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Selection efforts focused on adaptation to plant-based diets, particularly the ability
to synthesize polyunsaturated fatty acids (PUFA), are now emerging in aquaculture.
Landlocked salmon (Grand Lake population; GL) may differ from the commercial Saint
John River (SJR) strain in terms of PUFA metabolism. The objective of this study was to
determine if GL salmon can contribute toward broodstock selection for enhanced PUFA
synthesis. Two diets containing either fish oil (FO) or plant-based oil (FO-free) were fed
to the SJR and GL strains (∼58 g/fish) for 16 weeks. Growth, liver, and muscle fatty
acid (FA) content, and transcript expression of lipid metabolism and inflammation-related
genes were evaluated. GL salmon fed the FO diet showed reduced growth compared
to SJR salmon (fed either diet); however, GL salmon fed the FO-free diet, growth was
not significantly different compared to any group. In liver, SJR salmon fed the FO-free
diet had higher levels of n-6 PUFAs (21.9%) compared to GL fed the same diet (15.9%);
while GL salmon fed the FO-free diet had higher levels of monounsaturated FAs (48.9%)
compared with SJR salmon fed the same diet (35.7%). 20:5n-3 and 22:6n-3 were the
same in GL and SJR salmon liver and muscle, respectively, fed the FO-free diet. In liver,
GL salmon fed the FO-free diet had higher acac and acly compared to all treatments
and had higher fasb compared to both strains fed the FO-diet. GL salmon fed the FO-
free diet had higher cd36c and fabp3b in liver compared to GL salmon fed the FO diet
and SJR salmon fed either diet. GL salmon fed the FO-free diet had higher lect2a and
pgds in liver compared to SJR salmon fed the FO-free diet. In muscle, GL salmon fed
the FO-free diet had higher fadsd5 and fadsd6b compared with both strains fed the FO
diet. These results suggest there is a genetic basis behind the potential for GL salmon
to utilize FO-free diets more efficiently than SJR salmon, with regards to FA metabolism.

Keywords: Atlantic salmon (Salmo salar L.), Grand Lake strain, Saint John River strain, Landlocked salmon, fatty
acid synthesis, omega-3, fish oil
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INTRODUCTION

In North America, the Saint John River (SJR) strain of Atlantic
salmon (Salmo salar L.) has been developed commercially since
1984 (Friars et al., 1995; Gjøen and Bentsen, 1997). Broodstock
selection efforts have focused on genetic improvement of this
anadromous strain, for pertinent production traits such as
harvest weight and growth (Schaeffer et al., 2018), disease
resistance (Holborn et al., 2018; Holborn et al., 2020), and late
sexual maturation (Boulding et al., 2019). However, selection
of other traits, such as improved nutrient utilization, has
yet to be included in commercial broodstock programs. The
generation of SJR salmon that more efficiently utilize the
nutrients provided in the diet is important from an aquaculture
sustainability perspective.

Diets for farmed Atlantic salmon have evolved considerably
over the past 30 years, for environmental and economic reasons,
from ones that were largely composed of wild-sourced fish meal
(FM) and fish oil (FO), to ones that are much higher (>70%
of the diet) in plant-based proteins and lipids (Ytrestøyl et al.,
2015; Colombo, 2020). Dietary FO typically supplies the omega-3
(n-3) long chain polyunsaturated fatty acids (LC-PUFA), namely
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid
(DHA; 22:6n-3), which are essential for vertebrates. They play
an important role in various physiological and biochemical
processes, with EPA involved in inflammation and DHA involved
in neural development and functioning (Arts et al., 2001; Tocher,
2015). These are normally acquired in the diet of wild Atlantic
salmon and are required at 1–2% of the diet for farmed salmon
(National Research Council [NRC], 2011; Bou et al., 2017; Qian
et al., 2020). FO derived from wild fisheries is rich in EPA and
DHA, hence why it is the major source of these essential LC-
PUFA in commercial salmon feeds. Terrestrial plants do not
naturally produce n-3 LC-PUFA (Hixson et al., 2015). This is
problematic for a carnivorous, anadromous species like Atlantic
salmon, as these essential nutrients, that are normally provided
by fish prey (in the wild) and FO (in aquafeeds), are lacking
in plant-based ingredients (Tocher, 2015; Colombo, 2020). In
aquaculture, this creates a mismatch between the nutrients in the
diet (particularly the lack of n-3 LC-PUFA) and what is required
by the fish for health and growth. With little to no opportunity
to naturally adapt to this change, this presents an opportunity to
explore the genetic potential to improve the SJR strain to better
adapt to sustainable, plant-based diets without compromising
health, growth, and other production traits. Production of
superior farmed fish that thrive on sustainable, plant-based diets,
without the need to source n-3 LC-PUFA from the wild, is a next
logical research area in salmon aquaculture.

In nature, the SJR population is an anadromous strain, with
migratory patterns beginning from hatch in the Saint John
River in New Brunswick, Canada, followed by smoltification
and migration to the Bay of Fundy before they return to
the Saint John River to spawn (McCormick et al., 1998;
Marshall, 2014). However, for some populations of Atlantic
salmon, anadromy became impossible thousands of years ago;
when glaciers retreated, rates of isostatic rebound were high,
rendering these populations stuck within newly formed lakes,

without access to marine waters (Lumme et al., 2016). Native
populations of these landlocked Atlantic salmon are distributed
in northeastern North America and northern Europe (Hutchings
et al., 2019). These populations are comparatively identified by
the lake to which landlocked salmon inhabit or migrate to feed
(Hutchings et al., 2019). It has been described that the life
history and phenotypic variation of wild, naturally reproducing
landlocked Atlantic salmon is extreme for a vertebrate, compared
to their wild, anadromous counterparts (Hutchings et al.,
2019). Wild anadromous and non-anadromous (i.e., landlocked)
Atlantic salmon differ considerably in terms of life history,
natural diet, and environmental conditions (Groot, 1996;
Hutchings et al., 2019).

One of the main differences in diet between landlocked
and wild anadromous salmon is that freshwater environments
have been characterized as possibly poorer in lipid and fatty
acid quality than marine environments (Pickova et al., 1999).
It is generally known that marine environments are richer in
proportion of EPA and DHA, while freshwater environments
are richer in proportion of omega-6 (n-6) PUFA (Hixson et al.,
2015; Colombo et al., 2017; Parzanini et al., 2020). These
differences are indicative of the food sources that are available
to salmon among marine and freshwater environments, such
as algae, zooplankton, other fish, as well as the influence of
terrestrial dietary sources (Gladyshev et al., 2018; Parzanini et al.,
2020). Consequently, marine and freshwater fish have specific
dissimilarities in their FA profiles (Parzanini et al., 2020). For
example, higher EPA and DHA contents in muscle are known
to be characteristic of anadromous salmon, in part due to
their role as activators of muscle cell metabolism to support
fast continuous swimming, especially during long migrations
(Gladyshev et al., 2018). On the other hand, freshwater fish (in
general) are characterized by relatively high contents of 18:2n-
6 (linoleic acid, LNA) and 20:4n-6 (arachidonic acid, ARA)
(Parzanini et al., 2020). Generally, the FA composition of fish
tissue is determined not only by the type of dietary lipid ingested,
but also the ability of the fish to modify that dietary input,
by oxidation and/or bioconversion (Tocher, 2010). Thus, the
ability of landlocked salmon populations to adapt to a freshwater
environment, with a diet that is lower in n-3 LC-PUFA and
higher in n-6 PUFA, is of interest as a selectable trait that may
prove useful for improving the commercial SJR strain, when fed
plant-based diets.

Previous studies suggest that landlocked salmon can
synthesize and store more LC-PUFA in muscle tissue compared
with their commercial strain counterparts when fed plant-
based diets. For example, significantly higher n-3 and n-6
PUFA conversion capacities were found in landlocked
parr (Penobscott strain from Maine, United States) than in
commercial, anadromous parr (Ormsary strain from Ormsary,
Scotland) when fed experimental diets containing various plant
oils in place of FO (Rollin et al., 2003). In a follow up study,
in which a 42-day feeding trial was conducted using the same
strains fed a commercial diet, landlocked salmon fry exhibited
a higher growth rate and feed conversion than the commercial
anadromous strain, due to higher fat retention (Peng et al.,
2003). The results of the study also indicated that DHA in
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phospholipid is under strong genetic control and that the
synthesis and storage capacity is higher in the landlocked strain
(Peng et al., 2003). Another study found that landlocked parr
(Lake Vanern/Gullspång Swedish strain) had a higher capacity
to synthesize n-3 LC-PUFA than the commercial anadromous
strain (Aquagen strain, Norwegian national farmed strain),
regardless of whether they were fed a FO-based or rapeseed
oil-based diet (Betancor et al., 2016). However, the increased
biosynthesis activity did not mean the enhancement of n-3
LC-PUFA storage, but notably, the 8-week study may not have
captured the full extent of storage potential (Betancor et al.,
2016). Taken together, these studies suggest that landlocked
populations could provide a highly valuable genetic resource
for enhancing farmed Atlantic salmon stocks when fed plant-
based diets. However, these studies all investigated various
comparisons of commercial European strains with landlocked
from different populations; there has yet to be an assessment
of the commercial North American SJR strain with a North
American landlocked strain.

The objective of this study was to determine if the North
American landlocked Atlantic salmon have a better capacity to
synthesize and store n-3 LC-PUFA, in the absence of dietary FO,
in comparison to the SJR strain. To investigate this, a 2 × 2
factorial nutritional trial was designed using two feeds containing
fish oil (FO) or plant-based oil (FO-free) as the added lipid and
was tested over 16 weeks in two populations of Atlantic salmon,
the commercial Canadian SJR strain and the landlocked strain
from Grand Lake, ME, United States (GL strain). Transcript
levels of lipid metabolism-relevant genes, FA content of liver and
muscle, and fish growth were determined.

MATERIALS AND METHODS

Experimental Diets
Diets were formulated as isonitrogenous (51.7–51.8%), isolipidic
(17.8–18.4%) and isoenergetic, and were produced at the Faculty
of Agriculture, Dalhousie University (Truro, NS, Canada). Two
experimental diets were produced: a FO control diet and a FO-
free diet (Table 1). All diets were extruded using a laboratory
extruder to produce 2 mm pellets and stored at −20◦C. Diets
were analyzed for proximate composition by the Nova Scotia
Department of Agriculture (Truro, NS, Canada; Table 1). The
FA content of the diets (% of total FA methyl esters, FAME) is
presented in Table 2. Overall, the FA profile was significantly
different between diets, with the range in FA content (% FAME)
dependent on FO inclusion. Total saturated FAs (SFA) were
higher in the FO diet (25%) than the FO-free diet (13%), while
total monounsaturated FAs (MUFA) were higher in the FO-free
diet (57%) compared with the FO diet (38%). Total PUFA was
not different between diets. The LC-PUFA (EPA, DHA, ARA)
were higher in the FO diet than the FO-free diet, while the 18-
carbon PUFA (ALA, LNA) as well as oleic acid (OA; 18:1n-9)
were higher in the FO-free diet. The n-3/n-6 ratio was higher in
the FO diet (1.33) compared with the FO-free diet (0.37). The
EPA/ARA ratio was higher in the FO diet (13.1) compared with
the FO-free diet (2.96).

TABLE 1 | Formulation of diets fed to each salmon strain for 16 weeks.

Ingredient (%)1 FO control FO-free

Fish meal 15 15

Fish oil (Menhaden) 10 0

Ground wheat 17 17

Empyreal (corn protein) 12 12

Canola oil 5 15

Poultry by-product meal 21 21

Blood meal (porcine) 16 16

Vitamin and mineral mix2 0.2 0.2

Dicalcium phosphate 2 2

Pigment mix3 0.25 0.25

Lysine HCl 0.5 0.5

Choline chloride 1.05 1.05

Chemical composition (as fed, %)

Dry matter 94.57 94.52

Crude protein 51.68 51.84

Crude fat 17.83 18.41

Calcium 2.17 2.11

Potassium 0.648 0.634

Magnesium 0.133 0.128

Phosphorus 1.65 1.61

Sodium 0.397 0.387

Copper (ppm) 12.88 10.27

Manganese 21.25 21.49

Zinc (ppm) 194.5 195.2

Ash 8.2 8.5

1All ingredients were supplied and donated by Northeast Nutrition (Truro, NS,
Canada).
2Vitamin and mineral premix contains (/kg): zinc, 77.5 mg; manganese, 125 mg;
iron, 84 mg; copper, 2.5 mg; iodine, 7.5 mg; vitamin A, 5000 IU; vitamin D, 4000 IU;
vitamin K, 2 mg; vitamin B12, 4 µg; thiamine, 8 mg; riboflavin, 18 mg; pantothenic
acid, 40 mg; niacin, 100 mg; folic acid, 4 mg; biotin, 0.6 mg; pyridoxine, 15 mg;
inositol, 100 mg; ethoxyquin, 42 mg; wheat shorts, 1372 mg.
3Pigment mix contains (/kg): selenium, 0.220 mg; vitamin E, 250 IU; vitamin C,
200 mg; astaxanthin, 60 mg; wheat shorts, 1988 mg.

Experimental Fish and Feeding Trial
The landlocked strain is from the Grand Lake Stream State Fish
Hatchery collected from 2003 to 2005. This is an unselected
strain of Atlantic salmon that is used to stock landlocked lakes in
Maine by the Maine Department of Inland Fisheries and Wildlife.
The current Grand Lake fish are located at the National Cold
Water Marine Aquaculture Center (United States Department of
Agriculture, Franklin, ME, United States). The commercial SJR
strain was originally obtained as eyed eggs from industry stocks
from 2003 to 2013. The current stocks have been selected for
weight and used in the National Cold Water Marine Aquaculture
Center (United States Department of Agriculture, Franklin, ME,
United States) broodstock program. The heritability of LC-PUFA
production for this stock has been estimated from 0.14 to 0.19,
based on three spawns estimating the breeding values. All fish
were fed BioTrout (BioOregon, Westbrook, ME, United States)
prior to the experiment, and subsequently fed either the FO
or FO-free diet. The experiment was set up as 4 strain/diet
treatments (2 strains × 2 diets per strain) × 6 tanks per
treatment × 40 fish (mean initial weight 57 to 60 g) per tank
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TABLE 2 | Fatty acid profiles (area% FAMES, dry weight) of diets fed to
each salmon strain.

