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ABSTRACT

The first trial compared tissue omega-3 long chain polyunsaturated fatty acid (n-3 LC-
PUFA) content between the landlocked Grand Lake strain (GL) and the farmed Saint John River
(SJR) strain. After 16 weeks, GL and SJR salmon fed the fish oil-free diet had a similar n-3 LC-
PUFA level in the muscle and liver. The significantly highest muscle DHA level was observed
in the GL/control diet, showing that GL strain conserved a higher muscle DHA content than SJR
strain when fed the control diet. GL strain had a genetic potential of increased muscle n-3 LC-
PUFA storage.

In the second trial, fifty Atlantic salmon families of SJR strain were offered a control or
a fish oil-free diet. After 16 weeks, the n-3 LC-PUFA level clearly upregulated in tissue when
fed the fish oil-free diet. Certain families exhibited the affinity to n-3 fatty acid storage when
fed the fish oil-free diet.
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CHAPTER 1. INTRODUCTION
1.1 RATIONALE

Post-smolt Atlantic salmon require 1 to 1.5% (10 to 15 g/kg) of omega-3 long chain
polyunsaturated fatty acids (n-3 LC-PUFA) in the diet for optimal growth (Glencross et al., 2014;
Bou et al., 2017a; Huyben et al., 2021a). Fish oil supplies the major source of n-3 LC-PUFA in
aquaculture (FAO, 2022). This is a challenge in aquaculture to continuously supply dietary n-3
LC-PUFA from finite wild fisheries. Terrestrial plant oils such as canola oil and camelina oil,
have been used as alternative oils in aquaculture feeds. However, they do not naturally provide
essential n-3 LC-PUFA, DHA and EPA. The deficiency of n-3 LC-PUFA negatively affects fish
growth and health. Salmonids can synthesize a part of n-3 LC-PUFA from the n-3 precursor
(Hixson et al., 2014a; Tocher, 2015). Moreover, freshwater landlocked Atlantic salmon (Salmo
salar) have a higher capacity for n-3 LC-PUFA biosynthesis compared with the farmed strain
(Betancor et al., 2016). The trait of LC-PUFA synthesis is strongly related to both the genetic
effect and dietary effect (Leaver et al., 2011; Horn et al., 2018).

The objective of the current study was to compare enhanced n-3 LC-PUFA content and
storages between freshwater landlocked and commercial Atlantic salmon in North America. If
the landlocked strain exhibited significantly better n-3 LC-PUFA content and storage when fed
a diet without fish oil or n-3 LC-PUFA, it would be potentially a valuable genetic resource for
the commercial Atlantic salmon broodstock and reduce the demand for fish oil as a source of n-
3 LC-PUFA in the diet. Similarly, the ability of n-3 LC-PUFA storages in the fish muscle and
liver were compared among fifty families within a commercial strain of Atlantic salmon in the
second experiment. Families with the best or lowest growth performance were analyzed for fatty
acid composition. The analyses determined whether there were significant differences in the n-
3 LC-PUFA content in the fish muscle and liver among selected families. SJIR families with
enhanced n-3 LC-PUFA content have the genetic potential for future commercial broodstock

programs.

1.2 THE PRODUCTION AND NUTRITIONAL VALUE OF ATLANTIC SALMON
From 2000 to 2020, the global production of Atlantic salmon tripled from 0.9 million
tonnes to 2.7 million tonnes (FAO, 2022, p. 43). During the same period, Grass carp

(Ctenopharyngodon idellus) production increased from 3 million tonnes to 5.8 million tonnes,



representing the highest finfish production in the world (FAO, 2022, p. 43). It was followed by
Silver carp (Hypophthalmichthys molitrix), Nile tilapia (Oreochromis niloticus), Common carp
(Cyprinus carpio), Bighead carp (Hypophthalmichthys nobilis), and Atlantic salmon. In terms
of the nutritional value, a 100 g farmed Atlantic salmon fillet contains about 18% protein, 12 %
lipid and provides approximately 1 g of eicosapentaenoic acid (EPA) plus docosahexaenoic acid
(DHA) (Jensen et al., 2012). The muscle absolute content of EPA and DHA (g/100g) is
approximately 0.06 in Grass carp, 0.5 in Bighead carp (Pyz-Lukasik and Kowalczyk-Pecka,
2017), 0.08 in Nile tilapia, and 0.2 in Common carp (Usydus et al., 2011). The dietary
recommendation of EPA and DHA consumption is between 0.2 - 0.5 g/day for an adult, in order
to lower the risk of cardiovascular and inflammatory disease (EFSA, 2012). By comparison to
cyprinids, farmed Atlantic salmon provides a superior content of EPA and DHA for human
consumption. Atlantic salmon production accounted for 33% of marine and coastal finfish
aquaculture worldwide in 2020 (FAO, 2022. p.43). The growing demand for farmed fish,
including Atlantic salmon, stimulates the expansion of aquaculture production and increases the
demand for aquaculture feed. The pricey fish meal and fish oils for aquafeeds are gradually
substituted with cheaper vegetable ingredients in the aquaculture production, which inevitably
changes the tissue fatty acid composition, particularly EPA and DHA in the final fish product
(Hixson et al., 2014a; Sprague et al., 2016; 2020).

1.3 ATLANTIC SALMON LIFE HISTORY

Atlantic salmon is native to temperate regions in the northern hemisphere of eastern North
America to northwestern Europe and Russia. Atlantic salmon mostly exhibit an anadromous life
cycle. They start their lives in freshwater streams where eggs hatch, and develop into alevin, fry
and parr - three forms of salmon early life stages. Young salmon in fresh water go through a
physiological process called smoltification before migration to the marine environment where
they grow rapidly. Mature Atlantic salmon in the ocean return to spawn at their natal freshwater
environment, which usually occurs in late autumn until early winter (Thorstad et al., 2011, p.
14). Depending on the geographical variations, food availability and flexible migratory patterns,
some salmon populations have a different life history and experience a short migration distance
or even live in the freshwater environment their whole life. They are termed landlocked Atlantic

salmon (refer to Chapter 1.4).



Figure 1.1. The comparison of morphological characteristics between Atlantic salmon parr and
smolt (McCormick, 2012, p. 201).

Commercial salmon producers grow young salmon in land-based freshwater hatchery until
smoltification (Bergheim et al., 2009). This transformation from salmon parr to smolt is a
process that fish undergo in a series of changes in morphology, physiology and behavior to better
survive and thrive in a marine environment (McCormick, 2012, p. 199). In the northern
hemisphere, smolt development usually takes place in spring and is triggered by temperature
rise and a longer photoperiod (Bjornsson, 1997; McCormick 2012, p. 202). The morphological
differences between parr and smolt are apparent. Salmon parr have dark stripes/ parr marks with
some red spots in-between along its small body. Salmon smolts gradually lose their parr marks
and red spots, showing dark fin margins, gaining silver scales, and developing a slender body
shape (Fig 1.1). Smolts also display active swimming and schooling behaviors during this stage.
These changes could be partly explained by an elevated metabolic rate and a decreased lipid
content (McCormick and Saunders, 1987).

Morphological and physiological development are different between landlocked and
anadromous Atlantic salmon during the period of smoltification. The high incidence of early
sexual maturity in landlocked Atlantic salmon is associated with their smaller body size and
negatively affects their hypo-osmoregulatory ability in saltwater (Birt and Green, 1993).
Compared with the anadromous salmon, landlocked salmon show slower changes of losing parr
marks and silvering (Fig 1.1), and less salinity tolerance, survival rate and initial growth in

seawater (Birt et al., 1991; Nilsen et al., 2003; McCormick et al., 2019). Genetic and



physiological differences during the spring smoltification are evident between anadromous and

landlocked Atlantic salmon (Hauge et al., 2016).

1.4 LANDLOCKED ATLANTIC SALMON

Landlocked or freshwater Atlantic salmon (Salmo salar) have a non-anadromous life cycle,
characterized by good adaptation to the freshwater environment its entire life. Their morphology
is similar in appearance to anadromous Atlantic salmon. Native landlocked salmon inhabit
freshwater rivers or lakes in eastern North America, northern Europe and Russia (Hutchings et
al., 2019). Instead of swimming downstream to the ocean, juvenile landlocked salmon migrate
to freshwater lakes until maturation and then return to spawn at their natal rivers. The emergence
of landlocked salmon is probably due to the geographical isolation between inland waters and
the ocean. About ten thousand years ago, the retreat of glaciers driven by warming climate
shaped the landscape and created ice-melting water lakes. These Atlantic salmon populations
have been gradually developing the adaptation to inland freshwater ecosystem (Berg, 1985;
Lumme et al., 2016). Some landlocked salmon populations in Newfoundland have no
geographical barriers to the sea (Hutching et al., 2019). Certain freshwater salmon populations
in Magaguadavic river, New Brunswick are not strictly “landlocked” and can move to the costal
environment for a period of time (Carr et al., 2005). This shows that the phylogeny of freshwater
landlocked salmon populations is diverse and geographically specific.

In Canada, landlocked Atlantic salmon are mostly reported in Quebec (Riley and Power,
1987; Leclerc et al., 1996) and Newfoundland (Hutchings et al., 2019). There are also landlocked
Atlantic salmon in Nova Scotia (Alexander, 1975; MacCrimmon and Gots, 1979) and New
Brunswick rivers (Carr et al., 2005). In Maine, USA, four populations of landlocked Atlantic
salmon were documented before 1868: Sebago Lake, West Grand Lake, Green Lake, and Sebec
Lake (Havey and Warner, 1985. p, 2; Pellerin and Pierce, 2015). According to an early restoring
management program in 1868, landlocked Atlantic salmon eggs were collected at the West
Grand Lake and then a year later, relocated to Lake Cathance. The Grand Lake stream hatchery
has been managing fish stocking right up to today in Maine (MDIFW, 2021a). Wild landlocked
salmon from the West Grand Lake are regularly captured and cultured in this hatchery, and then
released to rivers in Maine to support salmon populations. Currently, this facility produces about

80,000 fish every year to sustain sport angling in Maine, including landlocked salmon and brook



trout (Salvelinus fontinalis) (MDIFW, 2021b). The restoration and re-introduction of hatchery-
reared Atlantic salmon are also reported in Europe, such as Lake Vénern in Sweden, and Lake
Saimaa and Pielinen in Finland (Piccolo et al., 2012; Vehanen, 2006).

Lake surface area and food availability dictate the landlocked fish body size. Some
landlocked Atlantic salmon populations have a smaller body size of 10 to 30 cm when they
solely live in rivers and prey on aquatic insects (Hutchings et al., 2019). There is a significant
positive relationship between the maximum fish length and lake surface area according to a
study comparing 64 populations of landlocked salmon in North America and Europe (Hutchings
et al., 2019). Landlocked salmon can reach a fork length of 50 to 85 cm when prey is abundant.
The primary prey for wild salmonid is rainbow smelt (Osmerus mordax) in North America,
vendace (Coregonus albula) and European smelt (Osmerus eperlanus) in Europe. Fish fork
length at maturity is less than 50 cm in wild populations of landlocked Atlantic salmon, while it
is larger than 50 cm in wild anadromous salmon populations (Hutchings et al., 2019). There is
a wide variation in maximum fork length among different populations of landlocked Atlantic
salmon. For example, the landlocked Atlantic salmon population from West Grand Lake, Maine
reaches sexual maturity at 42 cm and has a maximum fork length of 54 cm (Havey and Warner,
1970; Hutchings et al., 2019). The fork length at maturity and the maximum length of
Gullspangsidlven population in Vénern, Sweden are double the West Grand Lake population
(Ros, 1981). Moreover, recreational angling has caused the depletion of the larger salmon in
Maine (MDIFW, 2021a), which indicates that some wild landlocked populations may no longer
achieve their historical maximum body size (Hutchings et al., 2019).

The ability of LC-PUFA biosynthesis in landlocked salmon can be stimulated when there
is poor dietary LC-PUFA in a freshwater environment. The potential mechanism is that
salmonids are stimulated to upregulate the ability of LC-PUFA biosynthesis to meet their
nutritional requirement due to the deficiency of LC-PUFA in the diet (Hixson et al., 2014c;
Betancor et al., 2016). Aquatic microalgae, as the primary producer of LC-PUFA, are consumed
and accumulated to higher trophic levels through the food chain (Sprague et al., 2016). Higher
forms of terrestrial plants do not de novo synthesize LC-PUFA, such as EPA and DHA
(Sayanova and Napier, 2004). Compared with the freshwater environment, the large amounts
and variety of microalgae and plankton such as diatoms and dinophytes, contain greater amounts

of EPA and DHA in the marine environment (Gladyshev et al., 2013). Sea-run Atlantic salmon



consume LC-PUFA rich food and store high EPA and DHA contents in their fish muscle. By
comparison, landlocked salmon have relatively high LNA (linoleic acid, 18:2n-6) and ARA
(arachidonic acid, 20:4n-6), indicating that they rely on freshwater diets from the nearby
terrestrial ecosystem (Parzanini et al., 2020). The trait of upregulated LC-PUFA biosynthesis in
landlocked Atlantic salmon, especially EPA and DHA, is highly valuable for producing future
generations of farmed Atlantic salmon.

The diverse life-histories and restoring management of landlocked Atlantic salmon
complicate the genetic lineages between landlocked Atlantic salmon and anadromous salmon.
In the present study, landlocked strain Atlantic salmon from Grand Lake Stream Hatchery, were
descendants of the West Grand Lake population in Maine (refer to Chapter 2.3.2). Previous
studies analyzed fin and scale samples from different salmon populations and reported that there
is a genetic difference between Maine landlocked strain Atlantic salmon and Canadian SJR
strain Atlantic salmon (King et al., 2000; 2001; Spidle et al., 2003). More specifically, the
genetic variation was presented by gene diversity, the total number of alleles across loci, and the
number of unique alleles. Genetic differences were investigated between West Grand Lake strain
Atlantic salmon and anadromous Atlantic salmon populations in Canada and Maine (Spidle et
al., 2003; King et al. 2001). Microsatellite DNA loci on the Atlantic salmon indicated that West
Grand Lake strain in Maine had significantly less genetic diversity and could be differentiated
from 27 other anadromous Atlantic salmon populations in North America, including the Saint
John River strain, NB (King et al., 2001). The mitochondrial DNA haplotype diversity in the
landlocked strain of West Grand Lake in Maine was estimated at 0.506, while it was 0.351 in
the SJR strain Atlantic salmon in NB, which had a significant difference in the heterogeneity of
haplotype frequency (King et al., 2000). In addition, Maine landlocked strains and North
American anadromous Atlantic salmon had fewer alleles and fewer unique alleles. They were
less historically developed compared with 13 other European anadromous Atlantic salmon

populations (King et al., 2001).

1.5 SAINT JOHN RIVER (SJR) ATLANTIC SALMON
In Atlantic Canada, SJR strain is the only permitted commercial Atlantic salmon strain for
production in sea-cages (Glebe, 1998; Quinton et al., 2005). During the 1970 - 1980s, the salmon

breeding programs in New Brunswick brought wild Atlantic salmon stocks from different rivers,
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including Saint John, Miramichi, Big Salmon, Dennis Streams, Digdeguash and Magaguadavic.
Both the wild SJR salmon stocks with superior growth performance and the salmon collected
from the Mactaquac Hatchery (Mactaquac Biodiversity Facility), NB, largely support the
production of SJR Atlantic salmon. Four separate year classes of Atlantic salmon were collected
by the Mactaquac Hatchery. This early breeding program lays the foundation of the genetic
improvement within the SJR strain. In the late 1980s, the Atlantic Salmon Broodstock
Development Program, which is based in St. Andrews, New Brunswick, gathered researchers
and salmon producers to further explore the genetic improvements of Atlantic salmon growth
traits (Quinton et al., 2005). Later, Cooke Aquaculture Inc. maintains and developed their own
SJR strain Atlantic salmon breeding program. The recent generations derived from the
Mactaquac Biodiversity Facility were produced in a paternal half-sibling design where fifty male
and one hundred female broodstock with the highest saltwater growth were cross-bred (Liu et
al., 2017).

Multiple integral traits are investigated in producing Canadian SJR strain Atlantic salmon
besides optimal fish growth (Friars et al., 1995; O’Flynn et al., 1999) and low early sexual
maturity rate (Boulding et al., 2019). Selection efforts also focus on harvest weight and meat
quality (Quinton et al., 2005), and disease resistance in parr (Holborn et al., 2018; 2020). Meat
quality includes flesh carotenoid pigments, flesh color, and fat content. In the present study, the
trait of LC-PUFA biosynthesis especially EPA and DHA, in fish muscle and liver are evaluated
in the SJR strain Atlantic salmon (refer to Chapter 3).

1.6 FISH NUTRITION IN THE FORMULATED DIET

The nutrition requirements of fish are broadly dependent on species, feeding habits, and
life stages (NRC, 2011). In the wild, freshwater herbivorous fish mainly feed on terrestrial
plants, which supply carbohydrates including starch, sugar, and fibre. Marine carnivorous fish,
such as salmonids have limited capacity to use carbohydrates and rather use lipids as the primary
storage of energy. Different food sources result in physiological differences in the digestive
systems between carnivorous and herbivorous or omnivorous fish, including the length and
structure of the intestine, enzyme activities, and microbial reactions in food digestion (Colombo,

2020, p. 54).



Fish cultured in aquaculture facilities require a variety of essential nutrients for growth and
reproduction: macronutrients including protein, lipid and carbohydrate; and micronutrients
containing amino acids, fatty acids, vitamins and minerals. Recommended protein level in the
diet for farmed Atlantic salmon ranges from 34 to 48% where salmon in the early development
requires a relatively higher protein than post-smolts Atlantic salmon (NRC, 2011, p. 70). The
level of soluble carbohydrates in the diets is less than 20% for carnivorous fish and ranges from
25 to 40% for omnivorous fish (Lall and Tibbetts, 2009). Commercial fish feeds contain 28 to
40% lipid for oily fish, such as Atlantic salmon. The lipid requirement for fish is affected by the
levels of protein and carbohydrate, which can be utilized as sources of energy. Dietary lipids
can serve as energy supply and spare protein consumption for energy. The lipid requirement for
Atlantic salmon is often determined by optimal growth and the requirement of essential fatty
acids, including a-linolenic acid (ALA, 18:3n-3), linoleic acid (LNA, 18:2n-6), EPA and DHA.
These essential fatty acids play an important role in lipid metabolism (refer to Chapter 1.8) and
can be stored in the salmon flesh for human consumption.

Freshwater landlocked salmon have relatively high levels of LNA and ARA (arachidonic
acid, 20:4n-6) in the muscle and liver, reflecting that they rely on freshwater diets in their
terrestrial ecosystem (Parzanini et al., 2020). The presence of EPA and DHA in the muscle and
liver demonstrates that landlocked salmon produce n-3 LC-PUFA for physiological needs when
they are conditioned by the lower levels of EPA and DHA in the freshwater diets (refer to
Chapter 1.9). Marine salmon have access to abundant n-3 fatty acids and acquire dietary ALA,
LNA, EPA and DHA through marine food chain (primary producers, invertebrates and small
pelagic fish). Thus, marine salmon are not under the pressure of EPA and DHA deficiency,
which may weaken the capability to synthesize LC-PUFA (Sargent et al., 2002). In the present
study, the LC-PUFA content in anadromous Atlantic salmon was compared with landlocked
salmon when they were fed a fish oil-free diet (refer to Chapter 2).

Vitamins are a group of organic compounds that are important cofactors for cellular
membrane integrity, endocrine regulation, and immune system function (Mai et al., 2022).
Minerals are a group of inorganic substances that fish require for sustaining tissues (mainly
skeletal structures), cellular ionic balance, and endocrine regulation (Lall, 2022).

Based on the understanding of fish nutrition requirements, the aquaculture feed industry

manufactures formulated fish feeds for optimal fish growth performance while considering the



cost and demand of the animal. Sourcing sustainable and economical feed ingredients without
compromising the fish growth and health requirements has been a key consideration in

aquaculture nutrition.

1.7 LIPID AND FATTY ACID CLASS IN FISH

1.7.1 Lipid Classes

Lipids are a group of fat-soluble organic compounds in plant and animal tissues, in the
form of triacylglycerol, phospholipids, sphingomyelins, waxes, and sterols. Dietary lipids play
an important role as the primary energy source for salmonids, and provide the structural

components of cell membranes, and the functional role of intracellular signaling (Turchini et al.,

2022).

ll-l:lll;-:m -1
n-l:p-:m an-2
n-@-:m -3
M
Glycerol

Figure 1.2. The structure of glycerol and an example of triacylglycerols (TAG) that have three
fatty acids, 18:0, 18:2n-6 and 18:1n-9. Three fatty acids are esterized to three sn positions when
enzymatic esterification occurs (Turchini et al., 2022, p. 310).

Triacylglycerols (TAG) are neutral lipids due to the absence of charged groups and acidic
or basic groups. They provide the primary energy storage and also the predominant lipid class
in fish tissues, dietary oils and fats (Turchini et al., 2022). In Atlantic salmon fillets, TAG
accounted for over 90% of the lipid, while phosphatidylcholine (a major phospholipid class) was
only 3.6% (Ruiz-Lopez et al., 2015). Triacylglycerols are composed of three fatty acids
esterified to three hydroxyl groups of glycerol in the TAG (Fig 1.2). Saturated and

monosaturated fatty acids are located at the sn-1 and sn-3 position, while polyunsaturated fatty
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acids and long-chain PUFA tend to locate at the sn-2 position (Tocher, 2003; Bell and Koppe,
2010).

Phospholipids (PL) are the major group of polar lipids or complex lipids. They are
comprised of a phosphatidic acid and a phosphate group. Phosphatidic acid contains two fatty
acids esterified to the glycerol. PL and sterols play an important role as the structural
components of cellular membranes and function as signaling molecules (Turchini et al., 2022,
p. 305). All lipid classes except cholesterol contain fatty acids in esterified form. LC-PUFA are
present in both PL and TAG. Farmed Atlantic salmon muscle lipids are 70 to 90% TAG (Bell et
al., 1998). Therefore, the present study focused on the fatty acid compositions in TAG in the
fish muscle and liver.

1.7.2 Fatty Acid Classes

Fatty acids contain a carboxylic acid (-COOH) with an aliphatic chain (-CH»-) and a methyl
end (-CHs). The carbon backbone of fatty acids is either saturated by hydrogen or unsaturated
when a double bond is formed. The number of double bonds (ethylenic bonds) ranges from zero
to six, indicating different degrees of unsaturation. Fatty acids which have only one double bond
are called monounsaturated fatty acids (MUFA). Unsaturated fatty acids containing two or more
double bonds are termed polyunsaturated fatty acids (PUFA). The chain length of a fatty acid is
defined by the number of carbon atoms. Polyunsaturated fatty acids contain 20 or more carbons
and those with >2 double bonds are termed long chain polyunsaturated fatty acids (LC-PUFA).
In some literature, HUFA refers to highly unsaturated fatty acids, which are comprised of more

than 18 carbons and more than 2 double bonds.

1.8 ROLES OF LC-PUFA IN TELEOSTS

Dietary LC-PUFA provides the functions of preserving energy, supporting cellular
membranes, and metabolic regulation in teleosts. These functions also reflect the important roles
of lipids in fish physiology.

1.8.1 LC-PUFA Oxidation

During the process of lipid metabolism, the oxidation of LC-PUFA can provide metabolic
energy; in reverse, the LC-PUFA are retained in TAG in fish lipids when enzymatic
esterification occurs (Tocher, 2003; Turchini et al., 2022, p. 311). The oxidation of LC-PUFA

as Co and Cy fatty acids, is at a significantly lower rate of energy release than the oxidation of



PUFA (18:2n-6 and 18:3n-3) in rainbow trout (Oncorhynchus mykiss) (Henderson and Sargent,
1985). The lipid level and total energy content in salmon feeds play a more significant role than
the oxidation of LC-PUFA on the growth of Atlantic salmon (Huyben et al., 2021a; 2021b)

1.8.2 LC-PUFA in Cellular Membranes

Fatty acids, including LC-PUFA, are a constituent of phospholipids (PL). Phospholipids
coupled with protein form the basic components of the cellular membrane, as lipid bilayers.
Marine fish have abundant DHA in neural membranes in brains and retinas. Lipid accounts for
up to 40% in neural tissue in marine fish; up to 40% of the total fatty acid is DHA in the
glycerophospholipid called cephalin (Glencross, 2009). In rainbow trout retinal cells, DHA is at
least 40% of the total fatty acids, while it is at least 70% in Atlantic cod (Gadus morhua) (Bell
and Dick, 1991). Juvenile herring (Clupea harengus L.) fed on a diet containing DHA show a
better visual performance and are active in predation at the low light intensity, compared to fish
fed a DHA-free diet (Bell et al., 1995).

The changes of the LC-PUFA content can affect cell membrane fluidity and regulate the
membrane proteins and enzymes (Tocher, 1995). There are multiple double bonds and more
complex chemical structures in LC-PUFA than saturated fatty acids. A higher portion of LC-
PUFA in PL bilayers extends the space between the molecules of PL and then, increases the
membrane fluidity. The enhanced membrane fluidity contributes to salmonid smoltification by
the increased water absorption in the fish gut when fish acclimate to the reduced water
temperature and increased salinity of the marine environment (Sundell and Sundh, 2012). The
alteration of fatty acid composition, particularly the higher percentage of n-3 PUFA in intestinal
membranes is observed in both Masu salmon (Oncorhynchus masou) and rainbow trout in
seawater (Li and Yamada, 1992; Ge et al., 2021).

1.8.3 LC-PUFA in Metabolic Regulation

Both n-3 and n-6 LC-PUFA are active in metabolic regulation. Within the cell, LC-PUFA
are ligands for transcription factors, which modulate the gene expression of fatty acid desaturase
and elongase (Leaver et al., 2018; Tocher, 2010). The n-3 and n-6 LC-PUFA often have opposite
effects on fish physiology but compete for the same fatty acid desaturase and elongase (Fig 1.4).
Outside the cell, the regulatory functions of LC-PUFA include both homeostasis and the stress
response in the endocrine system (Tocher, 2010; Turchini et al., 2022, p. 347). These regulations

are achieved by some LC-PUFA derivatives, such as eicosanoids, which are derived from



oxidized products of ARA (arachidonic acid, 20:4n-6), EPA, and DHA (Fig 1.3). Eicosanoids
are hormone-related mediators which regulate the fish immune and inflammatory response. In
general, eicosanoids derived from n-6 LC-PUFA have a proinflammatory effect and enhance
vascular permeability. Eicosanoids derived from n-3 LC-PUFA improve the inflammatory
response and help maintain the state of homeostasis (Serhan and Petasis, 2011). Consequently,
the imbalance of n-6 and n-3 LC-PUFA and their corresponding eicosanoids could reflect the
immune response in Atlantic salmon when they are under stress or in a compromised health

condition (Caballero-Solares et al., 2017; Seierstad et al., 2009).
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Figure 1.3. Structure and nomenclature of PUFA. FEicosapentaenoic acid (EPA),

(3 2

docosahexaenoic acid (DHA), and arachidonic acid (ARA). The symbol of “n” or “®” represents
the methyl end of the hydrocarbon chain (Cockbain et al., 2012).

1.9 FATTY ACIDS AND LC-PUFA BIOSYNTHESIS IN TELEOSTS

Lipogenesis is the de novo synthesis of fatty acids in fish liver and adipose tissue by
biosynthetic reactions. All vertebrates can de novo synthesize fatty acids to some extent. During
lipogenesis, exogenous or endogenous carbon sources are oxidized and then form acetyl-CoA
in mitochondria. Acetyl-CoA is catalyzed by a complex of seven enzymes called fatty acid
synthetase and then produces the main product of saturated fatty acids (SFA) 16:0 (NRC, 2011,
p. 105). Fatty acids synthesis of more than 16 carbons require both mitochondria and
microsomes. In microsomes, the chain elongation extends from 18:0 to 24:0 (Glencross, 2009).
Moreover, the desaturation of 16:0 (palmitic acid) and 18:0 (stearic acid) by microsomal A9
desaturases produce monounsaturated fatty acids (MUFA), 18:1n-9 (oleic acid) and 16:1n-7
(palmitoleic acid). Then, 18:1n-9 can be catalyzed by Al12 desaturase to make 18:2n-6. The
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production of 18:3n-3 from 18:2n-6 needs A15 desaturase. However, vertebrates lack A12 and
A 15 desaturases and cannot de novo produce 18:2n-6 and 18:3n-3 polyunsaturated fatty acids
(PUFA) (Pereira et al., 2003; Tocher 2003). Therefore, PUFAs are essential in the diets. Fatty
acids including SFA, MUFA, and PUFA are esterized into different lipid classes, for example,
TAG and phospholipids (PL). New lipids are stored in the fish liver, adipose tissue, and muscle
(red and white). The proportion of lipid storage in the fish liver contributing to the fish whole
body lipid storage varies with different fish species. For example, Atlantic cod (Gadus morhua)
and haddock (Melanogrammus aeglefinus) have fatty livers where the liver stores the most lipid
in the whole body (Zeng et al., 2010). In contrast, Atlantic salmon and rainbow trout primarily
store lipid in the adipose tissue in the muscle, even though the liver is the major site processing
lipids - TAG and PL, which involve fatty acid desaturation and chain elongation (Sargent et al.,
1993; Tocher, 2003).

In this study, the biosynthesis of LC-PUFA is the focus of discussion, especially n-3 LC-
PUFA, EPA and DHA. The liver is the main location of LC-PUFA biosynthesis in fish where a
series of fatty acid desaturation and chain elongation takes place. Vertebrates cannot produce
linoleic acid (LNA, 18:2n-6) and a-linolenic acid (ALA, 18:3n-3) from 18:0 due to the absence
of A12 and A1S5, fatty acyl desaturases (Tocher, 2003; Glencross, 2009). The desaturases of A12
(or n-6) desaturases and A15 (or n-3) are only present in natural plants. Therefore, 18:2n-6 and
18:3n-3 are essential fatty acids to vertebrates. Fatty acid 18:2n-6 is desaturated by AlS5
desaturase and creates 18:3n-3. In the reactions of the n-3 series on the left side of Fig 1.4,
dietary ALA (18:3n-3) is the precursor of EPA (20:5n-3), and DHA (22:6n-3). The pathways of
n-3 LC-PUFA biosynthesis demonstrate that ALA is converted to EPA and DPA (22:5n-3) with
the catalyzation of specific desaturases and elongases (Fig 1.4). Subsequently, the production of
DHA from DPA needs another chain elongation, followed by A6 desaturation, and a step of
peroxisomal chain shortening, which is also called B-oxidation (Sprecher, 2000). Atlantic
salmon and rainbow trout mainly follow the “A6 pathway” or “Sprecher pathway” for DHA
biosynthesis (Oboh et al., 2017). The alternative “A4 pathway” for DHA biosynthesis has been
identified in rabbitfish (Siganus canaliculatus), Senegalese sole (Solea senegalensis), medaka
(Oryzias latipes) and Nile tilapia (Oreochromis niloticus) (Li., et al., 2010; Morais et al., 2012;
Oboh et al., 2017). In the “A4 pathway”, DHA can be synthesized from DPA through A4



desaturation. All these reactions except B-oxidation occur in the endoplasmic reticulum, while
the reaction of B-oxidation occurs in peroxisomes.
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Figure 1.4. Pathways of n-3 and n-6 LC-PUFA biosynthesis in teleost fish. “Solid arrows”
demonstrate the predominant pathway in most species. “Dashed arrows” show possible
pathways in some species. Fatty acid desaturations are displayed in “black arrows”. “Gray
arrows” represent fatty acid elongation. All enzymatic activities take place in endoplasmic
reticulum, while B-oxidation occurs in peroxisomes. “Fads” represents fatty acyl desaturases.
“A6 Fads” refers to a specific fatty acyl desaturase that creates the double bond at the carbon 6™
from the carboxylic group (-COOH) in the fatty acid chain. “Elov]” is fatty acid elongase or
elongation of very long-chain fatty acid elongase (Turchini et al., 2022, p. 348).

The biosynthesis of both n-3 and n-6 LC-PUFA share the same enzymes, which suggests
there is competition between n-3 and n-6 LC-PUFA over enzymes (Glencross, 2009; Tocher,
2003; 2010). Additionally, excess dietary LC-PUFA suppresses the A6 desaturation reaction and
restricts PUFA synthesis (Sargent et al., 1993; Glencross, 2009; Tocher, 2015). The ratio of
dietary n-6 to n-3 PUFA is an important factor in fish LC-PUFA biosynthesis.

1.10 LC-PUFA REQUIREMENTS IN SOME TELEOSTS

Accurate quantification of LC-PUFA requirements in salmonids promotes the
development of appropriate formulated feeds and ensures the nutritional demand for fish growth
and health. Dietary LC-PUFA including EPA, DHA and ARA (arachidonic acid, 20:4n-6) (Fig

1.3), are essential fatty acids (EFA) that fish are not able to de novo synthesize. Marine oils
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provide a rich source of dietary LC-PUFA, particularly EPA and DHA. However, the ongoing
and future trend is to replace fish oil with various terrestrial oils in formulated fish feed (Turchini
et al., 2009; Colombo et al., 2020). Terrestrial plant oils do not typically contain EPA and DHA
but are high in 18:3n-3 and 18:2n-6. Salmonids are capable of synthesizing LC-PUFA from
dietary Cis PUFA in plant oils (Tocher, 2003; Glencross, 2009). Theoretically, fish having a
better ability of LC-PUFA production do not need a high consumption of LC-PUFA in the diet.
The upregulated LC-PUFA biosynthesis can be evaluated by the active gene expression for
relevant fatty acid desaturases and elongases (Tocher, 2003; 2010).

