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Figure 1. Macroscopical appearance of Atlantic salmon’s pyloric intestine with annexed pyloric 
caeca. Figure A represents a healthy condition, whereas Figure B shows clear steatosis symptoms.
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Figure 2. Histological preparation of two transversal cuts of a healthy (A) and affected (B) 
pyloric caecum. �
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7.1 The alimentary tract of Atlantic salmon- structure and 
function �
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7.1.1  Anatomy and histomorphology  
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Figure 3. The alimentary tract of Atlantic salmon. Abbreviations: E, esophagus; S, stomach; 
PC, pyloric caeca; PI, pyloric intestine; MI, mid intestine; DI, distal intestine. 
Photo: Åshild Krogdahl modified by Daphne Siciliani 
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Figure 4. Normal histomorphological representation of the pyloric intestine of Atlantic 
salmon stained with haematoxylin and eosin. The images are representative of a longitudinal 
cut. Abbreviations: LP, lamina propria; SM, tunica submucosa; TM, tunica muscularis; MC, 
muscularis circularis; ML, muscularis longitudinalis; TS, tunica serosa; E, enterocyte; BBM, 
brush border membrane; GC, goblet cell; IEL, intraepithelial lymphocyte. 
Photo: Elvis Chikwati
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7.1.2  Digestion and absorption of macronutrients 
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7.1.3  Barrier function 
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7.1.4 Immune function 
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Figure 5. Graphic representation of the intestinal barrier, composed of a layer of columnar 
epithelial cells connected by the tight junctions. In the epithelium the goblet cells produce 
the mucus. In the lamina propria the immunological barrier is represented by the T-cells,
neutrophils, macrophages, eosinophilic granular cell, plasma cells and B-cells. GALT=gut
associated lymphoid tissue. Modified with BioRender from Jutfelt and Sundh 2023.
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7.1.5  Microbiota 
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7.2 Lipid classification �
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Figure 6. Summary diagram showing the main above-described lipid classes with their 
structure and source. Modified on BioRender from www.vectormine.it. 
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7.3 Digestion and absorption of dietary fat 
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Figure 7. Graphic representation of lipid emulsification, intraluminal digestion, and absorption 
in the enterocyte. Modified on BioRender by Daphne Siciliani from Penn et al. (2011). 
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7.4 Fatty acid synthesis �
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Figure 8. Intestinal lipoprotein created with BioRender. 
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Figure 9. Summary diagram of the 
CDP-choline pathway (Kennedy 
pathway). Created with BioRender. 
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7.9 Bayesian approach to dose-response studies�
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7.10 Choline requirement �
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7.11 Choline’s role as methyl group donor in DNA methylation 
processes�
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Figure 10. Overview of the DNA methylation mechanism. Choline is oxidized into betaine, which 
participates to the methylation of homocysteine to methionine, which is then converted to SAM, 
the universal methyl group donor. 
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7.12 In vitro approaches�
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11.2 Methods�

11.2.1 Reduced Representation Bisulfite Sequencing (RRBS) 
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11.2.2 Mapping efficiency  
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11.2.3 Annotation of the genes associated with DMCs 
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11.2.4 Formulation of an in vitro steatosis model  
A
	
����;��

�������������
�������������
���.���

���
����	
������
���
�������%
���

�

���
���������� ��
�� 	����
J� ��� ����� �

���
��� ������
� 	�������
�;� ��������
�� ����

�
�
���.�
�	�����������?�%
�
�;���������
����
��

���
����������������
����
��
�
������



�

47�
�


��
�������
�
��������
�
��	
;�����

���

��
���������
�
���������.
�����	
���
��
��

����	������
�	�
���
���
������

����
�����
����
%������	��������

"

����������

����������
J�
���
����
�	��.
������
����

����%�����������	
���	
�������

��
����������
���.�
��������������

�����������������		���������������
��.�������"

�

	
���
��
������
��������%
�
��
���
���������������

���
����	
������
���.������������

�

	
��	
���������
��������
�
��
������

�;��

�	�
��������������	���
�������������
�������

���
�����
�

���

�
J�����
�����

����
�������	
����������
J	
����
���������������"

�

.���
�������
�%

�������	�������
����������
�
��
��%��
�����������������>������
��

����.������� #�	
� �
�����H����
���
�� ���
� ��� �����	������� 	
���
������ ���� ������� ���

����
��
�����

��:�
�����
���������.
����
�����.���

�	
�����"

�
���
��
�

������.�
�

%���������
�	��
��
�������
0� 1!�.�����

�����������������.�
�	����
�����
	��
� ��	
����

��.����!;� +!��
�
������������������%
�	
�����
���

�������������
�.�������

��
:���
��

�����	�
� ��K
� ���;�  -!� �
��	
� �

� ������� ��� �� ��K
�%
�	
� ��� ������
��� ���� ���.�
�� ����

���
�������
������
�
������

�������
��	����	�
������

�����������9�	��+����
�������

	
���� $����
�����;�+,,-L�"����
�;�̂ ����?��Q�#���	
\;�1334!;����%����
	��
�;������

�%����

�
�	��.
������
����

���;����.�������J���
������
�	��	���	��D����
�������.��������.�����

����

�.
���������	����
������
��;��������
����
�
����
�����
�.�	����
��
��%
�	
����
�

������
���	�
����

�	�
�����(��� �����
��'���
;�+,,3!���

11.2.5 Development of a lipid extraction and quantification protocol  
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Figure 11. Silica plate sprayed with a fluorescent solution showed, under the UV light, 
the three separated fractions present in the tested samples (TAG, triglycerides, FFA, 
free fatty acid, PL, phospholipids). 
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12.1 Effects of production-related factors on steatosis symptoms 
and choline requirement  
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12.1.1 Effects of lipid level and water temperature  
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Figure 12. Expression patterns of choline kinase (chk) and choline phosphate cytidyltransferase 
a (pcyt1a). Data are mean normalised expression levels + SEM. Different letters denote 
statistically significant differences among diet groups. 
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12.2 Effects of choline and lipid level on the pyloric caeca 
methylome of the Atlantic salmon 
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Figure 13. Systematic representation of the epigenetic regulation in the pyloric caeca of farmed 

Atlantic salmon given by the increasing dietary choline supply. The higher choline inclusion in one 

of the experimental diets induced hypomethylation in the promoter region of slc22a15, scd, tjap1 

and mfsd1, which are involved in lipid transport and metabolism. 

Image created with BioRender. 
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12.3 Consequences of choline deficiency on growth performance, 
health, and welfare 
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12.4 Establishment of an in vitro steatosis model  
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Abstract
Choline was recently established as an essential nutrient for Atlantic salmon at all life stages. Choline deficiency is manifested as an excessive accumulation
of dietary fat within the intestinal enterocytes, a condition known as steatosis. Most of today’s plant-based salmon feeds will be choline-deficient unless
choline is supplemented. Choline’s role in lipid transport suggests that choline requirement may depend on factors such as dietary lipid level and envir-
onmental temperature. The present study was therefore conducted to investigate whether lipid level and water temperature can affect steatosis symptoms,
and thereby choline requirement in Atlantic salmon. Four choline-deficient plant-based diets were formulated differing in lipid level of 16, 20, 25 and 28 %
and fed to salmon of 25 g initial weight in duplicate tanks per diet at two different environmental temperatures: 8 and 15 °C. After 8 weeks of feeding,
samples of blood, tissue and gut content from six fish per tank were collected, for analyses of histomorphological, biochemical and molecular biomarkers of
steatosis and choline requirement. Increasing lipid level did not affect growth rate but increased relative weight and lipid content of the pyloric caeca and
histological symptoms of intestinal steatosis and decreased fish yield. Elevation of the water temperature from 8 to 15 °C, increased growth rate, relative
weight of the pyloric caeca, and the histological symptoms of steatosis seemed to become more severe. We conclude that dietary lipid level, as well as
environmental temperature, affect choline requirement to a magnitude of importance for fish biology and health, and for fish yield.

Keywords: Choline requirement: Fish nutrition: Gut health: Lipid accumulation: Plant feed

Introduction

Increasing use of plant ingredients in diets for Atlantic salmon,
which inevitably changed content of micronutrients as well as
antinutrients, have been suggested to be a possible cause of
increased gut health challenges observed in farmed Atlantic
salmon(1,2). Steatosis in the pyloric caeca is one of the frequent
symptoms(3), characterised by a whitish and swollen appear-
ance of the intestine and by the presence of lipid droplets accu-
mulating in the enterocytes. In severe cases, the condition is
known as lipid malabsorption syndrome (LMS), and lipidic

digesta is present throughout the intestinal tract, with lipid
loss and pollution of the environment as concequenses(4).
The steatosis may be the result of various suboptimal condi-
tions in the complex process of lipid digestion and absorption.
Deficient supply of long-chain fatty acids may alter fatty acid
metabolism in enterocytes and result in intracellular lipid accu-
mulation, as shown by Bou et al.(5). The latter study also
showed that the fatty acid composition of the diet, intestinal
mucosa, and liver differed, indicative of fatty acid metabolism
in both body compartments. A study of intracellular trafficking
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of fatty acids employing the rainbow trout enterocyte cell line
RTgutGC, showed differences between fatty acids regarding
the accumulation of lipid droplets in the cytosol, being higher
for oleic acid than palmitic acid(6). A study conducted by
Bogevik et al.(7) on enterocytes isolated from Atlantic salmon
highlighted that elongation and desaturation of fatty acids is
limited in these cells. It is, therefore, possible that variation
in dietary fatty acid composition might affect lipid metabolism
and turnover, and thereby the degree of lipid accumulation in
the pyloric caeca. Additionally, it has been observed by
Ballester-Lozano et al.(8), that gilthead sea bream (Sparus aurata)
fed to a diet poor in n-3 LC-PUFA showed signs of lipid accu-
mulation in the proximal intestine. However, the more likely
explanation for the excessive lipid accumulation in enterocytes
is deficient supply of choline, which will limit the capacity for
production of lipoproteins for export of fat from enterocytes
to the internal compartments of the fish(9,10). In a series of
studies in Atlantic salmon, an inverse relationship between
symptoms of steatosis and dietary choline level has been
demonstrated(9,11,12). Choline is a water-soluble organic com-
pound involved in a broad range of critical physiological
mechanisms across all life cycle stages. Among its several func-
tions choline plays a pivotal role in forming the hydrophilic
head of the phosphatidylcholine molecule, a major component
of the very low-density lipoprotein (VLDL) complex(13), which
carries triglycerides synthesised in the intestine and liver to adi-
pose tissue, muscles and other organs. Several signs of choline
deficiency, such as high hepatic lipid concentration, reduced
growth performance, early death and poor feed efficiency,
have been reported in fish species such as carp (Cyprinus car-
pio)(14), lake trout (Salvelinus namaycush)(15), rainbow trout
(Oncorhynchus mykiss)(16), yellow perch (Perca flavescens)(17), chan-
nel catfish (Ictalurus punctatus)(18), cobia (Rachycentron cana-
dum)(19) and yellowtail kingfish (Seriola lalandi)(20). However,
only a few other studies with Japanese eel (Anguilla japonica)(21)

and faba grass carp (Ctenopharyngodon Idella)(22) have addressed
the lipid transport capacity in the intestine and described the
characteristic whitish appearance of the intestine, as a result
of a deficiency of choline.
The National Research Council(23) has recognised choline as

an essential nutrient for several fish species, but for some,
including the Atlantic salmon, the conclusion has so far
been that choline is essential only at the very young stages.
Choline is present in numerous raw materials, but the content
differs greatly, in particular between marine and plant ingredi-
ents. Therefore, supplementation with choline is necessary for
many fish species fed diets based on plant ingredients. Choline
requirement of fish seems to vary between species and
between experiments within species. The review of Mai
et al.(24) reports estimates of choline requirement ranging
from 500 mg/kg diet in a study of hybrid striped bass
(Morone saxatilis _ Morone chrysops), to 4000 mg/kg diet(23) in a
rainbow trout study. However, estimates of requirement in
rainbow trout differ greatly between studies. One indicates a
requirement of 800 mg/kg and suggests that many factors,
biotic as well as abiotic, and not at least choice of deficiency
biomarker, may be of importance for the requirement.
Regarding Atlantic salmon, only one published study, by

Hansen et al.(10), addresses choline requirement at seawater
stages. The results showed that choline is essential for salmon
also for fish in seawater. The obtained data made Hansen
et al.(10) suggest that a dietary choline inclusion of 3350 mg/
kg is necessary in order to avoid choline deficiency signs in
the pyloric caeca of post-smolt Atlantic salmon(10) weighing
around 450 g and fed a diet with 29 % lipid. The results call
for further studies to define requirement under conditions
which might be more demanding than those employed in
the study. In most of previous studies of choline requirement
in fish, the main biomarkers have been weight gain and liver
lipid content(18,25–28). However, in Hansen et al.’s studies,
growth, liver index and lipid content were rather insensitive
markers of variation in choline supply. The characteristics of
the mucosa of the pyloric intestine (PI), on the other hand,
such as organosomatic index, level of enterocyte vacuolation
and expression of several genes involved in lipid assembly in
the enterocytes, storage and transport were among the
response variables which showed a clear dose-response rela-
tionship with dietary choline inclusion.
The experiment described in the present report is the first of

two experiments following up the study of Hansen et al.(10).
These studies aim to identify conditions which might affect
choline requirement in Atlantic salmon importantly.
Choline’s role in lipid transport suggests that dietary lipid
level, lipid quality, feed intake, size, developmental stage, envir-
onmental temperature and day length may affect the require-
ment, and that such conditions interact in their effects on
choline requirement, as further elaborated on in the discussion.
The conditions selected for investigation in the present experi-
ment were dietary lipid level and environmental temperature.
The following addresses effects of lipid quality and fish size.
The results of the present experiment, will, together with a
second serve as basis for planning a final dose-response
study with choline fed to the fish under the most choline-
demanding conditions.

Materials and methods

To limit the use of fish for welfare reasons, and of experimen-
tal and laboratory facilities for cost and time reasons, a screen-
ing strategy was chosen for the experiments, i.e. observing
effects in fish fed choline-deficient diets, containing choline
in a range sensitive for variation in choline supply, i.e. less
than 50 % of the level indicated as sufficient in the study of
Hansen et al.(10). To get an indication of the quantitative
aspects of the observed variation, the observed variation in
the biomarkers were compared to the corresponding variation
in biomarkers in Hansen et al.’s study induced by variation in
choline level and taken as indication of change in choline
requirement. In Hansen et al.’s study choline was supplemen-
ted as choline chloride, a condition which might raise ques-
tions regarding variation in digestibility between sources. In
a recent study, choline in plant-based diets, without and with
choline chloride supplementation, showed digestibility above
90 % for all diets(29), highest for the supplemented diets. As
the condition in the present and previous experiment differed
to some extent, the indicated change in choline requirement

2

journals.cambridge.org/jns



should be considered only indicative, and not to represent an
exact estimate of effects on the requirement.

Diets

Four similar diets with high content of plant ingredients, defi-
cient choline level, and varying in lipid level from 16, 20, 25
and 28 % were formulated. The diets were formulated to be
iso-nitrogenous, as often recommended for nutritional studies.
This means that with increasing lipid content in the diet, ingre-
dients with low protein content had to be replaced with ingre-
dients with a higher protein level. For each step up of lipid in
the diet, the alteration in these plant ingredients were changed
proportionally, i.e. increasing level of maize gluten (80 % pro-
tein) and decreasing a mixture of SPC and wheat, all of high
quality. The variations were expected not to change nutrient
digestibility or passage rate. The formulations and macronutri-
ent compositions are shown in Tables 1a and 1b. The diets
were supplemented with standard vitamin and mineral pre-
mixes in accordance with NRC guidelines (2011)(23). Yttrium
oxide (0⋅50 g/kg) was added as an inert marker for estimation
of apparent nutrient digestibility. The diets were formulated to
contain level of long-chain ω3 fatty acids well above require-
ments to avoid other causes of steatosis than choline defi-
ciency. The experimental diets were produced by extrusion
(feed pellet size 6 mm) using a BC 45 twin screw extruder
(Clextral, France). Upon arrival of the diets at the experimental
site, fat leakage from the diet with 28 % fat was discovered. A

new diet was made with higher content of soy lecithin for bet-
ter emulsification. The consequences of the intervention, i.e. a
dietary choline level higher than planned, was not realised until
after the feeding period was completed. However, this unex-
pected event was found not to significantly disturb the aims
of the experiment. Even though the results obtained for the
diets containing 16, 20 and 25 % of lipid level were sufficient
to draw conclusions regarding the aims of the study, the results
for the 28 % diets are included in this presentation. In fact, the
higher choline level in the 28 % lipid diet supplied useful add-
itional information, confirming not only that the severity of the
steatosis in the pyloric caeca varies with choline supply, but
also the important role of choline for sufficient lipid transport
and metabolism in the pyloric caeca. Additionally, to include
the results for the diet with 28 % lipid, also strengthens the
statistical power of the experiment.

Experimental animals and conditions

The feeding trial was conducted at Nofima’s Research Station
in Sunndalsøra (NO), which is approved by Norwegian
Animal Research Authority (NARA) and operates in accord-
ance with Norwegian Regulations of 17th of June 2008 No.
822: Regulations relating to Operation of Aquaculture
Establishments (Aquaculture Operation Regulations). Trial
fish were treated in accordance with the Aquaculture
Operation Regulations during the experiment. As no harmful
procedures were forced upon the fish before euthanisation, a
specific permission was not needed for this experiment.
Atlantic salmon with an average initial weight of 24 g were
assigned to 0⋅6 × 0⋅6 m2 (125 L) flow through tanks, 140
fish per tank. Each diet was fed to fish in duplicate tanks

Table 1a. Diet receipts and results and nutrient content as formulated and

analysed

Diets

16 20 25 28

Ingredients, %

Fish meal NA Con-Kix 72 % 20⋅0 20⋅0 20⋅0 20⋅0
Soya SPC >62 %, non gmo 24⋅2 16⋅1 8⋅1 0⋅0
Wheat gluten 80 0⋅0 5⋅8 11⋅6 17⋅4
Maize gluten 60 (min. 58 %) 10⋅0 9⋅6 9⋅3 8⋅9
Pea protein 65 % 13⋅3 13⋅4 13⋅6 13⋅7
Wheat (Milling quality) 14⋅8 11⋅6 8⋅4 5⋅2
Tapioca starch 0⋅0 0⋅7 1⋅3 2⋅0
Fish oil 3⋅2 4⋅9 6⋅7 8⋅5
Rapeseed oil, crude 7⋅4 10⋅3 13⋅3 14⋅9
Premix 0⋅5 0⋅5 1⋅1 1⋅1
Lecithin (Soy) 0⋅8 0⋅8 0⋅8 2⋅0
Formulated nutrient composition

Formulated lipid (%) 16⋅0 21⋅0 26⋅0 31⋅0
Crude protein (%) 42⋅0 42⋅0 42⋅0 42⋅0
Gross energy (MJ/kg) 17⋅3 18⋅8 20⋅5 22⋅3
Total choline (mg/kg) 1619 1590 1560 1542

Analysed nutrients

Dry matter (%) 93⋅0 92⋅3 92⋅0 92⋅9
Crude protein (%) 47⋅9 46⋅0 44⋅3 44⋅7
Lipid (%) 15⋅5 20⋅4 25⋅1 27⋅6
Choline (mg/kg)* 1930 1830 1940 2310

Nitrogen free extracts (%) 22⋅4 19⋅8 15⋅4 13⋅4
Ash (%) 8⋅6 7⋅4 6⋅8 7⋅5
Energy (MJ/kg) 20⋅6 22⋅3 23⋅4 24⋅0
Yttrium (%) 0⋅00044 0⋅00056 0⋅00049 0⋅00103

* See materials and methods for explanation and considerations regarding the high

choline level in the D28 diet.

Table 1b. Content of fatty acids in the diets, % of sum of fatty acids*

Fatty acid

Diets

16 20 25 28

C14:0 2⋅05 2⋅10 2⋅05 2⋅12
C16:0 9⋅81 9⋅54 9⋅15 9⋅58
C16:1n7 2⋅76 2⋅98 2⋅97 3⋅03
C18:0 2⋅14 2⋅15 2⋅89 3⋅01
C18:1n9c 31⋅1 31⋅9 33⋅5 33⋅5
C18:2n6c 19⋅3 18⋅5 18⋅4 18⋅4
C20:0 0⋅36 0⋅37 0⋅50 0⋅48
C20:1n11 3⋅02 3⋅14 3⋅16 2⋅94
C20:2n6 0⋅16 0⋅17 0⋅18 0⋅18
C20:3n6 0⋅03 0⋅03 0⋅03 0⋅03
C20:4n6 0⋅15 0⋅15 0⋅14 0⋅17
C22:1n11 3⋅45 3⋅76 3⋅79 3⋅40
C18:3n3 5⋅20 5⋅18 5⋅16 5⋅21
C20:5n3 3⋅42 3⋅42 3⋅22 3⋅17
C22:5n3 0⋅22 0⋅22 0⋅21 0⋅22
C22:6n3 3⋅64 3⋅65 3⋅43 3⋅34
∑ Identified acids 88⋅0 88⋅7 90⋅8 90⋅9
∑ n-3 12⋅5 12⋅5 12⋅1 12⋅0
∑ n-6 19⋅8 18⋅9 18⋅8 18⋅9
∑ MUFA 40⋅6 42⋅2 43⋅7 43⋅2
∑ Saturated 15⋅1 15⋅0 16⋅2 16⋅8

MUFA, monousaturated fatty acids.

