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Atlantic salmonsmolts (approx. 20-monthsold)were fedexperimental dietswith
different combinations of omega-6:omega-3 fatty acids (FAs) (high-ω6, high-ω3,
or balanced) and eicosapentaenoic acid plus docosahexaenoic acid (EPA+
DHA) levels (0.3, 1.0 or 1.4%) for 12weeks.Muscle FA (% total FA) reflected diet-
aryC18-polyunsaturatedFA;however,muscleEPApercentandcontent (mg g−1)
were not different in salmon fedhigh-ω3 or balanceddiets.MuscleDHAper cent
was similar among treatments, while DHA content increased in fish fed 1.4%
EPA+DHA, compared with those fed 0.3–1.0% EPA+DHA combined with
high-ω6 FA. Muscle 20:3ω6 (DGLA) content was highest in those fed high-ω6
with 0.3% EPA+DHA. Quantitative polymerase chain reaction analyses on
liver RNA showed that the monounsaturated FA synthesis-related gene, scdb,
was upregulated in fish fed 1.0% EPA+DHAwith high-ω6 compared to those
fed 0.3% EPA+DHA. In high-ω3-fed salmon, liver elovl2 transcript levels were
higher with 0.3% EPA+DHA than with 1.0% EPA+DHA. In high-ω6-fed fish,
elovl2 did not vary with EPA+DHA levels, but it was positively correlated
with muscle ARA, 22:4ω3 and DGLA. These results suggest dietary 18:3ω3
elongation contributed to maintaining muscle EPA+DHA levels despite a
two- to threefold change in dietary proportions, while 18:2ω6 with 0.3% EPA+
DHA increasedmuscleDGLAmore than arachidonic acid (ARA). Positive corre-
lations between hepatic elovl2 and fabp10awithmuscle ω6:ω3 and EPA+DHA+
ARA, respectively, were confirmed by reanalysing data from a previous salmon
trial with lower variations in dietary EPA+DHA and ω6:ω3 ratios.

This article is part of the theme issue ‘The next horizons for lipids as
‘trophic biomarkers’: evidence and significance of consumer modification
of dietary fatty acids’.
1. Introduction
Fish are important sources of eicosapentaenoic acid (EPA, 20:5ω3) and docosahex-
aenoic acid (DHA, 22:6ω3), which are physiologically necessary fatty acids (FAs)
for humans. There is a growing gap between the supply of traditional fish oil
(FO) sources of EPA and DHA, and demand by both the aquafeed and the
human omega-3 (ω3) capsule industries [1]. This has led to the current trend of
maximizing replacement of FO with vegetable alternatives in farmed salmon
diets which affects fillet nutritional value, and has increased the risk of reducing
salmon flesh EPA+DHA levels for consumers [2]. Thus, the study of molecular
mechanisms involved in the modification of dietary FA and consequences for
fish muscle FA composition remain a current priority in aquaculture research
[3–5]. Fatty acyl desaturases and elongases are the main enzymes contributing
to long-chain polyunsaturated FA (LC-PUFA) synthesis from FA precursors.
The activity of these enzymes increases by replacing FO with vegetable oils
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(VO), which are very low in LC-PUFA but are rich in C18 unsa-
turated FA [6,7]. Furthermore, different C18 PUFA (e.g. 18:2ω6
and 18:3ω3) might have different roles in activating the
elongation and desaturation pathways [8]. The ability of teleosts
to elongate and desaturate C18 PUFAmay be driven by trophic
availability which differs in freshwater and marine environ-
ments [9]. Salmonids may have evolved to elongate C18 PUFA
just enough to satisfy their physiological requirements, and
only store extra LC-PUFA in muscle tissue when provided in
excess through the diet [10,11]. Combining both dietary regula-
tors (i.e. lower levels of EPA+DHA with the inclusion of
different levels of 18:2ω6 and 18:3ω3) of the elongation and
desaturation pathway is a current practice in the aquafeed
industry; however, most existing studies on farmed fish have
investigated the nutritional effects of either the dietary ω6:ω3
ratio or EPA+DHA levels, rather than their interaction (e.g.
[2,4,5,12]). We hypothesized that various combinations of
EPA+DHA levels with either high dietary 18:2ω6 or 18:3ω3
would reveal FA desaturation and elongation capacity inAtlan-
tic salmon fed diets with low FO inclusion levels, which in turn
would help industry formulate low FO diets with minimized
impact on fillet EPA and DHA levels.

Here we examined the impact of different dietary combi-
nations of ω6:ω3 ratios (range: 0.6–4.5) and EPA +DHA levels
(0.3, 1.0 and 1.4%) on the transcript levels of FA metabolism-
related genes in the liver, and the muscle lipid composition
(%) and content (mg g−1) in Atlantic salmon. To support
observed patterns between muscle lipid composition (%) and
hepatic transcripts, a new statistical analysis was performed
using data from a previous salmon feeding trial (1.0–1.3%
EPA+DHA) [5] in which levels of EPA+DHA and ratios of
ω6:ω3 (range: 0.4–2.7) varied less among the diets used.

2. Material and methods
(a) Diets and animals in the 0.3–1.4%EPA+DHA

feeding trial
Five experimentaldietswere formulated to share all primarysources
of macronutrients except for the lipids (electronic supplementary
material, table S1).Different sources of dietary lipidswere employed
so that the experimental diets had contrasting levels of EPA +DHA,
and ω6:ω3 ratios. The list comprised lipid sources of animal (i.e. FO
andpoultry fat) andplant origin (i.e. soyoil, linseedoil and rapeseed
oil). Two dietary EPA+DHA levels (0.3 or 1.0% (i.e. 2.9 or 6.7% of
total FA)) were combined with two ω6:ω3 ratios (high-ω6 (up to
43.4% of total FAs) or high-ω3 (up to 27.3%)), resulting in four
diets: 0.3% EPA+DHA with higher ω6 (0.3%EPA+DHA↑ω6), 0.3%
EPA+DHAwith higher ω3 (0.3%EPA+DHA↑ω3), 1.0% EPA+DHA
with higher ω6 (1%EPA+DHA↑ω6) and 1.0% EPA+DHA with
higher ω3 (1%EPA+DHA↑ω3). A fifth diet containing the highest
level of EPA and DHA (1.4%) and a more balanced ω6:ω3 ratio
(16.4% ω3 FAversus approximately 14.2% ω6 FA) was used as con-
trol. All diets contained similar levels of arachidonic acid (ARA;
20:4ω6). Diets were formulated to be isoenergetic, isolipidic and iso-
proteic, and to supply the fish with the necessary nutritional
requirements for salmonids [13]. Basal diets––with no oil
addition––were manufactured by EWOS Canada (Surrey, BC,
Canada) and top-coatedwith the different oil mixes (electronic sup-
plementarymaterial, table S1) at theChuteAnimalNutritionCentre
(Dalhousie University, Truro, NS, Canada).

