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1. Status of global aquaculture and fish meal and oil production

Agquaculture is a rapidly growing industry that has been responsible for a 3.2%
annual growth rate of global fisheries since the 1990s (Fig. 1) and today already
accounts for around 40% of total world fishery production (66.6 million tons in 2012).
This trend is outpacing even world population growth (1.6%) and is reflected in the
global fish consumption per capita, which has almost doubled since 1960 (FAO, 2014).
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Figure 1. World capture, aquaculture and total fishery production from 1950 to 2012 (FAO,
2014).

The proportion of total world fisheries production used for direct human
consumption has increased from about 71% in the 1980s to more than 86% (136 million
tons) in 2012, with the remainder, destined for non—food uses, being stagnant (21.7
million tons in 2012; Table 1). A large part of these non—food uses includes the
production of fish meal (FM) and fish oil (FO) used in compound feed formulation for
aquaculture and terrestrial animal farming. These ingredients are mainly obtained from
small pelagic fish stocks, which are currently being fully exploited. However, due to the
increased demand of the growing aquaculture industry, combined with the disruption of
capture yields due to natural disasters such as the El Nifio phenomenon and stricter
regulation of the anchoveta (Engraulis ringens) fisheries, prices of FM and FO are
increasing (FAO, 2014).

Recent decades have seen significant efforts to establish other alternative ingredients,
such as plant proteins and vegetable oils (VO) for aquafeed production. Today we are
already seeing a considerable decline of FM and FO use in compound feeds (Tacon and
Metian, 2008). In fact, fish—based products are increasingly being used more as strategic
than conventional ingredients and are added only in small amounts to the diet. However,
not all cultured fish species accept alternative oil sources equally well, and dedicated
research must be performed on a case by case basis to identify the optimal quantities and
ratios of different types of VO required to prepare nutritionally adequate feed
formulations for individual species (Turchini et al., 2010). Therefore, we must first
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familiarize ourselves with the nature of these oils and the general nutritional lipid
requirements of fish species in aquaculture.

Table 1. Fate of global fishery products in relation to world population and consumption per
capita (FAOQ, 2014).

2007 2008 2009 2010 2011 2012

Human consumption 117.3 1209 1237 1282 131.2 136.2
Non-food uses 23.4 22.2 22.1 19.9 24.5 21.7
Population (billions) 6.7 6.8 6.8 6.9 7.0 7.1

Per capita food fish supply (kg) 17.6 17.9 18.1 18.5 18.7 19.2

2. Lipids in fish nutrition

Structure and function of lipids

Lipids are diverse in structure and biological function, but are generally classified
into neutral and polar lipids, according to their solubility characteristics. Collectively,
they provide energy and cellular building blocks, and act as mediators for numerous
physiological processes in all organisms, including fish (Tocher, 2003; Turchini et al.,
2010). Some major classes of neutral lipids include: triacylglycerols (TAG;
triglycerides), wax esters, sterols, steryl esters and free fatty acids (FA), while polar
lipids encompass phospholipids (phosphoglycerides), sphingolipids, sulpholipids or
glycolipids (Gurr and Harwood, 1991; Sargent et al., 2002). The most abundant of these
classes are TAG (a glycerol backbone esterified with three FA molecules) and
phospholipids (glycerol esterified with two FA molecules and a phosphate group).
Triglycerides are the major form of energy storage in animals and plants; in fish
appearing invariably as oils (Tocher, 2003). Phospholipids are polar molecules and, as
such, the key components of the lipid bilayers surrounding cells, but are also involved in
metabolism and cell signaling. The hydrophilic head group consists of a phosphodiester
link of phosphoric acid to glycerol and either choline, ethanolamine, serine, glycerol or
inositol, thus creating the 5 main families of phospholipids: phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG) and
phosphatidylinositol (PI), respectively (Lehninger et al., 2008).

Fatty acids are the basic constituents of complex lipids, but also appear in the free
form. They are carboxylic acids with a long aliphatic chain that can vary in length and
degree of saturation (number of double bonds between C atoms). In this regard, they can
be divided into short—chain (<6 C atoms), medium—chain (6-12 C atoms), long—chain
(13-21 C atoms) and very long—chain FA (>21 C atoms), and in relation to degree of
saturation into: saturated (SFA; no double bonds), monounsaturated (MUFA; one double
bond) and polyunsaturated FA (PUFA; two or more double bonds). Unsaturated FA are
further differentiated by the start position of the first double bond from the methyl end of
the molecule, which in fish are most commonly located after the 9th (n-9), 6th (n-6) or
3rd (n-3) C atom from the terminal methyl end. Each subsequent double bond, if
present, is separated by a single methylene (CH,) group from the previous one. The
accepted FA nomenclature, based on these characteristics, has the form "18:3n-6",
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where 18 is the number of C atoms in the aliphatic chain, 3 is the number of double
bonds and 6 is the ordinal number of starting point of the double bond series (Fig. 2).
Finally, the double bonds can have different spatial orientation, depending on the
position of the adjacent hydrogen atoms. In a cis configuration the two hydrogen atoms
protrude on the same side of the chain, causing it to bend (Fig. 2a). This limits the ability
of these FA to be closely packed together when forming parts of larger lipid formations,
changing the fluidity of the membrane or fat, which affects its melting and freezing
temperatures. In contrast, trans configurations are characterized by hydrogen atoms
being located on opposite sides of the chain, resulting in a straight formation resembling
that of SFA (Fig. 2b). However, in naturally occurring unsaturated FA, bonds mainly
have a cis orientation, while trans configurations are generally a result of human
processing (trans fats).

@)

OH

(b) i
MMOH

Figure 2. Molecular structure and orientation of cis (a) and trans (b) linoleic acid, 18:2n—6.

Characteristics of fish and vegetable oils

Fatty acids found in FO generally have an even number of C atoms (12-24) and the
most abundant are 14:0, 16:0, 16:1n-7, 18:1n-9, 20:5n-3 and 22:6n-3 (Table 2)
(Turchini et al., 2010). However, undoubtedly the most important and sought-after are
the long—chain polyunsaturated fatty acids (LC-PUFA): eicosapentaenoic acid (20:5n—
3), docosahexaenoic acid (DHA, 22:6n-3) and arachidonic acid (20:4n-6, ARA).

Conversely, VO are void of LC-PUFA, but can be abundant in SFA, MUFA such as
oleic acid (OA, 18:1n-9) and C,g PUFA such as linoleic acid (LNA, 18:2n-6) and/or o—
linolenic acid (ALA, 18:3n-3). Fatty acid profiles vary greatly between different types of
VO, but for easier referencing they can be grouped into several classes and sub—classes
based on their predominant FA types (Table 3) (Dubois et al., 2007). The most abundant
VO produced are palm, soybean, rapeseed and sunflower oil (Table 3), although not all
of these are interesting as ingredients for aquafeed production (USDA, 2014). The
highest levels of the sought—after ALA are found in linseed oil (9.9% total FA) (Dubois
et al., 2007). Nevertheless, besides having a higher market price, global production of
linseed oil was estimated to be less than 0.23 million tons in 2013; calculated from total
crops processed for linseed oil production (0.56 million tons; FAOSTAT, 2015) and the
upper margin of oil content in flax seeds (40%; El-Beltagi et al., 2007). Thus, when
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formulating commercial fish diets, a compromise has to be made between the desired FA
profile, raw material availability and market price of the oil.

Table 2. Fatty acid composition of the main finfish oils produced worldwide, expressed in % total
FA weight (FAO, 2014).

Anchovy Herring Capelin Menhaden
14:00 6.5-9.0 4.6-8.4 6.2-7.0 7.2-12.1
16:00 17.0-19.4 10.1-18.6 10.0 15.3-25.6
18:00 4.2 1.4 1.2 4.2
16:1n-9 9.0-13.0 6.2-12.0 10.0-14.3 9.3-15.8
18:1n-9 10.0-22.0 9.7-25.2 14.0-15.0 8.3-13.8
20:1n-9 0.9-10. 7.3-19.9 17.0 nfa-1.0
22:1n-9 1.0-2.1 6.9-30.6 154 nfa-1.4
18:2n-6 2.8 0.1-0.6 0.7 0.7-2.8
20:4n-6 0.1 <1.0 0.2 0.2
18:3n-3 1.8 n/a-2.0 0.2 0.8-2.3
20:5n-3 7.6-22.0 3.9-15.2 6.1-8.0 11.1-16.3
22:5n-3 1.6-2.0 0.8 0.6 2.0
22:6n-3 9.0-12.7 2.0-7.8 3.7-6.0 4.6-13.8

It has generally been shown that a 100% replacement of dietary FO with VO blends
has a negative effect on the growth of most marine finfish species (Sales and Glencross,
2011). However, a large fraction (60-75%) of FO can generally be substituted without
affecting growth and feed efficiency, if essential fatty acid (EFA) requirements are met
(Turchini et al., 2009).

Table 3. World production of major VO in 2014/2015 (USDA, 2014) and their classification in
relation to dominant FA constituents according to Dubois et al. (2007).

Oil Production (million tons) Class Subclass

Palm 61.46 SFA PA

Soybean 48.57 PUFA LNA + MUFA
Rapeseed 27.13 MUFA MUFA
Sunflower 15.22 PUFA LNA + MUFA
Palm kernel 7.21 SFA LRA + MA
Peanut 5.58 MUFA MUFA + SFA + LNA
Cotton seed 5.14 PUFA LNA + SFA
Coconut 3.35 SFA LRA + MA
Olive 2.37 MUFA MUFA

FA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; LRA, lauric acid (12:0); MA,
muyristic acid (14:0); PA, palmitic acid (16:0); LNA, linoleic acid (18:2n-6)

Essential fatty acids

In fish, as in most vertebrates, LNA and ALA are the main EFA, as they cannot be
synthesized endogenously and can only be obtained from dietary sources. However, LC—
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PUFA such as EPA, DHA and ARA are also widely considered as EFA in fish, as
numerous species have either completely lost the ability to biosynthesize them
endogenously, or cannot produce them in enough quantities to meet physiological
demands (Sargent et al., 1995). This dependence on dietary LC-PUFA, as opposed to
Cis PUFA has been shown to increase with environmental salinity—likely as an
adaptation to the high availability of LC-PUFA in marine food webs—and trophic level
(Turchini et al., 2009). The structural and physiological importance of dietary LC-PUFA
in fish has become so recognized that they are commonly regarded as the main EFA,
especially in marine species, with C;g3 PUFA receiving much less attention. Numerous
efforts have been made over the years to identify the EFA requirements of several fish
species with aquaculture interest, which differ greatly from one life stage to the other
(Izquierdo, 1996). An overview of some established dietary n-3 LC-PUFA
recommendations for optimal fish performance are presented in Table 4. However,
despite substantial accumulated knowledge, there is still a need to complete or re—define
the EFA requirements of most species in aquaculture, as new feed production
technologies arise and new analytical methods become available (Glencross, 2009).

Table 4. Optimal dietary n—3 LC—PUFA levels for juveniles of different marine fish species.

Fish Dietary lipid Optimal n-3

Fish species weight (§)  level (%)  LC-PUFA (%) Source
Sparus aurata 1.0 12.0 0.9 Kalogeropoulos et al. (1992)
115 10.0 1.0 Ibeas et al. (1996)
Pagrus major 7.5 10.0 15 Takeuchi et al. (1992)
- 20.0 3.7 Teshima et al. (1992)
Sparidentex hasta 13.3 15.0 0.6-0.8 Mozanzadeh et al. (2015)
Dicentrarchus labrax - 12.5 1.0 Coutteau et al. (1996)
Lates calcalifer - 13.0 1.0-1.7 Boonyaratpalin (1997)
Scopthalamus maximus - 15.0 35 Castell et al. (1994)
Paralichthys olivaceus 8.5 6.5 0.8-1.0 Kim and Lee (2004)
Platyicthys stellatus 1.9 10.0 0.9 Lee et al. (2003)
Pleuronectes ferrugineus 6.8 10.0 25 Whalen et al. (1999)
Rachycentron canadum 62.0 11.0 0.8-1.5 Trushenski et al. (2010)
Sebastes schlegeli 43.7 14.0 0.9 Lee (2001)
Pseudocaranx dentex - - 1.7 Takeuchi et al. (1992)
Epinephelus malabaricus 10.3 4.0 0.4 Lin and Shiau (2007)
Larmichthys crocea 9.8 11.0 1.0 Zuo et al. (2012)
Sciaenops ocellatus 60 7.0 0.3-0.6 Lochmann and Gatlin (1993)

These FA play crucial roles as bioactive molecules in numerous physiological
processes (mainly through conversion into eicosanoids, derivatives of C,y LC-PUFA),
but are also structurally important as integral components of membrane phospholipids,
where they contribute to membrane fluidity (of special significance in neural tissue).
High concentrations of DHA can, therefore, be found in the olfactory nerve, eyes and
central nervous system (CNS) of fish larvae, enhancing the detection and capture of prey
(Furuita et al., 1998; Sargent et al., 1999b; Sargent et al., 1993). In fact, EFA are vital to
developing fish and necessary in high dietary amounts, to meet the demands of rapid
growth and intense organogenesis of fish larvae (Hamre et al., 2013; Tocher, 2010). On
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the other hand, a lack of EFA in broodstock diets was observed to reduce fecundity and
fertilization rates, and can also cause embryo deformities and lower larval quality, as the
FA composition and total lipid content of the eggs are a direct reflection of the maternal
diet (Fernandez—Palacios et al., 1995; Izquierdo et al., 2001; Mourente and Odriozola,
1990). Although EFA are particularly critical dietary components for broodstock and
larvae, it is also very important to consider them in juvenile and adult fish diets, outside
the context of spawning. In fact, in cases of low dietary EFA levels, fish were observed
to have poor growth rate, lower FCR, increased sensitivity to stress and increased
mortality (reviewed by Glencross, 2009; Turchini et al., 2009). Several pathologies
caused by lack of EFA were observed in rainbow trout, including erosion of the caudal
fin, myocarditis and shock syndrome (Castell et al., 1972) and Atlantic salmon had fatty
livers (Ruyter et al., 2006). Finally, ingested PUFA are incorporated into cellular
membranes and fat stores of farmed fish and therefore determine the fillet FA
composition at harvest (Francis et al., 2014). This defines the quality of produced fish
for the end consumer, as DHA has significant health and developmental benefits for
human beings (Horrocks and Yeo, 1999).