* The results show the area of peak for the fatty acid in the chromatogram given as %

of sum of the fatty acids areas of which some were not identified.
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for each dietary treatment, and each water temperature: 8 and
15 °C, i.e. a total of sixteen tanks. The temperature range is
considered to cover the optimal range for Atlantic salmon(30).
A 24 h light regime was employed. Water temperature was
measured daily, and dissolved oxygen weekly to secure
80–100 % of saturation. To secure feeding to satiation, the fish
were fed 15 % in surplus of anticipated requirement, according
to feeding tables and expected growth rate, using belt feeders.

Sampling

After 5 weeks of feeding, the biomass in each tank was
reduced to keep biomass at a lower level to ensure sufficient
oxygen supply. A total of fifty fish were randomly removed
from each tank at the highest temperature, and twenty fish
per tank at the lower temperature, to similar biomasses in all
tanks. After another 3 weeks of feeding, six fish in fed state
from each tank were sampled randomly, anaesthetised with tri-
caine methane-sulfonate (MS-222) and killed by a sharp blow
to the head, in accordance with the Norwegian Animal Welfare
act. Weight and length of each sampled fish were recorded.
Fish remaining in the tanks at the end of the sampling were
weighed in bulk. Total weight gain was calculated by adding
up the weights of the sampled and the remaining fish. Blood
was sampled from the caudal vein into vacutainers with lith-
ium heparin and kept on ice. After centrifugation, plasma
was collected in 2 ml aliquots, frozen in liquid nitrogen and
kept at 80 °C. Following blood sampling, the fish were opened
ventrally, and the abdominal organ package was removed from
the abdominal cavity. The liver was separated from the pack-
age and weighed. Thereafter, the intestine, freed of external fat
was sectioned as follows: PI, the section from the pyloric
sphincter to the most distal pyloric caecum; mid intestine
(MI), from the latter pyloric caecum to the earliest area with
higher diameter and darker pigmentation, distal intestine
(DI), from the latter end of the MI to the anus. The sections
were opened and digesta from the section were collected,
snap-frozen in liquid N2 and stored at −80 °C. Those fish
found with empty intestine were excluded from the sampling.
Each intestinal section was then weighed before tissue samples
were collected for histological and gene expression analyses.
The samples for histological examination were immediately
fixed in 10 % neutral-buffered formalin (4 % formaldehyde)
and kept at room temperature. Whereas the samples for
gene expression analyses were rinsed in sterile saline water,
stored in RNA later® at 4 °C, and moved to −40 °C after
24 h. The fish that were removed for reduction of biomass
at 5 weeks were stripped for faeces, while the remaining fish
in the tanks were stripped for faeces at termination of the
experiment, method as described by Austreng(31). The faecal
samples were pooled for each tanks, frozen in liquid N2 and
stored at −20 °C.

Chemical analyses of feed, gut contents, plasma, PI and liver
including fatty acid analyses (FAME)

Samples of the feed and faeces were analysed for dry matter
(DM), ash, crude protein (CP) and crude fat (CF) and energy

at Nofima, Sunndalsøra. Fatty acid content was analysed at the
Department of Animal and Aquacultural Sciences, Norwegian
University of Life Sciences, Ås, Norway. DM was determined
by drying the samples to a constant weight at 103 °C.
Determination of ash content, samples were combusted at
550 °C for 10 h. Total nitrogen was analysed by Kjeldahl
auto analyzer, and energy by bomb calorimetry (Parr 1271
adiabatic bomb calorimeter). Fatty acid composition was quan-
tified by the FAME method described by O’fallon(32). Choline
level in the diets was analysed by Eurofins. The method
involves extraction by methanol and water, alkaline hydrolysis
to free choline from phosphatidyl choline, and quantification
by isotope dilution LC-MSMS. The choline results show
total choline, free and bound.
Analyses of yttrium content in feed and faeces were carried

out by pre-digestion with concentrated ultrapure HNO3

at 250 °C using a Milestone microwave UltraClave III
(Milestone Srl, Sorisole, Italy). Samples were then diluted
(to 10 % HNO3 concentration), and yttrium was determined
by inductively coupled plasma optical emission spectrometry
(ICP-OES analysis) with a PerkinElmer Optima 5300 DV
(PerkinElmer Inc., Shelton, CT, USA). The plasma nutrient
and cholesterol analyses were carried out at the Central Lab
of the Faculty of Veterinary Medicine, by standard hospital
methods.

Histology

Pyloric caeca samples were processed at the Norwegian
University of Life Sciences (NMBU) using standard histo-
logical techniques: dehydration in graded ethanol, clarification
in xylene, embedding in paraffin and sectioning of 5 μm thick
sections. The sections were then dewaxed, re-hydrated and
stained with haematoxylin and eosin to perform the histo-
logical evaluation. The samples were randomised, and the
main signs of vacuolation were assessed using a light micro-
scope. According to the proportion of tissue affected by the
presence of lipid-like vacuoles, swollen and irregular cells
and condensed nuclei, the severity of the syndrome was scored
as Normal (≤10 %), Mild (10–25 %), Moderate (25–50 %),
Marked (≥50 %) and Severe (≥75 %) (Fig. 1).

RNA extraction, cDNA synthesis and gene expression analyses

Gene expression analysis was performed from ninety-six sam-
ples collected from the pyloric caeca of the same six fish per
tank used for the preceding analyses. Gene expression profil-
ing was conducted by Quantitative Real-Time PCR (qPCR)
following the MIQE guidelines(33). Total RNA was extracted
from pyloric caeca samples (around 30 mg) using a
Ultraturrax homogenizer, TRIzol® reagent (Invitrogen,
ThermoFisher Scientific) and chloroform according to the
manufacturer’s protocol. Obtained RNA was DNase treated
(TURBO™, Ambion, ThermoFisher Scientific) and purified
with PureLink RNA mini kit (Invitrogen, ThermoFisher
Scientific). RNA purity and yield was measured using a
NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies) and RNA integrity was assessed by 2100

4

journals.cambridge.org/jns



Bioanalyzer by the use of a RNA Nano Chip (Agilent
Technologies). Total RNA was stored at −80 °C for upcom-
ing analyses. Before proceeding with the synthesis of the first-
strand cDNA, the RNA from the fish of each tank was pooled
two by two. Afterward, 0⋅8 μg of the total pooled RNA, oligo
(dT)20 primers and Superscript III in 20 μl reactions
(Invitrogen) were used to conduct the synthesis. To achieve
negative controls, the same process was performed, omitting
RNA and enzyme. cDNA was then diluted 1:10 and stored
at −20 °C before the following qPCR procedure. The gene
expression profiling was performed on a pool target genes
involved in lipid metabolism, lipid uptake and transport and
phosphatidylcholine synthesis. The primers to be used in the
qPCR reaction were obtained from literature and from previ-
ous works conducted in this group(9,12). Additional informa-
tion concerning genes name or primers source, efficiency
and size, is shown in Supplementary Table S1. For new assays,
primer optimisation was carried out by PCR gradient assays,
followed by assessment of PCR reaction efficiency (E) using
serial dilutions of a pool of randomly selected cDNA samples.
A LightCycler 96 (Roche Diagnostic) was used to perform
DNA amplification and gene expression analyses. Each reac-
tion mix contained 2 μl PCR-graded water, 5 μl of
LightCycler 480 SYBR Green I Master mix (Roche
Diagnostics) and 0⋅5 μl of both forward and reverse primer.
Every sample was analysed in duplicate alongside a no tem-
plate control. The three-step qPCR program included an
enzyme activation step at 95 degrees for 5 min, followed by
40–45 cycles of 95 degrees (10 s), 55, 58, 60 or 63 °C (10 s),

and 72 °C (15 s). Quantification cycle (Cq) values were calcu-
lated using the second derivative method. The products
obtained from the qPCR were assessed analysing the melting
curve. To perform relative normalisation of the qPCR assay,
a pool of reference genes was selected as suggested by
Kortner et al.(34). Considering the absence of a universally
stable reference gene, we tested the stability of a selected
pool already used by our group for several previous studies
conducted on the pyloric caeca of Atlantic salmon(9,11). The
most stable reference genes, selected based on their overall
coefficient of variation (CV) and their interspecific variance
were RNA polymerase II (rnapoli), hypoxanthine phosphoribo-
syl transferase 1 (hprt1) and glyceraldehyde-3-phosphate
dehydrogenase (gapdh). Mean normalised expression of the tar-
get genes was calculated from raw Cq values by relative quan-
tification(35). The panel of target genes was the same used by
Hansen et al.(8–10) and it is represented by a set of genes
involved in lipoprotein assembly, choline and phosphatidyl-
choline synthesis and cholesterol synthesis. As also done in
the previously cited studies by Hansen et al., among the
whole pool of genes, four were selected as main molecular bio-
markers because of their particular receptiveness to steatosis:
plin2, apoA-I, apoA-IV and pcyt1α.

Calculations

Fish growth was calculated as specific growth rate (SGR, per-
centage growth per day)= ((ln FBWg/ln IBWg)/D) × 100.
IBW and FBW represent the initial and final body weight as

Figure 1. Histological severity of vacuolation of the pyloric caeca tissue (steatosis) representative for (a) normal, (b) moderate, (c) marked and (d) severe.
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tank means, and D represents the number of feeding days.
The condition factor was calculated as: CF =((FBW× 100)/
fork length cm3). The organosomatic indices (OSI) were calcu-
lated as: (organ weight g/body weight g) × 100. Apparent
digestibility (AD) for each nutrient was determined by using
yttrium oxide (Y2O3) as inactive marker and estimated as fol-
lows: ADn=100 – (100 × (Mfeed/Mfaeces) × (Nfeed/Nfaeces)),
where M represents the percentage of Yttrium oxide in feed
and faeces and N represents the percentage of a specific nutri-
ent in feed and faeces.

Statistical analyses

In light of the fact that this experiment was a screening study
and had a regression design with close relationship between
the five treatments, duplicate observations were considered
sufficient. The design gives 11 degrees of freedom for the
error term, and a reasonably accurate estimate of the error.
Tank mean was used as the statistical unit. The results were
subject to two-way analyses of variance (ANOVA) with lipid
level and temperature as class variables. The Shapiro–Wilk
test was used to assess the normality of the variance. The
Tukey’s test was used rank treatments in the molecular ana-
lyses, while Duncan’s test was used for the other results.
The level of significance for all analyses was set at P < 0⋅05,
and P-values between 0⋅05 and 0⋅1 were considered to indicate
a trend in effects as indicated in the text. The plan was to
evaluate the results by regression analyses, but the event
described above in the production of the D28 diet, made
the result for the diet with the highest lipid content unsuitable
for regression analyses. The two-way ANOVA was therefore
chosen as the most suitable method.

Results

Organosomatic indices (OSI), histological evaluation and lipid
content in pyloric and liver tissue

Relative organ weight was calculated for PI (OSIPI) and liver
(HSI) (see Table 2). Increasing fat level in the diet increased
OSIPI significantly, with a difference of 0⋅8 units between
fish fed the diet containing the 16 and the diet containing
the 25 % of dietary lipid inclusion at 8 °C, as well as at 15 °
C. The effect of temperature was significant and averaged
0⋅5 units. The analyses of fatty acid composition of the PI
showed that lipid accumulation was the main cause of the
increase in OSIPI, increasing in sum of fatty acids by
8–9 %, independent of temperature (Fig. 2). The histological
examination of the PI tissue (Fig. 3) gave results in line with
observations of lipid content and showed severe increase in
accumulation of lipid droplets in the cytosol of the enterocytes,
i.e. steatosis, with increasing dietary lipid level at both tempera-
tures (P=0⋅0003). The difference between the temperatures
was not significant (P=0⋅3170).
Concerning HSI, no significant differences were observed

between fish fed the 16 and 25 % lipid diets, but in the case
of fish fed the diet with 28 % of lipid level, elevated the
index significantly by 0⋅2 units at both temperatures, and an
average difference between the temperatures of 0⋅4, lowest
at the low temperature (Fig. 2).

Growth performances and apparent nutrient digestibility

The fish grew well and only two fish, from different treat-
ments, died during the feeding period. Feeding activity and
consequently growth performance (Table 2) was significantly

Table 2. Results for all fish in the tanks regarding growth (SGR and TGC), and for sampled fish regarding body weights (BW, g), body length (BL, cm), yield,

and organosomatic index of pyloric intestine (OSIPI, %), sum of fatty acids in pyloric caeca (LipPI, %), liver index (HSI, %), sum fatty acids in liver (LipLi, %)

given as means of lipid level and temperatures, and treatment means, and statistics from two-way ANOVA

Temperature Lipid

Performance, organ weights, lipid level

SGR TGC BW BL Yield OSIPI LipPI HSI LipLi

Class means

16 1⋅98 1⋅62 67⋅8 17⋅0 87⋅0a 3⋅3b 8⋅1c 1⋅2b 4⋅4ab

20 1⋅92 1⋅62 70⋅7 17⋅2 87⋅0a 3⋅6b 13⋅9b 1⋅2b 5⋅0a

25 1⋅90 1⋅54 66⋅4 17⋅0 86⋅5b 4⋅1a 20⋅2a 1⋅2b 4⋅8a

28 1⋅96 1⋅57 68⋅3 17⋅1 86⋅4b 4⋅1a 16⋅6ab 1⋅4a 3⋅5b

8 1⋅14b 1⋅32b 47⋅2b 15⋅4b 86⋅2b 3⋅5b 14⋅8 1⋅5a 6⋅3a

15 2⋅74a 1⋅86a 89⋅4a 18⋅7a 87⋅2a 4⋅0a 14⋅4 1⋅1b 2⋅5b

Tank means

8 16 1⋅21 1⋅39 46⋅2 15⋅3 86⋅7 3⋅0 8⋅8 1⋅4 6⋅2
8 20 1⋅19 1⋅31 44⋅9 15⋅2 86⋅4 3⋅5 13⋅4 1⋅4 7⋅4
8 25 1⋅10 1⋅29 49⋅9 15⋅6 85⋅8 3⋅8 19⋅0 1⋅5 6⋅7
8 28 1⋅05 1⋅27 47⋅9 15⋅5 85⋅9 3⋅7 17⋅8 1⋅6 5⋅0
15 16 2⋅74 1⋅85 89⋅4 18⋅7 87⋅3 3⋅5 7⋅3 1⋅0 2⋅6
15 20 2⋅65 1⋅94 96⋅6 19⋅2 87⋅6 3⋅7 14⋅4 1⋅0 2⋅5
15 25 2⋅70 1⋅79 82⋅9 18⋅4 87⋅1 4⋅3 21⋅4 1⋅0 2⋅9
15 28 2⋅87 1⋅87 88⋅8 18⋅7 86⋅9 4⋅5 15⋅3 1⋅2 2⋅0
Statistics (Two-way ANOVA)*

p(model) <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 0⋅0003 0⋅0004 0⋅0004 <0⋅0001 <0⋅0001
p(temp) <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 0⋅0016 0⋅8638 <0⋅0001 <0⋅0001
p(lipid) 0⋅3285 0⋅4254 0⋅7969 0⋅9133 0⋅0248 0⋅0012 0⋅0002 0⋅0031 0⋅0892
Pooled SEM 0⋅051 0⋅057 4⋅4 0⋅32 0⋅22 0⋅17 1⋅7 0⋅048 0⋅44

* The results are based on a model without interaction as a model with interaction gave insignificant results for the interactions. Yield = 100*(gutted weight/body weight).

6

journals.cambridge.org/jns



and positively affected by water temperature. Dietary lipid level
did not affect final weight significantly. However, yield
decreased with increasing lipid level from 16 to 25 %, whereas
no further decrease was observed for the highest lipid level.
The results regarding nutrient digestibility are shown in

Table 3. Lipid digestibility decreased slightly but significantly
with increasing lipid level in the diet, whereas digestibility of
CP, energy, ash and DM showed the opposite picture.
Faecal DM was lower for the high lipid diet than for the
other diets. Regarding effects of temperature, the only signifi-
cant difference was observed for DM, for which digestibility
was lower in fish raised at 15 compared to 8 °C.

Lipid content in pyloric and liver tissue

Tables 1b, 4 and 5 present results regarding content of individ-
ual fatty acids in the diets, and in the tissues of the pyloric

caeca and liver, expressed as relative values, i.e. % of total
fatty acid. The corresponding results, in absolute amounts,
i.e. expressed as g/kg tissue, are illustrated in Fig. 4. The stat-
istical evaluations of these results are presented in Table 6 for
the relative values, and in Table 7 for the absolute amounts.
The results for the proportion of saturated, monounsaturated
and C18:2 fatty acids (Tables 4–6) show that the profile for
these fatty acids in the pyloric tissue, to a great extent, mirrored
the diet, while the effects of temperature were minor. The liver
showed a somewhat different picture, less clearly mirroring the
diet composition, e.g. with lower level of C18:2, and with
greater effects of temperature which differed in direction
depending on the fatty acid in focus, e.g. regarding C16:0
and C18:1, both showing significant temperature effect. The
content of n3 fatty acids in the pyloric tissue showed a more
dynamic picture. Temperature effects were minor also for
these fatty acids. The liver, again, showed a different picture

Figure 2. Effects of dietary lipid level on sum of fatty acids (Sum FA) in tissue from pyloric intestinal (left, PI) and liver (right).

Figure 3. Number of pyloric caeca tissue scored for enterocyte steatosis. X-axis presents dietary lipid level at two rearing water temperatures of 8 and 15 °C.

Superscript letters represent a significant statistical difference.
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with elevated levels of C22:6n3, and great, significant decreas-
ing effect of increasing temperature.
Expressed as amount in the tissue (%, Tables 4, 5, and 7),

the results show the same pattern in the pyloric caeca as
well as in the liver, but with greater differences due to the pro-
nounced differences in lipid content in the organs. The effect
of the unintentional raise in choline level between diet contain-
ing 25 and 28 % lipid was particularly pronounced, with
decrease in fatty acid accumulation in the pyloric caeca tissue
for most of the fatty acids, an effect which was not seen in
the liver.
The results for the n3 fatty acids (Fig. 5) appeared more

dynamic, but with minor effect of temperature. The results
for the liver indicate conversion of the C18:3n3 and C20:5n3
fatty acids to C22:6n3 this, and with clear temperature effects,
in particular for C22:6n3. Table 7, which shows the quantita-
tive aspects of these results, confirms the former results. They
also illustrate the magnitude of the change in lipid metabolism,
which was greater than indicated by the graphs which illustrate
the results in g/kg tissue, whereas the tissue weight increased
about 25 %. The drop in fatty acid level in the pyloric caeca
between the diets containing 20 and 25 % of lipid level,
most likely, was due to the higher choline content of this diet.

