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ABSTRACT Supplies of marine fish oils (FO) are limited, and sustainable production in aquaculture dictates that
alternatives that do not compromise fish health and product quality, such as vegetable oils, must be found.
Nutrigenomics will increase our understanding of how nutrition influences metabolic pathways and homeostatic
control, and may be used to measure and validate subtle changes in organ-specific, metabolic gene expression
signatures. We compared 2 groups of Atlantic salmon fed diets containing 100% FO or 75% rapeseed oil (RO) for
42 wk. A small-scale cDNA microarray was constructed to screen for changes in the expression of lipid metabolism
genes in the liver resulting from this partial substitution of RO for FO. �5 fatty acid desaturase gene expression was
significantly greater in fish fed 75% RO than in fish fed the control diet; this was confirmed by quantitative real time
PCR analysis. In addition, several genes, among these mitochondrial proteins, peroxisome proliferator-activated
receptor �, as well as other transcription factors, coactivators, and signal transducers, showed significant
differential regulation. This partially validated microarray may be used for further gene expression profiling using
other dietary comparisons, and for further characterization of selected genes. J. Nutr. 135: 2355–2361, 2005.
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Partial substitution of marine fish oils (FO)5 by vegetable
oils in fish diets has become increasingly common in aqua-
culture, due to limited supplies of FO (1). These dietary
changes are thought to influence lipid metabolic gene expres-
sion patterns in liver of Atlantic salmon, as in mammals,
where changes in quantity or composition of dietary fat affect
hepatic de novo lipogenesis, VLDL synthesis and secretion,
fatty acid oxidation, and cholesterol metabolism (2). Several
genes involved in these metabolic pathways are regulated in
mammals through response elements for nuclear receptors.
Hepatic nuclear factor-4� (HNF-4�) positively regulates apo-
lipoprotein (apo) C-II (2) and apo A-I gene expression (3).

The (n-3) and (n-6) fatty acids and other peroxisome prolif-
erator-activated receptor (PPAR)� activators induce tran-
scription of liver X receptor (LXR)-� through DR1 elements
(4) and regulate the expression of apo C-II (5) and sterol
regulatory element binding protein (SREBP)-1c (6). In addi-
tion, �9-fatty acid desaturase (SCD) (2,7), �6-, and �5- (8)
fatty acid desaturases (FADs) were induced by elevated
SREBP-1c and PPAR� ligands. PPAR� is required for the
induction of mitochondrial enzymes such as long-chain acyl
CoA synthetase (long-chain ACS) (2) and peroxisomal bi-
functional enzyme containing enoyl CoA hydratase (9).

The influences of dietary lipids on hepatic de novo lipo-
genesis, lipoprotein metabolism, fatty acid oxidation, and cho-
lesterol metabolism (10–12) as well as nutritional effects on
fatty acid desaturation and elongation activities (13,14) in
Atlantic salmon (Salmo salar) have been thoroughly assayed.
However, little is known about the expression of hepatic genes
involved in lipid metabolism in salmonids. Fatty acids regulate
the expression of genes involved in fatty acid desaturation and
elongation (15). Leaver and co-workers (16) characterized
PPARs from 3 fish species, including Atlantic salmon (unpub-
lished results). All PPARs were detected in all tissues studied,
and it was suggested that fish PPARs bind a wide range of fatty
acids. PPAR�, involved in the induction of mammalian FADs
(2,7,8), was particularly responsive to unsaturated fatty acids.

Hepatic mitochondrial �-oxidation exhibits substrate spec-
ificity in fish (17–19), and carnitine palmitoyltransferase
(CPT)-II, which is induced by 20:5(n-3) and 22:6(n-3) in rat
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liver (20), has been used as a marker for mitochondrial �-ox-
idation activity in the liver of brown trout (Salmo trutta L.)
(21) and Atlantic salmon (22,23). However, to date, no one
has studied mitochondrial �-oxidation gene expression pat-
terns in salmon.

In the present study, we examined whether nutrigenomics
could be used as a tool for the analysis of nutrient-gene
interactions in aquaculture nutrition. Because large-scale fish-
specific arrays were not available at the time of the study, a
small-scale lipid metabolism cDNA microarray was designed
using amplicons from available sequenced cDNAs. This mi-
croarray was then used to determine the effects of dietary oil
on hepatic gene expression in salmon fed either a 100% FO or
a 75% rapeseed oil (RO) diet in a large-scale nutritional trial.
Samples were pooled to ensure low variability and a normal
distribution within the population. In accordance with this, an
experimental design was chosen using a high number of tech-
nical replicates to validate the array itself for use in further
studies. To further validate some of the result on the array
quantitative real time PCR (Q-PCR) analyses were performed
to confirm some of the results from the microarray profiling
research.

MATERIALS AND METHODS

Dietary experiment

The dietary experiment was performed at Gildeskaal Research
Station, Inndyr, Norway as described in more detail in Torstensen et
al. (24). In wk 21, 2001, �600 postsmolt Atlantic salmon, mean body

weight 0.142 kg, were randomly distributed to 7 net pens, of 125 m3

each, and fed a control diet containing 100% FO (2 replicates) or
experimental diets in which FO was replaced by 0, 25, 50, 75, and
100% RO or 50% olive oil (OO) (one replicate for each oil concen-
tration) in a linear regression design for 42 wk (Table 1). Diets,
produced by Nutreco ARC, differed only in their oil composition.
The chemical compositions of diets were (g/kg): lipid, 300; protein,
450; moisture, 60; ash, 70; and nitrogen-free extract, 120.