A 12-week feeding trial was conducted in the Dr Joe Brown
Aquatic Research Building (JBARB; Memorial University,
St. John’s, NL, Canada). All procedures involving live fishwere car-
ried out in compliance with guidelines of the Canadian Council of
Animal Care (MUN Animal Care Protocol #16-75-MR). Smolts
were transported from a regional salmon farm to the JBARB,
where they were PIT (Passive Integrated Transponder)-tagged and
kept in a 3800 L tank until experimentation (October 2016–March
2017). Subsequently, 810 salmon of 210 ± 44 g (mean ± standard
deviation (s.d.); approx. 20-month old) were randomly distributed
into twenty 620 L tanks (40–41 fish per tank; 4 tanks per diet) and
allowed to acclimate for eight weeks before switching from a com-
mercial feed (EWOS Dynamic S, Cargill Inc., MN, USA) to the
experimental diets. At all stages, fish were fed to satiation overnight
using automatic feeders (AVF6 Vibrating Feeders, Pentair Aquatic
Eco-Systems, Inc., Florida, USA). The uneaten pellets were collected
every morning, and daily feed ration was adjusted based on the
number of uneaten pellets. All tanks were exposed to 24 h light
and connected to a flow-through seawater system, andwater quality
(e.g. temperature (approx. 12°C) and oxygen saturation (approx.
10 mg ml−1)) were monitored daily.

(b) Sampling
Ten fish in total (each from a different tank) at the beginning of the
trial (i.e. initial) and five fish/tank at the end of the trial (i.e. week
12) were euthanized and dissected for tissue sample collection.
Fish were fasted 24 h before euthanasia by MS-222 overdose
(400 mg l−1 in seawater; Syndel Laboratories, Vancouver, BC,
Canada). At each sampling, weight and fork lengthwere recorded,
and dorsal white muscle and liver tissues were sampled. Dorsal
muscle samples for lipid analyses were collected in lipid-clean
15 ml glass test tubes. After sampling, 2 ml of chloroform were
added to the tubes and the headspace-air was replaced with nitro-
gen before storing at −20°C until analysis. For gene expression
analysis, liver samples (approx. 100 mg of tissue per sample)
were placed in 1.5 ml RNase-free tubes, then flash-frozen in
liquid nitrogen and stored at −80°C until RNA extraction.

(c) Fatty acid and lipid class analyses
Lipid extraction, lipid class separation and FA derivatization were
performed as previously described [5]. Briefly, all tools were lipid-
clean, the homogenization process was conducted on ice and all
samples were covered with nitrogen after all steps. Extraction
was done using chloroform:methanol:water (8 : 4 : 3). Lipid class
determination was done in a three-step separation on silica gel
Chromarods, and lipid class quantitywas determined using Iatros-
canMark VI flame ionization detection (Mitsubishi Kagaku Iatron,
Inc., Tokyo, Japan). Data were processed using Peak Simple
software (SRI Instruments, version 3.67, Torrance, CA, USA).

FAs in 50 µl of lipid extracts were derivatized using Hilditch
reagent (1.5 H2SO4:98.5 anhydrous MeOH) for 1 h at 100°C. Trans-
esterified samples were analysed in anHP 6890 gas chromatograph
on a Zebron ZB-WAX plus™ (30 m× 0.32 mm× 0.25 µm) column.
Derivatized samples were injected at 65°C, and the temperature
was increased at a rate of 40°C min−1 to 195°C; then itwas increased
to 220°C at a rate of 2°C min−1. Hydrogen carrier gas flow was
2 ml min−1, and the starting temperature of the injector was 150°C
with an increase of 120°C min−1 to 250°C. The detector temperature
was held at 260°C. Peaks were compared to those obtained using
standards from Supelco (Bellefonte, PA, USA): 37 component
FAME mix (Product number 47885-U), PUFA 3 (product number
47085-U) and PUFA 1 (product number 47033-U). Chromatograms
were integrated using Chromatography Data Systems Open
Laboratory CDS, and the FA data were calculated as area per cent
of FAME. FA proportions were calculated as a per cent of total
FAs. FA content (mg g−1) was calculated based on the acyl-lipid
mg g−1 amounts obtained by Iatroscan.

(d) RNA extraction, DNase treatment, column
purification and cDNA synthesis

Liver samples were homogenized in TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) using steel beads and QIAshredder
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spin-columns, following manufacturer instructions. Extracted
RNA was re-extracted using a phenol-chloroform method [14],
DNase-treated using RNase-free DNase Set (QIAGEN, Missis-
sauga, ON, Canada) and column-cleaned using RNeasy Mini
Clean-up Kit (QIAGEN) as described [15,16]. RNA integrity
and purity were assessed using 1.0% agarose gel electrophoresis
and NanoDrop spectrophotometry (Thermo Fisher, Mississauga,
ON, Canada), respectively. A260/280 ratios were between 2.0
and 2.2, and A260/230 ratios were 1.8–2.3. Each cDNA synthesis
was conducted in 20 µl reaction from 1.0 µg of DNase-treated,
column-purified total RNA, using random primers (250 ng; Invi-
trogen/Life Technologies) and M-MLV reverse transcriptase
(200 U; Invitrogen/Life Technologies) with the manufacturer’s
first strand buffer (1X final concentration), dNTPs (0.5 mM final
concentration) and DTT (10 mM final concentration) at 37°C for
50 min [15].
Trans.R.Soc.B
375:20190648
(e) Real-time quantitative polymerase chain reaction
analysis

The list of genes of interest (GOI) for the quantitative polymerase
chain reaction (qPCR) study included genes related to de novo
FA synthesis, FA elongation and desaturation, and FA oxidation,
and are shown in electronic supplementary material, table S3.
Paralogues of those genes were included if detected following pro-
cedures described in Caballero-Solare et al. [16]. For the newly
designed primers, we used the PrimerQuest design tool (https://
www.idtdna.com/Primerquest/Home/Index). Primer pair qual-
ity control was performed as described [16]. This included a five-
point 1:3 dilution series (starting with cDNA representing 10 ng
of input total RNA) used for standard curve generation to check
amplification efficiency [17] and single-product amplification (dis-
sociation curve analysis; [15,16]). Amplification efficiencies and
amplicon sizes are shown in electronic supplementary material,
table S3. Nine candidate normalizer geneswere tested on two indi-
viduals from each dietary group (randomly selected), and their
stability was analysed using GeNorm [18]. Since none complied
withGeNorm stability cut-off level (M-value < 0.5), we re-analysed
the three most stable (i.e. actb, rpl32, and polr2a) using four individ-
uals/group (one fish/tank). Rpl32 and polr2a showed the highest
stability (i.e. GeNormM-values of 0.38 and 0.4) and were selected
as normalizers. The mRNA levels of the GOIs and two normalizer
genes were qPCR-assessed using eight individuals (2 fish per
quadruplicate tank) from each dietary group. Each reaction con-
tained 4 µl of cDNA (RNA input: 5 ng), 50 nM forward and
reverse primers and 1 × Power SYBR Green Master Mix (Applied
Biosystems/Life Technologies). qPCR reactions were carried out
in triplicate for eight biological replicates from each treatment, fol-
lowing procedures previously described [15]. A ViiA 7 real-time
PCR system (Applied Biosystems/Life Technologies) was used
to run the qPCR analyses (cycling parameters; melting curves
and no-template controlswere included [15]). The relative quantity
(RQ) of each GOI was calculated using the ViiA™ 7 Software v1.2
(Applied Biosystems) for ΔΔCT analysis [19] and incorporating
amplification efficiencies (electronic supplementary material,
table S3) [17]. For eachGOI, the samplewith the lowest normalized
expression was used as a calibrator (i.e. RQ value of 1.0). All RQs
are presented as mean ± s.d.
( f ) Comparison with data from the 1–1.3%EPA+DHA
feeding trial