Intestinal gene expression

The gene expression analyses were conducted on the same
panel of genes selected by Hansen et al.(10) to describe possible
metabolic alterations induced by variation in choline supply
and support discussion regarding choline requirement. The
results for the highest lipid diet (28 %) did not give meaningful
results in this context, due to the event in the feed production

described above and are therefore not included in the inter-
pretation of the molecular results. Selected genes showing
clear effects of either dietary lipid level or temperature are illu-
strated in Fig. 6 and complete results are presented in Figs. 7–10.
Overall, the expression of the genes were higher at 8 °C
than at 15 °C, and there was a significant or close to significant
interaction between temperature and dietary lipid level for all
the genes. Whereas most of the genes at 8 °C showed increas-
ing expression with increasing lipid level, the expression
increased or was stable between the diet containing 16 and
20 % of fat and decreased, or tended to decrease, between
the 20 and 25 % at 15 °C. The exception was pcyt1α which
showed decreasing expression with increasing lipid level at
both temperatures (Fig. 6). At 8 °C, the expression of plin2
was significantly upregulated with increasing lipid level, while
at 15 °C, the pattern was slightly different showing an upregu-
lation up to 20 % of fat inclusion, for then to decrease at 25 %
of dietary lipid level. Concerning both apoA-I and apoA-IV,
at 8 °C their expression followed the same dose-response
curve observed for plin2. However, at 15 °C, the picture was
less clear. While apoA-IV showed the same pattern observed
in plin2, with the expression peaking at 20 % dietary lipid
and then decreasing with the highest lipid percentage, apoA-I
showed an inverse relationship, being highly expressed with
the lowest lipid inclusion. The curve describing the expression
of pcyt1α followed at both temperatures a clear inverse rela-
tionship with the dietary lipid inclusion. The same trend was
observed at 15 °C. The majority remainder of the assessed
(Figs. 7–10) genes showed the same expression pattern already
observed in the biomarker genes (Fig. 6). At 8 °C, the genes
involved in fatty acid synthesis, like srebp1, acat and hmgcr,
were upregulated with the increasing lipid level. On the

Table 3. Results regarding apparent nutrient digestibility and faecal dry matter given as means of lipid level and temperatures, and treatment means, and

statistics from two-way ANOVA

Temperature Lipid level

Digestibility

Lipid Protein Ash Energy Dry matter Faeces DM

Class means

16 95⋅8a 90⋅0c 34⋅6b 75⋅1b 12⋅5a

20 96⋅2a 90⋅9b 37⋅6ab 79⋅0b 12⋅3a

25 94⋅6b 91⋅5a 41⋅1b 79⋅0b 11⋅9a

28 94⋅4b 91⋅8a 50⋅6a 83⋅0a 10⋅9b

8 95⋅2 90⋅9 42⋅8a 80⋅0a 12⋅0
15 95⋅2 91⋅2 39⋅2b 85⋅8 79⋅2b 11⋅8
Tank means

8 16 95⋅8 90⋅0 37⋅0 76⋅0 12⋅7
8 20 96⋅3 90⋅8 40⋅3 79⋅6 12⋅6
8 25 94⋅5 91⋅3 42⋅7 81⋅4 12⋅2
8 28 94⋅4 91⋅4 51⋅1 83⋅1 10⋅7
15 16 95⋅8 90⋅0 32⋅2 81⋅9c 74⋅2 12⋅4
15 20 96⋅0 90⋅9 34⋅8 86⋅1b 78⋅4 12⋅0
15 25 94⋅8 91⋅7 39⋅6 87⋅1ab 81⋅2 11⋅6
15 28 94⋅3 92⋅2 50⋅1 88⋅1a 83⋅0 11⋅1
Statistics (Two-way ANOVA)*

p(model) 0⋅0046 0⋅0002 <0⋅0001 0⋅0006 <0⋅0001 0⋅0028
p(temp) 0⋅9892 0⋅1005 0⋅0011 0⋅0414 0⋅2827
p(lipid) 0⋅0023 0⋅0001 <0⋅0001 0⋅0006 <0⋅0001 0⋅0016

* The results are based on a two-way model without interaction as a model with interaction gave insignificant results for the interactions. For digestibility of energy, faecal samples

from fish fed at low temperature was insufficient and prevented analyses for energy content. For DE, a one-way analysis was performed, as sample size from the fish raised at low

temperature was insufficient for analyses.
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other hand, the picture observed at 15 °C was less clear and no
significant difference could be observed between the three dif-
ferent lipid levels. Concerning srebp2, another important gene
involved in fatty acid synthesis, its expression showed a com-
pletely different picture, being only slightly influenced by water
temperature and not by lipid level. Among the genes dedicated
to the lipid transport, at 8 °C mtp showed the same
dose-response effect already observed in other genes.
Concerning the enzymes participating in phosphatidylcholine
synthesis, the expression of chk was significantly enhanced
by increasing lipid levels by the lower temperature and the
higher lipid level, while it was downregulated at 15 °C and
there was no difference between the three lipid levels.

Discussion

Effects on organosomatic index and cell vacuolation of the
pyloric caeca

The results show that among the biomarkers selected for
evaluation of state of choline supply, the most sensitive indica-
tors were related to the pyloric ceaca, i.e. OSIPI, histological
observation of cell vacuolisation and lipid accumulation, in
line with the results showed by Hansen et al.(10). All the indi-
cators increased with increasing dietary lipid content, and
partly with increased temperature, probably as a consequence
of the higher feed intake given by the higher water tempera-
ture. The temperature effects observed in the present study
are parallel to results observed in in rainbow trout by Ng

et al.(36). The mechanisms underlying these observations
were, most likely, related to choline’s role in lipid transport.
Choline deficiency leads to insufficient transport of fat from
the cytosol across the basolateral cell membrane of intestinal
enterocytes. As discussed below, the cell metabolism is conse-
quently altered towards temporary storage of the lipid in intra-
cellular lipid vacuoles, resulting in excessive lipid
accumulation(37–40).

Effects on growth performance and lipid digestibility

The results regarding effects of environmental temperature on
growth performance are in accordance with findings of several
other studies conducted on Atlantic salmon(41–43) and other
fish species such as rainbow trout(44), darkbarbel catfish
(Pelteobagrus vachellii)(45) and yellowtail kingfish (Seriola
lalandi)(46). As fish are poikilotherms, the observation that
fish raised at 15 °C grew 40 % more than those raised at
8 °C was as expected. The overall mechanism underlying this
effect is the impact of the higher temperature on the metabol-
ism of the fish, which leads to a concomitant increase in feed
intake and growth(47,48). The marginal effects of variation in
temperature on lipid digestibility are partly in line with the
results of a study of Grisdale-Helland et al.(49). Their work
showed that with soybean oil as source of lipid, temperature,
5 v. 12 °C, did not affect lipid digestibility significantly.
However, when fish oil was the source, lipid digestibility
increased with temperature. The conclusion was that lipids

Table 5. Sum of fatty acids (FA, % of diet) and content of n3 fatty acids (% of total FA) in pyloric caeca and liver tissue given as lipid level means,

temperatures mean, and treatment means

Temperature Diet lipid C18:3n3 C20:5n3 C22:5n3 C22:6n3 Sum n3 Sum MUFA Sum Sat

In the pyloric caeca

15⋅5 3⋅43c 1⋅80a 0⋅43a 8⋅95a 13⋅5 35⋅9 15⋅4
20⋅4 3⋅66b 1⋅50b 0⋅34b 6⋅03b 18⋅4 68⋅6 24⋅7
25⋅1 3⋅87a 1⋅26c 0⋅26c 4⋅15c 21⋅8 106⋅0 33⋅1
27⋅6 3⋅94a 1⋅53b 0⋅31b 5⋅03c 19⋅8 85⋅2 27⋅8

8 3⋅67 1⋅68a 0⋅36a 6⋅26 19⋅6 73⋅9 25⋅6
15 3⋅79 1⋅36b 0⋅31b 5⋅82 17⋅0 73⋅2 24⋅8
8 15⋅5 3⋅32 1⋅93 0⋅46 9⋅01 15⋅2 39⋅4 16⋅8
8 20⋅4 3⋅60 1⋅73 0⋅37 6⋅45 19⋅2 65⋅2 23⋅8
8 25⋅1 3⋅80 1⋅43 0⋅29 4⋅52 21⋅8 99⋅4 31⋅6
8 27⋅6 3⋅94 1⋅64 0⋅33 5⋅04 22⋅3 91⋅7 30⋅1
15 15⋅5 3⋅54 1⋅67 0⋅41 8⋅88 11⋅8 32⋅4 14⋅0
15 20⋅4 3⋅72 1⋅28 0⋅32 5⋅61 17⋅6 72⋅0 25⋅6
15 25⋅1 3⋅94 1⋅08 0⋅23 3⋅77 21⋅8 113⋅2 34⋅8
15 27⋅6 3⋅95 1⋅41 0⋅29 5⋅02 17⋅4 78⋅7 25⋅6
In the liver

16 1⋅38 1⋅87 0⋅60 14⋅50 18⋅5 34⋅8 19⋅7
20 1⋅65 1⋅97 0⋅53 15⋅12 19⋅5 35⋅1 18⋅0
25 1⋅99 2⋅08 0⋅46 15⋅12 20⋅0 36⋅1 15⋅6
28 1⋅97 2⋅40 0⋅57 17⋅62 22⋅9 32⋅2 17⋅0

8 1⋅93 1⋅62 0⋅38 10⋅53 14⋅7 41⋅2 16⋅4
15 1⋅56 2⋅53 0⋅70 20⋅65 25⋅7 27⋅9 18⋅8
8 16 1⋅55 1⋅39 0⋅39 9⋅35 12⋅8 42⋅1 18⋅3
8 20 1⋅88 1⋅43 0⋅35 9⋅03 12⋅9 43⋅2 16⋅5
8 25 2⋅11 1⋅78 0⋅37 11⋅48 16⋅0 40⋅6 15⋅1
8 28 2⋅19 1⋅90 0⋅41 12⋅26 17⋅0 38⋅7 15⋅5
15 16 1⋅21 2⋅35 0⋅81 19⋅65 24⋅2 27⋅5 21⋅2
15 20 1⋅42 2⋅52 0⋅72 21⋅21 26⋅1 27⋅0 19⋅5
15 25 1⋅88 2⋅38 0⋅55 18⋅77 23⋅9 31⋅5 16⋅0
15 28 1⋅75 2⋅89 0⋅74 22⋅98 28⋅7 25⋅7 18⋅4
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Figure 4. Level of saturated (Sat) and monounsaturated (MUFA) fatty acids in the diet (left), and in tissue from pyloric intestine (middle, PI) and liver (right),

expressed as g per kg. The results of two-way ANOVA are shown in Tables 5 and 6.

Table 6. Results of two-way NOVA for content of fatty acids in tissue from the pyloric intestine (PI) and liver given as % of total fatty acids*

In the pyloric intestine

C16:0 C16:1 C18:0 C18:1 C18:2 C20:1 C22:1
p(model) 0⋅0002 0⋅0002 <0⋅0001 <0⋅0001 0⋅0009 0⋅0472 0⋅1834
p(temp) 0⋅1307 0⋅1744 0⋅0067 0⋅0019 0⋅0008 0⋅4886 0⋅1236
p(lipid) 0⋅0001 0⋅0001 <0⋅0001 <0⋅0001 0⋅0064 0⋅0289 0⋅2487

C18:3n3 C20:5** C22:5** C22:6 Sum n3** Sum MUFA Sum Sat
p(model) 0⋅0003 0⋅0002 <0⋅0001 <0⋅0001 <0⋅0001 0⋅0082 0⋅0097
p(temp) 0⋅0549 0⋅0005 0⋅0009 0⋅1711 0⋅0647 0⋅9300 0⋅8628
p(lipid) 0⋅0002 0⋅0011 <0⋅0001 <0⋅0001 <0⋅0001 0⋅0041 0⋅005
In the liver

C16:0 C16:1 C18:0 C18:1** C18:2** C20:1** C22:1
p(model) <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001
p(temp) <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001
p(lipid) 0⋅0088 0⋅0673 0⋅0077 0⋅0519 0⋅0316 0⋅0297 0⋅0972

C18:3n3 C20:5 C22:5 C22:6** Sum n3** Sum MUFA** Sum Sat
p(model) <0⋅0001 0⋅0002 0⋅0255 0⋅0191 <0⋅0001 <0⋅0001 0⋅0001
p(temp) <0⋅0001 <0⋅0001 0⋅0117 0⋅007 <0⋅0001 <0⋅0001 0⋅0003
p(lipid) 0⋅0156 0⋅1142 0⋅1027 0⋅1074 0⋅0107 0⋅0756 0⋅0005

* The results are based on a two-way NOVA model without interaction as a model with interaction gave insignificant results for the interactions. For the pyloric intestine the ana-

lyses were conducted on Log10-transformed data.

** The statistical evaluation showed significantly lower values for the highest lipid level (28 %) compared to the second highest (25 %).
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Table 7. Results of two-way NOVA for content of fatty acids in pyloric and liver tissue given as g/kg tissue

In the pyloric intestine

C16:0** C16:1** C18:0** C18:1** C18:2** C20:1 C22:1
p(model)* 0⋅0008 <0⋅0001 0⋅0041 0⋅0001 0⋅0002 0⋅0465 0⋅0041
p(temp) 0⋅7200 0⋅9194 0⋅9917 0⋅8601 0⋅6168 0⋅5046 0⋅4612
p(lipid) 0⋅0004 <0⋅0001 0⋅002 <0⋅0001 <0⋅0001 0⋅0282 0⋅0022

C18:3** C20:5 C22:5 C22:6 Sum n3** Sum MUFA** Sum Sat**
p(model)* 0⋅0005 <0⋅0001 <0⋅0001 0⋅0464 <0⋅0001 <0⋅0001 <0⋅0001
p(temp) 0⋅9666 0⋅0002 0⋅0014 0⋅0081 0⋅0004 0⋅9987 0⋅5768
p(lipid) 0⋅0002 0⋅0003 <0⋅0001 0⋅3751 <0⋅0001 <0⋅0001 <0⋅0001
In the liver

C16:0 C16:1 C18:0 C18:1** C18:2** C20:1** C22:1
p(model)* 0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001
p(temp) <0⋅0001 <0⋅0001 0⋅7768 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001
p(lipid) 0⋅0166 0⋅0986 <0⋅0001 0⋅0637 0⋅0008 0⋅0039 0⋅0342

C18:3n3** C20:5 C22:5 C22:6 Sum n3** Sum MUFA** Sum Sat
p(model)* <0⋅0001 <0⋅0001 0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001
p(temp) <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001 <0⋅0001
p(lipid) <0⋅0001 0⋅0308 0⋅1547 0⋅039 0⋅0253 0⋅0513 0⋅0105

* The results are based on a model without interaction as a model with interaction gave insignificant results for the interactions.

** The statistical evaluation showed significantly different values for the diet with the highest lipid level (28 %) compared to that of the second highest level (25 %).

Figure 5. Level of n3 fatty acids in the diet (left), and in tissue from pyloric intestine (middle, PI) and liver (right), expressed as g per kg. The results of two-way

ANOVA are shown in Tables 5 and 6.
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with low melting point, such as plant oils, are highly digestible
and are only slightly influenced by the environmental tempera-
ture. On the other hand, for lipids with high melting point,
which means high level of saturated and/or long-chain poly-
unsaturated fatty acids, overall digestibility is lower and is
affected to a larger extent by temperature(36,50,51).
The observed increase in digestibility of protein and energy

with increasing lipid level, and to a more pronounced degree
for ash digestibility, was supposedly related to an increase in

gut passage time induced by the increase in lipid level, allowing
more time for digestion and absorption. This is a well-known
relationship in animals(52–54).

Effects on lipid content in the pyloric caeca and liver

The results observed for fatty acid composition in the diet, pyl-
oric caeca and liver, illustrate that the pyloric caeca markedly
modulate the fatty acid profile of the diet and the liver. This

Figure 6. Expression of biomarker genes for choline requirement. Data are mean normalised expression levels + SEM. Different letters denote statistically significant

differences among diet groups.

Figure 7. Expression of genes involved in lipid and fatty acid transport. Data are mean normalised expression levels + SEM. Different letters denote statistically sig-

nificant differences among diet groups.
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regards in particular the n3 fatty acids, for which there seemed
to be a substantial conversion from 18:3n3 and 20:5n3 to
22:5n3. This observation is in line with the results of Bou
et al.(5), which showed a clear difference between the fatty
acid composition of the diet and that of tissue from the MI.
In the present work, the conversion of the n3 fatty acids
seemed to be affected the most by lipid level of the diet.
This observation was possibly a consequence of the increasing
severity of the steatosis which developed in the enterocytes.
The abrupt change in the general development of this relation-
ship between the diet containing 25 and 28 % of fat, most
clearly illustrated for the results expressed as g/kg, supports
this consideration. The marked difference in fatty acid com-
position between the liver and the pyloric caeca, and the
greater, and seemingly opposite effect of temperature, more
marked and inverse for the liver, underlines the different
roles of these two organs. These results also call for better

understanding of the pathways and metabolism of lipid
between organs in fish. Knowledge on the transport routes
from the intestine to the peripheral tissues and internal organs
is weak. Although a lymphatic system has been described in
fish, with zebrafish as the main model(55), an intestinal lymph-
atic system has not been identified in Atlantic salmon. As there
are species differences among vertebrates regarding lymph
vessels in the intestine, e.g. a lymphatic system is absent in
chicken(56), efforts should be made to identify lipid transport
routes for Atlantic salmon. Such information would help
understand the trafficking and metabolism of lipid in this
important domesticated animal.

Effects on gene expression in the pyloric caeca

Among the assessed genes, plin2, apoA-I, apoA-IV and pcyt1α
showed the greatest effects of lipid and temperature and are

Figure 8. Expression of genes involved in cholesterol metabolism. Data are mean normalised expression levels + SEM. Different letters denote statistically significant

differences among diet groups.

Figure 9. Expression of genes involved in phosphatidylcholine synthesis. Data are mean normalised expression levels + SEM. Different letters denote statistically

significant differences among diet groups.

14

journals.cambridge.org/jns



therefore considered to comprise the most sensitive biomar-
kers for choline requirement, in accordance with the observa-
tions in the study of Hansen et al.(10) In Hansen et al.’s
dose-response study, in which dietary lipid level was the
same (29 %) for all groups, the expression of plin2 followed
an inverse relationship with choline and degree of enterocyte
lipid accumulation. The inverse relationship between intestinal
plin2 expression and steatosis has been observed in several
recent studies in Atlantic salmon(9,11,57–59), and highlights
that plin2 is a sensitive biomarker of intestinal lipid accumula-
tion(60). In the present study, in which choline inclusion was
kept equally low for all diets while the lipid level increased,
plin2 expression followed a clear dose-response relationship
with lipid percentage at 8 °C, again showing an inverse rela-
tionship with the degree of steatosis. This result not only con-
firmed plin2’s important role as indicator of choline
requirement, but it also confirmed that the requirement is
influenced by dietary lipid level. At 15 °C, plin2 followed the
same pattern only for the first two lipid levels, while at 25 %
the expression dropped. The cause of the difference in
response at the low and high temperature is difficult to suggest
based on the other results of this study, and no scientific litera-
ture is available offering further information. Concerning the
two genes encoding respectively for ApoA-I and ApoA-IV,
major protein components of lipoproteins, they showed at
8 °C the same picture observed for plin2. This response
matches the results obtained in Hansen et al.’s latest work, in
which apoa-I and apoa-IV were both suppressed by a too low
choline supply, while their expression was higher when choline
level was adequate to provide a proper assembly of lipopro-
teins and sufficient lipid transport. At 15 °C, the picture

showed by the expression levels of the two genes, especially
of apoa-I, again indicated that the result was affected by the
environmental temperature, as confirmed by the significance
of the interaction term. Among the genes involved in phos-
phatidylcholine production, chk, which regulates the first step
of the cytidine (CDP)-choline pathway(35,36) and phosphory-
lates choline, showed the same expression pattern already dis-
cussed for plin2 at both 8 and 15 °C. On the contrary, pcyt1a,
involved in the generation of the high energy donor
CDP-choline by regulating the second step of the path-
way(44,46), showed a different picture, being strongly downre-
gulated by the increasing lipid level at both water
temperatures. The chk expression pattern was in agreement
with results presented in Hansen’s dose-response study(61),
which showed that to a higher choline inclusion corresponds
a lower chk expression. On the other hand, the opposite
response of pcyt1a’s contrasted with the Hansen et al.(10)’s find-
ings which showed similar responses in pcyt1a compared to the
response in chk. Following the steps of the cytidine
(CDP)-choline pathway, we can suggest, as possible explan-
ation, that to a higher choline phosphorylation, corresponds
a lower production of the high-energy donor CDP-choline.
However, the complexity of the pathway, regulated by several
rate-limiting enzymes(62), makes it difficult to discuss the
effects of the diet on pcyt1a expression and more specific stud-
ies are therefore needed.
At 8 °C, the expression of other genes involved in lipid

metabolism, such as hmgcr, the rate-limiting enzyme for choles-
terol synthesis, acat which catalyses cholesteryl esters synthesis
from cholesterol(63), the two transcription factors srebp1 and
srebp2, and mtp, which has a pivotal role in lipoprotein

Figure 10. Expression of genes coding for nuclear receptors involved in regulation of lipid and sterol metabolism. Data are mean normalised expression levels + SEM.

Different letters denote statistically significant differences among diet groups.
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formation, confirmed the direct relationship between dietary
lipid level and choline requirement. At 15 °C, all these genes
followed the same pattern observed for plin2, validating the
hypothesis of an interaction between water temperature and
lipid inclusion. As the steatosis, as well as the lipid accumula-
tion in the pyloric tissue indicated increased choline require-
ment with increasing temperature, it is unlikely that the gene
expression results observed for the fish fed at high tempera-
ture, indicated mitigating effects.
No impact of the increasing fat level was observed for the

liver, neither as indicated by the HSI or histology. This out-
come is in accordance with the findings achieved in our previ-
ous studies(9,10) which showed that liver lipid indicators are not
suitable biomarkers for estimation of severity of lipid accumu-
lation and, hence, for choline requirement(64).