Importance of the n—3/n—6 ratio

Besides quantifying absolute requirements of EFA, it is very important to define
optimal dietary n-3 to n—6 ratios (Sargent et al., 1999a). Various PUFA and eicosanoids
from the n—-3 class compete with those of the n—6 FA class not only to be incorporated
into cellular membranes, but also for binding sites as natural ligands for nuclear
receptors that regulate numerous physiological processes (Fig. 3) (Farooqui, 2009). In
addition, ARA and EPA also compete for the same enzymes in order to produce their
respective class of eicosanoids (Tocher, 2003). Generally, n-6 based compounds
promote, while n-3 suppress, inflammatory, atherogenic and prothrombotic effects of
cellular functions, with n—-3 FA generally being more potent ligands for nuclear receptors
than n—6 FA (Schmitz and Ecker, 2008). Various inflammatory signaling pathways are
regulated through the nuclear factor kB (NFxB), which is a transcription factor that is
inhibited directly by n—3 LC-PUFA (Weldon et al.). Furthermore, n—-3 LC-PUFA have
also been shown to have a hypotriglyceridemic effect both in fish (Bell et al., 2001;
Jordal et al., 2005; Morais et al., 2012b) and mammals (Davidson, 2006). Catabolic
pathways are regulated by peroxisome proliferator—activated receptors (PPAR), of which
PPARa is the one most important in activating genes encoding enzymes involved in p—
oxidation (reviewed by Nielsen et al., 2006). Eicosanoids (prostaglandins and
leukotrienes) are stronger activators of this ligand—activated nuclear transcription factor
than n-3 LC-PUFA. Upon activation, PPAR form heterodimers with the retinoid X
receptor (RXR), which then bind to PPAR responsive elements in the regulatory region
of target genes and thus influence their expression (Schmitz and Ecker, 2008). Sterol
regulatory element binding protein 1¢ (SREBP-1c) is a major mediator of lipogenesis.
Polyunsaturated FA (both n—3 and n-6) inhibit transcription of lipogenic genes by
suppressing SREBP-1c gene expression or inhibiting the proteolytic release of nuclear
SREBP-1c. Additionally, liver X receptor (LXR) is a major activator of SREBP-1c and
is also regulated by binding of n—3 and n—6 PUFA (Schmitz and Ecker, 2008).
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Figure 3. Nuclear receptors influenced by PUFA; n-3 being more potent ligands than n-6. FXR,
farnesoid X receptor; LXR, liver X receptor; NFkB; nuclear factor xB; PPAR, peroxisome
proliferator—activated receptor; RXR, retinoid X receptor; SREBP-1c, sterol regulatory element
binding protein 1c (adapted from Davidson, 2006; Schmitz and Ecker, 2008).

It is especially important to consider the effects of the n-3/n—6 ratio when
substituting dietary FO with VO. One of the most dominant FA in numerous plant oils is
LNA, which has been shown to negatively affect fish growth performance (Montero et
al., 2008; Montero et al., 2010), non-specific immunity (Wu and Chen, 2012; Zuo et al.,
2015), spawning, larval quality (Liang et al., 2014) and FA and lipid metabolism (Berge
et al., 2009; Robaina et al., 1998; Rollin et al., 2003), when representing a high fraction
of total dietary FA. However, these negative effects of LNA could be eliminated by
increasing the n—3/n-6 PUFA ratio. Dietary inclusions of both n-3 LC-PUFA and ALA
were able to efficiently eliminate the negative effects of LNA in salmon and freshwater
fish (Berge et al., 2009; Blanchard et al., 2008; Chen et al., 2013; Menoyo et al., 2007;
Rollin et al., 2003; Senadheera et al., 2010; Tan et al., 2009). The beneficial properties of
ALA as a standalone bioactive molecule (rather than as a precursor of LC-PUFA) have
still not been determined, especially in marine fish that generally lack the capacity to
biosynthesis Cy, from C;g (Zuo et al., 2015). However, recent research has shown that
the efficacy of ALA in the modulation of inflammation and oxidative stress in a marine
fish was similar to that of LC-PUFA, and that the ALA/LNA ratio modulated the
expression of genes involved in inflammation, FA oxidation and FA synthesis (Zuo et
al., 2015). These results are of great interest as they suggest that Cyg, and not just LC—
PUFA have the potential to affect lipid metabolism, and thus the internal energy
homeostasis of the organism. As will be discussed in further sections, these mechanisms
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can determine the expenditure of energy directed for somatic growth and physiological
processes, but also regulate energy intake by modulating appetite. Thus, it is of vital
importance to understand and control these regulatory pathways in farmed fish in order
develop nutritionally favorable, sustainable and economically viable feed formulations
which would optimize the culture process and produce a higher quality food product.

Dietary lipid level

Fish species differ in their ability to efficiently digest, absorb and metabolize lipids
(Tocher, 2003). For example, capelin (Mallotus villosus) feed on lipid—rich zooplankton,
and as a result have developed the capability to efficiently assimilate, utilize and store
large quantities of lipids (up to 20% wet body weight), which has also caused similar
adaptations in their predators (e.g. Atlantic salmon, Salmo salar) (Tocher, 2003). On the
other hand, demersal fish exposed to benthic food webs, which include polychaetes,
bivalves and crustaceans, have developed a different digestive, absorptive and metabolic
lipid capacity adapted to their ecology (Kapoor et al., 1976; Yufera and Darias, 2007).
Species like turbot (Scophthalmus maximus) (Koven et al., 1997; Regost et al., 2001)
and Senegalese sole (Solea senegalensis) (Borges et al., 2013a) were shown to have high
apparent digestibility coefficients for dietary lipids, but still did not respond well to
high-lipid diets, suggesting potential issues in metabolic, rather than digestive,
processes.

High dietary lipid inclusions (when using FO) have been observed to promote growth
in several cultured species due to a protein sparing effect, which is characterized by
almost exclusive catabolism of lipids for energy, maximizing the deposition of proteins
for growth (Boujard et al., 2004a; Caballero et al., 1999; Company et al., 1999; Kaushik
and Médale, 1994; Vergara et al., 1996; Watanabe, 1982). However, this was not the
case in species like common sole (Solea solea) (Bonvini et al., 2015), Senegalese sole
(Borges et al., 2013b), turbot (Regost et al., 2001), red drum (Sciaenops ocellatus)
(McGoogan and Gatlin 111, 1999) or meagre (Argyrosomus regius) (Chatzifotis et al.,
2010), where increased dietary lipid levels had no beneficial effects on fish performance.

3. The lipid metabolism of fish

Intestinal lipid digestion and absorption

The different capacities of fish to digest and absorb dietary nutrients depend greatly
on the anatomical features of their gastrointestinal tract and the accompanying digestive
physiology (Kapoor et al., 1976). The main part of lipolytic activity and lipid absorption
seems to take place in the anterior part of the intestine and pyloric caeca (if present), but
can extend to posterior parts of the intestine with a gradual decrease in activity (Koven et
al., 1994; Tocher, 2003). Lipids are mainly hydrolyzed in the intestinal lumen by lipases,
a group of pancreatic and hepatopancreatic enzymes (Kapoor et al., 1976). They are
released in conjunction with bile salts that aid emulsification of luminal lipids to increase
lipolytic efficiency, but are also needed to activate certain enzymes and/or enhance their
activity (Olsen and Ringe, 1997). Some fish have also been shown to actively secrete a
gastric (non—pancreatic) lipase in the stomach, which may partially digest lipids before
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they enter into the intestine, but the physiological significance of these enzymes in fish is
still unclear (Gisbert et al., 1999; Olsen and Ringe, 1997). Nevertheless, ingested lipids
reach the intestine mostly in the form of TAG, which are hydrolyzed mainly into free FA
and 2—-monoacylglycerols, and are absorbed by enterocytes of the intestinal epithelia in
this form (Tocher, 2003).

The mechanisms of long—chain FA uptake from the intestinal lumen in mammals are
still quite poorly understood, with even less knowledge being available for fish. While
the basic physiological processes are assumed to be generally similar (Ho et al., 2006;
Tocher, 2003), it has been observed that the absorption rate of lipids tends to be much
slower in fish, compared to mammals, as a result of low body temperatures influencing
nutrient digestibility (Kapoor et al., 1976). Luminal uptake was initially thought to
operate only by diffusion, but over the past couple of decades an additional protein
mediated transfer has been suggested (Igbal and Hussain, 2009; Pohl et al., 2004). While
evidence in mammals has been obtained for both of these pathways, the relative
importance of each appears to be highly dependent on the microenvironment and
phenotype of the analyzed tissue (Niot et al., 2009). A standing hypothesis is that when
luminal FA concentrations are low, the main component of uptake is active transport
(involving protein transporters), while in conditions of high FA levels the majority of the
FA are taken up passively (Tso et al., 2004). A couple of proteins have been proposed to
take part in this active uptake: cluster of differentiation 36 (CD36), also known as fatty
acid translocase (FAT), fatty acid transport protein 4 (FATP4) and caveolin—1 (Abumrad
et al., 1999; Igbal and Hussain, 2009; McArthur et al., 1999; Pohl et al., 2004; Su and
Abumrad, 2009). However, the involvement of these peptides has not been
unequivocally confirmed, and some studies have even shown that intestinal uptake was
not affected in CD36-knockout or FATP4—knockout mice (Goudriaan et al., 2002; Shim
et al., 2009). Additionally, these peptides have been attributed roles in intestinal lipid
sensing, although the two processes are likely closely linked (Berthoud, 2008; Miguel—
Aliaga, 2012; Schwartz, 2011).

Once FA enter the enterocytes, they are directed to the endoplasmatic reticulum by
fatty acid binding proteins (FABP) to be assembled into complex lipids (Her et al.,
2004). Pathways homologous to those in mammals have recently been described in fish
(Oxley et al., 2005). They involve the synthesis of diacylglycerol (DAG), which is then
directed to form TAG or phospholipids. However, there are two main pathways of
diacylglycerol (DAG) synthesis: i) the monoacylglycerol (MAG) pathway, which
involves the addition of a fatty acyl-CoA molecule to sn—2-monoacylglycerol with the
aid of acyltransferase enzymes, and ii) the glycerol-3—phosphate pathway, which
involves de novo synthesis of phosphatidic acid from glycerol-3-phosphate (originating
from glucose metabolism), and its subsequent transformation into DAG through the
activity of lipid phosphate phosphohydrolases (Brindley and Waggoner, 1998; Johnston,
1977). Both pathways converge at this point, and are now directed either to synthesize
TAG through DAG acyltransferase activity, PE through the activity of DAG
ethanolaminephosphotransferase, or PC through DAG cholinephosphotransferase
(Coleman, 1992; Coleman and Lee, 2004). The preferred route of TAG synthesis under
normal feeding conditions in Atlantic salmon was shown to be via the MAG pathway
(Oxley et al., 2007).
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Transport and storage of lipids

As dietary TAG become re—esterified in enterocytes they are packaged into
lipoprotein particles in the lumen of the endoplasmatic reticulum and thus prepared for
transport to other bodily tissues (Sheridan, 1988). Lipoproteins produced in the intestine
of fish are mainly chylomicron—like particles and a small percentage of very low density
lipoprotein-like (VLDL) particles, although these are mainly produced in the liver
(Tocher, 2003; Turchini et al., 2009). Chylomicrons are the largest lipoprotein particles
and consist of TAG and cholesteryl esters, encased in a PL matrix containing a series of
embedded apolipoproteins (Apo). Given its important structural role, PC has been
recognized as crucial for chylomicron assembly and TAG clearance from enterocytes
(Mansbach, 2001). In fish, it is not yet clearly understood which route lipoproteins take
upon leaving the enterocytes (Turchini et al., 2009), but in mammals they are secreted
from the basolateral membrane (as nascent chylomicrons) into the lymphatic system,
from which they enter circulation, bypassing the hepatic portal vein. In fish, nascent
chylomicron-like particles contain Apoal, Apoa4 and Apob (Kamalam et al., 2013), and
remain in circulation for several hours following a meal before being cleared by the liver
(Arnold-Reed et al., 1997). It is considered that during this period chylomicron-like
particles interact with high—density lipoproteins (HDL), from which they receive Apoc2
(Shen et al., 2000), but seemingly not Apoe (Arnold—Reed et al., 1997), as is the case in
mammals, and become mature chylomicrons. The Apoc2 lipoprotein is an activator of
lipoprotein lipase (Lpl) in peripheral, non—hepatic, tissues, which hydrolyze core TAG
molecules and surface phospholipids of the lipoprotein particle. As a result of Lpl
activity, these particles, in mammals now called chylomicron remnants, become depleted
in lipids and have a significantly different composition. They are finally directed to the
liver to be further hydrolyzed by hepatic lipase and absorbed for processing (Tocher,
2003).

The liver stores useful lipids or repackages them into VLDL-like particles, which
have a different set of apolipoproteins to chylomicrons, and are the most common
circulating lipoprotein in fish (Babin and Vernier, 1989). Earlier studies observed the
presence of an Apob-like protein in fish VLDL (Rogie and Roy Skinner, 1985; Smith et
al., 1988) and suggested that Apoc2 (Babin and Vernier, 1989; Sheridan, 1988) and
Apoe (Poupard et al., 2000) were also associated with these lipoproteins. When
assembled, VLDL-like particles are released into the bloodstream to distribute nutrients
to other tissues in a process using Lpl-dependent or independent transporting, with the
former involving incorporation of whole lipoproteins into target tissue cells, likely
through lipoprotein—receptor-mediated endocytosis, and the previous through Lpl-
induced hydrolysis that releases FA, which are then bound to albumin and transported to
target tissues (Alam et al., 2004; Tocher, 2003). As VLDL release their lipid content,
they also pass Apoc and Apoe proteins onto HDL particles and become known as
intermediate density lipoproteins (IDL), which are then either reabsorbed by the liver or
further hydrolyzed into low—density lipoproteins (LDL) (Gjeen and Berg, 1993; Tocher,
2003).

Based on dietary input, energy demands and homeostatic state of the animal,
nutrients are directed to be hydrolyzed close to adipocytes or, alternatively, near muscle
and other high energy—producing tissues, in favor of anabolic (lipogenesis) or catabolic
(B—oxidation) pathways, respectively. In fact, it has been observed that dietary FA can
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affect Lpl expression in this manner, although the exact mechanisms are not known
(Liang et al. 2002).