Muscle FA profiles and liver RQ data from a previous study [5]
with 1.0–1.3% EPA +DHA were analysed for Pearson’s corre-
lations. In that trial, five experimental diets with similar EPA +
DHA levels (approx. 1.0–1.3%) but varying ω6:ω3 ratios were
tested. The dietary ω6:ω3 ratios were: 1:3 (high-ω3), 1:2 (medium-
ω3), 1:1 (balanced), 2:1 (medium-ω6) and 3:1 (high-ω6) [5]. The
lipid composition of these diets [5] is also shown in electronic sup-
plementary material, table S7. In that study, PIT-tagged smolts
(203 ± 24 g and approx. 20-month age) were randomly distributed
into twenty 620 L tanks in the JBARB, fed a commercial diet
(Winter EP20, Skretting Canada, NB, Canada) during an 18-day
acclimation period and then fed the experimental diets for 12
weeks. Holding conditions (e.g. 24 h light photoperiod, 11°C sea-
water temperature) [5] were similar to those of the 0.3–1.4%
EPA+DHA feeding trial.

(g) Statistical methods
General linear models were used to analyse diet and tank effects in
the muscle lipid composition and liver qPCR data. The models
included tanks anddiets as a randomand fixed factor, respectively;
and this was followed by Tukey pairwise comparisons. A one-way
ANOVA followed by Tukey post-hoc tests were used for the com-
parison of initial (i.e. week 0) and week 12 lipid profiles. To
compare the effect of EPA +DHA levels (i.e. 0.3 and 1.0%) factor
and/or ω6 or ω3 (i.e. high-ω6 and high-ω3) factor, a two-way
ANOVA followed by Tukey post-hoc test was used. All residuals
were examined for normality and homoscedasticity (i.e. Shapiro–
Wilk and Levene’s tests, respectively). Pearson’s correlation ana-
lyses were performed to relate muscle lipid composition with
liver gene expression data. All the above statistical analyses were
performed using IBM SPSS (IBM SPSS Statistics, Version 25,
Armonk,NewYork, USA) andMinitab (Minitab 16 Statistical Soft-
ware, State College, PA, USA) statistical software. PRIMER 7
(PRIMER-E Ltd., Auckland, New Zealand) was used to run prin-
cipal coordinates analysis (PCoA) using similar muscle FA and
hepatic transcripts from the two studies separately to illustrate
common clustering patterns across studies. PRIMER 7 was also
used to run a permutational analysis of variance (PERMANOVA)
and similarity of percentages analysis (SIMPER) for the 0.3–1.4%
EPA+DHA trial data. FAs and lipid classes that accounted for <
1.0% across groups were not included in the analyses. The
significance level was p < 0.05 for all statistical analyses.
3. Results
(a) Growth performance
As found previously [5], diets in the 0.3–1.4%EPA+DHA trial
did not affect final body weight (606.43 ± 33.6 g) nor weight
gain (331.4 ± 23.1 g) significantly ( p≥ 0.9 for body weight
and weight gain; F-values = 0.15 and 0.26, respectively) after
the 12-week feeding trial.

(b) Muscle tissue lipid composition and content
Muscle lipid class composition (%) or content (mg g−1) showed
no significant differences among dietary groups at the end of
the feeding trial ( p = 0.05–0.89) (table 1; electronic supplemen-
tary material, table S2, respectively). Sterol (ST) proportion (%)
decreased at the end of the feeding trial compared with the
initial lipid composition ( p≤ 0.005, F = 11.83). Conversely,
total lipid (mg g−1) increased in all groups over time (i.e.
week 12 versus week 0; p≤ 0.005, F-value = 9.3; table 1).

Comparing dietary treatments with the initial samples
(table 1), ΣSFA (% of total FAs) decreased significantly after
12 weeks of feeding high-ω3 (i.e. 0.3%EPA+DHA↑ω3 and 1%
EPA+DHA↑ω3) and control diets (table 1). Although some
individual MUFA and PUFA did show significant changes
over time (initial versus experimental groups), fish fed the con-
trol diet showed a significant increase in ΣMUFA and a
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Table 1. Lipid and fatty acid composition1 (% total and content mg g−1) of Atlantic salmon muscle tissue after 12 weeks of feeding experimental diets.
Italicized values are significantly different from initial ones and different letters indicate significantly different values across dietary treatments.

initial
0.3%EPA +
DHA ↑ω6

0.3%EPA +
DHA↑ω3

1%EPA +
DHA↑ω6

1%EPA +
DHA↑ω3 control2 p-value

lipid class composition (% of total lipid)

hydrocarbons ND 1.5 ± 4.9 0.8 ± 2.2 1.5 ± 3.1 1.4 ± 2.3 1.1 ± 2.5 0.89

triacylglycerols 48.1 ± 17.6 53.3 ± 17.3 58.5 ± 9.1 62.0 ± 19.4 57.2 ± 17.2 64.2 ± 13.3 0.52

sterols 14.9 ± 5.8 3.8 ± 3.9 2.8 ± 0.9 1.9 ± 3.3 4.2 ± 5.6 5.7 ± 6.5 0.21

phospholipids 36.9 ± 13.2 40.9 ± 14.6 34.2 ± 12.2 29.6 ± 17.9 35.9 ± 13.5 26.6 ± 12.1 0.25

total lipids

(mg g−1 wet weight)

2.8 ± 1.5 12.1 ± 5.1 11.2 ± 2.9 7.3 ± 4.6 10.8 ± 4.3 13.3 ± 5.8 0.90

FA composition (% total FAs)

14:0 1.7 ± 0.4 0.9 ± 0.2c 0.9 ± 0.2c 1.5 ± 0.3b 1.5 ± 0.4b 1.9 ± 0.4a p≤ 0.01

16:0 16.8 ± 1.04 14.7 ± 1.6 14.4 ± 1.01 14.6 ± 0.9 14.0 ± 0.7 13.8 ± 1 0.10

16:1ω7 3.4 ± 1 1.9 ± 0.3c 2.4 ± 0.4abc 2.3 ± 0.7bc 2.8 ± 0.5ab 2.9 ± 0.8a p≤ 0.01