1.10.1 Effects of EPA and DHA Deficiency in Some Teleosts

As essential fatty acids, EPA and DHA play important roles in the early development of
neural tissue and fish metabolic regulation. The n-3 LC-PUFA deficiency, especially DHA
results in impaired vision (Bell et al., 1995) and failed schooling behavior in marine fish larvae
(Masuda et al., 1998; 2001; Ishizaki et al., 2001). Herring (Clupea harengus L.) larvae of 28
days post-hatch (dph) were offered experimental diets lacking DHA for 15 weeks and showed a
significantly reduced DHA proportion of the total phospholipid in the eyes from 12 to 2.1%
(Bell et al., 1995). Although EPA and DPA (22:5n-3) largely compensated for the lost
percentage of DHA, it still decreased fish capture behavior on live prey, Artemia nauplii,
especially at low light intensity below 1 lux (Bell et al., 1995). They implied that the impaired
vision in herring larvae might not recover after early rod development. Swimming activities in
response to live prey, rotifers (Brachionus plicatilis) were significantly reduced when gilthead
seabream (Sparus aurata) larvae were offered a fish-oil free diet at 4 dph (Benitez-Santana et
al., 2007). Atlantic bluefin tuna (Thunnus thynnus) larvae during 3-7 dph consumed significantly
more prey when tuna larvae offered the highest rotifer DHA diet at 11 mg/g (2 vs. 5 vs. 11 mg/g).
Moreover, the retinal opsin protein concentrations were 25 unit/area with the 11 mg/g DHA diet,
which was significantly higher than 20 unit/area with the 5 mg/g DHA diet and 16 unit/area with
the 2 mg/g DHA diet (Koven et al., 2018). Schooling behaviors describe the fish swimming
synchronously in a group toward the same orientation. The larvae of yellowtail (Seriola
quinqueradiata), Pacific threadfin (Polydactylus sexfilis), and striped jack (Pseudocaranx
dentex) fed a DHA-free diet exhibited failed or impaired schooling behaviors (Masuda et al.,
1998; 2001; Ishizaki et al., 2001). Importantly, the DHA-free diet was associated with decreased

larvae growth and survival rate in yellowtail and Pacific threadfin (Masuda et al., 1998; 2001).



It is well established that DHA deficiency reduces the early neural development in fish brains
and eyes, adversely affecting fish predation and viability (Bell et al., 1995; Benitez-Santana et
al., 2007; Koven et al., 2018).

A deficiency of EPA and DHA in Atlantic salmon fry, smolt and post-smolt reduces the
feed intake and the specific growth rate, and increases the fry mortality (Ruyter et al., 2000; Bou
et al., 2017a). Atlantic salmon fry (initially ~ 4 g) fed 0% EPA and DHA diet in freshwater for
28 weeks displayed the lowest specific growth rate (%BW/ day) at approximately 0.17%BW/day,
while the specific growth rate increased to the highest at 0.5%BW /day in the diet group of 1%
EPA+ DHA (by dry weight). When the inclusion of EPA+DHA decreased from 1 to 0%, the
mortality increased by 10%, while fat deposition lowered by about 4% (Ruyter et al., 2000). The
ratio of EPA and DHA in the diet was not reported in the study by Ruyter et al., (2000) and the
dietary lipid level only occupied 8% of total dry feed, which was approximately one-third of the
dietary lipid content of current diets for salmonids. Dietary n-3 LC-PUFA is positively related
to the dietary lipid level for the growth of Atlantic salmon (Huyben et al., 2021a). It indicates
that the inclusion of dietary n-3 LC-PUFA needs to be increased when increasing the total lipid
level in the diet for Atlantic salmon.

Atlantic salmon (initial weight ~50g) in seawater fed 0% dietary EPA+DHA for 26 weeks
resulted in a reduced specific growth rate, < 1%BW/day (Bou et al., 2017a). The average
mortality rate was independent of dietary EPA+DHA from 0 to 2% (Bou et al., 2017a).
Additionally, a few abnormal symptoms were observed in the intestine when fish were fed a 0%
DHA+ EPA diet. These symptoms included the presence of large vacuoles and swollen mucosa
at the enterocytes, which suggested a mild impairment of intestinal mucosa (Bou et al., 2017a).
Dietary levels of EPA and DHA each lower than 1% (10 g/kg) in feed caused lower final mean
body weight when Atlantic salmon smolt (initial weight ~256 g) were fed for 16 weeks in
seawater (Hixson et al., 2017). In contrast, no significant differences in fish final mean body
weight were found in Atlantic salmon (initial weight ~1.2 kg) fed 0.2, 1, and 1.7% of EPA+DHA
diets for 9 months. After delousing treatment at high water temperature up to 17.8 °C in July and
August, salmon fed 1.7% of EPA+DHA (17 g/kg) had a significantly better survival rate by 47%
compared with salmon fed 0.2% diet (Bou et al., 2017b). Collectively, the inclusion of dietary
n-3 LC-PUFA promotes the growth rate of Atlantic salmon at both freshwater and seawater
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stages; whereas some studies have observed that the excess n-3 LC-PUFA intake does not
continue to improve the specific growth rate (Ruyter et al., 2000; Menoyo et al., 2003).

1.10.2 Dietary EPA and DHA Requirements in Salmonids

The essential EPA and DHA intake required by freshwater fish or salmonids is relatively
low compared to Cis PUFA and is lower than that of marine fish. The minimum requirement
level of any nutrient should satisfy normal fish growth. Optimal fish growth, fish health, and
nutritional value in meat quality require a higher dietary EPA and DHA than the minimal
demand. Due to the bioconversion between C20 and C22 LC-PUFA in fish tissue, EPA and
DHA often appear together as n-3 LC-PUFA in most studies. Given equal levels of dietary n-3
LC-PUFA, fish fed a diet having both EPA and DHA performed better than fish fed a diet having
DHA alone in terms of growth and health (Glencross et al., 2014). The goal in future salmonid
production is to produce fast growth in weight with the minimal demand of fish oil.

Atlantic salmon in freshwater require at least 0.5% (5g/kg) of n-3 LC-PUFA in the diet
(Ruyter et al., 2000; Qian et al., 2020). A better specific growth rate and body fat deposition in
salmon fry (initial weight ~4g) was exhibited among fish which were fed 0.5% and 1% dietary
n-3 PUFA (EPA: DHA =1:1) as dry weight for four months. The specific growth rate reduced
from 0.5 to 0.4 %BW/day when the dietary EPA+DHA level was increased from 1 to 2% (Ruyter
et al., 2000). In a six-week trial, salmon parr (initial weight ~23g) in freshwater fed a minimum
0.5% of EPA and DHA (1:1) diet showed a similar final weight as fish fed the 2% EPA and
DHA (1:1) diet, which were 44g vs 42g respectively. The n-3/n-6 fatty acids ratio in the 0.5%
and 2% EPA+DHA diet was 0.5 vs. 2.0, respectively (Qian et al., 2020). Some studies evaluated
that maintaining optimal fish gut integrity requires more than 0.5% of n-3 LC-PUFA in the diet,
particularly in seawater (Tocher, 2015; Bou et al., 2017a).

Post-smolt Atlantic salmon need 1 to 1.5% (10 to 15g/kg) of dietary n-3 LC-PUFA for
optimal growth (Glencross et al., 2014; Huyben et al., 2021a). Another study recommends the
n-3 LC-PUFA inclusion between 1.6 and 2.6% for Atlantic salmon in seawater (Sissener et al.,
2016). In a 26-week trial, Atlantic salmon (initial weight ~50g) fed a diet including 2% EPA
and DHA (1:1) at mean 10°C seawater enhanced the mean final weight, compared to the 0.5%
EPA and DHA diet, which were 366 g vs. 389 g, respectively (Bou et al., 2017b). Besides,
dietary inclusion of 2% EPA and DHA also alleviated the mild intestinal damage in salmon (Bou

et al., 2017b). Atlantic salmon (initial weight ~160 g) at 12 °C seawater which were fed diets



that contained 0.4 — 1.6% (4 — 16g/kg) EPA and DHA (1:1) exhibited the highest weight gain
and second highest final body weight in the 1.6% EPA and DHA diet group, compared to other
diets which contained less than the 1.6% EPA and DHA (Rosenlund et al.,2016). In contrast,
Atlantic salmon offered a diet of 0.4% EPA+DHA exhibited a significantly lower final weight,
compared to other diets which contained more than the 0.4% EPA and DHA (Rosenlund et
al.,2016). Furthermore, Atlantic salmon (initial weight ~1.4kg) fed dietary EPA+DHA from 0.4
to 2.4% (4 to 24g/kg) obtained a significantly higher mean body weight at 3.6kg in the 2.4%
EPA+DHA diet, compared to 3.3kg in the 0.4% EPA+DHA diet after 21 weeks at 12 °C seawater
(Rosenlund et al.,2016). The dietary DHA/EPA ratio in the 0.4% diet and the 2.4% diet groups
were 1.2 and 0.8, respectively. A lower DHA/EPA ratio probably suggests some benefits of
extra EPA intake in growing post-smolt Atlantic salmon (Glencross et al., 2014). Post-smolt
Atlantic salmon (initial weight ~150g) reared to harvest size (~5kg) offered diets with either 1.6
or 2.6% inclusion of EPA+DHA, exhibited a relatively higher mean final body weight at 5.3kg
in the 2.6% diet group, compared with 4.8kg in the 1.6% diet group, while the survival rate was
similar (Sissener et al., 2016). Atlantic salmon approximately 50g, fed EPA and DHA (1:1) with
progressive levels from 0 to 2% reported higher growth rates and mean final body weight in the
diet groups from 0.5 to 2% n-3 LC-PUFA, compared to the 0% n-3 LC-PUFA diet group. The
2% EPA and DHA diet helped fish sustain normal intestinal mucosa (Bou et al., 2017a).

1.11 GENETIC INFLUENCES ON THE LC-PUFA LEVEL IN SALMONIDS

Fillet LC-PUFA content is a heritable trait in farmed salmon. Percentage n-3 LC-PUFA in
Atlantic salmon (initial weight ~70g) fillet lipid differed between 9.5 to 15.2% after 12 weeks
on the same fish oil-free diet (Leaver et al., 2011) where the amount of EPA+DHA was
approximately 13g/kg in the diet. There was a significant 2 — 3% difference in fillet n-3 LC-
PUFA% between salmon families having the same level of fillet lipids (Leaver et al., 2011). The
heritability values of n-3 LC-PUFA percentage and absolute amount of n-3 LC-PUFA (gram per
100 g flesh) in fillet lipid were 0.77 and 0.34, respectively (Leaver et al., 2011). It indicates that
approximately 77% of variation in fillet n-3 LC-PUFA percentage is caused by genetics. By
comparison, another study estimated heritability for EPA, DHA percentages and absolute
amount of n-3 LC-PUFA in Atlantic salmon (initial weight ~110g) flesh and found 0.09, 0.26,
and 0.35, respectively (Horn et al., 2018).



The estimates of heritability for fillet EPA and DHA were relatively lower in Horn et al.,
(2018), compared with the estimates by Leaver et al., (2011). The reasons are probably due to
different salmon strains, diets, and fish ages. Horn et al., (2018) studied a strain of Atlantic
salmon from SalmoBreed AS, Norway. Fish were offered a commercial diet having a relatively
high EPA+DHA of 62g/kg up to the harvest size, about 3.6kg. Salmon fillet was individually
collected without considering the family factor. By comparison, Leaver et al., (2011) examined
48 families of Atlantic salmon from Scotland and they fed fish a diet having 13g/kg EPA+DHA
for 12 weeks. Nevertheless, these results show that it is feasible to improve Atlantic salmon flesh
n-3 LC-PUFA content, especially DHA through selectively breeding.

The salmonid liver can convert ALA to DHA since the liver is the primary organ for LC-
PUFA biosynthesis and lipid metabolism (Monroig et al., 2010). Variability in expression of
transcripts can be explained by liver LC-PUFA synthesis among farmed Atlantic salmon fed the
same fish oil-free diet (Xue et al., 2015; Hixson et al., 2017). However, the upregulation of
transcript expressions in the liver does not always correspond to the increase of EPA and DHA
storage in the muscle (Xue et al., 2015; Hixson et al., 2017; Colombo et al., 2018). The
relationships between liver and muscle LC-PUFA biosynthesis remain unclear, regarding gene
expressions of related enzymes in LC-PUFA biosynthesis (Betancor et al., 2016; Colombo et
al., 2018). Another Atlantic salmon study compared six full sibling families from SalmoBreed
AS. Their parent fish were identified as being “high-producing LC-PUFA” (high desaturase
expression) and “low-producing LC-PUFA” (low desaturase expression) when fed a low LC-
PUFA diet (with rapeseed oil) and grown from 15 to 40g (Berge et al., 2015). Three high-
producing LC-PUFA salmon families showed 1) a higher capacity for EPA and DHA synthesis
in freshwater phase, 2) higher levels of EPA and DHA in the whole body, 3) lower incidence of
fatty liver and 4) higher amounts of fat distributed within muscle, compared to the other three
low-producing LC-PUFA salmon families, while growth was not affected. The difference in
content of EPA + DHA between the high- and low- producing families was 2g/kg fillet (Berge
etal., 2015).

The results exhibit that LC-PUFA synthesis is heritable and that variability among LC-
PUFA synthesis capability, likely genetically dependent. The above evidence suggests that the
genetic variation in salmon tissue, EPA and DHA could be selectively bred for improvement.

However, it is currently unknown what this content variation might be in the North American



Atlantic salmon, such as landlocked and farmed SJR strain salmon in Canada. Salmon with an
enhanced capacity to produce EPA and DHA can effectively eliminate dietary fish oil and allow
salmon to maintain good health with very low levels of dietary EPA and DHA.

1.12 LIPIDS IN AQUACULTURE FEEDS

Fish oil sourced from wild fisheries is considered a natural and the most nutritious lipid
source, especially for salmonid and other marine species. Fish oil is produced through the
pressing of cooked fish or fish by-product. The fish remaining is dried and milled into a flour-
type fishmeal, which is a highly valuable protein source in animal feeds. The common fish
species harvested for making fishmeal and fish oil are marine baitfish, such as mackerel, herring,
menhaden and anchovy (FAO, 2020, p. 62). The characteristics of fish oil are low in saturated
fatty acids, and high in n-3 LC-PUFA, DHA and EPA. The inclusion of fish oil in the diet is a
common method to enrich the content of dietary EPA and DHA for better growth in farmed fish.
On the other hand, replacing fish oil with alternative lipid sources, with particular emphasis on
terrestrial plant oils, has been widely studied (e.g., Turchini et al., 2009; Alhazzaa et al., 2019;
Colombo et al., 2020). As a result, dietary inclusion rates of FO as dietary lipids in salmon feeds
has reduced from 24 to 11% between 1990 and 2019 in Norwegian Atlantic salmon production
(Ytrestoyl et al., 2015; Aas et al., 2019; MOWI, 2020). Vegetable oils gradually substitute the
fish oil in fish feed.

Vegetable oils are used as an alternative lipid source for fish oil in salmonid feed due to
their competitive market prices and abundance; however, the market price of both fish oil and
alternatives have fluctuated. In 2020, the price of fish oil was around $2000 USD/tonne; the
price of soybean oil was much cheaper, around $850 USD/tonne (Fig. 1.5). In 2022, the price of
soybean oil soared up to a historical high level between $1700 to 1900 USD/tonne in 2022
(World Bank, 2022). Other terrestrial plants with a relatively lower cost and high production
have the potential to be used in fish feed, including palm oil, canola oil, sunflower oil, linseed
oil, and cottonseed oil (Turchini et al., 2009; World Bank, 2022). Compared with marine fish
oil, vegetable oils are mostly high in n-6 and n-9 fatty acids (18:1n-9), but all are naturally devoid
of EPA and DHA (Turchini et al., 2009). The nutrition requirement for n-3 LC-PUFA is essential
for the growth and health of farmed salmon. In comparison with the fatty acid composition in

fish oil, vegetable oils have been evaluated to partially replace FO in the fish feed. Nonetheless,

20



the full substitution of fish oil with vegetable oils would result in a deficiency of EPA and DHA

in current farmed salmon.

2800
2400
2000 #
g 1w A
: [
2 1m | "\

T T T T T T T
JAN 18N JAH JAN JAN JAN IAN JAN JAN 1N 1AW 1N JAN

1984 1987 1990 1993 1996 1999 002 2005 2008 am 2014 w7 w020
s Fish oil Soybean oil

NOTE: Data refer to c.i.f. prices. Origin: South America. Rotterdam, the Netherlands.
SOURCE: 0il World; FAD GLOBEFISH.

Figure 1.5. The price change of fish oil and soybean oil in the Netherlands from 1983 to 2020
(FAO, 2020, p. 89). In June 2022, soybean oil price increased to $1700 USD/tonne (USDA,
2022).

1.13 CANOLA AND CAMELINA OIL IN AQUACULTURE FEEDS

Canola oil contains plenty of 18:2n-6 (linoleic acid, LNA), while camelina oil is rich in
18:3n-3 (o-linolenic acid, ALA). Dietary ALA is the precursor of n-3 LC-PUFA - EPA and
DHA. The LNA is the precursor of n-6 LC-PUFA — ARA (arachidonic acid, 20:4n-6). The
ability to produce LC-PUFA in the muscle and liver by using dietary LNA and ALA is the key
evaluation in the present study. In the next section, the lipid content, fatty acid profile and market
value of canola and camelina oil are introduced.

1.13.1 Canola 0Oil

Canola (Brassica napus), a cross breed of rapeseed cultivar, is an important oilseed crop
in global crop production. The characteristic of low-temperature tolerance favors the growth of
canola in temperate regions. In 2019, global rapeseed production was 70.5 million tonnes.
Canada grew the largest amount at 18.6 million tonnes, representing one-fourth of the global
rapeseed production (FAOSTAT, 2019). Rapeseeds contain 22 to 60% erucic acid (22:1n-9) in
the total fatty acids and 80pumol/g glucosinolates, which impairs animal growth and development.

By comparison, canola has less than 2% erucic acid in lipids and less than 30umol/g
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glucosinolates in meals (Ratnayake and Daun, 2004. p. 38; Goyal et al., 2021. p. 47). The
improved canola oil is widely accepted and has been proven useful in cooking, and animal feeds.
The average price of canola oil was $1100 USD/tonne in Jan 2020 (USDA, 2022), while the
average fish oil price was $ 2000 USD/tonne, respectively during the same period (Fig 1.5). In
June 2022, the price of canola oil has since doubled and reached approximately $2000
USD/tonne (USDA, 2022) due to the strong global surge in the demand for oilseeds.

Table 1.1. Major fatty acid profile (% total fatty acids) of typical fish oils, canola oils, and
camelina oils in previous studies.

Oils SFA MUFA LNA ALA EPA DHA n-6 n-3 n-3
PUFA PUFA /n-6

Fish oil

Anchovy 28.8 24.9 1.2 0.8 17.0 8.8 1.3 31.2 24.0

oil

Menhaden 20.0 61.7 1.3 0.2 11.0 9.1 1.5 25.1 16.7

oil

Herring oil 20.0 56.4 1.1 0.6 8.4 49 1.4 17.8 12.7

Plant oils

Canola oil' 4.6 62.3 20.2 12.0 / / 20.2 12.0 0.6

Camelina 7.9 34.7 16.9 38.1 / / 18.0 39.0 22

oil?

Data is organized by Turchini et al., 2009; Tanwar and Goyal, 2021.

2Government of Canada, 2012. “/”, not detectable; SFA, saturated fatty acids; MUFA,
monounsaturated fatty acids; LNA, linoleic acids (18:2n-6); ALA, a-linolenic acid (18:3n-3);
EPA, eicosapentaenoic acid (20:5n-3); DHA, docosahexaenoic acid (22:6n-3).

The lipid content of canola seed is between 30 and 50% (Carré¢ et al., 2016; Matthaus et al.,
2016). The major fatty acids in canola oil are oleic acid (18:1n-9), followed by linoleic acid
(18:2n-6), and a-Linolenic acid (18:3n-3), which represent approximately 60, 20, and 3 — 13%
in total fatty acids, respectively (Przybylski and Eskin, 2011; Goyal et al., 2021). The ratio of n-
6 and n-3 fatty acids is close to 2: 1. The level of an antinutritional factor- erucic acid has been
reduced to 0.1 — 2% in dietary canola oils through genetic selection. Canola modified by
transgenic technique produces DHA up to 11% of total fatty acids (Petrie et al., 2020). Like
other terrestrial plant oils, canola oils do not naturally contain nutritional EPA and DHA (Table
1.1).

Fish fed a diet with its fish oil replaced by canola oil can sustain normal fish growth and

survival. Red seabream (Pagrus major), rainbow trout and Atlantic salmon are capable of
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utilizing canola oil (Glencross et al., 2003; Torstensen et al., 2005; Drew et al., 2007). In an
eight-week trial, a complete replacement of fish oil (140g/kg) by canola oil in the diet
significantly reduced the mean final body weight of red seabream (initial weight ~28g), which
was 80g vs. 93g in the fish oil control diet (Glencross et al., 2003). However, a half or 75%
substitution of fish oil with canola oil had no significant influence on red seabream mean final
body weight, compared with the 140g/kg fish oil control diet (Glencross et al., 2003). Similar
results are found in Bell et al., (2001), where the canola oil replaced fish oil (190g/kg) in the diet
at progressive levels of 10, 25, 50, and 100%. Atlantic salmon post-smolts (initial weight ~80g)
were fed those diets at 11.7°C seawater for 17 weeks. The mean final body weight and specific
growth rate were not significantly different among different diet groups, although fish fed 100%
canola oil diet had a relatively lower final body weight and specific growth rate. In a similar
experiment, there were no significant effects on Atlantic salmon (initial weight ~55g) mean final
body weight, specific growth rate and feed conversion ratio when fish were fed 10, 25, 50, and
100% canola oil diets at 11°C seawater for 16 weeks (Bell et al., 2003). By comparison, Atlantic
salmon (initial weight ~256g) reared at 14°C seawater and were fed a vegetable oil diet having
partial substitution of fish oil with canola oil for 16 weeks (Hixson et al., 2017). Salmon fed the
fish oil (240g/kg) control diet had a significantly higher mean final body weight than salmon fed
the 96% canola oil diet (230g/kg canola oil +10g/kg fish oil), which were 626g vs. 549g,
respectively; whereas, the weight gain, specific growth rate and feed conversion ratio were
similar (Hixson et al., 2017). Overall, canola oil has been widely tested as an alternative dietary
lipid in formulated fish feeds. Some studies used vegetable oils with a higher n-3 C;s PUFA
such as linseed oils and camelina oils, to compensate for the n-3 Cig PUFA that natural canola
oil does not contain.

Salmonids fed a diet with the fish oil replaced by canola oil show altered tissue FA
composition and reduced n-3 LC-PUFA in the fillet. More than 50% replacement of fish oil by
canola oil led to a significant reduction of DHA and EPA total fatty acids in the Atlantic salmon
muscle (Bell et al., 2001; Bell et al., 2003; Hixson et al., 2017). Post-smolt Atlantic salmon fed
100 % canola oil diet had significantly lower DHA and EPA percentages at 7 and 3% in the
fillet, compared with 15% DHA and 6% EPA in fish fed a fish oil control diet (Bell et al., 2001).
Fillet DHA and EPA percentages were 8 and 3% when Atlantic salmon post-smolt were fed 100%
canola oil diet, while the fillet DHA and EPA percentages were significantly higher at 16 and
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6 % in fish fed fish oil control diet (Bell et al., 2003). To improve the total n-3 C;3 PUFA level
in the vegetable oil diet, canola oil and linseed oil were blended in fish feeds (~53% 18:3n-3 of
total fatty acids) for rainbow trout (Drew et al., 2007). Trout (initial weight ~47g) were offered
either a 200g/kg fish oil diet or the fish oil-free diet for 16 weeks. The blended vegetable diet
did not negatively affect fish final body weight. When fish fed the fish oil-free diet, muscle DHA
and EPA levels significantly reduced to 5 and 2%, respectively, compared with 13% DHA and
8 % EPA in the muscle when fed the fish oil-free diet (Drew et al., 2007). Muscle DHA and
EPA reductions are also reported in Hixson et al., (2017) when Atlantic salmon were fed a 96%
canola oil diet. Salmon muscle DHA level significantly reduced from 8 to 5 % and muscle EPA
significantly decreased from 3 to 1.5% when fish were provided the fish oil control diet and the
96% canola oil diet.

1.13.2 Camelina Oil

Like canola, camelina belongs to the family Brassicaceae and grows as an oil crop.
Camelina is a common name for the oilseed Camelina sativa that originally was cultivated in
Europe and central Asia for food and animal feed. It thrives in cold semi-arid climate regions
and tolerates low temperature and drought soil conditions (Francis and Warwick, 2009). In
Canada, camelia is mainly located in the four western provinces and also found growing in
Yukon and the Northwest Territories (Francis and Warwick, 2009; Government of Canada,
2011). Due to the richness of unsaturated n-3 essential fatty acids, especially ALA, many studies
have evaluated camelina as a feed ingredient for livestock and fish. In 2010, Health Canada
approved the use of unrefined camelina oil as a dietary ingredient. Recently, camelina oil has
been used for producing biofuel in North America and Europe (El Bassam, 2010). Since the
camelina crops do not have the market size as canola, the camelina prices are usually compared
with canola to estimate its economic feasibility (Keske et al., 2013). In Jan 2022, the price of
camelina crops was $590 CAN/tonnes, which was cheaper than $ 750 CAN/tonnes of canola
seeds (SCIC, 2022). It suggests that camelina oil is cheaper than canola oil; moreover, it is much
lower than fish oil price.

Camelina seeds contain around 30 to 40 % crude oil in which the unsaturated n-3 and n-6
fatty acids are largely present. The total n-3 fatty acid level accounts for approximately 39%
with the majority in the form of ALA; the total n-6 FA level is approximately 18% with the

majority in the form of linoleic acids (18:2n-6). The level of erucic acid (22:1n-9) is below 5%
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in dietary camelina oils (Government of Canada, 2012). Compared with canola oils, camelina
oils have the advantage of significantly higher n-3 Cis PUFA (39% vs. 12%).

It is feasible to feed salmonids the full replacement of fish oil by camelina oil in the diet.
Although the 100% camelina oil diet sometimes causes slight loss of fish body weight,
depending on fish species and life stage. Atlantic salmon parr (initial weight ~ 8g) were offered
100 % camelina oil diet or the fish oil (161g/kg) control diet and reared at 11.7 °C freshwater for
16 weeks. As a result, fish fed 100% camelina oil diet had a mean final body weight of 52g,
which was similar to the mean final body weight of 49 g when salmon parr fed the fish oil control
diet (Ye et al., 2016). Compared with salmon parr, Atlantic salmon smolt require a relatively
higher fish oil in the diet. There was a significant decrease in fish mean final body weight when
Atlantic salmon smolt (initial weight ~240g) were fed the 100% camelina oil diet at 14°C
seawater for 16 weeks. The smolt mean final weight was 613 g when fed the 100% camelina oil
diet, while it was 691g when fed fish oil (140g/kg) control diet (Hixson et al., 2014c). By contrast,
Atlantic salmon (initial weight ~256 g) fed 96 % camelina oil diet did not significantly affect
fish mean final body weight, compared with feeding fish the fish oil (240g/kg) control diet
(Hixson et al., 2017). Rainbow trout (initial weight ~2.5g) were fed the fish oil-free camelina oil
diet at 14 °C freshwater for 16 weeks, in comparison to fish oil (140g/kg) control diet. Trout
mean final body weight did not significantly differ between those two diets, which were 61g in
the camelina diet group vs. 76g in the fish oil control diet group (Bullerwell et al., 2016). In
addition, no significant differences in trout hindgut conditions were observed between camelina
oil diet and fish oil control diet, including the villus height, width, area and intestinal wall
thickness (Bullerwell et al., 2016). Feeding rainbow trout (initial weight ~45g) the diet having
camelina oil as a complete replacement of fish oil did not result in a significant change in fish
mean final body weight after 12 weeks, which was 184g in the 100% camelina oil diet, compared
with 168 g in the fish oil (140g/kg) control diet (Hixson et al., 2014c¢). Therefore, it suggests that
rainbow trout can better utilize the fish oil-free (or camelina oil) diet than Atlantic salmon when
fish are more than 50g or after smoltification. It also suggests that freshwater rainbow trout can
produce some n-3 LC-PUFA that compensate the absence of fish oil in their diet (Hixson et al.,
2014b). As for other marine species, growth performance of Atlantic cod (initial weight ~ 14g)
was significantly reduced in the mean final body weight, which were 44g when fish fed the 100%
camelina oil diet, compared with 51g when fish fed the fish oil (54g/kg) control diet (Hixson et
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al., 2014c). In an eight-week trial, red seabream had an average of 1.8g were fed camelina oil
diets with progressive levels from 30 to 100% to the substitution of fish oil at 26°C seawater
(Mzengereza et al., 2021). There was not significantly difference on red seabream final mean
body weight (26 to 28g) between the 100% camelina oil diet and the fish oil (60g/kg) control
diet (Mzengereza et al., 2021). No severe health conditions or increased mortality due to the
camelina diet were documented in the above trials.

Like canola oil, high inclusion of camelina oil in the fish feeds also changes the fatty acid
composition in the fish fillet and liver compared to a fish oil diet. There was a significant linear
relationship between the fish fillet DHA, EPA, ALA and LNA concentrations and those fatty
acid concentrations in the diet (Hixson et al., 2014c). The Atlantic salmon fillet DHA content
significantly decreased from 11 to 3% and the fillet EPA content also had significantly reduced
e from 7 to 1% when salmon were fed the fish oil control diet vs. 100% camelina oil diet for 16
weeks (Hixson et al., 2014c). The results are similar to Hixson et al., (2017). Significant DHA
content decrease (from 7 to 3%) and EPA content decrease (from 12 to 2%) were measured in
the rainbow trout fillet when fish were fed fish oil control diet and 100% camelina oil diet for
12 weeks (Hixson et al., 2014b). Red seabream fed the fish oil diet for 8 weeks had fillet DHA
and EPA level at 160 and 81 mg/g in lipids (or 16 and 8.1%), respectively; however, DHA and
EPA levels significantly reduced to 120 and 53 mg/g in lipids (or 12 and 5.3%) (Mzengereza, et
al., 2021). On the other hand, ALA (18:3n-3) and LNA (18:2n-6) significantly accumulated in
the fillet due to the fatty acid profile of camelina oil. Overall, it shows that ALA can be
synthesized to EPA and DHA at a limited level in the fish muscle, while dietary supply of EPA
and DHA from fish oil can directly increase fish muscle n-3 LC-PUFA. Therefore, identifying
and selectively breeding Atlantic salmon strains or families with a better capability of utilizing
ALA to produce n-3 LC-PUFA is highly meaningful in less dependency on fish oil.

Irrespective of transgenic DHA and EPA improvement vegetable oils (Betancor et al.,
2015), the disadvantage of using ordinary vegetable oils, including canola and camelina oil, in
fish feed is the lack of essential EPA and DHA. The high level inclusion of vegetable oils in
salmon feed gradually changes the fatty acid composition in the fish flesh and then weakens its
nutritional value caused by the declining DHA and EPA levels (Menoyo et al., 2003; Sprague
et al., 2016; Alhazzaa et al., 2019). In this context, terrestrial plant oils lacking n-3 LC-PUFA
cannot perfectly replace n-3 LC-PUFA rich in Atlantic salmon feed.
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1.14 RESEARCH OBJECTIVES

The principal objective is to identify the intra- and inter-strain Atlantic salmon in North
America with enhanced n-3 LC-PUFA content in the fillet and liver when fish were fed a FO
control diet or a FO-free diet. In the first study, the comparison of Atlantic salmon n-3 LC-PUFA
content in the muscle and liver was between the landlocked Grand Lake (GL) strain and the
commercial Saint John River (SRJ) strain. The objective of the second study was to assess the
ability of n-3 LC-PUFA storage among fifty families within the commercial SJR strain Atlantic

salmon.
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CHAPTER 2: LONG CHAIN POLYUNSATURATED FATTY ACID LEVEL BY
ATLANTIC SALMON: A COMPARISON OF LANDLOCKED AND ANADROMOUS
STRAINS

2.1 ABSTRACT
A 2 x 2 factorial design was conducted to determine whether two Atlantic salmon strains
fed two diets significantly differed in the n-3 LC-PUFA biosynthesis in the fish liver and muscle.
The landlocked Grand Lake (GL) strain and the commercial Saint John River (SJR) strain (n =
480 per strain) having the similar initial mean body weight at ~57g, were fed either the control
diet (10% fish oil + 5% canola oil) or the FO-free diet (15% canola oil) for 16 weeks. Each of
the four treatments (strain/diet) had six replicate tanks. After 16 weeks, GL salmon fed the
control diet had the significantly lowest mean final body weight among the four treatments. The
mean final body weight (mean + standard deviation) of the GL or SJR strain fed the FO-free diet
did not differ significantly, 180.1 3.3 vs. 202.6 + 14.8g, respectively. Fish weight gain, percent
weight increase, and TGC also exhibited the same pattern as the mean final body weight. The
effect of strain on the liver fatty acid content was clearly evident. Specifically, GL strain initially
had significantly higher levels (p < 0.001) of 18:2n-6 (LNA) and 18:3n-3 (ALA) in the liver,
while SJR strain initially had significantly higher (p <0.05) levels of 20:4n-6 (ARA) and 20:5n-
3 (EPA) in the liver. Initial muscle fatty acid compositions did not differ between two strains.
After 16 weeks, GL and SJR strains fed the FO-free diet had a similar n-3 LC-PUFA
level. Salmon in the SJR/FO-free contained 22% of n-6 PUFA in the liver fatty acids,
significantly higher (p < 0.001) than 16% of n-6 LC-PUFA in the liver in the GL/FO-free. It
indicated that the SJR strain had higher capacity for liver n-6 LC-PUFA storage. GL strain
exhibited a significantly higher (p < 0.001) capacity of liver monounsaturated fatty acids
(MUFA) storage compared with SJR strain. The GL/FO had the significantly highest (p = 0.001)
muscle DHA level of 16.7 + 4.8% and significantly highest (p <0.001) liver DHA of 28.1 +3.8%
among four treatments. We observed significant interaction effects of diet and strain on the
muscle and liver DHA percentages. Overall, landlocked GL strain salmon had a genetic potential

in terms of muscle n-3 LC-PUFA biosynthesis or storage.
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2.2 INTRODUCTION

The Saint John River (SJR) Atlantic salmon is the dominant commercial salmon strain in
Atlantic Canada since the late-1980s. Selective breeding of this strain has been focused primarily
on optimizing growth in the ocean (O’Flynn et al., 1999; Quinton et al., 2005); low sexual
maturity rate as grilse (Boulding et al., 2019); high meat quality (Quinton et al., 2005); and
improved immune response among parr (Holborn et al., 2018; 2020). The trait of elevated
omega-3 long chain polyunsaturated fatty acids (n-3 LC-PUFA) biosynthesis and storage in the
muscle and liver, has yet to be considered in farmed SJR Atlantic salmon. The improvement of
n-3 LC-PUFA content was observed in poultry by increasing dietary 18:3n-3 (ALA) (Kartikasari
etal., 2012; Pérez et al., 2021). In a seven-week trial, there was a 4 X increase in n-3 LC-PUFA
increased four-times from 5 to 20% of total lipids in chicken meat, including eicosapentaenoic
acid (EPA, 20:3n-5), docosapentaenoic acid (DPA, 22:5n-3) and docosahexaenoic acid (DHA,
22:6n-3) as a result of increasing dietary a-linolenic acid (ALA,18:3n-3) from 1 to 8%
(Kartikasari et al., 2012). As dietary ALA was increased in the poultry diet, the n-3 PUFA related
enzymes became active in the chicken hepatocytes and then produced n-3 fatty acids from Cis
to Ca4 (Pérez et al., 2021).

