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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Fish meal (FM) and fish oil (FO) replacement as a main challenge for development of

intensive aquaculture

Fish food is a well-balanced source of minerals and highly digestible proteins for human being,
and it accounted for 17% intake of animal protein of global population (FAO, 2020). Besides,
it is the main source of n-3 long chain polyunsaturated fatty acids (n-3 LC-PUFA) that are
important for fetal development (Helland et al., 2003) and contribute to prevent the
cardiovascular diseases (Schmidt ez al., 2000) and non-alcoholic fatty liver disease (NAFLD)
(Oya et al., 2010), among many other properties for human health. Therefore, fish demand by
the consumers is continuously increasing. From 1961 to 2017, the annual growth rate of fish
supplement (3.1%) was nearly twice as much as the growth rate of global population (1.6%)
and higher than that of all other animal protein food (2.1%). In 2018, global fish production
reached 178.5 million tons, of which 45.8% came from aquaculture (FAO, 2020). The global
capture fisheries remain relatively stable since late-1980’s, with small fluctuation among
different years and according to the long-term monitor on accessed marine fish stock, fish
resources are continuously decreasing (FAQ,2020). Due to this stagnant production of fisheries,
aquaculture is taking over the responsibility to provide sufficient safe and sustainable products
to satisfy market demands. In 2018, Aquaculture produced 52% of the fish used for human
consumption, and from 2001 to 2018, the average annual growth rate of global aquaculture
production was 5.3 % annually (FAO, 2020). However, further development of aquaculture is
restricted by the limited availability and increasing prices of fish meal (FM) and fish oil (FO),
traditional protein and lipid sources in aquafeeds that are mostly derived from capture fisheries.
In 2015, the global production of FM and FO was 4.7 million and 856,000 tons, respectively,
of which aquaculture consumed 70% FM and 73% FO production (Green, 2018). However, the
production of FM and FO is gradually decreasing. For example, FM production was 2 million
tons less in 2015 compared with in 1997. Apart from the decrease in supply, the use of FM and
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FO in aquafeed raises the concerns about the contribution of aquaculture to overexploitation of
fisheries resources and the presence of persistent organic pollutant or heavy metals accumulated
in FM or FO (Council, 2011). Therefore, dietary FM and FO need to be replaced by other high
quality and nutritious ingredients with a more economical, environmental and socially
sustainable production.

Plant, animal byproducts, single cell ingredients or insects meal protein sources are often used
to replace the dietary FM (Caballero ef al., 2002; Wang et al., 2016; Rosales et al., 2017,
Rimoldi et al., 2018). Plant protein sources have the advantage of having a large, stable, and
sustainable production, and are widely used to replace dietary FM in aquafeeds. For example,
in the diet of rainbow trout (Oncorhynchus mykiss) juveniles, up to 66% of FM can be replaced
by plant protein sources (Gomes et al., 1995). In the diet of Atlantic salmon (Salmo salar L.),
up to 27% pea protein concentrate or 22% lupin protein concentrate can be added (Carter and
Hauler, 2000). In gilthead seabream (Sparus aurata), a mixture of extruded peas and rapeseed
meal can replace up to 50% FM without affecting the growth rate (Sitja-Bobadilla et al., 2005).
However, at high levels of replacement, the imbalanced amino acid composition and the anti-
nutrient factors present in plant protein sources may impair the growth and digestibility, and
negatively affect immune system of the fish (Vergara ef al., 1996b; Vergara et al., 1996a;
Francis et al., 2001; Caballero et al., 2004; Gomez-Requeni ef al., 2004; Castro et al., 2015).
Moreover, the phospholipid content in plant protein sources is lower than in FM (Council,
2011). High replacement levels of FM by plant proteins also lead to negative effects on the
nutritional value of the fillet including the decrease in n-3 LC-PUFA (De Francesco et al.,
2007). These shortages restrict the further use of plant protein sources in aquafeeds.
Compared to plant protein sources, animal byproducts may contain an amino acid composition
closer to FM and other interesting nutrients like minerals and phospholipids. However, their
nutritional composition differs among ingredients and the policy based on the concern of safety
(Council, 2011), restricting their use in aquafeed. Depending on the source and nutritional value,
20- 40% of FM can be replaced by animal byproducts (Oliva-Teles et al., 2015). Single cell

ingredients like brewer’s yeast have been used in aquaculture since 1990’s with the advantage
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of high protein contents, high level of nucleotides and the absence of anti-nutrient diets (Oliva-
Teles et al., 2015). Meanwhile, they can be used as prebiotics to stimulate the growth of bacteria
in the intestinal tract (Ferreira et al., 2010). However, like the animal byproducts, the quality
of single cell ingredients varies among different manufacturers. In addition, methionine is a
potential limiting amino acid in the use in aquafeed (Oliva-Teles et al., 2015). Insect meal,
especially black solider fly larvae, is getting growing interest in recent years (Kroeckel et al.,
2012), due to the ability of converting food waste to high quality protein (Newton et al., 1977),
but the use is restricted by a limited production.