18:0 4.6 ± 0.18 4.7 ± 0.5a 4.4 ± 0.3ab 4.2 ± 0.5bc 4.2 ± 0.5bc 3.8 ± 0.3c p≤ 0.01

18:1ω7 2.9 ± 0.2 1.9 ± 0.5d 2.1 ± 0.1cd 2.2 ± 0.2b 2.3 ± 0.1bc 3.0 ± 0.1a p≤ 0.01

18:1ω9 19.4 ± 4.8 20.9 ± 5.4bc 23.6 ± 2.4b 19.3 ± 2.3c 21.5 ± 2.7bc 27.1 ± 3.2a p≤ 0.01

18:2ω6 (LNA) 7.2 ± 1.7 25.5 ± 2a 12.1 ± 1.1c 19.7 ± 3.4b 11.0 ± 1.2c 10.4 ± 1.1c p≤ 0.01

18:3ω3 (ALA) 1.5 ± 0.3 2.9 ± 0.3c 9.7 ± 0.9a 2.7 ± 0.3c 9.0 ± 0.8b 2.4 ± 0.3cd p≤ 0.01

18:3ω6 0.3 ± 0.07 1.2 ± 0.3a 0.6 ± 0.1b 0.6 ± 0.2b 0.4 ± 0.1c 0.3 ± 0.1c p≤ 0.01

18:4ω3 0.7 ± 0.2 0.9 ± 0.2d 2.4 ± 0.5a 1.0 ± 0.2cd 2.0 ± 0.3b 1.2 ± 0.19c p≤ 0.01

20:1ω11 ND 0.3 ± 0.1c 0.3 ± 0.1c 0.1 ± 0.1c 1.5 ± 0.2b 2.5 ± 0.49a p≤ 0.01

20:1ω7 ND 0.1 ± 0.05b 0.1 ± 0.02b 1.3 ± 0.2a 0.1 ± 0.02b 0.1 ± 0.03b p≤ 0.01

20:1ω9 1.4 ± 0.5 0.8 ± 0.2c 0.9 ± 0.2c 1.4 ± 0.3b 1.3 ± 0.3b 1.9 ± 0.2a p≤ 0.01

20:2ω6 0.6 ± 0.09 1.6 ± 0.3a 0.7 ± 0.1c 1.4 ± 0.3a 0.7 ± 0.1bc 0.8 ± 0.1b p≤ 0.01

20:3ω6 (DGLA) 0.6 ± 0.07 1.9 ± 0.3a 0.8 ± 0.1c 1.1 ± 0.1b 0.6 ± 0.06d 0.6 ± 0.06d p≤ 0.01

20:4ω3 0.7 ± 0.09 0.5 ± 0.1c 1.2 ± 0.2ab 0.8 ± 0.1bc 1.2 ± 0.1a 1.0 ± 0.12ab p≤ 0.01

20:4ω6 (ARA) 1.8 ± 0.33 1.4 ± 0.7a 1.2 ± 0.2ab 1.1 ± 0.3abc 1.0 ± 0.2bc 0.8 ± 0.4c p≤ 0.01

20:5ω3 (EPA) 5.9 ± 1.05 2.3 ± 0.7b 3.4 ± 0.7a 3.4 ± 0.8a 3.7 ± 0.7a 3.6 ± 0.8a p≤ 0.01

22:1ω11 ND 0.4 ± 0.2c 0.1 ± 0.03d 0.1 ± 0.04d 1.4 ± 0.3b 2.4 ± 0.4a p≤ 0.01

22:1ω7 0.04 ± 0.02 0.1 ± 0.2ab 0.1 ± 0.08ab 0.2 ± 0.3a 0.1 ± 0.07b 0.1 ± 0.04b p≤ 0.01

22:1ω9 0.2 ± 0.08 0.1 ± 0.19c 0.3 ± 0.2b 1.4 ± 0.4a 0.2 ± 0.08c 0.3 ± 0.09bc p≤ 0.01

22:4ω3 ND 0.1 ± 0.1b 0.2 ± 0.08a 0.2 ± 0.08a 0.1 ± 0.06b 0.1 ± 0.2b p≤ 0.01

22:4ω6 ND 0.1 ± 0.04 0.2 ± 0.2 0.2 ± 0.4 0.1 ± 0.1 0.1 ± 0.03 0.61

22:5ω3 1.8 ± 0.2 0.9 ± 0.6b 1.0 ± 0.2a 1.1 ± 0.2a 1.1 ± 0.1a 1.2 ± 0.2a 0.02

22:5ω6 0.5 ± 0.09 0.3 ± 0.2a 0.0 ± 0.02b 0.2 ± 0.2ab 0.2 ± 0.05ab 0.2 ± 0.06ab p≤ 0.01

22:6ω3 (DHA) 25.7 ± 7.1 10.2 ± 3.6 14.0 ± 3.06 13.7 ± 5 14.0 ± 4.2 13.21 ± 4.4 0.21

ΣSFA3 23.7 ± 0.6 21.5 ± 2.1 19.3 ± 4.8 21.9 ± 1.9 20.5 ± 0.6 20.2 ± 1.1 0.10

ΣMUFA4 27.9 ± 6.6 27.2 ± 6.1b 29.3 ± 7.7b 29.5 ± 3.6b 32.0 ± 4.1b 41.5 ± 4.6a p≤ 0.01

ΣPUFA5 48.5 ± 6.1 51.0 ± 4.5a 45.7 ± 11.4a 48.2 ± 3.3a 47.0 ± 3.9a 37.9 ± 4.5b p≤ 0.01

Σω3 36.5 ± 7.7 18.2 ± 4.2c 30.5 ± 8a 23.3 ± 5.5bc 31.9 ± 4.7a 23.2 ± 5.08b p≤ 0.01

Σω6 10.9 ± 1.5 32.0 ± 2.2a 15.6 ± 0.9c 24.3 ± 3.5b 13.9 ± 1cd 13.2 ± 0.9d p≤ 0.01

ω6:ω3 0.3 ± 0.1 1.9 ± 0.4a 0.4 ± 0.05c 1.2 ± 0.3b 0.4 ± 0.06c 0.6 ± 0.07 p≤ 0.01

18:3ω3 + 18:2ω6 8.8 ± 1.9 28.4 ± 2.2a 20.7 ± 5.3b 22.4 ± 3.7ab 20.0 ± 1.7b 12.8 ± 1.3c p≤ 0.01

20:5ω3 (EPA)

(mg g−1 wet weight)

0.1 ± 0.07 0.2 ± 0.04b 0.4 ± 0.1a 0.2 ± 0.06b 0.3 ± 0.1a 0.4 ± 0.1a p≤ 0.01

22:6ω3 (DHA)

(mg g−1 wet weight)