Lipogenesis

In fish, neutral lipids are mainly deposited in the visceral cavity, subcutaneous tissue,
muscle and/or liver (Fernandes et al., 2012b; Jobling and Johansen, 2003; Santinha et al.,
1999; Sheridan, 1988; Valente et al., 2011; Weil et al., 2013), but the preferential site of
lipogenesis is the hepatic tissue (Lin et al., 1977; Sargent et al., 2002). This mainly refers
to de novo synthesis of FA from acetyl-CoA, but also to the esterification of FA into
TAG—processes which have been characterized in fish and are very similar to those
observed in mammals (Henderson, 1996; Sargent, 1989). As summarized by Sul and
Smith (2008), the major site for FA synthesis is the cytosol, but acetyl-CoA is produced
from pyruvate in the mitochondria (Fig. 4). It enters the citric acid cycle and is
subsequently translocated to the cytoplasm as citrate. Citrate is cleaved into acetyl-CoA
and oxaloacetate—a reaction catalyzed by ATP—citrate lyase (ACLY). However, the first
committed reaction of FA synthesis is catalyzed by acetyl-CoA carboxylase (ACC),
which produces malonyl-CoA from acetyl-CoA (Henderson, 1996). This is a key
regulatory point in FA synthesis, as malonyl-CoA is a potent inhibitor of CPT1 (Fig. 4).
However, ACC is highly regulated at the transcriptional level by SREBP-1c, PPAR,
LXRa and other transcriptional factors, but also by allosteric control mechanisms
(inhibited by long—chain fatty acyl-CoA and stimulated by citrate). Furthermore, it can
be inactivated and activated by phosphorylation (e.g. via AMP—-activated protein kinase,
glucagon or catecholamines) and de—phosphorylation (e.g. via insulin), respectively
(Brownsey et al., 2006; Munday, 2002). The final phase in FA synthesis is catalyzed by
fatty acid synthase (FAS), in order to combine acetyl-CoA and malonyl-CoA molecules
into longer chain fatty acyl-CoA, of which the end product is palmitoyl-CoA, the
precursor of palmitic acid (16:0) (Henderson, 1996; Sargent, 1989). High dietary lipid
levels (Shimeno et al., 1996), as well as LC-PUFA (Alvarez et al., 2000; Morais et al.,
2012b; Zuo et al., 2015), especially DHA (Kjer et al., 2008), have been shown to inhibit
lipogenesis in fish. Moreover, in mammals, n—-3 LC-PUFA (especially EPA) were
observed to suppressed hepatic lipogenesis through inhibition of SREBP-1c and PPAR
(Davidson, 2006; Jump et al., 1996).

f—oxidation

Fish generally have a low ability to efficiently utilize carbohydrates as an energy
source, although this seems to greatly depend on the species’ ecology and its adaptation
to the composition of natural feed and environmental characteristics. On the other hand,
energy contained in neutral fat stores represent a very important metabolic fuel for fish
(Sargent et al., 2002). In order to be oxidized for energy, TAG are primarily lipolyzed
into free FA locally (e.g. intramuscular energy reserves) or in fat storing tissues and then
transported through circulation to the site of use, by forming complexes with serum
albumin (Bernard et al., 1999; Bilinski and Lau, 1969; van der Vusse, 2009). Similar
cellular uptake mechanisms to those earlier described for the intestine take place, and
once FA enter the cell, they travel to the mitochondria or peroxisomes by diffusion or are
transported by specific FABP homologues (Chmurzyfiska, 2006; Schulz, 2008). To
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undergo B-oxidation (Fig. 4), long—chain fatty acyl-CoA molecules need to enter these
organelles with the aid of carnitine acyltransferase enzymes, which are specific for
mitochondria and peroxisomes (Derrick and Ramsay, 1989; Tocher, 2003; Tocher et al.,
2003). The acyl group is transferred to a carnitine molecule on the outer membrane of
mitochondria or peroxisomes by carnitine palmitoyltransferase 1 (CPT1) and
subsequently shuttled into the organelle by carnitine—acylcarnitine translocase (CAT).
Once inside, the fatty acylcarnitine complex is processed by the enzyme CPT2 on the
inner membrane of the organelle in order to replace carnitine with the CoA thiol (Schulz,
2008). Fatty acid p—oxidation involves a series of cycles in which long—chain fatty acyl-
CoA are broken down to numerous acetyl-CoA molecules (1 per cycle). This process
involves a variety of enzymes shown in Fig. 4 and results in the production of acetyl-
CoA molecules (1 for every two C atoms in the fatty—acyl chain), which are then used
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Figure 4. A simplified overview of the main enzymes involved in FA synthesis and B—oxidation
(in mitochondria), with proposed regulatory mechanism in liver (modified from Schulz, 2008).
ACLY, ATP-citrate lyase; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; SCD1,
stearoyl-CoA desaturase-1; CPT carnitine—palmitoyltransferase; CAT, carnitine—acylcarnitine
translocase; ACAD, acyl-CoA dehydrogenase; ECH, enoyl-CoA hydratase; HOAD, 3-hydroxy
acyl-CoA dehydrogenase; ACAA2, 3—ketoacyl-CoA thiolase.
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for energy production through the citric acid cycle and subsequent electron transport
chain (Fig. 4) (Tocher, 2003).

In hepatic cells, where both fatty acid synthesis and oxidation occur, the rate of p—
oxidation is determined by CPT1 activity, which is controlled by malonyl-CoA—an
intermediate of FA synthesis. When animals switch from a fed to a fasted state, hepatic
metabolism shifts from glycolysis to gluconeogenesis and citrate is not supplied for FA
synthesis, thus malonyl-CoA is not produced and CPT1 activity is relieved (Fig. 4).
Furthermore, mitochondrial and peroxisomal FA oxidation is regulated through nuclear
transcription factors opposite to lipogenesis, with LC-PUFA promoting catabolic
reactions. In this respect, Turchini et al. (2003) observed that n—-3 LC-PUFA stimulated
FA uptake into mitochondria through both Cptl and Cpt2 in brown trout (Salmo trutta).
Furthermore, dietary FO, as opposed to VO, promoted p—oxidation by affecting several
key enzymes and transcription factors in Atlantic salmon (Jordal et al., 2005; Torstensen
et al., 2004; Torstensen et al., 2009).

Fish readily use MUFA and C18 PUFA as substrates for oxidation (Crockett and
Sidell, 1993; Kiessling and Kiessling, 1993), but also LC-PUFA if present in dietary
surplus during periods of fast growth (Stubhaug et al., 2007). Thus, by altering dietary
FA compositions, it is possible to promote specific FA to be the dominant energy
substrate (Turchini et al., 2009). In this respect, Atlantic salmon fed VO retained more
than 70% dietary EPA and DHA, while those fed an FO-based diet retained only 30%
(Stubhaug et al., 2007).

Biosynthesis of long—chain PUFA

All vertebrates, including fish, have a strict dietary requirement for C;3 PUFA (LNA
and ALA), since they cannot be synthesized de novo. Subsequent synthesis of LC-PUFA
(ARA, EPA and DHA) using Ci;s PUFA as precursors is conditionally possible and
involves sequential desaturation and elongation processes (Cook and McMaster, 2002).
The degree to which animals can perform these conversions varies greatly and depends
on the presence and activity of several fatty acid elongases (ELOVL) and desaturases
(FAD) (Fig. 5). Freshwater fish seem to have the necessary A5 and A6 desaturases and
elongases to perform these reactions, but with varying levels of potency, and often LC—
PUFA are still considered EFA, as biosynthetic pathways do not meet the high demands
for these FA (Sargent et al., 1995). Furthermore, the activity of these enzymes seems to
be dictated by feeding habits and dietary EFA availability (Castro et al., 2012).
Conversely, marine fish have very limited or no capability of LC-PUFA biosynthesis,
which is generally attributed to the LC-PUFA-rich lower trophic levels of the marine
food web (Sargent et al., 1999a). However, genes encoding a desaturase enzyme with a
dual A6/AS activity has been revealed in rabbitfish (Siganus canaliculatus) (Li et al.,
2010), a marine herbivorous species that feeds exclusively on benthic algae and
seagrasses, suggesting that trophic level and diet, above other environmental parameters,
are the main determinants of LC-PUFA biosynthesis capability (Li et al., 2010). Similar
dual activities had previously been observed in a freshwater fish (Hastings et al., 2001),
but this was the first time a A5Fad activity was reported in any marine fish, although a
couple of studies had previously observed that turbot was able to synthesize small
amounts of DHA from injected “*C-ALA (Linares and Henderson, 1991; Tocher et al.,
1992). Furthermore, a A4fad gene, that converts EPA into DHA, was also identified for
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the first time in rabbitfish (Li et al., 2010; Zhang et al., 2014), but since then also in
Senegalese sole (Morais et al., 2012a; Morais et al., 2015b).
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Figure 5. A step by step representation of LC-PUFA biosynthesis pathway and the accompanying
enzymes (not all are necessarily present in the same species). Dashed arrows correspond to the
Sprecher pathway (Voss et al., 1991). Image is adapted from Navarro—Guillén et al. (2014).

4. Appetite and regulation of food intake

Appetite directly governs food intake, which has a central role in determining the
growth and body composition of cultured animals (Forbes, 2007). Under farming
conditions, fish are generally fed a fixed ration and therefore cannot adjust their food
intake to meet specific requirements for a particular nutrient or energy content
(Saravanan et al., 2012). This may lead to under— or, alternatively, over—feeding, which
can have negative effects on fish performance and health or cause feed wastage and
degradation of water quality. With this in mind, it is very important to determine the
voluntary food intake (VFI) of the cultured species on specific dietary formulations and
to understand the effects dietary nutrients and energy levels have on appetite—regulatory
mechanisms, in order to tailor feeds according to individual species and/or life stage
requirements (Saravanan et al., 2012).

Energy—dense, lipid-rich diets have commonly been shown to reduce food intake in
both adult and juvenile fish (Boujard et al., 2004b; Gélineau et al., 2002; Sather and
Jobling, 2001), but an increasing number of studies show that this is often not the case.
For example, European seabass (Peres and Oliva—Teles, 1999a, b), Senegalese sole
(Guerreiro et al., 2012) and rainbow trout (Saravanan et al., 2012) seemed to adjust
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better food intake in relation to protein than to lipid level, although a case of hyperphagia
towards very high lipid diets in the first two species was observed (Borges et al., 2009;
Peres and Oliva—Teles, 1999a). Similarly, turbot ingested more of a high—, compared to
low-lipid diet, when dietary protein levels were low (Cho et al., 2005). On the other
hand, no adjustment of food intake towards dietary lipid—level was observed in Atlantic
salmon (Helland and Grisdale—Helland, 1998) and in another study with Senegalese sole
(Dias et al., 2004). These results indicate that food intake in fish is far from just energy—
dependent and is likely governed by a complex set of appetite regulating mechanisms
that are also sensitive to individual nutrients and macronutrients, as has been suggested
in mammals (Karhunen et al., 2008; Raben et al., 2003). However, this has barely been
studied in fish, especially in the scope of nutritional studies, where diets are ingested
orally and can affect FA sensors throughout the gastrointestinal tract, putatively affecting
appetite before and during absorption.

Lipid sensing in the intestine

Lipids are a major stimuli for the secretion of intestinal satiety peptides. A model of
gastrointestinal peptide release through intestinal FA sensing mechanisms has been
established in mammals (Steinert and Beglinger, 2011), but the exact regulatory
mechanisms are still not known, and practically no researched has been performed in
fish. Enteroendocrine chemosensory cells, scattered along the epithelial lining of the
intestine, that have direct access to the luminal contents and afferent nerve terminals in
their close vicinity, are thought to contain receptors relevant for lipid sensing (Steinert
and Beglinger, 2011). The main FA sensors in these cells are considered to be fatty acid
translocase (FAT/CD36), FATP4 and several G protein—coupled receptors (GRP40,
GRP43, GPR119, GRP120) (Berthoud, 2008; Guijarro et al., 2010; Khan and Besnard,
2009; Laugerette et al., 2005; Piomelli, 2013; Schwartz et al., 2008; Yonezawa et al.,
2013), which differ in their specificity for types of FA, FA derivatives such as
oleoylethanolamide (OEA) and for oxidized FA (Little and Feinle—Bisset, 2010;
Miyauchi et al., 2010; Vangaveti et al., 2010; Yonezawa et al., 2013). These have been
associated to the release of specific satiety factors, including peptide YY (PYY),
cholecystokinin (CCK) and glucagon-like peptide 1 (GLP-1), which will be described in
the following section (Diep et al., 2011; Fu et al., 2003; Gaetani et al., 2003; Lauffer et
al.,, 2009; Oveisi et al., 2004; Yonezawa et al., 2013). Finally, post-absorptive
processing of long—chain FA, including their packaging into chylomicrons and the
generation of Apoa4 also seem to stimulate the release of CCK (Little and Feinle—Bisset,
2010).

Intestinal satiety signals

In fish, a number of appetite-regulating peptides, homologous to those found in
mammals, have been isolated predominantly from the intestine: Cck, Pyy, Glp-1,
galanin (Gal) and bombesin (Bss) (reviewed by Volkoff et al., 2005). They are
synthesized in chemosensory cells of the intestinal parenchyma, likely as a reaction to
lipid sensing (Abumrad et al., 1999; Little and Feinle—Bisset, 2010). Once secreted, they
can excite vagal afferents (paracrine activity) or enter systemic circulation (endocrine
activity) and transmit the relevant signals to the CNS (Steinert and Beglinger, 2011).
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Sensory information passing through the vagus nerve first reaches the hindbrain and is
mostly relayed to specific neuroendocrine areas of the hypothalamus. On the other hand,
peptides released as humoral factors travel through circulation to the CNS over a longer
period of time. Upon arrival, they cross the blood-brain barrier and activate specific
receptors on neuronal cells (Steiner and Beglinger, 2011). There is also a third pathway
by which ingested food can trigger responses in the brain, bypassing the gut-brain axis.
This occurs via free circulating macronutrients that activate central sensing mechanisms
(discussed further below) (Lopez et al., 2007; Polakof et al., 2011b).

There is a significant lack of information in fish on the effects of dietary FA
composition on the expression of these peptides, although a couple of studies with
Atlantic salmon (Salmo salar) and yellowtail (Seriola quinqueradiata), linked dietary
macronutrient composition to the activity of Cck and Pyy (Hevrey et al., 2008;
Murashita et al., 2008). On the other hand, numerous studies have been performed on the
response to feeding and/or starvation in a variety of species, which generally confirmed
an anorexigenic function for pyy (Gonzalez and Unniappan, 2010), glpl (Silverstein et
al., 2001 {Polakof, 2011 #1334; Sundby et al., 1991) and cck (Aldman and Holmgren,
1995; Murashita et al., 2007; Murashita et al., 2008; Peyon et al., 1999), and orexigenic
function of gal (Nelson and Sheridan, 2006) in fish.