Due to low expected differences in gene expression between
groups at low RO or OO inclusion, lower mean body weight (bulk
weighing) in the 100% RO group after 22 wk and the high analytical
cost of microarray construction and analysis, the 100% FO and 75%
RO diets were selected as candidates for technical validation of
microarrays and microarray analysis of a number of hepatic lipid
metabolism genes.

Sampling procedure

Samples were collected during wk 22 and 42 for Q-PCR analysis,
and during 42 wk for microarray analysis. The fish were deprived of
food for 24 h before sampling. Randomly sampled fish from each tank,
(i.e., dietary treatment) were anesthetized with methomidate (7 g/L;
Norsk Medisinaldepot) before being killed with a blow to the head.
Liver samples taken from 30 individual fish from each dietary group
were pooled and preserved in RNAlater® (Ambion) according to the
manufacturer’s recommendations. For RT-PCR analysis, liver samples
were immediately removed from 6 individual fish from each dietary
group, snap-frozen in liquid nitrogen, and stored at �80°C. The
protocol was approved by the local representatives for the Norwegian
State Board of Biological Experiments with Living Animals.

TABLE 1

Dietary fatty acid composition of the experimental diets1

Fatty acid

Diet

100%
FO

25%
RO

50%
RO

75%
RO

100%
RO

50%
OO

100%
FO

25%
RO

50%
RO

75%
RO

100%
RO

50%
OO

g/100 g fatty acid mg/g diet

14:0 6.7 5.0 3.6 2.1 0.4 3.4 14.4 10.8 8.5 5.1 1.0 7.2
16:0 11.6 10.0 8.9 7.5 5.7 11.7 25.0 21.6 21.0 17.9 13.7 24.9
18:0 1.0 1.2 1.4 1.6 1.7 1.9 2.1 2.6 3.3 3.8 4.1 4.1

� SFA 20.4 17.4 14.9 12.5 9.1 18.0 43.9 37.5 35.1 29.9 21.7 38.2
16:1(n-9) 0.2 0.2 0.2 — — 0.2 0.5 0.5 0.4 — — 0.4
18:1(n-9) 11.2 22.5 32.4 42.4 53.6 37.3 24.1 48.5 76.2 101.5 128.6 79.1
20:1(n-11) 0.4 0.3 0.3 0.2 — 0.3 0.9 0.6 0.7 0.6 — 0.6
20:1(n-9) 17.1 13.3 9.8 6.1 2.1 9.0 36.9 28.5 23.0 14.7 5.1 19.1
22:1(n-11) 13.3 10.1 7.3 4.3 1.0 5.4 28.6 21.8 17.1 10.3 2.3 11.6
22:1(n-9) 2.0 1.6 1.3 0.9 0.5 1.1 4.4 3.5 3.0 2.2 1.2 2.3

� MUFA 57.1 58.4 59.6 60.4 61.1 61.2 123.0 125.6 140.3 144.5 146.9 130.0
18:2(n-6) 3.5 7.6 11.5 15.4 19.5 7.7 7.6 16.3 27.0 36.9 46.9 16.4
20:4(n-6) 0.3 0.3 0.1 — — 0.2 0.6 0.5 0.2 — — 0.4
20:2(n-6) 0.2 0.2 — — — — 0.5 0.5 — — — —

� (n-6) 4.1 8.1 11.5 15.4 19.5 7.9 8.7 17.3 27.2 36.9 46.9 16.8
18:3(n-3) 1.1 3.0 4.7 6.6 8.6 2.6 2.3 6.4 11.0 15.9 20.7 5.5
20:4(n-3) 0.4 0.3 0.2 — — 0.2 0.9 0.6 0.5 — — 0.5
20:5(n-3) 5.9 4.5 3.4 2.1 0.7 3.2 12.6 9.7 8.0 5.1 1.7 6.9
22:5(n-3) 0.4 0.3 0.2 0.2 — 0.3 0.9 0.7 0.6 0.4 — 0.5
22:6(n-3) 4.6 3.7 3.0 2.1 1.0 2.9 10.0 8.0 7.1 5.0 2.5 6.2

� (n-3) 15.8 14.2 13.3 11.9 10.6 10.9 34.1 30.63 1.4 28.6 25.4 23.1
(n-3):(n-6) 3.9 1.8 1.2 0.8 0.5 1.4 3.9 1.8 1.2 0.8 0.5 1.4

� FA 100.0 100.0 100.0 100.0 100.0 100.0 215.5 215.1 235.4 239.9 240.9 212.2
� Identified2 97.5 98.6 99.4 100.0 100.0 98.0 210.1 212.0 234.0 239.9 240.9 208.1

1 Values are means, n � 2. Values � 0.1 are denoted by —. The remaining constituent in vegetable oil diets was FO. All diets, produced by Nutreco
ARC were composed (g/kg diet) of fish meal (338.3), maize gluten (200.0), soybean meal (HP; 100.0), wheat (79.0), oil (257.7) and premixes (25.0). Diets
were supplemented with vitamins and minerals according to the nutritional requirements of fish (25).

2 Includes 14:1(n-9), 15:0, 16:1(n-7), 17:0, 16:2(n-4), 16:3(n-3), 18:1(n-11), 18:1(n-7), 16:4(n-3), 18:4(n-3), 20:0, 20:1(n-7), 20:3(n-3) and 24:1(n-9).
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Fatty acid composition

Lipids from livers and diets were extracted by homogenization in
chloroform:methanol (2:1, v:v). After extraction of total lipid, an
aliquot was saponified and methylated using 12% BF3 in methanol.
The fatty acid composition of total lipids was analyzed using methods
described previously by Lie and Lambertsen (26). Briefly, methyl
esters were separated using a trace gas chromatograph 2000 (“cold on
column” injection, 60°C for 20 s, 25°C/min; 160°C for 28 min,
25°C/min; 190°C for 17 min, 25°C/min; 220°C for 9 min), equipped
with a 50-m CP-sil 88 (Chromopack) fused silica capillary column
(i.d., 0.32 mm). The fatty acids were identified by retention time
using standard mixtures of methyl esters (Nu-Chek-Prep), and quan-
tified using Totalchrom software (version 6.2, Perkin Elmer). The
amount of fatty acid per gram tissue was calculated using 19:0 methyl
ester as an internal standard.