For certain freshwater species, some vegetable oils can be used as the sole lipid source in diet.
However, for mariculture species, long chain polyunsaturated fatty acids (LC-PUFAs), which
mainly include DHA, eicosapentaenoic acid (20:5n-3, EPA) and arachidonic acid (20:4n-6,
ARA), are essential for growth and FO is the main commercially competitive source of LC-
PUFAs. Oil from oilseed or animal are used in the replacement of dietary FO, but the
insufficient LC-PUFAs content in these resources restricts the replacement level, since the
complete FO replacement leads to decreased the growth performance, reduced nutritional value
of fillet, abnormal liver lipid metabolism, impaired immune system and weakened reproduction
performance in high replacement level (Tocher et al., 2002; Menoyo et al., 2004; 1zquierdo et
al., 2005; Lin and Shiau, 2007; Sink et al., 2010). Compared with the other two types of lipid
sources, microalgae oil may contain abundant LC-PUFA, especially docosahexaenoic acid
(22:6n-3, DHA) (Ryckebosch et al., 2012). Meanwhile, during process of the oil production,
tons of carbon dioxide in atmosphere is fixed by microalgae, making it an environment friendly
process (Doughman et al., 2007). However, the use of microalgae oil is restricted by its high

price compared with FO (Oliva-Teles et al., 2015).

1.2 Importance of LC-PUFA for fish production

LC-PUFAs have many structure and functional roles (Watanabe, 1993; Calder, 2012). For
example, they are critical components of cell and organelle membranes (Wassall and Stillwell,
2008) and their derivates, like eicosanoids and docosanoids, participate in the cell signaling
procedure (Gill and Valivety, 1997). In fish, LC-PUFA are essential fatty acid that is
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compulsory for the growth (Peng et al., 2014a), brain and immune system development and
homeostasis maintenance (Menoyo et al., 2004; Torrecillas et al., 2017b).

Like mammals, the ability of synthesize the LC-PUFA de novo in fish is absent because they
lack n-12 and n-15 desaturases which are only present in some plants or invertebrates.
Therefore, either LC-PUFAs or their 18C precursors are required in fish feeds. The biosynthesis
of LC-PUFA is catalyzed by a set of desaturases and elongases (Figure 1). ARA is synthetized
from linoleic acid (LNA), whereas EPA and DHA are obtained from a-linolenic acid (ALA).
Comparing with freshwater fish or euryhaline fish, marine fish have a lower ability to
synthesize LC-PUFA from their 18C precursors (Dong et al., 2017). The reason could be partly
related to with the environment, since the food for marine fish contains sufficient LC-PUFA,
originally produced by phytoplankton, marine fish do not need the enzymes to produce them,
losing the capacity of synthesis of LC-PUFA (Sargent et al., 2003).

Figure 1.1 Pathway of >C18 PUFA (polyunsaturated fatty acids) biosynthesis (adapt from Oboh
et al. (2017) and Bond et al. (2016))

18:3n-3 18:2n-6
Elovl Elovl
——————— A6 Fads2 ———
20:3n-3 18:4n-3 18:3n-6 20:2n-6
Elovl 5
\ 4 \ 4
A8 Fads2 A8 Fads2
20:4n-3 20:3n-6
A5 Fads2
20:5n-3 (EPA) 20:4n-6
Elovi2, 5
\4 \4
A4 Fads2 A4 Fads2
22:6n-3 (DHA) 22:5n-3 22:4n-6 22:5n-6
R-oxidation Elovi2, 4 R-oxidation
A6 Fads2 A6 Fads2
24:6n-3 24:5n-3 24:4n-6 24:5n-6

Traditionally, FO is the main source of LC-PUFAs in the aquafeeds. Other plant lipid sources
used in the replacement of dietary FO lack LC-PUFA but are abundant in the precursors, 18C

PUFAs. Therefore, the replacement level of FO for each fish species highly depends on its the
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ability of LC-PUFA biosynthesis. Generally, the use of FO by alternative plant lipid sources is
higher in diets for freshwater for than in diets for marine species. For example, the content of
FO is 0-2% in the diet of Chinese carp diets, in contrast to the 1-15% FO in marine fish species
diets (Tacon and Metian, 2008). Therefore, a higher proportion of FO could be replaced if the
fish ability to synthetize LC-PUFA is increased.

Different strategies may enhance the ability of fish to synthesize the LC-PUFA, such as the
regulation of certain environmental factors. For instance, reduction in salinity may increase the
ability of fish to synthesize DHA from ALA and up-regulate the expression of hepatic fatty
acyl desaturase 2 (fads2), as it occurs in white-spotted rabbit fish (Siganus canaliculatus) (Li
et al., 2008) or in puye (Dantagnan et al., 2010). Temperature may regulate n-3 LC-PUFA
biosynthesis capacity, as occurs in pound loach (Misgurnus anguillicaudatus) that fish raised
in 4 °C contained higher EPA/ALA ratio with the increase of genes related with lipid
metabolism like sterol-regulator element binding protein 1 (srebpl), carnitine
palmitoyltransferase 1 (cptl) compared to fish raise at 28 °C (Chen et al., 2018).

Insufficient ability of LC-PUFA synthesis is also related with the very limited activity of Fads2
(Li et al., 2014) in marine species. Fads2 is a speed-limited enzyme in LC-PUFA biosynthesis,
the function of which is catalyzing the ALA or LNA to 18:4n-3 or 18:3n-6, respectively, and
from 24:4n-6 to 24:5n-6 or from 24:5n-3 to 24:6n-3 (Vagner and Santigosa, 2011). For
example, the activity of Fads2 in cod (Gadus morhua L) is lower than in Atlantic salmon
(Tocher et al., 2006). The missing SP-1 binding site of fads2 in cod compared with Atlantic
salmon can be one of the reasons of the activity difference (Zheng et al., 2009). Apart from the
difference between species, fads2 can also be regulated by nutritional factor. Increased fads2
expression or Fads2 desaturase products are found when fish is fed with FO replacement diet
in many species (Bell et al., 2002; Seiliez et al., 2003; Xu et al., 2014; Gregory et al., 2016),
so it is possible to use nutritional factor as a tool to produce fish which can better ability of LC-

PUFA synthesis.