Diets for farmed Atlantic salmon usually require dietary fish oils, which provide a
nutritious lipid source with a high level of n-3 LC-PUFA, particularly EPA and DHA. Dietary
n-3 LC-PUFA assists the functions of preserving energy, supporting cellular membranes, and
regulating LC-PUFA metabolic activities in salmonids. A deficiency of n-3 LC-PUFA in
Atlantic salmon can result in the reduction of feed intake and the specific growth rate and can
also negatively affect the survival rate (Ruyter et al., 2000; Bou et al., 2017a). EPA and DHA
requirements range from 0.5 to 1% (5 to 10 g/kg of the diet) for Atlantic salmon parr in
freshwater (NRC, 2011, p. 109; Qian et al., 2020). Growing post-smolt Atlantic salmon requires
a relatively higher level of EPA and DHA (1:1) from 1.6 to 2.6% (10 to 26g/kg of the diet)
(Sissener et al., 2016; Bou et al., 2017a). All vertebrates including fish cannot de novo synthesize
n-3 PUFA due to the absence of A15 desaturases (Tocher, 2003). Apart from the direct supply
of EPA and DHA for salmonids, the increase of dietary ALA (18:3n-3) from vegetable oils is
an alternative way to create EPA and DHA (Thomassen et al., 2012; Glencross et al., 2014).

This ability would allow a reduction in the heavy use of fish oil in fish feeds. However, the
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ability of n-3 LC-PUFA biosynthesis varies with species and depends on the genetic expression
of fatty acyl desaturases and elongases (Sargent et al., 1995; Tocher, 2003).

Freshwater landlocked Atlantic salmon display the potential of enhanced n-3 LC-PUFA
biosynthesis when the diet is lacking marine n-3 LC-PUFA. Marine microalgae produce a large
amount of n-3 LC-PUFA, which is consumed by zooplankton, fish larvae, and organisms of
higher trophic levels in the food chain (Tocher, 2010; Gladysheva et al., 2013). Atlantic salmon
in the open water ecosystems can acquire n-3 LC-PUFA by preying on fish that travel from
seawater to freshwater, for example, rainbow smelt (Osmerus mordax) (Hutchings et al., 2019).
Some salmon populations in freshwater lakes have access to zero or little marine n-3 LC-PUFA
depending on the habitat being isolated or far from seawater (Gladysheva et al., 2013).
Therefore, landlocked Atlantic salmon have various body sizes determined by food availability
and the lake area size (Hutchings et al., 2019). Freshwater lipid sources including freshwater
microalgae and terrestrial plants are naturally characterized by a high level 18:2n-6 and to some
extent of ALA (Sargent et al., 1995; Gladysheva et al., 2013). As a result, freshwater fish contain
high levels of n-6 fatty acids in the fish flesh (Parzanini et al., 2020). The deficiency of n-3 LC-
PUFA in freshwater environment stimulates landlocked salmon to produce essential EPA and
DHA by using ALA as a substrate (Tocher, 2010).

The conversion rate of n-3 LC-PUFA in landlocked Atlantic salmon is higher than farmed
salmon when fed the fish oil-free diet. Landlocked Atlantic salmon parr (initial weight ~5.1g;
Penobscot strain, Maine, USA) exhibited significantly higher n-3 and n-6 LC-PUFA conversion
rates than the farmed salmon parr (initial weight ~ 3.6 g; Ormsary strain, Scotland), when fish
were fed a vegetable oil diet (100 g/kg) for 8 weeks (Rollin et al., 2003). That study also showed
positive correlations and linear relationships between dietary levels of ALA and its intermediate
products in the salmon body. The conversion rate of ALA to DHA in landlocked and farmed
salmon (Scottish strain) was compared by the slope values in the linear equation between DHA
and ALA, which were 3 in landlocked vs. 1 in farmed salmon. This shows that the DHA
conversion rate in the landlocked strain is higher than in the farmed salmon when fed a fish oil-
free diet (Rollin et al., 2003). However, the DHA and EPA contents were not significantly
elevated in the whole body. Landlocked salmon whole body contained 3-5 % DHA and 1-2 %
EPA, slightly lower than 5-6 % DHA and 2-3 % EPA in the farmed salmon (Rollin et al., 2003).

The landlocked Penobscot strain and the farmed Ormsary strain of salmon were offered a marine
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oil (20 % of feed) diet for 6 weeks (Peng et al., 2003). The results showed that the landlocked
strain (initial weight ~0.4 g) had a significantly better daily growth coefficient than the farmed
strain, 11 vs. 8. Besides, the whole body lipids contained 20 % n-3 LC-PUFA in the landlocked
strain, significantly higher than 17 % in the farmed strain (initial weight ~0.8 g). Overall,
landlocked salmon which were fed the fish oil-free diet exhibited a higher n-3 LC-PUFA bio-
conversion rate than farmed salmon. Feeding landlocked salmon with the marine oil diet led to
a better growth rate and a higher total n-3 LC-PUFA content in the whole body compared to
farmed Scottish salmon (Peng et al., 2003). However, this has yet to be demonstrated in
comparison to the SJR strain.

The ability of n-3 LC-PUFA biosynthesis can be determined by the metabolic activity and
genetic expression of fatty acyl desaturases and elongases. Landlocked Atlantic salmon (initial
weight ~25 g; Lake Gullspangsilven, Vanern, Sweden) displayed a relatively higher n-3 LC-
PUFA biosynthesis than the commercial salmon (initial weight ~ 31 g; Aquagen strain, Norway)
in terms of higher expression and activity of most desaturases and elongases in hepatocytes when
provided the fish oil-free diet, while such improvement was significantly higher when fish were
provided the fish oil (170 g/kg) control diet (Betancor et al., 2016). Landlocked salmon flesh
EPA and DHA were 2 and 12 %, respectively; similar to 3 and 13 % of EPA and DHA in the
farmed salmon flesh (Betancor et al., 2016). It shows that salmon flesh EPA and DHA content
did not reflect the increased LC-PUFA biosynthesis in the liver, which agrees with Rolling et
al., (2003). The liver is the main organ where LC-PUFA biosynthesis and lipogenesis occurs
(Monroig et al., 2010); however, salmonids primarily store new lipid in the adipose tissue in the
muscle (Tocher, 2003). Muscle fatty acids strongly match the fatty acids provided in the diet
(Torstensen et al., 2005; Bell et al., 2010; Hixson et al., 2014a).

Collectively, landlocked salmon have the genetic potential for tissue n-3 LC-PUFA
improvement in commercial Atlantic salmon. The objective of this experiment was to evaluate
the ability of n-3 LC-PUFA biosynthesis in the farmed SJR and landlocked Atlantic salmon
(Grand Lake strain, Maine, USA) by determining the n-3 LC-PUFA content in the muscle and
liver when challenged with a fish oil-free (i.e., low n-3 LC-PUFA) diet. Thus, a two-factor
experimental design was conducted for 16 weeks using two salmon strains and two diets (fish

oil control diet vs. fish oil-free diet).
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2.3 MATERIALS AND METHODS

2.3.1 Experimental Diets

Two isonitrogenous and isolipidic diets were produced at the Chute Animal Nutrition Lab,
Faculty of Agriculture, Dalhousie University (Dal-AC), Truro, Nova Scotia, Canada. The fish
oil (FO) control diet consisted of 10% fish oil and 5% canola oil, while a fish oil-free (FO-free)
diet contained 15% canola oil (Table 2.1). Ingredients were first mixed by a feed homogenizer
for 20 minutes (Model 2010 Marion mixer made, Rapids Machinery Company, USA). Mixtures
were then prepared by blending steam and water at 96°C and 30% moisture before extrusion
(type OEE 8 extruder, Amandus Kahl GmbH & Co. KG, Germany). The density of extruded
wet pellets was controlled at 430-500 g/L. Pellets were then dried at 65°C for 4-5 hours when
the moisture content was below 10% (JPW Design & Manufacturing, USA). The oils were each
heated to ~70°C. Dried pellets were oil-coated under the pressure of -0.9 bar at ~70°C with oil
in a laboratory vacuum coater (Dinnissen Process Technology, Netherlands). To ensure optimal
absorption of oils, pellets were soaked, stirred and held in the vacuum coater for 5 minutes at -
0.9 bar, then the pressure was increased to atmospheric pressure. Finished feed pellets were
stored at -20°C to reduce the oxidization of fats. Diets were only exposed to room temperatures
during periods of feeding.

The biochemical analysis of the two diets was performed by Nova Scotia Department of
Agriculture Laboratory, Truro, NS, Canada. The major fatty acids in the control diet were 18:1n-
9, 16:0, 18:2n-6, EPA and DHA, while the FO-free diet was abundant in 18:1n-9, followed by
18:2n-6, 16:0, and 18:3n-3 (Tale 2.2). The DHA and EPA content were both ~7% in the control
diet, while DHA and EPA were both ~1% in the FO-free diet. Overall, there was 57% of total
monounsaturated fatty acids (MUFA) in the FO-free diet; significantly higher (p < 0.01) than
38% of MUFA in the control diet. Total saturated fatty acids (SFA) and polyunsaturated fatty
acids (PUFA) in the FO-free diet were 13 and 30%, respectively. Total SFA and PUFA were 25
and 37% in the control diet, respectively. The n-3/n-6 ratio of the control diet was 1.3,
significantly higher (p < 0.01) than 0.4 in the FO-free diet (Table 2.2).

2.3.2 Experimental Fish and Husbandry

Landlocked strain Atlantic salmon (Grand Lake strain, GL) were initially collected by
Grand Lake Stream State Fish Hatchery from 2003 to 2005 in West Grand Lake, Maine, USA.

Hatchery-reared GL salmon were used to restock the freshwater lakes in Maine according to the
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Maine Department of Inland Fisheries and Wildlife (MDIFW, 2021a; b). Landlocked salmon
were transferred to National Cold Water Maine Aquaculture Center (NCWMA, United States
Department of Agriculture, Franklin, Maine, USA) in Feb 2019. The commercial Saint John
River (SJR) strain Atlantic salmon were obtained as eyed eggs from industry stocks.

Landlocked and SJR salmon were both fed BioTrout (BioOregon, Westbrook, Maine,
USA) prior to the experiment. Nine hundred and sixty salmon were randomly assigned to four
treatments including GL/FO, GL/FO-free, SJR/FO, and SJR/FO-free, among twenty-four 500-
liter experimental tanks. Landlocked salmon (ni = 480; initial weight ~59 g) were randomly
distributed among twelve tanks where six random tanks were offered the FO control diet and
the other six tanks were offered the FO-free diet. Similarly, SJIR salmon (n2 = 480; initial weight
~58 g) were randomly transferred to another twelve tanks with six random tanks feeding the FO
control diet and the other six tanks feeding the FO-free diet. Each tank was supplied with 3-4
L/min freshwater in the flow-through systems and exposed to natural day length at the NCWMA,
Franklin, Maine, USA (44°33'34.9"N, 68°15'07.6"W). The dissolved oxygen and water
temperature were daily monitored and maintained at approximately 10 mg/L and 12°C. Fish
were fed at a rate of 1.5% body weight per day by automatic feeders (Arvo-Tec, Innovasea
Systems Inc.). The experiment was conducted for 16 weeks from April to July 2019. The study
followed the guidelines of the Canadian Council of Animal Care and approved by Dalhousie
Animal Care and Use Committee (protocol #2019-010) and the USDA Institutional Animal Care
(protocol #2019-001).

2.3.3 Tissue Sampling

Food was withheld one day before the body size measurement and tissue sampling. At
week 0, individual fish body weight and fork length were recorded when fish were anaesthetized
using tricaine methane sulfonate (TMS 222; Syndel, Ferndale, USA). One fish per tank was
randomly selected and euthanized with an overdose of TMS 222 for tissue sampling. A portion
of skinless white dorsal muscle and a portion of liver were sampled in cryogenic vials and
immediately flash frozen in liquid nitrogen. After 16 weeks, the fish in each tank were measured
again. Two fish per tank were randomly euthanized for muscle and liver samples.

2.3.4 Growth Performance Analysis
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After 16 weeks, fish body weight, fork length, weight gain, weight increase, thermal
growth coefficient (TGC), condition factor (CF), and feed conversion ratio (FCR) were

calculated as follows:

[(Final mean body weight*1/3) — (Initial mean body weight*1/3)]
TGC = - x1000
Temperature in °C x Number of days

Re Feed offered (g)
- Weight gain (g)

Body weight (g)
F= x

3 %100
Fork Length (cm)

2.3.5 Fatty Acid Extraction and Analysis

The tissue lipid extraction was conducted at the Nutrition lab, Haley Institute, Dal-AC.
Tissue samples from individual fish were weighed and dried at -50°C for 24 hours using an
Edwards Modulyo 4K freeze dryer. Each dried sample was re-weighed to determine the water
content, then was ground into a fine powder using mortar and pestle under small amounts of
liquid nitrogen. The powder was stored at -80°C. Lipid extraction followed the modified Folch
method (Folch et al., 1957). First, about 1 mg sample was weighed in a glass tube and was
extracted three times, using a 2 ml chloroform and methanol solution (chloroform: methanol=
2:1) and then was collected into a new glass tube. Polar impurities were separated by adding 0.8
ml of 0.9% potassium chloride solution (0.9% w/v) and were centrifuged at 2000 RPM
(revolutions per minute) for 5 minutes. The organic layer was transferred using a sterile glass
pipette. The organic solution was evaporated to dryness by applying nitrogen gas. Two milliliters
of hexane were added into the dried lipid extract as the solvent. Next, the resulting lipid extract
went through a process of methylation. Two milliliters of sulfuric acid and methanol mixed
solution (1% v/v; the ratio of H2SO4: CH30H= 1: 99) were added as the catalyst, Hilditch reagent
(Christie and Han, 2010). The combined solution was sealed and heated at 90°C for 90 minutes
through the derivatization reaction. The fatty acid methyl esters (FAMEs) in the tube were then
extracted three times by use of 4 ml hexane, and then collected in a new glass tube. The FAMEs
in the organic solvent were layered by adding 1.5 ml of distilled water and centrifuged. The
FAMEs extract was dried by using nitrogen gas. Finally, a 0.5 ml of hexane was added to
dissolve the dried FAMEs extract and transferred in a 2 ml amber glass vial at -80°C. The
FAMEs were identified and analyzed using a Bruker 436 capillary gas chromatograph (GC) with
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flame ionization detection. All solvents used in the extraction and FAME derivatization
procedures were of high-performance liquid chromatography (HPLC) grade. The extraction and
instrument recovery efficiency were estimated by adding a known concentration of 5 a-
cholestane solution (C8003, Sigma-Aldrich, St. Louis, Missouri, USA). The analysis of FAMEs
by gas chromatography was conducted at the Marine Lipids Lab, Dalhousie University, Halifax,
NS.

2.3.6 Statistical Analysis

Data were analyzed using Minitab 18.0 (Statistical Software, State College, PA, USA) and
reported as mean values + standard deviation (SD). The average final fish body size in tank 17
(GL/FO) and tank 9 (SJR/FO-free) were excluded as the outliers due to malfunction of automatic
feeders, which were confirmed by the Grubb’s test with a significance level of 0.05. Tank 16
(GL/FO-free) and tank 22 (SJR/FO) from the other two treatments were randomly removed to
keep the same number of replicates per treatment (5 replicate tanks per treatment). For growth
parameters including mean fish body weight, weight gain, TGC, CF, and FCR, a one-way
analysis of variance (ANOVA) and a Tukey’s multiple comparison test were performed to
determine the effect of treatment. A two-way ANOVA and a Tukey’s test were conducted to
identify the diet effect, strain effect, and the interaction effect between diet and strain. Tukey’s
multiple comparison test used a significance level of 0.05. The comparisons of fish muscle and
liver fatty acid composition among four treatment groups were conducted using a one-way
ANOVA, followed by the Bonferroni test with the correction at the a-level of 0.05. The
advantage of using the Bonferroni method in the fatty acid analysis is to reduce the chance of
false significant results when multiple comparison tests were conducted among treatments on a
single fatty acid class. Before the statistical analysis, the normality of residuals and constant

variances were evaluated by Anderson-Darling test and Levene’s test.

2.4 RESULTS

2.4.1 Growth Performance

The initial average body weight of GL and SJR salmon were not significantly different
among the four treatment groups. Fish tripled their weight during the experiment. After 16
weeks, SJR/FO-free had the highest final mean body weight at 202.6 + 14.8 g, which was not
significantly different to the SJR/FO and GL/FO-free treatments. GL/FO had the significantly
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lowest mean final body weight, 167.5 £ 2.8 g, and was similar to the GL/FO-free treatment,
180.1 + 3.3 g (Table 2.3). Similar patterns were observed with the fish weight gain, percentage
weight increase, and TGC after 16 weeks. The strain effect was significant (p < 0.05) on fish
weight gain, percentage weight increase, and TGC (Table 2.3). The effect of diet and the
interaction effect of diet and strain were not significant for any of the growth parameters.

2.4.2 Initial Tissue Fatty Acids

Initial liver fatty acid compositions differed significantly between the two strains. Among
the liver fatty acids, DHA was the most abundant making up ~31% of total fatty acids in both
strains. The average liver EPA content was 6.1% in the farmed SJR strain, significantly higher
(p =0.015) than 5.3% of EPA in the landlocked GL strain (Table 2.4). The GL strain livers had
significantly higher content of 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, total monounsaturated fatty acids (MUFA), and the DHA/EPA ratio than the
SJR strain. The commercial SJR salmon liver was significantly higher in 16:0, 20:4n-6
(arachidonic acid, ARA), 20:5n-3 (EPA), 24:1, total SFA and the n-3/n-6 ratio than in
landlocked GL salmon liver. Moreover, 18:2n-6 and 18:3n-3 were both significantly higher (p
<0.001) in the GL strain, while intermediate LC-PUFA, 20:4n-6 and 20:5n-3 were significantly
higher (p = 0.035 and p = 0.015, respectively) in the SJR strain (Table 2.4).

Initial muscle fatty acid content was independent of strain, except for 20:3n-6. The top
three fatty acids in the muscle were 16:0, 18:1n-9, and DHA where 16:0 was most abundant
making up ~20% of total fatty acids in the salmon muscle. Muscle DHA and EPA content was
~18% and ~5%, respectively (Table 2.5). In general, no significant effect of strain was observed
in salmon muscle fatty acid profiles.

2.4.3 Final Tissue Fatty Acids

Similar to the initial liver fatty acid profiles, DHA, 16:0, and 18:1n-9 were the top three
liver fatty acids in both salmon strains after 16 weeks. Liver DHA content was significantly
higher (p < 0.001) in the GL/FO (28%) and the SIR/FO (26%), compared with the GL/FO-free
(10%) and the SJR/FO-free (16%). Similarly, liver EPA content was significantly higher in the
GL/FO (5%) and the SJR/FO (5%) than the GL/FO-free (1%) and the SJR/FO-free (2%) (Table
2.6). Total SFA were significantly highest in the SJR/FO, while total PUFA was significantly
lowest in the GL/FO-free. Both strains fed the FO-free diet had significantly higher (p <0.001)
total n-6 fatty acids than fish fed the control diet. As for total n-3 fatty acids, both strains fed the
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FO-free diet had significantly lower n-3 fatty acids (14 - 20%) than they fed the FO control diet
(34 - 37%) (Table 2.6).

The significant interaction effect of diet and strain were observed in the liver 16:1n-9,
18:1n-9, 20:4n-6 (ARA), 22:5n-6, total PUFA, total n-6 fatty acids, and the DHA/EPA ratio
(Table 2.6). Fish in GL/FO-free had significantly higher (p = 0.007) liver 18:1n-9 and
significantly lower (p < 0.001) liver PUFA due to the interaction effect. Moreover, the diet x
strain interaction also significantly affected 16:1n-9, 20:4n-6, 22:5n-6, total n-6 fatty acids, total
PUFA and DHA/EPA ratio in the liver (Table 2.6). Liver LNA, 18:4n-3, 20:3n-6, 20:4n-3, EPA,
22:5n-3, and 24:1 depended on the diet alone, while the strain effect was less profound in the
liver fatty acid where only ALA depended on the strain alone (Table 2.6).

After 16 weeks, the top three fatty acid classes in the muscle were 16:0, 18:1n:9, and DHA,
regardless of treatment (Table 2.7). There were significant differences in most reported fatty
acid classes among the four treatment groups. Muscle DHA levels were significantly higher (p
=0.001) in both strains fed the control diet compared to both strains fed the FO-free diet, which
were 11 - 17% vs. 9 - 10%, respectively. Similarly, the level of 18:1n-9, EPA, 22:5n-3, total
SFA, total n-3 fatty acid, the n-3/n-6 ratio followed the same pattern. Muscle LNA, ALA, ARA,
total MUFA, and total n-6 fatty acid were significantly higher when both strains fed the FO-free
diet (38 - 40%) than both strains fed the control diet (27 - 29%). Moreover, there was a
significantly highest (p < 0.001) DHA/EPA ratio in the GL/FO-free among the four treatments
(Table 2.7).

In terms of the two-way ANOVA results, the strain x diet interaction was also significant
for muscle ARA, DPA, DHA, 14:0 and the EPA/ARA ratio (Table 2.7). Approximately 80% of
muscle fatty acid classes were significantly affected by the diet, while the level of 16:1n-9, 18:0,
20:4n-3, 20:5n-6, and the DHA/EPA ratio depended on both the diet and strain. Interaction
effects were observed in muscle 14:0, 22:5n-3, DHA, and EPA/ARA ratio (Table 2.7).

2.5 DISCUSSION

Different initial liver fatty acid compositions between the landlocked GL and the SJR strain
Atlantic salmon reflects their different genetic background, even when both were fed the same
commercial diet since first feeding. After 16 weeks, muscle DHA content in the GL/FO was the

highest compared to all treatments. The EPA and DHA content did not significantly differ in the
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salmon muscle between the GL/FO-free and SIR/FO-free. Among the liver fatty acids, the levels
of 18:1n-9 and 18:3n-3 were significantly elevated in the GL/FO-free, while the n-6 LC-PUFA
including 20:3n-6, 20:4n-6, and 20:5n-6 were significantly incorporated in the SJR/FO-free.
Overall, there was a significant difference in the muscle n-3 LC-PUFA content between the two
salmon strains. When both strains were fed the FO control diet, landlocked GL strain had a
higher n-3 LC-PUFA content in the muscle than the farmed SJR strain (25.9 + 6.0% vs. 19.0 £
8.1%).

2.5.1 Growth performance

Landlocked GL strain adapted well to the FO-free diet, in terms of growth; however, those
fed the FO control showed lower growth than the SJR/FO group. Salmon in the GL/FO-free had
similar somatic growth with salmon in the SJR/FO-free. It was concluded that the genetic effect
contributed to the significant differences in salmon growth performances, except for CF and
FCR.

The growth in Atlantic salmon is under both genetic and environmental control (Quinton
et al., 2005; Schaeffer et al., 2018). Environmental factors of lake surface area and food
availability largely affect the wild landlocked Atlantic salmon body size. For example, wild
landlocked GL salmon from West Grand Lake, Maine, USA can grow to a maximum fork length
of 54 cm (Havey and Warner, 1970; Hutchings et al., 2019). The maximum body length among
landlocked salmon from Lake Gullspangsilven, Vanern, Sweden, is double that of Grand Lake,
Maine (Ros, 1981; Hutchings et al., 2019). Therefore, landlocked salmon exhibit various body
sizes among different strains.

Landlocked Atlantic salmon parr exhibited significantly better growth rate than the
anadromous salmon parr of the same age when offered either a FO diet or a FO-free diet for 8
weeks. Despite this, the mean final body weight did not differ significantly between landlocked
and anadromous salmon when offered the same diet (Rollin et al., 2003; Betancor et al., 2016).
The higher growth rate can be due to different metabolic pathways between landlocked and
farmed strains (Bicskei et al., 2014; Betancor et al., 2018). Based on the analyses of liver
transcriptome in landlocked salmon parr (Gullspangsilven strain) by Betancor et al., (2016), fish
fed the FO-free diet showed upregulated gene expression of 6pfk (+3.73 of absolute fold
change), which stimulated the regulatory enzyme in glycolysis; moreover, the related gene

involved in the synthesis of glucose was down-regulated (-1.69). Therefore, the increase of
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glucose catabolism for energy, facilitated the lipogenic gene expression and inhibited lipolysis.
As a result, landlocked salmon exhibited the higher growth rate compared to the farmed strain
(Betancor et al., 2016). A further study using a high level digestible carbohydrate diet confirmed
that the landlocked salmon showed a relatively faster conversion of glucose to TAG compared
to the farmed strain (Betancor et al., 2018). Additionally, rainbow trout had enhanced glycolysis
and decreased fatty acid oxidation when fed the FO diet; however, relevant gene expressions
were not strongly elevated in the liver and muscle (Kolditz et al., 2008). Overall, landlocked
salmon parr having a better growth rate is partially explained by the efficient use of
carbohydrates, which reflects their natural diet in a freshwater environment. The domestication
of Atlantic salmon can suppress the relevant gene expressions in glycolysis (Bicskei et al., 2014;
Betancor et al., 2016).

In the current study, landlocked GL strain can efficiently utilize the FO-free diet with a
poor level of n-3 LC-PUFA for normal growth. Lipolysis are stimulated in landlocked salmon
fed the FO-free diet. This finding is in accordance with Rollin et al., (2003) that both anadromous
and landlocked Atlantic salmon parr used FO-free vegetable oil diets without compromising the
normal somatic growth. Atlantic salmon have the inherent ability to live in the freshwater
environment where the availability of n-3 LC-PUFA is much lower than in the marine
environment (Pickova et al., 1999; Parzanini et al., 2020). Farmed SJR strain salmon displayed
a better adaptation to both diets compared to landlocked GL strain in terms of growth. At the
post-smolt stage, farmed SJR strain have been selectively bred for fast growth rate and higher
harvest weight since the 1970’s (Glebe, 1998; Quinton et al., 2005; Schaeffer et al., 2018).
Consequently, farmed SJR strain Atlantic salmon have growth advantages in comparison to the
landlocked GL strain.

Regarding diet effect, landlocked GL and SJR strain had similar growth within the diet
group. Dietary DHA/EPA ratio did not affect the somatic growth within the strain in this study.
It aligns with Codabaccus et al., (2012) that feeding Atlantic salmon smolt (initial weight ~75
g) blended vegetable oil (200 g/kg) diets with three levels of DHA/EPA ratio: 0.5, 1.3 and 2.8,
made no difference in the mean final body weight after 75 days. Moreover, the growth of salmon
smolts was independent of dietary fatty acid composition (Codabaccus et al., 2012).

2.5.2 Liver and Muscle Fatty Acid Content
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The initial liver fatty acid profiles differed significantly between the two strains, such as
16:0, and some Cis, Cyo fatty acids, even when all salmon were offered the same commercial
diet since first feeding. It suggested that differences in the liver fatty acid profile were largely
the result of biological differences between the strains. The Cis fatty acids — 18:1n-9, LNA, and
ALA, were markedly higher in the liver of the GL strain. The 16:0 and Cyo fatty acids — EPA
and ARA were markedly lower in the liver of the GL strain, compared to the liver of the SJR
strain (Table 2.5). The composition of liver fatty acids shows the metabolic activities including
LC-PUFA biosynthesis, lipogenesis, and fatty acid oxidation (Jordal et al., 2005). Clear evidence
of a genetic effect caused the difference in the initial liver fatty acid compositions. By contrast,
the initial muscle fatty acid compositions did not significantly differ between strains, except for
higher muscle 20:3n-6 in the SJR strain. It concluded that the dietary fatty acid profile
determined fish muscle fatty acid profile to a large extent (Torstensen et al., 2005; Bell et al.,
2010; Hixson et al., 2014a).

After 16 weeks, final liver fatty acid profiles were greatly affected by the dietary treatment.
The DHA and EPA content was higher among salmon fed the control diet, while both strains
fed the FO-free diet resulted in significantly lower DHA and EPA levels in liver. When dietary
DHA and EPA was absent in the FO-free diet, the accumulation of DHA and EPA in the liver
is clear evidence of the upregulation of DHA and EPA biosynthesis in both salmon strains.
Moreover, the significantly higher liver DHA/EPA ratio in the FO-free diet group illustrated that
regardless of salmon strain, liver DHA tend to be synthesized and reserved in a relatively higher
proportion than EPA when n-3 LC-PUFA was absent in the diet. By comparison, liver DHA,
EPA percentages and the DHA/EPA ratio between strains were independent of diet. The liver
DHA and EPA biosynthesis did not continue to rise and the ratio of DHA:EPA maintained at a
similar level when salmon were fed excess n-3 LC-PUFA in the FO control diet. Liver DHA
retention efficiency reduces when the high concentration of dietary DHA was supplied
(Stubhaug et al., 2007; Glencross and Rutherford, 2014). Atlantic salmon whole-body can retain
more than two-times of DHA when dietary DHA included at 1 g/kg; however, DHA retention
reduces to < 50 % as the dietary DHA exceeds 10 g/kg (Glencross et al., 2022).

Regarding n-6 PUFA, SJR strain fed the FO-free diet had the highest levels of total n-6 and
ARA in the liver among all treatments. The FO-free diet had a lower level of ARA but a higher
level of LNA than the control diet; this showed that ARA was largely incorporated or
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synthesized in the liver in the SJR strain from the abundant dietary LNA in the FO-free diet. The
significantly higher ARA level in the liver in the SJIR /FO-free, have led to the bioconversion of
22:5n-6, where the level of 22:5n-6 was highest among all other treatments. It was assumed that
there would be a reduction of the ratio of EPA:ARA due to the large increase of ARA level in
the liver in the SJR/FO-free; however, this change was not significant among the other
treatments. On the other hand, the GL strain fed the FO-free diet did not significantly synthesize
a higher level of ARA in the liver. Strain differences play a major effect on controlling the ARA
level in the liver. Concerning the n-3 PUFA in the liver, fish in all treatments were low in ALA
which was < 1% of all fatty acids. The reason could be the low incorporation of dietary ALA by
the salmon liver, and lack of ALA as a substrate prevented further n-3 LC-PUFA biosynthesis
toward EPA and DHA.

Compared with the SJR strain, the GL strain had a higher level of liver ALA mostly due to
the strain factor (p < 0.001), particularly when they were fed the FO-free diet. Besides, liver
18:4n-3, 20:4n-3, EPA, 22:5n-3, and DHA in the pathway of n-3 LC-PUFA were all
significantly affected by the diet factor, rather than the strain factor. 18:4n-3 could be produced
by the desaturation of ALA. The level of 18:4n-3 was significantly higher in the muscle when
both SJR and GL strain were fed the FO-free diet. Although the diet did supply some 18:4n-3
(0.2% total fatty acids), this does indicate some level of biosynthesis (desaturation) of ALA in
salmon fed the FO-free diet. The bioconversion of n-3 PUFA from dietary ALA and n-6 PUFA
from dietary LNA occurred in both strains; this was consistent with the results by Rollin et al.
(2003). In addition, total MUFA, 18:1n-9, and total PUFA were higher in the liver in GL strain
compared with the SJR strain when they were both fed the FO-free diet. Collectively, these
results indicate that SJR strain tend to synthesize n-6 PUFA when they were fed the diet with a
low n-3 LC-PUFA diet but high LNA diet. In the liver, the potential upregulation of n-3 LC-
PUFA biosynthesis independent of the diet factor was minor or difficult to identify; perhaps the
dietary ALA was not sufficient.

The muscle fatty acid profile in both strains largely correspond to the fatty acid profile in
the diets, except for 16:1n-9 (< 1%) and the ratio of DHA:EPA. The GL strain fed the FO-free
diet had a significantly higher ratio of DHA:EPA in the muscle among the four treatments. When
dietary n-3 LC-PUFA was deficient, muscle DHA and EPA biosynthesis in both strains were

stimulated to some extent, which was not comparable to the direct supply of excess n-3 LC-
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PUFA (Tocher, 2015; Sprague et al., 2019). In particular, the landlocked GL strain can reserve
a significantly higher DHA and EPA when fed the FO control diet compared with the SJR strain.
Previous studies established that excess supply of dietary DHA limits the n-3 LC-PUFA
biosynthesis or genetic expression involved in the LC-PUFA biosynthesis (Thomassen et al.,
2012; Betancor et al., 2015). Under the interaction effect of diet and strain, the landlocked GL
strain stored significantly higher muscle DHA and was less inhibited by the high DHA supply
in the FO control diet compared with the SJR strain. Similar results were also found in the
Swedish landlocked salmon (Betancor et al., 2016). In this sense, landlocked GL strain have the
potential for higher muscle n-3 LC-PUFA storage.

Compared with the farmed Atlantic salmon, landlocked salmon fed rapeseed oil diet for 8
weeks did not enhance the n-3 LC-PUFA content in the fish muscle; however, there was an
increased expression of desaturase and elongase in the metabolic pathway of n-3 LC-PUFA in
the liver (Betancor et al. 2016). Since liver is the main organ for LC-PUFA biosynthesis and
lipogenesis, liver transcript expression highly correlated with the muscle fatty acid profile (Xue
etal., 2015; Betancor et al., 2016; Hixson et al., 2017). However, the mechanism is still unclear.
More studies are needed to answer the question of how the increased capacity of LC-PUFA
biosynthesis in the liver could lead to the higher storage of n-3 LC-PUFA in fish muscle.

2.6 CONCLUSIONS

There was clear evidence of genetic differences in salmon growth performance and tissue
fatty acid content between the landlocked GL and the farmed SJR strain Atlantic salmon. The
GL strain grew poorer when fed the FO control diet compared to the SJR strain. Both strains
have the ability to synthesis n-3 LC-PUFA when dietary n-3 LC-PUFA was absent. Storage of
muscle EPA and DHA levels did not significantly differ between strains within the FO-free diet
group. The landlocked GL strain displayed a similar n-3 LC-PUFA level with the SJR strain in
the liver. Muscle DHA level in the landlocked salmon incorporated significantly and less
suppressed by the high DHA control diet. The SJR strain had a higher capacity for n-6 LC-
PUFA storage. Overall, salmon muscle highly reflected dietary fatty acid composition, while
liver fatty acids reflected LC-PUFA biosynthesis and fatty acid oxidation. There is a genetic
potential of landlocked salmon with regard to lipid metabolism and n-3 LC-PUFA biosynthesis,

which is valuable for further broodstock development.
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2.7 TABLES AND FIGURES

Table 2.1. Formulation (g/kg of the feed ingredients) and proximate compositions of the fish oil
(FO) control diet and the fish oil-free (FO-free) diet'.