Microarray analysis

Minimum information about a microarray experiment (MIAME).
MIAME standards (27) were used to define the content and the
structure of the information for this microarray experiment. In ac-
cordance with these standards features used (Online Supplemental
Table 1), the experimental conditions (Microarray hybridization pro-
tocol), the experiment (Experimental design), and array design (Mi-
croarray construction) as well as a description of samples, hybridiza-
tions, and normalizations controls (RNA isolation and preparation,
Microarray hybridization protocol, and Normalization and statistical
analysis) were reported.

Experimental design. Two arrays (i.e., technical replicates) were
scanned using cohybridized labeled total RNA from control and
experimental samples labeled with cyanine (Cy)3 and Cy5, respec-
tively. Each of these experiments was replicated with Cy dyes
switched to control for labeling bias. The same experimental design
was used for cohybridized mRNA samples from fish fed the 2 diets.

Microarray construction. PCR amplicons from selected Atlantic
salmon expressed sequence tags (ESTs) (28) were printed on bar-
coded CMT-GAPS coated slides (Corning Microarray Technology)
using a manual pin caster microarray printing system (Micro Caster 8
pin system, Schleicher & Schuell). cDNA clones were selected on
the basis of their similarity [BLAST search of EST sequence (29)] to
features involved in lipid metabolism. The Microarray Assistant
Clone Organizer and Array Simulator (30) was used to organize
clones and amplicons. A total of 73 features, mainly from Atlantic
salmon, were spotted on the array in quadruplicate (4 subarrays with
96 probes on each subarray). Some features were spotted in duplicate
on different areas of each subarray to control for changes in signal/
hybridization in different parts of the slide. In total, there were 89
different amplicons, 2 empty spots and 5 controls consisting of a
concentration gradient of an Arabidopsis thaliana chlorophyll syn-
thetase G4 (GenBank Accession U19382). Several ribosomal pro-
teins and �-actin were included to monitor the expression of house-
keeping genes. Controls were used only to ensure quality. Empty spots
were included on the array for controlling the background intensity.
All features were spotted using 1 spot length distance between spots
to avoid interference of signals.

RNA isolation and preparation. Total RNA was purified from
30 pooled livers using the RNAwiz protocol™ (Ambion). RNA was
subjected to DNase treatment (DNA-free™, Ambion) and quality
and quantity determined by denaturing gel electrophoresis and spec-
trophotometry (A260/280). mRNA was isolated from total RNA using
the Oligotex® mRNA kit (Qiagen).

Microarray hybridization protocol. A total of 8 arrays were
analyzed, 4 using total RNA and 4 using mRNA as templates for
direct cDNA labeling. Both sources had an A260/280 ratio of 1.9:2.0
and were of sufficient quality for hybridization. Total RNA (50 �g)
and mRNA (3 �g) were subjected to separate cDNA syntheses using
a direct labeling protocol with Cy3- or Cy5-labeled dCTP (Perkin
Elmer Life Sciences). Arabidsopsis thaliana chlorophyll synthetase G4
mRNA (80 pg) was added to the labeling reaction as an internal
control; 5 �L concentrated and purified labeled cDNAs were com-
bined, and 1 �L Poly (A)-DNA (20 g/L) (Amersham Pharmacia, Cat
#27-7836-01) was added. The mixture was incubated at 95°C for 3

min, followed by quick cooling on ice for 2 min to block renaturation.
Subsequently, 12 �L hybridization buffer (Amersham Pharmacia
Cat#PRK0325) and 24 �L deionized formamide (Sigma, Cat #F9037)
were added and the mixture was hybridized to preincubated arrays (80
�L hybridization buffer, 42°C) in a humid chamber at 42°C over-
night. Scans were performed at a resolution of 10 mm using a
microarray scanner (ScanArray® 5000XL, Packard BioChip Tech-
nologies).

Normalization and statistical analysis. Background subtraction
and normalization to total spots were performed using the QuantAr-
ray® microarray analysis software (Packard BioChip Technologies),
and low intensity spots (intensity � 1000 pixels) were eliminated
from further analysis. All 8 scanned arrays were subjected to a
significance analysis of microarrays (SAM) (31) using separate
mRNA and total RNA data sets as well as the combined dataset. A
simple gene specific t test analysis of the mean log ratio (32) was also
used to analyze the separate mRNA and total RNA datasets (data not
shown). Pooling of 30 individual samples was done in accordance
with the central limit theorem (33,34) to remove sources of individ-
ual variation due to genetic differences and to ensure a low SD and
a normal distribution within the population. Significance analysis was
performed with a high number of technical replicates of normally
distributed treatment groups.

RT-Q-PCR analysis

RNA isolation and preparation. Total RNA was purified using
TRIZOL® (Invitrogen) and subjected to DNase treatment (DNA-
free, Ambion). RNA quality and quantity were determined as de-
scribed above.