1.3 Nutritional programing

A common strategy employed by nature that allows the adaptation of the organism metabolism
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to the environmental conditions is nutritional programming. Nutritional programming refers to
the outcome in an animal that receives a nutritional stimulus at critical periods of its
development, like pre- or postnatal stages (Lucas, 1994). A well-known example can be found
in honeybees that can become a fertile queen or a sterile worker through the consumption of
royal jelly (Kucharski et al., 2008). In mice, malnutrition during both pre- or postnatal periods
leads to the nutritional programming of lipid metabolism causing long-term reduction of plasma
cholesterol, HDL-cholesterol and triacylglycerol (Lucas et al., 1996). In human mothers
exposed to famine, the offspring develop impaired glucose, decreased lung function, increased
atherogenic lipid profile, more obesity and three-fold increased coronary heart disease (Painter
et al., 2005). More specifically, the supplement of n-3 LC-PUFA during pregnancy and
lactation improved the score in K-ABC test (Helland et al., 2003). Similarly, in fish, nutritional
stimulus during reproduction by feeding broodstock with different dietary fatty acid profiles,
markedly affects lipid metabolism and growth of the progeny (Izquierdo et al., 2015). For
instance, feeding gilthead sea bream (Sparus aurata) broodstock with diets containing partial
replacement of FO by linseed oil (LO), low in n-3 LC-PUFA but high in their ALA precursor,
up-regulated fads2 expression and growth in the progeny (Izquierdo et al., 2015). Moreover,
when the 4-month-old progeny were fed a low FM and FO diet, those fish from parents fed
partial FO replacement by LO showed improved growth and feed utilization (Izquierdo ef al.,
2015). Indeed, broodstock feeding exerts a very long-term effect in the progeny and
replacement of FO by LO in parental diets, in combination to juvenile feeding with low-FM
and low-FO diets, markedly improves 16-month-old offspring growth and feed utilization
(Turkmen et al., 2017a). These studies demonstrated that it is possible to improve the ability of
marine fish to use low FM and low FO diets by nutritional programing though broodstock
feeding. Similarly, exposure to a vegetable-based diet in early life of Atlantic salmon improves
growth performance and feed efficiency later in life when fish are fed a low FO and FM diet
(Clarkson et al., 2017).

The improved growth performance caused by nutritional programming due to the replacement

of dietary FM/FO by alternative protein or lipid sources can be explained by ‘Barker hypothesis’
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that malnutrition leads to sparing of growth of key tissues and the fetus programmed its
metabolism to be thrifty (Edwards, 2017). When facing a malnourishment situation, the fetus
limits the growth or function of the organs that are not essential to immediate survival or adopts
a state of insulin resistance, crucial glucose or other limited energy supplies for the development
of organs essential for the survival like heart and brain (Edwards, 2017). These changes at
molecular, cellular and tissue levels, increase the survival of the fetus and later life stages when
submitted to a malnourishment situation. For instance, the European sea bass (Dicentrarchus
labrax) juveniles programmed by a low n-3 LC-PUFA content diet fed from first exogenous
feeding to 45-day-old showed a higher DHA content in polar lipid and a higher expression of
fads2 when challenged at day 151-181 with a n-3 PUFA deprived diet (Vagner ef al., 2007).
These results suggested that fish subjected to low n-3 LC-PUFA in early stages are prepared
for the upcoming deprived n-3 LC-PUFA diet. Similarly, the programming with dietary
vegetable oil (VO) during spawning season led to molecular adaptations in the larvae progeny
by up-regulating lipid metabolism- and health- related genes, such as cycloxigenase-2 (cox2)
and tumor necrosis factor-alpha (tnf-a), lipoprotein lipase (Ip/), carnitin palmitoil transferase 1

(cptl) and elongase 6 (elovi6) (Turkmen et al., 2017a).

1.4 Epigenetics mechanisms

Epigenetics are “the transmittable changes in gene “off-on” states through modulation of
chromatin, which is not brought about by changes in the DNA sequence” (Allis ef al., 2008).
Epigenetic mechanisms include the DNA methylation, post-transcriptional histone
modification, chromatin remodeling and none coding RNA.

DNA methylation is the modification that coverts cytosine by the addition of a methyl group to
5-methylcytocine in DNA template, which is one of the prime epigenetic mechanisms
associated with gene repression (Allis et al., 2008). DNA methylation is widely involved in the
effects of nutritional programming (Heijmans ef al., 2008; Kucharski et al., 2008; Hoile et al.,
2013; Niculescu et al., 2013). For instance, DNA methyltransferase3, a gene that regulates the
methylation status of CpG region, was involved in the effect of royal jelly on honeybee

(Kucharski et al., 2008). Dietary genistein in utero at the level of 250 mg/kg enhanced early
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establishment of DNA methylation at the CpG sites in the promotor region of A™ intracisternal
A particle upstream of transcription start site of the Agouti gene of 4™ mouse and this difference
of DNA methylation level led to a change in coat color (Dolinoy et al., 2006). DNA methylation
is also associated with the effect of nutritional programming on lipid metabolism. Methylation
of the CpG sites in the promoter region of fads2 of adult offspring are regulated by parental
dietary lipid level and a negative correlation is reported between the methylation of a CpG site
and the hepatic fads2 expression (Hoile et al., 2013). The research on the relation of nutritional
programming with DNA methylation remains scarce. A global hypomethylation was found in
the gilthead seabream fed with soybean meal in early feeding when the soybean meal diet was
removed (Perera and Yufera, 2017).