Central FA sensing

This term refers to the capacity of specific hypothalamic neurons to detect changes in
levels of free circulating FA, which can be a result of lipid metabolic activity (fat—store
mobilization) and/or post-absorptive changes following a meal. Fatty acid sensing
mechanisms, established both in mammals (Blouet and Schwartz, 2010; Loépez et al.,
2007) and fish (Soengas, 2014), that detect increased concentration of plasma long-
chain FA, include: i) FA metabolism through inhibition of CPT-1; ii) binding to
FAT/CD36 and modulation of transcription factors PPARa and SREBPIc; iii) activation
of protein kinase C—-0; and iv) mitochondrial production of reactive oxygen species
(ROS) by electron leakage, resulting in an inhibition of ATP—dependent inward rectifier
potassium channel (KATP) activity. Previous studies have identified the presence of
these mechanisms in rainbow trout (Oncorhynchus mykiss) and showed that food intake
was modified by circulating levels of FA (Libran—Pérez et al., 2013a; Libran—Pérez et
al., 2012). These systems responded to changes in the levels of not only long—chain FA
such as OA but, unlike mammals, also to medium—chain FA like octanoic acid (Libran—
Pérez et al., 2013a; Libran—Pérez et al., 2012). However, to date, the presence of FA
sensing systems in other fish species has not been investigated.

Central appetite—regulating peptides

The focal point of appetite control is generally considered to be the hypothalamus;
mainly the arcuate nucleus (ARC) (Dhillo et al., 2002), which in fish corresponds to the
lateral tuberal nucleus (Agulleiro et al., 2014). However, several studies also suggest that
the hindbrain (specifically the nucleus of the solitary tract) additionally plays an
important role in appetite regulation as a nexus for incoming vagal signals, in both
mammals and fish (Alhadeff and Grill, 2014; Polakof et al., 2011a). In order to
maintain whole-body energy homeostasis, an impressive array of peripheral signals
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pertaining to energy balance are received centrally. These include, but are not limited to:
i) endocrine (and possibly vagal) signals reporting on the status of long—term fat stores
(via adipokines such as leptin, from adipose tissue and liver), reported in fish (Chisada et
al., 2014; Volkoff et al., 2003) similarly to mammals (Berthoud, 2002); ii) vagal signals
from liver reporting on the status of the hepatic oxidative metabolism, although this
pathway has only been suggested in fish (Figueiredo-Silva et al., 2012b) and the exact
mechanisms in mammals remain largely unknown (Allen et al., 2009; Berthoud, 2008);
and iii) circulating levels of certain metabolites and compounds (e.g. free FA,
endocannabinoids, eicosanoids) that activate specific receptors in the hypothalamus,
continuously reporting on the metabolic state of the organism (Naughton et al., 2013;
Soengas, 2014). This information is integrated with nonfood cues like sensory input
from the environment, circadian control systems and food expectancy (Berthoud, 2002;
Schwartz et al., 2000), and interpreted through complex, redundant, and distributed
neural systems that utilize a large number of peptides as endocrine effectors (Dhillo et
al., 2002; Lau and Herzog, 2014; Vicentic and Jones, 2007). Thus, "arousing™ signals
may include e.g. the visual detection of food and/or low fuel availability sensed
peripherally or centrally, or the lack of a particular nutrient, which would generate a
central orexigenic effect, leading to initiation of ingestion and/or simply adjustments in
steady state energy balance (Berthoud, 2002). If food is ingested, a cascade of endocrine,
paracrine and vagal signals are produced in the gastroenteropancreatic system (Nelson
and Sheridan, 2006; Volkoff et al., 2005) and, with some delay, levels of circulating
metabolites are augmented, affecting other peripheral organs and the brain directly,
causing the generation of central anorexigenic signals in order to lower appetite and
cease ingestion (Berthoud, 2002; Naughton et al., 2013; Soengas, 2014). In the case of
neural and endocrine activation of metabolic processes, the resulting changes in
metabolism and fuel availability are detected by internal sensors, and in both cases the
initial arousal is satisfied or neutralized (Berthoud, 2002).

Information on the regulatory mechanisms of these neuropeptides in fish is growing,
but is still limited, and studies often rely on mammalian literature as a starting point
(Volkoff, 2006; Volkoff et al., 2005). Thus, the most common central peptides
established in mammals were the first to be studied in fish. These include the putatively
anorexigenic: cocaine— and amphetamine-regulated transcript (CART), melanocyte—
stimulating hormones (MSH; originating from proopiomelanocortin—POMC),
corticotropin—releasing factor (CRF) and CCK (expressed in brain as well as in the
gastrointestinal tract); and the orexigenic: neuropeptide Y (NPY), agouti-related protein
(AgRP), melanin—concentrating hormone (MCH), GAL and orexins (Volkoff et al.,
2005). Numerous studies have been performed to characterize the action of these
peptides in fish, mainly by the use of peptide injections followed by measurements of
food intake or by gene expression studies in relation to fasting and feeding conditions. In
this regard, an anorexigenic—like regulation of cart was confirmed in channel catfish
(Ictalurus punctatus) (Kobayashi et al., 2008; Peterson et al., 2012), catfish (Clarias
gariepinus) (Subhedar et al., 2011), zebrafish (Danio rerio) (Nishio et al., 2012),
Atlantic salmon (Murashita et al., 2009a; Valen et al., 2011) and Atlantic cod (Gadus
morhua) (Kehoe and Volkoff, 2007); of pomc in goldfish (Cerda—Reverter et al., 2003b),
zebrafish (Song et al., 2003) and Atlantic salmon (Murashita et al., 2011; Valen et al.,
2011); of cck in goldfish (Volkoff et al., 2003) and rainbow trout (Gélineau and Boujard,
2001; Jensen et al., 2001); and for crf in rainbow trout (Doyon et al., 2003). On the other
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hand, an orexigenic activity of npy has been observed in channel catfish (Peterson et al.,
2012) and goldfish (de Pedro et al., 2000; Lopez—Patifio et al., 1999; Narnaware and
Peter, 2001; Narnaware et al., 2000); of agrp in channel catfish (Peterson et al., 2012),
goldfish (Cerda-Reverter et al., 2003a), zebrafish (Song et al., 2003) and Atlantic
salmon (Valen et al., 2011); of gal in goldfish (de Pedro et al., 1995; Unniappan et al.,
2004; Volkoff and Peter, 2001b); and of orexins in goldfish (Volkoff et al., 1999;
Volkoff et al., 2003; Volkoff and Peter, 2000; Volkoff and Peter, 2001b). However, very
few studies have focused on the nutritional regulation of these peptides, especially with
regard to FA composition. This is surprising and needs to be urgently addressed, given
that food intake is perhaps one of the most influential parameters for the success of any
animal production operation, given its role in determining growth and body composition.

5. Senegalese sole

Senegalese sole was chosen as the model organism for all the experiments performed
in the scope of this thesis. It is a predominantly littoral marine flatfish (order
Pleuronectiformes, family Soleidae), with a main distribution along the eastern Atlantic
coast, from France to Senegal and slightly less in the western Mediterranean. As a
benthic species, it lives on sandy or muddy bottoms, up to 100 m depth, where it feeds
on invertebrates, such as small polychaetes, bivalves and crustaceans (Fishbase, 2015).

Some of its most interesting characteristics are its particular nutritional requirements
and metabolism. Contrary to many cultured marine finfish, Senegalese sole adults and
juveniles do not perform well with high dietary lipid inclusions (>12%; Borges et al.,
2009; Valente et al., 2011), but are tolerant to high levels of FO substitution (100%
replacement at 9% dietary lipids, although with presence of FM; Borges et al., 2014).
Conversely, it seems capable of metabolizing carbohydrates with no detrimental effects
on growth performance, while this is not the case for most carnivorous fish (Borges et
al., 2013b). In this respect, it fits perfectly within the sustainability—oriented aquaculture
production trends of today. Even larvae have proven to have relatively low LC-PUFA
requirements, compared to other marine finfish, which appear to decrease even further
after metamorphosis (Conceigdo et al., 2007; Damaso—Rodrigues et al., 2010; Morais
and Conceigdo, 2009; Morais et al., 2004; Villalta et al., 2005b). Moreover, Senegalese
sole is one of the rare carnivorous fish that has been shown to synthesize DHA from
EPA via a A4 desaturation pathway (Morais et al., 2015b).

Moreover, Senegalese sole is also an economically important species, commercially
cultured in southern Europe (France, Spain, Portugal and Italy), and is important for the
wider European market in which it shares a market niche with the common sole (Solea
solea) (Morais et al., 2015a). For the past two decades, it has been a candidate for
diversifying European aquaculture production due to its high market value and demand
(Dinis et al., 1999). Consequently, in the last ten years it has already seen a growth in
popularity among fish producers of Spain and Portugal, and production is rapidly
increasing—from only 8 t in 2002 to 640 t in 2013 (FAO, 2015b).

In the years since early culture attempts, significant work has been done in order to
resolve some issues that have prevented the aquaculture development of this species. As
a result of these efforts, mass production of juveniles was achieved more than a decade



34 KRUNO BONACIC

ago (Dinis et al., 1999). Initial problems with bacterial diseases (tenacibaculosis,
formerly flexibacteriosis; photobacteriosis, formerly pasteurellosis; and vibriosis) have
been greatly minimized by changing from outdoor ponds to dedicated recirculating
aquaculture systems (Cafiavate, 2011), and it was established that by maintaining culture
temperatures below 20-22°C it was possible to greatly prevent disease outbreaks
(Zorrilla et al., 1999). Furthermore, although suitable vaccines have still not been
developed, research is ongoing (Arijo et al., 2005). The issues that remain problematic
include weaning to compound diets, pigmentation abnormalities and malformations,
variable growth of juvenile fish and reproduction difficulties of G1 stocks (reviewed in
Morais et al., 2015a). Natural spawning of wild—caught broodstock has been possible for
several decades, although problems persist with reproduction of individuals from the
first (F1) and second (F2) rearing generations, resulting in a strong dependency of wild—
caught broodstock (Canavate, 2005). It was recently confirmed by Carazo (2013) that
this was due to lack of egg fertilization and thus connected to male reproductive
dysfunction. While the synthesis and release of all relevant reproductive hormones
seemed to be correct and in correlation to gonad development, plasma levels of
reproductive hormones were consistently lower in cultured G1 (and G2) stocks
compared with wild fish (Agulleiro, 2007; Guzman et al., 2009). Furthermore, G1 males
did not exhibit the typical reproductive behavioral cues (e.g. courtship) necessary for
successful spawning (Carazo, 2013).

In current aquaculture setups (Fig. 6), females reach sexual maturation after 3 years
of life (later than males) and spawn during spring to early summer, although a second
spawning period in autumn is often achieved through manipulation of ambient
parameters. Individual females of wild—caught broodstock were observed to spawn in
intervals of 1-56 days, generally producing around 100,000 eggs kg * day* (Martin et
al., 2014). Hatching time depends on water temperature, and ranges from 34 h at 21°C to
62 h at 15°C (Campos et al., 2013). Newly hatched larvae are small, altricial, planktonic
predators with bilateral symmetry and measure around 2.4 + 0.1 mm (Dinis et al., 1999;
Morais et al., 2015a). The established practice is to feed rotifers to newly—hatched larvae
from 2-6 dph, which are gradually substituted by Artemia (completely by 8 dph).
Enriched Artemia metanauplii are administered to the larvae until around 19 dph and
then gradually changed to frozen Artemia metanauplii over a period of 6 days (Dinis et
al., 1999; Villalta et al., 2008).

Around 15 days post hatching (depending on the temperature), larvae begin
metamorphosis, gradually losing their bilateral symmetry. This process is characterized
by the flattening of the body, development of asymmetrical pigmentation and migration
of the left eye to the occular side (Fig. 7b—d). During this period, larvae migrate to the
bottom, orient their body with the left side facing downwards and commence a benthic
lifestyle (Fernandez—Diaz et al., 2001). They continue to ingest prey during
metamorphosis, but not as effectively (Canavate et al., 2006), and therefore need to
increase their hepatic energy stores beforehand, to utilize during this period of extreme
morphological and physiological change (Yufera et al., 1999). Additionally, maturation
of the digestive tract is only fully achieved at the end of metamorphosis (around 25 dph),
although the main pancreatic and intestinal enzymes are efficient from the early stages
(Ribeiro et al., 1999b). The larvae are generally fast growing and resistant, and readily
complete metamorphosis with high survival rates (Dinis et al., 1999).
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The weaning period, characterized by the transition from live prey to inert feed is
another critical step in the lifecycle of cultured Senegalese sole (Dinis et al., 1999).
Different feeding strategies have been tested during this sensitive step in sole culture
(Engrola et al., 2007; Engrola et al., 2010; Engrola et al., 2009a; Engrola et al., 2009b)
and co—feeding larvae with inert diets from mouth opening produced larger and better
quality post—larvae at the end of weaning (Engrola et al., 2009a). In spite of these and
other advances in rearing practices, considerable research is still centered on the early
life stages, given that suboptimal larval rearing or nutritional conditions could have
profound effects on later juvenile quality (Conceigdo et al., 2007; Dinis et al., 1999;
Imsland et al., 2003). However, studies aimed at determining the specific nutritional
requirements of Senegalese sole at different life stages will enable the formulation and
commercialization of improved weaning and on-growing species—specific diets and,
through the development of optimal dietary regimes, it will hopefully be possible to
optimize the production cycle and reduce phenotypic abnormalities and growth
dispersion of sole juveniles (Morais et al., 20153).
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Figure 7. Senegalese sole larvae (a) before mouth opening (2 dph), (b) before (9 dph), (c) during
(19 dph) and (d) after metamorphosis (22 dph), and (e) a juvenile specimen. Images are not to
scale.
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6. Objectives

Many studies have been performed looking at the partial or total replacement of FM
and FO in aquafeeds by vegetable alternatives. These generally focus on several aspects
of growth performance, fish health, changes in biochemical composition/product quality
and metabolism. Although the effects have not always been consistent, it has been
established relatively well that these dietary replacements can affect lipid metabolism
and energy homeostasis. However, even though these changes are likely associated with
potential effects on the regulation of appetite and food intake, this question has hardly
been investigated in fish. Given the importance of food intake to the successful culture
of any animal, the main objective of this thesis was to evaluate the potential impacts of
alternative VO-based feed formulations on the regulation of food intake and attempt to
uncover some of the possible physiological regulatory mechanisms behind it.