RT-PCR. cDNA (125 ng) was synthesized following a modified
protocol from the Taq Man Reverse Transcription Reagents kit
(Applied Biosystems). Modifications included increasing the total
reaction volume to 30 �L and accordingly increasing the volume of
all reagents used. Oligo d(T)16 primers were used for �5 FAD and
liver basic fatty acid binding protein (Lb-FABP), and random hex-
amers were used for 18S rRNA. The reactions were incubated at 25°C
for 10 min and 48°C for 60 min, and the reverse transcriptase enzyme
was inactivated at 95°C for 5 min followed by a decrease to 4°C.
RT-PCR efficiency was monitored using a 4-step, 2-fold dilution
curve of RNA.

Q-PCR. BLAST searches (29) for Atlantic salmon 18S rRNA,
�5 FAD, and Lb-FABP were performed to identify highly conserved
regions for primer design. Selected sequences were translated using
the Expasy translate tool (35) and intron-exon borders were identi-
fied from alignments of genomic and cDNA sequence using ClustalW
software (36). Primer and probe sequences were constructed using the
Assay by Design service (Applied Biosystems). The primer and probe
sequences (5� to 3�) for 18S rRNA (AJ427629) were: CCCCGTA-
ATTGGAATGAGTACACTTT (F), ACGCTATTGGAGCTG-
GAATTACC (R), FAM-CACCAGACTTGCCCTCC-MGBNFQ
(reverse probe), for �5 FAD (AF478472.1) GGAACCACAAACT-
GCACAAGT (F), GTGCTGGAAGTGACGATGGT (R) and
FAM-CAGAGGCACCCTTTAGGTG-MGBNFQ (reverse probe),
and for Lb-FABP (BG935057) CCGACATCACCACCATGGA
(F), GCTTCCCTCCC TCCAGTTTG(R) and FAM-CAGTGCA
CTTGAGCTT- MGBNFQ (reverse probe).

Q-PCR was performed using FAM fluorescent chemistry on an
ABI prism 7000 (Applied Biosystems). The reaction mixture (25 �L)
contained primers (900 nmol/L each), FAM probe (200 nmol/L), 1X
TaqMan universal PCR master mix (Applied Biosystems art. no. 430
4437) and 5 �L cDNA. All samples were assayed in triplicate with
nontemplate controls on the same plate. The reaction was incubated
at 50°C for 2 min followed by 95°C for 10 min and 50 cycles of 95°C
for 10 s and 60°C for 15 s. Liver RNA samples from 6 fish from each
diet were tested.

Normalization and statistical analysis. 18S rRNA levels were
used to normalize the results and to calculate relative expression
levels using the Q gene method (37). The normalized relative ex-
pression data were analyzed using the nonparametric Kruskal-Wallis
method (Statistica 6.1, Statsoft; n � 6 and n � 5) due to heteroge-
neity in variance within the 75% RO group. Differences were con-
sidered significant at P � 0.05.
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Statistical analysis of dietary and liver fatty
acid composition

For fatty acid composition in the experimental diets (Table 1,
n � 2 analytical parallels) and in liver samples (Table 2, n � 3 and
6 pooled samples), means and medians (ranges) were calculated,
respectively, using descriptive statistics (Statistica 6.1, Statsoft). Data
were not analyzed for significant differences.

RESULTS

The body weight of Atlantic salmon fed the experimental
diets increased from 0.142 kg initially to 1.463 kg after 42 wk.
The body weight data were based on bulk weighing and
counting of all fish. The body weight in the 100% RO-fed
group after 22 wk (0.926 kg) was notably lower than that for
groups fed FO (1.026 � 0.020 kg) (mean � SD, n � 2).
Mortalities were negligible throughout the experimental pe-
riod. More details on data for growth and feed efficiency are
reported elsewhere (24).

The concentration of 20:5(n-3) was 60% lower in the 75%
RO diet compared with the control (FO) diet (Table 1). The
concentrations of 22:5(n-3) and 22:6(n-3) were 56 and 50%
lower, respectively. The total highly unsaturated fatty acid
(HUFA) content, the sum of SFA, and the sum of (n-3) fatty
acids were 58, 32, and 16% lower, respectively, whereas the
sum of (n-6) fatty acids was 3-fold greater in the 75% RO diet
compared with control. In addition, the amount of total (n-9)
fatty acids was almost 2-fold greater in the 75% RO diet
compared with the control diet; 18:1(n-9) was 3-fold greater.
The concentrations of 18:1(n-9) (40%) and 18:2(n-6) (15%)
fatty acids were high in the 75% RO diet. Those of 18:2(n-6)

and 18(3n-3) were �4- and 6-fold greater, respectively, in the
75% RO diet. The (n-3):(n-6) ratio in the 75% RO diet was
79% less than the control.

Irrespective of diet, 22:6(n-3) dominated in the salmon
liver total lipid (Table 2). The concentrations of 18:1(n-9)
and 18:2(n-6) were �2-fold greater, and that of 18:3(n-3)
	 6-fold greater (median values) compared with livers from
salmon fed the control diet. In contrast, concentrations of
22:5(n-3), 20:5(n-3), and 22:6(n-3) in liver of salmon fed the
75% RO diet were 46, 34, and 31% lower, respectively, than
those of controls. Further details on fatty acid composition in
livers of salmon fed different RO diets were published (11).

Microarray analysis demonstrated that expression of he-
patic fatty acid �5 desaturase was significantly greater in livers
of 75% RO-fed salmon than FO-fed salmon, whether total
RNA or mRNA was analyzed (Table 3). Expression of apo A1
precursor was upregulated in analyses using labeled total RNA,
and the expression of apo C-II was upregulated in analyses
using combined and mRNA datasets. Long-chain ACS3 was
among several genes that were downregulated in livers of 75%
RO-fed salmon in all analyses.