Fatty acid FO control FO-free F-value p-value

14:0 3.18 ± 0.48a 0.46 ± 0.02b 94.89 0.001

14:1 0.089 ± 0.002a 0.045 ± 0.001b 1296 <0.0001

16:0 16.25 ± 2.69a 8.673 ± 0.17b 23.78 0.008

16:1n-9 0.24 ± 0.04a 0.13 ± 0.002b 24.14 0.008

16:1n-7 4.67 ± 0.32a 1.49 ± 0.03b 280.63 <0.0001

18:0 4.06 ± 0.95 2.81 ± 0.11 5.05 0.088

18:1n-9 25.21 ± 5.37b 48.72 ± 0.31a 57.32 0.002

18:1n-7 2.59 ± 0.11 2.56 ± 0.07 0.24 0.651

18:2n-6 (LNA) 13.18 ± 2.49b 21.02 ± 0.24a 29.53 0.006

18:3n-3 (ALA) 2.63 ± 0.60b 6.26 ± 0.09a 106.94 <0.0001

18:4n-3 1.144 ± 0.142a 0.10 ± 0.006b 163.07 <0.0001

20:0 0.297 ± 0.05b 0.45 ± 0.005a 24.21 0.008

20:1n-9 1.685 ± 0.37 1.653 ± 0.13 0.02 0.896

20:1n-7 0.188 ± 0.03a 0.08 ± 0.006b 34.24 0.004

20:2n-6 0.20 ± 0.04a 0.09 ± 0.008b 14.61 0.019

20:3n-6 0.155 ± 0.05a 0.047 ± 0.002b 9.99 0.034

20:4n-6 (ARA) 0.56 ± 0.02a 0.19 ± 0.008b 1251 <0.0001

20:4n-3 0.356 ± 0.018a 0.03 ± 0.002b 942.6 <0.0001

20:5n-3 (EPA) 7.26 ± 0.28a 0.576 ± 0.04b 1680.48 <0.0001

22:0 0.319 ± 0.01 0.299 ± 0.01 3.26 0.145

22:1n-9 2.22 ± 0.01 1.86 ± 0.21 5.67 0.098

22:1n-7 0.09 ± 0.01 0.07 ± 0.01 7.46 0.052

22:5n-6 0.17 ± 0.004a 0.016 ± 0.0001b 3307.3 <0.0001

22:5n-3 0.93 ± 0.05a 0.09 ± 0.004b 888.52 <0.0001

24:0 0.13 ± 0.05 0.156 ± 0.003 0.61 0.479

22:6n-3 (DHA) 6.64 ± 1.41a 0.88 ± 0.04b 50.08 0.002

24:1 0.465 ± 0.159a 0.192 ± 0.02b 8.67 0.042

6SFA 24.9 ± 3.17a 13.0 ± 0.31b 41.61 0.003

6MUFA 37.89 ± 6.49b 57.16 ± 0.28a 26.37 0.007

6PUFA 36.83 ± 3.29a 29.7 ± 0.29b 14.0 0.020

6n-3 19.42 ± 0.30a 7.97 ± 0.07b 4094.03 <0.0001

6n-6 13.11 ± 0.07b 21.45 ± 0.22a 2315.29 <0.0001

n-3/n-6 1.33 ± 0.24a 0.37 ± 0.002b 48.21 0.002

DHA/EPA 0.92 ± 0.23b 1.53 ± 0.04a 19.97 0.011

EPA/ARA 13.15 ± 0.21a 2.96 ± 0.01b 5052.92 <0.0001

1Data expressed as mean ± SD (n = 3). Different letters within a row
denote significant differences between diets determined by one-way ANOVA with
Bonferroni post hoc correction test (p < 0.05).

(n = 960 fish total) and were fed for 16 weeks (to ensure sufficient
growth, at least double the initial weight, and tissue turnover
to assess fatty acid storage). Salmon were randomly distributed
among the 24 experimental tanks (500-L volume), each tank with
40 fish, in the flow-through system. The SJR and GL strain were
separated into different tanks. Fish were fed multiple times daily
by automatic feeders, at a rate of 1.5% body weight per day.
The flow rate was 2–3 L/min, and the photoperiod was natural
day length. The dissolved oxygen and water temperature were
maintained at 10 mg/L and 12◦C, respectively, and monitored
daily. Fish were held at a maximum density of 12 kg/m3 by
the end of the experiment. Fish were cared for and handled
in accordance with the guidelines of the Canadian Council
of Animal Care (Dalhousie Institutional approved protocol

#2019-010) and the USDA Institutional Animal Care (approved
protocol #2019-001).

Fish Sampling
Ten fish per tank were randomly sampled at Week 0 and Week
16. Fish were fasted for 24 h prior to sampling to empty gut
contents for accurate weight measurement. Fish were euthanized
with an overdose of tricaine methane sulfonate at 150 mg/L
(MS222; Syndel, Ferndale, WA, United States), then fork length
and weight were measured. Skinless, dorsal white muscle and
liver were sampled from each fish (samples were stored in
separate vials for subsequent FA and transcript expression
analyses), immediately flash-frozen in liquid nitrogen, and then
stored at −80◦C. Tissue samples were transported on dry ice
directly from the USDA lab to Dalhousie University Agricultural
Campus (Truro, NS, Canada) and then stored at −80◦C. Tissue
samples for transcript expression analyses were later shipped on
dry ice to the Ocean Sciences Centre, Memorial University of
Newfoundland (St. John’s, NL, Canada) and directly stored at
−80◦C until RNA extraction.

Growth Performance
Weight and fork length were measured at week 0 and week 16.
Weight gain was calculated as final weight – initial weight (g) and
specific growth rate (SGR) was calculated as:

SGR (%BW/d) = 100 × [ln (final BW)− ln (initial BW)]/days.

Thermal growth coefficient (TGC) was calculated as:

TGC = [[(final weight)1/3
− (initial weight)1/3

]/

temperature in ◦C∗ time in days] ∗ 1000.

Recorded feed intake (weekly, dry matter) and weight gain in
each tank were used to calculate the feed conversion ratio (FCR),
according to the following formula:

FCR = (Feed intake g/fish)/(weight gain g/fish).

Individual final weight and fork lengths were used to calculate
the condition factor (CF), according to the following formula:

Condition factor = 100 × [Biomass/(length)3
]

Tanks 17 (GL strain, FO diet) and 9 (SJR strain, FO-free
diet) were eliminated from growth and downstream analyses
due to poor growth; they were considered outliers (Grubb’s test)
compared with the other tanks in their given group.

Fatty Acid Analysis
In addition to tanks 17 and 9, tanks 16 (GL strain, FO-free diet)
and 22 (SJR strain, FO diet) were also eliminated (at random; i.e.,
the highest numbered tank from each group was eliminated) to
keep the number of tanks per treatment group consistent. For
the week 0 fish, lipid was extracted from liver and muscle of the
first sampled fish (with the exception of tank 12 due to poor
quality of the liver sample) from each of the remaining 5 tanks
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(n = 10 per strain × 2 strains = 20). For the week 16 fish, lipid
was extracted from liver and muscle of the first two sampled fish
[n = 2 fish per tank × 5 tanks per treatment × 4 treatments (i.e.,
2 strains× 2 diets) = 40].

Muscle and liver tissues were freeze-dried and individually
ground to a fine powder in liquid nitrogen using a ceramic mortar
and pestle [which were washed with soap and water and lipid-
cleaned three times with 2 mL of chloroform:methanol (2:1; v/v)
between each sample], and the resulting powder was subsampled
and weighed to the nearest microgram. Total lipid was extracted
using a modified Folch method (Folch et al., 1957), as in Hixson
et al. (2017). Briefly, each sample was extracted three times, using
2 mL of chloroform/methanol (2:1; v/v) and then pooled (total
6 mL). Polar impurities were removed by adding 1.6 mL of
KCl solution (0.9% w/v). The organic layer was removed using
a lipid-cleaned glass pipette and pooled. The resulting lipid-
containing solvent was concentrated to 2 mL by evaporating
with nitrogen gas. The lipid extract was then prepared for gas
chromatography by derivatizing into FAME using the Hildich
reagent (1.5 H2SO4: 100 anhydrous MeOH) as the catalyst
(Christie, 2003). Reagents were added in the proportion of 1.5 mL
of reagent per 4–16 mg of lipid. Samples were heated at 90◦C for
90 min and vortexed halfway through the derivatization reaction.
The FAME were extracted twice using hexane: diethyl ether (1:1;
v/v), then dried under a gentle stream of nitrogen. The dry FAME
extract was re-dissolved in hexane and individual FAME were
separated using a gas chromatograph (GC). All solvents used in
the extraction and FAME derivatization procedures were of high
purity HPLC grade (>99%). A known concentration of 5 alpha-
cholestane (C8003, Sigma-Aldrich, St. Louis, MI, United States)
was added to each sample prior to extraction to act as the
internal standard to estimate extraction and instrument recovery
efficiency. FAME were analyzed by GC (SCION 436, SCION
Instruments, Livingston, United Kingdom) at the Marine Lipids
Lab at Dalhousie University (Halifax, NS, Canada).

RNA Preparation
The fish/tissues subjected to transcript expression analyses were
the same as those subjected to lipid analyses (see Fatty acid
analysis section for samples that were eliminated). For the 60
liver samples, approximately 100 mg tissue was added to a
1.5 mL RNase-free tube containing 400 µL of TRIzol reagent
(Invitrogen/Thermo Fisher Scientific, Burlington, ON, Canada)
and homogenized using a motorized Kontes RNase-Free Pellet
Pestle Grinder (Kimble Chase, Vineland, NJ, United States). An
additional 400 µL of TRIzol was added and mixed by pipetting.
For the 60 muscle samples, approximately 100 mg tissue was
added to a 2 mL RNase-free tube containing 400 µL of TRIzol
and a 5 mm stainless steel bead (QIAGEN, Mississauga, ON),
and then homogenized using a TissueLyser (QIAGEN) set at
a frequency (1/s) of 25 for 2.5 min. An additional 400 µL
of TRIzol was added to the tube and the homogenization
step repeated. Thereafter, for both tissues, the homogenates
were frozen on dry ice and stored at −80◦C. They were
further disrupted by thawing them on wet ice and then passing
them through QIAshredder (QIAGEN) spin columns following
the manufacturer’s instructions. Next, 200 µL of TRIzol was

added to each sample to make a total homogenate volume of
approximately 1 mL. The TRIzol total RNA extractions were then
completed following the manufacturer’s instructions.

The TRIzol-extracted liver RNA samples had low A260/230
ratios, which interferes with column purification. Therefore,
subsamples (150 µg) were re-extracted using the phenol-
chloroform phase separation method. Briefly, to separate the
TRIzol-extracted RNA from organic materials, an equal volume
of acid phenol:chloroform:isoamyl alcohol (125:24:1) (pH 4.5)
(AM9720; Ambion/Thermo Fisher Scientific) was added to each
sample, vortexed for 30 sec and centrifuged at 16,100 × g at
4◦C for 20 min. The RNA was then recovered from the aqueous
layer from the previous step by precipitation with 0.1 volumes
of 3 M sodium acetate (pH 5.5) (AM9740; Ambion/Thermo
Fisher Scientific) and 2.5 volumes of anhydrous ethyl alcohol
(Commercial Alcohols Inc., Brampton, ON) at −80◦C for 1 h,
followed by centrifugation at 16,100 × g at 4◦C for 30 min.
To wash the resulting RNA pellet, 1 ml of 75% ethanol was
added and centrifuged at 16,100 × g at 4◦C for 20 min. The
ethanol was removed, and the RNA pellet was air-dried at room
temperature for 10 min and resuspended in nuclease-free water
(Invitrogen/Thermo Fisher Scientific).

The acid phenol:chloroform:isoamyl alcohol extracted liver
and the TRIzol extracted muscle RNA samples (45 µg) were
then each treated with 6.8 Kunitz units of DNaseI (RNase-
Free DNase Set, QIAGEN) with the manufacturer’s buffer
(1X final concentration) at room temperature for 10 min to
degrade any residual genomic DNA. DNase-treated RNA samples
were column-purified using the RNeasy Mini Kit (QIAGEN)
following the manufacturer’s instructions. RNA integrity was
verified by 1% agarose gel electrophoresis, and RNA purity
was assessed by A260/280 and A260/230 NanoDrop UV
spectrophotometry for both the pre-cleaned and the column-
purified RNA samples. Column-purified liver RNA samples had
A260/280 ratios between 2.08 and 2.13 and A260/230 ratios
between 1.85 and 2.39, and column-purified muscle RNA samples
had A260/280 ratios between 2.06 and 2.14 and A260/230 ratios
between 1.87 and 2.33.

Real-Time Quantitative Polymerase
Chain Reaction (qPCR)
qPCR Overview
Expression levels of transcripts with functional annotations
related to lipid metabolism including elongation or desaturation
(elovl2, elovl5a, elovl5b, fadsd5, fadsd6a and fadsd6b), de novo FA
synthesis (acac, acly, scdb and fasb), Krebs cycle (csb), oxidation
(acox1), transcription regulation (srebp1 and pparaa), transport
(cd36c, fabp3a, fabp3b and fabp10a), cholesterol metabolism
(cyp7a1b) and inflammation (lect2a and pgds) were measured in
individual liver and muscle samples using qPCR. For each tissue,
a preliminary qPCR analysis was performed in which levels of 35
(liver) and 32 (muscle) transcripts were measured in cDNA pools
representing the six groups (i.e., GL week 0 and SJR week 0, and
GL week 16 FO diet, GL week 16 FO-free diet, SJR week 16 FO
diet and SJR week 16 FO-free diet) in this study (Supplementary
Figures 1, 2, respectively). This analysis was performed to help
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select the transcripts to be assessed in individual samples. In a
second qPCR analysis, transcript expression levels of the same
21 genes were measured in both liver and muscle tissues of 60
individual salmon (n = 10 per each of the six groups).

cDNA Synthesis and qPCR Parameters
First-strand cDNA templates for qPCR were synthesized in 20 µL
reactions from 1 µg of DNaseI-treated, column-purified total
RNA using random primers (250 ng; Invitrogen/Thermo
Fisher Scientific), dNTPs (0.5 mM final concentration;
Invitrogen/Thermo Fisher Scientific), M-MLV reverse
transcriptase (200 U; Invitrogen/Thermo Fisher Scientific) with
the manufacturer’s first strand buffer (1X final concentration)
and DTT (10 mM final concentration) at 37◦C for 50 min.
To generate the cDNA pools, a subsample of each individual
cDNA template (n = 10) from a given group (n = 6) was
included in that pool.

Polymerase chain reaction amplifications were performed in
13 µL reactions using 1X Power SYBR Green PCR Master
Mix (Applied Biosystems/Thermo Fisher Scientific), 50 nM of
both the forward and reverse primers, and the indicated cDNA
quantity (see below). Amplifications were performed using the
QuantStudio 6 Flex Real Time PCR system (384-well format)
(Applied Biosystems/Thermo Fisher Scientific). The real-time
analysis program consisted of 1 cycle of 50◦C for 2 min, 1 cycle
of 95◦C for 10 min and 40 cycles of 95◦C for 15 sec and 60◦C for
1 min, with fluorescence detection at the end of each 60◦C step,
and was followed by dissociation curve analysis.

Primer Design and Quality Assurance Testing
The sequences of all primer pairs used in qPCR analyses are
presented in Supplementary Table 1. Many of these primers were
designed previously (see references in Supplementary Table 1);
primers new to the current study were designed following the
same parameters. However, as the GL strain studied herein was
different from the SJR strain, which has been studied in our lab
previously (i.e., Xue et al., 2015; Hixson et al., 2017; Caballero-
Solares et al., 2018, 2017; Katan et al., 2019; Emam et al., 2020),
all primers pairs were (re)-subjected to quality control (QC)
testing, due to the possibility of single nucleotide polymorphisms
(SNPs) either within the primer sequence or amplicon. This
was performed separately for both liver and muscle tissues from
the same individual fish. Amplification efficiencies (Pfaffl, 2001)
were calculated for cDNA pools representing the two strains
studied herein to ensure they were comparable. Briefly, cDNAs
were synthesized for two individual RNA samples from each
of the three groups (i.e., Week 0, Week 16 FO diet, Week 16
FO-free diet) from GL and from SJR. The 6 cDNAs from each
strain were then pooled and standard curves generated using a
5-point 1:3 dilution series starting with cDNA representing 10
ng of input total RNA. For a given tissue, for all transcripts,
the efficiencies for both GL and SJR were comparable; therefore,
the average of the two values was utilized for data analyses.
Testing was also performed to ensure that a single product
with identical melting temperature between the two geographical
locations was amplified (dissociation curve analysis) and that
there was no primer-dimer present in the no-template control.

Amplicons were electrophoretically separated on 2% agarose
gels and compared with a 1 kb plus ladder (Invitrogen/Thermo
Fisher Scientific) to verify that the correct size fragment was
being amplified.