In order to address these questions, experiments combining a nutritional,
physiological and molecular approach were performed with both larval and juvenile
stages of the marine flatfish Senegalese sole (Solea senegalensis). These have been
prepared as scientific manuscripts and are presented in this format in the following
chapters:

CHAPTER 2: Dietary fatty acid metabolism is affected more by lipid level than
source in Senegalese sole juveniles: Interactions for optimal dietary
formulation

The objective of this study was to observe the effects of FO replacement with VO, at
different lipid levels (8% and 18%), on growth performance and key aspects of lipid
absorption and metabolism in Senegalese sole juveniles.

CHAPTER 3: Mechanisms of lipid metabolism and transport underlying superior
performance of Senegalese sole (Solea senegalensis, Kaup 1858) larvae fed
diets containing n-3 polyunsaturated fatty acids

This study was designed to analyze the effects of dietary FA composition (prevalent
LC-PUFA, C;3 PUFA or MUFA) on growth, development, lipid absorption and
metabolism of Senegalese sole larvae and post-—larvae.

CHAPTER 4: Characterization of seven cocaine- and amphetamine-regulated
transcripts (CART) differentially expressed in the brain and peripheral tissues
of Solea senegalensis (Kaup)

Although most studies required the development of specific molecular tools
(obtaining information on complete mMRNA sequences for the design of RT-gPCR
primers) in order to analyze the expression of key genes in Senegalese sole, and these
often had several homologues, CARTs were especially interesting due to the unusually
large amount of genes found in this species. Thus, the objective of this study was to
describe their structure, brain and tissue distribution, basic regulation (response to
feeding) and phylogenic relations to homologues in other species.
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CHAPTER 5: Hypothalamic fatty acid sensing in Senegalese sole (Solea
senegalensis): Response to long-chain saturated, monounsaturated, and
polyunsaturated (n-3) fatty acids

This experiment was performed to determine the presence of FA-sensing
mechanisms in the hypothalamus of Senegalese sole juveniles and to additionally
examine whether they respond differently to circulating FA, differing in chain length and
degree of saturation.

CHAPTER 6: Food intake and appetite regulation in juvenile Solea senegalensis
(Kaup, 1858) in response to dietary lipid level and oil source

This study was performed in order to observe the effects of diets containing varying
lipid levels (8% or 18%) and oil sources (100% FO or 75%V0O) on food intake, and to
attempt relating it with the expression of several gastrointestinal and neuropeptides in
Senegalese sole juveniles, to gain further knowledge on their potential implication on
appetite regulation mechanisms.

CHAPTER 7: Dietary fatty acid composition affects food intake and gut-brain
satiety signaling in Senegalese sole (Solea senegalensis, Kaup 1858) larvae and
post-larvae

The objective of this study was to develop a method for the quantification of live
prey intake and use it with Senegalese sole larvae and post-larvae to evaluate the effects
of diets differing in FA composition on food intake. Furthermore, as in chapter 6, the
transcriptional regulation of several gastrointestinal and neuropeptides was assessed, in
an attempt to uncover possible underlying appetite—regulating mechanisms mediated by
such peptides.
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Abstract

This study analyses the effects of dietary lipid level and source on lipid absorption
and metabolism in Senegalese sole (Solea senegalensis). Juvenile fish were fed 4
experimental diets containing either 100% fish oil (FO) or 25% FO and 75% vegetable
oil (VO; rapeseed, linseed and soybean oils) at two lipid levels (~8% or ~18%). Effects
were assessed on fish performance, body proximate composition and lipid accumulation,
activity of hepatic lipogenic and fatty acid oxidative enzymes and, finally, on the
expression of genes related to lipid metabolism in liver and intestine, and to intestinal
absorption, both pre— and post—prandially. Increased dietary lipid level had no major
effects on growth and feeding performance (FCR), although fish fed FO had marginally
better growth. Nevertheless, diets induced significant changes in lipid accumulation and
metabolism. Hepatic lipid deposits were higher in fish fed VO, associated to increased
hepatic ATP citrate lyase activity and up-regulated carnitine palmitoyltransferase 1
(cptl) mRNA levels post—prandially. However, lipid level had a larger effect on gene
expression of metabolic (lipogenesis and p—oxidation) genes than lipid source, mostly at
fasting. High dietary lipid level down-regulated fatty acid synthase expression in liver
and intestine, and increased cptl mRNA in liver. Large lipid accumulations were
observed in the enterocytes of fish fed high lipid diets. This was possibly a result of a
poor capacity to adapt to high dietary lipid level, as most genes involved in intestinal
absorption were not regulated in response to the diet.

Keywords: fish oil, lipogenesis, beta—oxidation, fish nutrition, lipid absorption, fatty
acid binding proteins, lipid trafficking, molecular biology
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1. Introduction

Traditionally, fish oil (FO) has been used as the main dietary lipid source for cultured
marine finfish (Turchini et al., 2009). However, the steady growth of aquaculture
production worldwide, paired with reduced availability of raw materials from wild
fisheries, has led to a rising need to replace FO, at least partly, with alternative and more
sustainable ingredients, such as vegetable oils (VO) (Turchini et al., 2010). Therefore, in
the past years numerous studies have focused on identifying suitable candidate VO for
use in aquaculture by investigating their effect on growth and feed efficiency, health,
reproduction and physiology of cultured organisms (Montero et al., 2003; Nasopoulou
and Zabetakis, 2012; Sargent et al., 1999a; Turchini et al., 2009; Zuo et al., 2015). It has
generally been shown that a 100% replacement of dietary FO with VO has a negative
effect on the growth of most marine finfish species (Sales and Glencross, 2011).
However, a large fraction (60-75%) of FO can be substituted without affecting growth
and feed efficiency, if essential fatty acid requirements are met (Turchini et al., 2009).
Nevertheless, not all species necessarily respond equally to dietary FO replacements and
although these generalizations may be used as a benchmark, effects of dietary VO should
be evaluated on a case by case basis (Turchini et al., 2009). Even then, results obtained
for a species may vary depending on numerous factors such as trial duration, type of VO,
amount of fish meal (source of FO) in the diet, fish size, age or developmental stage
(Sales and Glencross, 2011), but also dietary lipid level (Figueiredo-Silva et al., 2012a;
Jobling et al., 2002; Kenari et al., 2011; Kim et al., 2012; Tocher et al., 2003).

Most studies that focus on alternative dietary lipid sources use isolipidic diets and
test various degrees of FO substitution with VO. However, studies that take into account
the interrelation between lipid sources and lipid levels are fewer in number and address
only a few aspects of lipid metabolism and growth performance. Furthermore, such types
of studies are lacking in Senegalese sole (Solea senegalensis) — an interesting species for
lipid—related research, due to some particularities in its nutritional physiology, and one
of high commercial aquaculture importance in southern Europe (Morais et al., 2015a).
Senegalese sole is a lean flatfish (1-4 g fat / 100 g of flesh) with a limited ability to
efficiently use high dietary lipid levels (=12%), at both juvenile (Borges et al., 2009) and
adult stages (Valente et al., 2011). Other demersal lean fish, including different species
of sole, flounder and catfish (Borges et al., 2013a; Borges et al., 2013b; Borges et al.,
2009; Guerreiro et al., 2012; Lee et al., 2000) generally do not cope well with high fat
diets, contrary to salmonids (Einen and Roem, 1997; Hemre and Sandnes, 1999) and
more active marine species like sparids or European seabass (Dicentrarchus labrax)
(Peres and Oliva—Teles, 1999a; Skalli et al., 2004; Vergara et al., 1996) which utilize
dietary lipids more efficiently. On the other hand, even complete replacement of dietary
FO in Senegalese sole with different VO (at 9% dietary lipids) did not seem to affect fish
performance negatively (Borges et al., 2014a). Nevertheless, other criteria should also be
considered to assess the physiologic and metabolic effects of different lipid sources. For
instance, Montero et al. (2008) and Caballero et al. (2006) observed no detrimental effect
of FO substitution on growth of gilthead seabream (Sparus aurata), but several types of
intestinal morphological alterations, like lipid droplet accumulation, were observed in
fish fed high contents of VO-based diets. Considering that any adverse effects of new
dietary formulations on the cultured organism can potentially have significant economic
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repercussions when applied in large-scale aquaculture production, this type of research
is not only interesting from a scientific point of view, but also of great importance to the
development of the commercial sector.

This study was designed to further study the mechanisms of lipid absorption and
metabolism in Senegalese sole and contribute to the growing knowledge of the
nutritional physiology of this interesting species. Since both the type and quantity of
ingested fats are known to regulate hepatic gene expression (Jump, 2004), we
investigated if the effects of alternative dietary lipid sources were modulated by their
levels of inclusion in the diet and whether their long—term administration had different
effects pre— and post—prandially. To address this, we tested 4 experimental diets
containing either 100% FO or 25% FO and 75% VO at two lipid levels (~8% or ~18%).
The effects of these dietary treatments were assessed by analyzing growth performance,
hepatosomatic index (HSI), viscerosomatic index (VSI), whole-body proximate
composition, lipid accumulation in specific tissues, activity of lipogenic and fatty acid
(FA) oxidative enzymes in the liver and, finally, expression of genes related to lipid
metabolism in both liver and intestine, and also of genes involved in lipid uptake,
intracellular transport and basolateral secretion in the intestine. The fatty acyl elongation
and desaturation activities, as well as the FA profiles of key tissues, were previously
reported by Morais et al. (2015).

2. Materials and methods

Experimental diets

Four isoproteic extruded diets were formulated and manufactured by Sparos Lda.
(Olhdo, Portugal). They differed in total lipid level (~8% or ~18%) and fatty acid
composition, using FO or VO as the main lipid source. The 8FO and 18FO diets had
100% of the lipid supplied by FO, while 75% of the FO in diets 8VO and 18VO was
replaced by a VO blend (rapeseed, soybean, and linseed oil in a ratio of 1:1:1; Table 1).
Proximate and FA composition of the experimental diets were analyzed in triplicate, as
described below, and are presented in Tables 1 and 2, respectively.

Growth trial and sampling

Senegalese sole juveniles with an average body weight (BW) of 5.0 + 0.1 g were
distributed into twelve rectangular flat bottom 20 | tanks (50 fish per tank) connected to
a recirculation system at CCMAR, University of Faro, Portugal, and maintained at a
temperature of 19.3 + 1.2 °C, a salinity of 32, and a 12 h light/12 h dark photoperiod for
13 weeks. They were fed 2 mm extruded diets using automatic feeders 22 h per day.
Feed doses were adjusted daily to ensure the fish were fed to satiety. In the case of
excess uneaten feed, rations were reduced by 10% and in the absence of uneaten feed
increased by 10%. All fish were sampled after fasting for 24 hours. Prior to sampling
fish were euthanized with a lethal dose of tricaine methanesulfonate (MS222; Sigma,
Sintra, Portugal). Fish were weighed at 28, 53, 77 and 91 days after the start of the
experiment (n = 3 pools of 30 individuals), with the additional weighing of whole fish,
liver and viscera of 8 fish per tank in the final sampling to calculate HSI and VSI (n = 24
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Table 1. Formulation and proximate composition of the experimental diets.

8FO 8vO 18FO 18VO
Ingredients (%)
Fishmeal 70 LT* 22.00 22.00 22.00 22.00
Fishmeal 60 15.00 15.00 15.00 15.00
Fish protein hydrolisate 5.00 5.00 5.00 5.00
Squid meal* 5.00 5.00 5.00 5.00
Pea protein concentrate® 4.00 4.00 4.00 4.00
Soy protein concentrate® 2.00 2.00 2.00 2.00
Soybean meal 48’ 9.80 9.80 10.00 10.00
Wheat gluten® 7.00 7.00 10.10 10.10
Corn gluten meal® 5.00 5.00 450 450
Pea grits™ 11.10 11.10 2.50 2.50
Wheat meal 9.00 9.00 4.80 4.80
Fish oil'* 2.60 0.65 12.60 3.15
Rapeseed oil* - 0.65 - 3.15
Soybean oil*? - 0.65 - 3.15
Linseed oil* - 0.65 - 3.15
Vitamin & Mineral Premix*® 1.00 1.00 1.00 1.00
Binder (guar gum)™ 1.00 1.00 1.00 1.00
Proximate composition
Moisture (%) 55 4.6 4.3 44
Crude Protein (% DM) 56.0 56.9 58.0 57.2
Crude Fat (% DM) 7.9 7.4 17.6 17.4
Ash (% DM) 10.5 10.7 104 10.3

! Peruvian fishmeal LT: 71% crude protein (CP), 11% crude fat (CF), EXALMAR, Peru.

2 Fair Average Quality (FAQ) fishmeal: 62% CP, 12%CF, COFACO, Portugal.

% CPSP 90: 84% CP, 12% CF, Sopropéche, France.

* Super prime squid meal: 80% CP, 3.5% CF, Sopropéche, France.

® Lysamine GP: 78% CP, 8% CF, ROQUETTE, France.

® Soycomil P: 65% CP, 0.8% CF, ADM, The Netherlands.

" Solvent extracted dehulled soybean meal: 47% CP, 2.6% CF, SORGAL SA, Portugal.

8 VITEN: 85.7% CP, 1.3% CF, ROQUETTE, France.

® Corn gluten feed: 61% CP, 6% CF, COPAM, Portugal.

1% Aquatex G2000: 24% CP, 0.4% CF, SOTEXPRO, France.

1 COPPENS International, The Netherlands.

2 Henry Lamotte Oils GmbH, Germany.

3 Premix for marine fish, PREMIX Lda, Portugal. Vitamins (IU or mg/kg diet): DL—alpha tocopherol acetate,
100 mg; sodium menadione bisulphate, 25 mg; retinyl acetate, 20000 IU; DL-cholecalciferol, 2000 1U;
thiamin, 30 mg; riboflavin, 30 mg; pyridoxine, 20 mg; cyanocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic
acid, 15 mg; ascorbic acid, 1000 mg; inositol, 500 mg; biotin, 3 mg; calcium panthotenate, 100 mg; choline
chloride, 1000 mg, betaine, 500 mg. Minerals (g or mg/kg diet): cobalt carbonate, 0.65 mg; copper sulphate, 9
mg; ferric sulphate, 6 mg; potassium iodide, 0.5 mg; manganese oxide, 9.6 mg; sodium selenite, 0.01 mg; zinc
sulphate,7.5 mg; sodium chloride, 400 mg; calcium carbonate, 1.86 g; excipient wheat middlings.