SAM analysis of combined and mRNA datasets identified
SCD and acyl carrier protein (mitochondrial precursor) as
genes that were downregulated in livers of 75% RO-fed
salmon, whereas SAM analysis of the combined and total
RNA datasets identified translocase of outer mitochondrial
membrane (tom70), outer mitochondrial membrane translo-
case, and CPT-II as genes that were downregulated in livers of
75% RO-fed salmon. A single analysis from arrays hybridized
with total RNA from fish fed control and experimental diets
identified enoyl CoA hydratase, PPAR�, and catalase as
downregulated genes in livers of 75% RO-fed salmon. Data
from Q-PCR analysis confirmed results from the microarray
screening showing an �2-fold increased gene expression of
�5-FAD in livers of 75% RO-fed salmon after 42 wk of feeding
(Fig. 1). Gene expression of �5-FAD in livers of 75% RO-fed
salmon after 22 wk of feeding, was higher (P � 0.05, nonpara-
metric statistics, n � 5) than in the control (n � 6).

DISCUSSION

Microarray analysis can be used as a tool for studying
homeostatic metabolic systems (38) and can potentially reveal
small but significant changes in gene expression if reliable
controls are used. The internal control and reference genes,
used only to ensure quality, yielded expected values of expres-
sion, validating this approach for studying the expression of
genes involved in liver lipid metabolism in Atlantic salmon.
Therefore, microarray analysis gave a preliminary indication of
the metabolic processes that may be responding to changes in
dietary oil and thus changes in tissue fatty acid composition.
Because a primary objective was to validate the suitability of
the array for further studies, technical replicates of several
types were selected (mRNA, total RNA, and fluor flips plus
replicates within these groups). Additional quality assurance
was also prioritized through duplicate feature spotting and
quadruplicate subarrays. Pooling of livers before RNA isolation
and microarray analysis was performed to control for individual
genetic variation, similar to the strategy described by Douglas and
co-workers (39). The degree of technical replication allows a
thorough technical validation of the array as well as examination
of variation between treatment groups (40).

Q-PCR analysis, performed to validate expression data from
microarray analysis, using essays for Lb-FABP (results not
shown) (Online Supplemental Table 1) confirmed the lack of
gene specific variation between dietary treatments. However,

TABLE 2

Fatty acid composition of livers from salmon fed a 100%
FO or 75% RO diet for 42 wk1

Fatty acid2 100% FO 75% RO

g/100 g fatty acids

14:0 2.2 (2.2–2.3) 1.1 (1.0–1.2)
16:0 16.7 (15.6–17.6) 12.4 (11.7–13.5)
18:0 3.6 (3.5–3.7) 4.4 (4.2–4.5)

� SFA 24.0 (22.9–24.9) 19.1 (18.7–20.9)
18:1(n-9) 9.0 (8.4–10.1) 26.2 (21.0–26.6)
18:1(n-11) 1.8 (1.7–1.8) 0.7 (0.6–0.8)
20:1(n-9) 5.4 (5.0–5.5) 3.6 (3.6–4.3)
20:1(n-11) 0.6 (0.3–0.7) 0.3 (0.3–0.3)
22:1(n-11) 1.5 (1.3–1.7) 0.8 (0.8–0.8)

� MUFA 25.3 (24.0–26.5) 36.5 (31.3–37.5)
18:2(n-6) 2.3 (2.2–2.7) 8.6 (7.3–8.6)
20:2(n-6) 0.4 (0.4–0.5) 1.3 (1.1–1.5)
20:4(n-6) 1.7 (1.7–1.8) 2.0 (2.0–2.1)

� (n-6) 4.4 (4.2–5.1) 11.9 (10.4–12.1)
18:3(n-3) 0.3 (0.0–0.5) 2.3 (2.0–2.4)
20:4(n-3) 1.6 (1.5–1.6) 1.4 (1.4–1.4)
20:5(n-3) 10.0 (9.9–10.8) 6.6 (6.5–8.0)
22:5(n-3) 4.1 (3.7–4.4) 2.2 (2.1–2.6)
22:6(n-3) 28.3 (27.6–29.1) 19.6 (18.6–22.6)

� (n-3) 44.5 (43.6–45.8) 32.3 (31.4–36.8)
(n-3):(n-6) 10.2 (8.7–10.8) 2.7 (2.6–3.5)

1 Values are medians (range), n � 3 (75% RO) or n � 6 (FO) pooled
samples from each net pen (FO, 2 net pens). The 75% RO diet was also
composed of 25% FO.

2 Selected from all fatty acids including 14:1(n-9), 15:0, 16:1(n-7),
17:0, 16:2(n-4), 16:3(n-3), 18:1(n-7), 16:4(n-3), 20:0, 20:1(n-7), 20:3(n-3),
22:1(n-9), and 24:1(n-9).
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both the microarray and Q-PCR results demonstrated that �5
FAD gene expression was higher in livers of 75% RO-fed
salmon (Table 3 and Fig. 1). This is in agreement with Zheng
and co-workers (15) who observed an increase in the expres-
sion of hepatic �5 desaturase and fatty acid elongase genes in
salmon fed increased levels of dietary linseed oil for 20 wk.
The values for expression of fatty acid elongase obtained in the
present microarray study were too low to be deemed reliable.
Bell and co-workers (13,14) suggested that the stimulation of
hepatic desaturation and elongation by vegetable oils presum-
ably reflects increased substrate availability [18:2(n-6) and/or
18:3(n-3)] coupled with reduced end product concentration
[20:5(n-3) and 22:6(n-3)], with high concentrations of the
latter inhibiting the pathway.