Endogenous Control (Normalizer) Selection
Endogenous control selection was performed as described below
for both liver and muscle separately. Expression levels of the
transcripts of interest (TOIs) were normalized to transcript levels
of two endogenous controls. These endogenous controls were
selected from six candidate normalizers [60S ribosomal protein
L32 (rpl32; BT043656), β-actin (actb; BG933897), elongation
factor 1-alpha 1 (ef1a1; AF321836), elongation factor 1-alpha
2 (ef1a2; BT058669), eukaryotic translation initiation factor 3
subunit D (etif3d; GE777139) and polyadenylate-binding protein
1 (pabpc1; EG908498)]. Briefly, the fluorescence threshold cycle
(CT) values of 30 samples (i.e., 5 samples from each of the six
groups) were measured (in duplicate) for each of these transcripts
using cDNA representing 4 ng of input total RNA, and then
analyzed using geNorm (Vandesompele et al., 2002). Based on
this analysis, ef1a1 (geNorm M = 0.193) and rpl32 (geNorm
M = 0.214) were selected as the two endogenous controls for liver;
ef1a1 (geNorm M = 0.244) and pabpc1 (geNorm M = 0.259) were
selected as the two endogenous controls for muscle.

Experimental qPCR Analyses
In both the pooled sample screen and individual sample
experimental qPCR analyses, cDNA representing 4 ng of input
RNA was used as template in the PCR reactions. On each
plate, for every sample, the TOIs and endogenous controls were
tested in triplicate and a no-template control was included. In
the individual sample qPCR study, since expression levels of
a given TOI were assessed across three plates, a plate linker
sample (i.e., a sample that was run on all plates in a given
study) was also included to ensure there was no plate-to-plate
variability. The relative quantity (RQ) of each transcript was
determined using the QuantStudio Real Time PCR Software
(version 1.3) (Applied Biosystems/Thermo Fisher Scientific)
relative quantification study application, with normalization to
both ef1a1 and rpl32 (liver) or ef1a1 and pabpc1 (muscle)
transcript levels, and with amplification efficiencies incorporated.
For each TOI, the sample with the lowest normalized expression
(mRNA) level was set as the calibrator sample (i.e., assigned an
RQ value = 1.0).

Statistical Analysis
For growth data (n = 6; mean ± SD), a one-way analysis
of variance (ANOVA) was conducted and where significant
differences occurred (p < 0.05), treatment means were
differentiated using the Tukey HSD multiple comparison.
A two-way ANOVA was also performed using the general
linear model to determine the explanatory power of diet factor
and strain factor, as well as the ‘diet × strain’ interaction.
For FA analysis, raw data were converted to percentages and
Anderson-Darling test was used to evaluate normality and
Levene’s test was used to evaluate equal variances. For diet and
tissue FA composition at week 0 and 16 (considered separately),
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a one-way ANOVA was performed, followed by Bonferroni
post hoc confidence intervals with appropriate correction of
the α-level for multiple comparisons to determine differences
among treatments. Residuals of the tests were examined for
homogeneity of variance and normality. Statistical analyses were
conducted using the general linear model in Minitab (Minitab 16
Statistical Software, State College, PA, United States).

For transcript expression data, the week 0 and week 16
transcript expression data were considered separately. For week
0, as there were some cases where values did not exhibit
homogeneity of variance, the Mann-Whitney test was used to
assess if there were any significant differences in expression levels
of a given TOI between the GL and SJR groups. For week 16, with
the exception of transcript expression data for elovl2 and elovl5b
in muscle (not expressed in fish 77 so untransformed data were
analyzed), data were log10 transformed, and a one-way and two-
way ANOVA, followed by Tukey’s B post hoc test, were used to
assess expression levels of a given TOI among the four treatments.
In all cases, p < 0.05 was considered statistically significant, and
treatments are referred to as different if a statistical difference
was found, unless otherwise stated. All data are expressed as
mean ± SD. To compare the magnitude of relative expression of
transcripts between strains, fold-change was calculated for each
strain, where the RQ value for the FO-free treatment was divided
by the RQ value of the FO treatment. Fold-change values were
compared using a t-test.

Principal Coordinate Analysis (PCoA) was used to provide a
representation of FA and transcript expression among treatments
at week 16, and permutational MANOVA (PERMANOVA) were
performed to study strength and significance level of variation
due to diet and strain factors. Vectors were included in the
plot that showed correlations > 0.75 (Pearson correlation).
PERMANOVA analyses were performed on resemblance
matrices, which were built upon the Bray-Curtis similarity
matrix. Multivariate statistics (i.e., PCoA and PERMANOVA)
were performed using Primer 7 with the PERMANOVA + add
on package (Primer-E version 7, Aukland, New Zealand).

Pearson correlation analyses were used to relate transcript
expression RQ data with tissue FA data. Strains were considered
separately to determine which strain had stronger relationships
between transcript expression and FA storage. Transcripts
directly involved in LC-PUFA synthesis (elovl2, elovl5a, elovl5b,
fadsd5, fadsd6a, fadsd6b) in the liver and muscle were compared
with n-3 and n-6 FA in the liver and muscle, respectively. In
addition, the same comparisons were made for liver RQ data
and muscle FA data, to relate liver FA synthesis to muscle
FA storage. Correlations were performed using SigmaPlot 14.0
(Systat Software, Inc., San Jose, CA, United States).

RESULTS

Growth Performance
Considering final weight, weight gain, weight increase and TGC,
one-way ANOVA indicated that there were significant differences
among the 4 treatments (Table 3). More specifically, for all
of these measurements, the GL strain fed the FO diet had

significantly lower levels than the SJR strain (fed either diet);
however, in the GL strain that were fed the FO-free diet, levels
were not significantly different compared to any group. Notably,
the GL strain fed the FO-free diet grew slightly more (final
weight 180.1 g/fish) than those fed the FO diet (167.5 g/fish),
although this difference was not significant. Results of the two-
way ANOVA showed that strain was a significant factor that
affected weight gain, weight increase and TGC (Table 3). Diet,
or the interaction between strain and diet, were not significant
factors in growth performance.

Tissue Fatty Acids
At week 0 in the liver, prior to feeding experimental diets,
there were significant differences in FA content due to strain
(diet was the same since post-hatch, prior to week 0 sampling;
Table 4). Liver FAs that were higher in proportion in the GL
strain compared to the SJR strain were: 14:0, 16:1n-7, 18:1n-9,
18:2n-6, 18:3n-3, 20:1n-9, 20:1n-7, 20:2n-6, 20:4n-3, MUFA, and
the DHA/EPA ratio. Conversely, liver FAs that were higher in
proportion in the SJR strain compared to the GL strain were: 16:0,
ARA, EPA, 24:1, SFA, and the n-3/n-6 ratio. In the muscle at week
0, 20:3n-6 was higher in the SJR strain compared to the GL strain;
however, there were no significant differences for the rest of the
FA profile (Table 5).

Overall, at week 16 in the liver, most of the differences in
FA were due to diet (∼70% of reported FA), although some FA
were different due to strain (∼40% of reported FA; Table 6).
Considering treatment effect only (one-way ANOVA results),
14:0, EPA, DHA, n-3 and n-3/n-6, were all significantly higher in
salmon that were fed the FO diet compared to salmon fed the FO-
free diet (both strains). Total n-6 was highest in the SJR strain fed
the FO-free diet, followed by the GL strain fed the FO-free diet,
and lowest in both the SJR and GL strains fed the FO diet. ARA
was highest in the SJR strain fed the FO-free diet compared to
any other treatment. Total SFA were higher in the SJR strain fed
the FO diet compared to any other treatment. Total MUFA were
highest in the GL strain fed the FO-free diet, followed by the SJR
strain fed the FO-free diet, and the GL and SJR strains fed the FO
diet were both lowest in MUFA. Total PUFA was lowest in the GL
strain fed the FO-free diet compared to any other treatment.

There were also significant differences in FA profiles that were
affected by diet, strain, and the interaction between diet and strain
(two-way ANOVA results; Table 6). The level of 16:1n-9, 18:1n-9,
ARA, 22:5n-6, DHA, MUFA, PUFA, n-3, n-6, and the DHA/EPA
ratio in the liver all depended on the interaction between strain
and diet. The level of 14:1, 16:0, 16:1n-7, 20:3n-6 in the liver all
depended on the strain and diet factor, independently. The level
of LNA, 18:4n-3, 20:4n-3, EPA, 22:5n-3 and 24:1 depended on the
diet factor alone. The level of 18:0 and 18:3n-3 were the only FAs
that depended on strain only.

Muscle FA content at week 16 largely depended on diet
(∼88% of reported FA), while some depended on both diet
and strain (∼20% of reported FA; Table 7). Based on treatment
effect only (one-way ANOVA results), the following FA were
higher in salmon that were fed the FO diet (both strains),
compared to salmon that were fed the FO-free diet (both strains):
14:0, 16:1n-7, 18:1n-9, 20:3n-6, EPA, 22:5n-3, and n-3/n-6. The
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TABLE 3 | Growth performance of the landlocked Grand Lake (GL) strain and commercial anadromous Saint John River (SJR) strain fed FO- and FO-free diets for
16 weeks1.

Grand Lake Saint John River p-values

FO FO-free FO FO-free Treatment Strain Diet Diet × Strain

Initial weight 60.3 ± 2.2 56.8 ± 4.6 56.8 ± 3.6 58.4 ± 1.7 0.877 0.66 0.66 0.36

Final weight 167.5 ± 2.8b 180.1 ± 3.3ab 199.2 ± 9.3a 202.6 ± 14.8a 0.002 0.10 0.41 0.63

Weight gain2 106.1 ± 15.8b 123.3 ± 8.4ab 142.4 ± 4.7a 144.1 ± 6.9a 0.038 0.01 0.33 0.42

Weight increase (%) 147.2 ± 13.4b 228.0 ± 27.1ab 253.5 ± 10.9a 249.9 ± 29.9a 0.012 0.04 0.29 0.23

TGC3 1.16 ± 0.06b 1.58 ± 0.09ab 1.74 ± 0.03a 1.72 ± 0.16a 0.001 0.02 0.34 0.25

CF4 1.74 ± 0.19 1.61 ± 0.14 1.43 ± 0.10 1.66 ± 0.11 0.442 0.70 0.38 0.43

FCR5 0.96 ± 0.04 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.02 0.636 0.10 0.72 0.77

1Mean ± SD; n = 6 tanks/treatment. Different letters within a row denote significant differences among diet treatments determined by one-way ANOVA (where factor is
‘Treatment’ at four levels: GL/FO, GL/FO-free, SJR/FO, SJR/FO-free), p < 0.05 level.
2Weight gain (g fish−1) = Final weight–initial weight (calculated by tank means, n = 6).
3Thermal growth coefficient = [[(final weight)1/3–(initial weight)1/3]/temperature in◦C * time in days] * 1000.
4Condition factor = Body mass/length3 *100.
5Feed conversion ratio = (Feed intake, g)/(weight gain, g).

following FA were higher in salmon that were fed the FO-free
diet (both strains), compared to salmon that were fed the FO
diet (both strains): ALA, LNA, 18:4n-3, ARA, MUFA, and n-6.
DHA was highest in the GL strain fed FO diets compared to any
other treatment.

There were a few muscle FAs that were dependent on the
strain × diet interaction (two-way ANOVA results; Table 7),
including 14:0, 20:3n-6, ARA, 22:5n-6, DHA, and the EPA/ARA
ratio. There were also a few FAs that were significantly different
due to both diet and strain, which included 16:1n-9, 18:0, 20:4n-
3, 22:5n-6, and the DHA/EPA ratio. Most muscle FAs were
significantly different depending on diet only.

Liver Transcript Expression Analyses
At week 0, transcript levels of elovl5b, acac, scdb, acox1, pparaa,
cd36c, fabp3b, fabp10a and pgds were significantly higher in
the GL strain compared to the SJR strain; whereas levels of
fadsd6a were significantly lower in the GL strain compared to
the SJR strain (Figure 1 and Supplementary Table 2). The
remaining transcripts were not significantly different between
strains at week 0.

At week 16, some transcripts related to elongation or
desaturation (i.e., elovl2, fadsd5, fadsd6a, and fadsd6b) were
higher in salmon fed the FO-free diet compared to the FO diet, in
both strains (Figure 2A). The two-way ANOVA results showed
a significant diet effect for elovl2, elovl5a and elovl5b, fadsd5,
fadsd6a, and fadsd6b (Supplementary Table 3). Strain was a
significant factor for elovl5b and fadsd6a. Strain and diet were not
interacting factors for these transcripts (Supplementary Table 3).

Levels of transcripts related to de novo FA synthesis, acac
and acly, were higher in GL strain salmon fed the FO-free diet
compared to those fed the FO diet, and compared to the SJR strain
fed either diet (Figure 2B). Scdb transcript levels were lower in
the SJR strain fed the FO diet compared to all of the remaining
groups. Fasb transcript levels were higher in both strains fed the
FO-free diet. Strain and diet were both significant factors across
the de novo FA synthesis transcripts (Supplementary Table 3).

Strain and diet were not interacting factors for these transcripts
(Supplementary Table 3).

Levels of the Krebs cycle related transcript, csb, were not
different across groups in both strains, however, diet was a
significant factor in the two-way ANOVA (Supplementary
Table 3). Levels of the oxidation transcript, acox1, were higher
in the GL strain fed the FO-free diet compared to those fed the
FO diet in both strains (Figure 2C and Supplementary Table 3).
The levels of acox1 in the SJR strain fed the FO-free diet were
not different compared to all other groups. The diet effect was
significant for acox1 in the two-way ANOVA (Supplementary
Table 3). The transcription factor, srebp1, was higher in the GL
strain fed the FO-free diet compared to all other groups, while the
SJR strain fed the FO-free diet was higher than both strains fed the
FO diet (Figure 2D). Levels of the transcription factor, pparaa,
were lower in the SJR strain fed the FO-free diet compared to any
other group (Figure 2D). For both transcription factor encoding
transcripts, strain was a significant factor, while diet was only
significant for srebp1, and the interaction between strain and diet
was only significant for pparaa (Supplementary Table 3).

Levels of transcripts related to FA transport, cd36c and fabp3b,
were higher in both salmon strains fed the FO-free diet compared
to those fed the FO diet, and also higher in the GL strain
compared to the SJR strain fed the FO-free diet (Figure 2E).
Levels of fabp3a were higher in salmon fed the FO-free diet
compared to those fed the FO diet in both strains. Transcript
levels of fabp10a were higher in the SJR strain fed the FO diet
compared to the GL strain, regardless of diet. The diet and
strain factors were significant for cd36c and fabp3b, while fabp3a
was only significant for the diet factor and fabp10a was only
significant for the strain factor (Supplementary Table 3).

Cyp7a1b, involved in cholesterol metabolism, was higher in
the SJR strain fed the FO-free diet compared to the GL strain fed
the FO diet (Figure 2F). Both the diet and strain factors were
significant in the two-way ANOVA (Supplementary Table 3).
Transcript levels of the inflammation-relevant transcript, lect2a,
were higher in the GL strain fed the FO-free diet compared to
the SJR strain, regardless of diet (Figure 2G), and strain was
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TABLE 4 | Liver fatty acid content (area% FAMES, dry weight) of the Grand Lake
(GL) strain and Saint John River (SJR) strain at week 0 prior to feeding
experimental diets.