Ingredient (g/kg) FO control FO-free
Fish meal 150 150
Fish oil (Menhaden) 100 0
Ground wheat 170 170
Empyreal (corn protein) 120 120
Canola oil 50 150
Poultry by-product meal 210 210
Blood meal (porcine) 160 160
Vitamin and mineral mix? 2 2
Dicalcium phosphate 20 20
Pigment mix® 2.5 2.5
Lysine HCI 5 5
Choline chloride 10.5 10.5
Total 1000 1000
Chemical composition (g/kg)

Dry matter 945.8 945.2
Crude protein 516.8 518.4
Crude fat 178.4 184.8
Calcium 21.7 21.1
Potassium 6.5 6.3
Magnesium 1.3 1.3
Phosphorus 16.5 16.1
Sodium 4.0 3.9
Copper 0.01 0.01
Manganese 0.02 0.02
Zinc 0.19 0.20
Ash 82.0 85.3

'All ingredients were donated by Northeast Nutrition (Truro, Nova Scotia, Canada)

2Vitamin and mineral premix content (per 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 pg; 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 (per kg): selenium, 0.220 mg; vitamin E, 250 IU; vitamin C, 200 mg;
astaxanthin, 60 mg; wheat shorts, 1988 mg.
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Table 2.2. Fatty acid profiles (percentage of total fatty acids) of the FO control diet and the FO-

free diet'.
Fatty acid (%) FO control FO-free F-value p-value
14:0 32+0.5 0.5+0.02 94.9 0.001
14:1 0.09 £ 0.002 0.05+0.001 1296 <0.001
16:0 16.3+2.7 8.7+0.2 23.8 0.008
16:1n-9 0.2+0.04 0.1 +£0.002 24.1 0.008
16:1n-7 4.7+0.3 1.5+0.03 280.6 <0.001
18:0 41+1.0 2.8+0.1 5.1 0.088
18:1n-9 252+5.4 48.7+0.3 57.3 0.002
18:1n-7 2.6+£0.1 2.6+0.1 0.2 0.651
18:2n-6 (LNA) 13.2+2.5 21.0+£0.2 29.5 0.006
18:3n-3 (ALA) 2.6+0.6 6.3 +0.09 106.9 <0.001
18:4n-3 1.1+0.1 0.1+0.01 163.1 <0.001
20:0 0.3+0.05 0.5+0.01 24.2 0.008
20:1n-9 1.7£04 1.7+0.1 0.02 0.896
20:1n-7 0.2+0.03 0.08 £ 0.006 34.2 0.004
20:2n-6 0.19 £0.04 0.09 = 0.008 14.6 0.019
20:3n-6 0.16 £0.05 0.05 +£0.002 10.0 0.034
20:4n-6 (ARA) 0.6 +0.02 0.2+0.01 1251 <0.001
20:4n-3 0.4+0.02 0.03 £0.002 942.6 <0.001
20:5n-3 (EPA) 7.3+03 0.6 = 0.04 1680.5 <0.001
22:0 0.3+0.01 0.3+0.01 3.26 0.145
22:1n-9 2.2+£0.01 1.9+0.2 5.67 0.098
22:1n-7 0.09 +0.01 0.07 £0.01 7.5 0.052
22:5n-6 0.17 £ 0.004 0.016 £ 0.001 3307.3 <0.001
22:5n-3 0.9 +0.05 0.09 + 0.004 888.5 <0.001
24:0 0.13£0.05 0.16 £ 0.003 0.6 0.479
22:6n-3 (DHA) 6.6+14 0.9 +0.04 50.1 0.002
24:1 0.5+£0.2 0.2 +0.02 8.7 0.042
~SFA 249+£32 13.0+0.3 41.6 0.003
>MUFA 37.9+6.5 57.2+0.3 26.4 0.007
>PUFA 36.8+3.3 29.7+£0.3 14.0 0.020
>n-3 19.4+£0.3 8.0£0.07 4094 <0.001
>¥n-6 13.1 £0.07 21.5+0.2 23153 <0.001
n-3/n-6 1.3+£0.2 0.37 +£0.002 48.2 0.002
DHA/EPA 09+0.2 1.5+0.04 20.0 0.011
EPA/ARA 13.2+£0.2 3.0£0.01 5052.9 <0.001

'Data expressed as mean = SD (n control = 3; 0 Fo-free = 3). Significant differences between diets
were determined by one-way ANOVA with Bonferroni post-hoc correction test at a significant
level of 0.05. LNA, linoleic acids (18:2n-6); ALA, a-linolenic acid (18:3n-3); ARA, arachidonic
acid (20:4n-6); EPA, eicosapentaenoic acid (20:5n-3); DHA, docosahexaenoic acid (22:6n-3).
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Table 2.3. Growth performance of the landlocked Grand Lake (GL) strain vs. farmed anadromous Saint John River (SJR) strain fed

the FO control diet vs. the FO-free diet for 16 weeks'.

p-value
GL SJIR One-way Two-way ANOVA
ANOVA

FO FO-free FO FO-free Treatment Strain Diet Diet x

Strain
Initial mean BW(g) 60.3+2.2 56.8+4.6 56.8+3.6 584+1.7 0.877 0.66 0.66 0.36
Final mean BW (g) 167.5+2.8b 180.1 + 3.3% 199.2 £ 9.32 202.6 + 14.82 0.002 0.10 0.41 0.63
Weight gain (g) 106.1£15.8° 123.3 + 8.4% 142.4 £ 4.7? 144.1 + 6.9? 0.038 0.01 0.33 0.42
Weight increase (%) 147.2 + 13.4° 228.0+27.1% 253.5+10.9? 249.9 +29.92 0.012 0.04 0.29 0.23
TGC? 1.16 £ 0.06° 1.58 &+ 0.092 1.74 £ 0.03? 1.72+0.162 0.001 0.02 0.34 0.25
CF? 1.74 £0.19 1.61+0.14 1.43+0.10 1.66+0.11 0.442 0.70 0.38 0.43
FCR* 0.96 +0.04 1.00 £ 0.02 1.00 £0.02 1.00 £ 0.02 0.636 0.10 0.72 0.77

"Mean + SD (n = 5 per treatment). Different letters in the same row indicated significant differences (p <0.05) among four treatments
(GL/FO, GL/FO-free, SIR/FO, and SJR/FO-free). It was determined by a one-way ANOVA, followed by the Tukey’s multiple

comparison. BW, body weight.

>Thermal growth coefficient = [[(Final weight
3Condition factor = Body mass/Length’

“Feed conversion ratio = (Feed offered) / (Weight gain)

)1/3

— (Initial weight)'3]/ Temperature in °C x Days] x 1000.



Table 2.4. Initial liver fatty acid profiles (percentage of total fatty acids) of the Grand Lake (GL)
strain and Saint John River (SJR) strain Atlantic salmon prior to the trial'.

Fatty acid (%) GL SJIR F-value p-value
14:0 1.5+£0.2 1.2+0.2 14.7 0.001
14:1 0.05+0.01 0.04 +£0.01 3.5 0.079
16:0 189+ 1.1 20.7+1.9 7.3 0.015
16:1n-9 0.4+0.02 0.4+0.07 0.5 0.510
16:1n-7 22+0.5 1.8+0.3 6.8 0.018
18:0 56+04 57+0.2 0.8 0.381
18:1n-9 12.5+0.6 10.7+1.1 7.5 0.014
18:1n-7 1.8+0.2 1.7+0.2 2.9 0.105
18:2n-6 (LNA) 6.0+0.6 50+03 19.0 <0.001
18:3n-3 (ALA) 0.5+0.06 0.3+0.05 22.2 <0.001
18:4n-3 0.2+0.07 0.2+0.02 0.3 0.574
20:1n-9 0.7+0.1 04+0.1 21.8 <0.001
20:1n-7 0.09 £ 0.02 0.06 £0.03 7.6 0.013
20:2n-6 0.7+0.1 0.5+0.1 20.9 <0.001
20:3n-6 0.8+0.1 0.8 +£0.1 0.7 0.410
20:4n-6 (ARA) 3.6+04 42+0.7 5.2 0.035
20:4n-3 0.4+0.01 0.36 £ 0.05 16.7 0.001
20:5n-3 (EPA) 53+0.5 6.1+0.7 7.3 0.015
22:0 0.06 £ 0.02 0.19+04 1.2 0.288
22:1n-9 0.1 +0.04 0.1 £0.04 0.9 0.356
22:1n-7 0.1+0.09 0.1 £0.03 0.5 0.496
22:5n-6 0.5+0.05 0.4+0.07 1.4 0.246
22:5n-3 1.5+£0.5 1.6+0.8 0.05 0.820
24:0 0.2+0.5 0.5+0.8 0.9 0.360
22:6n-3 (DHA) 30724 31.2+2.0 0.3 0.596
24:1 1.4+0.2 1.7+04 43 0.043
>SFA 269+ 1.1 289+2.5 5.7 0.028
*MUFA 204+2.4 18.0+ 1.6 7.3 0.014
>PUFA 524+2.5 529+2.9 0.1 0.709
>n-3 39.2+2.8 40.3+2.0 1.2 0.298
>n-6 12.0+0.4 11.5£1.0 2.5 0.131
n-3/n-6 33+0.3 3.5+0.2 5.0 0.038
DHA/EPA 5.8+0.6 52+0.5 53 0.033
EPA/ARA 1.5+0.2 1.5+0.2 0.00 0.973

'Data expressed as mean = SD (n gL = 24; n sjr = 24). Results were determined by one-way
ANOVA with the Bonferroni post-hoc test (o =0.05). LNA, linoleic acids (18:2n-6); ALA, o-
linolenic acid (18:3n-3); ARA, arachidonic acid (20:4n-6); EPA, eicosapentaenoic acid (20:5n-
3); DHA, docosahexaenoic acid (22:6n-3).
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Table 2.5. Initial muscle fatty acid content (% of total fatty acids) of the Grand Lake (GL) strain

and Saint John River (SJR) strain prior to the trial'.

Fatty acid (%) GL SJIR F-value p-value
14:0 25+£03 2.6+0.5 0.06 0.815
14:1 0.08+0.03 0.06 £ 0.04 1.8 0.195
16:0 203+3.5 22.1+3.5 1.2 0.283
16:1n-9 0.3+0.03 0.3 +£0.05 4.1 0.057
16:1n-7 42+1.0 3.7+£1.1 1.1 0.309
18:0 56+1.1 63+12 2.0 0.170
18:1n-9 18.6+3.5 16.5+4.3 1.5 0.238
18:1n-7 25+03 2.5+0.3 0.2 0.637
18:2n-6 (LNA) 83=+1.5 74+1.7 1.6 0.227
18:3n-3 (ALA) 0.8+0.1 0.8+0.1 0.9 0.357
18:4n-3 0.7+0.1 0.7+£0.2 0.3 0.600
20:0 0.1+0.02 0.1 +0.05 0.00 0.953
20:1n-9 1.1+£0.2 09+0.3 0.9 0.346
20:1n-7 0.1+0.02 0.1£0.02 0.3 0.598
20:2n-6 0.5+£0.2 0.6 £0.08 1.4 0.245
20:3n-6 0.5+0.03 0.5+0.03 7.4 0.014
20:4n-6 (ARA) 1.2+£0.2 1.2+0.08 0.3 0.576
20:4n-3 0.5+0.07 0.5+0.06 2.0 0.174
20:5n-3 (EPA) 48+0.5 51+0.8 0.9 0.345
22:0 0.09+0.05 0.08 £ 0.04 0.06 0.814
22:1n-9 0.2+£0.02 0.2 +£0.04 1.3 0.277
22:1n-7 04+03 0.6+0.4 3.0 0.101
22:5n-6 04+0.1 0.4+0.1 0.00 0.977
22:5n-3 1.8+0.8 1.8+0.2 0.4 0.553
22:6n-3 (DHA) 17.7+3.1 17.8+4.3 0.01 0.939
24:1 0.4+0.05 0.5+ 0.05 2.2 0.158
>SFA 29.3+4.6 32.1+49 1.6 0.219
*MUFA 29.3+5.0 26.8£6.0 1.0 0.332
>PUFA 40.6 +2.7 40.3+4.2 0.03 0.861
¥n-3 26.8+ 3.4 27.1+5.2 0.03 0.868
>n-6 11.1+£1.2 105+1.4 1.3 0.263
n-3/n-6 25+0.5 2.7+£0.8 0.52 0.479
DHA/EPA 3.7+0.5 3.5+0.5 1.0 0.340
EPA/ARA 4.1+0.6 42+0.5 0.01 0.931

'Data expressed as mean + SD (n gL =24; n sjr = 24). Results were determined by the one-way
ANOVA with the Bonferroni post-hoc correction test at a significant level of 0.05. LNA, linoleic
acids (18:2n-6); ALA, a-linolenic acid (18:3n-3); ARA, arachidonic acid (20:4n-6); EPA,
eicosapentaenoic acid (20:5n-3); DHA, docosahexaenoic acid (22:6n-3).

47



Table 2.6. Liver fatty acid content (% of total fatty acids) of the Grand Lake strain and Saint John River strain after being fed FO- and
FO-free diets for 16 weeks'.

87

Fatty acid GL SJIR p-value
One-way ANOVA Two-way ANOVA
FO FO-free FO FO-free Treatment Diet Strain Strain x Diet

14:0 1.4£0.12 1.0+£0.3b 1.5+0.62 0.7+0.1° <0.001 <0.001 0.488 0.158
14:1 0.05 +£0.022 0.05+0.012 0.04 £0.012 0.02 £0.01° <0.001 0.009 <0.001 0.098
16:0 17.4+£1.5% 13.7+2.0° 22.0+6.4° 14.7 £3.0° <0.001 <0.001 0.003 0.140
16:1n-9 0.5+0.05° 0.6+0.31P 0.4+0.08° 0.8 £0.09? <0.001 <0.001 0.062 0.004
16:1n-7 1.8+0.72 1.5+£0.52 1.4+0.2%® 0.9+0.2b 0.001 0.016 <0.001 0.407
18:0 47+1.7 50+1.9 6.6+2.6 6.1+£0.7 0.142 0.805 0.017 0.515
18:1n-9 16.4 +5.5¢ 39.2+7.5° 13.7 +£2.0¢ 27.1+3.8° <0.001 <0.001 <0.001 0.007
18:1n-7 1.8+£0.9 1.7+1.2 1.8+0.3 2.0+£03 0.915 0.836 0.601 0.663
18:2n-6 (LNA) 4.4 +0.5° 6.1+£2.52 3.84+0.4° 5.1+0.5% 0.003 0.001 0.063 0.626
18:3n-3 (ALA) 0.6 +0.08 0.8+0.22 0.5+0.1° 0.5+0.2° 0.003 0.360 0.001 0.173
18:4n-3 0.2 +0.09° 0.3 +0.052 0.2+0.01° 0.3 +£0.05° 0.001 <0.001 0.662 0.644
20:0 0.05+0.05 0.06 +0.01 0.2+0.30 0.1 £0.06 0.348 0.488 0.132 0.467
20:1n-9 2.1+0.8% 3.1+£1.5 1.4 +0.6° 2.5+£0.5% 0.004 0.002 0.044 0.945
20:1n-7 0.1 £0.06 06=+1.5 0.1 +£0.06 0.1 £0.06 0.416 0.397 0.259 0.358
20:2n-6 1.0£04 1.0£0.6 0.9+0.2 0.9+0.3 0.845 0.672 0.440 0.868
20:3n-6 1.2+£0.2° 34+132 1.4 +0.6° 44+0.72 <0.001 <0.001 0.030 0.124
20:4n-6 (ARA) 3.4+0.4° 46+1.7° 344220 8.2 +3.02 <0.001 <0.001 0.004 0.004
20:4n-3 0.4+0.07? 0.3+0.1° 0.4 +0.12 0.3+0.02b 0.004 0.001 0.098 0.394
20:5n-3 (EPA) 53+£0.6% 1.2+0.4° 49+1.42 1.6 +£0.3° <0.001 <0.001 0.999 0.193
22:0 0.1 £0.06 0.1 +£0.05 0.7+1.8 0.1+£0.03 0.770 0.338 0.356 0.315
22:1n-9 0.3+0.06 0.3+£0.08 0.3+0.3 0.3+£0.05 0.639 0.715 0.824 0.225
22:1n-7 0.1 +£0.08 0.09 +£0.05 0.4+0.6 0.06 = 0.01 0.172 0.102 0.319 0.235
22:5n-6 0.5+0.09¢ 1.3+£0.2° 0.6 £0.4¢ 2.1+042 <0.001 <0.001 <0.001 0.005
22:5n-3 1.4+0.42 0.7 +0.3° 1.4+0.52 1.1 +£0.28 0.001 <0.001 0.152 0.102
24:0 0.15+04 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 £3.82 10.2 +£3.0° 25.5+8.12 15.6 £2.2b <0.001 <0.001 0.370 0.015
24:1 1.9 £0.72 1.3+0.3b 22+0.52 1.6 £0.5% 0.006 0.002 0.084 1.000
YSFA 24.4+£2.9° 20.2+3.3b 31.7+9.8° 22.1+3.5° <0.001 <0.001 0.015 0.138
MUFA 26.5+7.3¢ 489 +7.7* 22.7+2.7¢ 35.7+4.4° <0.001 <0.001 <0.001 0.017
XPUFA 48.8 £5.2° 30.6 £6.7° 452 4+9.22 42.1 +3.42 <0.001 <0.001 0.066 <0.001
Zn-3 36.6 £4.32 13.8 £4.1° 33.5+8.8° 19.6£2.7° <0.001 <0.001 0.479 0.013
Zn-6 11.0+1.2¢ 15.9+3.8b 10.6 £ 1.9¢ 21.9+2.42 <0.001 <0.001 0.001 <0.001
n-3/n-6 3.4+£0.22 0.9+0.3° 32+1.02 0.9+0.20 <0.001 <0.001 0.628 0.600
DHA/EPA 5.4+0.7° 8.4+1.0° 5.1+1.1° 102 +1.32 <0.001 <0.001 0.036 0.005
EPA/ARA 1.6+0.2 22+6.1 1.4+0.2 09+23 0.865 0.934 0.496 0.6327

Data expressed as mean + SD, n=5 in each treatment (strain/diet). Different letters within a row indicated significant differences among four treatments determined by the one-
way ANOVA with Bonferroni post-hoc correction test (o = 0.05). LNA, linoleic acids (18:2n-6); ALA, o-linolenic acid (18:3n-3); ARA, arachidonic acid (20:4n-6); EPA,
eicosapentaenoic acid (20:5n-3); DHA, docosahexaenoic acid (22:6n-3).



Table 2.7. Muscle fatty acid content (% of total fatty acids) of the Grand Lake strain (GL) and Saint John River (SJR) strain after
being fed FO and FO-free diets for 16 weeks'.

(14

Fatty acid GL SJIR p-value
One-way ANOVA Two-way ANOVA
FO FO-free FO FO-free Treatment Diet Strain Strain x Diet

14:0 2.3+0.52 0.9+0.2° 2.84+0.62 0.8+0.2° <0.001 <0.001 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+4.9% 18.1 +4.7° 28.4+10.8% 17.7+4.8° 0.006 0.002 0.185 0.136
16:1n-9 0.3+£0.02° 0.4+0.02° 0.2 £0.05¢ 0.4 +£0.032 <0.001 <0.001 <0.001 0.225
16:1n-7 2.8+0.72 1.5+0.3b 2.5+1.0% 1.2+0.3b <0.001 <0.001 0.175 0.943
18:0 6.6 +1.6%® 5.0£2.1b 8.8 £4.02 6.6+ 1.9% 0.035 0.027 0.032 0.709
18:1n-9 18.6 +4.1* 31.4+4.8° 16.2 +6.0° 29.7 £ 6.0 <0.001 <0.001 0.241 0.864
18:1n-7 27+02 2.6+0.1 25+0.7 2.6+0.09 0.532 0.474 0.328 0.341
18:2n-6 (LNA) 6.0+£2.5b 102 £0.92 6.2+2.2b 10.1 £1.4° <0.001 <0.001 0.991 0.810
18:3n-3 (ALA) 1.3+£0.3° 1.9+0.22 1.1 +0.6° 2.0+0.32 <0.001 <0.001 0.698 0.373
18:4n-3 0.6 +0.2° 0.9+0.22 0.6 +0.3° 0.9+0.22 0.002 <0.001 0.866 0.847
20:0 0.15£0.06° 0.23 +£0.04?2 0.21 £0.05% 0.23 +£0.06* 0.006 0.007 0.082 0.139
20:1n-9 1.3£0.32 1.6 £0.32 1.1+0.4° 1.5+£0.3% 0.029 0.007 0.126 0.695
20:1n-7 0.13 +£0.032 0.08 £ 0.02b° 0.11 £0.06% 0.07 +£0.01° 0.001 <0.001 0.219 0.800
20:2n-6 0.5+0.09 0.7 +0.08 0.5+£0.17 0.6 £0.09 0.035 0.006 0.340 0.549
20:3n-6 0.5+0.08° 1.9+0.32 0.4+0.2b 224032 <0.001 <0.001 0.321 0.046
20:4n-6 (ARA) 1.1£0.3° 2.4+0.52 0.8+0.3° 2.9+0.62 <0.001 <0.001 0.413 0.006
20:4n-3 0.4 +£0.06% 0.4 +£0.05% 0.4 + 0.2 0.3 £0.04° 0.012 0.021 0.027 0.509
20:5n-3 (EPA) 48+1.12 1.9 + 0.4° 43+1.8 2.2+ 0.4 <0.001 <0.001 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 0.3+0.1 0.3+0.1 04+0.2 0.3+0.1 0.564 0.581 0.333 0.333
22:1n-7 0.7 £ 0.7 0.3+0.3b 1.6 £0.52 0.4+0.2° 0.003 0.002 0.064 0.093
22:5n-6 0.4+0.1° 0.7+0.22 02+0.2b 0.7+0.22 <0.001 <0.001 0.032 0.260
22:5n-3 1.6 £0.32 0.6 +0.3° 1.3+0.52 0.8+0.1° <0.001 <0.001 0.946 0.017
22:6n-3 (DHA) 16.7 +£4.82 9.7+2.8 10.5+ 5.5 9.4 +2.5b 0.001 0.004 0.019 0.032
24:1 0.6+0.1 0.5+0.05 0.5+0.2 0.6+0.1 0.429 0.836 0.413 0.146
ISFA 32.2 4+ 7.0 24.9 + 4.5 41.8+11.52 259+6.7° 0.006 0.001 0.216 0.396
IMUFA 293 +5.1° 40.3 +5.5° 26.8+7.5° 38.2+6.2° <0.001 <0.001 0.268 0.924
YPUFA 37.5+64 342 +3.6 33.0+7.0 353+3.5 0.328 0.753 0.327 0.123
Zn-3 25.9+6.0° 15.8+3.2b 19.0 £ 8.12 15.8+3.1° <0.001 0.001 0.061 0.061
*n-6 8.8+2.3b 17.3+0.8 8.4+27b 17.8+1.12 <0.001 <0.001 0.916 0.438
n-3/n-6 33+1.72 0.9 +0.2° 22+0.62 0.9+0.1° <0.001 <0.001 0.082 0.099
DHA/EPA 3.4+0.3° 5.0+0.42 2.3+0.44 43+0.5b <0.001 <0.001 <0.001 0.180
EPA/ARA 4.3 +0.4° 0.8 £0.08¢ 5.1+1.12 0.8 £0.09°¢ <0.001 <0.001 0.035 0.015

Data expressed as mean + SD, n =5 in each treatment (strain/diet). Different letters within a row indicated significant differences among four treatments determined by the one-
way ANOVA with Bonferroni post-hoc correction test (o = 0.05). LNA, linoleic acids (18:2n-6); ALA, a-linolenic acid (18:3n-3); ARA, arachidonic acid (20:4n-6); EPA,
eicosapentaenoic acid (20:5n-3); DHA, docosahexaenoic acid (22:6n-3).



CHAPTER 3: LONG CHAIN POLYUNSATURATED FATTY ACID LEVEL BY THE
SAINT JOHN RIVER ATLANTIC SALMON: A COMPARISON AMONG FIFTY
FAMILIES

3.1 ABSTRACT

Family/genetic and diet effects affected Atlantic salmon n-3 LC-PUFA level. The
capability of salmon n-3 LC-PUFA biosynthesis was inferred by analyzing the muscle and liver
n-3 LC-PUFA content among selected SJR salmon families. Parr averaging 48 g and 15 cm
among fifty SJR strain families were offered with two diets for 16 weeks. The FO control diet
contained 10% FO and 11% canola oil, while the FO- free diet contained 17% camelina oil and
4% canola oil. Independent of family factor, the mean final body weight gain in the FO control
diet group was significantly higher (p < 0.001) than the FO-free diet group, which was 121.5 +
25.6 gvs 110.5 +22.4 g, respectively.

After 16 weeks, the best weight gain or the lowest weight gain families were selected in
each diet group for tissue fatty acid analysis. Among fish fed the FO-free diet, the biosynthesis
of n-3 LC-PUFA, particularly DHA level was upregulated in the muscle and liver. However, the
improvement of n-3 LC-PUFA content differed among selective families fed either diet. Family
#14 fed the FO-free diet had the highest (p = 0.025) DHA percentage at 16% in the liver among
best weight gain families; additionally, the significantly increased n-3/n-6 ratio indicated the
affinity to n-3 fatty acid. Among the families with the better growth performance, muscle EPA
and DHA content among best weight gain families was similar, ranging from 1 to 1.4% and 3
to 4.5%, respectively, independent of the diet. Families within the lowest weight gain group did

not significantly change their muscle and liver n-3 LC-PUFA percentage.

3.2 INTRODUCTION

Fish oil (FO) is considered the most nutritious and digestible lipid for farmed carnivorous
fish and provides the major source of omega-3 long chain polyunsaturated fatty acids (n-3 LC-
PUFA), DHA and EPA (FAO, 2020. p.63; FAO, 2022. p.77). The heavy dependency on marine
FO is a major challenge in the aquaculture (and animal) feed industry. Utilizing alternative
sustainable, plant-based ingredients, with less inclusion of FO is the future trend in aquaculture
production (Hixson et al., 2014a; Turchini et al., 2020). Dietary inclusion rates of FO as dietary

lipids in salmon feeds has decreased from 24 to 11% between 1990 and 2019 in Norwegian
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Atlantic salmon production (Ytrestayl et al., 2015; Aas et al., 2019; MOWI, 2020). Terrestrial
plant oils are used as alternative dietary lipid to substitute for FO in salmonid feed. However,
the problem of terrestrial plant oils is their deficiency of essential n-3 LC-PUFA, EPA and DHA,
which can cause adverse effects on the growth of salmonids and also reduce the nutritional value
for human consumption (Turchini et al., 2009; Sprague et al., 2016; Bou et al., 2017a). Canola
or rapeseed oil (Brassica napus) is rich in oleic acid (18:1n-9), followed by linoleic acid (LNA,
18:2n-6), and a-Linolenic acid (ALA, 18:3n-3), which represent about 60, 20, and 3 - 13% in
total fatty acids, respectively (Przybylski and Eskin, 2011; Goyal et al., 2021). The progressive
inclusion of rapeseed oil in the diet significantly increased 18:1n-9 in the muscle tissue from
15% to 30% and LNA from 5 % to 10% between 2010 and 2015 (Sprague et al., 2016). As a
result, average absolute amount of EPA and DHA in the flesh of farmed Scottish Atlantic salmon
decreased from 2.74 g/100g in 2006 to 1.36 g/100g in 2015 (Sprague et al., 2016).

Estimated minimum requirement of n-3 LC-PUFA for Atlantic salmon is 0.5% (5 g/kg) of
EPA+DHA in the freshwater (Ruyter et al., 2000; Qian et al., 2020) where the ratio of EPA and
DHA is 1:1 (Qian et al., 2020). Post-smolt Atlantic salmon need 1 to 1.5% (10 to 15g/kg) of
dietary n-3 LC-PUFA for optimal growth (Glencross et al., 2014; Huyben et al., 2021a). Another
study recommends the n-3 LC-PUFA (EPA: DHA = 1:1) inclusion between 1.6 and 2.6% for
Atlantic salmon in seawater (Sissener et al., 2016). Atlantic salmon and rainbow trout
(Oncorhynchus mykiss) can synthesize up to 25% of their own n-3 LC-PUFA from the n-3 Cis
PUFA in dietary plant oils (Hixson et al., 2014b, c). Some non-anadromous Atlantic salmon
have shown the potential to upregulate the n-3 LC-PUFA biosynthesis in fish tissues (Rollin et
al., 2003; Betancor et al., 2016). Fillet LC-PUFA content is a heritable trait in farmed Atlantic
salmon (Leaver et al., 2011; Horn et al., 2018). Therefore, it is hypothesized that the minimal
requirement of dietary n-3 LC-PUFA for salmonids could be satisfied by n-3 LC-PUFA
biosynthesis in the body, if n-3 fatty acid precursor (ALA) is sufficient in the diet.

When dietary FO is devoid, the upregulation of LC-PUFA biosynthesis in salmonid is too
low to satisfy the basic level of LC-PUFA (Tocher, 2015; Sprague et al., 2019). To address this
problem, it is feasible to selectively breed Atlantic salmon with the trait of high LC-PUFA
biosynthesis (Horn et al., 2018). The relationship between diet, genetic variability, and LC-
PUFA synthesis and storage has been exhibited in the Norwegian Atlantic salmon (Aquagen
strain and SalmonBreed strain) (Berge et al., 2015; Betancor et al., 2016). A selected line of high
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LC-PUFA Atlantic salmon (SalmonBreed strain, Norway) had a higher fillet n-3 LC-PUFA than
the low LC-PUFA Atlantic salmon by 2 g/kg (Berge et al., 2015). Non-anadromous Atlantic
salmon have the potential to upregulate the n-3 LC-PUFA biosynthesis in the liver compared
with the farmed Aquagen strain (Betancor et al., 2016). The n-3 LC-PUFA level in Atlantic
salmon muscle differed significantly between families when fed the same plant oils diet for 12
weeks; moreover, the heritability of n-3 LC-PUFA percentage and absolute amount of n-3 LC-
PUFA in fillet lipid were 0.77 and 0.34 g/100g , respectively (Leaver et al., 2011). By
comparison, the estimates of heritability for EPA, DHA percentages and absolute amount of n-
3 LC-PUFA in Atlantic salmon (g/100g) flesh were 0.09, 0.26, and 0.35, respectively (Horn et
al., 2018). Collectively, the n-3 LC-PUFA biosynthesis is a moderate heritable trait in Atlantic
salmon, which is genetically correlated with muscle fat and visceral fat storage (Horn et al.,
2018).

In North America, the improved nutrient utilization for n-3 LC-PUFA biosynthesis, has yet
to be included in the farmed SJR strain broodstock programs. The objective of this study was to
determine the phenotypic variability between fifty SJR strain Atlantic salmon families regarding
their n-3 LC-PUFA tissue content and growth performance. The fatty acid profile in fish tissues
is largely dependent on the dietary fatty acids (Bell et al., 2010; Hixson et al., 2014a; Alhazzaa
et al., 2019). In this study, the FO control diet contained fish oil with a rich supply of EPA and
DHA, while the FO-free diet had a mixture of canola and camelina oil that provided abundant
LNA and ALA, respectively. Compared with canola oil, camelina oil has a significantly higher
level of ALA (39% vs. 12%) (Przybylski and Eskin, 2011; Government of Canada, 2012) that
can be used to balance the ratio of LNA and ALA close to 1 to 1, and can provide sufficient n-

3 fatty acid precursor in the FO-free diet.

3.3 MATERIALS AND METHODS

3.3.1 Experimental Diets

Two isonitrogenous and isolipidic diets were produced at the Chute Animal Nutrition Lab,
Faculty of Agriculture, Dalhousie University. A control diet contained 10% FO and 11% canola
oil that matched the commercial salmon feed, while a FO-free diet had 17% camelina oil and
4% canola oil (Table 3.1). Ingredients were first mixed by a feed homogenizer for 20 minutes

(Model 2010 Marion mixer made, Rapids Machinery Company, USA). Homogenized
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ingredients were then prepared by blending steam and water at 96°C and 30% moisture before
extrusion (type OEE 8 extruder, Amandus Kahl GmbH & Co. KG, Germany). The density of
extruded pellets was between 430 and 500 kg/m?>. Pellets were then dried at 65°C for 4 - 5 hours
in an industrial oven (JPW Design & Manufacturing, USA) until the moisture content was below
10%. The oils were heated to ~70°C before oil-coating. Dried pellets were oil-coated under the
pressure of -0.9 bar at ~70°C with oil in a laboratory vacuum coater (Dinnissen Process
Technology, Netherlands). To ensure optimal absorption of oils, pellets were soaked, stirred and
held in the vacuum coater for 5 minutes at -0.9 bar, then the pressure was gradually increased to
atmospheric pressure. Finished feed pellets were stored at -20°C to reduce the oxidization of
fats. Diets were only exposed to room temperatures during periods of feeding.

The fatty acid compositions differed significantly between the FO control diet and FO-free
diet. Total saturated fatty acids (SFA) were significantly higher in the control diet than the FO-
free diet, which were 27% vs.14%, respectively (Table 3.2). Total monounsaturated fatty acids
(MUFA) were 49% in the control diet and 39% in the FO-free diet. Total polyunsaturated fatty
acids (PUFA) were significantly lower in the control diet than the FO-free diet, 23% vs. 46%,
respectively (Table 3.2). Both total n-3 PUFA and total n-6 PUFA were high in the FO-free diet.
The n-3/n-6 ratio in the FO-free diet was close to a suggested optimal n-3/n-6 ratio of 1:1
(Colombo et al., 2018), while the n-3/n-6 ratio was 0.7:1 in the control diet. The percentage
levels of ARA (arachidonic acid, 20:4n-6), EPA, and DHA were 0.2%, 2.5%, and 1.6% in the
control diet, while only 0.1%, 0.4%, and 0.4% in the FO-free diet, respectively (Table 3.2). The
DHA/EPA ratio was 0.7:1 in the control diet and 1.1:1 in the FO-free diet. The EPA/ARA ratio
in the control diet was 11.1:1, significantly higher than 3.2:1 in the FO-free diet (Table 3.2).