4 Guar gum 101 HV— E412, Seah International, France.
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fish per treatment). Specific growth rate (SGR) was calculated based on values at the end
of the experimental period (n = 3 pools of 30 fish). To analyze whole-body proximate
composition, 2 fish were taken from each tank, frozen and later homogenized (h = 3
homogenates per treatment). Total lipids of intestine, liver and muscle tissues were
analyzed in pools from 3 fish per tank (n = 3 pools per treatment). The intestine and liver
were sampled from 3 fish per tank (n = 9 per treatment) for optical histology, stored in
10% buffered formalin for 24 h, and subsequently transferred to 70% ethanol until
analysis. A section of liver from 5 fish per tank (n = 15 per treatment) was taken for
measurement of lipogenic and FA oxidative enzyme activities. Tissue samples for
enzyme, proximate and total lipid analysis were instantly frozen on dry ice and stored at
—80 °C until analysis.

The study was conducted according to the guidelines on the protection of animals
used for scientific purposes from the European directive 2010/63/UE).

Table 2. Fatty acid composition of the experimental diets, expressed as mean %mol + SD (n = 3).

8FO 8VvO 18FO 18VvVO
14:0 26+04 1.8+0.7 48+0.8 1.7+0.1
15:0 0.4+0.0 0.3+0.1 0.5+0.0 02+0.0
16:0 18.4+£0.6 16.2+0.7 19.1+0.2 13+0.8
18:0 43+0.1 4.1+0.1 4.7+0.1 39+04
Total saturated 258+ 1.1 225+1.3 29+0.6 18.8+1.2
16:1 5.6+£0.6 45+0.6 62+1.0 3.8+0.0
18:1n-9 142+0.2 18.5+0.2 12.6+0 23.5+£0.7
18:1n-7 3.0+0.8 2.7+0.6 3+0.6 3.1+1.4
20:1 4.8+0.1 4.4+0.1 3602 24+0.2
Total monounsaturated 27.6+£0.3 30.2+0.1 253+1.8 32.8+0.5
18:2n-6 124+0.4 17.7+£0.5 6.8+0.1 20.5+£0.2
18:3n—6 0.2+0.0 0.2£0.0 0.2+0.0 02+0.0
20:3n-6 0.1+0.1 0.1+0.1 0.1+0.1 0.1£0.1
20:4n-6 1.0+0.2 0.6+0.0 1.2+0.0 04+0.0
22:4n-6 0.1£0.0 0.0+0.0 0.1+0.0 0.0£0.0
22:5n-6 04+0.0 0.3+0.0 0.5+0.3 0.2+£0.0
Total n—6 PUFA 142+04 18.9+0.5 8.8+0.2 21.4+0.1
18:3n-3 1.8+0.1 5.6+0.1 1.3+0.0 12.1+0.6
18:4n-3 2.0+0.0 1.5+0.1 24402 1.2+0.1
20:4n-3 0.6+0.2 04+0.0 0.8+0.0 0.3£0.0
20:5n-3 14.7+0.3 10.4+0.5 17.2+0.7 7.0+£0.1
21:5n-3 03+0.0 0.2+0.0 0.4+0.0 0.1£0.0
22:5n-3 1.0£0.0 0.7+0.0 1.3+0.2 0.5+0.0
22:6n-3 11.2+04 8.6+0.3 11.3+0.9 52+0.1
Total n—-3 PUFA 31.5+0.5 27.4+0.7 348+ 1.9 263+0.7
Total PUFA 45.6+0.9 463+1.3 43.6+2.1 47.7+0.8
n-3/n-6 PUFA 0.3+0.0 0.3+0.0 0.4+0.1 0.2+0.1
DHAJ/EPA 02+0.1 0.6+0.1 0.8+0.3 03+02

ARA/EPA 04+0.0 0.2+0.0 0.8+ 00 0.2+0.1
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Feeding trial and sampling for molecular analysis

A feeding trial was performed during week 13 in order to measure pre— and post—
prandial expression levels of genes involved in lipid metabolism and absorption. Two
fish per tank were sampled after 24 hours of fasting (t0, pre—prandial; n = 6 per
treatment) and another two were then fed their respective diets and sampled 6 h after
feeding (t6, post—prandial; n = 6 per treatment). In order to ensure that all fish ate an
equal amount of feed at the appointed time, and considering the highly variable
voluntary feed intake of sole (Dias et al., 2010), a force—feeding method was used.
Plastic tubes were filled with 10 pellets each (~0.15% BW) and inserted up to the back
of the oral cavity of previously anesthetized (MS222, 50 ppm) fish. A piston was then
used to push the contents of the tube into the esophagus and the fish were monitored for
a few minutes before being returned to the tanks, in order to ensure that the pellets were
not expelled. At both time points 100-150 mg samples of intestine and liver were
collected and transferred into eppendorf tubes with 1.5 ml of RNAlater stabilization
buffer (Ambion, Life Technologies, Madrid, Spain). Samples were kept in agitation at 4
°C for 24 h, and then stored at —80 °C.

Whole body proximate composition and total lipid levels of tissues

Protein content in extruded diets was carried out by the Dumas method using a
protein standard (LECO FP-528) (AOAC, 2005b). Water and ash content were
calculated in subsamples of each diet (n = 6) and whole body homogenates by drying
them at 105 °C until a constant weight was obtained, or after ashing in a muffle furnace
for 5 h at 550 °C, respectively (AOAC, 2005a). For the analysis of protein content
(according to Lowry et al., 1951; following overnight hydrolysis in sodium-hydroxide
solution), carbohydrates (Dubois et al., 1956), and lipids (extracted as in Folch et al.,
1957) and quantified gravimetrically), 5 subsamples were taken for each analysis from
each homogenate (n = 15 per treatment). Total lipids from intestine, liver and muscle
pooled from 3 fish per tank (3 pools per treatment) were also extracted following the
method of Folch et al., 1957) and quantified gravimetrically. The tissue total lipid results
are presented as both percentage (%) of dry weight (DW) to reduce variability associated
with water content of tissue, but also as wet weight (WW) for discussion purposes, as
numerous studies use these values. Water content was calculated as the difference
between WW and DW and presented as a percentage of WW. Finally, total lipid content
of liver and intestine was also expressed as mg 100 g * fish.

Histological analyses

Samples were serially sectioned at 6—7 um and stained with Harris haematoxylin and
eosin. Sections of the intestine and liver were photographed at x40 magnification (300
dpi; 3 photos per tissue, n = 27 photos per treatment) with an Olympus DP70 digital
camera connected to a Leica DM 2000™ microscope. All digital image analyses were
performed using ImageJ (U.S. National Institutes of Health, Bethesda, USA;
http://rsbweb.nih.gov/ij/index.html). A semi-automatic quantitative analysis was
employed in order to measure the percentage of intestinal epithelium (longitudinal
transects) and hepatocytes occupied by fat deposits. By adjusting the color threshold
settings to brightness values between 195 and 255, the program was configured to select
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all surfaces covered with a white to light pink color, which corresponded to the area of
fat deposits (Gisbert et al., 2008). These values were used to calculate the percentage of
area occupied by lipids as in Boglino et al. (2012). For liver samples, the total area of
analyzed tissue was a rectangular selection, while transects of the intestinal epithelium
were selected manually with the “polygon selection” tool and the diameters of intestinal
lipid droplets were measured using the "straight" tool of ImageJ.

Lipogenic and FA oxidative enzyme activities

Activities of ATP citrate lyase (Acly; lipogenic) and 3-hydroxyacyl-CoA
dehydrogenase (Hoad; FA oxidative) and carnitine palmitoyltransferase 1 (Cptl; FA
oxidative) were assessed in 100 mg liver samples homogenized by ultrasonic disruption
with 7 volumes of ice—cold buffer consisting of 50 mM Tris (pH 7.6), 5 mM EDTA, 2
mM 1,4—dithiothreitol, and a protease inhibitor cocktail (Sigma Chemical Co., St. Louis,
MO, USA; P-2714). The homogenate was centrifuged and the supernatant taken and
immediately frozen on dry ice and stored at —80 °C until analysis. Enzyme activities
were determined in a microplate reader Elx—tec (Biotek). Reaction rates of enzymes
were determined by the increase or decrease in absorbance of NAD(P)H at 340 nm. The
reactions were started by the addition of homogenates (10 ul, 7.5 pl (+7.5 pl of H,0)
and 5 ul for Acly, Hoad and Cptl, respectively) to buffer solutions containing the
substrates (0.10 mM of CoA, 0.05 mM of Acetoacetil-CoA and 1.00 mM of L—carnitine
hydrochloride for Acly, Hoad and Cptl, respectively), which were omitted in control
wells (final volume 275-280 pl). The reactions were allowed to proceed at 37 °C for
pre—established periods of time (10-30 min). Enzymatic analyses were carried out at
maximum rates, with the reaction mixtures optimized in preliminary tests to render
optimal activities by adapting methods previously described for Acly (Alvarez et al.,
2000), Hoad (Kolditz et al., 2008) and Cptl (Ditlecadet and Driedzic, 2013). Total
protein content in homogenates was assayed in duplicate, according to the bicinchoninic
acid method (Smith et al., 1985), using bovine serum albumin (Sigma) as a standard.
Enzyme activities were normalized by mg of protein.

Primer design

Primers for real time quantitative PCR (RT-gPCR) for most genes analyzed in this
study (Table 3) are from previous work (our own unpublished data), but primers for cptl
and for a transcript belonging to the cluster of differentiation 36 family, the platelet
glycoprotein 4-like (cd36) were designed specifically for this study. Sequences of target
genes were searched by gene annotation in the SoleaDB database
(http://lwww.scbi.uma.es/soleadb) Solea senegalensis v4.1 global assembly and the
retrieved fragments were assembled in silico into contigs using the BioEdit Sequence
Alignment Editor (Hall, 1999). A blastx search was performed in the National Center for
Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov/) to compare
with orthologs in other fish and vertebrate species and identify the open reading frames
(ORF) and 3’ and 5’ untranslated regions (UTR) of the sequences. When 5’ and 3' UTR's
were missing, rapid amplification of cDNA ends (RACE) PCR was performed using the
FirstChoice® RLM-RACE kit (Ambion). The obtained fragments were separated by
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Table 3. Primers used for real-time quantitative PCR (gPCR). Shown are sequences and annealing
temperature (Ta) of the primer pairs, size of the fragment produced, average reaction efficiency
(E) and accession number of the target and reference genes.

Gene  Primer sequence (5'-3") Ampllcon Ta E* Accession
size number

Lipid absorption

cd36 TGAATGAGACGGCTGAGTTG 168 bp 64 °C 100,3% KR872889
TGTTGTTTCTGCTCCTCACG

fabpl GCTCATCCAGAAAGGCAAAG 199 bp 62°C 102,1%  KP842779
GGAGACCTTCAGCTTGTTGC

fabp2a  ACACACATGACCTTAGCACACTG 70 bp 60°C 102,3%  KP842780
TGCGAGTATCAAAATCCGGTA

apoa4  AGGAACTCCAGCAGAACCTG 122 bp 60°C  100,2%  KP842775
CTGGGTCATCTTGGAGAAGG

mtp CAGGCGTACACCACATGTAAA 150 bp 60 °C 102,3% KP842778
GTGATCAGGCTTCTGCAGTG

Lipid metabolism

acox1 GGTCCATGAATCTTTCCACAA 168 bp 60°C 104,1%  KP842776
ACAAGCCTGACGTCTCCATT

fas CACAAGAACATCAGCCGAGA 197 bp 60°C 103,1%  KP842777
GAAACATTGCCGTCACACAC

cptl TAACAGCCACCGTCGACATA 156 bp 63°C  101,1% KR872890
AGCGATTCCCTTGTGTCACT

Reference genes

ubq AGCTGGCCCAGAAATATAACTGCGACA 93 bp 70°C  101,3%  AB291588
ACTTCTTCTTGCGGCAGTTGACAGCAC

rps4 GTGAAGAAGCTCCTTGTCGGCACCA 83 bp 70°C  100,9%  AB291557
AGGGGGTCGGGGTAGCGGATG

eeflal GATTGACCGTCGTTCTGGCAAGAAGC 142 bp 70 °C 100,5%  AB326302

GGCAAAGCGACCAAGGGGAGCAT

*Efficiency corresponds to an average of 2 runs (intestine tissue at t0 and t6) for lipid absorption and 4 runs
(intestine and liver tissues at t0 and t6) for lipid metabolism genes.

cd36, cluster of differentiation 36 family (platelet glycoprotein 4-like); fabp, fatty acid binding protein; apoa4,
apolipoprotein A-1V; mtp, microsomal trygliceride transfer protein; acox1, acyl-CoA oxidase 1; fas, fatty acid
synthase; cptl, carnitine palmitoyltransferase 1; ubg, ubiquitin; rps4, 40S ribosomal protein S4; eeflal,
elongation factor 1 alpha.

gel electrophoresis and resulting bands of the expected length were cut, purified (lllustra
GFX™ PCR DNA and gel band purification kit, GE Healthcare, Barcelona, Spain) and
sequenced (SCSIE, University of Valencia, Spain). The transcript sequences thus
obtained were used as templates to design primers for qPCR, using Primer3 v. 0.4.0
(Koressaar and Remm, 2007). The gPCR conditions were then optimized and the
obtained amplicons were sequenced to confirm their identity and the specificity of the
gPCR assay. Several homolog genes were obtained for Senegalese sole cd36 and cptl,
but only one transcript of each was selected for use in this study primarily based on the
pattern of tissue distribution (unpublished data) and highest sequence homology to the
specific gene of interest, chosen based on previous studies in other species. In this
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respect, the cptl gene was equally similar to both cptla and cptlb which are the genes
most commonly assayed in rainbow trout (Onchorhynchus mykiss) liver to study effects
of FA composition on lipid metabolism (Libran—Pérez et al., 2012).