Besides DNA methylation, microRNA (miRNA) which belongs to noncoding RNA with a
length between 21-23 nt, in combination with Argonaute protein 2, leads to the decay or
transcriptional repression of target mRNA (Best ef al., 2018). MiRNA plays important roles in
tissue-specific differentiation (Kloosterman et al., 2007; Laudadio ef al., 2012; Latimer ef al.,
2017) and homeostasis of fish (Mennigen et al., 2014). The changes of gene expression
regulated by nutritional programming are also associated with the participation of miRNA. In
mice, when the parents are fed with a high fat diet, 5.7% of 579 miRNA were regulated in the
offspring, including miRNAs related with developmental timing and lipid oxidation (Zhang et
al., 2009). Besides, also in mice, maternal protein restriction leads to an increase of miR-375
and the down-regulation in two target genes PdI-1 and myotrophin in the 3-month-old offspring
mouse, together with the diminished insulin secretion that lead to a glucose intolerance
(Dumortier et al., 2014). However, to our knowledge, the information of the connection of

miRNA and nutritional programming between generation in fish remains unknown.

1.5. Gilthead sea bream as a model for nutritional programming studies

Gilthead seabream was chosen as the model for nutritional programming studies in this thesis.
It is a euryhaline species widely distributed throughout Mediterranean, and from British Isles
to Cape Verde including occasionally the Canary Islands. Meanwhile, it is a high prized food
in the Mediterranean and eastern Atlantic and is widely cultured in Turkey, Greece, Spain and
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Italy. In Spain, gilthead seabream is the second largest aquaculture species with the production

of 13.740 tons, occupied 21.2% of total aquaculture production in 2016. In the same year, the

production in Europe and worldwide was 160.563 and 185.980 tons respectively (Source:

Federation of European Aquaculture Producers and FAO FishStat).

Using fish as a model for nutritional programming studies present several advantages

comparing with mammals including:

(M

2

Their high batch fecundity makes it easy to obtain a large sample size with the same
genotype.

Lecithotrophic embryogenesis and organogenesis allows that the embryo receives
nutrition only from yolk avoids the effects brought by maternal nutrients, hormone and

metabolism during gestation and lactation (Hou and Fuiman, 2019).

Specifically, using gilthead seabream has some advantages such as:

(M

2

3)

“)

Being a multi-batch spawner allows to follow the effect of nutritional programming
multiple times during spawning season.

1t is possible to modify the egg fatty acid composition in egg through broodstock dietary
fatty acids profiles in only three weeks (Fernandez-Palacios et al., 1995), whereas the
spawning season lasts 3 months. Therefore, the nutritional programming can be tested
several times during spawning season. In other species, such as salmonids, the
vitellogenesis periods are longer and it may take months to change the egg fatty acid
profiles (Fernandez-Palacios et al., 2011).

There is previous information confirming the efficacy of nutritional programing and
the optimum timing for this species has been previously determined. These studies
show that the response of offspring fed low FM and low FO diets can be regulated by
parental programming during spawning season (Izquierdo et al., 2015; Turkmen et al.,
2017a), whereas programming during early larval stages leads to low survival rate
(Turkmen et al., 2017b).

Nutritional programming with broodstock diets high in vegetable oil (VO) allows to

improve the growth of offspring juvenile challenged with low FM and low FO diet



(Izquierdo et al., 2015) and this programming effects lasts in the offspring juveniles
(Turkmen et al., 2017a).
However, a series of shortages constrain the use of gilthead seabream as a model for nutritional
programming studies:
(1) The wide genetic variety among the individuals, which increases the difficulties on
looking into the mechanisms brought by nutritional programming (National Research
Council, 2011);
(2) The sensitivity of embryogenesis to environmental factors that may interfere with
nutritional programming (Hou and Fuiman, 2019).
Finally, despite there is some basic information about the nutritional programming of gilthead
sea bream through broodstock diets, there are still some lack of knowledge that is necessary to
fill in order design practical nutritional programming protocols for this species, among them:
(1) Tt is yet unknown if FM replacement in broodstock diets would allow nutritional
programming of gilthead seabream.
(2) The epigenetic mechanisms involved in nutritional programming of gilthead
seabream are not sufficiently clarified.
(3) There is no clear information about the influence of the broodstock ability to

synthetize LC-PUFA on the progeny obtained from this broodstock.

1.6 Objectives

The massive use of the FM and FO in aquatic feed animals, especially in mariculture, restricts
the further development of an economical and sustainable aquaculture industry. Dietary FM
and FO needs to be replaced by other ingredients. However, FM and FO are the main protein
and lipid source of diet. The replacement may lead to unbalances in amino acids, fatty acids,
minerals and vitamins, and bring in the anti-nutritional factors, which will negatively affect the
growth performance and the health of the fish. The hypothesis of this thesis is that nutritional
programming can be a tool to improve the use of low FM and low FO diet of aquaculture fish.