3.3.2 Experimental fish and husbandry

A commercial hatchery in Atlantic Canada selected fifty families of Atlantic salmon
(family code #1 to #50) of the SJR strain from the 2018-year class of the breeding population
whose parents were from the 2014-year class. The offspring were produced in a paternal half-
sibling design where 50 male and 100 female broodstock with the best growth performance in
the sea cage were cross bred (Liu et al., 2017; Horn et al., 2018).

Thirty parr from each of fifty families (n =1500) were individually identified by PIT
(passive integrated transponder) tags and evenly distributed into two diet groups, where there

were twelve tanks (120 L/tank) in each diet group (24 tanks total, with 62 or 63 fish per tank;
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Table 3.3). Individuals were randomly distributed in tanks. At least one individual from each
family was represented in each tank (50 + 12 or 13 other random individuals). The average initial
fish body weight and fork length (mean + SD) were 48.6 £ 7.3 g and 15.4 + 0.8 cm in the FO
control group; 47.3 + 7.1 gand 15.1 £ 0.8 cm in the FO-free group.

Atlantic salmon parr were acclimated for a month in the experimental tanks prior to the
trial. The experiment ran for 16 weeks from November 2019 to March 2020 in a commercial
hatchery. The diets were distributed at 1% ration of biomass daily, using an automatic feeder.
Fish were exposed to the natural daylength and provided with 11.0 mg/L dissolved oxygen and
11.5°C freshwater in the flow through system. Daily husbandry and system maintenance were
administered by an experienced technician.

3.3.3 Sampling

Food was withheld a day before the sampling. All fish were anaesthetized (TMS, 0.1 g/L)
for identification and body size measurement a day at week 0 and 16. In each diet group, seven
out of twelve tanks were randomly selected for the fish muscle and liver collection (Table 3.3).
A portion of skinless white dorsal muscle between the dorsal fin and the lateral line and a portion
of liver were collected in individual cryogenic vials. Tissue samples were immediately flash
frozen in liquid nitrogen and then stored in a -80°C freezer.

3.3.4 Growth Performance Analysis

After 16 weeks, fish weight gain (WG), specific growth rate (SGR), condition factor (CF),
visceral somatic index (VSI), and feed conversion ratio (FCR) were calculated as follows:

Weight gain(WG)=Final body weight (g) - Initial body weight (g)

[In (Final mean body weight, g) — In (Initial mean body weight, g)]
X

SGR (% per day)= 100

Number of days
Viscera weight (g)
Body weight (g) X
_ Feed offered (g)
Weight gain (g)

100

VSI(%)=

Body weight
. Body weight (g)

3 00
Length (cm)
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Families with best and lowest weight gain after 16 weeks were selected for their tissue fatty
acid analyses (Fig 3.2). Salmon from the same year had significant differences (p < 0.001) in
initial body weight among the fifty families was due to the family effect (Table 3.5). Some
salmon families with higher initial body weight kept the size advantage until the end (Fig 3.1).
The specific growth rate is commonly used in aquaculture to estimate the percent increase in
size per day (Lugert et al., 2016). In general, the SGR decreases as fish body size increases. The
disadvantages of using SGR as the main criteria for ranking fish growth was that the fish long-
term growth and the growth at different life stages are sometimes overestimated in practice
(Lugert et al., 2016). Through observations, families having high mean weight gain also had
high-ranking of final mean body weight. The SGR of the top five families regarding weight gain
were same in either FO-free diet group or control diet group (Fig 3.3). Collectively, the weight
gain among families highly reflected Atlantic salmon growth in this study.

3.3.5 Fatty Acid Extraction and Analysis

Five out of fifty families in each diet group which had the highest mean weight gain were
selected for fatty acid analysis. Similarly, the five families with lowest body weight gain were
also selected for fatty acid analysis. The lipid extraction and methylation were performed at the
Nutrition lab, Haley Institute, DAL-AC. Muscle and liver samples were weighed and freeze-
dried at -50°C for 24 hours. Each dried sample was re-weighed to determine the water content,
then was ground into a fine powder using small amounts of liquid nitrogen. The powder was
stored at -80°C. The procedure of lipid extraction followed the modified Folch method (Folch
et al., 1957). Detailed procedures were introduced in Chapter 2.3.4.

3.3.6 Statistical Analysis

The statistical analyses were performed using Minitab 18.0 (Statistical Software, State
College, PA, USA). Data were reported as mean values + standard deviation. For fish growth
performance analyses, family and diet were independent variables. Measures of fish growth
were response variables - individual fish body weight, fork length, condition factor, specific
growth rate, and feed conversion ratio. A nested analysis of variance (ANOVA) was performed
using a mixed effect analysis, followed by Tukey’s multiple comparisons test at a significant
level of 0.05, to identify whether there were tank effects on response variables. Fish were nested

within the tank factor, and then the tank factor was nested within the diet factor. A two-way
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analysis of covariance (ANCOVA) was conducted using a general linear model, which included
family and diet as the main effects, and initial fish weight as a covariate.

The analyses of tissue fatty acid composition were conducted by the two-way ANOVA,
followed by the Bonferroni post hoc test at a significant level of 0.05, so that the effect of family
and diet on fatty acid classes could be assessed. In all cases, the normal distribution and constant
variances of sampled data were verified before accepting the statistical analyses. Individual

outliers in the data set were excluded by the Grubbs’ test with a significance level of 0.05.

3.4 RESULTS

3.4.1 Growth Performance

The two-way ANCOVA analyses indicated that the effect of initial fish body weight, and
the interaction effect of family and diet, significantly influenced (p < 0.004) fish final mean body
weight, fork length, weight gain, SGR, and FCR (Table 3.4). The mean initial fish body weight
differed significantly (p < 0.001) among the fifty families due to the family effect, ranging from
37.1 gto 55.1 g in the FO-free diet group; 36.7 g to 58.7 g in the control diet group prior to the
experiment (Fig 3.1). After 16 weeks, the mean final body weight increased over three-fold, to
170.1 £ 30.0 g in the FO control and 157.7 + 25.9 g in the FO-free diet (Table 3.4). Salmon fed
the control diet had a mean weight gain of 121.5 + 25.6 g, while salmon fed the FO-free diet
gained 110.5 £ 22.4 g in average (Table 3.4). Irrespective of family effect, Atlantic salmon fed
the FO control diet had significantly higher (p < 0.001) mean final body weight, fork length,
weight gain, and SGR than salmon fed the FO-free diet (Table 3.5). There were confounding
tank effects (p < 0.05) in the final SGR, FCR, and VSI (Table 3.5).

Fish growth performance was primarily evaluated according to the mean weight gain after
16 weeks. Families with the leading mean weight gain highly reflected higher fish final body
weight. Among the fish fed the FO-free diet, families including #38, 42, 06, 14, and 19, exhibited
significantly higher weight gain than twenty nine families with the lowest weight gain (Fig 3.2).
Family # 38, 42, 06, 14, and 19, were also in the top tier of the mean final body weight compared
with other families; moreover, they were statistically similar regarding to the final body weight
and SGR (Fig 3.1; 3.3). Similarly, among the fish fed the FO control diet, families including
#34, 38, 11, 14, and 42, showed significantly higher mean weight gain and ranked in the top tier
of the final body weight and the SGR (Fig 3.1; 3.3). In terms of lowest growth performance,
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families #35, 45, 23, 27, and 32, had the lowest mean weight gain. The five families also
exhibited lowest mean final body weight and inferior SGR. There was no significant difference
on mean final body weight and SGR among families #35, 45, 23, 27, and 32 (Fig 3.1; 3.2; 3.3).

3.4.2 Muscle Fatty Acids Profiles

The major muscle fatty acid classes were 18:1n-9, 16:0, and 18:2n-6 (LNA), accounting
for 26 - 30%, 11 - 15%, and 8 - 14% of total fatty acids, respectively, irrespective of diet.
Families fed the FO-free diet contained significantly higher (p <0.001) levels of muscle PUFA,
total n-3 and total n-6 fatty acids than families fed the control diet, which were 39% vs. 22% in
total PUFA, 20% vs 10% in total n-3 fatty acids, and 17% vs. 11% in total n-6 fatty acids,
respectively. However, muscle MUFA level (mono-unsaturated fatty acids) was 40% in the FO-
free group, significantly lower (p < 0.001) than 50% total MUFA in the control group (Table
3.6). Among the top 5 families fed FO or FO-free diet, muscle DHA, EPA, the DHA/EPA ratio
and the EPA/ARA ratio did not differ significantly (Table 3.6). The muscle n-3/n-6 ratio was
1.25, significantly highest (p < 0.001) in the #14/FO-free, compared with other families in the
FO-free diet group. Furthermore, the n-3 fatty acids including 18:3n-3 (ALA), 18:4n-3, and
20:4n-3 were significantly higher (p < 0.001) in salmon muscle in the FO-free diet group
compared to the control diet group. The level of ALA was 9.2%, contributing nearly a half to
the total n-3%, followed by 18:4n-3, DHA, EPA, 20:4n-3, and 20:3n-3. In comparison, the n-6
fatty acids, such as 18:2n-6 (LNA),18:3n-6, 20:2n-6 and 20:3n-6 were significantly higher in
the muscle in the FO-free diet group than in the FO control diet group. In addition, muscle 20:4n-
6 level (ARA, arachidonic acid) did not significantly differ among all families with the leading
weight gain, irrespective of the diet (Table 3.6).

About 60% of the reported fatty acids in the salmon muscle were significantly affected by
the diet effect, such as total SFA, MUFA, PUFA, n-3, n-6 and the n-3/n-6 ratio according to the
two-way ANOVA analyses (Table 3.6). The family effect contributed to the significant increase
of 20:2n-6 in salmon fed the FO-free diet, which increased from initially 0.4% to 1.2% (Table
3.6). There was no significant interaction effect on any fatty acid class higher than 1%.

Among the poorest weight gain families fed FO or FO-free diet, muscle 18:1n-9, 16:0, and
18:2n-6 (LNA) represented 30%, 13%, and 10 — 13% of total fatty acids, respectively (Table
3.8). The levels of total PUFA, n-3, and n-6 in the muscle increased significantly (p <0.001) in
the FO-free diet group, compared to the control diet group. Muscle DHA, EPA, the DHA/ EPA
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ratio, and EPA/ARA ratio, in comparison, did not markedly differ among the lowest weight gain
families in either diet group. About 60% of reported fatty acids were significantly influenced by
the diet effect. Family effect contributed to the muscle ARA, 20:4n-3, 22:0, n-3/n-6 ratio. The
interaction effect of diet and family on muscle fatty acids was not significant (not reported; Table
3.8).

3.4.3 Liver Fatty Acids Profiles

The highest fatty acid class in the liver was 18:1n-9, similar to muscle, which was 30% of
total fatty acids; it was followed by 16:0, 18:2n-6, 20:1n-9 and DHA irrespective of diet (Table
3.7). The liver DHA content accounted for nearly one-half of the total n-3 fatty acids, followed
by EPA, ALA, 18:4n-3, 20:4n-3, and 20:3n-3. The one-way ANOVA analyses indicated that
among the best weight gain families fed FO or FO-free diet, liver contained a significantly higher
(»p = 0.025) DHA at 16 % in the #14/FO than the 5% liver DHA in both the #38/FO and the
#38/FO-free. The liver EPA was at 5% in the #14/FO-free, significantly higher than 1% liver
EPA in the # 38/FO (Table 3.7). There was no significant difference in the liver SFA level among
the families offered either diet. The levels of MUFA, PUFA, and n-3 in the liver significantly
differed between the #38/FO and #14/FO-free. Notably, #14/FO-free had a significantly lower
(p = 0.16) total MUFA at 32%, and a significantly higher PUFA at 47% in the liver. In
comparison, #38/FO had a significantly higher total MUFA at 60% and the lower PUFA at 21%
in the liver. Total n-3 fatty acids in the liver were the markedly highest (p =0.001) in the #14/FO-
free, at 29%. The lowest liver n-3 fatty acids were in the #38/FO, at 9% (Table 3.7). Total liver
n-6 fatty acids were 16 - 17% in the FO-free diet group, while they were significantly higher (p
< 0.001) than 10 - 12% of n-6 in the FO control diet group. In addition, the n-3/n-6 ratio in the
liver did not statistically differ between two diet groups; however, there was a significant family
effect (p = 0.02) on the n-3/n-6 ratio (Table 3.7).

The two-way ANOVA demonstrated that one-half of the reported fatty acids were
significantly affected by diet effect, while only a few fatty acids were highly associated with
family effect, such as EPA, 22:5n-3, DHA, total PUFA, total n-3, and n-3/n-6 ratio (Table 3.7).
The significant interaction effects were only found in 16:1n-9, 16:1n-11, and 21:5n-3 (less than
1%; not reported).

In terms of the families with lowest weight gain in each diet group, no significant increase

of liver DHA and EPA were observed. Liver 18:1n-9 still represented the highest percentage, at
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20 - 30% in total liver fatty acids. Next, liver 16:0 was the second highest, at 10 - 16%. Then it
was followed by 18:2n-6, DHA, and 20:1n-9 (Table 3.9). The one-way ANOVA indicated that
the levels of liver total SFA, MUFA, PUFA, n-3, and the n-3/n-6 ratio did not differ among the

lowest weight gain families, independent of diet.

3.5 DISCUSSION

3.5.1 Growth Performance

Significant differences in fish average final body weight, fork length, weight gain, SGR,
and FCR were attributable to the family x diet interaction effect in this study. Similarly, family
x diet interaction effect also significantly influenced mean final body weight in Atlantic salmon;
however, family effect alone made significantly differences on the initial weight, SGR, and FCR
(Bell et al., 2010).In this study, salmon families were half-sibling and from the SJR strain, and
the trial duration was 16 weeks. By comparison, Bell et al., (2010) used two strains of post-smolt
Atlantic salmon and came up with three groups of salmon based on “fat or lean” and they
conducted a 55-week trial, which was longer than this study. Diet effect (FO and FO-free diet)
was not prominent on final growth performance in Bell et al., (2010).

Some SJR strain families grew equally as well on the FO-free diet as the control diet
regarding fish final mean body weight, weight gain, and SGR. Previous studies evaluated the
complete substitution of FO with a single canola oil or camelina oil for salmonids. When 16%
FO in the diet was fully replaced by camelina oil, Atlantic salmon parr fed the camelina oil diet
for 16 weeks had similar feed consumption, final mean body weight, weight gain, and FCR with
the FO control diet (Ye et al., 2016). Rainbow trout (initially ~44 g) offered either the 14% FO
control diet or the FO-free camelina oil diet for 12 weeks did not differ significantly in the final
mean body weight, weight gain, and SGR (Hixson et al., 2014d). Full substitution of 19% FO
in the diet with rapeseed oil did not significantly change the final mean body weight, SGR, and
FCR of Atlantic salmon (initially ~54 g) (Bell et al., 2003). When Chinook salmon parr
(Oncorhynchus tshawytscha) were fed the 14% FO control or the FO-free canola oil diet for 30
weeks, the final body weight, weight gain, and SGR were similar (Huang et al., 2008). Compared
with the above studies, the current study used blended vegetable oils that canola oil and camelina

oil was in a ratio of 1:4.3 in the FO-free diet. Despite this, the growth comparisons of some
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families confirmed the usefulness of canola and camelina oil as alternative lipid sources for
producing Atlantic salmon parr.

When family factor was not taken into consideration, Atlantic salmon fed the FO-free diet
had significant reductions in the salmon final average body weight, weight gain, and SGR,
compared with them being fed the FO control diet. Similarly, feeding post-smolt Atlantic salmon
with the FO-free camelina oil diet for 16 weeks led to a markedly reduction in the fish final body
weight, compared with 14% FO control diet (Hixson et al., 2014a). The lower final body weight
in the camelina oil diet group was most likely due to the significantly less feed consumption and
the lack of marine lipid in the diet (Hixson et al., 2014a). In contrast, Atlantic salmon parr from
the Salmon Enterprises of Tasmania (SALTAS), Austrasia, fed a FO-free canola oil diet grew
as well as the 13% FO control diet in the final body weight, weight gain, SGR, feed consumption,
and FCR during the 6 weeks’ trial (Miller et al., 2007). The rearing condition for the SALTAS
salmon was at a 15°C freshwater and a 16 hours daylight photoperiod. A warmer water
temperature and a longer daylight would stimulate the salmon metabolic rate and promote feed
intake of canola oil diet. In this study, SJR salmon grew at a 11.5 °C freshwater under a natural
photoperiod for 16 weeks. Since the experiment applied automatic feeders to distribute feeds
and the uneaten feed was not well estimated. It could result in a similar FCR between the two
diet groups. Therefore, the inferior fish growth performance in the FO-free group could not be
explained by FCR (Table 3.5).

The lower level of dietary EPA+DHA in the FO-free diet could suppress the early growth
of Atlantic salmon. In freshwater, the minimal 0.5% (or 5 g/kg) of dietary EPA and DHA was
required for the growth of Atlantic salmon parr (NRC, 2011; Qian et al., 2020); more
specifically, the EPA+DHA (1:1) level was 3.3% of total fatty acids and the crude fat accounted
for 22.6 % in the diet (Qian et al., 2020). In present study, the FO-free diet contained only 0.8%
EPA+DHA (1:1), significantly lower than the minimum requirement of EPA+DHA and lower
than 4.1% EPA+DHA in the FO control diet. Even though 18:3n-3 was largely provided to
compensate the deficiency of EPA+DHA in the FO-free diet, salmon offered the FO-free diet
still exhibited growth suppression, compared to the FO control diet (Table 3.5). It agrees with
Ruyter et al., (2000) that direct inclusion of EPA and DHA in the diet satisfy the requirement of

essential fatty acids at lower levels in comparison to dietary 18:3n-3 alone. Specially, some
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families fed the FO-free diet performed a comparable growth with the control diet, such as
family # 38, 42 and 14 (Fig 3.1).

3.5.2 Muscle Fatty Acid Content

Muscle fatty acid levels were analyzed according to the best and the lowest weight gain
families fed FO control or FO-free diet. Among the best weight gain families, muscle DHA and
EPA percentages were 3 - 4%, and 1 - 1.4%, respectively, regardless of diet. This demonstrated
a similar level of n-3 LC-PUFA accumulation in the salmon muscle. The FO-free diet provided
nearly zero of n-3 LC-PUFA intermediate products, 18:4n-3, EPA, and 22:5n-3. Significantly
increases of muscle 18:4n-3 and 20:4n-3 content in the FO-free diet group indicated that the
uptake of 18:3n-3 promoted the metabolic activities of n-3 LC-PUFA pathway. Despite this, the
accumulation of muscle DHA and EPA level was limited and maintained at a similar level to
the FO control diet group (Table 3.6). Specially, family #14 offered the FO-free diet exhibited
an insignificantly higher DHA content of 4.5% and higher EPA content of 1.3 % in the muscle,
compared with other top weight gain families fed the FO- free diet (Fig 3.4). Of the families
with lowest weight gain, salmon in #32/FO-free had the highest muscle DHA of 5.0% and EPA
of 1.5% in the FO-free diet group (Fig 3.5). Enhanced biosynthetic activities of intermediate n-
3 and n-6 LC-PUFA were also observed regardless of diet. The muscle DHA and EPA
percentage increased to a level at 3 - 5 % and 1 - 1.5%, respectively, in the FO-free diet group.
Thus, the increase of muscle n-3 LC-PUFA was widely evident when dietary n-3 LC-PUFA was
lower than basic requirement, regardless the large variations of weight gain among families.

Among the best weight gain families, salmon in the #14/FO-free exhibited a significantly
higher n-3/n-6 ratio, implying a strong affiliation to n-3 fatty acids compared to other families
in the FO-free diet group. Farmed Atlantic salmon had an affinity toward n-6 fatty acid, such as
18:2n-6 and 20:4n-6 (Betancor et al., 2016; Colombo et al., 2021). The incorporation of LNA in
the muscle also stimulates the metabolic activities in the n-6 LC-PUFA pathway, specifically
biosynthesis 0f18:3n-6 and 20:3n-6 when fed the FO-free diet; besides, LNA competes with the
utilization of ALA in the n-3 LC-PUFA biosynthesis. To improve the use of 18:3n-3, the
abundant dietary ALA was supplied to sustain the n-3/n-6 ratio at ~1:1 in the FO-free diet.

Except for the effect of LNA, the limited biosynthesis of n-3 LC-PUFA in the muscle could
be that salmon muscle mainly plays the role of lipid storage and has a limited ability for

producing n-3 LC-PUFA (Tocher, 2003). The deposition of DHA is generally more conserved
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than EPA, since the catabolism of DHA requires more steps peroxisome oxidation compared
with other PUFA. It is supported by the current results that the proportion of DHA was three-
times higher than EPA, irrespective of diets and the of weight gain (Table 3.6; 3.8). Compared
with DHA, dietary EPA actively participates in the catabolism (Murray et al., 2014), and
eicosanoid synthesis (Serhan and Petasis, 2011; Colombo, 2022). As a result, the deposition of
dietary EPA in the tissue is less efficient than DHA. A data synthesis study included Atlantic
salmon, rainbow trout, and steelhead trout (Oncorhynchus mykiss) estimates that farmed
salmonids can store an extra 23% of DHA in the muscle apart from the diet; in contrast, only a
half of EPA in a diet is deposited in the muscle (Colombo et al., 2018).

The major fatty acids in the salmon muscle were 18:1n-9, 16:0, 18:2n-6, 20:1n-9, and 16:0
in both diet groups, which accounted for at least 60% of the total muscle fatty acids and highly
reflected the diet fatty acid compositions (Bell et al., 2010; Hixson et al., 2014a; Betancor et al.,
2015). Similarly, the predominant content of 18:1n-9, 18:2n-6, and 16:0 in the Atlantic salmon
muscle were also reported by Horn et al., (2018) who fed fish with a commercial high FO feed.

Over 60% of the reported fatty acids were significantly influenced by diet. The family
group did not have a profound effect for most muscle fatty acids, except for 20:2n-6 (Table 3.6)
and ARA, 20:4n-3, 22:0 and n-3/n-6 ratio (Table 3.8). This is reasonable since the SJR strain
Atlantic salmon have yet to be differentiated for the preference of certain fatty acid profile.
Families with the affinity toward n-3 fatty acids might be an indicator for selectively breeding.

3.5.3 Liver Fatty Acid Content

Among the families regarding the top weight gain, salmon in #14/FO-free had relatively
higher liver DHA and EPA content compared with other families in the FO-free group (Fig 3.4).
There were significant increases of the n-3 intermedia products,18:4n-3 and 20:4n-3, indicating
elevated activities toward the n-3 LC-PUFA biosynthesis, irrespective of diet. Among the
families regarding the lowest weight gain, salmon fed either diet had a similar liver DHA and
EPA percentage (Fig 3.5). Thus, the current results demonstrated that family regarding the poor
weight gain did not indicate a lower n-3 LC-PUFA percentages in the liver.

The n-3 LC-PUFA level in the liver was higher than its level in the muscle, especially
DHA. Liver is the main organ for lipogenesis and has higher metabolic activities in the
biosynthesis of n-3 LC-PUFA. The upregulation of DHA and EPA in Atlantic salmon liver has

been demonstrated in the percent level, when fish were fed a FO-free diet (Monroig et al., 2010;

62



Betancor et al., 2015, 2016). Family or genetic effects significantly differentiated the levels of
liver DHA and EPA among the families of leading weight gain. In terms of hepatic desaturase
and elongase gene expression, transcript expression involved in the LC-PUFA enzymatic
reactions indicates a notable variability in post-smolt farmed Atlantic salmon when offered a
FO-free camelina oil diet (Xue et al., 2015). Nevertheless, the upregulated transcript expression
of LC-PUFA related enzymes in the liver and increased liver n-3 LC-PUFA level do not
necessarily correspond to the increase of EPA and DHA storage in the salmon muscle (Xue et
al., 2015; Hixson et al., 2017; Colombo et al., 2018). The liver LC-PUFA conversion rate to
muscle is unknown and the mechanism requires more investigations.

The metabolic actives to n-6 LC-PUFA in the liver was also evident according to the
increased level of 20:3n-6 and 20:4n-6. When the n-6 PUFA increased in the fish tissue, the
stimulation of transcript expression was observed to create n-3 LC-PUFA in SJR strain Atlantic
salmon (Colombo et al., 2021). The competition effect between n-3 and n-6 LC-PUFA pathway
reflects a regulatory mechanism of LC-PUFA biosynthesis (Tocher, 2010), in response to dietary
ratio of ALA to LNA in the diet (Thanuthong et al. 2011). In this sense, the n-3/n-6 ratio did not
change among families in the FO-free group. Specially, in the # 14/FO-free, a relatively high n-
3/n-6 ratio of 1.7:1 and significantly highest liver EPA, 22:5n-3, and DHA showed a better
affinity to n-3 fatty acids, compared with other families in the FO-free diet group (Table 3.7).

Farmed Atlantic salmon exhibited a small improvement of n-3 LC-PUFA level to
compensate for the deficiency of dietary LC-PUFA (Sprague et al., 2019; Mock et al., 2019). It
was supported by the current study, especially in the muscle. A possible reason is that there is
no long-term environmental pressure to stimulate the endogenous biosynthesis of n-3 LC-PUFA
and result in excess deposition of DHA and EPA for fish growth (Leaver et al., 2008; Castro et
al., 2012). On the other hand, fillet LC-PUFA content is a heritable trait in farmed Atlantic
salmon (Leaver et al., 2011; Horn et al., 2018). There was a significant 2 — 3 % difference in
fillet n-3 LC-PUFA % between Atlantic salmon families having the same level of fillet lipids
(Leaver et al., 2011). There may be potential to increase the n-3 LC-PUFA level through

selective breeding; however further investigation needs to be done.
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3.6 CONCLUSIONS

The biosynthesis of n-3 LC-PUFA, particularly DHA, can be upregulated in the muscle
and liver when Atlantic salmon were fed a diet devoid of n-3 LC-PUFA. This enhancement
significantly differed by different salmon families. In general, liver DHA% storage in the liver
was apparently higher than in the muscle. Compared with liver, muscle fatty acids more closely
reflected the dietary fatty acids. Family #14 fed the FO-free diet was among the top 5 fast
growing families and also had the highest DHA percentage of total fatty acid in the liver. The
increased n-3/n-6 ratio indicates the affinity to n-3 fatty acids. Therefore, there is a potential of
upregulating n-3 LC-PUFA content in salmon tissue by selective breeding of families with high
tissue n-3 LC-PUFA% and n-3/n-6 ratio. Future study can consider the trait of high tissue n-3
LC-PUFA level in the commercial breeding program. Since this is the first time fatty acid
composition has been evaluated on the SJR salmon population from this facility, this will serve

as a benchmark for evaluating future generations.
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3.7 TABLES AND FIGURES

Table 3.1. Diet formulation and proximate composition of the FO control diet and the FO-free
diet .

FO-
Ingredients (g/kg) FO free
Fish meal 150 150
Fish (herring) oil 100 0
Ground wheat 173 173
Empyreal 150 150
Camelina oil 0 170
Canola oil 110 40
Poultry byproduct meal 150 150
Blood meal 110 110
Vitamin/Mineral mix 2 2
Northeast special pre-mix 20 20
Dicalcium phosphate 22 22
L-Lysine 0.5 0.5
L-Methionine 1 1
Choline chloride 10.5 10.5
L-Tryptophan 1 1
Total 1000 1000
Proximate analysis (as fed,
glkg)
Dry Matter 964.1 962.6
Crude Protein 466.5 487.0
Crude Fat 235.6 215.0
Calcium 18.3 17.2
Potassium 4.9 5.1
Magnesium 1.2 1.2
Phosphorus 14.5 14.2
Sodium 3.4 3.5
Copper 0.01 0.01
Manganese 0.04 0.05
Zinc 0.15 0.15
Ash 73.8 75.3

! Ingredients were supplied by Northeast Nutrition (Truro, NS, Canada). Camelina oil was from
Smart Earth Seeds (Saskatoon, SK, Canada). Canola oil was from Canolina™, Chabanel West
Montreal (QC, Canada).

65



Table 3.2. Fatty acid profiles (% of total fatty acids) of the FO control and FO-free diet'.

Fatty acids (%) FO FO-free F-value p-value
14:0 2.6+0.1 0.4+0.03 655.0 <0.001
14:1 0.1 +0.008 0.04 £ 0.002 3943 <0.001
16:0 11.1+0.7 8.8+0.4 28.9 0.008

16:1n-7 4.0+ 0.03 0.9 +0.04 7149.6 <0.001
18:0 25+0.2 3.0+0.1 28.3 0.006

18:1n-9 345+04 26.0£0.2 1207.1 <0.001
18:1n-7 2.4+0.02 1.4+0.01 5574.6 <0.001
18:2n-6 (LNA) 124+0.2 19.8 £ 0.1 3855.0 <0.001
18:3n-3 (ALA) 3.6+0.1 22.3+0.5 4703.9 <0.001
18:4n-3 0.5+0.02 0.1 +0.04 115.8 <0.001
20:0 0.4+0.03 1.1+ 0.003 1907 <0.001
20:1n-11 0.5+0.01 0.06 +0.07 35.6 0.004

20:1n-9 6.1+0.1 10.1+0.1 1190.1 <0.001
20:1n-7 0.4+0.01 0.3+£0.02 86.9 0.001

20:2n-6 0.09 £0.01 1.2+0.06 1035.7 <0.001
20:4n-6 (ARA) 0.2+£0.001 0.1+0.01 106.0 0.001

20:3n-3 0.03 +0.01 0.8+0.02 2363.8 <0.001
20:5n-3 (EPA) 2.5+0.10 0.4=+0.02 1218.2 <0.001
22:0 10.1+0.2 0.7 +£0.04 4330.7 <0.001
22:1n-7 0.5+0.2 0.1+0.04 12.8 0.023

21:5n-3 0.2+0.03 0.04 +£0.01 53.4 0.002

22:5n-6 0.07 £ 0.002 0.09 +0.07 0.2 0.676

22:5n-3 0.5+ 0.004 0.04 £ 0.02 332.0 <0.001
24:0 0.1+0.01 0.2+0.02 242 0.008

22:6n-3 (DHA) 1.6 £0.06 0.4+0.01 1193.3 <0.001
XSFA 2 27.3+0.8 144+0.6 555.4 <0.001
IMUFA 3 494+ 04 393+£04 871.7 <0.001
TPUFA * 23.1£0.5 46.3+0.6 2748.8 <0.001
¥n-3 9.1+0.3 243+£04 2950.3 <0.001
>¥n-6 13.0£0.1 21.2+£0.1 5301.8 <0.001
n-3/n-6 0.7+0.01 1.1+£0.03 651.4 <0.001
DHA/EPA 0.7 +0.005 1.1+0.03 1278.1 <0.001
EPA/ARA 11.0£0.9 32+£04 178.9 <0.001

'Data expressed as mean = SD (0 Fo control = 3; N Fo-free = 3). This analysis was performed by the
one-way ANOVA with Bonferroni post hoc correction test (o= 0.05). LNA, linoleic acid; ALA,
a-linolenic acid; ARA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic
acid; SFA, saturated fatty acid; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty acids.

Fatty acids level less than 0.1% in both diets were not reported in the table.

2 contains 15:0 and 17:0.

3 contains 16:1n-11, 16:1n-5, 17:1, 18:1n-11, 18:1n-5, and 22:1n-11.

4 contains 16:3n-4, 18:2n-7, 18:2n-4, 18:3n-6, 18:3n-4, 20:3n-6, and 20:4n-3.
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Table 3.3. The initial and final average body size of SJR Atlantic salmon fed either the FO control diet or FO-free diet!.

FO Tk 1 Tk 2 Tk 3 Tk 4 Tk 5 Tk 6 Tk 7 Tk 8 Tk 9 Tk 10 Tk 11 Tk 12
Initial 474 47.6 = 48.6 = 474 479 + 475+ 489 + 51.8+ 50.0+ 49.0 = 492 + 48.0 +
BW, g 6.8 7.7 7.1 6.7 6.9 7.1 7.7 8.0 7.8 6.9 7.6 7.3
Final 164.1 167.7 + 178.4 £ 160.6 £ 169.0 £ 170.2 £ 177.0 £ 181.5 + 1722 + 165.8 £ 1753 + 159.0 +
BW, g +26.2 27.1 32.0 30.0 26.1 29.1 342 34.6 32.1 254 28.2 26.9
Initial 152+ 153 + 15.7 + 155+ 15.5+ 155+ 15.6 + 153+ 154+ 153 + 152+ 152+
FL, cm 0.9 0.9 0.8 0.8 0.9 0.8 0.8 0.8 0.8 0.6 0.8 0.6
Final 23.7+ 23.8 243 + 23.6 24.0 £ 243+ 244+ 247 + 241+ 239 + 243 + 23.7+
FL, cm 1.4 1.2 1.4 1.6 1.5 1.6 1.5 1.5 1.6 1.3 1.3 1.6
FO-free Tk 13 Tk 14 Tk 15 Tk 16 Tk 17 Tk 18 Tk 19 Tk 20 Tk 21 Tk 22 Tk 23 Tk 24
Initial 475+ 43.1 = 46.6 = 48.1 = 46.8 = 49.5 = 48.5 46.8 + 478 £ 471+ 472 + 48.2 +
BW, g 6.8 6.7 6.8 6.3 7.2 8.0 7.4 6.1 7.7 7.0 6.9 6.2
Final 162.7 + 151.9 + 158.5 + 157.9 + 164.0 + 155.7 + 165.8 + 1542 + 1515+ 146.3 + 161.7 £ 157.0
BW, g 259 22.8 242 23.1 23.1 30.3 29.8 23.0 24.1 20.1 27.8 28.4
Initial 149 + 14.8 = 152 + 153+ 14.9 + 15.1 + 152+ 15.0 + 152 + 15.0 + 15.0+ 151+
FL, cm 0.8 0.8 0.9 0.7 0.8 0.8 0.8 0.7 0.9 0.6 0.7 0.7
Final 239+ 23.0 23.7+ 23.6 = 23.8 + 23.6 = 237+ 233+ 233+ 231+ 234+ 235+
FL, cm 1.7 14 14 1.2 1.3 1.6 1.5 1.4 1.3 1.3 1.5 1.4

! Value was presented by mean + SD. Each tank had 62 or 63 fish that represented all fifty families. Twelve or thirteen families in
random had two representatives in a tank. In each diet group, seven tanks (grey) were randomly selected for liver and muscle
collections. Tk, tank; BW, body weight; FL, fork length.



Table 3.4. The growth performance of Atlantic salmon fed the FO control diet or the FO-free diet at week 0 and after week 16!. There
were significant differences in fish mean initial body weight and fork length among families.