RNA extraction and real time qPCR

For RNA extraction, samples were homogenized in 1 ml of TRIzol (Ambion) with 50
mg of 1mm diameter zirconium glass beads (Mini—Beadbeater, Biospec Products Inc.,
U.S.A.). Solvent extraction was performed following manufacturer’s instructions and
RNA quality and quantity were assessed by gel electrophoresis and spectrophotometry
(NanoDrop2000, Thermo Fisher Scientific, Madrid, Spain). Two micrograms of total
RNA per sample were reverse transcribed into cDNA using the High—Capacity cDNA
RT kit (Applied Biosystems, Life Technologies, U.S.A.), following manufacturer’s
instructions, but using a mixture of random primers (1.5 pl as supplied) and anchored
oligo—dT (0.5 pl at 400 ng/ul, Eurogentec, Cultek, S.L., Madrid, Spain). Negative
controls (containing no enzyme) were performed to check for genomic DNA
contamination. A pool was created from 2 pl of cDNA from all samples of a single
tissue to use for dilution series and samples were then diluted 60—fold with water.

Amplifications were carried out in duplicate on a CFX96 Touch Real-Time PCR

Detection System (Bio—Rad, Alcobendas, Spain) in a final volume of 20 pl containing 5
ul of diluted (1/60) cDNA, 10 pl of SsoAdvanced™ Universal SYBR® Green Supermix
(Bio—Rad) and 500 nM primers (except for cptl, cd36 and fatty acid—binding protein 1
(fabpl), where 150 nM, 200 nM and 150 nM were used, respectively). A systematic
negative control (NTC-non template control) was also included. The qPCR profiles
contained an initial activation step at 95 °C for 2 min, followed by 35 cycles: 15 s at 95
°C, 1 min at the corresponding annealing temperature (Ta; Table 2). After the
amplification phase, a melt curve was performed enabling confirmation of the
amplification of a single product in each reaction. Non—occurrence of primer—dimer
formation in the NTC was also confirmed. The amplification efficiency of each primer
pair was assessed from serial dilutions of the cDNA pool.
The gPCR results were imported into the software gBase+ (Biogazelle, Zwijnaarde,
Belgium), where normalized relative quantities (NRQ) were calculated employing target
and run—specific amplification efficiencies and using the geometric mean of 3 reference
genes (elongation factor 1 alpha, ubiquitin and 40S ribosomal protein; eeflal, ubq and
rps4, respectively; Infante et al., 2008). The stability of the reference genes was checked
(Vandesompele et al., 2002) and results for the combination of the 3 genes at t0/t6 were:
M = 0.276/0.260, coefficient of variance — CV = 0.110/0.102 for intestine and M =
0.149/0.134, CV = 0.061/0.053 for liver.

Statistical analysis

All statistical analyses were performed with SPSS v.20 (SPSS Inc., Chicago, IL,
USA). A two-way ANOVA, with factors lipid source and lipid level, at a significance
level of 0.05, was used to analyze the results.



CHAPTER 2 — Lipid metabolism of juveniles 49

3. Results

Diet fatty acid composition

As shown in Table 2, the 18FO diet provided the highest relative and absolute levels
of the long—chain polyunsaturated fatty acids (LC-PUFA) eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) and arachidonic acid (ARA) and saturated fatty acids
(SFA), but lowest levels of Cig polyunsaturated fatty acids (PUFA). On the other hand,
the 18VO diet provided the lowest relative levels (but not in absolute content) of LC—
PUFA, and had the highest relative and absolute linoleic acid (LNA), o—linolenic acid
(ALA) and monounsaturated fatty acid (MUFA) content.

Fish performance and body composition

At the end of the 3—-month experimental period, a four—fold size increase was
recorded in juvenile Senegalese sole from all treatments (Table 4). Fish cultured on FO
diets grew slightly more, albeit non-significantly (p = 0.06 for final BW and SGR),
compared to those fed diets with 75% VO, while no differences were observed with
regard to lipid level. However, the food conversion ratio (FCR) did not differ between
treatments. The HSI was significantly higher in fish fed high lipid diets, with fish fed
18VO having the largest livers, and interaction between the dietary factors was only
marginally non-significant (p = 0.06). The results for VSI showed a significant
interaction between the two dietary factors, and fish from the 18VO group had the
highest values.

In juvenile sole fed high lipid diets, crude lipids constituted a significantly higher
proportion of the whole body compared to those fed a low lipid diet (Table 4). However,
no noticeable effect of lipid source was observed. Conversely, the moisture content and
protein fraction were significantly lower in fish fed high lipid diets. Carbohydrate levels
were generally low, but a significant interaction between the dietary factors was
observed, with values being higher in the 8FO and 18O treatments.

Total lipid content of different tissues was also measured (Table 4). In the liver and
muscle, no significant differences were observed between treatments, but in the intestine
fish fed 18% lipid diets showed significantly higher lipid accumulation than those fed
lower levels of dietary lipids.

Histological assessment of fat accumulation in the intestine and liver

Fish fed the VO diets had a significantly higher percentage of fat within the hepatic
parenchyma compared to fish fed FO, showing a more compact hepatic parenchyma, a
reduction in size of hepatic sinusoids and higher size of lipid deposits within hepatocytes
(Table 4, Fig. 1). In the intestine, clear differences were observed between treatments
with regard to lipid level (Fig. 2). Large lipid accumulations (numerous lipid droplets
with up to 16 pm in diameter) were observed in fish fed the 18% lipid diets, while the
8% lipid groups had no or very little lipid inclusions of a very small diameter (~1.5 pm).
This was also confirmed by image analysis (Table 4), although in this case there was
also a significant interaction between the two dietary factors.
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Table 4. Growth and feeding performance, HSI, VSI, proximate composition, lipid content of
selected tissues and tissue area occupied by lipid droplets (surface occupied, as percentage of total
tissue surface) in liver and intestine of juvenile Senegalese sole cultured on 4 different diets during
a period of 13 weeks. Values are expressed as mean = SD. Results of 2-way ANOVA analysis in
relation to dietary factors lipid level (LL), lipid source (LS) and their interaction (LLXLS) are also

presented.
Dietary treatment P-value (2-way ANOVA)

Day 8FO 8VvO 18FO 18VvO LL LS LLxLS

0 50+0.07  50+005 50+070 4.9+0.08 0.141 1.000  0.438
28 10.7+£0.14  104+030 10.7+0.50 10.0+0.02 0.401 0.012 0178
‘g 53 16.6+1.68 160075 16.7+1.70 15.0+0.50 0.571 0.140  0.461
¥ 208+1.82 18.6+092 17.6+1.70 17.9+0.74 0.040 0278  0.162

91 2344280 21.7+£1.16 23.7+2.00 20.7+0.95 0.721 0.058  0.555
SGR (%/day) 1.69+0.14  1.60+£0.06 1.71+0.09 1.57+0.04 0.925 0.060  0.639
FCR 131£0.12  1.30+0.06 1.16+0.10 1.30+0.09 0.195 0.303  0.208
HSI (% BW) 1.04+£028 1.00£025 1.10£021 1.27+0.28 0.002 0.228  0.057
VSI (% BW) 3.68+0.73 3.56+0.56 3.57+£038 4.03%0.41 0.111 0.134  0.009
Whole—body proximate composition (% DW)
Crude Fat 164+1.13 17.1+£1.02 232+0.80 21.5+0.28 <0.001 0251  0.006
Crude Protein ~ 50.3+£3.01 50.9+3.53 45.0+2.92 455+2.65 <0.001 0989  0.909
Carbohydrates 1.4+0.46 1.3+£0.30 1.3+0.21 1.4+0.37 0.948 0.772 0.020
Ash 24+0.05  24+005 23+038 24+0.16 0.484 0.834  0.830
Moisturet 744+050 752+043 724+1.14 73.1+1.13 <0001  0.010 0,747
Total lipids in tissues

% WW 42+0.8 41+1.0 52404 58+2.1 0.130 0.749  0.665
g %DW 13126  125+35 15218  15.6+55 0.279 0.967  0.818
- mg 100 44,0 41.4 57.3 74.0

g™ fish*

% WW 2.1+0.1 1.7+£0.5 28406 3.4+02 0.001 0.768  0.070
% % DW 8.8+ 1.5 87+37  127+27 12812 0.026 0991  0.953
£ mg 100 771 60.9 101.1 135.1

g * fish*
18’ % WW 0.4+0.0 0.6+0.3 0.5+0.1 0.5+0.1 0.703 0.400  0.400
S %DW 1.7+0.3 23+1.1 22404 23+02 0.461 0.333 0415
Tissue area occupied by lipid droplets (%)
Liver 548+4.72 585+443 560+437 58.0+237 0.610  <0.001  0.294
Intestine 84+325  38+3.86 254+459 268+837 <0.001 0238  0.032

*Calculated as (lipid % of tissue WW /100) x HSI (or VSI) x 1000
tMoisture content is the difference of WW and DW, expressed as percentage of WW
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Figure 1. Lipid droplet accumulation in hepatocytes of Senegalese sole juveniles fed dietary
treatments differing in lipid source and level of lipid inclusion: 8FO (a), 8VO (b), 18FO (c), 18VO

PP N
RPN
VeSS

3 “7:27“];*’;«4‘,“ % 53
B N ™

SHSL

N

SANT, 4\ BIFRE Y
;'?»“”hqﬁ,ﬂ <.,;‘L7<( ;
R AW e R T

A
i

C&ard -
p RIS P
'*i*-wi d A%

Activity of lipogenic and FA oxidative enzymes

Significant differences were observed only in the relative hepatic activity of Acly,
where fish fed the VO diets had higher activity than those fed FO (Table 5). There was a
high variability in the results and no significant differences were observed in the relative
activity of Hoad or Cptl.

Table 5. Relative activity of lipogenic enzymes (mUl/mg protein) measured in the liver of
Senegalese sole juveniles fed 4 different dietary treatments. Values are shown as means + SD (n =
15 per treatment). Results of 2-way ANOVA analysis in relation to dietary factors lipid level (LL),
lipid source (LS) and their interaction (LLxLS) are also presented.

. P—value
Dietary treatment (2-way ANOVA)
8FO 8VvO 18FO 18VO LL LS LLxLS

Hoad 31.9+1583 34.0+12.76 28.8+13.98 35.7+10.00 0.855 0.240 0.525
Acly 179+921 233+1580 188+10.88 30.1+10.89 0.238 0.014 0.371
Cptl 214+1230 21.4+10.06 253+864 263+15.15 0.169 0.874 0.882
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Figure 2. Lipid droplet accumulation in enterocytes of the posterior intestine in Senegalese sole
juveniles fed dietary treatments differing in lipid source and level of lipid inclusion: 8FO (a), 8VO

Gene expression assessed by RT-gPCR

The expression levels of key genes involved in lipid absorption and metabolism were
measured by RT-gPCR in the intestine and liver of Senegalese sole juveniles before (t0;
Table 6) and 6 h after feeding (t6; Table 7). In the liver, fatty acid synthase (fas) was
down-regulated and cptl up-regulated in fish fed high lipid diets at t0. However, at t6,
cptl expression was marginally higher (p = 0.06) in fish fed the FO diets, while no
changes were observed with regard to LL.

In the intestine, high lipid diets also caused a down-regulation of fas at t0, while at
t6, cptl was the only gene with significant differences in transcript levels, being elevated
only in the 8VO treatment (showing a significant effect of lipid level and lipid source,
but also a significant interaction between the two factors).

Regarding genes related to lipid absorption, cd36 was significantly more expressed in
fish fed low lipid diets at t0, while microsomal trygliceride transfer protein (mtp) was
significantly affected by dietary lipid level, whereas highest mMRNA levels were observed
in the 18VO treatment. At t6, cd36 was significantly affected by lipid level and lipid
source, being more highly expressed in fish fed lower lipid levels and FO diets, hence
resulting in highest MRNA levels in the 8FO treatment.

No significant differences were observed in transcript levels of acox1, fabpl, fabp2a or
apoa4 in relation to any of the dietary factors.
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Table 6. Pre—prandial expression of lipid metabolism and absorption genes in Senegalese sole
juveniles assessed by RT—-qPCR at t0 (after 24 h of fasting) regulated by dietary lipid level (LL;
8% or 18% lipids) and/or source (LS; VO or FO). Values are mean NRQs + SD (n = 6 per
treatment).

p-value (2-way ANOVA)
8FO 8VvO0 18FO 18VO

LL LS LLxLS

Liver
Lipid metabolism

acox1 1.20+040 1.11+£027 094+028 1.09+0.61 0.402 0.863 0.495
fas 340+4.64 222+1.35 0.74+022 0.59+0.33 0.042 0.809 0.609
cptl 0.88+0.38 0.73+021 147+054 1.51+095 0.010 0.832 0.704
Intestine

Lipid absorption

cd36 1.26+038 1.17£0.21 0.99+0.25 0.77+0.21 0.006 0.164 0.567
fabpl 0.87+0.38 1.04+0.18 136+0.54 1.04+045 0.164 0.639 0.158
fabp2a 1.03+£036 1.13+£0.17 0.93+0.28 1.04+0.15 0371 0.335 0.955
mtp 0.93+£0.21 0.94+0.1 0.99+0.13 1.22+0.21 0.026 0.112 0.122
apoa4 094+0.18 098+0.17 1.10£0.30 1.1+032 0.187 0.846 0.800
Lipid metabolism

acoxl 1.10£038 1.01+£031 1.08+0.22 0.95+0.27 0.745 0.385 0.871
fas 1.16+0.33 1.18+0.22 090+0.11 085+0.11 0.003 0.849 0.679
cptl 1.07+£035 1.09+£027 095+0.16 1.02+0.33 0440 0.730 0.812

4. Discussion

Effect of lipid level and source on growth performance

In this study, no significant dietary effects were observed on growth (SGR), although
a strong trend (p = 0.06) suggested that fish fed FO diets grew slightly better than those
fed diets containing 75% VO, irrespective of lipid level. Our results showing no
significant effects of lipid level on growth of sole juveniles were surprising, considering
how an increase in dietary lipid level has been shown to be detrimental to growth
performance in this species (Borges et al., 2009; Mandrioli et al., 2012). It could be
suggested that 8% dietary lipid levels might have already been excessive for sole but this
hypothesis is not supported by a previous study which did not indicate differences in
growth performance between fish fed 4% and 8% lipid diets, while superior growth was
observed in those fed 8% compared to 12% dietary lipids and higher (Borges et al.,
2009). On the other hand, in a study by Borges et al. (2014), growth of juvenile
Senegalese sole was not compromised when substituting dietary FO up to 100% with a
blend of VO (rapeseed, soybean, and linseed oil in a ratio of 3:2:5) at 9% lipid levels.
However, Benitez—Dorta et al. (2013) observed a lower growth performance when sole
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were fed 12% lipid diets formulated exclusively with soybean oil when compared to FO
or linseed oil-based diets. These results suggest that both dietary lipid level and lipid
source are important and the interaction between both factors can determine how much
lipid from a vegetable origin can be included in sole diets without affecting growth.
Furthermore, LNA has been observed to negatively affect fish performance compared to
ALA (Zuo et al., 2015). Hence, it may be possible that soybean oil had a negative effect
on Senegalese sole performance, most likely due to its high LNA content (Benitez—Dorta
et al., 2013). If this was indeed the case, results from Borges et al. (2014) and the present
study (using the same VO blend, but at a 1:1:1 ratio) indicate that if the soybean oil
component is diluted by dietary inclusion of ALA-rich linseed and (to a lesser extent)
rapeseed oil, similar growth performance can be achieved to that of fish fed FO.