Effects of lipid level and environmental temperature on
choline requirement

According to the discussion above, the design of our experi-
ment appears to be suitable for evaluation of possible effects
of variation in dietary lipid content and temperature on choline
requirement. To get an indication of the quantitative effects on
choline requirement, the dose-response study conducted by
Hansen et al.(10)’s work to estimate choline requirement in
Atlantic salmon(10) can be used, although the fish was some-
what larger and kept in seawater. In Hansen et al.’s(10) work,
a diet with a choline level of about 1900 mg/kg gave fish
with an OSIPI of 2⋅0, while a diet with 1200 mg/kg resulted
in a OSIPI of 2⋅4. Based on this observation, the results
obtained from the present study provide an estimation of
the effects on choline requirement given by the raise in lipid
level from 16 to 25 %. With a dietary choline level of
1400 mg/kg, the shift of lipid level increased OSIPI by 0⋅8,
regardless of the temperature. The effect of temperature, i.e.
of an increase in OSIPI of 0⋅5, correspond to an estimated
increase in choline requirement of about 900 mg/kg. As the
conditions of the present and Hansen et al.’s study differ
somewhat, the estimation of the effects of dietary lipid content
and temperature, are high, indicating that lipid level in the diet,
as well as temperature should be taken into account when diets
are formulated. To be able to conclude the optimal level of
choline in salmon diets for elimination of steatosis, a
dose-response trial is needed with diets high in lipid and at
high temperatures. Such an experiment should also observe
endpoints regarding disease resistance as well, as choline is
the primary source of methyl groups in epigenetic processes,
which are essential for differentiation of immune cells.

Conclusions

The obtained results confirmed the relevance of dietary lipid
level and water temperature as important drivers for intestinal
lipid accumulation, showing clear effects on steatosis symp-
toms on a molecular, histological, biochemical level. In add-
ition, the effects given by the water temperature seemed
particularly significant when the interaction with the different
lipid levels occurs. These findings represent the first steps

towards the estimation of choline requirement in Atlantic sal-
mon at later developmental stages and raised under different
environmental conditions. However, further analyses and a
dose-response feeding trial will be needed to investigate
how this interaction occurs and influences the mechanisms
and the pathways behind lipid metabolism and choline
requirement.

Supplementary material

The supplementary material for this article can be found
at https://doi.org/10.1017/jns.2023.45.
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Abstract 13 

Choline is recognized as an essential nutrient for Atlantic salmon at all developmental stages, but 14 

dietary requirement is not well defined. Choline plays a critical role in lipid transport, and the clearest 15 

deficiency sign is intestinal steatosis. The present work, aiming to find whether lipid source and fish 16 

size may affect choline requirement, was one of a series of studies conducted to identify which 17 

production-related conditions may influence choline requirement. Six choline-deficient diets were 18 

formulated varying in ratios of rapeseed oil to fish oil and fed to Atlantic salmon of 1.5 and 4.5 kg. 19 

After eight weeks, somatic characteristics were observed, and severity of intestinal steatosis was 20 

assessed by histological, biochemical, and molecular analyses. Fatty acid composition in pyloric 21 

intestine, mesenteric tissue, and liver samples was also quantified. The increasing rapeseed oil level 22 

increased lipid digestibility markedly, enhancing lipid supply to the fish. Simultaneously, small fish 23 

consumed more feed, and consequently had a higher lipid intake. In conclusion, choline requirement 24 

was mainly affected by the dietary lipid load, which was influenced by the dietary lipid source, and 25 

therefore fatty acid profile, and by the fish size. The overall fatty acid composition of the observed 26 

tissues mirrored that of the diet. 27 

 28 
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Introduction 31 

In recent decades, reduction in fish meal and fish oil in Atlantic salmon feeds has changed the dietary 32 

level of several essential nutrients. The consequences for the fish of such alterations are difficult to 33 

predict, since present knowledge concerning nutrient requirements in Atlantic salmon has severe 34 

gaps. It is therefore highly likely that today's feeds are suboptimal i.e., deficient or excessive, for some 35 

essential nutrients. Field observations of severe fat accumulation in the pyloric caeca of farmed 36 

Atlantic salmon, a condition known as intestinal steatosis, have recently been linked to deficient 37 

dietary supply of choline1–3. A mild degree of this condition seems to be a ubiquitous and 38 

underreported condition in cultivated Atlantic salmon, whereas cases of severe steatosis, categorized 39 

as lipid malabsorption syndrome (LMS), have also been reported4.  40 

The investigations conducted to explore potential explanations for LMS led to confirmation of choline 41 

(C5H14NO+) as an essential nutrient for Atlantic salmon 1. Choline has been acknowledged as essential 42 

for some fish species and other animals, particularly at early developmental stages3,5,6,7. Among its 43 

several functions, choline serves as a constituent of phosphatidylcholine, acetyl choline, and other cell 44 

components, in addition it is a key methyl group donor for production of S-adenosylmethionine (SAM) 45 

during methylation processes. 46 

Phosphatidylcholine, a class of phospholipids composed of a choline head group and 47 

glycerophosphoric acid, is a major membrane constituent of all living cells5. Phosphatidylcholine also 48 

plays a critical role in lipid transport and absorption by being an essential component of lipoproteins. 49 

Lipoproteins facilitate lipid transport from the intestine to the systemic circulation, as well as in the 50 

formation and secretion of very-low-density lipoprotein (VLDL) from hepatocytes8.  51 

Symptoms of choline deficiency vary between fish species. The most apparent symptoms are related 52 

to impaired fat transport, comprising symptoms such as intestinal and hepatic steatosis, low growth 53 

rate, poor feed efficiency, and early death. Such symptoms have been observed in several cultivated 54 

species, including carp (Cyprinus carpio)9, lake trout (Salvelinus namaycush)10, rainbow trout 55 

(Oncorhynchus mykiss)11, yellow perch (Perca flavescens)12, channel catfish (Ictalurus punctatus)13 56 

cobia (Rachycentron canadum)14, and, most recently, in Atlantic salmon (Salmo salar L)3.  57 

Typical signs of intestinal steatosis in Atlantic salmon are pale and swollen appearance of the pyloric 58 

caeca and hyper-vacuolization of the tissue caused by the excessive lipid accumulation within the 59 

enterocytes. In extreme cases lipid absorption is severely reduced, and ingested lipid may accumulate 60 

all along the intestinal tract, to be eventually discarded as whitish faeces, a condition known as 61 

steatorrhea1. 62 



 
 

 
 

According to present nutrient requirement guidelines, mostly based on observations of growth and 63 

hepatic steatosis, choline requirement of various fish species range between 400 and 1000 mg/kg 64 

feed. However, the work of Hansen et al. indicated that steatosis in the pyloric intestine is a more 65 

sensitive biomarker for estimating choline requirement. Hansen's dose-response feeding trial 66 

indicated a choline requirement of 3400 mg/kg in Atlantic salmon kept in seawater and weighing 200-67 

400g3. The estimation was based on the observation of several biomarkers of lipid storage and 68 

transport, such as the organo-somatic indices of the pyloric and mid intestine, the histological 69 

evaluation of lipid vacuolation, as well as the expression levels of four genes with key roles in lipid 70 

metabolism, i.e., apoA-IV, apoA-I, pcyt1α and plin2. 71 

The role of choline in lipid transport suggests that its dietary requirement may depend on several 72 

production-related conditions, such as life stage, size, growth rate of the fish, dietary lipid level and 73 

source, and environmental temperature. The present study was one of a series of screening studies 74 

underway to understand which biotic and abiotic conditions might affect choline requirement. Such 75 

knowledge would identify significant shifts in requirement levels to the extent that it is necessary to 76 

take them into account when formulating optimal diets with sufficient choline under the most 77 

demanding farming conditions. The aim of the present trial was therefore to find whether dietary fatty 78 

acid profile of the feed and fish size affect choline requirement importantly. A secondary aim was to 79 

strengthen understanding of fatty acid metabolism and transport in and between the intestine, 80 

mesenteric tissue, and liver. 81 

Materials and Methods 82 

Feeds 83 

Six experimental feeds were formulated varying in ratios of rapeseed to fish oil, from 0:31% to 24:8%. 84 

The nutritional content was, otherwise, similar. Feed ingredients and nutrient composition are shown 85 

in Table 1a and 1b. The average dietary choline was 1523 mg/kg, a level which, according to choline 86 

requirements set by Hansen et al.3, is severely deficient. This was a deliberate and necessary condition 87 

to evaluate the effects of specific factors on choline requirement. Yttrium oxide was added as an inert 88 

marker to estimate apparent nutrient digestibility. The experimental feeds were produced by 89 

extrusion (feed pellet size 9mm) at BioMar Feed Technology Centre (Brande, Denmark) using a BC 45 90 

twin-screw extruder (Clextral, France).  91 

 92 
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Table 1a. Feed ingredients and nutritional composition of the experimental feeds 96 

 Rapeseed oil level, % 
  0 5 9 14 19 24 
Ingredients, %       
Fish Meal NA LT 13.0 13.0 13.0 13.0 13.0 13.0 
Krill 56 2.0 2.0 2.0 2.0 2.0 2.0 
Soya SPC 23.8 23.8 23.8 23.8 23.8 23.8 
Pea Protein 65 7.5 7.5 7.5 7.5 7.5 7.5 
Guar Meal 8.0 8.0 8.0 8.0 8.0 8.0 
Wheat Milling quality 13.5 13.5 13.5 13.5 13.5 13.5 
Fish Oil 31.2 26.5 21.8 17.1 12.4 7.7 
Rapeseed Oil 0.0 4.7 9.4 14.1 18.8 23.5 
Choline Chloride 70 %, dry 0.03 0.03 0.03 0.03 0.03 0.03 
Vitamin and mineral mix*  2.1 2.1 2.1 2.1 2.1 2.1 
Lucantin Pink CWD 10%, BASF 0.1 0.1 0.1 0.1 0.1 0.1 
Yttrium oxide 0.1 0.1 0.1 0.1 0.1 0.1 

       
Analyzed content       
Crude protein, % 38.6 38.3 38.6 38.3 39.7 39.6 
Sum Fatty acids**, %  26.3 26.5 26.3 26.3 27.7 28.1 
Choline, mg/kg 1490 1520 1680 1430 1500 1520 

*The feeds were supplemented with standard vitamin and mineral premixes following NRC guidelines 97 
(2011) and BioMar standards to meet the requirements.  98 
**See Table 1b for details 99 

100 



 
 

 
 

Table 1b. Fatty acid composition of the experimental feeds, % of diet. 101 

 Rapeseed oil level  
Fatty acid 0 5 9 14 19 24 
C12:0 0.02 0.02 0.02 0.02 0.01 0.01 
C14:0 1.88 1.58 1.32 1.02 0.87 0.60 
C16:0 5.24 4.62 4.08 3.47 3.24 2.72 
C18:0 1.28 1.18 1.08 0.99 0.97 0.89 
C20:0 0.25 0.25 0.23 0.21 0.21 0.21 
C22:0 0.18 0.20 0.18 0.20 0.21 0.22 
C24:0 0.04 0.04 0.04 0.04 0.05 0.05 
C16:1 1.91 1.59 1.32 1.06 0.88 0.62 
C18:1 3.03 4.99 6.68 8.21 10.15 11.87 
C20:1 0.42 0.42 0.42 0.41 0.43 0.45 
C22:1n9 0.07 0.08 0.09 0.10 0.12 0.16 
C22:1n11 0.27 0.24 0.22 0.20 0.19 0.18 
C24:1 0.12 0.10 0.08 0.08 0.07 0.06 
C18:2n6 1.04 1.90 2.56 3.30 4.02 4.65 
C18:3n3 0.22 0.53 0.78 1.03 1.32 1.60 
C18:3n6 0.06 0.06 0.05 0.04 0.03 0.03 
C20:3n3 0.02 0.01 0.01 0.01 0.01 0.01 
C20:3n6 0.05 0.05 0.03 0.03 0.02 0.01 
C20:4n6 0.29 0.24 0.20 0.16 0.13 0.09 
C20:5n3 3.79 3.16 2.55 2.03 1.70 1.17 
C22:5n3 0.44 0.37 0.28 0.24 0.19 0.13 
C22:6n3 1.63 1.38 1.11 0.92 0.80 0.59 
Other* 4.03 3.49 2.98 2.55 2.11 1.80 
Tot sum 26.3 26.5 26.3 26.3 27.7 28.1 

*Including unidentified fatty acids, and cis and odd chain fatty acids 102 
 103 

Fish and rearing conditions. 104 

The feeding trial was conducted at the LetSea research facility at Dønna, Norway, a facility approved 105 

by The Norwegian Animal Research Authority (NARA), operating following Norwegian Regulations of 106 

17th of June 2008 No. 822: Regulations relating to Operation of Aquaculture Establishments 107 

(Aquaculture Operation Regulations). Twelve steel-cages with a volume 125 m3 (5x5x5m) volume each 108 

fitted with a standard net and equipped with a lift-up system for feed waste collection were used 109 

during the trial.  110 

Atlantic salmon (Salmo salar L.) of two sizes were used, with average initial weights of 1.7 and 4.5 kg 111 

(CV=10%), respectively. As it is not possible to produce fish with the same background which differed 112 

in size, it was decided to compare fish produced from autumn (S0/Small) and spring smolt (S1/Large). 113 

The small fish, delivered by AquaGen AS, were smoltified and put to sea autumn 2020, while the large 114 



 
 

 
 

fish, delivered from Salmobreed AS, were smoltified and put to sea spring 2020. Accordingly, the 115 

observed differences between the small and the large fish reflects the combined effects of fish size, 116 

fish breed and smoltification strategy.  117 

The fish were pit tagged and randomly distributed to one of the six pens allocated for each size, 100 118 

fish per pen. The feeds were randomly assigned to the pens. The fish were fed weighed amounts of 119 

feed twice a day, in excess. Uneaten feed was collected from a net under the pens for feed waste 120 

estimation. The feeding period lasted 55 days, from 2nd of Sep – 25th of Oct 2021, during which the 121 

fish were exposed to natural daylight and temperature conditions. Water salinity varied between 29 122 

and 33 and the temperature ranged from 12 to 9°C and averaged at 10.5°C. Dissolved oxygen in the 123 

cages was measured daily, averaging at 80% throughout the experiment.  124 

Sampling  125 

At the end of the feeding period, twelve fish were randomly taken from each pen using a land net 126 

before being anesthetized by exposure to tricaine methane-sulfonate (MS-222) for a minimum of 5 127 

minutes. After recording final body weight (FBW, g) and fork length (FL, cm) of the fish, the blood was 128 

sampled from the caudal vein and stored on ice.  Blood was then centrifugated and the obtained 129 

plasma was collected in 2mL aliquots, frozen in liquid nitrogen and kept at 80Z. Following blood 130 

sampling, the fish were killed by a sharp blow to the head, in accordance with the Norwegian Animal 131 

Welfare act and opened ventrally. The whole gastrointestinal package was removed from the 132 

abdominal cavity and the gutted carcass was weighed. Fish without feed content along the 133 

gastrointestinal tract were discarded. The intestine was sectioned into three parts15: pyloric intestine 134 

(PI), which extends from the pyloric sphincter to the most distal pyloric caecum; mid intestine (MI), 135 

which is the area between the latter pyloric caecum and the beginning of the visible complex mucosal 136 

folds of the distal intestine; distal intestine (DI), comprised between the MI and the anus. A sample of 137 

the mesenteric fat from the PI area was collected. The three gut sections were opened longitudinally, 138 

and the digesta collected, snap frozen in liquid N2 and stored at -80  until further enzyme activity 139 

analyses. The tissues sections were weighed, and samples collected. Tissue samples for histological 140 

analyses were first fixed in 10% neutral buffered formalin (4% formaldehyde) for 24h, and 141 

subsequently transferred to 70% EtOH for storage until processing.  Samples for RNA extraction were 142 

rinsed in sterile saline water, submerged in RNAlater®, incubated at 4°C for 24h, and subsequently 143 

stored at −20°C until analysis. The remainder of each tissue section was frozen in liquid N2 and stored 144 

at -80  for further enzyme activity analysis. The remaining fish in each pen were weighed individually. 145 

Estimates of growth performance, feed intake and mortality represent all fish in each pen. 146 

 147 



 
 

 
 

Welfare assessment 148 

At the end of the feeding trial ten of the remaining fish were sampled randomly from each pen for 149 

welfare scoring (render score). At first, the number of Salmon lice (Lepeophtheirus salmonis) on each 150 

fish was counted. The parasites were classified based on their observed life stage as non-motile, 151 

Chalimus, motile and adult female. Lice released from the fish during anesthetization were counted 152 

and added to the total count for every fish. Considering the size difference, the number of lice was 153 

calculated per cm2 of fish surface. The surface area of the fish was calculated based on their weight 154 

following the formula of O’Shea et al.16. Thereafter, fish were evaluated for external indicators such 155 

as scale loss, skin lesions, eye damage and cataract, according to the scoring system developed by 156 

Kolarevic et al17. Each fish was evaluated for every welfare indicator by assigning a score between 0 157 

and 2, where 0 represents a good condition, while 2 stands for a bad condition. The dorsal and caudal 158 

fin evaluation was conducted using the scoring system developed by Hoyle et al.18 where the level of 159 

visible damages ranges from 0, no damages, to 5, complete erosion of the fin. Mortality was also used 160 

as a welfare indicator and the number of dead fish was collected along the feeding trial.  161 

Histology  162 

The tissue samples collected from the pyloric caeca and the DI of the twelve fish sampled from each 163 

tank, were processed at the Norwegian University of Life Sciences (NMBU) using standard histological 164 

techniques: dehydration in graded ethanol, clarification in xylene, embedding in paraffin, and 165 

sectioning of 5 μm thick sections. The sections were further dewaxed, re-hydrated, stained with 166 

haematoxylin and eosin, and scanned using a Philips Ultra-Fast Scanner controlled using the Image 167 

Management System version 3.3 within the Philips IntelliSite Pathology Solution version 3.2 (Philips, 168 

Norway). Scans were then randomized and evaluated through a PC screen. The selected histological 169 

variables were submucosal infiltration of the DI and enterocytes steatosis in the PI. Concerning 170 

submucosal infiltration, the appearance of the DI was assessed based on those features which are 171 

characteristic of soybean meal-induced enteritis, respectively: changes in mucosal fold height and 172 

width, cellularity of the submucosa and lamina propria, and supranuclear vacuolization in the 173 

enterocyte19. A scoring system with a scale of 0-4 was used where 0 represented a normal condition, 174 

and 1 to 4 represented mild, moderate, marked and severe changes, respectively. The severity of 175 

steatosis was scored according to the proportion of tissue affected by the presence of lipid-like 176 

vacuoles, swollen and irregular cells and condensed nuclei, as Normal (≤10 %), Mild (10–25 %), 177 

Moderate (25–50 %), Marked (≥50 %) and Severe (≥75 %) as shown by Siciliani et al.20�178 

 179 
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RNA extraction, cDNA synthesis and gene expression analyses  181 

Gene expression analysis was performed on 144 �ssue samples collected from the pyloric caeca. RNA 182 

was extracted from pyloric caeca samples weighing 20-30mg using an Precillus homogenizer, TRIzol® 183 

reagent (Invitrogen, ThermoFisher Scien�fic), and chloroform according to the manufacturer's 184 

protocol. RNA was extracted with PureLink RNA mini kit (Invitrogen, ThermoFisher Scien�fic), and 185 

treated on column with PureLink DNase (Invitrogen, ThermoFisher Scien�fic). From each sample 2μl 186 

was analysed in a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies) to assess the RNA 187 

purity and concentra�on. The integrity of the RNA was verified on selected samples with a 2200 188 

TapeSta�on (Agilent Technologies). Total RNA was then stored at -80 degrees for further analyses. 189 

Before cDNA synthesis RNA samples were pooled three by three according to their origin tank. 190 

A�erwards, 1 μg of each RNA pool and Superscript IV VILO (Invitrogen, ThermoFisher Scien�fic) in 20 191 

μL reac�ons were used to conduct the cDNA synthesis. The same process was performed to achieve 192 

negative controls, omitting RNA and enzymes. cDNA was then diluted at 1:10 and stored at -20 193 

degrees. The primers used in the qPCR reactions were obtained from literature and previous works 194 

conducted in the research group1,3,. Additional information concerning gene names, primer source, 195 

efficiency, and size, is shown in Supplementary Table S1. The efficiency (E) of the PCR reaction was 196 

assessed for each gene assay using serial dilutions of a pool of randomly selected cDNA samples. 197 

Additionally, when required, primer optimization was carried out by testing selected primer pairs at a 198 

range of temperatures in a single reaction. A LightCycler LC96 (Roche Diagnostic) was used to perform 199 

DNA amplification and gene expression analyses. Each reaction mix contained 2μl PCR-graded water, 200 