Fatty acid GL (initial) SJR (initial) F-value p-value
(Strain)

14:0 1.48 ± 0.19a 1.16 ± 0.18b 14.71 0.001

14:1 0.05 ± 0.01 0.04 ± 0.01 3.47 0.079

16:0 18.85 ± 1.11b 20.73 ± 1.91a 7.27 0.015

16:1n-9 0.36 ± 0.018 0.35 ± 0.066 0.45 0.510

16:1n-7 2.24 ± 0.45a 1.80 ± 0.27b 6.81 0.018

18:0 5.55 ± 0.41 5.68 ± 0.24 0.81 0.381

18:1n-9 12.52 ± 0.58a 10.66 ± 1.10b 7.48 0.014

18:1n-7 1.81 ± 0.18 1.68 ± 0.15 2.92 0.105

18:2n-6 (LNA) 5.97 ± 0.64a 4.98 ± 0.31b 19.0 <0.0001

18:3n-3 (ALA) 0.458 ± 0.06a 0.337 ± 0.05b 22.15 <0.0001

18:4n-3 0.213 ± 0.07 0.234 ± 0.02 0.33 0.574

20:1n-9 0.719 ± 0.13a 0.427 ± 0.14b 21.76 <0.0001

20:1n-7 0.091 ± 0.02a 0.062 ± 0.025b 7.62 0.013

20:2n-6 0.73 ± 0.11a 0.50 ± 0.11b 20.94 <0.0001

20:3n-6 0.79 ± 0.10 0.84 ± 0.14 0.71 0.410

20:4n-6 (ARA) 3.62 ± 0.379b 4.17 ± 0.66a 5.19 0.035

20:4n-3 0.43 ± 0.01a 0.36 ± 0.05b 16.74 0.001

20:5n-3 (EPA) 5.34 ± 0.54b 6.08 ± 0.67a 7.30 0.015

22:0 0.06 ± 0.02 0.19 ± 0.38 1.20 0.288

22:1n-9 0.128 ± 0.04 0.110 ± 0.04 0.90 0.356

22:1n-7 0.116 ± 0.09 0.092 ± 0.025 0.48 0.496

22:5n-6 0.458 ± 0.05 0.426 ± 0.067 1.44 0.246

22:5n-3 1.509 ± 0.50 1.576 ± 0.77 0.05 0.820

24:0 0.159 ± 0.503 0.448 ± 0.84 0.87 0.364

22:6n-3 (DHA) 30.66 ± 2.40 31.19 ± 1.96 0.29 0.596

24:1 1.44 ± 0.21b 1.72 ± 0.36a 4.29 0.043

6SFA 26.86 ± 1.09a 28.93 ± 2.5b 5.73 0.028

6MUFA 20.44 ± 2.44a 17.96 ± 1.55b 7.33 0.014

6PUFA 52.42 ± 2.46 52.87 ± 2.87 0.14 0.709

6n-3 39.16 ± 2.81 40.32 ± 1.97 1.15 0.298

6n-6 12.02 ± 0.39 11.5 ± 0.96 2.51 0.131

n-3/n-6 3.26 ± 0.29b 3.52 ± 0.20a 5.04 0.038

DHA/EPA 5.77 ± 0.62a 5.17 ± 0.54b 5.32 0.033

EPA/ARA 1.48 ± 0.15 1.48 ± 0.20 0.00 0.973

1Data expressed as mean± SD (n = 5 tanks per treatment). Different letters within a
row denote significant differences between strains determined by one-way ANOVA
(where factor is ‘Strain’) with Bonferroni post hoc correction test (p < 0.05).

a significant factor in the two-way ANOVA (Supplementary
Table 3). Transcript expression levels of another inflammation-
relevant gene, pgds, showed lower levels in the SJR strain fed the
FO-free diet compared to all other groups (Figure 2G), with diet
and strain being interacting factors (Supplementary Table 3).

Transcript fold-changes compared between strains (where the
RQ value of the FO-free treatment was compared to the RQ
value of the FO treatment) were significantly higher in the GL
strain compared to the SJR strain for pparaa, lect2a and pgds
(Supplementary Table 6). Other transcripts showed numerical
differences in fold-change values between strains, but they were
not statistically different. For example, fasb was expressed 4-
fold higher in the GL strain comparing the FO-free to the FO

TABLE 5 | Muscle fatty acid content (area% FAMES, dry weight) of the Grand
Lake (GL) strain and Saint John River (SJR) strain at week 0 prior to feeding
experimental diets.

Fatty acid GL (initial) SJR (initial) F-value p-value
(Strain)

14:0 2.51 ± 0.31 2.55 ± 0.48 0.06 0.815

14:1 0.08 ± 0.03 0.06 ± 0.04 1.82 0.195

16:0 20.34 ± 3.48 22.06 ± 3.49 1.23 0.283

16:1n-9 0.33 ± 0.03 0.29 ± 0.05 4.14 0.057

16:1n-7 4.21 ± 0.96 3.72 ± 1.11 1.10 0.309

18:0 5.62 ± 1.08 6.34 ± 1.15 2.04 0.170

18:1n-9 18.63 ± 3.53 16.50 ± 4.26 1.49 0.238

18:1n-7 2.51 ± 0.26 2.45 ± 0.28 0.18 0.637

18:2n-6 (LNA) 8.31 ± 1.53 7.41 ± 1.66 1.57 0.227

18:3n-3 (ALA) 0.79 ± 0.11 0.75 ± 0.11 0.89 0.357

18:4n-3 0.66 ± 0.11 0.69 ± 0.15 0.28 0.600

20:0 0.12 ± 0.02 0.12 ± 0.05 0.00 0.953

20:1n-9 1.05 ± 0.21 0.94 ± 0.26 0.94 0.346

20:1n-7 0.13 ± 0.02 0.12 ± 0.02 0.29 0.598

20:2n-6 0.49 ± 0.23 0.59 ± 0.08 1.44 0.245

20:3n-6 0.45 ± 0.03b 0.50 ± 0.03a 7.38 0.014

20:4n-6 (ARA) 1.18 ± 0.21 1.23 ± 0.08 0.32 0.576

20:4n-3 0.49 ± 0.07 0.45 ± 0.06 2.01 0.174

20:5n-3 (EPA) 4.77 ± 0.52 5.08 ± 0.83 0.94 0.345

22:0 0.09 ± 0.05 0.08 ± 0.04 0.06 0.814

22:1n-9 0.19 ± 0.02 0.21 ± 0.04 1.26 0.277

22:1n-7 0.37 ± 0.31 0.64 ± 0.38 2.99 0.101

22:5n-6 0.43 ± 0.11 0.42 ± 0.11 0.00 0.977

22:5n-3 1.78 ± 0.78 1.83 ± 0.23 0.37 0.553

22:6n-3 (DHA) 17.7 ± 3.09 17.8 ± 4.29 0.01 0.939

24:1 0.41 ± 0.05 0.45 ± 0.05 2.17 0.158

6SFA 29.3 ± 4.59 32.1 ± 4.94 1.62 0.219

6MUFA 29.3 ± 4.99 26.8 ± 6.01 1.00 0.332

6PUFA 40.6 ± 2.71 40.3 ± 4.17 0.03 0.861

6n-3 26.8 ± 3.41 27.1 ± 5.18 0.03 0.868

6n-6 11.1 ± 1.15 10.5 ± 1.36 1.33 0.263

n-3/n-6 2.45 ± 0.51 2.66 ± 0.77 0.52 0.479

DHA/EPA 3.69 ± 0.45 3.49 ± 0.49 0.96 0.340

EPA/ARA 4.14 ± 0.61 4.17 ± 0.52 0.01 0.931

1Data expressed as mean± SD (n = 5 tanks per treatment). Different letters within a
row denote significant differences between strains determined by one-way ANOVA
(where factor is ‘Strain’) with Bonferroni post hoc correction test (p < 0.05).

treatment, whereas in the SJR strain, the difference between
treatments was 5-fold.

Muscle Transcript Expression Analyses
At week 0, levels of transcripts related to elongation or
desaturation (elovl5a, fadsd5, and fadsd6b; Figure 3A), de novo
FA synthesis (acac, scdb, fasb; Figure 3B) and transcription
(srebp1 and pparaa; Figure 3D) were higher in the GL strain
compared to the SJR strain; whereas levels of cd36c were
lower (Figure 3E and Supplementary Table 4). The remaining
transcripts were not different between strains (Figures 3C,F,G).

At week 16, levels of the desaturation transcript, fadsd5, were
higher in the GL strain fed the FO-free diet compared to those
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TABLE 6 | Liver fatty acid content (area% FAMES, dry weight) of the Grand Lake strain and Saint John River strain after being fed FO- and FO-free diets for 16 weeks1,2.

Fatty acid Grand Lake Saint John River p-values

FO FO-free FO FO-free Treatment Diet Strain Strain × Diet

14:0 1.44 ± 0.10a 0.97 ± 0.27b 1.52 ± 0.61a 0.74 ± 0.12b <0.0001 <0.0001 0.488 0.158

14:1 0.05 ± 0.02a 0.05 ± 0.01a 0.04 ± 0.01a 0.02 ± 0.01b <0.0001 0.009 <0.0001 0.098

16:0 17.4 ± 1.49ab 13.69 ± 2.0b 21.95 ± 6.39a 14.65 ± 3.0b <0.0001 <0.0001 0.0026 0.140

16:1n-9 0.45 ± 0.05b 0.57 ± 0.31b 0.39 ± 0.08b 0.84 ± 0.09a <0.0001 <0.0001 0.062 0.004

16:1n-7 1.78 ± 0.65a 1.54 ± 0.52a 1.36 ± 0.19ab 0.89 ± 0.18b 0.001 0.016 <0.0001 0.407

18:0 4.73 ± 1.72 4.97 ± 1.86 6.60 ± 2.6 6.07 ± 0.72 0.142 0.805 0.017 0.515

18:1n-9 16.39 ± 5.47c 39.19 ± 7.5a 13.65 ± 2.04c 27.11 ± 3.79b <0.0001 <0.0001 <0.0001 0.007

18:1n-7 1.77 ± 0.94 1.72 ± 1.17 1.79 ± 0.27 1.95 ± 0.27 0.915 0.836 0.601 0.663

18:2n-6 (LNA) 4.39 ± 0.46b 6.08 ± 2.5a 3.82 ± 0.41b 5.11 ± 0.526ab 0.003 0.001 0.063 0.626

18:3n-3 (ALA) 0.64 ± 0.08ab 0.75 ± 0.20a 0.52 ± 0.11b 0.50 ± 0.19b 0.003 0.360 0.001 0.173

18:4n-3 0.19 ± 0.09b 0.29 ± 0.05a 0.17 ± 0.01b 0.29 ± 0.05a 0.001 0.000 0.662 0.644

20:0 0.05 ± 0.05 0.06 ± 0.01 0.19 ± 0.3 0.11 ± 0.06 0.348 0.488 0.132 0.467

20:1n-9 2.06 ± 0.77ab 3.05 ± 1.5a 1.42 ± 0.61b 2.45 ± 0.49ab 0.004 0.002 0.044 0.945

20:1n-7 0.14 ± 0.06 0.58 ± 1.5 0.09 ± 0.06 0.07 ± 0.06 0.416 0.397 0.259 0.358

20:2n-6 1.03 ± 0.42 0.95 ± 0.57 0.91 ± 0.21 0.88 ± 0.34 0.845 0.672 0.440 0.868

20:3n-6 1.22 ± 0.16b 3.38 ± 1.3a 1.39 ± 0.55b 4.35 ± 0.72a <0.0001 <0.0001 0.030 0.124

20:4n-6 (ARA) 3.38 ± 0.44b 4.58 ± 1.66b 3.35 ± 8.15b 8.15 ± 3.01a <0.0001 <0.0001 0.004 0.004

20:4n-3 0.43 ± 0.07a 0.30 ± 0.14b 0.36 ± 0.10ab 0.27 ± 0.02b 0.004 0.001 0.098 0.394

20:5n-3 (EPA) 5.26 ± 0.59a 1.22 ± 0.36b 4.93 ± 1.4a 1.56 ± 0.34b <0.0001 <0.0001 0.999 0.193

22:0 0.13 ± 0.06 0.14 ± 0.05 0.71 ± 1.8 0.12 ± 0.03 0.770 0.338 0.356 0.315

22:1n-9 0.26 ± 0.06 0.31 ± 0.08 0.34 ± 0.3 0.25 ± 0.05 0.639 0.715 0.824 0.225

22:1n-7 0.13 ± 0.08 0.09 ± 0.05 0.36 ± 0.6 0.06 ± 0.01 0.172 0.102 0.319 0.235

22:5n-6 0.49 ± 0.09c 1.31 ± 0.2b 0.63 ± 0.4c 2.05 ± 0.4a <0.0001 <0.0001 <0.0001 0.005

22:5n-3 1.39 ± 0.39a 0.69 ± 0.34b 1.37 ± 0.54a 1.09 ± 0.22ab 0.001 <0.0001 0.152 0.102

24:0 0.15 ± 0.38 0.09 ± 0.02 0.24 ± 0.5 0.06 ± 0.05 0.633 0.251 0.791 0.588

22:6n-3 (DHA) 28.1 ± 3.8a 10.2 ± 3.0b 25.5 ± 8.1a 15.6 ± 2.2b <0.0001 <0.0001 0.370 0.015

24:1 1.87 ± 0.65ab 1.30 ± 0.31b 2.17 ± 0.54a 1.59 ± 0.53ab 0.006 0.002 0.084 1.000

6SFA 24.4 ± 2.9b 20.2 ± 3.3b 31.7 ± 9.8a 22.1 ± 3.5b <0.0001 <0.0001 0.015 0.138

6MUFA 26.5 ± 7.3c 48.9 ± 7.7a 22.7 ± 2.7c 35.7 ± 4.4b <0.0001 <0.0001 <0.0001 0.017

6PUFA 48.8 ± 5.2a 30.6 ± 6.7b 45.2 ± 9.2a 42.1 ± 3.4a <0.0001 <0.0001 0.066 <0.0001

6n-3 36.6 ± 4.3a 13.8 ± 4.1b 33.5 ± 8.8a 19.6 ± 2.7b <0.0001 <0.0001 0.479 0.013

6n-6 10.95 ± 1.2c 15.9 ± 3.8b 10.6 ± 1.9c 21.9 ± 2.4a <0.0001 <0.0001 0.001 <0.0001

n-3/n-6 3.35 ± 0.24a 0.89 ± 0.26b 3.17 ± 1.0a 0.91 ± 0.21b <0.0001 <0.0001 0.628 0.600

DHA/EPA 5.35 ± 0.69c 8.44 ± 0.97b 5.08 ± 1.12c 10.2 ± 1.28a <0.0001 <0.0001 0.036 0.005

EPA/ARA 1.57 ± 0.2 2.18 ± 6.1 1.35 ± 0.16 0.92 ± 2.3 0.865 0.934 0.496 0.632

1Data expressed as mean ± SD (n = 5 tanks per treatment). Different letters within a row denote significant differences among diet treatments determined by one-way
ANOVA (where factor is ‘Treatment’ at four levels: GL/FO, GL/FO-free, SJR/FO, SJR/FO-free) with Bonferroni post hoc correction test (p < 0.05). FO, fish oil feed; FO-free,
fish oil-free feed; n.s. (not significant) p > 0.05.
2Reults of two-way ANOVAs for Diet, Strain, and Strain × Diet columns.

fed the FO diet in both strains (Figure 4A and Supplementary
Table 5). Fadsd6a was only higher in the SJR strain fed the FO-
free diet compared to the SJR strain fed the FO diet (Figure 4A).
Fadsd6b was higher in the GL strain fed the FO-free diet
compared to the remaining groups (Figure 4A). The two-way
ANOVA results showed that strain and diet were significant
factors for fadsd5 and fadsd6b (Supplementary Table 5). Diet
was also a significant factor for elovl2, elovl5a, and fadsd6a.
A significant interaction between diet and strain was only
observed in fadsd6b (Supplementary Table 5).