0.5 ± 0.2 0.9 ± 0.2bc 1.4 ± 0.5ab 0.7 ± 0.2c 1.2 ± 0.3abc 1.4 ± 0.5a p≤ 0.01

(Continued.)
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Table 1. (Continued.)

initial
0.3%EPA +
DHA ↑ω6

0.3%EPA +
DHA↑ω3

1%EPA +
DHA↑ω6

1%EPA +
DHA↑ω3 control2 p-value

Total FA (mg g−1 wet

weight)

2.1 ± 1.2 9.8 ± 4.05ab 9.3 ± 2.5ab 6.1 ± 4.4bc 9.2 ± 4.3ab 11.2 ± 4.3a 0.21

1mean ± s.d. (n = 16–21).
2control diet: 1.4% EPA + DHA + more balanced levels of ω3 and ω6 fatty acid.
3saturated fatty acids.
4monounsaturated fatty acids.
5polyunsaturated fatty acids.
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decrease in ΣPUFA over time (table 1). Σω3 showed a signifi-
cant reduction over time except in those fish fed high-ω3
diets. Σω6, 18:2ω6, 18:3ω3 and 18:3ω3+18:2ω6 increased
throughout the trial in all dietary groups. After 12 weeks,
muscle EPA and DHA showed a significant decrease in all
groups (table 1).

At week 12 (table 1), the muscle FA% of 18:2ω6 and 18:3ω3
(LC ω6 and LC ω3-precursors) reflected those of the diets (i.e.
higher 18:2ω6 in the high-ω6-fed salmon; higher 18:3ω3 in the
high-ω3-fed salmon). Muscle ARA levels (%) in salmon fed
0.3% EPA+DHA (i.e. 0.3%EPA+DHA↑ω6 and 0.3%EPA+
DHA↑ω3) were significantly higher compared to the control.
Muscle 20:3ω6 (DGLA; dihomo-γ-linolenic acid) levels in
salmon fed 0.3%EPA+DHA↑ω6 was significantly higher than
all other groups. EPA levels in salmon fed 0.3%EPA+
DHA↑ω6 were significantly lower than in the other groups
(table 1). Muscle DHA showed no significant differences
among diets. Muscle ΣSFAwas similar across the experimental
groups. Muscle ΣMUFAwas higher in salmon fed the control
diet than in the other groups. By contrast, ΣPUFAwas signifi-
cantly lower in fish fed the control diet compared to the other
treatments. Muscle Σω3 was higher with high-ω3 diets than
with the rest and was higher with control diet than with
0.3%EPA+DHA↑ω6 diet. Conversely, muscle Σω6 was higher
in those fed high-ω6 than in those fed the other diets. Also,
salmon fed the control diet showed lower muscle Σω6 than
those fed 0.3%EPA+DHA↑ω3 but similar to those fed 1%
EPA+DHA↑ω3.

At week 12 (electronic supplementary material, table S2),
the muscle tissue content (mg g−1) of 18:2ω6 was significantly
higher in 0.3%EPA+DHA↑ω6 compared with all other dietary
treatments (electronic supplementary material, table S2). The
muscle content of 18:3ω3 (mg g−1) reflected dietary intake
(i.e. higher 18:3ω3 in 0.3%EPA+DHA↑ω3 and 1%EPA+
DHA↑ω3) (electronic supplementary material, table S2). DHA
content (mg g−1) was higher in fish fed control diet than
in those fed 0.3%EPA+DHA↑ω6 and 1%EPA+DHA↑ω6
(table 1), and was not different between groups fed high-ω3
(i.e. 0.3%EPA+DHA↑ω3, 1%EPA+DHA↑ω3; table 1; electronic
supplementary material, table S2). EPA content (mg g−1) was
significantly higher in both high-ω3 and control-fed salmon
(1.4% EPA+DHA) compared with those fed high-ω6 (table 1
and electronic supplementary material, table S2). There were
no significant diet effects on ΣSFA (mg g−1) or ΣPUFA
(mg g−1) (electronic supplementary material, table S2).
Muscle ΣMUFA (mg g−1) was significantly higher with control
diet than with the other diets except for 1%EPA+DHA↑ω3
(electronic supplementary material, table S2). Σω3 (mg g−1)
reflected the composition of the diets (i.e. higher in 0.3%
EPA+DHA↑ω3 and 1%EPA+DHA↑ω3; electronic supplemen-
tary material, table S2). Σω6 was highest in those salmon fed
0.3%EPA+DHA↑ω6 (electronic supplementary material, table
S2) as compared with those fed the other diets. EPA+DHA
was higher with 0.3%EPA+DHA↑ω3 and control than with
high-ω6 diets (electronic supplementary material, table S2).

(c) Liver quantitative polymerase chain reaction analysis
Most of the targeted biomarkers did not display significant
differences in the transcript expression response to dietary
treatments (electronic supplementarymaterial, table S4). How-
ever, salmon fed 0.3%EPA+DHA↑ω3 showed upregulated
hepatic elovl2 mRNA levels compared with those fed 1%
EPA+DHA↑ω3 (figure 1a, electronic supplementary material,
table S4). Diet 1%EPA+DHA↑ω3 also promoted higher
pparaamRNA levels than the other diets except for the control
(figure 1a). Fish fed 1%EPA+DHA↑ω6 showed significant
upregulation of csb as compared with those fed 0.3% EPA+
DHA levels, 1%EPA+DHA↑ω3 and control diet (figure 1b).
Feeding 1.0% EPA+DHA resulted in higher transcript levels
of scdb, fasb and cd36c compared with 0.3% EPA+DHA
(figure 1b).

(d) Correlation and multivariate analyses of hepatic
transcript expression and muscle lipid composition
and content