Table 7. Post—prandial expression of lipid metabolism and absorption genes in Senegalese sole
juveniles assessed by RT—-gPCR at t6 (6 h after feeding) regulated by dietary lipid level (LL; 8% or
18% lipids) and/or source (LS; VO or FO). Values are mean NRQs = SD (n = 6 per treatment).

p-value (2-way ANOVA)
8FO 8VvOo 18FO 18VO

LL LS LLxLS

Liver
Lipid metabolism

acox1 1.02+0.38 1.06+024 1.14+021 094+029 0.982 0.507 0.305
fas 1.194+£0.69 227+193 0.8+0.63 1.24+1.11 0.167 0.140 0.523
cptl 1.5+0.74 0.81+£0.13 1.25+0.77 096+049 0.849 0.057 0.414
Intestine

Lipid absorption

cd36 1.22+0.18 1.10+£0.22 1.03+0.26 0.77+0.10 0.004 0.030 0.367
fabpl 0.78+0.32 1.15+0.35 1.11+030 1.21+023 0.135 0.073 0.303
fabp2a 094+0.32 1.06+023 1.11+0.16 1.04+038 0521 0.809 0.421
mtp 0.94+0.08 1.00+0.24 1.12+0.10 098+0.12 0.213 0477 0.115

apoad 096+0.16 1.09+0.24 099+040 1.08+0.13 0.938 0.297 0.868
Lipid metabolism

acox1 099+0.18 1.13+0.56 1.13+0.25 094+0.27 0.827 0.860 0.264
fas 1.18+0.45 144+1.03 0.81+0.15 094=+0.14 0.076 0400 0.776
cptl 091+0.38 147+0.23 094+025 091+0.22 0.032 0.031 0.017

Lipid deposition in whole body and specific tissues

In teleosts, lipid stores can generally be found in the muscle, subcutaneous tissue,
liver, head, viscera and other organs (Sheridan, 1988), but the overall proximate lipid
content of the body and preferential sites of lipid deposition vary greatly among species
(as reviewed by Tocher, 2003). In this study, whole—body lipids ranged from 4.1 to 6.4%
WW, similar to what has previously been reported (Borges et al., 2009; Cabral et al.,
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2011; Fernandes et al., 2012a), and were significantly higher in fish fed high lipid diets,
mainly at the expense of protein. According to Fernandes et al. (2012), most of the
whole body lipids in Senegalese sole were located in muscle (31%) and head (8%),
while liver and viscera accounted for only 2% and 1%, respectively. However, even
though muscle adds to total body lipids more than other tissues, it is not considered a
preferential site for fat deposition in this species. Accordingly, no changes in total
muscle lipid levels in response to dietary input were observed in this or previous studies
(Borges et al., 2009; Fernandes et al., 2012b; Valente et al., 2011). On the other hand,
liver is considered the primary tissue for fat deposition in this species (Fernandes et al.,
2012b; Valente et al., 2011) and indeed had the highest total lipid level (4.1-5.8% WW)
of all tissues analyzed in this study, but no significant differences were observed in total
lipid content between treatments, as previously reported by Borges et al. (2009) in
response to varying dietary lipid level. However, other studies with juvenile Senegalese
sole observed significant differences when the dietary lipid/carbohydrate ratio was
increased (Dias et al., 2004), but also when fish were fed higher levels of plant protein
(Fernandes et al., 2012a), where total lipid levels in the liver were around 17.5-30%
WW and 5.5-11% WW, respectively. These high variations in hepatic fat content
indicate that other dietary factors, such as carbohydrate content and protein amino acid
profile, can influence fat accumulation in the liver as much as, or even more, than lipid
levels and fatty acid composition. On the other hand, histological observations of
hepatocytes revealed that, although dietary lipid levels did not affect the fat content in
the liver, fish fed VO had a more compact hepatic parenchyma and significantly larger
surface of tissue occupied by fat deposits compared to those fed FO, similarly to what
was described by Caballero et al. (2002) in the liver of rainbow trout. In our study the
histological method was probably more precise than lipid analysis, which may not have
been able to detect subtle changes in lipid content among different experimental groups.
In spite of a lack of an effect of lipid level on hepatic lipid accumulation, sole fed higher
dietary lipid level had a significantly higher HSI. Although other authors have reported
similar results in response to increases in lipid level (Cabral et al., 2013; Dias et al.,
2004; Rueda-Jasso et al., 2004), it is noteworthy that in our study these differences were
mainly caused by the 18O diet (which also induced the highest VSI). However, an
elevated HSI may also be an indicator of glycogen accumulation and not just increased
lipid reserves (Gaylord and Gatlin, 2000). Moreover, high dietary lipid level was shown
to have a hyperglycaemic effect in Senegalese sole juveniles and has been associated
with significantly higher glycogen content in the liver of this species (Borges et al.,
2014b). Therefore, although carbohydrate composition was not measured specifically in
liver, we cannot exclude the possibility of a greater glycogen accumulation in liver of
sole fed the 18VO diet having at least partly contributed towards the HSI results in our
study, in addition to FA biosynthesis and lipid storage.

More lipids were found in the intestine (60.9 to 135.1 mg 100 g* fish) than in the
liver (41.4 to 74.0 mg 100 g* fish), similarly to what was reported by Borges et al.
(2009), although these are generally considered transient accumulations rather than lipid
deposition (energetic stores) as in liver. These accumulations can be caused by high
dietary lipid content and are suggested to be a temporary storage of re—esterified FA,
rather than products of lipogenesis, in cases when the rate of lipid absorption exceeds the
rate of lipoprotein synthesis (Sheridan, 1988) or because of an inability to metabolize
lipids (Caballero et al., 2006; Kjersvik et al., 1991). Thus, total lipid levels in the
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intestine, as well as accumulation of lipids in the enterocytes were higher in fish fed the
18% lipid diets, irrespective of the lipid source. These accumulations consisted of
numerous large intracellular lipid droplets of up to 16 um in diameter, while fish fed low
lipid diets had no or very few small droplets (~1.5 pm in diameter), similar to what was
observed by Bonvini et al. (2015) in common sole (S. solea).

Effect of dietary lipid level and source on liver metabolism

Lipogenesis in mammals is known to be regulated by dietary lipid level, as well as by
lipid source (Clarke and Jump, 1994; Davidson, 2006; Kim et al., 2004), and good
evidence is also starting to accumulate in fish. Two key lipogenic enzymes were
analyzed in this study, at the transcriptional level (fas) or by determining its activity
(Acly). High lipid diets caused a down-regulation of hepatic fas mRNA levels in fish
that were fasting for 24 h. Similarly, previous studies with fasted Senegalese sole
(Borges et al., 2013b; Dias et al., 2004), channel catfish Ictalurus punctatus (Likimani
and Wilson, 1982), Atlantic salmon Salmo salar (Arnesen et al., 1993), common carp
Cyprinus carpio (Shimeno et al., 1995) and European seabass (Boujard et al., 2004b;
Dias et al., 1998) also showed an inhibition of hepatic lipogenesis by high dietary lipid
levels. However, no differences in fas expression were observed 6 h after a meal,
contrary to previous studies in mammals (Ferramosca et al., 2014; Kelley et al., 1987),
and also some salmonid species (Ducasse—Cabanot et al., 2007; Lin et al., 1977) that
reported an inhibitory effect of high dietary lipid level on lipogenesis during the post—
prandial phase. However, conclusions in these studies were based on the activity of
different lipogenic enzymes, which may be affected differently depending on their
place/role in the pathway and may have temporal differences in activity. In rainbow
trout, for example, Fas activity did not vary between treatments 8 h after feeding, while
acetyl-CoA carboxylase (Acc) did (Ducasse—Cabanot et al., 2007).

When looking at the effects of lipid source, no differences were observed in fas
expression between treatments either pre— or post—prandially. Nevertheless, the hepatic
activity of Acly was lower in fish fed FO diets. These results are partly in agreement
with the general consensus across species that dietary PUFA act on multiple nuclear
receptors and transcription factors to decrease anabolic pathways and increase
catabolism (Davidson, 2006; Jump, 2008). In mammals, the effects of PUFA in
inhibiting the transcription of fas and decreasing lipogenesis in liver have been well
documented (Clarke et al., 1977; Kim et al., 2004). However, studies in fish have been
inconsistent in this respect and this might be explained by the fact that poikilotherms
appear to have poor regulatory mechanisms of lipogenesis (Iritani et al., 1984). Hence,
while no effect of dietary FO substitution by VO has been reported on lipogenesis in
studies with Atlantic salmon (Torstensen et al., 2004), rainbow trout (Richard et al.,
2006a) or European seabass (Richard et al., 2006b), another study reported an inhibitory
effect of dietary FO on hepatic fas mMRNA levels compared to VO-based diets in fasting
Atlantic salmon (Morais et al., 2011). Furthermore, hepatocytes of rainbow trout in vitro
had lower Fas and Acc relative activity when EPA and DHA were added, compared to
LNA, and also reduced Acly activity in response to EPA, but not DHA (Alvarez et al.,
2000). Considering these results, and the reduced amounts of lipid deposits within
hepatocytes from fish fed FO diets, we cannot ignore the potential effect that dietary
LC-PUFA may have on reducing hepatic lipogenesis in this species.



CHAPTER 2 — Lipid metabolism of juveniles 57

In order to undergo p—oxidation, long—chain fatty acyl-CoA enter the mitochondria
and peroxisomes with the aid of carnitine acyltransferase enzymes, which are specific
for each organelle (Derrick and Ramsay, 1989). The mitochondrial cptl gene analyzed in
this study showed significantly higher transcript levels in fasted fish (t0) fed high lipid
levels compared to those fed a low lipid diet — opposite to what was observed for fas.
This is not surprising considering how catabolic pathways are usually regulated in
opposite directions to anabolic pathways to maintain energy homeostasis. For example,
malonyl-CoA, the substrate of Fas in lipogenesis, acts as an inhibitor of Cptl (Kim,
1997). Inside the peroxisome or mitochondria, f—oxidation is catalyzed by enzymes such
as acyl-coA oxidase (Acoxl; peroxisomal) and Hoad. In this study no significant
differences in the activity of Cptl or Hoad enzymes were observed and no differences in
acox1 expression were observed either, at none of the analyzed time points. This, as well
as the lack of significant effects in some of the other parameters measured in this study,
is possibly due to the high variability of the results. While a force feeding method was
used to ensure fish were fed equally (in terms of amount of food and timing of feeding),
it is possible that individual differences in basal metabolism established over the whole
experimental period might have caused these variations. High individual variability in
feeding and metabolism can be typically found in several fish species but might be
exacerbated in Senegalese sole, as a strong hierarchical population structure is
characteristic for this species (Morais et al. 2015). In the liver of fasted juvenile haddock
Melanogrammus aeglefinus, similarly to what was observed here in sole, no difference
in p—oxidation was observed when fish were fed diets varying in lipid content from 12 to
24% (Nanton et al., 2003). However, in rainbow trout, both cptl and acox1 were up—
regulated in the liver of fish fed high lipid diets, but also in diets containing LC-PUFA
compared to medium—chain FA (Figueiredo—Silva et al., 2012a). In sum, similarly to
effects of lipid level or lipid source in lipogenesis, effects on f—oxidation appear to be
more variable in fish species than in mammals, but present results indicate that a high
lipid diet can stimulate import of fatty acyl-CoA’s for mitochondrial oxidation in
Senegalese sole juveniles.

As previously noted, an important metabolism modulating effect has been reported
for dietary LC-PUFA in mammals, acting on multiple nuclear receptors and
transcription factors to coordinately depress anabolism and increase catabolic pathways,
such as B—oxidation (Davidson, 2006; Jump, 2008). Furthermore, in fish, saturated and
monounsaturated fatty acids have been shown to be a preferred substrate over PUFA for
B—oxidation (Henderson, 1996), although, when given in surplus, PUFA are also readily
oxidized (Stubhaug et al., 2007). In this study a strong trend (p = 0.06) for higher cptl
MRNA levels was observed in fish fed FO diets, although only during the post—prandial
phase, possibly because its pre—prandial expression was more strongly influenced by
dietary lipid level. This correlated well with the lower lipid accumulation observed in the
liver of fish fed FO diets. Similarly, in Atlantic salmon, EPA (although not DHA) was
shown to stimulate hepatic p—oxidation (Kjer et al., 2008; Vegusdal et al., 2005), while
in rainbow trout, SFA, MUFA, ALA, ARA and DHA up-regulated, while LNA and
EPA down-regulated cptl expression in vitro(Coccia et al., 2014).
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Effect of dietary lipid level and source on lipid metabolism in the intestine

The liver is generally considered a more relevant organ for lipid metabolism
compared to the intestine (Henderson and Tocher, 1987). Thus, it is not surprising that in
this study fas and cptl mRNA levels were substantially lower in the intestine compared
to the liver, although acoxl expression was comparable in both tissues (based on C;
values; data not shown). On the other hand, the existing data collectively suggests that
some aspects of lipid metabolism in the intestine might be expressed similarly or even
more than in the liver (Fonseca—Madrigal et al., 2006; Tocher et al., 2002), and that this
organ likely has numerous other roles beyond the simple reacylation and packaging of
lipids for transfer into body tissues (Bell et al., 2003; Morais et al., 2012b; Teitelbaum
and Walker, 2001). Still, studies specifically looking at lipid metabolism in fish intestine
are still insufficient. In response to dietary lipid level, pre—prandial expression of fas was
down-regulated in fish fed high lipid diets, similarly to what was observed in liver. Not
much work has been done in similar conditions in fish, but an increase in gene
expression and enzyme activity of the p—oxidation pathway was observed in the intestine
of mice fed high fat diets (Kondo et al., 2006).

On the other hand, the hypotriglyceridemic effect of FO (through increased B—
oxidation and/or reduced lipogenesis) observed in the liver of Seneg