The de novo FA synthesis transcripts, acac and fasb, were
higher in the GL strain fed the FO-free diet compared to

those fed the FO diet (either strain; Figure 4B). The two-
way ANOVA showed a significant strain effect for scdb and
significant diet effect for all of the targeted transcripts, except
for acly (Supplementary Table 5). The Krebs cycle transcript,
csb (Figure 4C), showed a significant diet effect for the two-
way ANOVA (Supplementary Table 5). The transcription factor,
srebp1, was higher in the GL strain fed the FO-free diet compared
to those fed the FO diet (Figure 4D). Strain was a significant
factor in the two-way ANOVA for both srebp1 and pparaa
(Supplementary Table 5).

The transport transcript, fabp3b, was higher in salmon
fed the FO-free diet compared to salmon fed the FO diet,
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TABLE 7 | Muscle fatty acid content (area% FAMES, dry weight) of the Grand Lake strain and Saint John River strain after being fed FO- and FO-free diets for
16 weeks1,2.

Fatty acid Grand Lake Saint John River p-values

FO FO-free FO FO-free Treatment Diet Strain Strain × Diet

14:0 2.29 ± 0.53a 0.91 ± 0.16b 2.79 ± 0.56a 0.82 ± 0.21b <0.0001 <0.0001 0.142 0.037

14:1 0.03 ± 0.03 0.01 ± 0.01 0.03 ± 0.03 0.01 ± 0.01 0.058 0.008 0.990 0.663

16:0 22.1 ± 4.87ab 18.1 ± 4.65b 28.4 ± 10.8a 17.7 ± 4.76b 0.006 0.002 0.185 0.136

16:1n-9 0.29 ± 0.02b 0.42 ± 0.02a 0.23 ± 0.05c 0.38 ± 0.03a <0.0001 <0.0001 <0.0001 0.225

16:1n-7 2.76 ± 0.72a 1.49 ± 0.31b 2.48 ± 1.01a 1.18 ± 0.32b <0.0001 <0.0001 0.175 0.943

18:0 6.62 ± 1.64ab 5.04 ± 2.11b 8.76 ± 3.95a 6.56 ± 1.92ab 0.035 0.027 0.032 0.709

18:1n-9 18.6 ± 4.06a 31.4 ± 4.75b 16.2 ± 5.97a 29.7 ± 5.59b <0.0001 <0.0001 0.241 0.864

18:1n-7 2.67 ± 0.20 2.64 ± 0.11 2.46 ± 0.66 2.64 ± 0.09 0.532 0.474 0.328 0.341

18:2n-6 (LNA) 6.03 ± 2.48b 10.2 ± 0.93a 6.19 ± 2.20b 10.1 ± 1.41a <0.0001 <0.0001 0.991 0.810

18:3n-3 (ALA) 1.28 ± 0.25b 1.89 ± 0.16a 1.13 ± 0.64b 1.95 ± 0.29a <0.0001 <0.0001 0.698 0.373

18:4n-3 0.61 ± 0.18b 0.92 ± 0.15a 0.58 ± 0.34b 0.92 ± 0.21a 0.002 <0.0001 0.866 0.847

20:0 0.15 ± 0.06b 0.23 ± 0.04a 0.21 ± 0.05ab 0.23 ± 0.06a 0.006 0.007 0.082 0.139

20:1n-9 1.32 ± 0.27ab 1.59 ± 0.31a 1.11 ± 0.41b 1.46 ± 0.32ab 0.029 0.007 0.126 0.695

20:1n-7 0.13 ± 0.03a 0.08 ± 0.02bc 0.11 ± 0.06ab 0.07 ± 0.01c 0.001 <0.0001 0.219 0.800

20:2n-6 0.54 ± 0.09 0.67 ± 0.08 0.53 ± 0.17 0.61 ± 0.09 0.035 0.006 0.340 0.549

20:3n-6 0.49 ± 0.08a 1.93 ± 0.26b 0.41 ± 0.17a 2.16 ± 0.31b <0.0001 <0.0001 0.321 0.046

20:4n-6 (ARA) 1.14 ± 0.25b 2.35 ± 0.54a 0.82 ± 0.29b 2.92 ± 0.62a <0.0001 <0.0001 0.413 0.006

20:4n-3 0.44 ± 0.06a 0.35 ± 0.05ab 0.35 ± 0.18ab 0.29 ± 0.04b 0.012 0.021 0.027 0.509

20:5n-3 (EPA) 4.81 ± 1.07a 1.91 ± 0.44b 4.26 ± 1.78a 2.17 ± 0.43b <0.0001 <0.0001 0.664 0.247

22:0 0.15 ± 0.05 0.17 ± 0.06 0.13 ± 0.08 0.18 ± 0.05 0.106 0.023 0.469 0.795

22:1n-9 0.29 ± 0.11 0.32 ± 0.11 0.39 ± 0.21 0.32 ± 0.10 0.564 0.581 0.333 0.333

22:1n-7 0.72 ± 0.69ab 0.31 ± 0.32b 1.59 ± 0.45a 0.35 ± 0.21b 0.003 0.002 0.064 0.093

22:5n-6 0.36 ± 0.11b 0.71 ± 0.20a 0.18 ± 0.15b 0.65 ± 0.16a <0.0001 <0.0001 0.032 0.260

22:5n-3 1.56 ± 0.26a 0.57 ± 0.33b 1.29 ± 0.46a 0.82 ± 0.13b <0.0001 <0.0001 0.946 0.017

22:6n-3 (DHA) 16.7 ± 4.76a 9.66 ± 2.75b 10.5 ± 5.52b 9.37 ± 2.50b 0.001 0.004 0.019 0.032

24:1 0.60 ± 0.12 0.54 ± 0.05 0.49 ± 0.22 0.57 ± 0.12 0.429 0.836 0.413 0.146

6SFA 32.2 ± 6.97ab 24.9 ± 4.50b 41.8 ± 11.5a 25.9 ± 6.72b 0.006 0.001 0.216 0.396

6MUFA 29.3 ± 5.07b 40.3 ± 5.48a 26.8 ± 7.46b 38.2 ± 6.22a <0.0001 <0.0001 0.268 0.924

6PUFA 37.5 ± 6.40 34.2 ± 3.59 33.0 ± 7.00 35.3 ± 3.54 0.328 0.753 0.327 0.123

6n-3 25.9 ± 6.03a 15.8 ± 3.2b 19.0 ± 8.10ab 15.8 ± 3.10b <0.0001 0.001 0.061 0.061

6n-6 8.81 ± 2.34b 17.3 ± 0.77a 8.39 ± 2.70b 17.8 ± 1.14a <0.0001 <0.0001 0.916 0.438

n-3/n-6 3.28 ± 1.70a 0.91 ± 0.17b 2.21 ± 0.58a 0.88 ± 0.14b <0.0001 <0.0001 0.082 0.099

DHA/EPA 3.43 ± 0.33c 5.01 ± 0.38a 2.32 ± 0.42d 4.28 ± 0.52b <0.0001 <0.0001 <0.0001 0.180

EPA/ARA 4.28 ± 0.43b 0.82 ± 0.08c 5.09 ± 1.05a 0.75 ± 0.09c <0.0001 <0.0001 0.035 0.015

1Data expressed as mean ± SD (n = 5 tanks per treatment). Different letters within a row denote significant differences among diets determined by one-way ANOVA
(where factor is ‘Treatment’ at four levels: GL/FO, GL/FO-free, SJR/FO, SJR/FO-free) with Bonferroni post hoc correction test (p < 0.05). FO, fish oil feed; FO-free, fish
oil-free feed; n.s. (not significant) p > 0.05.
2Reults of two-way ANOVAs for Diet, Strain, and Strain × Diet columns.

in both strains (Figure 4E). Diet was a significant factor in
the two-way ANOVA (Supplementary Table 5). Fabp3a was
higher in the SJR strain fed the FO diet compared to the GL
strain fed the FO free diet (Figure 4E). Strain and diet were
both significant factors in the two-way ANOVA for fabp3a
(Supplementary Table 5). There were no significant
differences in transcript expression among treatments for
transcripts related to cholesterol metabolism (Figure 4F) or
inflammation (Figure 4G).

Transcript fold-changes between strains (where the RQ value
of the FO-free treatment was compared to the RQ value of the FO
treatment) were significantly higher in the GL strain compared
to the SJR strain for fadsd6b, csb, and srebp1 (Supplementary

Table 7). Other transcripts showed numerical differences in fold-
change values between strains but were not statistically different.
For example, fadsd6a was expressed 4-fold higher in the SJR
strain comparing the FO-free to the FO treatment, whereas in the
GL strain, the difference between treatments was <2-fold.

Principle Coordinate Analysis
For liver, the PCoA revealed three distinct clusters showing a
dispersion due to diet and strain differences at week 16 (Figure 5).
The PCoA explained 75% of the total variation in the data matrix,
with PCO1 accounting for most of the variance (65%). Clustering
showed distinct groups that segregated data points based on
diet, separated by PCO1. PERMANOVA confirmed that diet
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FIGURE 1 | qPCR analyses of transcripts with functional annotations related to lipid metabolism, cholesterol metabolism, eicosanoid pathways and inflammation in
liver of individual fish from Grand Lake (GL) and Saint John River (SJR) strains at week 0. These transcripts include those involved in fatty acid (FA) elongation or
desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle or oxidation (panel C), transcription factors (panel D), fatty acid transport (panel E), cholesterol
metabolism (panel F), and inflammation (panel G). Transcript levels are presented as mean ± SD relative quantity (RQ) values (i.e., values for the transcript of interest
were normalized to both ef1a1 and rpl32 transcript levels and were calibrated to the individual with the lowest normalized expression level of that given transcript).
*Indicates a significant difference in expression levels between fish from GL and SJR. In all cases, n = 10 and p < 0.05 was considered statistically significant.

was a significant factor in the variation (Pseudo F-value = 28.5;
p(perm)-value = 0.001). Strain was also a significant factor
(Pseudo F-value = 9.99; p(perm)-value = 0.001), which is
observable among salmon fed the FO-free diet, where there is a
separation between the GL strain and the SJR strain by PCO2.
Strain and diet were not interacting factors. FA vectors such
as DHA, EPA, total n-3, n-3/n-6, 14:0, 15:0 correlated (> 0.75)
with data points from salmon clustered in the FO diet treatment.
FAs and TOIs such as MUFA, 18:1n-9, elovl5b, acac, scdb, acly,
fasb, csb, acox1, elovl5a, fabp3b, srebp1, cd36c, fabp3a, elovl2,
fadsd5, fadsd6a, 20:3n-6, 22:5n-6, 18:3n-6, total n-6 and 22:4n-6
were correlated with data points from the GL strain fed the FO-
free diet.

For muscle, the PCoA revealed two distinct clusters showing
a difference in dispersion due to diet (Figure 6). The PCoA
explained 79% of the total variation in the data matrix, with
PCO1 accounting for most of the variance (63.5%). Clustering
showed two distinct groups that segregated data points based on
diet separated by PCO2, and PERMANOVA confirmed that diet

was a significant factor in the variation (Pseudo F-value = 6.0882;
p(perm)-value = 0.007). Strain (p = 0.409) and the diet × strain
interaction (p = 0.604) were not significant. FA vectors such as
LNA, 18:3n-6, 20:3n-6, ARA, total n-6, 16:1n-9, 18:1n-9, total
MUFA and DHA/EPA correlated (> 0.75) with data points from
salmon clustered in the FO-free diet treatment, separated by
PCO2. TOIs including fabp10a, elovl5b, elovl2, cyp7a1b, elovl5a,
fadsd6a, scdb, and fadsd5 were correlated with salmon fed the FO-
free diet.

Correlations Between Transcript
Expression and Tissue FAs
In liver, considering the relationship between transcript
expression levels and FA storage, n-3 PUFA were negatively
correlated with the RQ values of elovl2, elovl5a, elovl5b, fadsd5,
fadsd6a, fadsd6b, and n-6 PUFA were positively correlated with
the RQ values of these transcripts (Table 8). The GL strain
showed overall more significant relationships between the RQ
values and liver FA, particularly with n-3 PUFA, but the SJR

Frontiers in Marine Science | www.frontiersin.org 12 July 2021 | Volume 8 | Article 641824

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-641824 July 1, 2021 Time: 16:13 # 13

Colombo et al. Landlocked Salmon Fatty Acid Synthesis

FIGURE 2 | qPCR analyses of transcripts with functional annotations related to lipid metabolism, cholesterol metabolism, eicosanoid pathways and inflammation in
liver of individual fish from Grand Lake (GL) and Saint John River (SJR) strains fed two different diets [fish oil (FO) or FO-free] for 16 weeks. These transcripts include
those involved in fatty acid (FA) elongation or desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle or oxidation (panel C), transcription factors (panel
D), fatty acid transport (panel E), cholesterol metabolism (panel F), and inflammation (panel G). Transcript levels are presented as mean ± SD relative quantity (RQ)
values (i.e., values for the transcript of interest were normalized to both ef1a1 and rpl32 transcript levels and were calibrated to the individual with the lowest
normalized expression level of that given transcript). Letters indicate Tukey’s HSD groupings. In all cases, n = 10 and p < 0.05 was considered statistically significant.

strain showed more significant relationships with n-6 PUFA. In
muscle, the SJR strain did not show any significant relationships
between the RQ values and FA (Table 8). However, for the GL
strain, significant relationships were observed comparing fadsd5
and fadsd6a to several FAs, including DHA, EPA, ARA, total
n-3, total n-6, 20:4n-3, 22:5n-3, 18:3n-6, and 20:3n-6. There
were more significant relationships comparing liver transcript
expression to muscle FA, than comparing muscle transcript
expression to muscle FA (Table 8). The GL strain showed more
significant relationships between liver transcript expression and
muscle FA than the SJR strain.

DISCUSSION

Broodstock selection efforts for the commercial SJR strain have
focused on genetic improvement of production traits such as
size and growth, disease resistance, and late sexual maturation
(Holborn et al., 2018, 2020; Schaeffer et al., 2018; Boulding
et al., 2019). Selection efforts focused on adaptation to plant-
based diets, particularly the ability to synthesize LC-PUFA, are
now emerging (Ruyter et al., 2015). Previous studies have shown

potential that landlocked salmon can synthesize and store more
LC-PUFA compared with their commercial anadromous strain
counterparts (Peng et al., 2003; Rollin et al., 2003; Betancor et al.,
2016). To determine if landlocked Atlantic salmon could be a
potential broodstock strain in commercial production for the
enhancement of LC-PUFA synthesis, a 2× 2 factorial nutritional
study testing two feeds containing either FO or plant-based oil
(FO-free) as the added lipid was conducted over 16 weeks in
two populations of Atlantic salmon, the commercial SJR strain
and the GL landlocked strain. Overall, there were clearly strain-
related differences in growth performance, fatty acid content
and transcript expression in liver (and to a lesser extent in
the muscle) comparing the GL strain to the SJR strain. Diet
influenced transcript expression differently for the GL strain
compared to the SJR strain regarding FA metabolism. The results
suggest that the GL strain adapted to the FO-free diet differently
than the SJR strain.

Growth Performance
Growth performance of GL strain salmon fed the FO diet was
poorer compared to the SJR strain (regardless of the diet the
SJR strain was fed). However, the GL strain fed the FO-free diet
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FIGURE 3 | qPCR analyses of transcripts with functional annotations related to lipid metabolism, cholesterol metabolism, eicosanoid pathways and inflammation in
muscle of individual fish from Grand Lake (GL) and Saint John River (SJR) strains at week 0. These transcripts include those involved in fatty acid (FA) elongation or
desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle or oxidation (panel C), transcription factors (panel D), fatty acid transport (panel E), cholesterol
metabolism (panel F), and inflammation (panel G). Transcript levels are presented as mean ± SD relative quantity (RQ) values (i.e., values for the transcript of interest
were normalized to both ef1a1 and pabpc1 transcript levels and were calibrated to the individual with the lowest normalized expression level of that given transcript).
ND indicates that this transcript (elovl5b) was not expressed at detectable levels at week 0. *Indicates a significant difference in expression levels between fish from
GL and SJR. In all cases, n = 10 and p < 0.05 was considered statistically significant.

grew slightly more (final weight 180.1 g/fish) than those fed the
FO diet (167.5 g/fish), and did not differ from the SJR strain
fed the FO-free diet. This suggests that the GL strain may be
better capable of using diets with very low levels of LC-PUFA,
which may have been more evident over a longer duration of
testing. This could be due to their adaptation to the freshwater
environment, where the availability of n-3 LC-PUFA is lower
than in the marine environment. Our results indicate inherent
differences in growth between the strains; this difference may be
more distinct as the SJR strain has been selected for fast growth
over several generations (Schaeffer et al., 2018).