Initial BW Family Family x Diet
Mean FO FO-free F-value p-value F-value p-value F-value p-value F-value p-value
Initial BW, g 48.6+73 473+7.1 / / 15.6 <0.001 / / / /
Final BW, g 170.1 +30.0 157.7+25.9 706.7 <0.001 7.5 <0.001 70.6 <0.001 1.7 <0.001
Initial FL, cm 15.4+0.8 15.1+0.8 / / 16.3 <0.001 / / / /
Final FL, cm 24.1+1.5 235+1.4 642.8 <0.001 7.2 <0.001 17.2 <0.001 1.6 0.004
Weight gain, g 121.5+25.6 110.5+22.4 196.9 <0.001 7.6 <0.001 72.0 <0.001 1.7 <0.001
SGR % day"! 1.11+£0.03 1.07 £0.04 112.2 <0.001 7.5 <0.001 68.6 <0.001 1.7 <0.001
CF 1.2+0.02 1.2+0.03 0.4 0.545 8.4 <0.001 0.3 0.620 0.81 0.817
FCR 1.0 £0.05 1.0 £0.06 217.1 <0.001 9.4 <0.001 0.6 0.443 1.61 0.005

! Values (mean = SD) were based on the total number of fish (1 contro = 713 and n ro.free= 689). The two-way ANCOVA analyses were
performed using the general linear model where family and diet were main effects, and initial fish BW was a covariate. BW, body

weight; FL, fork length; SGR, specific growth rate; VSI, viscera somatic index; FCR, feed conversion ratio (dry matter).
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Table 3.5. Tank and diet effects on the Atlantic salmon growth performance at week 0 and after week 16. The analyses did not include

the family effect .
Variance component

Tank Diet
Mean FO FO free % of total variance p-value p-value
Initial BW, g 48.5+7.3 472 +7.1 1.6% 0.140 0.095
Final BW, g 170.6 +£29.2 156.6 £25.4 2.0% 0.109 <0.001
Initial FL, cm 154409 15.1+0.8 3.9% 0.051 0.017
Final FL, cm 241+14 234+14 1.6% 0.140 <0.001
Weight gain, g 123.1 +24.8 109.4 +21.7 3.2% 0.066 <0.001
SGR, % day! 1.11 £0.11 1.07+0.13 5.6% 0.034 0.009
CF 1.2£0.02 1.2+0.03 2.0% 0.109 0.527
FCR 1.0+0.2 1.0£0.3 4.3% 0.046 0.594
VSIL % 84+09 8.5+1.2 11.6% 0.017 0.658

' Results were based on sampled fish and displayed as mean £ SD (1 control = 350; 1l Fo-free = 350). The analyses were conducted by the
nested ANOVA, followed by the Tukey’s multiple comparison test at the significant level of 0.05. BW, body weight; FL, fork length;
SGR, specific growth rate; VSI, viscera somatic index; FCR, feed conversion ratio (dry matter).
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Table 3.6. Muscle fatty acid profiles of Atlantic salmon fed the FO control diet or the FO-free diet for 16 weeks!. Five families with the
highest weight gain were compared between the FO control diet and FO-free diet.

Family 38 34 11 14 42 38 42 6 14 19 p-value

Diet FO FO FO FO FO FO-free FO-free FO-free FO-free FO-free Treatment Diet Fam
14:0 2.6+0.1a 25+03a 2.6+0.1a 2.5+04a 2.5+04a 1.1+0.1b 1.2+0.2b 1.0+ 0.2b 1.4+0.3b 1.4+0.1b <0.001 <0.001  0.740
16:0 14.7+0.3 13.8 £1.6 142+0.3 13.4£25 13.6£2.3 11.8 0.9 12.1£0.9 13.8+£1.6 149+33 13.5+3.5 0.594 0.277 0.949
16:1n-7 3.7+0.1a 3.8+03a 4.0+0.2a 3.8+0.1a 3.8+0.3a 1.8 +0.1b 1.9+0.1b 1.9+ 0.01b 1.7+0.2b 2.0+ 0.4b <0.001 <0.001  0.506
18:0 35+0.1 33+04 33+0.1 3.1+0.6 33+0.6 35+0.2 3.8+0.2 43£0.6 47+1.1 42+13 0.082 0.016 0.993
18:1n-11 1.0£0.1a 1.1+0.04a 0.9+0.07a 0.9+0.2a 0.9+0.2a 0.09 £0.01b 0.1+0.02b 0.1+0.01b 0.1+0.02b 0.12+0.01b <0.001 <0.001  0.600
18:1n-9 31.8+0.9abc  325+2.lab  32.6+09ab  33.4=+1.5a 33.5+1.7a 27.9+0.7cd  28.4+09bcd  27.2+0.3cd 26.0 +1.5d 27.5+1.8d <0.001 <0.001  0.819
18:1n-7 2.7+0.1a 2.7+0.1a 2.71+0.1a 2.7+0.1a 2.8+0.2a 1.9+ 0.06b 2.0+0.1b 1.9+0.1b 1.9+0.2b 2.0+0.3b <0.001 <0.001  0.834
18:2n-6 (LNA) 8.8 +0.4b 9.0 +£0.6b 8.9+0.3b 93+ 1.1b 9.2+0.8b 14.2+0.7a 14.0+0.5a 12.8 +1.0a 127+ 1.3a 132+ 1.1a <0.001 <0.001 0.725
18:3n-6 0.5+0.01b 0.6 +0.07b 0.7 +0.03b 0.7 +0.09b 0.5 + 0.04b 1.6+0.1a 1.3+0.2a 1.4 +0.07a 1.5+0.1a 1.4+0.1a <0.001 <0.001  0.152
18:3n-3 (ALA) 2.0 +0.2b 2.1+0.2b 2.0+0.2b 2.1+0.4b 2.1+0.3b 10.4 +0.6a 10.0 +0.6a 8.8+ 1.1a 8.7+ 1.6a 9.2+ 14a <0.001 <0.001  0.494
18:4n-3 0.8 +0.08b 0.9+0.1b 1.0 +£0.07b 1.0 £0.2b 0.8 +£0.1b 49+0.4a 4.0+0.82a 3.8+0.2a 3.8+0.5a 4.0+0.52 <0.001 <0.001  0.706
20:1n-9 5.8+0.4d 5.8+0.4d 5.7+0.4d 6.0+0.4bcd  5.9+0.3cd 8.0+0.3a 7.6 +0.4a 7.1+ 0.2abc 7.0 +0.2ab 73+0.3a <0.001 <0.001  0.523
20:2n-6 0.4 +0.02b 0.5+ 0.05b 0.3 +0.04b 0.4 +0.04b 0.4 +0.08b 1.3+0.03a 1.2+0.03a 1.1+£0.0la 1.1+0.07a 1.1+0.06a <0.001 <0.001  0.002
20:3n-6 0.4 +0.05b 0.5+0.01b 0.4 +0.02b 0.4 +0.02b 0.4 +0.05b 0.7 +0.02a 0.6 +0.04a 0.7 +0.03a 0.6 +0.04a 0.7 +0.06a <0.001 <0.001  0.082
20:4n-6 (ARA) 0.3+0.09 0.4 £0.05 0.3+0.10 0.3+0.05 0.3 +0.03 0.3+0.04 0.3+0.02 0.4+0.03 0.5+0.1 0.3 +0.06 0.262 0.122 0.227
20:3n-3 0.6+0.3 0.6+0.5 0.4+03 03+03 0.4+03 0.8+0.1 1.0+£0.4 1.2+05 0.8+0.4 0.7+0.2 0.159 0.007 0.832
20:4n-3 0.4 +0.06b 0.4 +0.08b 0.4 £ 0.06b 0.3+0.02b 0.3 +0.02b 0.8 £0.03a 0.8 +0.09a 0.7+0.0la 0.7 +0.05a 0.7 +0.03a <0.001 <0.001  0.079
20:5n-3 (EPA) 1.1+0.2 1.4+0.2 1.2+02 1.4+03 12£03 1.1£0.09 1.0 +£0.06 1.1+£0.2 1.3+£04 1.1+£04 0.765 0.420 0.651
22:0 7.7+0.3a 7.2+ 0.6a 7.7+0.8a 8.0+ 0.4a 7.8+0.2a 0.9 + 0.04b 1.0 + 0.05b 1.0 + 0.04b 0.9+0.07b 1.0 £ 0.05b <0.001 <0.001  0.364
22:1n-7 1.2+0.2 0.7+0.6 0.9+0.1 0.7+0.6 0.8+0.8 0.1+0.06 0.2+0.1 0.5+03 0.6+0.8 0.5+0.7 0.397 0.044 0.931
22:5n-3 0.5+0.07 0.6+0.1 0.6+0.1 0.6+0.1 0.6+0.1 0.5+0.05 0.5+0.07 0.6 +0.02 0.6 +0.1 0.6 +0.1 0.794 0.374 0.691
22:6n-3 (DHA) 3.8+0.6 43+0.1 3.6+0.8 3.8+0.6 3.8+09 32+0.5 33+0.8 3.9+0.7 45+1.7 38+1.1 0.829 0.613 0.795
SSFA? 29.3+0.5a 27.7+22abc  28.8+04a  27.8+32ab  28.1 +3.3ab 183+ 1.3¢c 192+ 12bc  21.6+2.5abc  23.2+52abc  21.3+5.1abc 0.001 <0.001  0.912
SMUFA? 484+ 1.3a 48.9+22a 49.0+1.2a 498+ 1.2a 499+ 1.4a 40.6 £+ 0.9b 412+ 1.1b 39.8+0.2b 383+ 1.2b 403+ 1.4b <0.001 <0.001  0.715
SPUFA* 22.0+1.7b 23.1 +0.8b 21.9+ 1.6b 22.1+2.0b 21.7+2.0b 40.8 +0.6a 394+ 1.2a 38.3+23a 382+4.38a 38.1+4.0a <0.001 <0.001  0.862
n-3 9.6+1.2b 10.6 £ 0.3b 9.5+ 1.4b 9.7+ 1.1b 9.5+1.3b 21.9+0.2a 20.8 +0.6a 20.5+ 1.6a 20.7+3.8a 20.4+3.2a <0.001 <0.001  0.846
n-6 10.6 + 0.3b 11.0 £ 0.6b 10.7+£0.2b 11.2+1.2b 10.9 + 1.0b 18.1+0.7a 17.5+0.8a 16.5+0.9a 16.4+ 1.4a 16.8+1.2a <0.001 <0.001  0.935
n-3/n-6 0.9+0.1cd 1.0 + 0.04bcd 0.9+0.1d 0.9 +0.05d 0.9 +0.05d 1.2+ 0.05b 1.2 +£0.05bc 1.2 +0.03b 1.3+0.1a 1.2+0.1b <0.001 <0.001  0.086
DHA/EPA 35+0.6 32+04 29+04 2.8+03 33+0.2 3.0+03 32+0.7 3.5+0.06 34+03 3.4+0.1 0.395 0.892 0.855
EPA/ARA 34+£1.0 34409 42+13 41+1.0 4.0+0.8 3.1+0.1 3.0+0.1 2.8+0.7 2.8+0.3 33+0.5 0.213 0.027 0.801

! Data expressed as mean + SD, n=3 per treatment (family/diet). Significant differences among ten treatments determined by the one-
way ANOVA and Bonferroni post hoc correction test (a=0.05). The two-way ANOVA was used to determine diet, family and diet x
family effect. The interaction effect was not reported due to no significant effect, except for 18:4n-1 and 22:5n-6.

Any fatty acid content less than 0.1% in both diets was not reported. Other fatty acids between 0.1% and 1% were listed below:

2 contains 15:0, 17:0, 20:0, 23:0, and 24:0.

3 contains 14:1, 16:1n-11, 16:1n-5, 17:1, 18:1n-5, 20:1n-11, 20:1n-7, 22:1n-11, and 24:1

4 contains 16:3n-4, 16:4n-3, 16:4n-1,18:2n-7, 18:2n-4, 18:3n-4, 18:4n-1, 21:5n-3, 22:5n-6, and 22:4n-3.
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Table 3.7. Liver fatty acid profiles of Atlantic salmon fed the FO control diet or the FO-free diet for 16 weeks'. Five families with the
highest weight gain were compared between the FO control diet and FO-free diet.

Family 38 34 11 14 42 38 42 06 14 19 p-value

Diet FO FO FO FO FO FO-free FO-free FO-free FO-free FO-free Treatment Diet Fam
14:0 1.7+04a 1.4+03a 1.8+0.01a 1.5+0.2a 1.5+0.2a 0.8 £0.1b 0.7 +£0.03b 0.7+0.01b 0.7 +0.1b 0.8 +0.2b <0.001 <0.001  0.501
16:0 11.5+34 10.6 £ 6.5 10.5+2.1 13.4+5.0 13.8+3.1 9.8+0.9 86+1.2 11.3£3.7 13.4+2.8 10.5+3.1 0.676 0.213 0.688
16:1n-7 2.9 £ 0.6ab 2.8 + 1.0abc 3.8+0.4a 2.4 +0.8abc 2.4+ 0.6abc 1.4+ 0.4cd 1.4+0.2cd 1.5+ 0.08abcd 1.1+0.2d 1.5+ 0.2bcd <0.001 <0.001  0.203
18:0 48+1.1 4.1+1.0 45+1.2 47+0.5 45+05 55+£04 50£04 59+1.1 50£04 58+0.8 0.144 0.172 0.483
18:1n-11 2.9+0.5a 2.1+0.6a 23+ 1.1a 2.3+0.5a 2.5+04a 0.3+0.07b 0.3 +£0.03b 0.3 +0.09b 0.3 +0.06b 0.3 +0.08b <0.001 <0.001 0.518
18:1n-9 33.1+44 31.6+12.9 33.7+3.2 26.3+7.8 257+59 28.8+4.6 264+34 26.6 3.1 20.2+6.5 29.1+£3.5 0.393 0.276 0.344
18:1n-7 3.0+0.3a 2.9 +0.9ab 2.9 + 0.04ab 2.5+ 0.5ab 2.5+ 0.4ab 1.8 + 0.2abc 1.7 £ 0.3bc 1.8 + 0.2abc 1.5+0.3¢c 1.8 + 0.2abc <0.001 <0.001  0.454
18:2n-6 (LNA) 6.2 £ 0.5bcde 5.5+ 1.4de 5.8 £ 0.5bcde 5.0+ 0.6e 5.9+ 0.6cde 9.7+ 1.0a 8.8 + 0.6ab 8.2+ 0.2abed 7.6+1.0abcde 8.6 + 0.7abc <0.001 <0.001  0.142
18:3n-6 0.5+0.1 1.3+0.6 0.9+0.1 1.0+0.6 1.2+0.7 1.4+0.5 1.4+03 1.2+04 1.3+03 1.5+0.5 0.159 0.016 0.483
18:3n-3 (ALA) 1.0+ 0.2b 0.9 +0.2b 1.0+ 0.09b 0.8 +0.2b 1.0+ 0.3b 3.9+0.2a 4.0 +0.6a 33+03a 3.0+0.2a 33+0.5a <0.001 <0.001  0.057
18:4n-3 0.3 +0.03b 0.3+0.1b 0.4 £0.1b 0.3+0.07b 0.3 +0.06b 1.7+04a 1.9+0.2a 1.6+0.2a 1.8+ 0.4a 1.9+0.6a <0.001 <0.001  0.182
20:1n-11 1.0 +0.1ab 1.1+ 0.3ab 1.6 £0.6a 1.0 + 0.4ab 0.8 + 0.3abc 0.1 +0.08cd  0.3+0.07bcd 0.07 +0.08d 0.1 +0.1d 0.2+ 0.2cd <0.001 <0.001  0.347
20:1n-9 6.9 £0.9 6.5+2.7 64+12 52+1.6 42+1.5 74+1.1 6.4+1.0 55+1.2 41+15 6.7+0.6 0.136 0.455 0.131
20:2n-6 1.0+ 0.2bc 1.0 + 0.4bc 0.9 +0.02bc 0.8+0.1c 0.8+0.2¢c 1.8+ 0.09a 1.4 +0.3ab 1.5+ 0.07ab 1.2 + 0.08abc 1.5+ 0.1ab <0.001 <0.001  0.105
20:3n-6 1.4+0.2d 1.4+0.2d 1.3+0.1d 1.9 + 0.4bcd 1.8 +0.3cd 2.7+ 0.2ab 2.4 + 0.4abc 2.9+0.08a 2.9+04a 2.7+ 0.lab <0.001 <0.001  0.149
20:4n-6 (ARA) 1.2+0.3b 1.3 +0.6b 1.1+0.4b 2.1+0.8ab 2.1+0.8ab 1.7 + 0.4ab 1.8 + 1.2ab 2.6 + 0.6ab 3.9+0.9a 2.1+0.2ab 0.012 0.168 0.062
20:3n-3 0.2+0.01c 0.2 +0.2bc 0.2 +0.09bc 0.2 +0.04c 0.3 + 0.2abc 0.9+0.5a 0.6 = 0.08ab 0.6 + 0.09abc 0.4 +0.06abc 0.5 + 0.05abc <0.001 <0.001  0.680
20:4n-3 0.3+0.07b 0.3 £0.03b 0.3 +£0.05 0.3 +0.04b 0.4 +0.07b 1.4 + 0.06a 1.1+0.2a 1.3+0.2a 1.1+0.3a 1.1+0.1a <0.001 <0.001  0.858
20:5n-3 (EPA) 1.2+£0.2¢c 1.4 +0.6bc 1.2 +0.08bc 2.5+ 1.0abc 2.3 +0.5abc 1.6 = 0.3abc 2.6 + 1.5abc 3.1+ 1.0ab 5.1+2.0a 2.6 + 0.6abc 0.002 0.046 0.006
22:0 0.3+0.2 1.6+1.3 0.6 +0.06 1.0+0.9 1.6+1.1 0.7+04 0.5+0.5 0.6+0.4 04+03 0.7+0.7 0.741 0.573 0.899
22:1n-9 1.1+0.04 1.1+0.3 1.1+0.09 1.1+0.2 0.9+0.1 1.5+04 1.2+04 1.1+£0.3 0.8+0.3 1.2+£0.2 0.153 0.481 0.436
22:1n-7 1.8+ 1.0 1.4+1.1 1.3+04 1.5+04 1.3+0.6 0.7 +0.09 1.1+1.1 0.8+0.7 04+03 0.6+0.6 0.398 0.032 0.989
22:5n-3 0.4+0.1b 0.6 + 0.4ab 0.4 +0.1ab 0.9 + 0.3ab 0.8 + 0.4ab 0.7 +0.2ab 0.9 + 0.4ab 1.0+ 0.1ab 1.6 £0.5a 0.9 + 0.08ab 0.011 0.023 0.048
22:6n-3 (DHA) 5.4+1.3b 7.2 +3.9ab 5.0+ 1.1ab 10.3 +3.9ab 10.5 + 1.3ab 5.0 £1.2b 8.5+ 5.1ab 9.8 + 3.0ab 15.7+5.5a 7.9 + 1.1ab 0.025 0.554 0.027
24:1 1.1+0.2 2.0+2.0 1.0 +0.01 1.7+0.6 1.7+0.5 1.8+0.3 23+09 1.9+0.3 22+0.1 2.0+0.7 0.295 0.052 0.578
SSFA 2 19.2+5.1 18.3+£9.3 18.0+£3.2 21.5+£6.6 22.1+4.7 17.7+£1.2 16.7+1.5 19.4+54 20.1+£3.1 18.5+4.9 0.957 0.320 0.906
SMUFA 3 59.6 + 6.0a 569+ 153ab  60.6+5.3ab  49.5+ 12.0ab 46.9 +8.3ab 46.9 + 4.0ab 43.1 +4.7ab 41.5 + 4.0ab 32.4+9.1b 452 +2.7ab 0.016 0.009 0.187
SPUFA * 21.0+2.5d 24.6 +5.9cd 21.2+£2.0cd  28.8+6.4bcd 30.8+4.0bcd | 35.3+2.8abc 40.1 + 5.0ab 39.1+ 3.9ab 473 +7.8a 36.1+ 2.4abc <0.001 <0.001  0.026
2n-3 9.0+ 1.7c 11.3 +£5.0bc 8.9+ 1.3bc 15.6+52abc  16.1 £2.7abc | 16.2+2.2abc  20.3 + 6.1labc 21.1 +4.1ab 29.0+7.9a 18.4 + 2.4abc 0.001 0.001 0.027
2n-6 10.5+0.9b 10.7 £ 0.3b 10.3+0.2b 11.2+1.1b 12.1+1.0b 17.5+0.9a 16.3+2.5a 16.9 +0.4a 17.6 £ 0.3a 16.7 +0.5a <0.001 <0.001  0.890
n-3/n-6 0.9+0.1 1.1+0.5 0.9+0.1 1.4+04 1.3+0.2 0.9+0.1 1.3+03 1.3+£0.2 1.7+04 1.1+0.1 0.055 0.595 0.020
DHA/EPA 4.7+0.1a 4.8+0.7a 4.1 +0.6ab 4.3 +0.3ab 4.7+0.5a 3.1+0.4b 3.3+0.1b 3.1£0.5b 3.2+0.3b 3.1+0.3b <0.001 <0.001  0.605
EPA/ARA 1.0+0.1 1.1+0.05 1.2+04 1.1+0.07 1.1+0.2 1.0+0.2 1.5+0.2 1.2+0.2 1.3+0.2 1.2+0.2 0.213 0.164 0.225

"Mean + SD, n=3 per treatment (family/diet). Significant differences among ten treatments determined by the one-way ANOVA and
Bonferroni post hoc test (0=0.05). The two-way ANOVA was used to determine diet, family and diet x family effect. The interaction
effect was not significant except for 21:5n-3. Fatty acid content less than 0.1% in both diets was mostly not reported. Other fatty acids
between 0.1% and 1% were listed below:

2 contains 15:0, 17:0, 20:0, and 23:0.

3 contains 14:1, 16:1n-11, 16:1n-9, 16:1n-5, 17:1,18:1n-5, and 20:1n-7.

4 contains 16:2n-4, 16:4n-1, 18:2n-7, 18:2n-4, 18:3n-4, 18:4n-1, 21:5n-3, 22:4n-6, 22:5n-6, and 22:4n-3.
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Table 3.8. Muscle fatty acid profiles of Atlantic salmon fed the FO control diet or the FO-free diet for 16 weeks!. Five families with the

lowest weight gain were shown between the FO control diet and FO-free diet.

Family 27 36 30 24 08 32 27 23 45 35 p-value

Diet FO FO FO FO FO FO-free FO-free FO-free FO-free FO-free Treatment Diet Fam
14:0 2.6+0.3ab 2.4 +0.2abc 2.9 +0.2a 2.4 +0.3abc 2.5+ 0.3abc 1.6 £ 0.3cd 1.4+0.3d 1.5 +0.09d 1.4+0.3d 1.7 +0.3bed <0.001 <0.001  0.368
16:0 13.7+1.8 127+ 1.7 158+ 1.6 127+1.2 13.7+1.4 13.0+1.5 13.9+29 13.1+19 13.1+2.1 13.7+3.1 0.827 0.946 0.791
16:1n-7 4.0+0.2a 4.0+0.3a 3.8+0.2a 3.8+0.03a 4.0+0.1a 2.3+0.2b 1.9+0.2b 2.1+0.2b 2.0+ 0.06b 2.2+0.2b <0.001 <0.001  0.151
18:0 3204 32+0.2 3.6+03 3.1+03 32+03 40£0.5 44+1.0 4.0£0.6 41+0.5 41+1.0 0.030 0.017 0.910
18:1n-11 1.0£0.1a 1.0+ 0.07a 1.1+0.1a 1.0+ 0.04a 0.9+0.2a 0.1+0.01b 0.1+0.02b 0.1+0.02b 0.1+0.01b 0.1+0.01b <0.001 <0.001  0.485
18:1n-9 325+ 1.4a 333+1.5a 31.4+22ab  33.1+0.5a 33.6+0.7a 27.6 +0.9b 26.4+2.3b 27.5+0.7b 27.7+0.9b 27.5+1.8b <0.001 <0.001  0.626
18:1n-7 2.74+0.2a 3.0+0.2a 2.6+0.1a 2.9 +0.05a 2.7+0.1a 2.1+0.02b 1.9 +£0.2b 2.1+0.07b 2.0 +0.03b 2.1+0.2b <0.001 <0.001  0.039
18:2n-6 (LNA) 9.3+0.9b 9.8+ 0.4b 8.4 +0.6b 9.5+0.5b 9.2+0.5b 12.8 +0.6a 12.7+ 1.4a 13.5+0.4a 13.2+0.5a 13.5+1.3a <0.001 <0.001  0.403
18:3n-6 0.6 +0.03b 0.6 +0.07b 0.6 + 0.06b 0.5+0.03b 0.6 + 0.06b 1.3+0.2a 1.3+0.1a 1.3+0.1a 1.2+0.2a 1.1+0.2a <0.001 <0.001  0.459
18:3n-3 (ALA) 2.1+0.3b 23+0.2b 1.8+£0.2b 22+0.2b 2.0+0.2b 8.5+0.5a 8.9+1.3a 9.1+0.3a 93+1.1a 9.0+1.2a <0.001 <0.001  0.282
18:4n-3 0.9+0.2b 1.0+0.1b 0.9 + 0.04b 0.9 +0.08b 0.9+0.1b 3.8+0.8a 3.7+0.9a 42+03a 3.8+0.6a 3.4+09a <0.001 <0.001  0.643
20:1n-9 54+0.2d 58+0.6bcd 5.7+ 0.4cd 5.7+0.2cd 59+02bcd | 6.5+0.5abed 6.9+0.7abc 7.0 +0.3ab 7.2+0.2a 7.2+0.1a <0.001 <0.001  0.367
20:2n-6 0.4+0.01b 0.4 +0.06b 0.3 +0.02b 0.4+0.01b 0.4 +0.03b 1.0 £ 0.05a 1.2 +0.09a 1.1+0.07a 1.1+0.12a 1.1+0.04a <0.001 <0.001  0.094
20:3n-6 0.4+0.03cd  0.4+0.03d 04+0.03d 04+0.05cd 0.4 +0.04bcd 0.6 £ 0.05a 0.7+0.1a 0.6 + 0.04ab 0.7+0.2a 0.5+ 0.01abc <0.001 <0.001  0.135
20:4n-6 (ARA) 0.4£0.0lab 04+0.07ab 03+£0.05b 0.4+0.06ab 0.3 +0.04ab 0.4 +0.06a 04+0.04a 04+0.04ab 0.4+0.04ab 0.3 +0.02ab 0.004 0.353 0.006
20:3n-3 0.5+0.5 0.2+0.1 0.4+04 0.6 +0.09 03+03 0.7+0.1 0.8+0.3 0.7 +0.08 0.8+0.02 0.7 +£0.09 0.066 0.214 0.553
20:4n-3 0.4+0.02cd 04+0.03cd 03+0.05cd 0.4+0.01lc 0.3+0.02d 0.7 + 0.05ab 0.8+0.05a  0.7+0.06ab 0.8 +0.lab 0.6 +0.01b <0.001 <0.001  0.002
20:5n-3 (EPA) 1.4+03 1.7+£03 1.0+0.1 1.4+0.2 1.2+03 1.5+0.08 1.3+0.4 1.3+0.2 1.3+£03 1.2+0.2 0.111 0.476 0.082
22:0 7.1+0.4a 7.0 +0.02a 7.6 +0.5a 7.2+0.4a 79+0.1a 1.0+0.1b 1.0 + 0.08b 1.0 £ 0.08b 0.9+0.1b 1.1+0.09 <0.001 <0.001  0.032
22:1n-7 0.8+0.6 05+04 1.6+0.6 0.5+0.5 0.9+0.7 0.5+04 0.6+0.6 03+0.2 0.5+0.6 0.6+0.7 0.816 0.675 0.904
22:5n-3 0.6 + 0.2ab 0.8+0.2a 0.5+0.02b 0.6 +0.08ab 0.6 +0.1ab 0.7 + 0.03ab 0.6+0.lab  0.7+£0.06ab 0.6+0.07ab 0.5+ 0.05ab 0.038 0.296 0.027
22:6n-3 (DHA) 44+1.0 49+0.1 3.0+0.7 42+0.8 3.8+0.5 5.0+04 44+12 43£0.8 41+0.7 3.6+0.6 0.167 0.973 0.152
SSFA? 27.4+29ab  27.3+04ab 308+ 1.6a 262+ 1.5ab  28.0+ 1.9ab 20.7 +2.3b 21.7+4.5ab  20.5+2.5b 20.5+3.3b 21.9 + 4.6ab 0.001 0.025 0.776
SMUFA? 48.6+ 1.1a 48.5+0.3a 48.5+23a 49.2+0.2a 50.1+0.6a 40.3+0.9b 38.8+2.3b 40.1+0.8b 40.4 +£0.7b 40.7 £ 1.4b <0.001 <0.001  0.579
SPUFA* 23.6+1.9b 25.6+3.1b 20.5+0.9b 24.3 + 1.4b 21.6 + 1.3b 38.7+ 1.8a 39.2+24a 39.1+1.9a 38.7+3.0a 37.1+3.5a <0.001 <0.001  0.240
n-3 10.8 + 1.5b 12.5+2.1b 8.2+ 0.6b 10.8 £ 1.0b 9.43+0.9b 212+ 1.4a 21.3+22a 212+ 1.5a 21.0+2.4a 19.4+2.2a <0.001 <0.001  0.163
2n-6 11.2+0.9b 11.8+0.8b 10.2 +0.5b 11.5+0.8b 11.0 + 0.6b 16.4+0.7a 16.4+1.3a 17.0 +0.5a 16.8 +0.9a 16.7+ 1.5a <0.001 <0.001  0.577
n-3/n-6 1.0+ 0.06cd  1.1+0.1bcd 0.8+0.1d 0.9 +0.04d 0.9+0.03d 1.3+0.04a 1.3+0.07a 1.3+£0.07ab  1.3+0.08ab 1.2+ 0.04abc <0.001 <0.001 0.014
DHA/EPA 3.1+02 33+0.2 3.0+£04 2.9+0.1 32+04 3.2+0.1 35+0.2 3.3+0.07 32+0.2 3.3+0.04 0.221 0.054 0.524
EPA/ARA 3.5+0.7 43+0.5 3.7+02 3.7+£03 41+0.5 3.5+05 3.0+0.9 37402 3.1+0.3 3.6+0.7 0.158 0.262 0.432

"Mean + SD, n=3 per treatment (family/diet). Significant differences among ten treatments determined by one-way ANOVA with
Bonferroni post hoc correction test. The two-way ANOVAS was used to determine diet, family and diet x family. The interaction effect
was not significant. Fatty acid content less than 0.1% in both diets was mostly not reported. Other fatty acids between 0.1% and 1%
were listed below:

2 contains 15:0, 17:0, 20:0, 23:0, and 24:0.

3 contains 14:1, 16:1n-11, 16:1n-5, 17:1, 18:1n-5, 20:1n-11, 20:1n-7, 22:1n-11, and 24:1

4 contains 16:3n-4, 16:4n-3, 16:4n-1,18:2n-7, 18:2n-4, 18:3n-4, 18:4n-1, 21:5n-3, 22:4n-6, 22:4n-3, and 22:5n-6.
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Table 3.9. Liver fatty acid profiles of Atlantic salmon fed the FO control diet and the FO-free diet for 16 weeks'. Five families with the

lowest weight gain were compared between the FO control diet and FO-free diet.