5μl of LightCycler 480 SYBR Green I Master mix (Roche Diagnostics), and 0.5 μl of both forward and 201 

reverse primer. Every sample was analyzed in duplicate alongside a no-template control. The three-202 

step qPCR program featured a first enzyme activation at 95 degrees for 5 min, a following 40-45 cycles 203 

of 95 degrees (10s), 55, 58, 60, or 63 degrees (10s, depending on the single gene), and 72 degrees 204 

(15s). Quantification cycle (Cq) values were calculated using the second derivative method. The 205 

specificity of the qPCR reactions was confirmed by evaluating the melting curve of qPCR products and 206 

the band pattern on the agarose gel after electrophoresis. RNA polymerase II (rnapoll), hypoxanthine 207 

phosphoribosyl transferase 1 (hprt1) and glyceraldehyde- 3-phosphate dehydrogenase (gapdh) were 208 

evaluated for use as reference genes according to their stability across and within the treatments21.  209 

Target gene expression was normalized to the geometric mean of rnapoll, hprt1 and gapdh. Mean 210 

normalized expression of the target genes was calculated from raw Cq values by relative 211 

quantification. The target genes selected to be assessed in this study correspond to the same set of 212 

genes involved in lipid transport and metabolism that Hansen et al.3 and Siciliani et al.20 identified as 213 



 
 

 
 

more receptive to steatosis symptoms and therefore to choline deficiency: plin2, apoA-I, apoA-IV and 214 

pcyt1α.  215 

Chemical analyses  216 

Feed and faeces samples were analyzed for dry matter (DM), ash, crude protein (CP), crude fat (CF), 217 

fatty acids and starch at LabTek, Norwegian University of Life Sciences, Ås, Norway. Dry matter was 218 

established by drying samples to a constant weight at 105 °C. Ash content was assessed by combustion 219 

at 550 °C 22. Total nitrogen, identified as crude protein was analysed by the semi-micro-Kjeldahl 220 

method (Kjeltec-Auto System, Tecator, Höganäs, Sweden). Fatty acid composition was analysed with 221 

the FAME method described by O`fallon, J.V 3023. Gross energy was recorded using the Parr 1271 222 

Bomb calorimeter (Parr, Moline, IL, USA). Analyses of yttrium content in feed and faeces were 223 

conducted by pre-digestion with concentrated ultrapure HNO3 at 250°C using a Milestone microwave 224 

UltraClave III (Milestone Srl, Sorisole, Italy). Samples were then diluted (to 10% HNO3 concentration), 225 

and yttrium was determined by inductively coupled plasma optical emission spectrometry (ICP-OES 226 

analysis) with a PerkinElmer Optima 5300 DV (PerkinElmer Inc., Shelton, CT, USA).  227 

Calculations  228 

Fish growth was estimated as thermal growth coefficient (TGC) = 1000\ [ BW11/3−BW01/3)/ddg] in 229 

which BW0 and BW1 are the initial and final body weight and ddg is daydegrees (no of feeding days 230 

(D) x average temperature in ◦C) and specific growth rate (SGR)= (ln BW1/ln BW0)/D) x 100. The 231 

condition factor (CF) was estimated as: CF=100 x (FBW)/FL) (FL: (fork length (cm)3). The organ somatic 232 

indices (OSI) were calculated as: (organ weight g/body weight g) x 100). Apparent digestibility (AD) for 233 

each nutrient was determined by using Yttrium oxide (Y2O3) as an inactive marker and estimated as 234 

follows: ADn = 100 – (100 x (Mfeed/Mfaeces) x (Nfeed/Nfaeces)), where M represents the percentage 235 

of Yttrium oxide in feed and feces and N represents the percentage of a specific nutrient in feed and 236 

feces. To estimate the fatty acid (FA) content in the diets and organs, tridecanoic acid (13:0) was used 237 

as internal standard and added to the samples, 0.25 mg per 500 mg sample. The following formulas 238 

were applied for the estimations: FA (mg) = (peak area FA/peak area 13:0) x RF (response factor) x 239 

13:0(mg); and: FA (mg/g feed or tissue) = FA (mg)/weighted sample (g). The RF is proportional with 240 

the number of active carbons in the fatty acid chain and varies among different fatty acids. Content of 241 

digestible fatty acids in the diet was calculated as for other nutrients based on fatty acid in the faeces 242 

and in the diet employing level of Yttrium in the faeces and diet. 243 

Statistical analysis  244 

Histological observations 245 



 
 

 
 

The scores for both submucosal infiltration (DI enteritis) and enterocyte steatosis were categorical 246 

variables, and the impact of fish size and rapeseed oil level on the distribution of the histological scores 247 

among the diet groups were explored by ordinal logistic regression run in the R statistical package 248 

(version 4.2.1; 2022) using the polr (proportional odds logistic regression) package within the RStudio 249 

interphase (version 2023.06.1+524). Differences were examined based on odds ratios of large fish and 250 

rapeseed oil level having different histology scores compared to the small fish and the 0%-rapeseed 251 

oil diet. 252 

Welfare scores 253 

Statistical analyses of scale loss, skin lesions, eye damage and cataract as well as the sea lice number 254 

were performed using the unpaired t-test and fish size was considered as main variable. All data are 255 

means ± SEM. The level of significance was set to P<0.05. 256 

Other results 257 

For the main body of results a Bayesian approach was selected for the statistical analysis. This 258 

approach provides uncertainty awareness and robust reasoning for resource demanding studies 259 

aiming to describe dose-response relationships even when the number of observations is relatively 260 

small and without replications24. Although other approaches are available to define linear regressions 261 

functions from studies without replications25,  the Bayesian represents the most reliable approach to 262 

the influence of the outliers, enabling proper handle uncertainty on the key parameters and 263 

uncertainty in the models26.   264 

For simplicity, assume ] observations for every studied dependent variable, denoted as _̂ � ` a265 

bB�c � ]d and the vector of corresponding independent variables e_$ Further, for every studied 266 

dependent variable, 5 different models are suggested corresponding to 5 hypotheses on the 267 

dependence between the dependent and independent variables. More specifically f_g h268 

i'jk'e_(� lm(� n a bB�c �Fd corresponding to models op�c �oq with: 269 

1. op7 jp'e_(g Y grs – no effects of e_ on ^_  (intercept only model). 270 

2. om7 jm'e_( Y rs t ru_vwxyz{`|_
g g– intercept and a linear dependence on wxyz{`|_

g  variable. 271 

3. o}7 j}'e_( Y rs t�r~_���`�z_
g  – intercept and a linear dependence on �`�z_

g �variable. 272 

4. o�7 j�'e_( Y rs t�r~_���`�z_
g t ru_vwxyz{`|_

g g –  intercept and a linear dependence on 273 

wxyz{`|_
g  and �`�z_

g �variables. 274 

5. oq7 jq'e_( Y rs t�r~_���`�z_
g t ru_vwxyz{`|_

g g t r~_���u_v�`�z_
g � wxyz{`|_

g g�g– intercept and 275 

a linear dependence on wxyz{`|_
g  and �`�z_

g �variables as well as the interaction effect between 276 

them. 277 



 
 

 
 

Since models op�c �oq were addressed corresponding to 5 hypotheses on the relations between the 278 

dependent and independent variables to choose from, model uncertainty should also be carefully 279 

addressed. For the model priors y'op(�c � y'oq(, a uniform prior was used in the model space 280 

corresponding to all model priors being y'op( Y � Y y'oq( Y
p
q
. This gives us a fully non-281 

informative prior preference across the considered models. Further, default priors from R-INLA27 282 

library are assumed for the parameters. These priors for the fixed effects are standard independent 283 

normal with the mean of 0 and the variance of 1000, i.e., i'J�BJJJ( and are quite flat and are very 284 

weakly informative. For the intercept, i'J��( priors were used, which are completely flat and 285 

uninformative. Such a choice of priors is meant to reduce subjectivity of the models. A Bayesian 286 

framework does not require fit tests explicitly as we have hypotheses corresponding to m1 with no 287 

effects at all and if the evidence coming from the data is not strong enough, we shall prefer this simpler 288 

m1 to more complicated models.  289 

For inference, the integrated nested Laplace approximations28 implemented in R-INLA library were 290 

used to obtain the quantiles of all the marginal posterior distributions of interest. Also, for the 291 

Gaussian regression with Gaussian priors, exact marginal likelihoods y'� �� e�o (,og a g�op�c�oq� 292 

can be computed by R-INLA and allow to compute the marginal posterior model probabilities 293 

y'o �� e� � ( Y ��
�����e�o��'�(

� �����e�o� ��'��(��a����c����
� � og a g�op�c�oq� through renormalization and thus 294 

accurately account for model uncertainty in the post-selection inference. Since uniform model priors 295 

are used selecting the model with respect to posterior marginal probabilities coincides with the 296 

selection according to Bayes factors between models o 29 and o�7�X�'o�o�( Y �����e�o �

�����e�o� �
. In this 297 

paper for each dependent variable Bayes factor between the most probable and second most 298 

probable models are reported as BF12.  299 

Supplementary Table S2 explains terms and abbreviations used in the output from Bayesian statistics 300 

which are relevant for the present work. 301 

The term Bayesian factor, BF12, is key to the interpretation of the results. In the notion of Kass and 302 

Raftery (1995)29, the values of Bayes factors indicate evidence for relationship as follows: Values 303 

between 1 and 3.2: Negligible; between 3.2 and 10: Substantial; Between 10 and 100: Strong; >100: 304 

Decisive.   305 

Most of the standardized residuals of the finally selected models showed satisfactory characteristics 306 

regarding the requirement for homogeneity in normality and variance according to the p-values of 307 

Kolmogorov-Smirnov test (KS)30 with the null hypotheses that standardized residuals come from a 308 



 
 

 
 

homoscedastic standard normal distribution, i.e. for KS >0.05 we cannot reject the null, while for 309 

results showing KS<0.05, the null is rejected, and interpretation of individual effects should be done 310 

with caution, although we still have valid conclusions from the marginal posterior model probabilities 311 

and Bayes factors on the explored set of models for each response.   312 

Comparisons across models for different dependent variables described in the Results chapter were 313 

made based on visual examination of the graphs, considering results for which the 95% credible 314 

intervals are not overlapping as significantly different. These conclusions are only made for the models 315 

where the assumptions on the residuals are satisfied. 316 

Results 317 

Growth performance 318 

Growth performances were overall good. Small fish grew on average 1.4 kg reaching a final body 319 

weight of 3.1, the large grew 1.9 kg and reached 6.4 kg, giving an averaged SGR of 1.04 and TGC of 4.3 320 

for the small fish, and 0.63 and 3.4 for the large, respectively. See Supplementary Table S3 for details 321 

and explanation of parameters. The statistical analyses of the results for TGC showed decisive 322 

evidence for m3 (BF12= 919; Model probability (Prob) = 0.999, meaning that fish size but not dietary 323 

fatty acid composition affected the result decisively. Regarding FCR, which averaged 1.1 and 1.2, and 324 

CF, which averaged 1.50 and 1.52, respectively, the analyses showed decisive evidence for m1 (BF12: 325 

5157 and 2408; Prob: 1.000 and 0.999, respectively), meaning that neither fish size nor dietary lipid 326 

source affected these variables importantly. Feed consumption over the observation period, 327 

expressed as percent of initial body weight, was 90% for the small, 42% for the large, meaning a much 328 

higher feed and lipid load for the small than the large fish.  329 

 Nutrient digestibility  330 

Results regarding nutrient digestibility, best model, probabilities, and BF12, are shown in Table 2a and 331 

b, whereas further statistical characteristics are presented in Supplementary Table S4. The statistics 332 

indicated high model probability for all observed nutrients, i.e., p>0.844, and correspondingly high 333 

BF12, i.e., > 9.6 (8 nutrients showed substantial evidence levels, 14 nutrients showed strong evidence 334 

levels, and 1 decisive level). The exceptions were 16:1 and 18:2 which showed lower model 335 

probabilities. Regarding digestibility of crude protein, the evaluation showed substantial evidence for 336 

model m3 (BF12: 6; Prob: 0.863), i.e., effect of fish size but not of rapeseed oil level in the feed. For 337 

digestibility of fatty acids, the evaluation indicated effects only of rapeseed oil level, and not of fish 338 

size, i.e. m2, for most, but not all, as follows: For the saturated fatty acids, as well as 20:1, 22:1, 18:2 339 



 
 

 
 

and 18:3, evidence for m2 was strong, whereas the digestibility of the polyunsaturated fatty acids 340 

were not affected by rapeseed oil level (best model:  m1).  341 

Lipid digestibility in quantitative terms: the digestibility of sum of fatty acids was greatly affected by 342 

rapeseed oil level, increasing 13 %-units as the level increased from 0 and the 24% in the feed. The 343 

greatest elevating effects were seen for saturated fatty acids, with a difference between the feed with 344 

the lowest and highest rapeseed oil level of more than 20%. The longer and more unsaturated fatty 345 

acids showed higher digestibility, but still with clear, elevating effect of rapeseed inclusion level for 346 

20:1 and 22:1, 18:2, and 18:3.  The acids 16:1 and 18:1 showed the same trend, whereas the very long 347 

an unsaturated fatty acid appeared unaffected by rapeseed oil level in the feed. See Supplementary 348 

Table S4 for further statistical details. 349 
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Plasma biochemistry 1 

The observed plasma biomarkers showed decisive evidence for model m3 for alanine amino 2 

transferase (ALT), i.e., showing effect of fish size, but not of rapeseed oil level. The ALT averaged 25 3 

and 17 U/l for the small and the large fish, respectively. The other observed plasma biomarkers 4 

showed no clear effects neither of fish size nor rapeseed oil level, i.e., m1 was the best model. The 5 

observed averages were for free fatty acids (FFA) 0.32 mmol/l, glucose (Glu) 6.8 mmol/l, cholesterol 6 

(Chol) 7.5 mmol/l, and for triglycerides (TG) 2.7 mmol/l. See Table S5 for statistical details. 7 

Organ indices and lipid content   8 

Results regarding organosomatic indices (OSI) of the PI, DI, Mes, and LI, as well as lipid concentration 9 

in PI, Mes, and LI are shown in Table 3 (See Supplementary Tables S3 and S5 for further details and 10 

statistics). The identified best models showed high probability with correspondingly high BF12, i.e., 11 

above 44, characterized as decisive evidence, for all these results. The exception was lipid level in Mes 12 

and liver which showed lower best model probability.  13 

For lipid concentration in the PI tissue, model m4 was the best and showed high probability, i.e., 14 

showing clear, increasing effect of rapeseed oil level, higher values for the small fish, as well as an 15 

interaction between the two fish sizes, i.e. the difference between the small and the large fish 16 

increased with increasing rapeseed oil level in the diet. For the OSIPI m3 was the best model, showing 17 

higher values for the small fish than the large, but no clear effect of rapeseed oil level in the diet.  18 

Regarding the distal intestine (DISI) and OSIMes, and Mes Lipid, no clear relationship neither to diet 19 

rapeseed oil level, nor to fish size were observed (best model: m1). and liver (LISI), neither the 20 

organosomatic index nor lipid content were clearly affected by rapeseed oil level or fish size. Model 21 

m1 was the best for both. Although the model evidence was low for Mes Lipid and LI Lipid, it is worth 22 

mentioning that m4 was the best model for both, i.e., indicating a trend of effect of rapeseed oil level, 23 

fish size, as well as interaction between the two. Liver glycogen which averaged 1.9 % of the liver 24 

tissue, seemed unaffected by rapeseed oil level as well as fish size (data not shown). 25 
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Histology33

The histology scores showed significant effects of fish size (p=0.008) on steatosis symptoms in the 34

pyloric caecal enterocytes (Figure 1). The severity of the symptoms increased significantly with 35

increasing level of rapeseed oil in the feeds (p<0.035). Assigning a score of 0 for normal appearance, 36

1 for mild, 2 for moderate, 3 for marked and 4 for severe, and fitting a first-degree linear regression 37

line to the results, gives the following equations for the small fish: y = 0.0532x + 3.1111, for the large 38

fish: y = 0.0699x + 2.3452. The equations give average score for small and large fish fed 0 rapeseed oil 39

equal to 3.1 and 2.3, respectively, i.e. a difference of 0.8, and for fish fed 24% rapeseed oil of 4.3 and 40

4.0, i.e. a difference of 0.3. The functions indicate a difference in score between small fish fed 0 and 41

24% rapeseed oil of 1.2, and for the large fish a score of 1.7.42

43

44

The histological evaluation of inflammatory markers in PC and DI showed that most of fish displayed45

normal and healthy morphology. Some individuals in all diet groups showed mild to moderate 46

submucosal cellularity in the DI (Figure 2). A significant effect of fish size was discerned (p=0.005; 47

Figure 2) for occurrence of distal intestinal enteritis with more of the large fish observed with changes. 48

No significant effects of dietary rapeseed oil level were observed on inflammatory changes (p=0.37).49

Figure 1. Distribution of the histology scores for enterocyte steatosis of the 
pyloric caeca tissue among the treatment groups. X-axis presents rapeseed 
oil level for the two fish sizes: small (S1 = autumn smolts) and large (S0 = 
spring smolts) fish. Table insert presents results for an ordinal logistic 
regression of impact of fish size and rapeseed oil level on the distribution of 
the histological scores among the diet groups for pyloric caeca enterocyte 
steatosis.
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50

51

Gene expression52

The gene expression results (Supplementary Table S6) showed high probabilities and high values of 53

BF12, respectively: strong for apoA-I and apoA-IV, and decisive and substantial for pcyt1α and plin2.54

In detail: for apoA-I, pcyt1a and plin2 the best model was m1, meaning no clear effect of either fish 55

background or rapeseed oil level. The best model for apoA-IV was m3, showing clear effect of the fish 56

size, being more expressed in the large than in the small fish, but no clear effects of rapeseed oil level57

(Figure 3).58

Figure 2. Distribution of histology scores for inflammatory cell 
infiltration in the submucosa and lamina propria of distal intestine 
among the treatment groups. X-axis presents rapeseed oil level for the 
two fish sizes: small (S1 = autumn smolts) and large (S0 = spring smolts) 
fish. Table insert shows results for an ordinal logistic regression of 
impact of fish size and rapeseed oil level on the distribution of the 
histological scores among the diet groups for distal intestine 
submucosal infiltration.
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59

60

Fatty acid profile and content in feed, pyloric intestine, mesenteric adipose tissue, and liver61

Table 3 and Figure 4 shows results regarding sum of fatty acids given as g digestible fatty acid/kg diet62

and g/kg tissue. Figure 5a and 5b show results regarding concentration of fatty acid in samples of the 63

PI, Mes, and LI as well as absorbable fatty acid in the feed, given as % of sum of fatty acids for fatty 64

acids present at levels >1%. The fatty acid results expressed as g/kg diet or tissue are shown in 65

Supplementary Figure S1a and b. All results of the fatty acid analyses, including statistics, are shown 66

in Supplementary Table S7a and S7b. As described under the chapter Statistics in Materials and 67

Methods, the comparisons presented below of the models for the different dependent variables were 68

based on visual examination of the graphs, considering results for which the 95% credible intervals 69
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Figure 3. Relative expression of biomarker genes for choline requirement. The curves show the 
estimated regression lines with indication of 95% credible intervals for posterior mean.
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are not overlapping as significantly different, and conclusions are only made for the models where the 70

assumptions on the residuals are satisfied. 71

Sum of digestible fatty acids in the diet and sum of fatty acids in PI, Mes, and LI, expressed in g/kg,72

increased with increasing rapeseed oil level in the diet. The Mes tissue was clearly a lipid storage 73

organ, with more than 60% fat (589 – 830 g/kg). Lipid level in the PI was low (62 - 129 g/kg), but higher 74

than of the liver (27 – 55 g/kg). Clear but minor effects of fish size were observed.75

76
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Figure 4. Effects of the increasing dietary rapeseed oil level on the 
sum of fatty acids in pyloric caeca (PI), liver (LI), mesenteric fatty 
tissue (Mes) and on the sum of absorbable fatty acids in the feed
(Feed) (Unit: g/kg feed or tissue), for small (0) and large (1) fish. 
The legend in the figure presents the best model for the data. The 
curves show estimated regression on dietary rapeseed oil level 
with indication of 95% credible intervals for the posterior means,
allowing comparison of the results: lines and parts of lines for 
which the 95% range do not overlap differ significantly. 
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At low rapeseed oil level, the lipid fraction of the PI tissue, through which the digestible fatty acids 95 

enter the body, contained lower concentrations (% of sum of fatty acids) of 14:0, 16:0*, 16:1*, 20:4n6, 96 

20:5n3*, and 22:6n3 compared to the absorbable fat in the feed. At higher levels of rapeseed oil the 97 

difference was less or absent. For the fatty acids marked with an asterix, evidence for effect of fish 98 

size was observed. For 18:0, 18:3n3*, and 22:5n3 the picture was opposite, with higher levels of such 99 

fatty acids in the PI than in the feed. Again, the difference was greatest at low rapeseed oil level except 100 

for 22:5n3 for which the difference did not differ with rapeseed oil inclusion. For 18:1*, 18:2n6*, 20:1, 101 

the level in PI was lower than in the feed at low rapeseed oil level, higher at high levels.  102 