In previous experiments, it has been shown that landlocked
strains showed a higher growth rate than anadromous strains
of the same age, regardless of diet (Peng et al., 2003; Rollin
et al., 2003; Betancor et al., 2016). Peng et al. (2003) suggested
that this was explained by a higher fat retention capacity in
landlocked fry than in its anadromous counterpart, which may
reflect an adaptation to the freshwater environment, where the
food chain is possibly poorer in lipids and FAs than in the marine

environment (Pickova et al., 1999). In the present study, the GL
strain fed the FO-free diet did not outperform the SJR strain,
but rather showed similar growth performance. In comparison
to other studies, the growth of the SJR strain likely has improved
since these studies (e.g., Peng et al., 2003; Rollin et al., 2003)
were conducted > 20 years ago, and different commercial and
landlocked strains were tested.

Also, differential expression in several metabolic pathways
was found between farmed and wild salmon populations at
early life stages, suggesting that domestication may influence
transcriptomic responses (Roberge et al., 2006, 2008; Bicskei
et al., 2014). Even among different (wild) landlocked strains, there
is a high variability in growth, depending on the population,
which may be the reason why our study with the GL strain
showed different results than European landlocked strains which
have been studied previously (e.g., Rottiers, 1993; Betancor
et al., 2016). For example, analysis of the life history traits of
64 populations of landlocked Atlantic salmon strains revealed
high variability in maximum size (where maximum length and
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FIGURE 4 | qPCR analyses of transcripts with functional annotations related to lipid metabolism, cholesterol metabolism, eicosanoid pathways and inflammation in
muscle of individual fish from Grand Lake (GL) and Saint John River (SJR) strains fed two different diets [fish oil (FO) or FO-free] for 16 weeks. These transcripts
include those involved in fatty acid (FA) elongation or desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle or oxidation (panel C), transcription factors
(panel D), fatty acid transport (panel E), cholesterol metabolism (panel F), and inflammation (panel G). Transcript levels are presented as mean ± SD relative quantity
(RQ) values (i.e., values for the transcript of interest were normalized to both ef1a1 and pabpc1 transcript levels and were calibrated to the individual with the lowest
normalized expression level of that given transcript). Letters indicate Tukey’s HSD groupings. In all cases, n = 10 and p < 0.05 was considered statistically significant.

maximum age were strongly, significantly correlated), ranging
from a maximum of 13 cm in one population, to a maximum
of 108.5 cm in another, at maximum age (Hutchings et al., 2019).
Key determinants of body size include surface area of the lake and
abundance of prey, primarily rainbow smelt (Osmerus mordax)
for North American populations (Hutchings et al., 2019).
Another important point about size: almost all wild anadromous
salmon mature at lengths greater than 50 cm, while almost all
landlocked salmon mature at less than 50 cm (Hutchings et al.,
2019). Size at maturity is an important consideration for future
broodstock programs involving landlocked salmon.

Liver and Muscle Fatty Acid Content
At week 0, prior to feeding the experimental diets, there were
already differences in the liver FA profiles, despite all salmon
being fed the same commercial diet since first feeding, indicating
that these FA differences are inherently due to strain. The C18 FAs
(ALA, LNA, and OA) were higher in the GL strain in the liver,
while C20 FAs (EPA and ARA) were higher in the SJR strain. The
FA profiles of muscle, however, were very similar between strains

at week 0. The only difference in the muscle was in 20:3n-6,
which was higher in the SJR strain. As found in the present study,
many studies have shown that salmon muscle closely reflects
dietary FA composition (e.g., Tocher, 2003; Bell et al., 2004;
Torstensen and Tocher, 2011; Hixson et al., 2017), while liver FA
composition reflects the higher metabolic activity, including LC-
PUFA biosynthesis, de novo lipogenesis, lipoprotein metabolism,
FA oxidation, and cholesterol metabolism (Jordal et al., 2005).
Because we observed differences in liver FA composition between
the SJR strain and GL strain even before experimental diets
were introduced, this highlights the natural, inherent difference
in lipid metabolism and storage between strains. When there
are no dramatic changes in dietary lipids, the FA composition
of its tissues is not controlled by diet, but mostly by strain-
specific factors (Sheridan et al., 1985; Viga and Grahl-Nielsen,
1990). Previous studies have reported greater TAG deposition in
landlocked salmon fry than in the anadromous Atlantic salmon
fry (Peng et al., 2003). However, it has yet to be determined
whether such a greater TAG retention capacity is accompanied
by a genetic adaptation to the different lipid composition found
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FIGURE 5 | Principal Coordinate Analysis (PCoA) of fatty acid (FA) and transcript expression in liver of salmon after 16 weeks, fed either fish oil (FO) or FO-free diets,
and either Grand Lake (GL) or Saint John River (SJR) strain. A permutational MANOVA (PERMANOVA) was performed to determine strength and significance level of
variation due to diet (p = 0.001) and strain factors (p = 0.001). Data were square root transformed to ensure data normality and homogeneity of variance prior to
analysis.

FIGURE 6 | Principal Coordinate Analysis (PCoA) of fatty acid (FA) and transcript expression in muscle of salmon after 16 weeks, fed either fish oil (FO) or FO-free
diets, and either Grand Lake (GL) or Saint John River (SJR) strain. A permutational MANOVA (PERMANOVA) was performed to determine strength and significance
level of variation due to diet (p = 0.001) and strain factors (p = 0.001). Data were square root transformed to ensure data normality and homogeneity of variance prior
to analysis.
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TABLE 8 | Correlation analyses (Pearson correlation coefficient, R) comparing relationships among transcript expression (RQ values) of LC-PUFA synthesis-relevant genes with relevant n-3 and n-6 PUFA in liver and
muscle for each strain (GL; Grand Lake, SJR; Saint John River).

Liver RQ vs. Liver FA Muscle RQ vs. Muscle FA Liver RQ vs. Muscle FA

GL strain SJR strain GL strain SJR strain GL strain SJR strain

Gene FA R p-value R p-value R p-value R p-value R p-value R p-value

Elovl5a DHA −0.605 0.00471 −0.593 0.00588 −0.116 0.636 −0.128 0.612 −0.258 0.286 0.0475 0.852

Elovl5a EPA −0.589 0.00623 −0.688 0.0008 −0.208 0.392 −0.308 0.213 −0.437 0.0611 −0.34 0.167

Elovl5a ARA 0.293 0.224 0.197 0.405 0.446 0.0557 0.402 0.0982 0.777 8.98E-05 0.587 0.0104

Elovl5a 20C −0.665 0.00191 −0.262 0.265 −0.0164 0.947 −0.0117 0.963 −0.117 0.634 0.0992 0.695

Elovl5a ALA −0.113 0.635 −0.151 0.524 0.0858 0.727 −0.0633 0.803 0.628 0.00397 0.452 0.0599

Elovl5a LNA 0.18 0.475 0.225 0.34 0.0314 0.898 −0.0251 0.921 0.33 0.167 0.518 0.0277

Elovl5a 18C −0.03 0.9 0.185 0.436 0.0385 0.876 −0.0332 0.896 0.37 0.119 0.51 0.0305

Elovl5a n-3 −0.614 0.00396 −0.626 0.00315 −0.161 0.509 −0.259 0.299 −0.295 0.221 −0.0846 0.739

Elovl5a n-6 0.322 0.166 0.453 0.0446 0.206 0.398 0.201 0.425 0.577 0.00967 0.619 0.00617

Elovl5a 18:4n-3 0.355 0.124 0.558 0.0106 0.0166 0.946 −0.219 0.382 0.466 0.0442 0.335 0.174

Elovl5a 20:3n-3 −0.589 0.00626 −0.0768 0.748 −0.316 0.187 −0.345 0.161 −0.127 0.605 −0.157 0.534

Elovl5a 20:4n-3 −0.63 0.00292 −0.316 0.174 −0.138 0.573 −0.24 0.338 −0.113 0.645 −0.0221 0.931

Elovl5a 22:5n-3 −0.537 0.0146 −0.175 0.461 −0.19 0.435 −0.291 0.241 −0.373 0.115 −0.263 0.291

Elovl5a 18:3n-6 0.455 0.044 0.679 0.001 0.244 0.315 0.216 0.39 0.541 0.0169 0.547 0.0189

Elovl5a 20:3n-6 0.495 0.0264 0.664 0.00195 0.383 0.106 0.407 0.0934 0.769 0.000119 0.642 0.0041

Elovl5b DHA −0.621 0.0035 −0.532 0.0157 −0.0565 0.818 −0.0425 0.867 −0.363 0.127 −0.0359 0.888

Elovl5b EPA −0.578 0.00763 −0.582 0.00706 −0.00817 0.974 −0.0985 0.697 −0.512 0.0249 −0.295 0.235

Elovl5b ARA 0.35 0.142 0.0354 0.882 −0.0154 0.95 0.164 0.516 0.74 0.000296 0.467 0.0505

Elovl5b 20C −0.65 0.00259 −0.382 0.0968 −0.0176 0.943 0.0239 0.925 −0.227 0.35 0.0543 0.831

Elovl5b ALA −0.256 0.277 −0.0632 0.791 −0.255 0.291 −0.019 0.94 0.576 0.00991 0.149 0.556

Elovl5b LNA −0.0617 0.808 0.0332 0.889 −0.2 0.413 −0.0404 0.873 0.275 0.254 0.243 0.33

Elovl5b 18C −0.218 0.356 0.02 0.933 −0.209 0.39 −0.0371 0.884 0.315 0.189 0.227 0.364

Elovl5b n-3 −0.623 0.00336 −0.541 0.0137 −0.0683 0.781 −0.108 0.67 −0.406 0.0843 −0.185 0.462

Elovl5b n-6 0.292 0.212 0.265 0.258 −0.15 0.539 0.0603 0.812 0.542 0.0164 0.394 0.106

Elovl5b 18:4n-3 0.405 0.0764 0.349 0.131 −0.264 0.275 −0.23 0.359 0.513 0.0247 -0.0143 0.955

Elovl5b 20:3n-3 0.495 0.0264 −0.229 0.33 −0.0228 0.926 −0.275 0.269 −0.236 0.331 −0.299 0.229

Elovl5b 20:4n-3 −0.588 0.00643 −0.0354 0.882 −0.00309 0.99 −0.107 0.674 −0.293 0.224 −0.141 0.576

Elovl5b 22:5n-3 −0.509 0.0218 −0.105 0.659 0.0216 0.93 −0.0774 0.76 −0.532 0.0192 −0.281 0.258

Elovl5b 18:3n-6 0.305 0.192 0.512 0.021 −0.094 0.702 0.0165 0.948 0.609 0.00563 0.387 0.112

Elovl5b 20:3n-6 0.621 0.00349 0.414 0.0782 −0.0523 0.832 0.165 0.512 0.761 0.000154 0.481 0.0431

Fadsd5 DHA −0.863 9.68E-07 −0.624 0.0033 −0.439 0.0599 −0.13 0.607 −0.635 0.00347 −0.0592 0.816

Fadsd5 EPA −0.815 0.000012 −0.849 2.22E-06 −0.542 0.0166 −0.299 0.228 −0.81 0.000026 −0.594 0.00934
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TABLE 8 | Continued

Liver RQ vs. Liver FA Muscle RQ vs. Muscle FA Liver RQ vs. Muscle FA

GL strain SJR strain GL strain SJR strain GL strain SJR strain

Gene FA R p-value R p-value R p-value R p-value R p-value R p-value

Fadsd5 ARA 0.567 0.0114 0.62 0.00357 0.582 0.00893 0.381 0.119 0.776 9.42E-05 0.9 3.77E-07

Fadsd5 20C −0.824 1.44E-05 0.135 0.569 −0.345 0.148 −0.0184 0.942 −0.564 0.0118 0.0748 0.768

Fadsd5 ALA −0.194 0.412 −0.0911 0.703 0.307 0.201 0.0475 0.852 0.747 0.000238 0.612 0.00699

Fadsd5 LNA 0.0648 0.798 0.0332 0.889 0.279 0.247 0.102 0.687 0.624 0.00426 0.667 0.00251

Fadsd5 18C −0.249 0.289 0.596 0.00553 0.287 0.234 0.0923 0.716 0.649 0.00267 0.663 0.00269

Fadsd5 n-3 −0.871 5.68E-07 −0.704 0.000526 −0.489 0.0334 −0.23 0.36 −0.686 0.00118 −0.197 0.434

Fadsd5 n-6 0.376 0.102 0.841 3.36E-06 0.465 0.0448 0.271 0.276 0.816 2.01E-05 0.873 2.26E-06

Fadsd5 18:4n-3 0.379 0.0991 0.581 0.00725 0.237 0.328 −0.0809 0.75 0.704 0.000773 0.511 0.0304

Fadsd5 20:3n-3 −0.674 0.00112 −0.225 0.34 −0.233 0.338 −0.286 0.25 −0.121 0.621 −0.402 0.0985

Fadsd5 20:4n-3 −0.759 0.000106 −0.464 0.0393 −0.461 0.0471 −0.186 0.46 −0.622 0.00443 −0.183 0.469

Fadsd5 22:5n-3 −0.781 4.77E-05 −0.324 0.164 −0.545 0.0158 −0.274 0.272 −0.841 6.58E-06 −0.535 0.0223

Fadsd5 18:3n-6 0.229 0.331 0.78 4.97E-05 0.553 0.0141 0.292 0.24 0.895 2.27E-07 0.892 6.71E-07

Fadsd5 20:3n-6 0.768 7.77E-05 0.883 5.44E-07 0.61 0.00551 0.411 0.0904 0.893 2.66E-07 0.931 2.11E-08

Fadsd6a DHA −0.834 4.79E-06 −0.65 0.00191 −0.197 0.418 −0.0671 0.792 −0.656 0.00231 −0.0156 0.951

Fadsd6a EPA −0.785 4.15E-05 −0.824 7.93E-06 −0.26 0.283 −0.261 0.296 −0.818 1.85E-05 −0.501 0.034

Fadsd6a ARA 0.578 0.00957 0.44 0.052 0.344 0.15 0.393 0.107 0.757 0.000177 0.824 2.67E-05

Fadsd6a 20C −0.786 0.000067 −0.0647 0.786 −0.131 0.592 0.0316 0.901 −0.584 0.0086 0.114 0.654

Fadsd6a ALA −0.239 0.31 −0.202 0.393 0.0795 0.746 0.17 0.499 0.769 0.000118 0.504 0.0329

Fadsd6a LNA −0.0271 0.915 0.423 0.0632 0.0575 0.815 0.191 0.449 0.646 0.00282 0.577 0.0122

Fadsd6a 18C −0.28 0.231 0.362 0.117 0.0609 0.804 0.188 0.454 0.67 0.00169 0.569 0.0138

Fadsd6a n-3 −0.842 3.27E-06 −0.712 0.000429 −0.233 0.338 −0.147 0.561 −0.704 0.000771 −0.158 0.531