In contrast, SCD gene expression was reduced in livers of
75% RO-fed salmon compared with control salmon. Support-
ing these data, Berge et al. (41) demonstrated that SCD

enzyme activity was reduced in salmon fed conjugated linoleic
acid (CLA), and gene regulation of SCD was shown to differ
from regulation of �5- and �6-FAD (42). However, SCD has
not been cloned in salmon, and further studies are required.

Dietary 20:4(n-6), 20:5(n-3), and 22:6(n-3) were reduced
in the 75% RO diet (Table 1) compared with control diet, and
20:4(n-6) and 22:6(n-3) were reported to affect hepatic gene
expression (3). Therefore, this long-term dietary fatty acid
change may reduce mRNA transcript synthesis in livers of
75% RO-fed salmon.

The HUFA, 20:5(n-3) and 22:6(n-3), were reported to be
2- to 4-fold more potent inducers of fatty acid �-oxidation
than 18:2(n-6) and 18:3(n-3) in mammals (43). Although
there was an increase in the amount of 18:2(n-6) and 18:3(n-
3), the reduced dietary 20:5(n-3) and 22:6(n-3) in the 75%
RO diet compared with control correlated with a significant
downregulation of several mitochondrial genes. These include

TABLE 3

Differentially expressed genes in liver of salmon fed 75% RO compared with control (fed 100% FO)
as identified by microarray analysis1

Gene name2 E value

Combined mRNA Total RNA

Ratio3 �4 Ratio � Ratio �

Transport
JH0472 Apo A-I precursor (A-I-I) 2E-99 1.1 

AAG11410 Apo C-II 2E-42 1.1 
 1.1 

JC4858 VLDL receptor precursor 3E-11 �0.9 
 �0.9 
 �0.9 


Mitochondrial activity
NP004448 Long-chain ACS 3 (M. glutinosa)5 8E-13 �0.9 
 �0.95 
 �0.9 

NP055635 Translocase of outer mitochondrial membrane E-74 �0.9 
 �0.8 

O14561 Acyl carrier protein 6E-40 �0.9 
 �0.95 

CAB89422 Outer mitochondrial membrane translocase 2E-53 �0.9 
 �0.8 

NP000089 CPT-II 9E-78 �0.9 
 �0.8 

P14604 Enoyl CoA hydratase (M. mizolepsis) E-69 �0.9 


Desaturation and elongation
AF478472 �5 FAD6 1.3 
 1.3 
 1.4 

CAA42997 SCD (M. mizolepsis) 6E-55 �0.9 
 �0.9 


Peroximal activity
CAB64949 Catalase E-17 �0.9 


Nuclear receptors and
transcription regulators

P19838 Nuclear factor �� P105 subunit 3E-45 �0.9 
 �0.9 
 �0.9 

BB054438 Nucleic acid binding factor 8E-20 �0.9 
 �0.9 
 �0.9 

AAC50890 p300/CBP-associated factor (P. americanus) 3E-75 �0.9 
 �0.9 
 

NP035980 Nuclear receptor subfamily 0, Group B 8E-19 �0.9 
 �0.8 

P54864 Transcription factor AP 1 (jun) 5E-06 �0.9 
 �0.8 

AJ416952 PPAR� �0.8 


Others
S35704 Protein kinase C � E-62 �0.9 
 �0.9 
 �0.9 

NP002722 Protein kinase (cAMPdept) E-110 �0.9 
 �0.9 
 �0.9 

CAB40545 Lipoprotein lipase E-60 �0.9 
 

AF512561 Bile salt-dependent lipase (P. americanus)5,6 �0.9 
 

AW013173 Phospholipase C (P. americanus) �0.9 

P51913 Enolase E-88 �0.9 
 �0.95 
 �0.9 

NP004155 Retinol binding protein 2 4E-20 �0.9 
 �0.9 
 �0.9 

NP001896 CTP synthase 8E-52 �0.9 
 �0.9 
 �0.9 

AF231707 Eggshell protein E-156 �0.9 
 �0.8 

NP004558 6 phosphofructo 2 kinase/fructose 2,6 biphosphatase 2E-66 �0.8 


1 Genes presented are those for which the hepatic expression pattern differed between Atlantic salmon fed 100% FO (control) and 75% RO, P
� 0.05.

2 Gene name is designated on the basis of the BLAST search; for each designated gene name, the E value and GenBank accession numbers from
the BLAST search are shown.

3 A plus sign indicates greater gene transcript levels, and a minus sign indicates lower gene transcript levels in livers of salmon fed 75% RO diet
compared with control.

4 � is the cut-off value for significance in SAM determined by the user based on the false-positive rate.
5 Probes are from Atlantic salmon unless otherwise denoted in brackets.
6 Only GenBank accession numbers are presented for fully sequenced gene products.

GENE EXPRESSION IN Salmo salar 2359



long-chain ACS3, enoyl CoA hydratase, 2 mitochondrial
outer membrane proteins, CPT-II, and mitochondrial acyl
carrier protein (precursor). Furthermore, several additional
mitochondrial genes (malate dehydrogenase, translocase of
inner mitochondrial membrane, and mitochondrial solute car-
rier protein) were identified as significantly downregulated in
fish fed 75% RO when gene-specific t tests, allowing genes
with smaller fold changes to be detected, were used for statis-
tical analysis (results not shown).

CPT-I and CPT-II activate and transport long-chain fatty
acids into the mitochondrial matrix (44) and therefore occupy
a key regulatory step in their catabolism (23,44). CPT-II was
significantly downregulated in livers of 75% RO-fed salmon,
possibly indicating lower �-oxidation capacity in this group
(23,45). Turchini and co-workers (21) showed that hepatic
CPT-II in brown trout (Salmo trutta L.) had significantly
higher activities in fish fed a FO compared with fish fed a
canola (rapeseed) oil diet.

