Different letters denote
significant differences between diet groups. Error bars indicate SEM.

Fig 5. Groups of immune genes with correlated expression profiles (microarray analyses). The
numbers of genes are indicated in parentheses. Data are mean log>-Expression Ratios + SE,

significant differences from LF are indicated with asterisks.

Fig 6. Differentially expressed genes with metabolic functions (microarray analyses). A:
extracellular proteases. Data are mean log2-Expression Ratios + SE, significant differences from
LF are indicated with asterisks. B: genes of steroid biosynthesis pathways, data are LF_CF to LF
ratio (folds), all differences are significant.
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763 Fig 7A-C. Gene expression profiling of pyloric caeca samples by qPCR. Values are expressed as
764  mean normalized expression (MNE), with their standard errors represented by bars (n=8 fish per
765  group). Different levels denote significant differences between diet groups (p<0.05). For full

766  genes names see S1 Table.
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*HF, high fishmeal diet; LF, low fishmeal diet; LF_TC1 and TC2, supplemented with

taurocholate; LF_CH, supplemented with cholesterol, LF_TA, supplemented with taurine;

LF_PC, supplemented with phosphatidyl