Fadsd6a n-6 0.385 0.0938 0.694 0.000679 0.19 0.436 0.325 0.189 0.825 1.38E-05 0.781 0.000131

Fadsd6a 18:4n-3 0.405 0.0762 0.595 0.00564 0.0456 0.853 0.013 0.959 0.75 0.000217 0.435 0.0713

Fadsd6a 20:3n-3 −0.659 0.00159 −0.198 0.403 −0.234 0.335 −0.332 0.179 −0.245 0.312 −0.314 0.204

Fadsd6a 20:4n-3 −0.707 0.00049 −0.473 0.035 −0.13 0.595 −0.0988 0.696 −0.624 0.00428 −0.134 0.596

Fadsd6a 22:5n-3 −0.752 0.000131 −0.278 0.235 −0.198 0.415 −0.204 0.417 −0.849 4.32E-06 −0.454 0.0584

Fadsd6a 18:3n-6 0.251 0.285 0.8 2.31E-05 0.22 0.365 0.275 0.269 0.902 1.34E-07 0.809 4.81E-05

Fadsd6a 20:3n-6 0.797 2.55E-05 0.837 8.04E-06 0.315 0.188 0.423 0.0803 0.89 3.31E-07 0.854 6.47E-06

Elovl2 DHA −0.446 0.049 −0.671 0.00121 −0.0721 0.769 −0.0953 0.707 −0.197 0.419 −0.00179 0.994

Elovl2 EPA −0.502 0.0243 −0.751 0.000137 −0.0637 0.795 −0.297 0.231 −0.365 0.124 −0.431 0.0742
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TABLE 8 | Continued

Liver RQ vs. Liver FA Muscle RQ vs. Muscle FA Liver RQ vs. Muscle FA

GL strain SJR strain GL strain SJR strain GL strain SJR strain

Gene FA R p-value R p-value R p-value R p-value R p-value R p-value

Elovl2 ARA 0.448 0.0546 0.271 0.248 0.116 0.636 0.42 0.0824 0.675 0.00151 0.714 0.000875

Elovl2 20C −0.459 0.048 −0.218 0.356 −0.0152 0.951 0.0142 0.956 −0.084 0.732 0.103 0.685

Elovl2 ALA 0.16 0.5 −0.0858 0.719 −0.163 0.504 0.146 0.563 0.574 0.0102 0.343 0.163

Elovl2 LNA 0.237 0.343 0.291 0.213 −0.0896 0.715 0.128 0.613 0.482 0.0368 0.401 0.0989

Elovl2 18C 0.189 0.425 0.259 0.271 −0.0998 0.684 0.133 0.6 0.5 0.0294 0.394 0.105

Elovl2 n-3 −0.457 0.0427 −0.698 0.000616 −0.0941 0.701 −0.193 0.442 −0.242 0.318 −0.16 0.526

Elovl2 n-6 0.614 0.00399 0.542 0.0135 −0.0274 0.911 0.296 0.234 0.604 0.00616 0.616 0.00648

Elovl2 18:4n-3 0.297 0.204 0.631 0.00286 −0.2 0.413 −0.0993 0.695 0.44 0.0593 0.207 0.411

Elovl2 20:3n-3 −0.273 0.245 −0.179 0.45 −0.0812 0.741 −0.317 0.2 −0.0423 0.863 −0.168 0.506

Elovl2 20:4n-3 −0.0275 0.908 −0.443 0.0503 0.018 0.942 −0.178 0.481 −0.0598 0.808 −0.138 0.585

Elovl2 22:5n-3 −0.408 0.0739 −0.22 0.352 −0.0278 0.91 −0.24 0.338 −0.347 0.145 −0.402 0.0978

Elovl2 18:3n-6 0.59 0.00614 0.816 1.14E-05 −0.0157 0.949 0.222 0.377 0.465 0.0449 0.569 0.0137

Elovl2 20:3n-6 0.646 0.00208 0.715 0.000585 0.0592 0.81 0.445 0.0644 0.64 0.00315 0.748 0.000358

Fadsd6b DHA −0.853 1.72E-06 −0.643 0.00225 −0.545 0.0157 0.078 0.758 −0.651 0.00252 −0.0785 0.757

Fadsd6b EPA −0.797 2.54E-05 −0.871 5.73E-07 −0.664 0.00193 0.0618 0.807 −0.815 2.18E-05 −0.602 0.00817

Fadsd6b ARA 0.563 0.0121 0.616 0.00383 0.677 0.00146 0.0925 0.715 0.743 0.000267 0.891 6.91E-07

Fadsd6b 20C −0.797 4.41E-05 0.115 0.63 −0.442 0.0583 0.139 0.583 −0.587 0.00825 0.0596 0.814

Fadsd6b ALA −0.204 0.388 0.115 0.63 0.469 0.0428 −0.311 0.209 0.719 0.000521 0.588 0.0103

Fadsd6b LNA 0.0251 0.921 0.68 0.000975 0.382 0.107 −0.233 0.353 0.649 0.00264 0.658 0.00298

Fadsd6b 18C −0.289 0.217 0.626 0.00318 0.398 0.0916 −0.251 0.315 0.668 0.00179 0.652 0.00337

Fadsd6b n-3 −0.86 1.18E-06 −0.724 0.000305 −0.597 0.00693 −0.0149 0.953 −0.7 0.000846 −0.215 0.392

Fadsd6b n-6 0.332 0.153 0.848 2.39E-06 0.589 0.00795 −0.0834 0.742 0.818 0.000019 0.868 3.01E-06

Fadsd6b 18:4n-3 0.398 0.082 0.561 0.0101 0.402 0.0878 −0.312 0.208 0.693 0.001 0.494 0.0372

Fadsd6b 20:3n-3 −0.661 0.00152 −0.244 0.301 −0.257 0.287 −0.0995 0.694 −0.196 0.422 −0.361 0.142

Fadsd6b 20:4n-3 −0.747 0.000154 −0.486 0.0298 −0.591 0.00766 −0.0261 0.918 −0.634 0.00358 −0.184 0.466

Fadsd6b 22:5n-3 −0.767 8.07E-05 −0.363 0.116 −0.706 0.000726 −0.00297 0.991 −0.832 1.02E-05 −0.555 0.0167

Fadsd6b 18:3n-6 0.194 0.414 0.783 0.000045 0.696 0.000939 −0.0961 0.704 0.894 2.52E-07 0.891 6.99E-07

Fadsd6b 20:3n-6 0.736 0.000217 0.887 4.2E-07 0.742 0.000279 0.08 0.752 0.871 1.22E-06 0.932 1.82E-08
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in the freshwater vs. marine environment. It also depends on the
strains that are being compared.

After 16 weeks of feeding, both liver and muscle showed
differences due to treatment effect, strain, and diet. In terms of
LC-PUFA, EPA and DHA were lower in both strains fed the FO-
free diet, but both strains fed the FO-free diet showed similar
levels of EPA and DHA in liver and muscle. Interestingly, total
n-6 and ARA were highest in the SJR strain fed the FO-free diet.
Because the FO-free diet had lower ARA than the FO diet, storage
of ARA in the SJR strain suggests synthesis from dietary LNA.
This was not the case in the GL strain fed the FO-free diet. In
terms of the LC-PUFA precursors, LNA storage was lower in both
strains fed FO diets, but SJR salmon fed the FO-free did not differ
among any treatment groups. ALA storage in the liver depended
on strain, not diet, and was higher in the GL strain than in the
SJR strain that were fed FO-free diets. Total MUFA, OA and
C18 PUFA were higher in the liver of GL salmon compared to
SJR salmon, both fed FO-free diets. Interestingly, total PUFA was
higher in the liver of SJR salmon than that of GL salmon fed FO-
free diets, perhaps as a result as higher n-6 (particularly ARA),
since total n-3 did not differ between SJR and GL salmon fed FO-
free diets. Together, these results suggest an affinity for the SJR
strain toward n-6 PUFA synthesis, under circumstances where
dietary n-3 LC-PUFA are lacking (i.e., FO-free diets). However,
both strains showed similar results for EPA and DHA: lack of
dietary FO reduced storage of EPA and DHA in liver and muscle
tissue, and the level of EPA and DHA stored in either strain were
not different when fed an FO-free diet. These results are similar
to that observed in Betancor et al. (2016) comparing muscle
tissue n-3 LC-PUFA contents between a landlocked strain and
commercial population.

However, in the study by Peng et al. (2003), their results
suggest higher synthesis and storage of the n-3 LC-PUFA in the
anadromous strain compared to the landlocked strain. In that
study, whole body phospholipids of the anadromous fry were
characterized by higher n-3 LC-PUFA, total n-3 PUFA, total
PUFA levels, as well as the n-3/n-6 ratio, in the anadromous fry
compared to the landlocked strain (Peng et al., 2003). In our
study, total n-3 PUFA was higher in the GL strain in the liver and
total n-6 PUFA was higher in the SJR strain. While the results
of our study indicate that the conversion of dietary ALA to n-
3 LC-PUFA and LNA to n-6 LC-PUFA was carried out in both
strains, it was in a different pattern. This was also previously
reported by Rollin et al. (2003).

Collectively, the results in the present study suggest that GL
salmon have a higher affinity or capacity for MUFA synthesis
and/or storage, while SJR has more affinity or capacity for n-6
PUFA synthesis and storage. Although EPA and DHA storage was
generally the same between GL and SJR strains fed FO-free diets,
based on FA liver and muscle storage, GL seems to have overall
greater n-3 PUFA storage compared to SJR, as well as C18 PUFA
synthesis and storage, while SJR appears to have greater n-6 PUFA
storage. The liver FA composition can reflect higher metabolic
activity (including LC-PUFA biosynthesis), and was clearly more
influenced due to strain, rather than diet, while the muscle was
clearly more influenced by diet. However, transcript expression
in liver can affect the FA composition of muscle (Xue et al., 2015;

Betancor et al., 2016; Hixson et al., 2017). This highlights the
bottleneck between increased biosynthetic capacity to produce n-
3 LC-PUFA in liver toward increased storage of n-3 LC-PUFA in
muscle. This is of interest for future work for SJR salmon to store
higher EPA and DHA in filets for consumers.

Transcript Expression in Liver
At week 0, prior to the introduction of the experimental diets,
there were constitutive transcript expression level differences
between the SJR and the GL strains, demonstrating the inherent,
biological differences between strains, as was observed in the
FA profiles (see Figure 1). For example, the GL strain showed
significantly higher levels of elovl5b, acac, scdb, acox1, pparaa,
fabp3b, fabp10a, and pgds compared to the SJR strain. On the
other hand, fadsd6a was higher in the SJR strain. The significantly
higher levels of de novo FA synthesis transcripts (i.e., acac and
scdb) were also reflected in MUFA levels in the liver of the
GL strain at week 0 (see Figure 1B and Table 4). Elovl5b
has been previously shown to have a role in MUFA synthesis,
besides C18 PUFA elongation (Morais et al., 2009; Tripathy et al.,
2014). This result could indicate a higher lipogenic and possible
higher glycolytic activity in the GL strain compared to the SJR
strain, which could suggest a better use of carbohydrate as a
source of energy and adapting to lower dietary LC-PUFA using
carbohydrate or protein. In fact, there is evidence to suggest
that landlocked salmon have improved metabolic capacity to
utilize dietary carbohydrates compared to the commercial strain,
based on post-prandial plasma glucose levels after feeding a
high starch diet (Betancor et al., 2018). Although these results
suggest higher lipogenesis and de novo FA synthesis in the GL
strain, the peroxisomal FA oxidation transcript, acox1 (which
assists in breaking down lipids and fatty acids), was also more
highly expressed in the GL strain, which is slightly contradicting.
However, this could explain the lower levels of ARA and EPA at
week 0 in the liver of the GL strain compared to the SJR strain,
as 22:5n-6 and DHA may have been retro-converted via acox1,
especially with its known affinity toward very long chain FA. The
SJR strain showed a higher level of the FA desaturation transcript,
fadsd6a, which could support the observation of higher levels of
ARA and EPA in liver.

At week 0, liver transcript expression levels of master regulator
pparaa were 3-fold higher in the GL strain compared to the
SJR strain (see Figure 1D). Pparaa is one of the primary
regulators of LC-PUFA biosynthesis through fadsd2 (the first step
of elongating C18 FAs; Dong et al., 2017). Unfortunately, fadsd2
transcript levels were not determined in this study. However, the
higher levels of FA transport transcripts, fabp3b and fabp10a,
in the GL strain may suggest a higher ability of FA uptake,
intracellular transport, and metabolism of LC-PUFA in the GL
strain compared to the SJR strain. Pgds, encoding prostaglandin
D2 (PGD2) synthase, was expressed at 3-fold higher levels in
the liver of the GL strain compared to the SJR strain at week
0, suggesting higher basal levels of PGD2 mediators in the GL
strain. This suggests that there may be underlying differences
in the inflammatory state of these two strains at week 0, prior
to feeding experimental diets. Previous research has shown
that Atlantic salmon (SJR strain) fed a terrestrial-based diet
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(based on animal byproducts and vegetable oil) showed lower
hepatic EPA/ARA which correlated with increased expression of
hepatic pgds (Caballero-Solares et al., 2020). Another study found
negative correlations between the transcript expression of hepatic
pgds with DHA and the sum of EPA + ARA + DHA (Katan
et al., 2019). While both of these previous studies indicate dietary
impacts on hepatic pgds expression, in the present study, the fact
that both strains were fed the same commercial diet prior to
week 0, and yet had different pgds expression, is interesting and
warrants further investigation.

At week 16, both strains of salmon fed the FO-free diet showed
higher expression levels of transcripts involved in elongation or
desaturation, and de novo FA synthesis pathways (i.e., elovl2,
fadsd5, fadsd6a, fadsd6b, and fasb) compared to the FO treatment
(see Figures 2A,B). This is likely in response to lower dietary EPA
and DHA content, as it has been well characterized for Atlantic
salmon, that feeding diets with low dietary EPA and DHA content
causes higher expression levels of transcripts involved in the
LC-PUFA biosynthetic pathway (e.g., Thomassen et al., 2012;
Glencross et al., 2015; Xue et al., 2015; Hixson et al., 2017; Mock
et al., 2019). In the liver, the SJR strain showed higher expression
levels of fadsd6a compared to the GL strain when fed the FO-
free diet. However, the GL strain fed the FO-free diet showed
higher transcript expression levels of elovl5b compared to the
SJR strain fed both diets. Both fadsd6a and elovl5b showed a
significant strain effect in this study. Interestingly, ARA levels
in the liver were higher in the SJR strain compared to the GL
strain fed the FO-free diet, but there were no differences in EPA
and DHA levels between strains fed the FO-free diet. This raises
questions with regard to the role of fadsd6a compared to fadsd6b
in n-6 LC-PUFA biosynthesis, since only fadsd6a transcript
expression differed between the strains fed the FO-free diet.
This is an interesting result because there are three potentially
functional fadsd6 gene paralogs in Atlantic salmon, and each
appeared to show a different pattern of regulation in response to
a diet that was primarily vegetable oil-based in a farmed salmon
stock (Monroig et al., 2010). The results in the present study
regarding the LC-PUFA biosynthesis pathway are quite different
than those found by Betancor et al. (2016). In that study, in liver
of landlocked salmon, expression levels of transcripts involved
in desaturation or elongation were higher than the commercial
anadromous strain, regardless of diet. That study also found
that the landlocked population did not show the same response
to a rapeseed oil diet as the commercial strain, because the
landlocked strain did not show a difference in expression of
hepatic transcripts involved in LC-PUFA biosynthesis, regardless
if they were fed the FO-free diet or a FO-based diet (Betancor
et al., 2016). Our study clearly indicates that both the SJR
strain and the GL strain responded differently to the FO-free
diet compared to the FO diet. The contrasting results between
the present study and that of Betancor et al. (2016) suggest
genetic and metabolic adaptational differences among various
landlocked salmon populations.