(i) Correlation of hepatic transcript expression and muscle lipid
composition

Liver csb expression levels were positively correlated with
20:1ω7, 22:1ω9 and ΣSFA, and negatively correlated with
phospholipid (PL) (figure 1b; electronic supplementary
material, table S5). The transcript levels of acac and acly
were positively correlated with 14:0, 18:1ω7 and 20:1ω9 (elec-
tronic supplementary material, table S5). Acac was negatively
correlated with polyunsaturated/saturated FAs (P/S) and
ΣPUFA (electronic supplementary material, table S5). Acly
was positively correlated with ΣMUFA, and negatively with
DGLA and ΣPUFA (electronic supplementary material,
table S5). Scdb correlated positively with 14:0, 20:1ω7,
20:1ω9, 22:1ω9, and negatively with 18:3ω6 and DGLA
(figure 1b, electronic supplementary material, table S5). The
mRNA levels of fasb were positively correlated with 14:0,
18:1ω7, 20:1ω9, 20:1ω11, 22:1ω11 and ΣMUFA; and negatively
with DGLA, P/S and ΣPUFA (figure 1b; electronic
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Figure 1. Effect of diets on the transcript levels of lipid-related biomarkers. (a) Transcripts with putative roles in C18-polyunsaturated fatty acid elongation (elovl2)
and the master regulator transcription factor pparaa. (b) Transcripts related to the Krebs cycle (csb), de novo fatty acid synthesis (scdb and fasb) and fatty acid
transport (cd36c). The transcript RQs (relative quantities) are shown as mean ± s.e. Bars with different letters are significantly different for a one-way ANOVA across
dietary treatments. P-values from a two-way ANOVA are given in the upper table (significance is shown with asterisks (*) on the figure). The listed fatty acids (lower
table) are significantly correlated with the corresponding biomarker and placed to show the correlation direction (i.e. green for positive and red for negative). Diets
fed: 0.3%EPA+DHA↑ω6, 0.3%EPA+DHA↑ω3, 1%EPA+DHA↑ω6, 1%EPA+DHA↑ω3 and the control diet (1.4% EPA+DHA+balanced levels of ω3+ω6).
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supplementary material, table S5). Cd36c transcript levels
were positively correlated with 14:0, 20:1ω9, 18:1ω7, 24:1,
22:1ω9, 20:1ω7 and ST; and negatively with ARA, PL and
PL/ST (figure 1b; electronic supplementary material, table
S5). Elovl2 was positively correlated with 16:0, ARA, DGLA
and 22:4ω3, and negatively with 14:0, 16:1ω7, 18:1ω9,
18:1ω7, 20:1ω9, 20:1ω11 and 22:1ω11 (figure 1b; electronic sup-
plementary material, table S5). Elovl5a was positively
correlated with 20:1ω7 and 22:1ω9 (electronic supplementary
material, table S5), and elovl5b was negatively correlated with
22:5ω6 and 22:4ω6 (electronic supplementary material, table
S5). Cpt1a was positively correlated with 16:0, whereas
acox1 was negatively correlated with 22:5ω6 (electronic sup-
plementary material, table S5). Fabp3a mRNA levels were
negatively correlated with 18:0, and fabp10a correlated
positively with EPA+DHA+ARA (figure 2c; electronic
supplementary material, table S5). Pparaa was correlated
positively with 18:3ω3, 18:4ω3, EPA and 22:4ω3; and nega-
tively with 20:2ω6 (figure 1b; electronic supplementary
material, table S5). Pparab was correlated positively with
20:1ω7, 20:1ω9 and 22:1ω9, and negatively with 18:4ω3 (elec-
tronic supplementary material, table S5). The transcript
levels of pparg were positively correlated with 22:4ω3
(electronic supplementary material, table S5). Srebp2 was
positively correlated with 20:1ω7 and 22:1ω9 (electronic
supplementary material, table S5).
(ii) Correlation analysis of hepatic transcript expression and
muscle lipid content

The significant correlation results of hepatic transcript
expression and lipid content (mg g−1) were largely similar
to those observed between the hepatic transcript expression
and lipid per cent (electronic supplementary material,
table S5); however, additional correlations were observed
with gene expression and lipid content (mg g−1). Liver csb
transcript levels were positively correlated with 22:1ω7. The
transcript levels of scdb were negatively correlated with
18:3ω3+18:2ω6. The mRNA levels of fasb were positively
correlated with 16:1ω7 and 22:5ω3. Cd36c was negatively cor-
related with P/S. Additional positive correlations were
observed with cpt1a transcript levels and 17:1, 23:0 and
ARA. Pparg was negatively correlated with 20:2ω6. The tran-
script levels of srebp2were negatively correlated with ΣPUFA,
18:3ω3+18:2ω6 and individual PUFAs (i.e. 18:3ω6, 18:4ω3 and
ARA). Also, srebp2 was negatively correlated with ΣSFA and
individual SFA (i.e. 18:0 and 16:0).

(iii) Multivariate analyses of hepatic transcript expression and
muscle lipid composition

PCoA illustrated the separation among the three dietary
EPA+DHA levels along the x-axis (PCO1; from left to right:
0.3%, 1.0% and 1.4%), and between high-ω3/high-ω6 along
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Figure 2. Principal coordinates analysis (PCoA) of the same transcripts and muscle fatty acids from the two trials showing vectors with Pearson’s r > 0.45. (a) PCoA
and significant bivariate correlations (below on the left in (c)) between muscle fatty acids percent and liver transcript levels for the 0.3–1.4%EPA+DHA trial. (b)
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the y-axis (i.e. PCO2; high-ω3 on top, high-ω6 below;
figure 2a). PCO1 and PCO2 explained 41.5% and 25.4% of
the total variation, respectively. PCoA analyses associated
ΣMUFA and fasb with higher dietary EPA+DHA levels,
whereas the segregation between high-ω3 and high-ω6 diets
was driven by muscle ω3 and ω6 FAs levels. PL also
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associated with high-ω3 diets, and TAG (triacylglycerols)
with individuals fed 1%EPA+DHA↑ω6.

The SIMPER analysis showed that the 0.3%EPA+
DHA↑ω6 and control groups were the most different
(25.83% dissimilar), while the 0.3%EPA+DHA↑ω3 and 1%
EPA+DHA↑ω3 groups were the least different (13.99%
dissimilar). Also, it showed that fasb transcript level was
the main driver of dissimilarity between different dietary
EPA+DHA groups, regardless of dietary ω6:ω3 (electronic
supplementary material, table S6). Besides fasb, the dissimila-
rities for 0.3% EPA+DHA versus 1.0% EPA+DHA and 1.0%
EPA+DHA versus control (i.e. 1.4% EPA+DHA) were
caused mainly by scdb, TAG and acac; and by ΣMUFA for
the comparison 0.3% EPA+DHA versus control. Among
the list of main contributors to the dissimilarities between
high-ω6 and high-ω3, we mainly identified fasb, TAG, PL,
Σω6 and Σω3. PERMANOVA pairwise comparisons showed
significant differences (p(perm) < 0.05) among dietary treat-
ments, except when comparing fish fed diets 0.3%EPA+
DHA↑ω3 and 1%EPA+DHA↑ω3 (p(perm) = 0.08).

(e) Comparison with reanalysed data from the 1–1.3%
EPA+DHA feeding trial

The PCoA plot of data from the study with more narrow EPA+
DHA and ω6:ω3 ranges [5] showed a clear separation among
the dietary treatments (figure 2b). High-ω6-fed fish loaded on
the left side of the plot (negatively on PCO1) and associated
with ω6 FA and elovl2 (despite its low contribution). The
high-ω3-fed fish were loaded on the right side of the plot (posi-
tively on PCO1), and associated with ω3 FA, as well as fasb and
fabp3a (although they contributed less). As expected, the
balanced-diet-fed salmon clustered between the high-ω6- and
high-ω3-fed salmon. PERMANOVA pairwise tests showed
that all treatments were significantly different from each
other (p(perm) = 0.0001–0.0011]). PCO1 and PCO2 accounted
for 52.3 and 35.8% of the variability, respectively.