However, previous studies were focused on using VO for nutritional programming and the
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vegetable oil used contained linseed oil that is easy to be oxidized, so in this study, we aimed
to determine:
(1)  the effect of FM replacement by vegetable meals (VM) alone or in combination with
FO replacement by VO in broodstock diets for gilthead sea bream as a nutritional tool to
modify gene expression and improve utilization of low FM and low VO contain diets in the
progeny (Chapter 3),
(2)  the change of fads2 expression during embryogenesis and determining the effect of
broodstock fads2 expression and the diet consumed during spawning season on the fads?2
expression in the eggs produced (Chapter 4),
(3) the combined effect of broodstock nutritional programming through FO replacement
by RO during the spawning season or broodstock fads2 expression on the offspring juvenile
utilization of low FM and low FO content diet (Chapter 5),
(4) the long-term effect of broodstock nutritional programming through FO replacement
by RO during spawning season on the offspring juvenile performance under nutritional
challenge test and the modification of hepatic genes and miRNA expression (Chapter 6),
(5) the long-term effect of broodstock fads? expression on the offspring juvenile
performance under nutritional challenge test and the modification of hepatic genes and
miRNA expression (Chapter 7),
(6) the effect of nutritional status in different stages of gilthead sea bream on the

performance under nutritional challenge test.
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Chapter 2 Materials and methods

Chapter 2

Materials and methods

2.1 General design

The general design of the trials conducted in this thesis included the nutritional programming
of the gilthead seabream broodstock, belonging to the Grupo de Investigacion en Acuicultura
(GIA) from the ECOAQUA Institute (ULPGC, Telde, Spain), by feeding with programming
diets containing vegetable ingredients during spawning season for at least one month. After this
period, eggs were collected, and the offspring were produced separately following common
commercial protocols until they reached the desired size in each trial. Then, they were
challenged with a diet low in FM and FO for the determination of their growth performance

(Figure 2.1).

Figure 2.1 Schematic view of experimental design
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2.2 Diet production

2.2.1 Diet in stimulus stage

Three months before the spawning season, the broodstock used in Chapters 4 to 7 were fed with
diet contained 5% FM and 3% FO for one month. Soya protein concentrates, corn gluten, wheat

gluten and rapeseed meal were used to replace dietary FM and the mixture of RO, linseed oil
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(LO) and palm oil (PO) was used to replace dietary FO. Diet was produced by BioMar (Brande,

Denmark).

Table 2.1 Diet formulation for broodstock stimulus

Ingredients (%)

Fish meal' 5.0
Blood meal (spray-dried)’ 7.0
Soya protein concentrate® 20.0
Corn gluten meal* 22.0
Wheat gluten* 5.5
Rapeseed meal® 11.3
Wheat® 6.9
Fish oil’ 3.0
Rapeseed oil® 5.2
Linseed oil® 2.6
Palm oil* 5.2
Supplemented ingredients’ 5.5
Vitamin and mineral premix'’ 0.8
Antioxidant' 0.05
Yttrium oxide 0.03
Proximate analysis (% DM)

Protein 46.6
Lipids 24.0
Ash 5.4

1South-American, Superprime — Feed Service Bremen, Germany,2Daka, Denmark, 3Svane Shipping, Denmark, 4Cargill, Netherlands, SEmmelev, Denmark, 6Hedegaard,
Denmark, 7South American fish oil, LDN Fish Oil, Denmark, 8Ch. Daudruy, France, 9Contains lysine, methionine, monocalcium phosphate, choline, inositol, phospholipids
(Emulthin G35). Vilomix (Denmark), Evonik Industries (Germany), P6hner (Germany), 10Supplied the following vitamins (mg/kg): A 3.8, D 0.05, E 102.4, K3 9.8, B1 2.7,
B2 8.3, B6 4.8, B12 0.25, B3 24.8, B5 17.2, folic acid 2.8, H 0.14, C 80; minerals (mg/kg): cobalt 0.94, iodine 0.7, selenium 0.2, iron 32.6. manganese 12, copper 3.2, zinc 67;
other (g/kg): taurine 2.45, methionine 0.5, histidine 1.36, cholesterol 1.13. DSM, (Netherlands), Evonik Industries (Germany), Deutsche Lanolin Gesellschaft (Germany),
11BAROX BECP, Ethoxyquin, Vilomix (Denmark)

2.2.2 Broodstock nutritional conditioning diet

In Chapter 3, three isoproteic and isolipidic diets were formulated to contain approximately 55%
protein, 20% lipid and 5% ash (% dry weight). Three diets were formulated to contain different
replacement level of FM or FO by vegetable ingredient. Diets were produced by BioMar.

In Chapter 4-7, broodstock with high (H) or low (L) fads2 expression in blood were fed either
with a diet rich in FO or rich in RO during the spawning season (Ferosekhan et al., 2020b).
Compared with FO diet, diet RO was rich in 18C PUFA, including 18:1n-9, 18:2n-6 and 18:3n-

3. Diets were provided by Skretting ARC (Stavanger, Norway).

2.2.3 Challenge diet

For the challenge test in Chapter 3, offspring juveniles from broodstock fed three different diets
were challenged by feeding them either a control diet (20% FM and 6% FO) or a challenge diet
with low marine-orient materials (5% FM and 3% FO). Diets were isoenergetic, isonitrogenous

and contained 45% protein, 22% lipid (% dry weight) and produced by BioMar.
14
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For the challenge tests in Chapter 5-7, offspring juveniles, were fed by diet contained 7.5% FM
and 0% FO. Challenge diet was produced by Skretting ARC.
Formulation, proximate contents, and fatty acid composition of challenge diets were described

in each chapter.
2.3 Broodstock maintenance

In the verge of spawning season, the gilthead seabream broodfish of the same origin were
maintained in a 40 m’ circular tank with 600% water exchange rate and nature photoperiod.
Each broodstock from this pool was pit-tagged (EID Iberica SA-TROVAN, Madrid, Spain) for
identification, and its gender determined by a gentle abdominal massage to identify males that
were spermiating. Then, the broodfish were distributed with a ratio of 2:1 male:female into the
different experimental 1000 L tanks, fed a commercial diet (Europa Turbot 18, Skretting,
Spain), and their spawning quality analysed for 1 month to ensure that there were no significant
differences among the different broodstock groups. After this period, broodstock were fed the
respective nutritional programming diet, broodstock were fed the respective nutritional
programming diet, according to the different studies conducted, at the rate of 1% fish biomass.
Broodstock were fed two times per day (9:00 and 14:00 h). Seawater temperature was in the
range of 18-22 °C and fish were kept under natural photoperiod (approximately 12 h light).