On the other hand, in liver, the GL strain fed the FO-free
diet appeared to show higher expression levels of transcripts
involved in de novo FA synthesis (acac and acly), as well as
higher fold-change differences between FO-free and FO diets

groups, compared to the SJR strain. For example, this was clear
for acac and acly, which were higher in the GL strain fed the
FO-free diet compared to the SJR strain fed the FO-free diet.
For acac, the GL strain showed a > 3-fold significant difference
between the FO-free and FO treatments, compared to the SJR
strain, which showed a 2-fold difference (not significant) between
diet treatments. For fasb, although the comparison between
strains fed the FO-free diet was not significant, there was a
significant difference within the GL strain, which showed a > 8-
fold difference comparing the FO-free and FO treatments, as
well as a significant difference within the SJR strain, which
showed a 5-fold difference. This is further supported with a
significant strain effect in all of the targeted de novo FA synthesis
transcripts (see Supplementary Table 3). This is also evident in
the higher levels of MUFA in the liver of the GL strain fed the
FO-free diet compared to the SJR strain fed FO-free diets. These
results suggest that the GL strain shows a stronger association
with MUFA synthesis when fed the FO-free diet than the SJR
strain. It is also worth noting that de novo lipogenesis plays
an important role in carbohydrate metabolism in salmonids,
with excess glucose transformed into fatty acids through de
novo lipogenesis (Polakof et al., 2011). With the GL strain
showing greater expression of transcripts related to de novo FA
synthesis in this study, this may suggest improved utilization
of dietary carbohydrates compared to the SJR strain. This was
found previously, where landlocked salmon performed better
than the commercial strain when fed a high-carbohydrate diet
(Betancor et al., 2018).

Fatty acid desaturation, either by MUFA biosynthesis via scdb,
or by LC-PUFA biosynthesis via fadsd, may be an attempt to
balance cell membrane fluidity and structure in salmon that have
been fed the FO-free diet. Additionally, MUFA has a known role
in immunity in mammals (Yaqoob, 2002) and can be considered
as anti-inflammatory, at least when compared with SFA (Rocha
et al., 2017). Also, the desaturation and the elongation pathway
(i.e., elovl and fadsd) helps to maintain balance within anti- and
pro-inflammatory eicosanoid production in the liver through
EPA, DHA and ARA levels stored in the liver. EPA, DHA,
and ARA are precursors of eicosanoids that are part of the
inflammatory and immune response of salmon (Sissener et al.,
2020). Pparaa, a key negative regulator of inflammation (Bishop-
Bailey, 2000; Bocher et al., 2002), was more highly expressed in
the GL strain fed the FO-free diet compared to the SJR strain
fed the FO-free diet. A major role of pparaa is in controlling
the reversible induction of β-oxidation, especially in liver, as
a response to changing energy requirements and nutritional
status (Leaver et al., 2007). Pparaa has also been shown to
induce expression of target genes involved in FA oxidation
and stimulated FA oxidation in mice (Goto et al., 2011). In
addition, the GL strain in this study fed the FO-free diet also
showed significantly higher levels of acox1, which encodes a
protein that oxidizes LC-PUFA, compared to the GL strain and
the SJR strain fed the FO diet. Regarding inflammation, this
suggests that the GL strain may be upregulating pparaa and
acox1 to oxidize ARA in order to resolve possible inflammation
in the liver, due to the lack of dietary FO. The SJR strain,
on the other hand, showed lower expression levels of pgds
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(inflammation-related transcript) when fed the FO-free diet
(compared to all other treatments), which may be part of their
adaptation to lack of dietary FO. With higher levels of ARA
(pro-inflammatory) in the liver of the SJR strain fed FO-free
diet, the downregulation of pgds could help balance the possible
pro-inflammatory status. Together, these results may suggest that
the two strains responded to the FO-free diet differently: the
GL strain possibly preferred oxidation of LC-PUFA (ARA) to
counteract inflammation, while the SJR strain downregulated
pgds to help reduce inflammation. While these are different
strategies, both pathways may be in response to balance the
inflammatory status that may have been caused by the FO-free
diet, which warrants further investigation.

Both pparaa and srebp1 have a major influence in regulating
LC-PUFA biosynthesis. The response of pparaa to dietary FA
could be a factor in the LC-PUFA biosynthesis abilities among
fish (Dong et al., 2017). In the current study, srebp1 was
upregulated in salmon fed the FO-free diet in both strains.
However, this upregulation was significantly higher in the GL
strain compared to the SJR strain, fed the FO free diet. Higher
levels of EPA and DHA decreased srebp1 transcript levels in
a salmon cell line (Davidson, 2005), and a similar observation
was previously reported in a study exploring the genotype
effect on Atlantic salmon that were fed diets where FO was
replaced (Morais et al., 2011). It is possible that the higher
upregulation of srebp1 (which influences regulation of LC-
PUFA biosynthesis) in the GL strain (and higher fold-change
compared to the SJR strain) might help to overcome the effect
of acox1 (oxidation of longer chain FA); however, this was
not reflected in the liver EPA and DHA content, since the GL
strain and SJR strain were not different. Interestingly, another
landlocked salmon population fed a rapeseed oil diet showed
stimulation in lipogenic gene expression (fas, pparg, g6pd) as
well as an inhibition in lipolysis pathways (cpt2, hoad, aco),
indicating a higher capacity for lipogenesis together with limited
lipolysis (Betancor et al., 2016). This is somewhat different
than our results, again, suggesting that different landlocked
populations with different genetic backgrounds respond to FO-
free diets differently. Further studies are required to understand
the impact of diet and strain differences on phospholipid and
cholesterol metabolism.

The FA transport transcripts responsible for FA uptake,
intracellular metabolism, and transport of LC-PUFA, fabp3a and
fabp3b, were expressed at higher levels in both strains of salmon
in this study fed the FO-free diet compared to the FO diet.
These transcripts were also significantly upregulated in salmon
fed diets that were primarily terrestrial-based in a previous study
(Caballero-Solares et al., 2018). Another FA transport transcript,
cd36c, was also expressed at higher levels in the GL strain
compared to the SJR strain, fed the FO-free diet. In another
study, cd36c was highly expressed in Atlantic salmon that were
fed a diet that replaced 70% of FO and 80% of FM in the diet
(Torstensen et al., 2011). These results may indicate a higher FA
turnover in tissues of fish fed FO-free diets compared to the FO
diet, which also reflects the major role of the master regulator,
pparaa (Fruchart et al., 1999).

Transcript Expression in Muscle
At week 0, prior to introduction of the experimental diets,
expression levels of several transcripts were higher in muscle
from the GL strain compared to the SJR strain: elovl5a, fadsd5,
fadsd6a and fadsd6b (involved in FA elongation or desaturation),
as well as acac, scdb and fasb (involved in de novo FA synthesis),
and transcription factors (pparaa and srebp1). In contrast,
the transport-related transcript biomarker, cd36c, was higher
expressed in the SJR strain compared to the GL strain. This
indicates constitutive differences in muscle transcript expression
between the strains.

After 16 weeks, the FA desaturation-related transcript,
fadsd6b, was significantly higher expressed in the GL strain fed
the FO-free diet compared to the SJR strain fed the FO-free
diet, and was expressed at the same level in both strains fed
the FO diet. Fadsd6a, on the other hand, was not significantly
differentially expressed in the GL strain compared to the SJR
strain fed either diet. The different results observed between
fadsd6a and fadsd6b are not surprising, since it has been shown
that Atlantic salmon show a different pattern of regulation for
these genes in response to a diet that was primarily vegetable
oil-based (Monroig et al., 2010).

With the exception of acly. the targeted de novo FA synthesis
transcripts were significantly impacted by diet, as shown in the
two-way ANOVA (see Supplementary Table 5). Strain was also a
significant factor for acac and scdb. Considering the diet effect
within the GL strain, acac expression levels were significantly
higher in those fed the FO-free diet than the FO diet (although
the fold-change difference was not significantly higher), but non-
responsive to the FO-free diet in the SJR strain. Although fasb
expression levels were not different among all treatments, there
was a significant strain effect, and it was > 2-fold induced by the
FO-free diet in muscle of GL strain salmon, but non-responsive
to FO-free diet in the SJR strain. These results suggest that both
strain and diet affect acac and scdb expression levels in the muscle.
In comparison, the liver more clearly demonstrated that the GL
strain upregulated the targeted de novo FA synthesis transcripts to
a greater degree than the SJR strain when challenged with a FO-
free diet, which was also found in a previous study that compared
hepatic transcript expression between a landlocked salmon strain
and a commercial strain (Betancor et al., 2016, 2018).

A major regulator of FA metabolism, srebp1, showed a similar
expression level between the GL strain and SJR strain fed the FO-
free diet. However, for srebp1, GL fish muscle tissue responded
significantly to the FO-free diet (> 2-fold up-regulated compared
with FO diet), whereas SJR fish muscle tissue did not. Typically,
the liver is known as the main site for lipid metabolism, however,
the fold-change differences of srebp1 in the muscle due to diet
suggest its relevance in FA metabolism and FA storage directly in
the muscle, particularly in the GL strain, where the effect of the
FO-free diet was more impactful.

The transport-related transcript, fabp3b was significantly
and similarly higher in muscle of both strains of salmon
fed the FO-free diet compared to the FO diet. This diet
effect was different than in liver, where FA transport differed
between strains. Unlike liver, expression of inflammation-related
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transcripts, pgds and lect2a, were not differentially expressed
among treatments in muscle.

Multivariate and Correlation Analyses
The PCoA of the liver revealed a clear separation due to diet
treatment. For the FO group, the two strains are intermixed.
But for the FO-free group, there is a separation between the GL
and SJR strain (see Figure 5). The correlated vectors indicate
that the separation is due to several transcripts and several
n-6 FA. For example, the GL strain was associated with the
expression of elovl5a, elovl5b, elovl2, fadsd6b, fadsd5, as well as
storage of MUFA, specifically OA, in the liver. This suggests
that the GL strain is working to metabolize dietary FA to
synthesize longer, more unsaturated chains. The SJR strain
was more closely associated with 18:3n-6, 20:3n-6, 22:5n-6 and
22:4n-6. The separation between strains is not as evident in
muscle (see Figure 6) as it is in the liver, indicating that diet
is still the strongest factor in determining muscle FA content.
Similarly, in the Rottiers (1993) study, commercial anadromous
and landlocked Atlantic salmon strains could not be separated
by discriminant analysis into separate groups. In another study,
LC-PUFA biosynthesis-related transcripts, other than fadsd6,
clustered with n-3 PUFA in landlocked salmon, whereas in the
commercial farmed strain, all the transcripts clustered with n-6
PUFA (Betancor et al., 2016). These previous studies are similar
to our results regarding the cluster of n-6 PUFA in association
with the SJR strain. The relationship of n-6 PUFA with the SJR
strain was also evident in the number of significant correlations
between liver transcript expression of elovl5a, elovl5b, elovl2,
fadsd5, fadsd6a, and fadsd6b with liver and muscle n-6 PUFA
(see Table 8), compared with the GL strain which showed more
significant correlations with n-3 PUFA.

Eicosapentaenoic acid and DHA were negatively correlated
with transcripts involved in LC-PUFA synthesis (elovl5a, elovl5b,
elovl2, fadsd5, fadsd6a, and fadsd6b) in the liver in both strains
(see Table 8), indicating that low levels of these FA in the liver
causes upregulation of these transcripts, and vice versa; high
levels of these FA result in down regulation of these transcripts.
This type of feedback loop has been reported in other studies
(e.g., Glencross et al., 2015; Betancor et al., 2016; Colombo et al.,
2018). However, this was not the case for ARA (the n-6 LC-PUFA
end-product) which was positively correlated with transcript
expression. Total n-6, 18:3n-6 and 20:3n-6 were also positively
correlated with these transcripts, for both strains, suggesting that
high levels of precursors induce LC-PUFA biosynthesis pathways.
This could mean that high tissue levels of n-6 PUFA result in
upregulation of transcripts involved in LC-PUFA biosynthesis
for synthesizing n-3 LC-PUFA, when n-6 is already abundantly
stored in the muscle and liver.

CONCLUSION

Overall, there were clear, strain-related differences in growth
performance, fatty acid content and transcript expression in liver
(and to a lesser extent in muscle) comparing the GL strain to the
SJR strain. Diet affected transcript expression differently for the

GL strain compared to the SJR strain regarding FA metabolism.
Growth performance of salmon fed the FO diet was poorer in the
GL strain compared to the SJR strain. The conversion of dietary
ALA to n-3 LC-PUFA and LNA to n-6 LC-PUFA were carried out
in both strains; however, storage of EPA and DHA in the muscle
tissue was not different between strains when they were fed the
FO-free diet. The GL strain showed relatively higher transcript
expression levels in the liver with regard to de novo FA synthesis
compared to the SJR strain when fed the FO-free diet. The results
of this study suggest there is a genetic basis behind the potential
for GL salmon to utilize the FO-free diet differently than SJR
salmon, with regard to lipid metabolism and FA synthesis, for
further broodstock development of the commercial SJR strain.
The next stage in being able to fully realize the potential that
the GL strain has toward FA synthesis is improving this trait
through selection.
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Supplementary Figure 1 | qPCR analyses of transcripts with functional
annotations related to lipid metabolism, cholesterol metabolism, eicosanoid
pathways and inflammation in liver of pooled samples representing the 6 groups in
this study. As an initial screen to help select transcripts to analyze in individual
samples, qPCR analysis was performed to measure transcript expression levels in
cDNA pools (n = 10 individuals per pool) generated for each of the 6 groups in this
study [i.e., Grand Lake (GL) Week 0 and Saint John River (SJR) Week 0 (A), and
GL Week 16 [fish oil (FO) diet and FO free-diet] and SJR Week 16 (FO diet and
FO-free diet)] (B). These transcripts include those involved in fatty acid (FA)
elongation or desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle
or oxidation (panel C), transcription factors (panel D), transport (panel E),
cholesterol metabolism (panel F), and inflammation (panel G). Transcript levels are

presented as relative quantity (RQ) values (i.e., values for the transcript of interest
were normalized to both ef1a1 and rpl32 transcript levels and were calibrated to
the pooled sample with the lowest normalized expression level of that given
transcript). ∗ Indicates the 21 transcripts that were assessed in individual
samples.

Supplementary Figure 2 | qPCR analyses of transcripts with functional
annotations related to lipid metabolism, cholesterol metabolism, eicosanoid
pathways and inflammation in muscle of pooled samples representing the 6
groups in this study. As an initial screen to help select transcripts to analyze in
individual samples, qPCR analysis was performed to measure transcript
expression levels in cDNA pools (n = 10 individuals per pool) generated for each of
the 6 groups in this study [i.e., Grand Lake (GL) Week 0 and Saint John River
(SJR) Week 0 (A), and GL Week 16 [fish oil (FO) diet and FO free-diet] and SJR
Week 16 (FO diet and FO-free diet)] (B). These transcripts include those involved
in fatty acid (FA) elongation or desaturation (panel A), de novo FA synthesis (panel
B), Krebs cycle or oxidation (panel C), transcription factors (panel D), transport
(panel E), cholesterol metabolism (panel F), and inflammation (panel G). Transcript
levels are presented as relative quantity (RQ) values (i.e., values for the transcript
of interest were normalized to both ef1a1 and pabpc1 transcript levels and were
calibrated to the pooled sample with the lowest normalized expression level of that
given transcript). ND indicates that this transcript (elovl5b) was not expressed at
detectable levels at week 0. The ∗ indicates the 21 transcripts that were assessed
in individual samples.

Supplementary Table 1 | Primers used in qPCR studies.
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