Family 27 36 30 24 8 32 27 23 45 35 p-value

Diet FO FO FO FO FO FO-free FO-free FO-free FO-free FO-free Treatment Diet Fam
14:0 1.7+0.2a 1.6 + 0.4ab 1.7 +0.01ab 1.5 +0.5ab 1.8+0.1a 1.1 +0.3abc 0.9 +0.3bc 0.7+0.1c 1.0 + 0.2abc 0.9 +0.2bc <0.001 0.001 0.496
16:0 129+4.4 132+52 15.6+7.4 12.7+2.6 11.9+2.0 13.2+4.7 13.5+7.3 6.4+19 123+5.6 142425 0.575 0.995 0.565
16:1n-7 24+0.5 23+1.0 2.7+1.7 23+1.0 33+0.1 1.2+0.1 1.1+0.2 1.7+0.04 1.3+03 1.0 +£0.02 <0.001 <0.001  0.098
18:0 4.7+0.8 45+13 51+1.7 45+0.7 4.9+0.9 63+15 6322 44+0.7 6.1+1.9 6.7+1.7 0.405 0.244  0.781
18:1n-11 2.7+0.09a 2.0+0.3a 1.9+ 1.0a 1.7 £ 0.9ab 2.6+0.4a 0.2 +0.09¢ 03+0.07c  0.2+0.08c 0.4 +0.09¢ 0.5+ 0.07bc <0.001 <0.001  0.098
18:1n-9 27.6+6.5 26.0+9.9 259+13.8 245+6.8 32.4+3.0 26.6 + 8.7 24.6 +£10.0 33.6+23 26.1+7.2 21.5+44 0.765 0.649  0.696
18:1n-7 2.8+04 2.5+0.7 25+0.8 2.5+0.3 2.9+0.2 1.8+0.3 1.8+0.5 2.0+0.2 1.8+0.3 1.6 +0.1 0.010 0.010  0.812
18:2n-4 1.6+14 13+14 0.5+04 0.6+0.2 0.6+0.5 0.5+0.7 03+0.3 03+0.3 04+04 05+04 0.569 0.069  0.866
18:2n-6 (LNA) 5.6 £0.2ab 55+0.7b 52+1.2b 5.1+0.5b 52+0.2b 8.3+ 1.7ab 8.7+ 2.6ab 103+ 1.4a 8.1 +2.4ab 8.0 + 1.3ab <0.001 0.016  0.792
18:3n-6 1.7+1.6 1.6+1.2 0.7+0.3 0.6+0.2 1.2+1.1 1.6+ 1.0 1.0+0.5 1.3+0.3 23+1.5 20+1.1 0.255 0.823 0.649
18:3n-3 (ALA) 0.9 +0.09b 0.9 +0.06b 0.9+0.3b 0.9+0.3b 0.8+0.1b 3.6+0.2a 3.6+1.5a 47+1.2a 3.5+13a 2.8+0.5a <0.001 0.004  0.393
18:4n-3 0.3+0.03b 0.4+ 0.08b 0.3+0.03b 0.4 +0.07b 0.4 +0.04b 1.3+0.5a 1.0+0.3a 2.0+0.4a 1.2+0.1a 1.3+0.6a <0.001 <0.001  0.106
20:1n-9 57+1.4 50+£1.6 51+28 5.0+09 63+0.7 6.4+22 6.6+2.9 8.1+0.7 72+23 54+22 0.584 0.576  0.827
20:2n-6 1.1+£0.2 0.8+0.2 0.8+0.4 1.2+0.5 09+0.2 1.4+03 1.7+0.5 1.8+0.3 1.8+0.5 1.4+03 0.009 0.056  0.609
20:3n-6 1.5+0.1ab 1.8 + 0.4ab 1.5+ 0.3ab 1.9+ 0.5ab 1.3+0.1a 2.2+ 0.6ab 2.3+ 0.6ab 2.5+0.2b 1.9+ 0.2ab 2.4+0.7ab 0.010 0.022 0.515
20:4n-6 (ARA) 1.7+£0.2 22+03 20£13 26+09 1.2+04 1.8+0.7 21+£14 1.5+£0.7 1.5+£04 1.1£0.2 0.519 0911 0.530
20:4n-3 0.3+0.07cd  0.3+0.1cd 0.3 +0.04cd 0.3 +0.2¢cd 0.3 +0.03d 1.0+£0.5a 1.3+04a 1.5+0.4a 0.8 + 0.3abc 0.9 + 0.3ab <0.001 <0.001  0.485
20:5n-3 (EPA) 1.6 £0.4 22+03 21+14 28+1.2 1.4+0.5 22+0.8 26+1.8 22+09 1.6+04 1.2+£0.2 0.577 0.370 0.491
22:0 0.9+0.6 0.5+0.5 0.6+0.3 0.5+0.2 0.7+0.6 0.5+0.3 0.6+0.6 03+0.2 0.7+0.2 1.0+0.9 0.907 0.325 0.867
22:1n-11 32+09ab  2.5+0.6abc 2.9+ 1.5abc 3.1+ 1.5ab 3.7+0.6a 0.9 + 0.4bcd 0.6 +0.2d 0.7+0.2cd 1.1£0.6abcd 0.8 +0.5cd <0.001 <0.001  0.863
22:1n-9 1.2+0.2 1.0+0.2 0.9+0.2 1.0+0.1 1.0+0.2 1.5+0.2 1.4+0.7 1.2+0.2 1.7+0.3 1.4+09 0.371 0.664  0.852
22:1n-7 1.6+0.6 1.2+1.0 1.0+04 1.2+0.7 1.9+0.8 1.2+0.5 1.2+1.2 03+0.3 1.7+0.8 1.6+1.4 0.544 0.382  0.562
22:5n-6 0.2+0.03 03+0.1 0.2+0.1 03+0.2 0.2+0.05 0.2+0.08 0.2+0.1 0.2+0.04 0.2+0.05 0.2 +0.03 0.622 0.801 0.611
22:4n-3 02+0.2 0.2+0.1 0.06 + 0.05 0.07 +0.04 0.06 +0.03 0.2+0.1 02+0.2 0.08 +0.02 0.2 +0.06 03+0.2 0.661 0.400  0.966
22:5n-3 0.6 +0.05 0.8+0.3 0.7+04 0.8+0.3 0.4+0.1 0.8+0.3 0.8+0.5 0.6+0.2 0.7+0.1 0.8 +£0.09 0.700 0.380  0.706
22:6n-3 (DHA) 85+22 11.7+2.0 89+58 14.1+7.0 59+2.7 6.8+3.1 79+52 62+23 53+1.3 4.1+04 0.287 0.656  0.551
24:1 1.5+0.3 1.8+0.7 1.6 £0.9 1.9+0.7 1.1+04 1.7+1.5 21+12 1.3+0.2 24+1.2 2.6+0.6 0.573 0.372 0.673
SSFA 2 20.9 +6.0 21.1+7.8 18.6+3.9 19.9+3.3 19.9+2.7 222+6.7 223+104 125+2.7 22.4+9.7 24.0+5.5 0.677 0.907  0.593
EMUFA 3 51.3+8.8 469+11.5 47.2+20.6 46.1+11.5 583+5.1 435+9.8 41.0+11.6 50.5+3.2 452+7.7 37.7+9.7 0.597 0.260  0.757
SPUFA * 27.5+3.0 31.8+5.4 257+7.0 33.7+11.0 21.5+5.6 342+5.6 36.5+6.9 36.9+ 1.7 322433 30.1+0.8 0.090 0.076  0.297
n-3 127+24 16.9+2.5 13.7+7.2 19.7+8.9 9.6+3.3 16.6 +4.2 18.5+6.9 18.1+2.4 144+19 11.9+0.05 0.306 0.191 0.306
Zn-6 119+ 1.6bc  12.2+ 1.5bc 10.5+0.9¢ 11.8+2.1bc 10.1 + 1.6¢ 157+ 14ab 162+22ab 17.7+0.6a 15.8 + 1.5ab 16.3 + 1.3ab <0.001 0.003 0.475
n-3/n-6 1.1+0.3 1.4 £0.05 1.3+0.7 1.6+0.5 09+0.2 1.1+£0.2 1.1+04 1.0+0.2 0.9+0.1 0.8 +0.04 0.343 0.915 0.473
DHA/EPA 5.2+ 0.5ab 53+04a 4.1+0.9abcd 4.8+0.7abc 4.2 + 0.8abcd 3.0+0.5d 3.1+0.3d 2.8+0.1d 3.3+0.5cd 3.4+0.1bcd <0.001 <0.001  0.191
EPA/ARA 0.9+0.2b 1.0 £0.09ab 1.1+0.2ab 1.1+0.2ab 1.2+0.09ab | 1.2 +0.09ab 1.3+0.3ab 1.5+0.1a 1.1+0.2ab 1.2 +0.2ab 0.054 0.030  0.253

"Mean + SD, n=3. Significant differences among ten treatments determined by the one-way ANOVA with Bonferroni post hoc test
(0=0.05). The two-way ANOVA was used to determine diet, family and interaction effect. The interaction effect was not significant.
Other fatty acids between 0.1% and 1% were listed below:

2 contains 15:0, 17:0, 20:0, 23:0, and 24:0.

3 contains 14:1, 16:1n-5, 16:1n-9, 16:1n-11, 17:1, 18:1n-5, 20:1n-11, and 20:1n-7.

4 contains 16:2n-4,16:3n-4, 16:4n-3, 16:4n-1, 18:2n-7, 18:3n-4, 18:4n-1, 20:3n-3, 21:5n-3, 22:4n-3, 22:4n-6, and 22:5n-6.



vL

W Initial weight FO-free diet
® Final weight

250
200 |
=5 150
E 100
50 F ]l
0
R227 4518 17[23]8 31 2 2447[35]25 8 2921 3 2643 3730403650 139 7 9 181020 5 2249 4 1612 1546 33 13 44 41 34[14]11[1942 6 38
' ' Family l /
lIr¥1t1a1 we?lght Control diet
® Final weight
250
200 |
& 150
=
@ 100
50 - “ ]I
0

27303632172821452031 5026353 547377 9 23 2484429 1 33404341491522131046161239 6 4 2518421 19|11383Z|
[l | ,

Family

Figure 3.1. Comparison of SJR Atlantic salmon initial and final mean body weight (BW, mean + SD) among fifty families in the FO
control and FO-free diet group. Fish were fed the same commercial feed before the trial. SJR Atlantic salmon families selected for
fatty acid analysis were highlighted in the red boxes. Families within the brackets had no significant differences (o = 0.05) in mean
final body weight.
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Figure 3.2. Comparison of the final mean weight gain (mean + SD) of SJR Atlantic salmon among fifty families in the FO control and
FO-free diet group after 16 weeks. Families selected for fatty acid analysis depended on the highest weight gain and lowest weight
gain, which were highlighted in the red boxes. Families within the brackets showed no significant difference (o = 0.05) in the final
mean weight gain.
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Figure 3.3. Comparison of SJR Atlantic salmon mean specific growth rate (SGR, mean + SD) among fifty families in the FO control
and FO-free diet group after 16 weeks. Families selected for fatty acid analysis was highlighted in the red boxes. Families within the
brackets were not significantly different (o = 0.05) in the final mean SGR.
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Figure 3.4. Atlantic salmon final mean DHA% in the muscle and liver and mean body weight (BW) among families regarding the
leading weight gain. There was a significant difference (o = 0.05) in the initial mean BW due to the family effect.
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CHAPTER 4. CONCLUSIONS

There was clear evidence of the genetic effect on growth performance and tissue fatty acids
in salmon from both studies in Chapter 2 and 3. For example, the growth performance of the GL
strain fed the FO control diet was less than the SJR strain regardless of the diet. Freshwater
landlocked GL strain salmon had a higher capacity for MUFA synthesis compared with SJR
strain when fed the FO-free diet. The SJR strain had a higher capacity for n-6 PUFA synthesis
and storage. Both strains can synthesize n-3 LC-PUFA when dietary n-3 LC-PUFA is low.
Compared with the FO-free diet, muscle DHA in the landlocked salmon was significantly stored
when fish were offered the control diet; it was less sensitive to the regulatory effect from high
dietary DHA in the control diet. Nevertheless, muscle DHA and EPA content did not differ
between strains within the FO-free diet group. Liver fatty acid composition were more affected
by differences between strains, rather than diet alone, while the muscle fatty acid profile was
mostly dependent on the dietary fatty acid profile. Additionally, to balance the competition
effect from LNA, a higher content of ALA compared to LNA and minimum supply of DHA
should be considered in future studies.

Fifty families of Atlantic salmon in SJR strain were compared regarding the weight gain
and the n-3 LC-PUFA biosynthesis. Family #38, 42, and 14 were significantly higher in final
body weight and weight gain, irrespective of diet. Compared with liver, muscle fatty acids more
closely reflect the dietary fatty acid compositions. The biosynthesis of n-3 LC-PUFA,
particularly DHA can be upregulated in the muscle and liver when Atlantic salmon were fed a
diet devoid of n-3 LC-PUFA. Such enhancement was limited by the effect of 18:2n-6 and
significantly differentiated by salmon family. Family #14 fed the FO-free diet had the highest
DHA percentage of total fatty acid in the liver. The increased n-3/n-6 ratio in the SJR salmon
family #14 indicates the affinity to n-3 fatty acids. The next step is to consider adding the trait

of high n-3 LC-PUFA level in the salmon muscle and liver in the commercial breeding program.

79



BIBLIOGRAPHY

Aas, T. S., Ytrestoyl, T., & Asgérd, T. (2019). Utilization of feed resources in the production
of Atlantic salmon (Salmo salar) in Norway: An update for 2016. Aquaculture Reports,
15, 100216. https://doi.org/10.1016/j.aqrep.2019.100216

Alexander, D. R. (1975). Sport fisheries potential on twenty lakes in the headwaters of the
Shubenacadie River system, Nova Scotia. Fisheries and Marine Service, Environment
Canada. Technical Report Series No. MAR/T-75-10. Retrieved from https://waves-
vagues.dfo-mpo.gc.ca/library-bibliotheque/15244.pdf.

Bell, J.G. & Koppe, W. (2010). Lipids in aquafeeds. In G.M. Turchini, W.-K. Ng, & D.R. Tocher
(Eds.). Fish Oil Replacement and Alternative Lipid Sources in Aquaculture Feeds (1st
ed.). CRC Press.

Bell, J. G., McEvoy, J., Tocher, D. R., McGhee, F., Campbell, P. J., & Sargent, J. R. (2001).
Replacement of fish oil with rapeseed oil in diets of Atlantic salmon (Sa/mo salar) affects
tissue lipid compositions and hepatocyte fatty acid metabolism. The Journal of Nutrition,
131(5), 1535-1543. https://doi.org/10.1093/jn/131.5.1535

Bell, J. G., McEvoy, J., Webster, J. L., McGhee, F., Millar, R. M., & Sargent, J. R. (1998). Flesh
lipid and carotenoid composition of Scottish farmed Atlantic salmon (Sal/mo salar).
Journal of Agricultural and Food Chemistry, 46(1), 119-127.
https://doi.org/10.1021/jf970581k

Bell, J. G., McGhee, F., Campbell, P. J., & Sargent, J. R. (2003). Rapeseed oil as an alternative
to marine fish oil in diets of post-smolt Atlantic salmon (Salmo salar): Changes in flesh

fatty acid composition and effectiveness of subsequent fish oil “wash out.” Aquaculture,
218(1-4), 515-528. https://doi.org/10.1016/S0044-8486(02)00462-3

Bell, J. G., Pratoomyot, J., Strachan, F., Henderson, R. J., Fontanillas, R., Hebard, A., Guy, D.
R., Hunter, D., & Tocher, D. R. (2010). Growth, flesh adiposity and fatty acid
composition of Atlantic salmon (Salmo salar) families with contrasting flesh adiposity:
Effects of replacement of dietary fish oil with vegetable oils. Aquaculture, 306(1-4),
225-232. https://doi.org/10.1016/j.aquaculture.2010.05.021

Bell, M. V., Batty, R. S., Dick, J. R., Fretwell, K., Navarro, J. C., & Sargent, J. R. (1995). Dietary
deficiency of docosahexaenoic acid impairs vision at low light intensities in juvenile
herring (Clupea harengus L.). Lipids, 30(5), 443. https://doi.org/10.1007/BF02536303

Bell, M. V., & Dick, J. R. (1991). Molecular species composition of the major diacyl

glycerophospholipids from muscle, liver, retina and brain of cod (Gadus morhua).
Lipids, 26(8), 565-573. https://doi.org/10.1007/BF02536419

80


https://doi.org/10.1016/j.aqrep.2019.100216
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/15244.pdf
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/15244.pdf
https://doi.org/10.1093/jn/131.5.1535
https://doi.org/10.1021/jf970581k
https://doi.org/10.1016/S0044-8486(02)00462-3
https://doi.org/10.1016/j.aquaculture.2010.05.021
https://doi.org/10.1007/BF02536303
https://doi.org/10.1007/BF02536419

Benitez-Santana, T., Masuda, R., Juarez Carrillo, E., Ganuza, E., Valencia, A., Hernandez-Cruz,
C. M., & Izquierdo, M. S. (2007). Dietary n-3 HUFA deficiency induces a reduced visual
response in gilthead seabream Sparus aurata larvae. Aquaculture, 264(1), 408—417.
https://doi.org/10.1016/j.aquaculture.2006.10.024

Berg, O. K. (1985). The formation of non-anadromous populations of Atlantic salmon, Salmon
salar L., in Europe. Journal of Fish Biology, 27(6), 805-815.
https://doi.org/10.1111/j.1095-8649.1985.tb03222.x

Betancor, M. B., Olsen, R. E., Solstorm, D., Skulstad, O. F., & Tocher, D. R. (2016). Assessment
of a land-locked Atlantic salmon (Sa/mo salar L.) population as a potential genetic
resource with a focus on long-chain polyunsaturated fatty acid biosynthesis. Biochimica
et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids, 1861(3), 227-238.
https://doi.org/10.1016/j.bbalip.2015.12.015

Betancor, M. B., Sprague, M., Sayanova, O., Usher, S., Campbell, P. J., Napier, J. A., Caballero,
M. J., & Tocher, D. R. (2015). Evaluation of a high-EPA oil from transgenic Camelina
sativa in feeds for Atlantic salmon (Salmo salar L.): Effects on tissue fatty acid

composition, histology and gene expression. Aquaculture, 444, 1-12.
https://doi.org/10.1016/j.aquaculture.2015.03.020

Berge, G.M., Ostbye, T-K., Kjer, M. A., Sonesson, A., Merkere, T., & Ruter, B. (2015). Final
reports: Importance of genetic background and various levels of omega-3 fatty acids in
feed in early life phases of fish health, fatty acid composition and muscle quality at
slaughter size.

Retrieved from https://www.thf.no/prosjektdetaljer/?projectNumber=900770

Bicskei, B., Bron, J. E., Glover, K. A., & Taggart, J. B. (2014). A comparison of gene
transcription profiles of domesticated and wild Atlantic salmon (Sa/mo salar L.) at early

life stages, reared under controlled conditions. BMC Genomics, 15(1), 884.
https://doi.org/10.1186/1471-2164-15-884

Birt, T. P., & Green, J. M. (1993). Acclimation to seawater of dwarf nonanadromous Atlantic
salmon, Salmo salar. Canadian Journal of Zoology, 71(9), 1912—-1916.
https://doi.org/10.1139/z93-274

Birt, T. P., Green, J. M., & Davidson, W. S. (1991). Contrasts in development and smolting of
genetically distinct sympatric anadromous and nonanadromous Atlantic salmon, Salmo
salar. Canadian Journal of Zoology, 69(8), 2075-2084. https://doi.org/10.1139/z91-289

Bjornsson, B. Th. (1997). The biology of salmon growth hormone: From daylight to dominance.
Fish Physiology and Biochemistry, 17(1), 9-24.
https://doi.org/10.1023/A:1007712413908

81


https://doi.org/10.1016/j.aquaculture.2006.10.024
https://doi.org/10.1111/j.1095-8649.1985.tb03222.x
https://doi.org/10.1016/j.bbalip.2015.12.015
https://doi.org/10.1016/j.aquaculture.2015.03.020
https://www.fhf.no/prosjektdetaljer/?projectNumber=900770
https://doi.org/10.1186/1471-2164-15-884
https://doi.org/10.1139/z93-274
https://doi.org/10.1139/z91-289
https://doi.org/10.1023/A:1007712413908

Bou, M., Berge, G. M., Baeverfjord, G., Sigholt, T., Ostbye, T.-K., Romarheim, O. H., Hatlen,
B., Leeuwis, R., Venegas, C., & Ruyter, B. (2017a). Requirements of » -3 very long-
chain PUFA in Atlantic salmon (Salmo salar L): Effects of different dietary levels of
EPA and DHA on fish performance and tissue composition and integrity. British Journal
of Nutrition, 117(1), 30—47. https://doi.org/10.1017/S0007114516004396

Bou, M., Berge, G. M., Baeverfjord, G., Sigholt, T., Ostbye, T.-K., & Ruyter, B. (2017b). Low
levels of very-long-chain n -3 PUFA in Atlantic salmon (Salmo salar) diet reduce fish

robustness under challenging conditions in sea cages. Journal of Nutritional Science, 6,
e32. https://doi.org/10.1017/jns.2017.28

Boulding, E. G., Ang, K. P., Elliott, J. A. K., Powell, F., & Schaeffer, L. R. (2019). Differences
in genetic architecture between continents at a major locus previously associated with

sea age at sexual maturity in European Atlantic salmon. Aquaculture, 500, 670—-678.
https://doi.org/10.1016/j.aquaculture.2018.09.025

Bullerwell, C. N., Collins, S. A., Lall, S. P., & Anderson, D. M. (2016). Growth performance,
proximate and histological analysis of rainbow trout fed diets containing Camelina

sativa seeds, meal (high-oil and solvent-extracted) and oil. Aquaculture, 452, 342-350.
https://doi.org/10.1016/j.aquaculture.2015.11.008

Caballero-Solares, A., Hall, J. R., Xue, X., Eslamloo, K., Taylor, R. G., Parrish, C. C., & Rise,
M. L. (2017). The dietary replacement of marine ingredients by terrestrial animal and
plant alternatives modulates the antiviral immune response of Atlantic salmon (Sa/mo
salar). Fish & Shellfish Immunology, 64, 24-38.
https://doi.org/10.1016/;.£51.2017.02.040

Carr, J., Whoriskey, F., & Courtemanche, D. (2005). Landlocked Atlantic salmon: movements
to sea by a putative fresh-water life history form. In M. T. Spedicato, G. Lembo, & G.
Marmulla (Eds.). Aquatic telemetry: Advances and Applications. Proceedings of the
Fifth Conference on Fish Telemetry held in Europe. Ustica, Italy, 9—13 June 2003.
Rome: FAO.

Carré¢, P., Citeau, M., Robin, G., & Estorges, M. (2016). Hull content and chemical composition
of whole seeds, hulls and germs in cultivars of rapeseed (Brassica napus). Oilseeds &
Fats Crops and Lipids, 23(3), A302. https://doi.org/10.1051/0cl/2016013

Castro, L.F.C., Monroig, O., Leaver, M.J., Wilson, J., Cunha, I. & Tocher, D.R., 2012.
Functional desaturase Fads1 (AS) and Fads2 (A6) orthologues evolved before the origin
of jawed vertebrates. PloS one, 7(2), €31950.
https://doi.org/10.1371/journal.pone.0031950

Christie, W. W., & Han, X. (2010). Lipid analysis: Isolation, separation, identification and
structural analysis of lipids. Oily Press, Bridgewater, U.K.

82


https://doi.org/10.1017/S0007114516004396
https://doi.org/10.1017/jns.2017.28
https://doi.org/10.1016/j.aquaculture.2018.09.025
https://doi.org/10.1016/j.aquaculture.2015.11.008
https://doi.org/10.1016/j.fsi.2017.02.040
https://doi.org/10.1051/ocl/2016013
https://doi.org/10.1371/journal.pone.0031950

Cockbain, A. J., Toogood, G. J., & Hull, M. A. (2012). Omega-3 polyunsaturated fatty acids for
the treatment and prevention of colorectal cancer. Gut, 61(1), 135-149.
https://doi.org/10.1136/gut.2010.233718

Codabaccus, B. M., Carter, C. G., Bridle, A. R., & Nichols, P. D. (2012). The “n—3 LC-PUFA
sparing effect” of modified dietary n—3 LC-PUFA content and DHA to EPA ratio in
Atlantic salmon smolt. Aquaculture, 356, 135—-140.
https://doi.org/10.1016/j.aquaculture.2012.05.024

Colombo, S. M. (2020). Chapter 2: Physiological considerations in shifting carnivorous fishes
to plant-based diets. In T. J. Benfey, A. P. Farrell, & C. J. Brauner (Eds.). Fish
Physiology (Vol. 38, pp. 61). Academic Press.
https://doi.org/10.1016/bs.fp.2020.09.002

Colombo, S. M., Emam, M., Peterson, B. C., Hall, J. R., Burr, G., Zhang, Z., & Rise, M. L.
(2021). Freshwater, landlocked Grand Lake strain of Atlantic salmon (Salmo salar L.)

as a potential genetic source of long chain polyunsaturated fatty acids synthesis.
Frontiers in Marine Science, 8, 771. https://doi.org/10.3389/fmars.2021.641824

Colombo, S. M., Parrish, C. C., & Wijekoon, M. P. A. (2018). Optimizing long chain-
polyunsaturated fatty acid synthesis in salmonids by balancing dietary inputs. PloS one,
13(10), €0205347. https://doi.org/10.1371/journal.pone.0205347

Drew, M. D., Ogunkoya, A. E., Janz, D. M., & Van Kessel, A. G. (2007). Dietary influence of
replacing fish meal and oil with canola protein concentrate and vegetable oils on growth
performance, fatty acid composition and organochlorine residues in rainbow trout
(Oncorhynchus mykiss). Aquaculture, 267(1-4), 260-268.
https://doi.org/10.1016/j.aquaculture.2007.01.002

El Bassam, N. (2010). Handbook of bioenergy crops: a complete reference to species,
development and applications. London, Routledge.
Retrieved from https://doi.org/10.4324/9781849774789

FAO. (2020). The state of world fisheries and aquaculture 2020. Sustainability in action. Rome,
FAO. https://doi.org/10.4060/ca9229en

FAO. (2022). The state of world fisheries and aquaculture 2020. Towards blue transformation.
Rome, FAO. https://doi.org/10.4060/cc0461en

FAOSTAT (2019). Crops and livestock products. Retrieved from
https://www.fao.org/faostat/en/#data/QCL/visualize [accessed 14 January 2022]

EFSA Panel on Dietetic Products, Nutrition and Allergies. (2012). Scientific opinion on the
tolerable upper intake level of eicosapentaenoic acid (EPA), docosahexaenoic acid
(DHA) and docosapentaenoic acid (DPA). EFSA Journal, 10(7), 2815.
https://doi.org/10.2903/j.efsa.2012.2815

83


https://doi.org/10.1136/gut.2010.233718
https://doi.org/10.1016/j.aquaculture.2012.05.024
https://doi.org/10.3389/fmars.2021.641824
https://doi.org/10.1371/journal.pone.0205347
https://doi.org/10.1016/j.aquaculture.2007.01.002
https://doi.org/10.4324/9781849774789
https://doi.org/10.4060/ca9229en
https://doi.org/10.4060/cc0461en
https://www.fao.org/faostat/en/#data/QCL/visualize
https://doi.org/10.2903/j.efsa.2012.2815

Folch, J., Lees, M., & Stanley, G.S. (1957). A simple method for the isolation and purification
of total lipids from animal tissues. Journal of Biological Chemistry, 226(1), 497-509.

Francis, A., &Warwick, S.I., (2009). The biology of Canadian weeds. 142. Camelina alyssum
(Mill.) Thell.; C. microcarpa Andrz. ex DC.; C. sativa (L.) Crantz. Canadian Journal of
Plant Science, 89(4), 791-810. https://doi.org/10.4141/CJPS08185

Friars, G.W., Bailey, J.K., & O'Flynn, F.M. (1995). Applications of selection for multiple traits
in cage-reared Atlantic salmon (Salmo salar). Aquaculture, 137(1-4), 213-217.
https://doi.org/10.1016/0044-8486(95)01101-3

Ge, J., Huang, M., Zhou, Y., Liu, C., Han, C., Gao, Q., Dong, Y., & Dong, S. (2021). Effects of
different temperatures on seawater acclimation in rainbow trout Oncorhynchus mykiss:
osmoregulation and branchial phospholipid fatty acid composition. Journal of
Comparative Physiology B, 191(4), 669-679. https://doi.org/10.1007/s00360-021-
01363-z

Gladyshev, M.I., Sushchik, N.N., & Makhutova, O.N. (2013). Production of EPA and DHA in
aquatic ecosystems and their transfer to the land. Prostaglandins & Other Lipid
Mediators, 107, 117-126. https://doi.org/10.1016/j.prostaglandins.2013.03.002

Glebe, B.D. (1998). East coast salmon aquaculture breeding programs: history and future.
Canadian Stock Assessment Secretariat, Research Document 98/157. Fisheries and
Oceans Canada, Ottawa, Ontario.

Glencross, B., Hawkins, W., & Curnow, J. (2003). Evaluation of canola oils as alternative lipid
resources in diets for juvenile red seabream, Pagrus auratus. Aquaculture
Nutrition, 9(5), 305-315. https://doi.org/10.1046/j.1365-2095.2003.00257.x

Glencross, B.D. (2009). Exploring the nutritional demand for essential fatty acids by aquaculture
species. Reviews in Aquaculture, 1(2), 71-124.
https://doi.org/10.1111/5.1753-5131.2009.01006.x

Glencross, B.D., Tocher, D.R., Matthew, C., & Gordon Bell, J. (2014). Interactions between
dietary docosahexaenoic acid and other long-chain polyunsaturated fatty acids on
performance and fatty acid retention in post-smolt Atlantic salmon (Salmo salar). Fish
Physiology and Biochemistry, 40(4), 1213-1227. https://doi.org/10.1007/s10695-014-
9917-8

Gjeen, H.M., & Bentsen, H.B. (1997). Past, present, and future of genetic improvement in

salmon aquaculture. ICES Journal of Marine Science, 54(6), 1009-1014.
https://doi.org/10.1016/S1054-3139(97)80005-7

84


https://doi.org/10.4141/CJPS08185
https://doi.org/10.1016/0044-8486(95)01101-3
https://doi.org/10.1007/s00360-021-01363-z
https://doi.org/10.1007/s00360-021-01363-z
https://doi.org/10.1016/j.prostaglandins.2013.03.002
https://doi.org/10.1046/j.1365-2095.2003.00257.x
https://doi.org/10.1111/j.1753-5131.2009.01006.x
https://doi.org/10.1007/s10695-014-9917-8
https://doi.org/10.1007/s10695-014-9917-8
https://doi.org/10.1016/S1054-3139(97)80005-7

Goyal, A., Tanwar, B., Sihag, M. K., Kumar, V., Sharma, V., & Soni, S. (2021).
Rapeseed/Canola (Brassica napus) Seed. In B. Tanwar, & A. Goyal. (Eds. pp. 47-71).
Oilseeds: Health attributes and food applications. Singapore, Springer.

Government of Canada. (2011). Plants of Canada Database. Retrieved from
https://glfc.cfsnet.nfis.org/mapserver/cfia_taxa/taxa.php?gid=1004663 [accessed 15
January 2022]

Government of Canada. (2012). Camelina oil. Retrieved from
https://www.canada.ca/en/health-canada/services/food-nutrition/genetically-modified-
foods-other-novel-foods/approved-products/camelina-oil-novel-food-information.html
[accessed 14 January 2022]

Hauge, H., Dahle, M.K., Kristoffersen, A.B., Grove, S., Wiik-Nielsen, C.R., & Tengs, T. (2016).
The genome of a landlocked Atlantic salmon Salmo salar characterized through high-
throughput sequencing. Journal of Evolutionary Biology Research, 8(1), 1-14.
https://doi.org/10.5897/JEBR2014.0062

Havey, K.A., & Warner, K. (1970). The landlocked salmon (Salmo salar): its life history and
management in Maine. Sport Fishing Institute. Maine Department of Inland Fisheries
and Game, Augusta, Maine.

Havey, K.A., & Warner, K. (1985). Origin and distribution of Maine landlocked salmon. The
Landlocked salmon in Maine (pp.2). Maine Department of Inland Fisheries and Wildlife,
Augusta, Maine.

Henderson, R.J. (1996). Fatty acid metabolism in freshwater fish with particular reference to
polyunsaturated fatty acids. Archives of Animal Nutrition, 49(1), 5-22.
https://doi.org/10.1080/17450399609381859

Hixson, S.M., Parrish, C.C., & Anderson, D.M. (2014a). Full substitution of fish oil with
camelina (Camelina sativa) oil, with partial substitution of fish meal with camelina meal,
in diets for farmed Atlantic salmon (Sa/mo salar) and its effect on tissue lipids and
sensory quality. Food Chemistry, 157, 51-61.
https://doi.org/10.1016/j.foodchem.2014.02.026

Hixson, S.M., Parrish, C.C., & Anderson, D.M. (2014b). Changes in lipid biochemistry of
farmed rainbow trout (Oncorhynchus mykiss) fed diets containing camelina oil
(Camelina sativa) as a full replacement of fish oil. Lipids, 49, 97-111.
https://doi.org/10.1007/s11745-013-3862-7

Hixson, S.M., Parrish, C.C., & Anderson, D.M. (2014c). Use of camelina oil to replace fish oil

in diets for farmed salmonids and Atlantic cod. Aquaculture, 431, 44-52.
https://doi.org/10.1016/j.aquaculture.2014.04.042

85


https://glfc.cfsnet.nfis.org/mapserver/cfia_taxa/taxa.php?gid=1004663
https://www.canada.ca/en/health-canada/services/food-nutrition/genetically-modified-foods-other-novel-foods/approved-products/camelina-oil-novel-food-information.html
https://www.canada.ca/en/health-canada/services/food-nutrition/genetically-modified-foods-other-novel-foods/approved-products/camelina-oil-novel-food-information.html
https://doi.org/10.5897/JEBR2014.0062
https://doi.org/10.1080/17450399609381859
https://doi.org/10.1016/j.foodchem.2014.02.026
https://doi.org/10.1007/s11745-013-3862-7
https://doi.org/10.1016/j.aquaculture.2014.04.042

Hixson, S.M., Parrish, C.C., & Anderson, D.M. (2014d). Changes in tissue lipid and fatty acid
composition of farmed rainbow trout in response to dietary camelina oil as a replacement
of fish oil. Lipids, 49(1), 97-111. https://doi.org/10.1007/s11745-013-3862-7

Hixson, S.M., Parrish, C.C., Xue, X., Wells, J.S., Collins, S.A., Anderson, D.M., & Rise, M.L.,
(2017). Growth performance, tissue composition, and gene expression responses in
Atlantic salmon (Salmo salar) fed varying levels of different lipid
sources. Aquaculture, 467, 76-88. https://doi.org/10.1016/j.aquaculture.2016.04.011

Holborn, M.K., Ang, K.P., Elliott, J.A.K., Powell, F., & Boulding, E.G. (2018). Genome wide
association analysis for bacterial kidney disease resistance in a commercial North

American Atlantic salmon (Salmo salar) population using a 50 K SNP
panel. Aquaculture, 495, 465-471. https://doi.org/10.1016/j.aquaculture.2018.06.014

Holborn, M.K., Ang, K.P., Elliott, J.A.K., Powell, F., & Boulding, E.G. (2020). Genome wide
analysis of infectious salmon anemia resistance in commercial Saint John River Atlantic
salmon. Aquaculture, 514, 734514. https://doi.org/10.1016/j.aquaculture.2019.734514

Horn, S.S., Ruyter, B., Meuwissen, T.H., Hillestad, B., & Sonesson, A.K. (2018). Genetic effects
of fatty acid composition in muscle of Atlantic salmon. Genetics Selection
Evolution, 50(1), 1-12. https://doi.org/10.1186/s12711-018-0394-x

Huang, S.S.Y., Fu, C.H.L., Higgs, D.A., Balfry, S.K., Schulte, P.M., & Brauner, C.J. (2008).
Effects of dietary canola oil level on growth performance, fatty acid composition and

ionoregulatory development of spring chinook salmon parr, Oncorhynchus tshawytscha.
Aquaculture, 274(1), 109-117. https://doi.org/10.1016/j.aquaculture.2007.11.011

Hutchings, J.A., Ardren, W.R., Barlaup, B.T., Bergman, E., Clarke, K.D., Greenberg, L.A.,
Lake, C., Piironen, J., Sirois, P., Sundt-Hansen, L.E., & Fraser, D.J. (2019). Life-history
variability and conservation status of landlocked Atlantic salmon: an
overview. Canadian Journal of Fisheries and Aquatic Sciences, 76(10), 1697-1708.
https://doi.org/10.1016/j.aquaculture.2007.11.011

Huyben, D., Grobler, T., Matthew, C., Bou, M., Ruyter, B., & Glencross, B. (2021a).
Requirement for omega-3 long-chain polyunsaturated fatty acids by Atlantic salmon is
relative to the dietary lipid level. Aquaculture, 531, 735805.
https://doi.org/10.1016/j.aquaculture.2020.735805

Huyben, D., Matthew, C., Mufioz-Lopez, P., Ruyter, B., & Glencross, B. (2021b). Hypoxia does
not change responses to dietary omega-3 long-chain polyunsaturated fatty acids, but
rather reduces dietary energy demand by Atlantic salmon. Aquaculture Nutrition, 27(5),
1396-1410. https://doi.org/10.1111/anu.13278

86


https://doi.org/10.1007/s11745-013-3862-7
https://doi.org/10.1016/j.aquaculture.2016.04.011
https://doi.org/10.1016/j.aquaculture.2018.06.014
https://doi.org/10.1016/j.aquaculture.2019.734514
https://doi.org/10.1186/s12711-018-0394-x
https://doi.org/10.1016/j.aquaculture.2007.11.011

Ishizaki, Y., Masuda, R., Uematsu, K., Shimizu, K., Arimoto, M., &Takeuchi, T. (2001). The
effect of dietary docosahexaenoic acid on schooling behaviour and brain development in
larval yellowtail. Journal of Fish Biology, 58(6), 1691-1703.
https://doi.org/10.1111/j.1095-8649.2001.tb02323.x

Iversen, A., Asche, F., Hermansen, ©., & Nystayl, R. (2020). Production cost and
competitiveness in major salmon farming countries 2003-2018. Aquaculture, 522,
735089.https://doi.org/10.1016/j.aquaculture.2020.735089

Jensen, L.J., Mahre, H.K., Tommeras, S., Eilertsen, K.E., Olsen, R.L., & Elvevoll, E.O. (2012).
Farmed Atlantic salmon (Sa/mo salar L.) is a good source of long chain omega-3 fatty
acids. Nutrition Bulletin, 37(1), 25-29.
https://doi.org/10.1111/j.1467-3010.2011.01941.x

Jordal, A.E.O., Torstensen, B.E., Tsoi, S., Tocher, D.R., Lall, S.P., & Douglas, S.E. (2005).
Dietary rapeseed oil affects the expression of genes involved in hepatic lipid metabolism
in Atlantic salmon (Salmo salar L.). The Journal of Nutrition, 135(10), 2355-2361.
https://doi.org/10.1093/jn/135.10.2355

Kartikasari, L.R., Hughes, R.J., Geier, M.S., Makrides, M., & Gibson, R.A. (2012). Dietary
alpha-linolenic acid enhances omega-3 long chain polyunsaturated fatty acid levels in

chicken tissues. Prostaglandins, Leukotrienes and Essential Fatty Acids, 87(4-5), 103-
109. https://doi.org/10.1016/j.plefa.2012.07.005

Keske, C.M., Hoag, D.L., Brandess, A., & Johnson, J.J. (2013). Is it economically feasible for
farmers to grow their own fuel? A study of Camelina sativa produced in the western

United States as an on-farm biofuel. Biomass and Bioenergy, 54, 89-99.
https://doi.org/10.1016/j.biombioe.2013.03.015

King, T.L., Spidle, A.P., Eackles, M.S., Lubinski, B.A., & Schill, W.B. (2000). Mitochondrial
DNA diversity in North American and European Atlantic salmon with emphasis on the
Downeast rivers of Maine. Journal of Fish Biology, 57(3), 614-630.
https://doi.org/10.1111/5.1095-8649.2000.tb00264.x

King, T.L., Kalinowski, S.T., Schill, W.B., Spidle, A.P., & Lubinski, B.A. (2001). Population
structure of Atlantic salmon (Salmo salar L.): a range-wide perspective from
microsatellite DNA variation. Molecular Ecology, 10(4), 807-821.
https://doi.org/10.1046/j.1365-294X.2001.01231.x

Koven, W., Nixon, O., Allon, G., Gaon, A., El Sadin, S., Falcon, J., Besseau, L., Escande, M.,
Agius, R.V., Gordin, H., & Tandler, A. (2018). The effect of dietary DHA and taurine
on rotifer capture success, growth, survival and vision in the larvae of Atlantic bluefin
tuna (Thunnus thynnus). Aquaculture, 482, 137-145.
https://doi.org/10.1016/j.anifeedsci.2011.12.015

87


https://doi.org/10.1111/j.1095-8649.2001.tb02323.x
https://doi.org/10.1111/j.1467-3010.2011.01941.x
https://doi.org/10.1093/jn/135.10.2355
https://doi.org/10.1016/j.plefa.2012.07.005
https://doi.org/10.1016/j.biombioe.2013.03.015
https://doi.org/10.1111/j.1095-8649.2000.tb00264.x
https://doi.org/10.1046/j.1365-294X.2001.01231.x
https://doi.org/10.1016/j.anifeedsci.2011.12.015

Lall, S.P., & Tibbetts, S.M. (2009). Nutrition, feeding, and behavior of fish. Veterinary Clinics
of North America: Exotic Animal Practice, 12(2), 361-372.
https://doi.org/10.1016/j.cvex.2009.01.005

Lall, S.P., 2022. Chapter 6: The minerals. In R. W. Hardy & S. J. Kaushik (Eds.), Fish nutrition
(4th ed., pp. 469). Academic Press.