In Mes, the tissue supposedly first in line to receive fatty acids after crossing the intestine, 14:0, 16:0, 103 

16:1, 20:4n6, 20:5n3, and 22:6n3 showed concentrations lower than in the diet but higher than in the 104 

PI. For 18:0 the distance to the diet observations was greater, i.e., the concentration was much higher 105 

than for PI, diminishing with increasing rapeseed oil level, whereas 18:3n3 was lower in the Mes than 106 

in the diet, increasing with increasing rapeseed oil level. For 18:1 and 18:2n6 the level in the Mes was 107 

lower than in PI, and lower than in the diet. 22:5n3 was lower than in the PI, but higher than in the 108 

diet, i.e., intermediate between the PI and the diet. 20:1 showed a mixed picture with lower levels 109 

than in PI for all rapeseed oil levels, and lower levels than in the diet at the low rapeseed oil inclusion 110 

level, higher at the high levels. 111 

In LI, an organ playing a key role in metabolism of fatty acids after absorption and transport to the 112 

peripheral circulation, the evidence for model m2 was high for all fatty acids, i.e. the level correlated 113 

with the level in absorbed fatty acids. The exceptions were C12:0 and C20:0, for which m1 showed 114 

high evidence, i.e. neither rapeseed oil level nor fish size affected the level importantly. For the fatty 115 

acids 14:0, 16:0, 16:1, 18:1, 18:2, and 18:3, the level in the liver was lower than in the absorbed lipid, 116 

for 18:0, 20:4, 22:5 and 22:6 it was higher, whereas for 20:1, 20:5 the level was quite similar.  117 
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118

Figure 5a. Effects of the increasing dietary rapeseed oil level on the relative level of saturated and mono-119
unsaturated fatty acids (% of sum of fatty acids, Area %) indicated on the left above the graphs, in absorbed fat, 120
pyloric caeca (PI), mesenteric fatty tissue (Mes), and liver (Unit: % of sum fatty acids), representative for small 121
(0) and large (1) fish. The legend in the figure indicates whether fish size clearly affected the results and the best 122
model selected for the data. For fatty acids not clearly affected by fish size, average cures are presented. For 123
fatty acids showing significant effects of fish size, separate curves are shown. The curves show the estimated 124
regression lines with indication of 95% credible intervals for posterior means. The curves show estimated 125
regression on dietary rapeseed oil level with indication of 95% credible intervals for the posterior means allowing 126
comparison of the results: lines and parts of lines for which the 95% range do not overlap differ significantly.127

128
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129

Figure 5b. Effects of the increasing dietary rapeseed oil level on the relative level (% of sum of fatty acids, Area 130
%) of poly-unsaturated fatty acids indicated on the left above the graphs, in absorbed fat, pyloric caeca (PI), 131
mesenteric fatty tissue (Mes), and liver (Unit: % of sum fatty acids), representative for small (0) and large (1) fish. 132
The legend in the figure indicates whether fish size clearly affected the results and the best model selected for 133
the data. For fatty acids not clearly affected by fish size, average cures are presented. For fatty acids showing 134
significant effects of fish size, separate curves are shown. The curves show the estimated regression lines with 135
indication of 95% credible intervals for posterior means. The curves show estimated regression on dietary 136
rapeseed oil level with indication of 95% credible intervals for the posterior means allowing comparison of the 137
results: lines and parts of lines for which the 95% range do not overlap differ significantly.138

139
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 141 

Welfare 142 

Sea lice infestation was a significant challenge for the fish during the experiment, as it is for most 143 

Norwegian salmon farms. The number of lice, recorded as motile lice as well as adult female lice, was 144 

significantly higher for the smaller fish than the large (Figure 6). Scale loss showed the same picture. 145 

The scores for the other observed welfare indicators, i.e., skin lesions, eye damage, cataract and fin 146 

erosion were not affected either of fish size or rapeseed oil level. The complete dataset of the welfare 147 

assessment is given in Supplementary Table S8. Among the 1200 fish used in the trial, 50 died during 148 

the feeding period, randomly distributed among the treatments. 149 

 150 

                                         151 

Figure 6. Results of welfare scores observed at termination of the feeding experiment.   152 

 153 

Discussion 154 

Effects of dietary lipid source on choline requirement 155 

While planning the current study, the idea was to investigate the effects of dietary lipid source on 156 

choline requirement, by employing diets with constant lipid level and varying ratio of fish oil to 157 

rapeseed oil, i.e. the main marine and plant oil used in salmon diets. However, the variation in lipid 158 

source affected the lipid and fatty acid digestibility to a much greater degree than expected, and made 159 

the diets differ in total content of digestible lipid. The lipid digestibility of the diet without rapeseed 160 

oil was quite low, 81%. Similarly low digestibility coefficients have been observed in other studies 161 

conducted on Atlantic salmon. Karalazos et al 31, comparing diets varying in proportion of lipid sources, 162 

observed that the diet with the highest fish oil content was also the one showing the lowest lipid 163 

digestibility, 82%. On the other hand, increasing rapeseed oil level increased lipid digestibility. Another 164 
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study, conducted by Ng et al 32, showed that varying the proportion of rapeseed oil and crude palm oil 165 

in salmon feeds caused a variation in lipid digestibility of 3% for total fat, and 11% for C16:0. In the 166 

present study, the increasing rapeseed oil level enhanced lipid digestibility and therefore dietary lipid 167 

supply to the fish. This observation should be seen in relation to the results obtained from our recent, 168 

related study, which showed that dietary lipid level is the main factor influencing choline requirement 169 

in Atlantic salmon 20.  170 

According to our previous studies, the histological scoring of enterocyte steatosis in the pyloric caeca 171 

is among the most sensitive biomarkers of choline deficiency. As this biomarker was the most sensitive 172 

in the present study, we decided to use it in order to obtain information on the magnitude of impact 173 

of the treatments on choline requirement 33. The increasing rapeseed oil level from 0 to 25% increased 174 

histology score of 1.2 and 1.7 units, respectively for the small and the large fish. By employing the 175 

dose-response relationship between dietary choline level and histological steatosis score observed in 176 

Hansen et al.’s study 3 and illustrated in Figure 7, we obtained a semi-quantitative indication of the 177 

effects of the treatments on choline requirement: for the large fish of about 650 mg/kg, for the small 178 

fish about 450 mg/kg.  179 

The results concerning the lipid content in the pyloric intestine mirrored the histological assessment, 180 

showing increasing lipid level with increasing rapeseed to fish oil ratio. At the same time, the lipid 181 

content was higher in the smaller fish compared to the large ones. Also the mesenteric and hepatic 182 

lipid levels seemed to correspond to the histological scores and pyloric intestine lipid content, but with 183 

weaker statistical evidence. On the contrary, the relative weight of the pyloric intestine (OSIPI), which 184 

is a sensitive biomarker for choline deficiency in Hansen et al.’s study 3, did not show clear effect of 185 

the rapeseed to fish oil ratio. The explanation for this apparent discrepancy may be fewer observation 186 

points and substantially larger variance in the present than in Hansen et al.’s study. The larger fish size 187 

and the exposure to the natural environmental variations may also have contributed to the overall 188 

variation in the present work. 189 

As mentioned above, the effects of increasing ratio of rapeseed to fish oil may partly be related to the 190 

enhanced lipid digestibility, which increased lipid supply to the fish from 28.3 to about 33.0%. In our 191 

previous study20, a 5% increase in the level of digestible lipid in the feed increased histological scores 192 

of about 0.7 units at 8°C, and 1.5 at 15°C, corresponding to shifts in choline requirement of 200 and 193 

600 mg/kg, respectively. Based on these observations, our conclusion is therefore that the present 194 

study, in which the environmental temperature averaged 10.5°C, indicates that the ratio of fish oil to 195 
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rapeseed oil had minor effects on choline requirement and that the main cause of observed effect of 196

lipid source on choline requirement was the supply of digestible lipid.197

198

Figure 7. The curve in the figure illustrates the dose-response relationship between dietary choline level and 199

intestinal steatosis, as previously published by Hansen et al.3. The dotted lines illustrate the strategy used for 200

estimation of effect on choline requirement in the present study. The increase in rapeseed oil from 0 to 24%201

increased the score by 1.7 units (orange line) in the large fish. The figure indicates that this shift corresponds to202

a shift in choline requirement of about 650 mg/kg. The shift in the small fish was 1.2, corresponding to a shift of 203

450 mg/kg (not illustrated). The difference between the two fish sizes, when fed the lowest rapeseed oil level, 204

was 0.8 units (blue line), i.e. lower in the small than the large fish, corresponding to a difference in choline 205

requirement of about 250 mg/kg. At the highest rapeseed oil level, the difference was 0.3, corresponding to a 206

difference in choline requirement of about 100 mg/kg (not illustrated). As there were great differences in the 207

experimental conditions between Hansen et al.’s experiment and the present, these estimates should be taken 208

as indications of magnitude of effects rather than accurate estimates.209

210
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Effects of fish size on choline requirement 211 

The effect of fish size on choline requirement was calculated by using the same dose-response 212 

relationship between dietary choline level and histological steatosis score previously published 3. 213 

Accordingly, fish size induced a variation of 0.5 units, corresponding to a 200 mg/kg higher dietary 214 

choline requirement in small compared to large fish. However, as daily feed intake and weight gain, 215 

as percent of body weight, were higher in small fish, also lipid consumption was relatively higher in 216 

small compared to large fish. At present, no experimental studies addressing effects of feed intake on 217 

steatosis symptoms and choline requirement in fish have been found. However, a life cycle field survey 218 

observing prevalence and severity of intestinal steatosis in farms along the Norwegian coast, clearly 219 

indicated that in periods with lower feed intake, i.e. when temperature is low, symptoms of steatosis 220 

are mostly absent, supposedly due to lower lipid supply and reduced demand for lipid transport 221 

capacity 34. The present results therefore suggest that the effect of fish size, which was rather small, 222 

most likely was due to difference in lipid supply, and that effect of the differences in developmental 223 

stage, smoltification strategy, and genetic background was minor. Further studies are needed to 224 

confirm these suggestions.  225 

Effects on gene expression 226 

The gene expression biomarkers observed to be most sensitive to variation in choline supply in Hansen 227 

et al.3 ’s work comprise plin2, apoA-I, apoA-IV and pcyt1α. In particular, a clear relationship between 228 

plin2 expression, a general marker for the lipid load of non-adipogenic cells, and severity of intestinal 229 

steatosis, has been documented in several recent studies conducted in salmon 1,20,35–38. In the present 230 

study, higher expression of apoA-IV was observed in the large than the small fish, but otherwise no 231 

clear effects of rapeseed oil level or fish size were detected. In our most recent work by Siciliani et 232 

al.20, in which dietary lipid level increased from 16 to 26% in choline-deficient diets (1600 g/kg), 233 

expression levels of plin2, apoA-I, apoA-IV and pcyt1α  showed clear dose-response relationships with 234 

dietary fat inclusion and intestinal steatosis. However, the study also showed that interactions 235 

between the dietary lipid level and the two assessed water temperatures, 8 and 15°C, influenced the 236 

expression pattern of these genes. The present study was conducted at decreasing temperatures in 237 

the range between the two temperatures studied in the previous work. Hence, a discussion of the 238 

absence of effect of rapeseed oil level and fish size must wait until the knowledge is strengthened. 239 

Fatty acid metabolism  240 

The fatty acid composition of the pyloric intestine (PI), mesenteric fat (Mes), and liver (LI), provide 241 

information which strengthens the knowledge of lipid metabolism in these tissues in relationship to 242 
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fatty acid composition of the diet. The transport routes and chemical form of lipid from the intestinal 243 

lumen to the peripheral tissues in fish are not well described yet. The work of Denstadli et al. 39,  244 

employing isotopes of C10:0 and C18:1 in a force-feeding trial with Atlantic salmon, indicates that both 245 

lipid transport route and chemical form may differ depending on the chain length of the fatty acids 246 

supplied and time after feeding. A route via the portal vein and liver is suggested for both medium 247 

and long chain fatty acids. However, a more direct route to the peripheral tissues is also indicated. 248 

The proportion of free and bound fatty acids changed with time after feeding. According to the results 249 

of the studies of effects of choline supply, it is also likely that dietary choline and lipid level, as well as 250 

feed intake, may affect lipid transport route and chemical form1,20,35,36. In the following discussion of 251 

fatty acid profile of the PI, Mes, and liver, it should be kept in mind that the results were obtained 252 

from fish under severe choline deficient conditions which may have affected the route of transport, 253 

storage, as well as lipid metabolism in the observed tissues. The fact that the fatty acids may be 254 

oxidized, elongated, integrated into phospholipids or triglycerides, and supposedly also selectively 255 

released from the tissues, makes discussion of the results difficult. The fatty acid profile, i.e. % of total, 256 

of the Mes, overall, was closer to that of the feed, than the profile of the PI. For instance, the 14:0 257 

level, expressed as % of total lipid, was lower in the PI fat than in the absorbed lipid, while 18:0 was 258 

higher. The 14:0 might therefore have been elongated to 18:0. Similarly, the observation that level of 259 

20:5 was lower in PI than in the feed, whereas 22:6 was higher, indicates that 20:5 might have been 260 

converted to 22:6 in the PI. Further discussion of these aspect requires more thorough studies of fatty 261 

acid metabolism in PI and Mes.  262 

These observations suggest that the fatty acids accumulating in the enterocytes of the PI are, to some 263 

degree, selected for storage or for passage through. Another possibility is that fatty acids stored in the 264 

enterocytes are metabolized and thereby altering the profile of the PI tissue. Recent publications, 265 

including relevant results over fatty acid metabolism in gut cell culture studies40,4142,43,44 support this 266 

suggestion. The fact that the fatty acid profile of the Mes was more similar to that of the lipid absorbed 267 

from the feed, than to that of the PI, even if the PI precedes the Mes in the lipid transport route, may 268 

be explained by the quantities of lipid passing through the enterocytes compared to the quantity 269 

which is stored. The quantity stored in Mes was many times higher than the quantity stored in the 270 

intestine, and therefore the amounts stored in PI would not necessarily affect the lipid profile of the 271 

Mes. 272 

The liver is commonly regarded as the key organ in lipid metabolism in an animal 45–47. Accordingly, 273 

although correlations with level of fatty acids in the diet were observed, the liver differed the most 274 

from the levels in the absorbed lipid, supposedly reflecting substantial selectivity and high rate of 275 

metabolism of the fatty acids supplied to the organ. For instance, the relative level of C20:4n-6 and 276 
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C22:6n3 was higher in the liver than in in the absorbed fat, indicating metabolic conversion from their 277 

precursors C18:2n6 and C18:3n3.  278 

Conclusions 279 

The Increasing dietary rapeseed oil level, and the higher feed intake of small fish induced moderate 280 

increases in severity of intestinal steatosis. The increase in rapeseed to fish oil ratio enhanced lipid 281 

digestibility and consequently lipid supply. Small fish showed relatively higher feed consumption, and 282 

consequently higher lipid intake. As increasing dietary lipid level has been shown to increase severity 283 

of steatosis, the conclusion based on the present results is that neither lipid source nor fish size affect 284 

choline requirement importantly.  285 

Although the overall fatty acid composition of all the observed tissues reflected that of the absorbable 286 

fat in the feed, the fatty acid composition of the mesenteric tissue resembled it more closely compared 287 

to the pyloric intestine, whereas the composition in the liver showed greater differences. 288 

The present findings strengthen the basis for designing further experiments addressing choline 289 

requirement. A dose-response experiment with the aim to define choline requirement should be 290 

conducted using a fast-growing salmon breed, raised at a temperature on the high end of the normal 291 

range, and fed to diets containing the highest lipid level which would be used in commercial feeds. 292 
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Figures’ legend  310 

Figure 1. Distribution of the histology scores for enterocyte steatosis of the pyloric caeca tissue among 311 

the treatment groups. X-axis presents rapeseed oil level for the two fish sizes: small (S1 = autumn 312 

smolts) and large (S0 = spring smolts) fish. Table insert presents results for an ordinal logistic 313 

regression of impact of fish size and rapeseed oil level on the distribution of the histological scores 314 

among the diet groups for pyloric caeca enterocyte steatosis. 315 

Figure 2. Distribution of histology scores for inflammatory cell infiltration in the submucosa and lamina 316 

propria of distal intestine among the treatment groups. X-axis presents rapeseed oil level for the two 317 

fish sizes: small (S1 = autumn smolts) and large (S0 = spring smolts) fish. Table insert shows results for 318 

an ordinal logistic regression of impact of fish size and rapeseed oil level on the distribution of the 319 

histological scores among the diet groups for distal intestine submucosal infiltration. 320 

Figure 3. Relative expression of biomarker genes for choline requirement. The curves show the 321 

estimated regression lines with indication of 95% credible intervals for posterior mean. 322 

Figure 4. Effects of the increasing dietary rapeseed oil level on the sum of fatty acids in pyloric caeca 323 

(PI), liver (LI), mesenteric fatty tissue (Mes) and on the sum of absorbable fatty acids in the feed (Feed) 324 

(Unit: g/kg feed or tissue), for small (0) and large (1) fish. The legend in the figure presents the best 325 

model for the data. The curves show estimated regression on dietary rapeseed oil level with indication 326 

of 95% credible intervals for the posterior means, allowing comparison of the results: lines and parts 327 

of lines for which the 95% range do not overlap differ significantly.  328 

 329 

Figure 5a. Effects of the increasing dietary rapeseed oil level on the relative level of saturated and 330 

mono-unsaturated fatty acids (% of sum of fatty acids, Area %) indicated on the left above the graphs, 331 

in absorbed fat, pyloric caeca (PI), mesenteric fatty tissue (Mes), and liver (Unit: % of sum fatty acids), 332 

representative for small (0) and large (1) fish. The legend in the figure indicates whether fish size 333 

clearly affected the results and the best model selected for the data. For fatty acids not clearly affected 334 

by fish size, average cures are presented. For fatty acids showing significant effects of fish size, 335 

separate curves are shown. The curves show the estimated regression lines with indication of 95% 336 

credible intervals for posterior means. The curves show estimated regression on dietary rapeseed oil 337 
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level with indication of 95% credible intervals for the posterior means allowing comparison of the 338 

results: lines and parts of lines for which the 95% range do not overlap differ significantly. 339 

 340 

Figure 5b. Effects of the increasing dietary rapeseed oil level on the relative level (% of sum of fatty 341 

acids, Area %) of poly-unsaturated fatty acids indicated on the left above the graphs, in absorbed fat, 342 

pyloric caeca (PI), mesenteric fatty tissue (Mes), and liver (Unit: % of sum fatty acids), representative 343 

for small (0) and large (1) fish. The legend in the figure indicates whether fish size clearly affected the 344 

results and the best model selected for the data. For fatty acids not clearly affected by fish size, 345 

average cures are presented. For fatty acids showing significant effects of fish size, separate curves 346 

are shown. The curves show the estimated regression lines with indication of 95% credible intervals 347 

for posterior means. The curves show estimated regression on dietary rapeseed oil level with 348 

indication of 95% credible intervals for the posterior means allowing comparison of the results: lines 349 

and parts of lines for which the 95% range do not overlap differ significantly. 350 

Figure 6. Results of welfare scores observed at termination of the feeding experiment.   351 

Figure 7. The curve in the figure illustrates the dose-response relationship between dietary choline 352 

level and intestinal steatosis, as previously published by Hansen et al.3. The dotted lines illustrate the 353 

strategy used for estimation of effect on choline requirement in the present study. The increase in 354 

rapeseed oil from 0 to 24% increased the score by 1.7 units (orange line) in the large fish. The figure 355 

indicates that this shift corresponds to a shift in choline requirement of about 650 mg/kg. The shift in 356 

the small fish was 1.2, corresponding to a shift of 450 mg/kg (not illustrated). The difference between 357 

the two fish sizes, when fed the lowest rapeseed oil level, was 0.8 units (blue line), i.e. lower in the 358 

small than the large fish, corresponding to a difference in choline requirement of about 250 mg/kg. At 359 

the highest rapeseed oil level, the difference was 0.3, corresponding to a difference in choline 360 

requirement of about 100 mg/kg (not illustrated). As there were great differences in the experimental 361 

conditions between Hansen et al.’s experiment and the present, these estimates should be taken as 362 

indications of magnitude of effects rather than accurate estimates. 363 
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Figure S1a. Effects of the increasing dietary rapeseed oil level on content of saturated and mono-unsaturated fa�y acids 
indicated on the le� above the graphs, in absorbed fat, pyloric caeca (PI), mesenteric fa�y �ssue (Mes), and liver (LI) (Unit: 
g/kg feed or �ssue), respec�vely for small (0) and large fish (1). The legend in the figure indicates whether fish size clearly 
affected the results and the best model selected for the data. For fa�y acids not clearly affected by fish size, average cures 
are presented. For fa�y acids showing significant effects of fish size, separate curves are shown.  The curves show es�mated 
regression on diet rapeseed oil level with indica�on of 95% credible intervals for the posterior means. 