Spontaneously spawned eggs obtain from each experimental broodstock were collected six
times per week during the broodstock feeding. Spawning performance was evaluated based on
total number of egg produced, number of fertilized eggs, viable egg at 24 hours after spawning,
hatched out eggs and the survival rate of larvae 3 days after the hatch (Fernandez-Palacios et
al., 1995). Firstly, eggs from each spawning were collected into a 5 litres beaker with strong
aeration. From this pool of eggs, 3 randomized 5 mL samples were placed in bogorov chamber
and counted under binocular microscope for the total number of eggs produced and the number
of nonfertilized eggs. Then randomly chosen eggs were transfer to three 96-well microplates
(VWR, West Chester, USA) each tank with the density of 1 egg per well in which contained
250 uL of sterilized seawater. These microplates were incubated at 19°C. The egg viability was

determined when the egg showed a transparent, perfectly spherical with clear, symmetrically
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early cleavages. Total number of hatched eggs and survived larvae was also determined based
on the hatching rate and larval survival rate of these samples.

In chapter 4 to 7, before entering spawning season, broodstock were first selected based on
their fads2 expression in peripheral blood. Before the selection, 71 2-year-old males and 114
4-year-old females broodstock were fed a diet contained 5% FM and 3% FO that was low in
LC-PUFA but high in 18C fatty acids to stimulus LC-PUFA biosynthesis and the expression
of related genes (Table 2.1). After one month of feeding, broodstock were fast for 24 hours and
their blood was extracted and centrifuge at 3000 g for 15 min at 4°C. Blood cells were separated
for the fads2 expression analysis. Caudal fin with the size around 0.5x0.2 cm was taken from

each breeder and stored in 75% ethanol.

2.4 Egg incubation and sampling for embryogenesis studies

After programming on broodstock for one month that was described in 2.2, eggs were collected
from 6 breeders with relatively high fads2 expression and 6 breeders with relatively low fads2
expression fed with diet containing 20% FO and 80% rapeseed oil of total lipid, and 3 breeders
with relatively low fads2 expression were fed with diet containing FO as the only lipid source,
separately into 500 L tank. Eggs or larvae samples from each spawning were culture separately
in 500 L incubators and were taken at the stage of spawning (0 hour post spawning [hps]),
morula (4 hps), high blastula (6 hps), gastrula (10 hps), neurula (16 hps), heart appearance (30
hps), hatch (53 hps) and 3 day after hatch (125 hps) according to the description in (Kamaci et
al., 2005). Samples were washed by diethyl pyrocarbonate (DEPC) water and taken into
RNAlater (MilliporeSigma, Darmstadt, Germany), incubated at 4 °C overnight and then stored

in -80 °C until analysis.

2.5 Offspring production

2.5.1 Larvae production

Larvae were produced using the protocols established in EcoAqua Institute facilities, following
commercial procedures. Fertilized eggs were stocked into 2000 L tanks at a density of 100

eggs/L for larval production. Sand filtered; UV-sterilized seawater flow was progressively
16



Chapter 2 Materials and methods

increased from 10 to 40% per h until larvae reached 46 days after hatching (dah). Water was
continuously aerated at 125 mL/min; a 1500-3500 1x 12 h single central light (TLD 36 W/54,
Philips, Amsterdam, Netherlands) photoperiod was provided and living phytoplankton
(Nannochloropsis sp.) (250 £+ 100 x 10° cells/mL) was added to the rearing tanks. In each tank
water temperature and pH were daily recorded. Regarding feeding, from 3-32 dah, larvae were
fed twice a day with rotifers (Brachionus plicatilis) enriched with ORI-GREEN (Skretting) at
5-10 rotifers/mL. From 15-17 dah, larvae were fed Artemia sp. enriched with ORI-GREEN
(Skretting), which was added three times a day. From 20 dah, larvae were fed commercial

weaning diets (Gemma Micro, Skretting).

2.5.2 Juvenile production

After the larval stage, post-larvae were transferred into 8000 L pre-weaning tanks. Fish were
fed with corresponding commercial diets of increased diameter depending on fish size. Fish
were regularly sized and graded to avoid cannibalism and to select the appropriate feed size.

When fish reached around 2 g, they were transferred to 1000 L flow-through tanks in triplicates.

2.6 Offspring challenge test

Once the offspring obtained from different broodstock groups reached desired size, they were
selected based on their average weight and randomly distributed into the experimental tanks
(250 L) for the challenge trial to determine the potential effect of nutritional programming or
broodstock selection for high fads2 expression.

Offspring from broodstock fed the different diets were challenged by feeding them the
corresponding low FM and low FO challenge diet as described in each trial. During the feeding
trails, juveniles with initial weight around 2-3g were fed to apparent satiation 4 times per day
(8:30, 10:30, 13:30 and 16:30) until fish body weight was triplicated, and juveniles with initial
weight more than 50g were fed to satiation 3 times per day (8:30, 11:30, 14:30) for 74 days.
Tanks were provided with 200 L/h seawater at 21-23°C and strong aeration. Tanks were
illuminated by fluorescent lights placed above the tank with a light intensity of 100 Ix,
programmed for 12h light photoperiod (from 8 a.m. to 8 p.m.).
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2.7 Growth and feed utilization monitoring

Growth, in terms of standard length (cm) and whole-body weight (g), was recorded in the

different trials at different periods according to the experimental design, but always at the

beginning and at the end of the trial by measuring and weighting all fish individually.