Leaver, M.J., Bautista, .M., Bjornsson, B.T., Jonsson, E., Krey, G., Tocher, D.R. & Torstensen,
B.E. (2008). Towards fish lipid nutrigenomics: current state and prospects for fin-fish

aquaculture. Reviews in Fisheries Science, 16(supl), 73-94.
https://doi.org/10.1080/10641260802325278

Leaver, M.J., Taggart, J.B., Villeneuve, L., Bron, J.E., Guy, D.R., Bishop, S.C., Houston, R.D.,
Matika, O. & Tocher, D.R. (2011). Heritability and mechanisms of n— 3 long chain
polyunsaturated fatty acid deposition in the flesh of Atlantic salmon. Comparative
Biochemistry and Physiology Part D: Genomics and Proteomics, 6(1), 62-69.

https://doi.org/10.1016/j.cbd.2010.04.002

Leclerc, M., Boudreau, P., Bechara, J.A., & Belzile, L. (1996). Numerical method for modelling
spawning habitat dynamics of landlocked salmon, Salmo salar. Regulated Rivers:
Research & Management, 12(2-3), 273-285. https://doi.org/10.1002/(SICI)1099-
1646(199603)12:2/3<273::AID-RRR395>3.0.CO;2-J

Li, H.O. & Yamada, J. (1992). Changes of the fatty acid composition in smolts of Masu salmon
(Oncorhynchus  masou), associated with  desmoltification and sea-water
transfer. Comparative Biochemistry and Physiology Part A: Physiology, 103(1), 221-
226. https://doi.org/10.1016/0300-9629(92)90266-S

Li, Y., Monroig, O., Zhang, L., Wang, S., Zheng, X., Dick, J.R., You, C. & Tocher, D.R. (2010).
Vertebrate fatty acyl desaturase with A4 activity. Proceedings of the National Academy
of Sciences, 107(39), 16840-16845. https://doi.org/10.1073/pnas.1008429107

Liu, L., Ang, K.P., Elliott, J.A., Kent, M.P., Lien, S., MacDonald, D. & Boulding, E.G. (2017).
A genome scan for selection signatures comparing farmed Atlantic salmon with two wild
populations: Testing colocalization among outlier markers, candidate genes, and
quantitative trait loci for production traits. Evolutionary Applications, 10(3), 276-296.
https://doi.org/10.1111/eva.12450

Lugert, V., Thaller, G., Tetens, J., Schulz, C. & Krieter, J. (2016). A review on fish growth
calculation: multiple functions in fish production and their specific application. Reviews
in Aquaculture, 8(1), 30-42. https://doi.org/10.1111/raq.12071

Lumme, J., Ozerov, M.Y., Veselov, A.E. & Primmer, C.R. (2016). Chapter 2. The formation of
landlocked populations of Atlantic salmon. In J. Lumme, M. Y. Ozerov, A. E. Veselove,
& C. R. Primmer. Evolutionary Biology of the Atlantic salmon (Ist. pp 26-43). New York
CRC Press.

88


https://doi.org/10.1016/j.cvex.2009.01.005
https://doi.org/10.1080/10641260802325278
https://doi.org/10.1016/j.cbd.2010.04.002
https://doi.org/10.1002/(SICI)1099-1646(199603)12:2/3%3c273::AID-RRR395%3e3.0.CO;2-J
https://doi.org/10.1002/(SICI)1099-1646(199603)12:2/3%3c273::AID-RRR395%3e3.0.CO;2-J
https://doi.org/10.1016/0300-9629(92)90266-S
https://doi.org/10.1073/pnas.1008429107
https://doi.org/10.1111/eva.12450
https://doi.org/10.1111/raq.12071

MacCrimmon, H.R. & Gots, B.L. (1979). World distribution of Atlantic salmon, Salmo
solar. Journal of the Fisheries Board of Canada, 36(4), 422-457.
https://doi.org/10.1139/£79-062

Masuda, R. & Tsukamoto, K. (1998). The ontogeny of schooling behaviour in the striped
jack. Journal of Fish Biology, 52(3), 483-493.
https://doi.org/10.1111/j.1095-8649.1998.tb02011.x

Masuda, R., Ziemann, D.A. & Ostrowski, A.C. (2001). Patchiness formation and development
of schooling behavior in Pacific threadfin Polydactylus sexfilis reared with different
dietary highly unsaturated fatty acid contents. Journal of the World Aquaculture
Society, 32(3), 309-316. https://doi.org/10.1111/j.1749-7345.2001.tb00454.x

Matthaus, B., Ozcan, M.M. & Al Juhaimi, F. (2016). Some rape/canola seed oils: Fatty acid
composition and tocopherols. Zeitschrift fiir Naturforschung C, 71(3-4), 73-77.
https://doi.org/10.1515/znc-2016-0003

McCormick, S.D. & Saunders, R.L. (1987). Preparatory physiological adaptations for marine
life of salmonids: osmoregulation, growth, and metabolism. American Fisheries Society
Symposium, 21(1), 211-229.

McCormick, S.D. (2012). 5 - Smolt physiology and endocrinology. In S. D. McCormick, A. P.
Farrell, & C. J. Brauner (Eds.), Fish Physiology (vol. 32, pp. 199-251), Academic Press.
https://doi.org/10.1016/B978-0-12-396951-4.00005-0

McCormick, S.D., Regish, A.M., Ardren, W.R., Bjornsson, B.T. & Bernier, N.J. (2019). The
evolutionary consequences for seawater performance and its hormonal control when

anadromous Atlantic salmon become landlocked. Scientific Reports, 9(1), 1-10.
https://doi.org/10.1038/s41598-018-37608-1

MDIFW (2021a). Landlocked Salmon. Maine Department of Inland Fisheries and Wildlife,
Augusta, Maine. Retrieved from https://www.maine.gov/ifw/fish-

wildlife/fisheries/species information/landlocked-salmon.html [accessed 10 January
2022]

MDIFW (2021b). Hatcheries. Maine Department of Inland Fisheries and Wildlife, Augusta,
Maine. Retrieved from https://www.maine.gov/ifw/fish-
wildlife/hatcheries/index.html#why [accessed 10 January 2022]

Menoyo, D., Lopez-Bote, C.J., Bautista, J.M. & Obach, A. (2003). Growth, digestibility and
fatty acid utilization in large Atlantic salmon (Sa/mo salar) fed varying levels of n-3 and
saturated fatty acids. Aquaculture, 225(1-4), 295-307.
https://doi.org/10.1016/S0044-8486(03)00297-7

89


https://doi.org/10.1139/f79-062
https://doi.org/10.1111/j.1095-8649.1998.tb02011.x
https://doi.org/10.1111/j.1749-7345.2001.tb00454.x
https://doi.org/10.1515/znc-2016-0003
https://doi.org/10.1016/B978-0-12-396951-4.00005-0
https://doi.org/10.1038/s41598-018-37608-1
https://www.maine.gov/ifw/fish-wildlife/fisheries/species%20information/landlocked-salmon.html
https://www.maine.gov/ifw/fish-wildlife/fisheries/species%20information/landlocked-salmon.html
https://doi.org/10.1016/S0044-8486(03)00297-7

Miller, M.R., Nichols, P.D. & Carter, C.G. (2007). Replacement of dietary fish oil for Atlantic
salmon parr (Salmo salar L.) with a stearidonic acid containing oil has no effect on
omega-3 long-chain polyunsaturated fatty acid concentrations. Comparative
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology, 146(2), 197-
206. https://doi.org/10.1016/j.cbpb.2006.10.099

Mock, T.S., Francis, D.S., Jago, M.K., Glencross, B.D., Smullen, R.P. & Turchini, G.M. (2019).
Endogenous biosynthesis of n-3 long-chain PUFA in Atlantic salmon. British Journal of
Nutrition, 121(10), 1108-1123. https://doi.org/10.1017/S0007114519000473

Monroig, O., Zheng, X., Morais, S., Leaver, M.J., Taggert, J.B. & Tocher, D.R. (2010). Multiple
genes for functional 6 fatty acyl-desaturases (FAD) in Atlantic salmon (Salmo salar L.):
gene and cDNA characterisation, functional expression, tissue distribution and
nutritional regulation. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology
of Lipids, 1801(9), 1072—1081. https://doi.org/10.1016/j.bbalip.2010.04.007

Morais, S., Castanheira, F., Martinez-Rubio, L., Conceigdo, L.E. & Tocher, D.R. (2012). Long
chain polyunsaturated fatty acid synthesis in a marine vertebrate: ontogenetic and
nutritional regulation of a fatty acyl desaturase with A4 activity. Biochimica et
Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids, 1821(4), 660-671.
https://doi.org/10.1016/j.bbalip.2011.12.011

Monroig, 0., Zheng, X., Morais, S., Leaver, M.J., Taggart, J.B. & Tocher, D.R. (2010). Multiple
genes for functionalA 6 fatty acyl desaturases (Fad) in Atlantic salmon (Salmo salar L.):
Gene and cDNA characterization, functional expression, tissue distribution and
nutritional regulation. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology
of Lipids, 1801(9), 1072-1081. https://doi.org/10.1016/j.bbalip.2010.04.007

MOWI (2020). Salmon farming industry handbook 2020. Retrieved from https://ml-
eu.globenewswire.com/Resource/Download/8e26b7fd-ae8d-4743-a188-b71a6233bb71
[accessed on 25 July 2022]

Murray, D.S., Hager, H., Tocher, D.R. & Kainz, M.J. (2014). Effect of partial replacement of
dietary fish meal and oil by pumpkin kernel cake and rapeseed oil on fatty acid

composition and metabolism in Arctic charr (Salvelinus alpinus). Aquaculture, 431, 85-
91. https://doi.org/10.1016/j.aquaculture.2014.03.039

Mzengereza, K., Ishikawa, M., Koshio, S., Yokoyama, S., Yukun, Z., Shadrack, R.S., Seo, S.,
Duy Khoa, T.N., Moss, A., Dossou, S. & Basuini, M.F.E. (2021). Effect of substituting
fish oil with camelina oil on growth performance, fatty acid profile, digestibility, liver

histology, and antioxidative status of red seabream (Pagrus major). Animals, 11(7),
1990. https://doi.org/10.3390/ani11071990

National Research Council, NRC (2011). Nutrient requirements of fish and shrimp. National
academies press.

90


https://doi.org/10.1016/j.cbpb.2006.10.099
https://doi.org/10.1017/S0007114519000473
https://doi.org/10.1016/j.bbalip.2010.04.007
https://doi.org/10.1016/j.bbalip.2011.12.011
https://doi.org/10.1016/j.bbalip.2010.04.007
https://ml-eu.globenewswire.com/Resource/Download/8e26b7fd-ae8d-4743-a188-b71a6233bb71
https://ml-eu.globenewswire.com/Resource/Download/8e26b7fd-ae8d-4743-a188-b71a6233bb71
https://doi.org/10.1016/j.aquaculture.2014.03.039
https://doi.org/10.3390/ani11071990

Nilsen, T.O., Ebbesson, L.O. & Stefansson, S.O. (2003). Smolting in anadromous and
landlocked strains of Atlantic salmon (Sal/mo salar). Aquaculture, 222(1-4), 71-82.
https://doi.org/10.1016/S0044-8486(03)00103-0

Parzanini, C., Colombo, S.M., Kainz, M.J., Wacker, A., Parrish, C.C. & Arts, M.T. (2020).
Discrimination between freshwater and marine fish using fatty acids: ecological

implications and future perspectives. Environmental Reviews, 28(4), 546-559.
https://doi.org/10.1139/er-2020-003 1

Petrie, J.R., Zhou, X.R., Leonforte, A., McAllister, J., Shrestha, P., Kennedy, Y., Belide, S.,
Buzza, G., Gororo, N., Gao, W. & Lester, G. (2020). Development of a Brassica napus

(Canola) crop containing fish oil-like levels of DHA in the seed oil. Frontiers in Plant
Science, 11, 727. https://doi.org/10.3389/1pls.2020.00727

Piccolo, J.J., Norrgérd, J.R., Greenberg, L.A., Schmitz, M. & Bergman, E. (2012). Conservation
of endemic landlocked salmonids in regulated rivers: a case-study from Lake Vénern,
Sweden. Fish and Fisheries, 13(4), 418-433.
https://doi.org/10.1111/5.1467-2979.2011.00437.x

Pyz-Lukasik, R. & Kowalczyk-Pecka, D. (2017). Fatty acid profile of fat of Grass carp, Bighead
carp, Siberian sturgeon, and Wels catfish. Journal of Food Quality, 2017.
https://doi.org/10.1155/2017/5718125

Ratnayake, W. M. N., & Daun, J. K. (2004). Chemical composition of canola and rapeseed oils.
In F. D. Gunstone (Eds.). Rapeseed and canola oil: Production, processing, properties
and uses (pp. 37-78). Boca Raton, CRC Press LLC.

Ruiz-Lopez, N., Stubhaug, 1., Ipharraguerre, 1., Rimbach, G. & Menoyo, D. (2015). Positional
distribution of fatty acids in triacylglycerols and phospholipids from fillets of Atlantic
salmon (Salmo salar) fed vegetable and fish oil blends. Marine Drugs, 13(7), 4255-
4269. https://doi.org/10.3390/md 13074255

Sargent, J.R., Bell, J.G., Bell, M.V., Henderson, R.J. & Tocher, D.R. (1993). Chapter 7. The
metabolism of phospholipids and polyunsaturated fatty acids in fish. In B. Lahlou & P.
Vitiello (Eds.). Coastal and Estuarine Studies (Vol 43. pp.103-124).
https://doi.org/10.1029/CE043p0103

Sargent, J.R. (2002). Substituting fish oil with crude palm oil in the diet of Atlantic salmon
(Salmo salar) affects muscle fatty acid composition and hepatic fatty acid
metabolism. The Journal of Nutrition, 132(2), 222-230.
https://doi.org/10.1093/jn/132.2.222

SCIC, Saskatchewan Crop Insurance Corporation (2022). Crop insurance: price. Retrieved from
https://www.scic.ca/ci/prices/ [accessed 11 July 2022].

91


https://doi.org/10.1016/S0044-8486(03)00103-0
https://doi.org/10.1139/er-2020-0031
https://doi.org/10.3389/fpls.2020.00727
https://doi.org/10.1111/j.1467-2979.2011.00437.x
https://doi.org/10.1155/2017/5718125
https://doi.org/10.3390/md13074255
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Lahlou%2C+B
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Vitiello%2C+P
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Vitiello%2C+P
https://doi.org/10.1029/CE043p0103
https://doi.org/10.1093/jn/132.2.222
https://www.scic.ca/ci/prices/

Sayanova, O.V. & Napier, J.A. (2004). Eicosapentaenoic acid: biosynthetic routes and the
potential for synthesis in transgenic plants. Phytochemistry, 65(2), 147-158.
https://doi.org/10.1016/j.phytochem.2003.10.017

Seierstad, S.L., Haugland, @., Larsen, S., Waagbg, R. & Evensen, @. (2009). Pro-inflammatory
cytokine expression and respiratory burst activity following replacement of fish oil with
rapeseed oil in the feed for Atlantic salmon (Salmo salar L.). Aquaculture, 289(3-4),
212-218. https://doi.org/10.1016/j.aquaculture.2008.12.004

Serhan, C.N. & Petasis, N.A. (2011). Resolvins and protections in inflammation
resolution. Chemical Reviews, 111(10), 5922-5943. https://doi.org/10.1021/cr100396¢

Spidle, A.P., Kalinowski, S.T., Lubinski, B.A., Perkins, D.L., Beland, K.F., Kocik, J.F. & King,
T.L. (2003). Population structure of Atlantic salmon in Maine with reference to
populations from Atlantic Canada. Transactions of the American Fisheries
Society, 132(2), 196-209.
https://doi.org/10.1577/1548-8659(2003)132<0196:PSOASI>2.0.CO;2

Sprecher, H. (2000). Metabolism of highly unsaturated n-3 and n-6 fatty acids. Biochimica et
Biophysica Acta (BBA)- Molecular and Cell Biology of Lipids, 1486(2-3), 219-231.
https://doi.org/10.1016/S1388-1981(00)00077-9

Sundell, K.S. & Sundh, H. (2012). Intestinal fluid absorption in anadromous salmonids:
importance of tight junctions and aquaporins. Frontiers in Physiology, 3, 388.
https://doi.org/10.3389/fphys.2012.00388

Thanuthong, T., Francis, D.S., Senadheera, S.P.S.D., Jones, P.L. & Turchini, G.M. (2011). LC-
PUFA biosynthesis in rainbow trout is substrate limited: use of the whole body fatty acid
balance method and different 18: 3n-3/18: 2n-6 ratios. Lipids, 46(12), 1111-1127.
https://doi.org/10.1007/s11745-011-3607-4

Thodesen, J., Gjerde, B., Grisdale-Helland, B. & Storebakken, T. (2001). Genetic variation in
feed intake, growth and feed utilization in Atlantic salmon (Salmo salar). Aquaculture,
194(3-4), 273-281. https://doi.org/10.1016/S0044-8486(00)00527-5

Thorstad, E.B., Whoriskey, F., Rikardsen, A.H. & Aarestrup, K. (2011). Aquatic nomads: the
life and migrations of the Atlantic salmon. In O. Aas, S. Einum, A. Klemetsen, S. Einum
& J. Skurdal (Eds.). Atlantic salmon ecology (pp.1-32). Wiley-Blackwell.

Tocher, D.R. (2015). Omega-3 long-chain polyunsaturated fatty acids and aquaculture in

perspective. Aquaculture, 449, 94-107.
https://doi.org/10.1016/j.aquaculture.2015.01.010

92


https://doi.org/10.1016/j.phytochem.2003.10.017
https://doi.org/10.1016/j.aquaculture.2008.12.004
https://doi.org/10.1021/cr100396c
https://doi.org/10.1577/1548-8659(2003)132%3c0196:PSOASI%3e2.0.CO;2
https://doi.org/10.1016/S1388-1981(00)00077-9
https://doi.org/10.3389/fphys.2012.00388
https://doi.org/10.1007/s11745-011-3607-4
https://doi.org/10.1016/S0044-8486(00)00527-5
https://doi.org/10.1016/j.aquaculture.2015.01.010

Tocher, D.R., Bell, J.G., Dick, J.R., Henderson, R.J., McGhee, F., Michell, D. & Morris, P.C.,
(2000). Polyunsaturated fatty acid metabolism in Atlantic salmon (Salmo salar)
undergoing parr-smolt transformation and the effects of dietary linseed and rapeseed oils.
Fish Physiology and Biochemistry, 23(1), 59-73.
https://doi.org/10.1023/A:1007807201093

Tocher, D.R. (2003). Metabolism and functions of lipids and fatty acids in teleost fish. Reviews
in Fisheries Science, 11(2), 107-184. https://doi.org/10.1080/713610925

Turchini, G.M., Torstensen, B.E. & Ng, W.K (2009). Fish oil replacement in finfish
nutrition. Reviews in Aquaculture, 1(1), 10-57.
https://doi.org/10.1111/5.1753-5131.2008.01001.x

Turchini, G.M., Francis, D.S., Du, Z.Y., Olsen, R.E., Ringg, E. & Tocher, D.R. (2022). Chapter
5: The lipids. In R. W. Hardy & S. J. Kaushik. Fish Nutrition (4th ed., pp.303-467).
Academic Press.

Mai, K., Waagbe, R., Zhou, X.Q., Ai, Q.H. & Feng., L. (2022). Chapter 3: Vitamins. In R. W.
Hardy & S. J. Kaushik. Fish Nutrition (4th ed., pp.57-158). Academic Press.

Oboh, A., Kabeya, N., Carmona-Antofianzas, G., Castro, L.F.C., Dick, J.R., Tocher, D.R. &
Monroig, O. (2017). Two alternative pathways for docosahexaenoic acid (DHA, 22: 6n-

3) biosynthesis are widespread among teleost fish. Scientific Reports, 7(1), 1-10.
https://doi.org/10.1038/s41598-017-04288-2

O'Flynn, F.M., Bailey, J.K. & Friars, G.W. (1999). Responses to two generations of index
selection in Atlantic salmon (Salmo salar). Aquaculture, 173(1-4), 143-147.
https://doi.org/10.1016/S0044-8486(98)00482-7

Pellerin, J. & Pierce, U.D., Jr. (2015). Crooked River: characteristics, history, and fisheries
management. Maine Dept Inland Fisheries and Wildlife, Augusta, Maine. Retrieved
from https://www.maine.gov/ifw/docs/Crooked%20Report%20final5 15.pdf

Pérez, J.A., Castro, A., Rolo, C., Torres, A., Dorta-Guerra, R., Acosta, N.G. & Rodriguez, C.
(2021). Fatty acid profiles and omega-3 long-chain polyunsaturated fatty acids (LC-
PUFA) biosynthesis capacity of three dual purpose chicken breeds. Journal of Food
Composition and Analysis, 102, 104005. https://doi.org/10.1016/j.jfca.2021.104005

Pickova, J., Kiessling, A., Pettersson, A. & Dutta, P.C. (1999). Fatty acid and carotenoid
composition of eggs from two nonanadromous Atlantic salmon stocks of cultured and
wild origin. Fish Physiology and Biochemistry, 21(2), 147-156.
https://doi.org/10.1023/A:100786090891 1

Przybylski, R., & Eskin., M. N. A. (2011). Oil Composition and Properties. In J. K. Daun, M.

N. A. Eskin, & D. Hickling (Eds). Canola: chemistry, production, processing, and
utilization (pp. 194-195). AOCS Press.

93


https://doi.org/10.1023/A:1007807201093
https://doi.org/10.1080/713610925
https://doi.org/10.1111/j.1753-5131.2008.01001.x
https://doi.org/10.1038/s41598-017-04288-2
https://doi.org/10.1016/S0044-8486(98)00482-7
https://www.maine.gov/ifw/docs/Crooked%20Report%20final5_15.pdf
https://doi.org/10.1016/j.jfca.2021.104005
https://doi.org/10.1023/A:1007860908911

Qian, C., Hart, B. & Colombo, S.M. (2020). Re-evaluating the dietary requirement of EPA and
DHA for Atlantic salmon in freshwater. Aquaculture, 518, 734870.
https://doi.org/10.1016/j.aquaculture.2019.734870

Quinton, C.D., McMillan, I. & Glebe, B.D. (2005). Development of an Atlantic salmon (Salmo
salar) genetic improvement program: Genetic parameters of harvest body weight and
carcass quality traits estimated with animal models. Aquaculture, 247(1-4), 211-217.
https://doi.org/10.1016/j.aquaculture.2005.02.030

Rosenlund, G., Torstensen, B.E., Stubhaug, 1., Usman, N. & Sissener, N.H. (2016). Atlantic
salmon require long-chain n-3 fatty acids for optimal growth throughout the seawater
period. Journal of Nutritional Science, 5, €19. https://doi.org/10.1017/jns.2016.10

Ruyter, B., Resjo, C., Einen, O. & Thomassen, M.S. (2000). Essential fatty acids in Atlantic
salmon: effects of increasing dietary doses of n-6 and n-3 fatty acids on growth, survival

and fatty acid composition of liver, blood and carcass. Aquaculture Nutrition, 6(2), 119-
127. https://doi.org/10.1046/j.1365-2095.2000.00136.x

Sargent, J.R., Bell, J.G., Bell, M.V., Henderson, R.J. & Tocher, D.R. (1995). Requirement
criteria for essential fatty acids. Journal of Applied Ichthyology, 11(3/4), 183-198.
https://doi.org/10.1111/j.1439-0426.1995.tb00018.x

Schaeffer, L.R., Ang, K.P., Elliott, J.A., Herlin, M., Powell, F. & Boulding, E.G. (2018). Genetic
evaluation of Atlantic salmon for growth traits incorporating SNP markers. Journal of
Animal Breeding and Genetics, 135(5), 349-356. https://doi.org/10.1111/jbg.12355

Sissener, N.H., Waagbg, R., Rosenlund, G., Tvenning, L., Susort, S., Lea, T.B., Oaland, O.,
Chen, L. & Breck, O. (2016). Reduced n-3 long chain fatty acid levels in feed for Atlantic
salmon (Salmo salar L.) do not reduce growth, robustness or product quality through an

entire full scale commercial production cycle in seawater. Aquaculture, 464, 236-245.
https://doi.org/10.1016/j.aquaculture.2016.06.034

Sprague, M., Dick, J.R. & Tocher, D.R. (2016). Impact of sustainable feeds on omega-3 long-
chain fatty acid levels in farmed Atlantic salmon, 2006-2015. Scientific Reports, 6(1),
1-9. https://doi.org/10.1038/srep21892

Sprague, M., Fawcett, S., Betancor, M.B., Struthers, W. & Tocher, D.R. (2020). Variation in the
nutritional composition of farmed Atlantic salmon (Sa/mo salar L.) fillets with emphasis
on EPA and DHA contents. Journal of Food Composition and Analysis, 94, 103618.
https://doi.org/10.1016/;.jfca.2020.103618

Stubhaug, I., Lie, @. & Torstensen, B.E. (2007). Fatty acid productive value and (-oxidation
capacity in Atlantic salmon (Sa/mo salar L.) fed on different lipid sources along the
whole growth period. Aquaculture Nutrition, 13(2), 145-155.
https://doi.org/10.1111/5.1365-2095.2007.00462.x

94


https://doi.org/10.1016/j.aquaculture.2019.734870
https://doi.org/10.1016/j.aquaculture.2005.02.030
https://doi.org/10.1017/jns.2016.10
https://doi.org/10.1046/j.1365-2095.2000.00136.x
https://doi.org/10.1111/j.1439-0426.1995.tb00018.x
https://doi.org/10.1111/jbg.12355
https://doi.org/10.1016/j.aquaculture.2016.06.034
https://doi.org/10.1038/srep21892
https://doi.org/10.1016/j.jfca.2020.103618
https://doi.org/10.1111/j.1365-2095.2007.00462.x

Thomassen, M.S., Rein, D., Berge, G.M., Ostbye, T.K. & Ruyter, B. (2012). High dietary EPA
does not inhibitA 5 andA 6 desaturases in Atlantic salmon (Sa/mo salar L.) fed rapeseed
oil diets. Aquaculture, 360, 78-85. https://doi.org/10.1016/j.aquaculture.2012.07.001

Tocher, D.R. (2015). Omega-3 long-chain polyunsaturated fatty acids and aquaculture in
perspective. Aquaculture, 449, 94-107.
https://doi.org/10.1016/j.aquaculture.2015.01.010

Torstensen, B.E., Bell, J.G., Rosenlund, G., Henderson, R.J., Graff, I.LE., Tocher, D.R., Lie, O.
& Sargent, J.R. (2005). Tailoring of Atlantic salmon (Salmo salar L.) flesh lipid
composition and sensory quality by replacing fish oil with a vegetable oil blend. Journal
of Agricultural and Food Chemistry, 53(26), 10166-10178.
https://doi.org/10.1021/;f0513081

USDA (2022). Oilseeds: World markets and trade. United States Department of Agriculture
Foreign Agricultural Service. Retrieved from
https://apps.fas.usda.gov/psdonline/circulars/oilseeds.pdf [accessed on 15 July 2022].

Usydus, Z., Szlinder-Richert, J., Adamczyk, M. & Szatkowska, U. (2011). Marine and farmed
fish in the Polish market: comparison of the nutritional value. Food Chemistry, 126(1),
78-84. https://doi.org/10.1016/j.foodchem.2010.10.080

Vehanen, T. (2006). Intra-and interspecific competition in hatchery landlocked salmon and
brown trout in semi-natural streams. Environmental Biology of Fishes, 76(2), 255-264.
https://doi.org/10.1007/s10641-006-9031-6

Vegusdal, A., Ostbye, T.K., Tran, T.N., Gjeen, T. & Ruyter, B. (2004). B-oxidation,
esterification, and secretion of radiolabeled fatty acids in cultivated Atlantic salmon
skeletal muscle cells. Lipids, 39(7), 649-658. https://doi.org/10.1007/s11745-004-1278-
3

World Bank. (2022). World bank commodity price data. Retrieved from
https://thedocs.worldbank.org/en/doc/5d903e848db1d1b83e0ec8f744e55570-
0350012021/related/CMO-Pink-Sheet-July-2022.pdf [accessed on 15 July 2022].

Xue, X., Hixson, S.M., Hori, T.S., Booman, M., Parrish, C.C., Anderson, D.M. & Rise, M.L.,
(2015). Atlantic salmon (Salmo salar) liver transcriptome response to diets containing
Camelina sativa products. Comparative Biochemistry and Physiology Part D: Genomics
and Proteomics, 14, 1-15. https://doi.org/10.1016/j.cbd.2015.01.005

Ytrestoyl, T., Aas, T.S. and Asgérd, T. (2015). Utilization of feed resources in production of
Atlantic salmon (Salmo salar) in Norway. Aquaculture, 448, 365-374.
https://doi.org/10.1016/j.aqrep.2019.100216

Zeng, D., Mai, K., Ai, Q., Milley, J.E. & Lall, S.P. (2010). Lipid and fatty acid compositions of
cod (Gadus morhua), haddock (Melanogrammus aeglefinus) and halibut (Hippoglossus
hippoglossus). Journal of Ocean University of China, 9(4), 381-388.
https://doi.org/10.1007/s11802-010-1763-4

95


https://doi.org/10.1016/j.aquaculture.2012.07.001
https://doi.org/10.1016/j.aquaculture.2015.01.010
https://doi.org/10.1021/jf051308i
https://apps.fas.usda.gov/psdonline/circulars/oilseeds.pdf
https://doi.org/10.1016/j.foodchem.2010.10.080
https://doi.org/10.1007/s10641-006-9031-6
https://doi.org/10.1007/s11745-004-1278-3
https://doi.org/10.1007/s11745-004-1278-3
https://thedocs.worldbank.org/en/doc/5d903e848db1d1b83e0ec8f744e55570-0350012021/related/CMO-Pink-Sheet-July-2022.pdf
https://thedocs.worldbank.org/en/doc/5d903e848db1d1b83e0ec8f744e55570-0350012021/related/CMO-Pink-Sheet-July-2022.pdf
https://doi.org/10.1016/j.cbd.2015.01.005
https://doi.org/10.1016/j.aqrep.2019.100216
https://doi.org/10.1007/s11802-010-1763-4