In the studywith narrower ranges of EPA+DHA and ω6:ω3
[5], the mRNA level of hepatic fasb was positively correlated
with 16:1ω7, while elovl2 was positively correlated with ω6:ω3
(figure 2c). By restricting the correlation analysis of the 0.3–
1.4%EPA+DHA trial to EPA+DHA levels of 1.0–1.4% EPA+
DHA (i.e. removing the 0.3% diets), we also found a positive
correlation between elovl2 and ω6:ω3 (figure 2c). Fabp10a
showed positive correlations with DHA, EPA +DHA+ARA
and Σω3, and negative correlations with 18:2ω6 and Σω6. This
transcript also showed a positive correlation with muscle
EPA+DHA+ARA in the 0.3–1.4%EPA+DHA trial (figure 2c).
Finally, srebp2 correlated positively with DHA and DHA/
EPA, and negatively with 18:1ω9 (figure 2c; electronic sup-
plementary material, table S5).
4. Discussion
(a) Growth performance
A 12-week feeding trial was conducted with Atlantic salmon
(Salmo salar) smolts to investigate growth performance and
trophic modification of FA. The interaction of varying dietary
EPA+DHA levels with either high 18:2ω6 or high 18:3ω3
induced changes in expression of hepatic lipid metabolism
relevant transcripts and white muscle lipid composition of
Atlantic salmon (approx. 20-month old). These metabolic
adjustments––namely the promotion of LC-PUFA synthesis––
may have prevented significant negative effects on growth at
dietary EPA+DHA levels below 1% (optimal % estimated in
[20]). These findings underline the nutritional importance of
LC-PUFA precursors (i.e. 18:3ω3 and 18:2ω6) for farmed Atlan-
tic salmon fed plant-based diets.
(b) Muscle tissue fatty acids (composition and content)
at week 12 and liver quantitative polymerase chain
reaction analysis

The aquaculture industry depends on FO as the main source of
the highly valuable FAs EPA andDHA. The experimental diets
were made following the industry practice of formulating with
EPA and DHA together instead of independently. However,
each FA was determined separately in the diets and tissues;
each is discussed separately. Muscle DHA proportion (%) did
not reflect the dietary input and showed no significant vari-
ation among dietary groups. On the other hand, muscle
DHA content (mg g−1) was higher in fish fed the control diet
than in those fish fed high-ω6, but not in those fed high-ω3
(table 1). Interestingly, dietary EPA+DHA levels did not seem
to affect muscle DHA content within the groups of fish fed
high-ω6 and high-ω3 diets. The latter suggests higher DHA
retention (especially, in the high-ω6 groups fed lower ω3 pre-
cursor levels) and/or activation of the elongation and
desaturation pathway (mainly, in the high-ω3 groups fed
high-ω3 precursor levels). In a previous study, EPA+DHA
retentionwas found to increasewith a gradual decrease in diet-
ary EPA+DHA [21]. This potential DHA retention could relate
to the sparing effect of other FAs such as SFAs [22]. As found
in previous studies [20,23], gene expression analysis did not
show significant diet-related changes in the FA β-oxidation
pathway. Yet, hepatic cpt1a transcript levels (i.e. mitochondrial
β-oxidation) correlated positively with 16:0 (%), and the con-
tent of 17:1 and 23:0 (mg g−1; electronic supplementary
material, table S5). The levels of another less abundant SFA
in the muscle (i.e. 18:0) correlated negatively with fabp3a (i.e.
plasma membrane-to-mitochondria FA transport; electronic
supplementary material, table S5) and is in agreement with a
previous study [23].

Atlantic salmonhave some capacity tometabolize 18:3ω3 to
EPA and further to DHA via reactions catalysed by elongases
such as Elovl2 and Elovl5, among other enzymes
[5,15,20,24,25]. In the current study, lower dietary EPA+DHA
levels reduced muscle EPA (%) only when lower 18:3ω3
levels were supplied to the fish (i.e. 0.3%EPA+DHA↑ω6 diet).
At higher dietary 18:3ω3 levels, the metabolism of salmon
fed 0.3%EPA+DHA↑ω3 seemed to have promoted EPA syn-
thesis given their relatively high muscle EPA content (i.e.
similar to that of fish fed 1%EPA+DHA↑ω3 and control diet)
and upregulated hepatic elovl2 transcript levels (as compared
with those of fish fed 1%EPA+DHA↑ω3). EPA is inefficiently
retained in the tissue compared to DHA in Atlantic salmon
[22]. Hence, the ability of salmon fed 0.3%EPA+DHA↑ω3 to
compensate for lower dietary EPA levels is less likely to be
due to enhanced EPA retention than to increased EPA syn-
thesis. However, an inefficient retention and low dietary
supply of 18:3ω3 could be the cause behind the similarly low
muscle EPA contents in fish fed high-ω6 regardless of dietary
EPA+DHA levels (i.e. 0.3%EPA+DHA↑ω6 versus 1%EPA+
DHA↑ω6). Lastly, the similar elovl2 transcript levels found in
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fish fed high-ω6, regardless of the dietary EPA+DHA, diverge
from the induction by low dietary EPA+DHA observed in fish
fed high-ω3 and suggests that ω3 precursors might play a more
prominent role in the regulation of elovl2 transcript expression.

Interestingly, cpt1a (carnitine palmitoyl transferase, a FA oxi-
dation biomarker) was positively correlated with muscle
content of ARA but not DGLA. Indeed, salmon fed 0.3%EPA+
DHA↑ω6 showed a higher concentration of DGLA than ARA in
the muscle tissue. Prostaglandins (PGs) derived from the metab-
olism of DGLA have been reported as anti-inflammatory lipid
mediators, in contrast with ARA-derived PGs, which are
knowntobepro-inflammatory [26,27].Therefore, ourcorrelations
might suggest the preference of salmon liver to oxidize ARA and
favour DGLA retention, in what might be a strategy to prevent
accumulation of pro-inflammatory compounds in the body.

Transcription factor Ppara regulates various pathways in
lipid metabolism, and different studies suggest the ability of
Ppara to regulate LC-PUFA biosynthesis [28,29]. Pparaa upre-
gulation in salmon fed 0.3%EPA+DHA↑ω3 compared to 1%
EPA+DHA↑ω3 concomitant with that of elovl2 (figure 1a; elec-
tronic supplementary material, table S4) might suggest a
regulatory role inω3 FA elongation and desaturation processes.