Throughout the experiments, feed intake per replicate was recorded. To calculate feed intake,

feed delivery was daily determined, and uneaten pellets were collected in a net by opening

water outlet 30 min after each meal, dried in an oven for 24 h and weighed. At the end of the

trials, productive parameters were calculated including mortality, specific growth rate (SGR),

feed conversion ratio (FCR), weight gain (WG), feed intake (FI), biological feed conversion

ratio (FCR), hepatosomatic index (HSI), viscerosomatic index (VSI) using the following

formulate:

= Mortality (%) = 100 x (n°® dead fish/ n° total fish)

= Weight gain (WG, g) = final body weight (BW,) — initial body weight (BW.)

= Specific growth rate (SGR, % day) = 100* (In BW — In BW,) / n°® days, where BW.: initial
body weight (g) and BW.: final body weight (g)

=  Feed intake (FI, g fish-day-) = Feed delivered / (n° of fish*n° days)

=  Biological feed conversion ratio (FCR) = Feed delivered (t. —t,) / (Biomass t, — Biomass t.
+ Biomass ... + Biomass ..), where t.: initial biomass (g) and t.: final biomass (g)

=  Hepatosomatic index (HSI) = 100 x Liver weight (g) / Body weight (g)

= Viscerosomatic index (VSI) =100 x Visceral weight (g) / Body weight (g)

2.8 Sampling procedures

Before sampling, all fish were submitted to 24 h fasting. During samplings fish were caught
and introduced into an anaesthetic tank containing clove oil (2ml/100L) (Guinama S.L.U.,
Spain) to reduce stress and improve handling. Those fish that were meant to be returned to the
tanks were recovered in a tank with abundant aeration and water flow until symptoms of

recovery appeared (recuperation of verticality and sense of equilibrium, normal movement and
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response to external stimuli). At the beginning and end of challenge trials, fish from each tank
were weighted individually, and 3-5 fish were painlessly killed by immersion in seawater
containing 10 ppm clove oil and stored directed at -80 °C for whole body biochemistry analysis.
At the end of the trial, visceral mass and livers of 5 fish per tank were weighted for the
calculation of HSI and VSI, and then livers, left epaxial muscle from these 5 fish were collected
for biochemical analysis. At the same time, approximately 200 mg liver or muscle from 3-5
fish per tank were pooled and collected into 2 mL microcentrifuge tube (VWR) filled with
1.5mL RNAlater (MilliporeSigma) for molecular study. Samples in RNAlater were kept at 4 °C
overnight and then stored at -80 °C until analysis. Livers of 5 fish per tank were sampled and

stock in 4% formalin (VWR) at room temperature for histologic study.

2.9 Biochemical analysis

Samples for biochemical analysis were collected into a plastic bag, avoiding the presence of
air, and stored at -80 °C until analysed. Samples were homogenized immediately prior to

analyses.

2.9.1 Moisture

Moisture the samples was determined by measuring the constant weight of the samples at
110°C in the oven according to the description in A.O.A.C (Horwitz, 2002). Briefly, weighting
bottles were put into 110 °C to constant weight. Then 0.5-2 g of samples were put into the
weighting bottle and their total weight were measured. The weighting bottles with sample were
dried at 110°C overnight to constant weight at room temperature.

Moisture%= 100 x (Weight sample+ weighting bottle — WeEIZht weighting bottle) + (We1ght sample+ weighting bottle

— Welght dried sample+ weighting bottle)
2.9.2 Protein

Protein contents were determined according A.O.A.C. (Horwitz, 2002). After the digestion of
the sample (between 200 - 500 mg, depending on sample size from different tissues) with
Kjeldahl tablets (Catalyst with 1.5 % CuSOs - SH,O and 2 % Se) (Panreac, Barcelona, Spain)

concentrated sulphuric acid (VWR) at a temperature of 400°C. Then total nitrogen content from
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the samples were determined by Kjeltec 8100 (FOSS, Hillerad, Denmark) and back titrated by
0.1mol/L HCI.

Protein%=100 X ((Volume Hci samples — VOlume gciviank) * 0.1x 14.007x 6.25) + Weight sample

2.9.3 Lipids

Lipids were extracted with chloroform/methanol (2:1 v/v) (Folch et al., 1957). Approximately
100 mg of samples were weighted and homogenized in an UltraTurrax (T25 digital Ultra Turrax,
IKA, Konigswinter, Germany) during 5 min in a solution of 5 mL of chloroform: methanol (2:1)
with 0.01% of butylated hydroxytoluene (BHT) (VMR). After the homogenization, 5 mL of
chloroform: methanol with 0.01% BHT was added to clean the remains on the machine. For
increasing the water phase polarity, 0.88% KCI was added and the resulting solution was
filtered by gravimetric pressure through glass wool. After centrifugation at 622 xg during 5
min, the watery and organic phases were separated. Once the watery phase was eliminated, the
solvent was dried under nitrogen atmosphere and subsequently total lipids weighted.