g/
kg

g/
kg

g/
kg

g/
kg

g/
kgg/

kg

Rapeseed oil level, % Rapeseed oil level, %

Rapeseed oil level, % Rapeseed oil level, %

Rapeseed oil level, % Rapeseed oil level, %

g/
kg



Figure S1b. Effects of the increasing dietary rapeseed oi level on content of n3 and n6 fa�y acids indicated 
on the le� above the graphs, in absorbed fat, pyloric caeca (PI), mesenteric fa�y �ssue (Mes), and liver (LI) 
(Unit: g/kg feed or �ssue), respec�vely for small (0) and large fish (1). The legend in the figure indicates 
whether fish size clearly affected the results the best model selected for the data. For fa�y acids not clearly 
affected by fish size, average cures are presented. For fa�y acids showing significant effects of fish size, 
separate curves are shown.  The curves show es�mated regression on diet rapeseed oil level with indica�on 
of 95% credible intervals for the posterior means.
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Abstract  12 

An earlier study of ours investigating the effect of dietary lipid levels on the choline 13 

requirement of Atlantic salmon, showed increasing severity of intestinal steatosis with 14 

increasing lipid levels. As choline is involved in epigenetic regulation by being the key methyl 15 

donor, pyloric caeca samples from the study were analyzed for epigenetic effects of dietary 16 

lipid and choline levels. The diets varied in lipid levels between 16 and 28%, with choline level 17 

between 1.9 and 2.3 g/kg. The diets were fed for eight weeks to Atlantic salmon of 25 g of 18 

initial weight. Using reduced representation bisulfite sequencing (RRBS), this study revealed 19 

that increasing dietary lipid level induced methylation differences in genes involved in 20 

membrane transport and signaling pathways, and in microRNAs important for the regulation 21 

of lipid homeostasis. Increasing choline level also affected genes involved in fatty acid 22 

biosynthesis and transport, lipolysis, and lipogenesis, as well as important immune genes. Our 23 

observations confirmed that choline is involved in epigenetic regulation in Atlantic salmon, as 24 

has been reported for higher vertebrates.  This study showed the need for the inclusion of 25 

biomarkers of epigenetic processes in studies that must be conducted to define optimal choline 26 

levels in diets for Atlantic salmon.  27 

 28 

 29 

 30 

 31 

 32 
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Introduction 34 

Steady increase in the replacement of fishmeal and fish oil with plant ingredients and increased 35 

lipid levels in diets for farmed Atlantic salmon have caused challenges related to the health and 36 

welfare of the fish, and fish husbandry (Bjørgen et al. 2020; Hardy 2010; Krogdahl et al. 2010). 37 

Excessive lipid accumulation (steatosis) in the pyloric caeca and mid intestine is an example 38 

of such health challenges and is frequently observed in farmed salmon (Krogdahl et al. 39 

2022). A mild intestinal steatosis is a ubiquitous condition. In extreme situations, dietary fat 40 

accumulate throughout the gastrointestinal tract and lipidic faeces are discarded and float in the 41 

surrounding waters (Penn 2011). With the huge changes in salmon diets in the past decades, 42 

fish have experienced changes in the contents of nutrients and other ingredient components, 43 

that is, non-nutrients and antinutrients, with subsequent challenges, such as disturbed nutrient 44 

digestion and absorption (Bjørgen et al. 2020; Hardy 2010; Krogdahl et al. 2010). Increased 45 

prevalence and severity of steatosis could therefore be a consequence of complications in lipid 46 

digestion and absorption caused by an insufficient supply of essential nutrients or increased 47 

supply of antinutrients. Recently, through a series of studies, choline was established as an 48 

essential nutrient for Atlantic salmon (Hansen, Anne K. G. et al. 2020; Hansen, Anne Kristine 49 

G. et al. 2020; Krogdahl et al. 2020; Penn 2011; Siciliani et al. 2023), and that plant based diets 50 

must be supplied with choline to prevent steatosis in Atlantic salmon.  51 

Choline is necessary for many metabolic and physiological processes by being a component of 52 

lipoproteins, membrane lipids, and a precursor for the neurotransmitter acetylcholine (Korsmo, 53 

Jiang & Caudill 2019; Ueland 2011). In the main ingredients used in salmon diets, choline is 54 

present mostly as phosphatidylcholine (PC), which is hydrolyzed to lysophosphatidylcholine, 55 

absorbed, and then re-esterified to PC (Krogdahl et al. 2020). Choline chloride is the most 56 

common choline supplement, a form which is absorbed by enterocytes and further incorporated 57 

into PC via the Kennedy pathway, sequentially reacting with ATP and cytidine triphosphate, 58 

and finally fusing with diacylglycerol (Gibellini & Smith 2010; Krogdahl et al. 2020; van der 59 

Veen et al. 2017). Approximately 95% of choline in the body exists as PC, which is the main 60 

component of the phospholipid bilayer of cell membranes, and thereby influences signaling 61 

and transport across membranes (Ridgway 2016). PC is necessary for the transport of lipids 62 

from enterocytes (Krogdahl et al. 2020) and for the regulation of lipid, lipoprotein, and whole-63 

body energy homeostasis (van der Veen et al. 2017). 64 



Choline is the key source of methyl groups for DNA and histone methylation. Choline is 65 

oxidized to betaine, from which a methyl group is donated to homocysteine producing 66 

methionine, which is subsequently converted to the universal methyl donor S-67 

adenosylmethionine (SAM) (Ueland 2011; Zeisel 2017). During DNA methylation, DNA 68 

methyltransferases (DNMTs) transfer a methyl group from SAM to the fifth carbon of a 69 

cytosine nucleotide, followed by a guanine nucleotide (CpG), to form 5-methylcytosine along 70 

with S-adenosylhomocysteine (SAH) (Metzger & Schulte 2016; Moore, Le & Fan 2013).  71 

Epigenetic modifications, including DNA methylation, modulate gene expression without 72 

altering the genome sequence (Bird 2007). DNA methylation is the most stable and most 73 

studied epigenetic mechanism. Alterations in DNA methylation in different genomic regions 74 

differentially influence gene activity, resulting in diverse physiological and phenotypic 75 

changes (Metzger & Schulte 2016; Moore, Le & Fan 2013). DNA methylation can be 76 

modulated by environmental factors including diet and nutritional status (Amenyah et al. 2020; 77 

Dhanasiri et al. 2020). Macro- and micronutrients have been reported to influence DNA 78 

methylation and affect health and disease conditions (Anderson, Sant & Dolinoy 2012; Dhar 79 

et al. 2021; Jones et al. 2021; Saito et al. 2021). Several in vivo and in vitro studies have 80 

demonstrated that changes in choline intake alter global and gene-specific DNA methylation 81 

(Bai et al. 2022; Jiang, Greenwald & Jack-Roberts 2016; Korsmo, Jiang & Caudill 2019; Zeisel 82 

2017).  83 

In previous studies, we have demonstrated that the choline requirement of Atlantic salmon 84 

varies with variations in production-related conditions, such as dietary lipid levels (Hansen, 85 

Anne K. G. et al. 2020; Siciliani et al. 2023). In a study by Siciliani et al. (Siciliani et al. 2023), 86 

fish in fresh water, averaging 25 g at the start, fed choline-deficient diets varying in lipid levels 87 

from 16%, 20%, 25%, and 28% for eight weeks, showed clear, increasing effects of lipid level 88 

on intestinal steatosis, as well as a decreasing effect on lipid digestibility. Growth performance 89 

was, however, not affected by variations in the dietary lipid levels. These results support the 90 

hypothesis that dietary lipid levels affect choline requirements and are necessary for optimal 91 

feed utilization. Considering the importance of choline as a key methyl donor in DNA 92 

methylation, the present study employed reduced representation bisulfite sequencing (RRBS) 93 

to describe genome-wide DNA methylation patterns in pyloric caeca samples from the dose-94 

response study mentioned above by Siciliani et al. (Siciliani et al. 2023).  95 

 96 



Results 97 

As described in detail by Siciliani et al. (Siciliani et al. 2023), a challenge was encountered at 98 

the start of the feeding period of the experiment. Among the newly delivered diets, the one 99 

with the highest lipid levels showed lipid leakage. A new batch was made. However, soybean 100 

lecithin was added to prevent leakage, resulting in higher choline levels. Hence, the diets with 101 

16% (L16), and 25% (L25) lipid contained 1.9 g of choline/kg, and the diet with 28% (L28) 102 

lipid contained 2.3 g/kg of choline. See Siciliani et al. (2023) for further details regarding diet 103 

composition and Supplementary Table 1 for the analyzed nutrient content. However, every 104 

cloud has a silver lining . The event provided an opportunity to get indications also of effects 105 

of choline levels in epigenetic regulation in pyloric caeca tissues. L16 and L25 diets, which 106 

were similar in choline level, differed by 9% in lipid content, while the L25 and L28 diets, 107 

differed in choline by 0.4 g/kg, i.e., about 22%, but only 3% in lipid. Accordingly, the 108 

difference in results for the diets L16 and L25 indicates effects of lipid level, whereas that for 109 

L28 and L25 provides information elucidating the impact of a substantial difference in degree 110 

of choline deficiency confounded with a small difference in lipid level on the observed diet 111 

effects.  112 

 113 

RRBS library characterization 114 

Using the RRBS technique, we assessed epigenetic differences in the pyloric caeca of Atlantic 115 

salmon fed the L16, L25, and L28 diets. RRBS generated 21.6 - 40 million reads, with an 116 

average of 27.5 million raw reads per sample (Supplementary Figure 1). After quality and 117 

adaptor trimming, an average of 25.4 million reads was obtained per sample. Of them, an 118 

average of 10 million reads were uniquely mapped, with an approximately 39% mapping 119 

efficiency to the Atlantic salmon genome (Supplementary Figure 1). An average of 12.8 million 120 

reads were not mapped uniquely (approximately 50% of the trimmed reads), even though the 121 

average total mapping efficiency was 90%. Low unique mapping efficiency is a common factor 122 

experienced during RRBS studies, as reported for several fish species (Dhanasiri et al. 2020; 123 

Podgorniak et al. 2022; Saito et al. 2021).  124 

 125 

Characterization of pyloric caeca methylome of Atlantic salmon 126 



An average of 158 million cytosines were analyzed per sample, including an average of 27.7 127 

million methylated cytosines in total (Table 1). Of those methylated cytosines, an average of 128 

26.6 million were in CpG context. An average of 4.9 million was also observed for 129 

unmethylated cytosines in CpG context, totaling up to 31.5 million cytosines in both 130 

methylated and unmethylated cytosines in CpG context. The percentage of methylated 131 

cytosines calculated as a percentage from the total sum of methylated and unmethylated 132 

cytosines respectively in CpG, CHG, and CHH context (where H is A, C, or T) are given in the 133 

Table 1. Observed average percentage were 84.4, 0.9, and 0.8 methylated cytosines for CpG, 134 

CHG, and CHH contexts, respectively per diet group (Table 1).  The percentage of methylated 135 

CpGs, CHGs and CHHs did not differ between the diet groups (Table 1).  136 

 137 

Table 1. Global cytosine methylation levels detected in CpG, CHG and CHH contexts. 138 

Diet group Total number (million) of % of  

analyzed 
 
 

CpG 
context 

CHG 
context 

CHH 
context 

L16 151 ± 12 26.6 (17.6%) 84.6 0.9 0.8 
L25 157 ± 7 27.1 (17.3%) 84.2 1.0 0.8 
L28 166 ± 17 29.3 (17.6%) 84.5 1.0 0.8 

Total number of cytosines analyzed ± SEM from n = 6 per diet group.  139 

 140 

Differentially methylated CpGs (DMCs), their chromosomal distribution and annotation 141 

Pairwise comparisons of DMCs among different diet groups are presented in Table 2. DMCs 142 

were presented for diets with higher lipid levels compared to diets with lower lipid levels in 143 

each comparison. The results presented below focus on the observed differences between diets 144 

L25 and L16, that is, the difference between the diets with similar choline levels and the 145 

greatest difference in lipid levels, and the difference between the diets with different choline 146 

levels and the smallest difference in lipid levels, that is, L28 and L25.  147 

 148 

Table 2. General statistics on significantly differentially methylated cytosines in CpG 149 

context.  150 

Comparisons Differentially methylated CpGs (>10%, q < 0.1) 



 Total  Hypermethylation* Hypomethylation* 
L25 vs L16 197 93 (47.2%) 104 (52.8%) 
L28 vs L25  360 190 (52.8%) 170 (47.2%) 

* The percentages of hypermethylation and hypomethylation are shown in parentheses.  151 

The chromosomal distributions of DMCs that differed between diet groups are shown in Figure 152 

1. Comparison of L25 vs L16 groups showed the highest DMCs distribution on chromosome 153 

24, followed by 5 and 27 (Figure 1a), while comparison of L28 vs L25 showed the highest 154 

distribution in chromosome 28 followed by 14 (Figure 1b).  155 

 156 

 157 

Figure 1. Bar plots showing the percentage of hyper- and hypomethylated CpGs per 158 

chromosome over all the covered CpGs in a given chromosome. (a) Comparison of L25 vs L16 159 

diet groups and (b) L28 vs L25 diet groups. CpGs with q < 0.1 and methylation differences > 160 

10% were considered as hyper- and hypomethylated.  161 

Genomic feature analysis revealed that the number of DMCs in genic regions comprising the 162 

promoter region  kb to +100 bp from the transcription start site [TSS]), exons, introns, and 163 

 kb) was higher than the number of DMCs 164 

in intergenic regions for both pairwise comparisons (Figure 2). 165 
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  166 

Figure 2. Genomic feature analysis of differentially methylated cytosines in each of the 167 

comparisons between diet groups.  168 

 169 

Genes associated with DMCs 170 

The total number of genes associated with DMCs for each comparison is shown in Table 3. 171 

Approximately 50% of the genes associated with DMCs could not be assigned a gene 172 

name/symbol since the Atlantic salmon genome is still not well annotated compared to the 173 

genomes of model fish species. The number of genes associated with DMCs followed the same 174 

order as the number of DMCs found in the pairwise comparisons.  175 

Table 3. The total number of genes associated with DMCs in each pairwise comparison of 176 

diet groups. 177 

Comparisons 

Total no. 

of genes 

Genes assigned with 

symbol/name* 

Genes not assigned with 

symbol/name* 

L25 vs L16 167 89 (53.3%) 78 (46.7%) 

L28 vs L25 290 143 (49.3%) 147 (50.7%) 

*Percentages of assigned and not assigned genes are presented in parentheses. 178 

 179 

Gene ontology (GO) enrichment analysis of genes associated with DMCs in each comparison 180 

showed few enriched biological processes, molecular functions, and cellular components. The 181 

L25 vs L16 comparison showed enrichment of molecular functions related to transmembrane 182 

transporter activity, transcription regulator activity, oxidoreductase activity, and protein 183 
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binding activity (Supplementary Table 2). On the other hand, L28 vs L25 showed enriched 184 

biological processes, including cellular response to stimulus (Supplementary Table 2).  185 

Supplementary File 1 presents all genes associated with DMCs in each of the comparisons 186 

between diet groups that were assigned to the gene symbol/name. Genes considered 187 

functionally relevant to the topic of the present study are presented in Table 4.  188 

 189 
Table 4. Selected genes associated with DMCs in the pyloric caeca genome of Atlantic 190 

salmon fed diets with increasing lipid or choline content. 191 

Gene symbol Gene Name 25 vs 
16* 

28 vs 
25* 

Promoter    

tjap1 tight junction associated protein 1 4(4) 4(0) 
slc22a15 solute carrier family 22-member 15 0 3(0) 
LOC106597856 acyl-CoA desaturase-like (scd) 0 1(0) 
LOC106564195 ARF GTPase-activating protein Git2 (git2) 1(1) 0 
LOC106610877 kelch-like protein 28 (klhl28) 3(0) 0 
sstr2a somatostatin receptor 2a 0 2(2) 
    
TTS    
LOC106580941 
 
 

major facilitator superfamily domain-containing 
protein 1-like (mfsd1) 
 

0 3(0) 

    
Exon    
LOC123728301 
 

potassium voltage-gated channel subfamily A 
member 1-like (kcna1) 2(0) 3(3) 

    
Intron    
ssa-mir-212a-2 ssa-mir-212a-2 1(1) 0 
irf4a interferon regulatory factor 4a 0 3(0) 

LOC106594380 arf-GAP with coiled-coil, ANK repeat and PH 
domain-containing protein 3 (acap3) 0 4(4) 

agap3 
 

ArfGAP with GTPase domain, ankyrin repeat and 
PH domain 3 0 2(2) 

gabrb2 
 

gamma-aminobutyric acid type A receptor subunit 
beta2 0 4(0) 

*Total number of DMCs are presented with the number of hypermethylated cytosines in 192 
parentheses. 193 
 194 

Few but important, relevant genes were associated with DMCs in fish fed L25 compared to 195 

those fed L16 (Table 4), that is, diets with 9% difference in lipid levels and similar choline 196 

levels. A higher number of genes were associated with DMCs in fish fed L28 compared to 197 



those fed L25, that is, diets with a difference in choline level of 0.4 g/kg (22%) and a 3% 198 

difference in lipid level (Table 4).  199 

 200 

L25 vs L16  Effects of a 9% difference in lipid level 201 

Relatively few genes were associated with DMCs in fish fed L25 compared with those fed L16.  202 

The promoter region of the tight junction associated peripheral protein tjap1, playing an 203 

important role in the formation of tight junctions and may participate in vesicle trafficking 204 

(Rodgers et al. 2013; Zihni et al. 2016), showed hypermethylation (Table 4).  205 

The gene coding for ARF GTPase-activating protein Git2, git2, which is important for the 206 

regulation of the toll-like receptor signaling pathway, uniquely showed hypermethylation of 207 

the promoter region of L25 fish compared to the L16 fed fish.  208 

The gene coding for kelch-like protein 28, klhl28, showed hypomethylation in the promoter 209 

region of L25 fed fish compared to L16 fed fish. At present, there is little information available 210 

on the specific function of klhl28, but members of the kelch-like protein family are known to 211 

play important roles in ubiquitination processes mediated by E3 ligases, a processes involved 212 

in almost all life activities of eukaryotes (Shi et al. 2019).  213 

Small non-coding microRNAs which suppress the expression of targeting mRNAs were also 214 

differentially methylated, i.e., were hypermethylated in the intron region of mir-212, which is 215 

important for lipid homeostasis (Hanin et al. 2018), in fish fed L25 compared to those fed L16 216 

(Table 4).  217 

The gene encoding potassium voltage-gated channel subfamily A member 1 (kcna1), involved 218 

in the regulation of voltage-dependent potassium ion permeability of excitable membranes 219 

(Bachmann et al. 2020), showed hypomethylation of the exon region in fish fed L25 compared 220 

to fish fed L16 (Table 4). 221 

 222 

L28 vs L25  Effects of a 22% difference in choline and 3% difference in lipid level 223 

A higher number and different genes were associated with DMCs in the L28 vs L25 comparison 224 

than in the L25 vs L16 comparison (Table 4). Hypomethylation of the promoter region of tjap1 225 

was observed, in contrast to the hypermethylation observed in the L25 vs L16 comparison. 226 

Hypomethylation of the promoter region of the carnitine and betaine transporter slc22a15 was 227 



also observed in fish fed L28 compared to those fed L16 (Table 4). A member of the major 228 

facilitator superfamily (mfs) of transporters, mfsd1 showed hypomethylation of cytosines in 229 

the transcription termination site in L28 fed fish compared to L25 fed fish. These transporters 230 

are important for the passage of a variety of small molecules across cell membranes, i.e., 231 

important for nutrient absorption (Massa López et al. 2019). The lysosomal transporter mfsd1 232 

has been shown to be vital for liver homeostasis and liver health in mice (Massa López et al. 233 

2019). Their roles in the intestine remain to be evaluated.  234 

Two genes belonging to the GTPase activating protein (GAP) family, acap3 and agap3 were 235 

hypermethylated in the intron region of fish fed L28 compared to the fish fed L25. GAPs bind 236 

to GTPase and accelerate the conversion of GTP to GDP, and this regulation of GTPase activity 237 

by GAPs causes a series of signaling changes (He et al. 2021). The GTPase activating protein 238 

acap3 is specific to the small GTPase, arf6, and those arfGAPs can be activated by lipid kinase, 239 

phosphatidylinositol 4,5-bisphosphate, and phosphatidic acids (Honda et al. 1999). However, 240 

acap3 has been mostly reported as a regulator of neuronal migration and growth (Miura et al. 241 