The transcript expression profiles of fasb and scdb suggest
the promotion of de novo FA synthesis and SFA-MUFA con-
version, respectively, with increased dietary EPA+DHA
levels (i.e. 1.0% versus 0.3% DHA+EPA). These two processes
have been found to respond to dietary fats in mammals [30].
Scdb upregulation was the strongest in salmon fed 1%EPA+
DHA↑ω6, which coincided with the higher transcript level of
csb, a biomarker for the Krebs cycle––and therefore for the
supply of carbon precursors for de novo FA synthesis. More-
over, the present study found positive correlations between
biomarker genes related to de novo FA synthesis and MUFA
synthesis (i.e. csb, acac, acly, scdb, fasb) and several monounsatu-
rated FAs in both per cent and content (mg g−1). In
multivariate analyses, fasbwas the main contributor to the dis-
similarities among the different dietary EPA+DHA groups
(electronic supplementary material, table S6). Taken together,
our results indicate that feeding higher dietary EPA+DHA
levels (i.e. higher dietary FO inclusion) shifted Atlantic
salmon metabolism towards increased MUFA synthesis.
MUFA has been associated with immunity regulation in mam-
mals [31]. Further research is required to determine the role of
MUFA in salmon immune regulation.
(c) Fillet DHA and EPA contents and ω6:ω3 ratios
Over the course of the 0.3–1.4%EPA+DHA trial, animals fed
high-ω3 diets increased their DHA content 2.5- to 3-fold,
which was as much as those fed the control diet. DHA con-
tent increased to 1.2–1.4 mg g−1 for all three treatments (i.e.
0.3%EPA+DHA↑ω3, 1%EPA+DHA↑ω3 and control diet)
despite a 2.5-fold difference in dietary DHA proportions.
In addition, high-ω3 diets increased the EPA content by
3-fold which, again, was as much as the control. EPA content
increased to 0.3–0.4 mg g−1 for the 3 treatments (i.e. 0.3%
EPA+DHA↑ω3, 1%EPA+DHA↑ω3 and control diet) despite
a 3.5-fold difference in dietary EPA proportions. The high-
ω3 diets contributed to improving the fillet quality compared
to the high-ω6 diets, as it decreased the ω6:ω3 ratio in the fil-
lets. The fillet ω6:ω3 ratio was 0.4 for those fed high-ω3 diets
regardless of the EPA+DHA levels, while the high-ω6 diets
ranged from 1 to 2. The control diet had a 0.6 ω6:ω3 ratio in
the fillet. An ω6:ω3 ratio of 2–3 in human diets has been
shown to be beneficial for rheumatoid arthritis and colorectal
cancer [32], while a ratio of 1–2 is one of the most important
dietary factors in the prevention of obesity [33].

(d) Comparison with the 1–1.3%EPA+DHA trial
In both studies, elovl2 transcript levels were associated with
high-ω6-fed fish (figure 2a,b). In the 0.3–1.4%EPA+DHA trial,
elovl2 was positively correlated with ARA, DGLA and 22:4ω3
(%), while in the 1–1.3%EPA+DHA trial [5], it was positively
correlatedwithmuscleω6:ω3 (figure 2b) and this resultwas con-
firmed by a second correlation using the upper range of EPA+
DHAdiets (1–1.4%) for the 0.3–1.4%EPA+DHA trial (figure 2a).
Similarly, in a previous study with Atlantic salmon, hepatic
elovl2 transcript expression level showed a positive correlation
withmuscle 18:2ω6 andΣω6 [19]. These data and the shared cor-
relation between both studies suggest that elovl2 encodes an
enzyme that can elongate both ω6 and ω3 precursors.

Srebp2 showed a contrasting correlation with individual
MUFAs between the two studies. When EPA+DHA≥ 1.0%
(1–1.3%EPA+DHA trial) [5], srebp2 was negatively correlated
with 18:1ω9 (figure 2b). By contrast, with EPA+DHA between
0.3 and 1.4%, srebp2 was positively correlated with MUFA
(20:1ω7 and 22:1ω9) (figure 2a). Srebp showed a response to
LC-PUFA in the salmon cell line, SHK-1 [34]. The upregulation
of genes related to de novo FA synthesis and SFA-MUFA con-
version (i.e. fasb and scdb, respectively; when comparing 1.0%
to 0.3% EPA+DHA) may explain the contradictory srebp2-
MUFA correlations across the two studies. In other words, the
wider range of EPA+DHA (LC-PUFA) in the 0.3–1.4%EPA+
DHA trial may contribute to the lack of agreement.

The 0.3–1.4% (figure 2a) and the 1–1.3% EPA+DHA studies
(figure 2b) showed an association of fabp10a transcript levels
with higher levels of EPA+DHA and high-ω3, respectively. In
the 1–1.3%EPA+DHA study, fabp10a transcript expression
was negatively correlated with muscle 18:2ω6 and Σω6 and
positively correlated with DHA and Σω3. Interestingly,
fabp10a was positively correlated with EPA+DHA+ARA in
both studies. Fabp10 is a biomarker for liver intracellular FA
transport with a broad binding capacity [35], and a decreased
FA uptake in hepatocytes from salmon fed 75% VO as com-
pared with FO-fed fish was previously reported [36].
Altogether, these data suggest that longer chain PUFA were
preferentially transported in the cell over C18 PUFA by
Fabp10, which might have contributed to the deposition of
EPA, DHA and ARA in the Atlantic salmon muscle. Further
research on Fabp10 affinity for its different ligands is needed
to understand its role in the mobilization of LC-PUFA.
5. Conclusion
Twelve-week feeding trials were conducted to investigate how
dietary FAs affect muscle lipid composition and the expression
of hepatic genes related to FA modification. Varying dietary
levels of EPA+DHA (0.3, 1.0 and 1.4%) in combination with
different dietary levels of PUFA precursors (i.e. high-ω6, high-
ω3 and balanced) did not alter salmon growth performance
but provoked significant changes in white muscle lipid compo-
sition and the expression of key liver metabolism biomarker
genes. White muscle reflected diet composition with respect to
C18 PUFA%. These changes correlated with gene expression
profiles (e.g. elovl2) that suggested a promotion of LC-PUFA



royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190

10
precursor elongation in fish fed low EPA+DHA (0.3%) levels.
This promotion resulted in similar levels of EPA+DHA in the
muscle of the 0.3%EPA+DHA↑ω3 and those fed 1%EPA+
DHA↑ω3 and control diets. Salmon fed high-ω3 diets increased
their DHA and EPA contents 2.5–3-fold which was as much as
those fed the control diet. This was despite a 2.5–3-fold differ-
ence in dietary DHA and EPA proportions.

Although the highest response of elovl2waswith low EPA+
DHA and high 18:3ω3, elovl2 transcript expression was, overall,
associated with fish fed high-ω6 and lower ω3 as shown by
multivariate analysis in both studies. Fish fed high levels of
ω6 (lower ω3), regardless of the EPA+DHA level (i.e. 0.3 or
1.0%), showed a similar response in the elongation biomarker
elovl2, suggesting fish attempt to elongate any available C18

PUFA. Stable isotope analysis is required to confirm the partici-
pation of elongation and desaturation in tissue DHA. The
current study revealed that fish fed 1.0% EPA+DHA in combi-
nation with a high level of ω6 upregulated the de novo
FA-synthesis pathway transcripts compared to those fed 0.3%
EPA+DHA, a trend continued in salmon fed higher EPA+
DHA levels. In summary, varying dietary C18–C22 PUFA by
up to fivefold affected de novo synthesis of SFA and MUFA
and elongation and desaturation of PUFA.
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