Two long-chain ACS features were present on the microar-
ray, one from hagfish, Myxine glutinosa, which had the highest
sequence similarity to the rat long-chain ACS3 (NM_057107)
and one from Salmo salar, which had the highest similarity to
the rat long-chain ACS1 gene (NM_012820). Only the
former showed a significant change in mRNA levels due to
diet, with a downregulation in livers from 75% RO-fed fish.
Rat long-chain ACS3 and ASC1 are from different subfamilies
with distinct functions, and share only 30% amino acid se-
quence identity (46). Rat long-chain ACS3 activates 20:
5(n-3) and 20:4(n-6) most efficiently and has a 4-fold higher
capacity for utilization of C20 HUFA than rat ASC1 (47).
Long-chain ACS3 is thought to direct fatty acids to mitochon-
drial oxidation, whereas long-chain ACS1 may play a role in
channeling fatty acids to triacylglycerol synthesis (46). Higher
expression of the ACS3-like isoform could be expected in
FO-fed salmon, but a fully characterized clone of salmon
long-chain ACS3 is required to completely elucidate the ef-
fects of dietary fatty acids on ACS expression.

High dietary 20:5(n-3) (48) and (n-3):(n-6) ratio (49) both
induce mitochondrial proliferation in rodents; thus, the re-
duced 20:5(n-3) and (n-3):(n-6) ratio in the 75% RO diet may
also reduce mitochondrial proliferation in livers of 75% RO-
fed salmon compared with the control. Mootha and co-work-

ers (50) used proteomic and mRNA expression profiling to
reveal several genes and transcriptional regulators exhibiting
expression patterns that correlated with mitochondrial biogen-
esis. These included cellular nucleic acid binding protein and
PPAR�, which is consistent with the expression data in the
present study. Furthermore, PPAR� was downregulated by
CLA and sunflower oil compared with FO in gilthead sea
bream (Sparus aurata) (51), suggesting that vegetable oil in-
clusion may negatively affect PPAR� expression. Whether
PPAR� is involved in mitochondrial biogenesis in salmon fed
dietary RO remains to be elucidated.

The apo A-I precursor [sequence similarity to apo A-I-I (BE
518583)] and apo C-II were affected by the dietary oil source,
showing upregulation in livers of 75% RO-fed salmon com-
pared with control. Apo A-I–like protein was associated with
HDL, and apo-C–like protein with LDL in rainbow trout (52).
In contrast to the apolipoprotein expression results in the
present study, the amount of HDL was significantly decreased
in plasma of 75% RO-fed salmon, compared with fish fed FO
(11). Torstensen and co-workers (11), however, measured the
total lipoprotein levels in plasma, which is a relatively crude
measurement compared with measuring the expression levels
of a single apolipoprotein. Furthermore, the recirculation time
of HDL particles in salmon plasma is not known, and increases
in the expression of apo A-I-I in the 75% RO group may be a
response to decreased plasma HDL levels as a result of in-
creased HDL uptake in liver. Unraveling the complex gene
and protein expression patterns of apolipoproteins in Atlantic
salmon awaits further characterization of these individual
physiological components.

The microarray data presented here as well as other recent
data utilizing microarrays (53), confirm the effects of (n-3)
HUFA on the regulation of gene expression, suggesting that
cDNA microarray technology is a powerful tool for studying
nutrient-gene interactions. Therefore, further work may be per-
formed using the present array, or other high-density arrays de-
veloped recently using features of salmonid origin (39,54,55), as
a complement to the specific microarray utilized in study.

In conclusion, the current thoroughly validated and quality
controlled microarray study (technical replicates, internal
controls, and PCR) showed differential, although relatively
minor, regulation of several genes related to hepatic lipid
metabolism in Atlantic salmon in response to changes in
dietary fatty acids. These included �5 FAD, PPAR�, and several
genes whose gene products are involved in mitochondrial func-
tions. Salmon have a partially tetraploedic genome, and genes
may be present in more than one isotype, which may differ in
expression patterns (56,57). Thus, there is an argued need for a
more thorough examination of genes and gene expression pat-
terns. However, the effects of nutrients are under strict homeo-
static control (58), and microarray analysis is a valuable tool with
which to screen for nutritional effects on a gene-expression level
in Atlantic salmon, and should be further pursued.
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ONLINE SUPPORTING MATERIAL  
 SUPPLEMENTAL TABLE 1.  
 Designated gene names for all amplicons printed on the microarray.   
GenBank accession numbers Gene name1 E value 
 
Transport 

  