2016; Miura & Kanaho 2017). Furthermore, agap3 has also been identified as an NMDA-242 

interacting signaling protein that is important for regulating NMDA receptors (Oku & Huganir 243 

2013). NMDA receptors are glutamate-gated ion channels present in excitatory synapses in the 244 

central nervous system and are important for mediating sodium, calcium, and potassium ion 245 

flow in the cells (Fan, Jin & Wang 2014). 246 

The promoter region of scd, a gene encoding acyl-CoA desaturase involved in fatty acid 247 

biosynthesis, showed hypomethylation in L28 fed fish compared to L25 fed fish (Table 4).  248 

In contrast to the effect of lipid levels on hypermethylation of the intron region of mir-212, this 249 

microRNA was not significantly affected by DMCs in the L28 vs L25 comparison. 250 

Among the immune genes associated with DMCs were transcription factor, irf4a, 251 

hypomethylated in the intron region, and somatostatin receptor, sstr2a, hypermethylated in the 252 

promoter region of fish fed L28 compared to those fed L25 (Table 4).  253 

Several genes related to the nervous system and neurotransmitters showed differences in 254 

epigenetic regulation between the L28 and L25 diet fed fish, possibly linking to the role of 255 

choline as precursor for the neurotransmitter acetylcholine. In addition to the previously 256 

mentioned acap3 and agap3, gabrb2, a multi-subunit chloride channel that mediates inhibitory 257 

synaptic transmission, showed differences in epigenetic regulation between L28 and L25 fed 258 



fish. Hypermethylation of kcna1 observed in the L28 vs L25 comparison, in contrast to 259 

hypomethylation of kcna1 observed in the L25 vs L16 comparison (Table 4).  260 

Discussion 261 

Studies describing diet-related epigenetic changes in fish are few (Dhanasiri et al. 2020; Saito 262 

et al. 2021; Skjærven et al. 2018). The present study adds new information to the presently 263 

weak knowledge base. The comparison of the epigenetic differences in fish fed the L25 to L16 264 

diet, differing by 9% in lipid content and with similar choline levels, suggests functional effects 265 

that deviate substantially from those observed in fish fed the L28 and the L25 diet, differing by 266 

3% in lipid level and 22% in choline. Therefore, in the following discussion, the results for the 267 

comparison of the L25 and L16 diets are considered to represent the effects of lipid level, 268 

whereas differences in the results for L28 and L25 are considered mainly to represent the 269 

effects of variation in choline level.  270 

 271 

Effects of dietary lipid level  272 

The observed effects of increased dietary lipid levels are related to membrane transport and 273 

signaling pathways. The effect on hypermethylation of promoter of tjap1, a peripheral tight 274 

junction protein involved in control of paracellular permeability and movement of ions, 275 

macromolecules and immune cells (Rodgers et al. 2013; Zihni et al. 2016), may have 276 

contributed to the alterations in the lipid and fatty acid transport capacity in the pyloric caeca 277 

mucosa with different degrees of excessive lipid accumulation (see the results published by 278 

Siciliani et al (Siciliani et al. 2023). It is commonly used as a biomarker of intestinal integrity 279 

in broilers (Santos et al. 2021; Slawinska et al. 2019). 280 

Small non-coding microRNA, mir-212 has been observed to be a key regulator of hepatic lipid 281 

homeostasis, suppressing multiple target genes leading to hepatic steatosis (Hanin et al. 2018). 282 

As such, the hypermethylation of the intron region of mir-212 observed with increasing dietary 283 

lipid levels may be related to the increase in steatosis symptoms with increasing lipid levels. 284 

Gene body methylation is positively correlated with gene expression rates, as it blocks the 285 

transcription of repetitive DNA elements and regulates alternative promoters and splicing 286 

(Jjingo et al. 2012; Maunakea et al. 2010). The tjap1 has also been identified as a potential 287 

target of mir-212  (Burek et al. 2019). Therefore, epigenetic modulation of mir-212 could be 288 



important for L25 fed fish as an attempt to regulate lipid homeostasis in pyloric caeca tissue 289 

with severe steatosis. 290 

 291 

Effects of dietary choline level  292 

The effects of increased dietary choline levels include the epigenetic regulation of several genes 293 

involved in fatty acid transport and metabolism, as summarized in Figure 3.  294 

In contrast to the hypermethylation observed with the increased lipid levels and low choline 295 

levels, hypomethylation of the promoter region of tjap1 was observed with increased choline 296 

levels. Generally, methylation in promoter regions is inversely correlated with gene expression 297 

rates (Jones 2012), but sometimes varies with promoter sequences and gene function (Weber 298 

et al. 2007). Thus, hyper- and hypomethylation likely cause differential regulation of 299 

expression of tjap1 in respective diet fed fish. Our results indicate that the degree of 300 

methylation of the tjap1 promoter may be used as an epigenetic biomarker in pyloric caeca to 301 

assess dietary choline levels. However, our observations need to be validated further by 302 

supporting gene expression and functional studies.  303 

Hypomethylation of the promoter of the solute carrier, slc22a15, which is important for 304 

regulating systemic and tissue levels of betaine and carnitine (Yee et al. 2020), indicates that 305 

variation in choline levels has consequences for the regulation of betaine and carnitine 306 

transport. Betaine is an intermediate in the transfer of methyl groups from choline. The likely 307 

increase in the level of betaine, resulting from the elevation of choline levels, could have led 308 

to the epigenetic regulation of slc22a15, which is needed to regulate systemic and tissue levels 309 

of betaine. The effects on carnitine, which is involved in fatty acid transport, may also be 310 

underlying the observed effects of lipid levels on fatty acid levels in the intestinal mucosa 311 

(Longo, Frigeni & Pasquali 2016).  312 

The hypomethylation of promoter of scd observed with increasing dietary choline level, a gene 313 

involved in regulation of the biosynthesis of monosaturated fatty acids (Paton & Ntambi 2009), 314 

could correspond to a reduction in content of MUFA in the pyloric caeca (See the results 315 

published by Siciliani et al (Siciliani et al. 2023). This observation may be related to a decrease 316 

in the severity of choline deficiency symptoms with increasing choline levels.  317 



 318 

 319 

Figure 3. Increased dietary choline levels induced epigenetic regulation of several genes 320 

involved in fatty acid transport and metabolism. Peripheral tight junction protein tjap1, solute 321 

carrier, slc22a15 and scd involved in fatty acid biosynthesis showed hypomethylation in 322 

promoter region and major facilitator superfamily transporter mfsd1 showed hypomethylation 323 

in TTS with increased dietary choline levels. Figure created with Biorender.com. 324 

Among the immune genes affected by the increase in choline levels, was transcription factor 325 

irf4a, which is vital for the regulation of immune cell differentiation, including T and B 326 

lymphocytes, macrophages, and dendritic cells (Nam & Lim 2016). The gene showed 327 

hypomethylation in the intron region with increasing dietary choline levels, indicating that 328 

dietary choline levels may play a role in salmon mucosal immune functions. Studies in mice 329 

have reported that irf4 is a negative regulator of inflammation in diet-induced obesity and a 330 

key regulator of lipolysis and lipogenesis (Eguchi et al. 2011). The dominant somatostatin 331 

receptor, sstr2a, was hypermethylated in the promoter region of L28 with increasing choline 332 

levels. Somatostatin receptors mediate the action of somatostatin, which function as an 333 

endogenous inhibitory regulator of secretory and proliferative responses of target cells (Patel 334 

1999) and sstr2a reported to regulate 335 



(Elliott et al. 1999). These effects support the indications discussed above regarding the 336 

involvement of choline in mucosal immune function in Atlantic salmon. Such possible effects 337 

of choline should be investigated in follow up choline requirement studies.  338 

 339 

 340 

Conclusion 341 

Variation in dietary lipid level affected methylation of genes coding for membrane components 342 

and transporters and microRNAs important for lipid homeostasis. Variation in choline levels 343 

affected the methylation of genes involved in fatty acid biosynthesis and transport, lipolysis 344 

and lipogenesis, and genes related to immune functions, including genes involved in the 345 

differentiation of immune cells. Among the genes affected by choline level, the tight junction 346 

protein tjap1 showed hypomethylation of the promoter with increased choline levels, indicating 347 

the possibility of its use as an epigenetic biomarker for dietary choline levels. Our observations 348 

support the vital role of choline in epigenetic regulation, as reported in higher vertebrates as 349 

well as in Atlantic salmon. These results call for research for revealing the role of choline in 350 

mucosal immune function in Atlantic salmon.  351 

 352 

Materials and methods 353 

Diet composition and feeding trial. 354 

The samples processed in this study were part of a larger feeding trial conducted to estimate 355 

the influence of increasing lipid levels and water temperature on the choline requirement. All 356 

details regarding the feed production and feeding trial are presented in Siciliani et al. (Siciliani 357 

et al. 2023) and are briefly summarized below.  358 

Three diets characterized by a high content of plant ingredients and an equally low choline 359 

level were formulated with increasing levels of lipids: 16% (L16), 25% (L25), and 28% (L28). 360 

To achieve iso-nitrogenous diets, ingredients with a low protein content were proportionally 361 

substituted with ingredients with a higher protein content in parallel with the increasing lipid 362 

level. The diets were supplemented with standard vitamins and mineral premixes and produced 363 

by extrusion. A summary of the diet compositions as analyzed is presented in Supplementary 364 

Table 1 , 365 



Norway. Atlantic salmon with an initial weight of 25 g were raised at a temperature of 8 °C 366 

using duplicate tanks per diet group. 367 

After 8 weeks of feeding, three fish of mixed gender in the fed state were randomly sampled 368 

from each tank (n = 6 per diet group), anesthetized with tricaine methane sulfonate (MS-222), 369 

and killed by a sharp blow to the head, according to the Norwegian Animal Welfare Act 370 

guidelines. The abdominal cavity of the fish was opened longitudinally, and the internal organ 371 

package was removed. The mesenteric fat was removed from the pyloric intestine, and a small 372 

section from the pyloric caeca was sectioned, collected in a 1.5 ml Eppendorf tube, snap-frozen 373 

in liquid N -80 °C.  374 

Reduced representation bisulfite sequencing (RRBS) 375 

DNA was extracted from 80-100 μg of pyloric caeca sample using an E.Z.N.A. insect DNA kit 376 

(Omega Bio-tek, Norcross, GA, USA)377 

quantity was assessed using a Qubit fluorometer (Invitrogen, Thermo Fisher Scientific, 378 

Waltham, MA, USA), whereas DNA quality was assessed using an Agilent 2200 TapeStation 379 

(Agilent technologies, Santa Clara, CA, USA). Library preparation was performed using the 380 

NuGen ovation RRBS methyl-seq system 1-16 (Tecan Genomics, Inc., Redwood City, CA, 381 

USA), according to the manufacturer Genomic DNA was digested by incubating 382 

the samples with the MspI enzyme at 37 °C for 1 h. Following adapter ligation and the final 383 

repair, bisulfite conversion was performed according to the . The 384 

resulting bisulfite-converted libraries were subjected to desulfonation and purification and then 385 

amplified with 12 PCR cycles. The quality and quantity of the resulting RRBS libraries were 386 

assessed using the TapeStation. Two sequencing runs were performed for two pools containing 387 

equal representation from the diet groups. Sequencing was performed on an Illumina NextSeq 388 

platform (San Diego, CA, USA) using a single-end 75 bp high-throughput sequencing kit with 389 

4% Phix control DNA (Illumina) as an internal control, following the instructions for RRBS 390 

sequencing from the NuGen RRBS protocol.  391 

 392 

Bioinformatics analysis of RRBS data  393 

RRBS data analysis was performed as previously described (Dhanasiri et al. 2020). Briefly, 394 

quality and diversity adapter trimming of raw data was processed using Trim Galore 395 

(Babraham Bioinformatics) without the  rrbs option and using a specific script provided by 396 



NuGen. This preserves the first base of the MspI fragment, which contains the CpG 397 

methylation measurement. Quality trimmed reads were aligned to the Atlantic salmon genome 398 

(http://www.ensembl.org, Ssal_v3.1, GCA_905237065.2) using Bismark aligner (Krueger & 399 

Andrews 2011) with directional options, and other default parameters. The percentage 400 

methylation of cytosines in CpG, CHG or CHH context were calculated by default method in 401 

Bismark aligner as follows: % methylation (context) = 100 * methylated Cs (context) / 402 

(methylated Cs (context) + unmethylated Cs (context)). Methylation information was extracted 403 

and used in the methylkit package (Akalin et al. 2012). 404 

Differentially methylated cytosines in the CpG context in the genomes of Atlantic salmon 405 

between the diet groups were analyzed using the methylKit package following the 406 

recommendation from the developers. Sorted SAM files from the Bismark aligner used to 407 

create a methylRaw object for CpG methylation as per the instruction from methylKit. 408 

Descriptive statistics were performed on each sample to test methylation coverage and percent 409 

methylation. Then, all the samples were filtered based on read coverage, as recommended by 410 

the methylKit, to discard bases that have coverage bellow 10x, and bases that have above the 411 

99.9th percentile of coverage in each sample to avoid PCR bias. Replicate samples from the 412 

each pairwise comparison was merged to one object using unite () function with default settings 413 

in methylKit to produce bases/regions covered in all samples. DMCs were extracted by logistic 414 

regression using the statistical criteria of q-  0. 1  10%. 415 

The chromosomal distribution of DMCs was also analyzed for each comparison between the 416 

diet groups using the same package. 417 

 418 

Genomic feature analysis and functional annotation of DMCs 419 

Genomic feature analysis and annotation of DMCs were performed using the HOMER package 420 

(Heinz et al. 2010). Using default parameters, annotatePeaks.pl () function was used with 421 

Salmo_salar.Ssal_v3.1.dna.primary_assembly_fa for all the known 29 chromosomes and 422 

Salmo_salar.Ssal_v3.1.108.chr.gtf from ensembl. Overlapping annotations were prioritized by 423 

HOMER in the following order: transcription start sites (TSS, including promoter regions 424 

1 kb to +100 bp from TSS) > transcription termination sites (TTS, from  100 bp to +1 kb) > 425 

426 

regions. HOMER identifies and assigns DMCs in intergenic regions to the gene with the nearest 427 

TSS. 428 



Functional annotation of the genes associated with DMCs was performed using the g:Profiler 429 

online tool (Raudvere et al. 2019) and manually inspecting the Ensembl and NCBI 430 

(https://www.ncbi.nlm.nih.gov/) databases for the respective Ensemble gene Ids resulted from 431 

HOMER. Gene ontology enrichment analysis (GO) was performed using the same tool. All the 432 

known genes of the Atlantic salmon in the Ensembl database (Ensembl 107, Ensembl genome 433 

54) were considered, and the threshold for determining GO terms was set as a Benjamini-434 

Hochberg FDR (False Discovery Rate) value of 0.1. The enriched GO terms were then 435 

summarized by removing redundant GO terms using the REVIGO online tool (Supek et al. 436 

2011). 437 

 438 
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Supplementary Table 1. Analyzed nutrients in the diets.  

Diet  L16 L25 L28 
Lipid, % 15.5 25.1 27.6 
Choline, g/kg* 1.93 1.94 2.31 
Dry matter, % 93.0 92.0 92.9 
Crude protein, % 47.9 44.3 44.7 
Nitrogen free extracts, % 22.4 15.4 13.4 
Ash, % 8.6 6.8 7.5 
Energy, MJ/kg 20.6 23.4 24.0 
Yttrium, % 0.00044 0.00049 0.00103 

Detailed dietary formulation published in Siciliani et al (Siciliani et al., 2023). 

 

Supplementary Table 2. Enriched molecular function, biological process and cellular 

component of the genes associated with DMCs in each pairwise comparison of die groups. 

Term Id Name 
Adjusted 
p value 

Number of 
genes  

    
L25 vs L16    
    
Molecular Function    
GO:0005249 voltage-gated potassium channel activity 0.014 5 
GO:0005515 protein binding 0.091 34 

GO:0008324 
monoatomic cation transmembrane 
transporter activity 0.046 7 

GO:0022857 transmembrane transporter activity 0.046 11 
GO:0016491 oxidoreductase activity 0.091 7 
GO:0022803 passive transmembrane transporter activity 0.046 7 
GO:0030695 GTPase regulator activity 0.091 5 
GO:0140110 transcription regulator activity 0.036 11 

    
Biological process    
GO:0006813 potassium ion transport 0.082 5 
    
    
L28 vs L25    
    
Biological process    
GO:0051716 cellular response to stimulus 0.04 37 
GO:0048732 gland development 0.06 3 
    
Cellular component    
GO:0016020 membrane 0.05 38 
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Figure 1. Non-linear lines showing cell viability of RTdi-MI cells exposed to different concentrations of OA. Lysosomal 
integrity (NR) and cells’ metabolic activity (Alamar Blue) and membrane integrity (CFDA-AM) are given as percentage 
compared to control cells set to 100%. Dotted lines indicate 30% reduced cell viability. 
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Figure 2. Microphotographs of RTdi-MI cells after 24h of exposure. A) Untreated cells with normal morphology, B) cells 337 
exposed to 31.25μM oleic acid (OA) and C) cells exposed to 250μM OA. Effects of OA exposure were accumulation of both 338 
stress granules (SG) and intracellular lipid droplets (LD) around the nuclei, as indicated by the red and yellow arrow in the 339 
detail insert in C), respectively. Both structures increased in amount with the increasing OA concentration.  340 
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Figure 3. RTdi-MI cells as seen in the microscope when exposed to 250μM concentration of OA for 168h (1 week). Effects of 357 
the long OA exposure were accumulation of both stress granules (SG) and large intracellular lipid droplets (LD) around the 358 
nuclei, as indicated by the red and yellow arrow respectively. Both structures increased in amount with the increasing OA 359 
concentration. The blue arrow indicates a cell nucleus (CL) moved to the periphery of the cell by the accumulating LDs (FN). 360 
The black arrow points to a detached cell (DC).  361 
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Figure 5. Distribution of the total sum of FA presented as μg/g of cell pellet along the exposure period and in the control 415 
cells (CTRL) and OA treatments (31.25 and 250μM). Data are presented as normalised means + SD.  The level of significance 416 
was set to p < 0.05.  417 
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  CTRL 31.25μM 250μM 
Hours after 
exposure 

24 72 168 24 72 168 24 72 168 

PL (%) 38 37 36 37 38 35 31 35 36 
TAG (%) 27 28 31 28 27 31 27 31 29 
FFA (%) 35 35 33 35 35 34 42 34 35 

Table 1. Relative distribution of FA within the different lipid fractions i.e., phospholipids (PL), triglycerides (TAG) and 
free fatty acids (FFA) and along the exposure period and in the control cells (CTRL) and OA treatments (31.25 and 
250μM). 

Figure 6. Absolute distribution of OA presented as μg/g of cell pellet along the exposure 
period, in the control cells (CTRL) and OA treatments (31.25 and 250μM). Data are presented 
as normalised means + SD.  The level of significance was set to p < 0.05.  
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  CTRL 31.25μM 250μM 
Hours after 
exposure 

24 72 168 24 72 168 24 72 168 

PL (%) 84 81 83 68 81 83 45 48 55 
TAG (%) 8 11 9 25 12 9 49 48 39 
FFA (%) 8 8 8 7 7 8 7 4 6 

Table 2. Relative distribution of OA within the different lipid fractions i.e., phospholipids (PL), triglycerides (TAG) and 
free fatty acids (FFA) and along the exposure period and in the control cells (CTRL) and OA treatments (31.25 and 
250μM). 
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Gene name  RTdi-MI (Cq) RT tissue-DI (Cq) 
Reference genes � �
ribosomal protein 20 CJ� CJ$E�
beta-actin B*$G� BF$H�
hypoxanthine phosphoribosyltransferase 1 CE$F� CD$I�
Target genes  � �
perilipin2 CD$*� CC$E�
elongase of very-long fatty acid 5 CF$*� CB$I�
fatty acid desaturase 2 CC$H� CB�
sterol regulatory binding protein 1 CE$D� CF$G�
fatty acid synthase B*$F� B*$H�

Figure 7. Absolute distribution of those FAs which are products of the novo lipid synthesis 
presented as μg/g of cell pellet along the exposure period, in the control cells (CTRL). Data 
are presented as normalised means + SD. The level of significance was set to p < 0.05.  



 
 

 
 

peroxisome proliferator activated receptor gamma CE$B� CF$B�
apolipoprotein A-IV DF$D� BH$I�
Table 3. Expression levels of the reference and target (assessed) genes in pooled samples of both RTdi-MI and distal 475 
intestine tissue of rainbow trout. �476 
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Figure 8. Relative expression of genes involved in LD formation, FA synthesis and metabolism. 
Data are mean normalised expression levels + SD. Different letters denote statistically significant 
differences among diet groups. 
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