   AAF67743 Liver - fatty acid binding protein  9E-34 
   AAC60350 H6-fatty acid binding protein  1E-61 
   Q91488 Apolipoprotein A-I (Apo-A-I-ii)  7E-31 
   X81856 Apolipoprotein B  3E-16 
   JH0472 Apolipoprotein A-I (A-I-i)  2E-99 
   AAG11410 Apolipoprotein C-II  2E-42 
   JC4858 VLDL receptor precursor  3E-11 
Mitochondrial activity   
   P08249 Malate dehydrogenase  4E-82 
   NP005908 Malate dehydrogenase, NAD  3E-90 
   AAD34966 Acetyl Co-A acetyltransferase  1E-69 
   NP006326 Translocase of inner mitochondrial membrane  5E-57 
   NP004448 Long chain acyl-CoA synthetase 3 (M. glutinosa)  #2 3 8E-13 
   BE518505 Long-chain acyl Co-A synthetase #  
   BM082412 and BM082589 Enoyl-Co-A hydratase  (mitochondrial precursor)(D. rerio) #  
   P14604 Enoyl Co-A hydratase (M.mizolepsis) # 1E-69 
   A40141 Mitochondrial solute carrier protein  6E-51 
   Q02368 NADPH-Ubiquionine Oxidoreductase   9E-46 
   AAD41391 Cytochrome oxidase III  3E-48 
   CAB89422 Outer mitochondrial membrane translocase  2E-53 
   NP055635 Translocase of outer mito membrane (tom70)  1E-74 
   O14561 Acyl carrier protein   6E-40 
   AAH06668 Carnitine acyl transferase (H.hippoglossus)  # 1E-125 
   NP000089 Carnitine palmitoyltransferase (II)  9E-78 
   P56384 ATP synthase lipid binding protein P3 3E-32 
Desaturation and elongation    
   CAA42997 ∆9 fatty acid desaturase  (M.mizolepsis) # 6E-55 
   AF478472 ∆5 Fatty acid desaturase ∗4  
   AY170327 Elongase  ∗  
Peroximal activity   
   BE518489 Electron transfer flavoprotein #  
   CAB64949 Catalase  1E-17 
Nuclear receptors and  
transcription regulators 

  

   AJ416952 PPAR- γ ∗  
   AJ41695 PPAR- β1 ∗  
  Nuclear receptor subfamily 1 (no useful data)  
   AAC50890 p300/CBP-associated factor (P. americanus)  # 3E-75 
   NP035980 Nuclear receptor subfamily 0.Group B  8E-19 
   BG729054 SREBP (D. rerio) #  
   Q64152 Transcription factor BTF3  4E-77 
   P19838 Nuclear factor NF-kappa β-P105 subunit  3E-45 
   BB054438 Nucleic acid binding factor  8E-20 
   P54864 Transcription factor AP-1 (jun)  5E-06 
   P53996 Cellular nucleic acid binding protein  1E-65 
Others    

   AJ299018 Cyclooxygenase 1 (O. mykiss) ∗5  
   PMID: 10229670 Cyclooxygenase 2 (O. mykiss) ∗6  
   AF512562 Triacylglycerol lipase (P.  americanus)∗  
   Q08758 Phosphatidylcholine-sterol-acyltransferase   7E-25 

   BAA13672 Phosphatidylserine specific phospholipase A1 alpha  7E-310 
 
 



SUPPLEMENTAL TABLE 1 (continued). 
 Designated gene names for amplicons printed on the microarray. 
GenBank accession numbers Gene name E value 
 
Others  
   NP001896 

 
 
CTP synthase  

 
 
8E-52 

   P48999 Arachidonate-5-lipoxygenase  6E-73 

   D83712 Prostaglandin D synthase (P. americanus) # 2E-18 

   P53447 Fructose bisphosphate aldolase B (P. americanus) # 5E-71 
   AAB94003 Succinyl-Co-A synthetase  1E-104 
   BAA76974 Glutathione S-transferase  4E-98 
   S35704 Protein kinase C- ∆ E-62 
   NP002722 Protein kinase (cAMPdept)  E-110 

   S14113 Phospholipase C (P. americanus) # 4E-23 
   BM082549 1-phosphatidylinositol phosphodiesterase precursor (D. rerio) #  
   AY386248 Bilesalt dependent lipase (S. viviparus) ∗  
   AF512561 Bilesalt dependent lipase (P. americanus) ∗  
   CAB40545 Lipoprotein lipase  1E-60 
   AW013173 Phospholipase (PI specific) (P. americanus) #  

   NP004558 6-phosphofructo-2-kinase/fructose-2,6 biphosphatase  2E-66 
   BE518590 3-hydroxy-3methylglutaryl coenzyme A reductase #  
   S39781 Phosphoprotein phosphatase  1E-82 
   NP004155 Retinol-binding protein 2  4E-20 
   AAC25677 Phosphatidylinositol 3-kinase  5E-85 
   AF231707 Eggshell protein  1E-156 
   P51913 Enolase 1E-88 
Controls    
   P29316 Ribosomal protein L23A (rpl23A)  2E-66 
   NP000989 Ribosomal proteinL37A(rpl37A)  4E-43 
   NP001014 Ribosomal protein S20 (rps20)  3E-61 
   JN0273 Ribosomal protein L10 (rpl10) 2E-65 
   P53484 Beta actin (act1)  1E-114 
   U19382 Arabidopsis chlorophyll synthetase  
 
                                                 
1 Gene name is designated based on BLAST search of EST sequenced cDNA, and for each designated gene 

name E value and GenBank accession numbers from the BLAST search are shown. 

2 Genes denoted by # are EST sequences and received from other sources. These include published salmon EST 

sequences BE518489, BE518505 and BE518590 (late Dr. Richard Powell, Galway), and IMAGE clones (D. 

rerio) (BM082549, BM082412 and BM082589, and BG729054), and winter flounder and mud load EST 

sequences (Dr. Dong Soo Kim and Yoon Nam, Pusan, South Korea.  in collaboration with Dr. Sue Douglas) 

3 Probes were from Atlantic salmon unless otherwise denoted in brackets. 

4 Genes denoted by ∗ are fully sequenced, and only GenBank accessions numbers are presented. 

5 Cyclooxygenase 1 and -2 (Dr. Jun Zuo, Aberdeen) are fully sequenced, but only small PCR products were 

printed on the array. 

6 Cyclooxygenase 2 is identified through Pubmed ID: PMID: 10229670.    