Lipid% = 100 x (Weight ripia = Weight sampie)
2.9.4 Fatty acid composition

In order to measure the fatty acid composition of samples, the lipids extracted from last step
were transmethylated to obtain fatty acid methyl esters (FAMES) (Christie, 1982). Maximum
80 mg of total lipids were mixed with 1 mL of toluene with 50 mg/L BHT. The reaction was
conducted in dark conditions under nitrogen atmosphere for 16 h at 50°C. Afterwards, FAMES
were extracted with hexane:diethyl ether (1:1, v/v) and purified by adsorption chromatography
on NH; Sep-pack cartridges (Waters S.A., Massachussets, USA). FAMES were separated by
Gas-Liquid Chromatography (GLC) (Agilent 7820A, CA, USA) in a Supercolvax-10-fused
silica capillary column (length:30 mm, internal diameter: 0.32 mm, Supelco, Bellefonte, USA)
using helium as a carrier gas. Column temperature was 180°C for the first 10 min, increasing
to 215 °C at a rate of 2.5 °C min™ and then held at 215 °C for 10 min, following the conditions

described in (Izquierdo, 1989). Fatty acid methyl esters were quantified by Flame ionization

20



Chapter 2 Materials and methods

detector (FIED) and identified by comparison with external standards and well-characterized

FO (EPA 28, Nippai, Ltd. Tokyo, Japan).

2.9.5 Ash

Ash was measured based on dry ashing method (Horwitz, 2002) by putting 0.5-2 g sample at
600°C overnight (Carbolite, Sheffield, U.K.).
Ash% = 100 x (Welght total weight after drying — Welght ceramic crucible) - (Welght sample+ceramic crucible —

Welght ceramic crucible)

2.10 Histological studies

The livers of 5 fish per tank were sampled and stock in 4% formalin. Dehydration of the samples
was carried out using a Histokinette 2000 (Leica, Nussloch, Germany) with gradually
increasing alcohol grades beginning with 70° and ending with 100°, being the last two steps
xylene and paraffin (MilliporeSigma). This process substitutes water and fat from the tissues,
allowing the staining of the sample. After embedded in paraffin wax, blocks were made and cut
with a Leica microtome (Jung Autocut 2055; Leica) in 4 um sections, which were placed in
slides and stained with haematoxylin and eosin (H&E) (Panreac) (Martoja et al., 1970). Slides
were studied and photos were taken by a light microscope (CX41, Olympus, Tokyo, Japan).
Area, length of long and short axis of 60 hepatocyte per tank were analysed with /magePro

plus 6.0 (Media Cybenetics, Rockville, USA).

2.11 Molecular studies

2.11.1 RNA extraction

RNA from 200 mg sample was extracted using TRI Reagent (Sigma, U.S.A) and RNeasy kit
(Qiagen, Hilden, Germany). RNAlater was removed from the samples before extraction. Egg
sample was squeezed in tube for breaking chorion. Then each sample was weighted and 1 mL
TRI Reagent with 1 steel bead was added. Then the sample was homogenized in TissueLyser
11 (Qiagen) at 30 Hz for 30 s and centrifuged at 13 000 xg for 1min. All the liquid phase was

transferred to a new 1.5 mL tube and 300 uL of chloroform (MilliporeSigma) was added and

21



mixed. The mixture was centrifuged at 12 000 xg for 15 mins. The transparent phase was
isolated and mixed with same volume of 70% ethanol. The mixture was loaded to RNeasy mini
spin column and washed by RW1 and RPE offered in the kit according to the instruction of
manufacturer. Concentrated RNA was eluted in 30 uL of RNase free water. RNA quality was
checked by 1.4% agarose electrophoresis and quantity was measured by NanoDrop™ 1000
(ThermoFisher, Waltham, USA.). 1000 ng of RNA per sample was used for cDNA synthesis
through iScript cDNA synthesis kit (Bio-rad, Hercules, U.S.A.) in iCycler (Bio-Rad). The
expression of key enzymes related with growth and lipid metabolism were determined using the

primers listed in Table 2-8.

2.11.2 Droplet Digital PCR

Droplet Digital PCR was conducted in QX200™ Droplet Digital™ PCR System (Bio-rad). The
reaction system, with the volume of 20 pL, containing 100 ng of cDNA, primers and Evagreen
SuperMix (Bio-rad), was loaded to droplet generator to generate the oil droplet and then proceeded
in C1000 TOUCH™ thermal cycler (Bio-Rad). The cycling condition of PCR was: 95°C for 5 mins,
followed by 40 cycles of 95°C 30 sec, Tm 1min, and then stabilized the signal at 4°C for 5 min, 90°C
for 5 min, finally the reaction was hold at 4°C. The PCR amplification of the nucleic acid target in
the droplets was read in QX200 droplet reader (Bio-Rad). Table 2.4 lists of gene used in the studies.
Data was analysis through QuantaSoft Analysis Pro (Bio-Rad) and the gene expression was

calculated using following formulate:

. . concentration of target gene(copies/ pL
Gene expression (copies/ upl) = , ETE (copies/ L ) X average
concentration of housekeeping gene(copies/ puL)

concentration of housekeeping gene (copies/ pL)

2.11.3 Genomic DNA extraction

Genomic DNA was extracted from 3 liver samples per experimental group (1 sample per tank)
using a manual method including RNase I treatment. Briefly 35 mg of tissue was digested in
350 wl of lysis buffer (50 mM Tris-HCI, 100 mM EDTA, 100 mM NaCl 1% SDS at pH8,

containing 8§ pl of Proteinase-K [20 mg/ml]) at 55 °C overnight with gentle shaking. 250 pl of
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Table 2.2 Primer sequence for Droplet Digital PCR

Gene Sequence (5'-3") Tm (°C)  Gene bank No.

" TForward GAC CAA CTG GGA TGA CAT GG
Practin peverse  GCA TAC AGG GAC AGC ACA GC 61 X89920.1

Forward ACA ACT CAC TGC CCC ACC AT
P27 Reverse  CTT GCC TTT GCC CAG AA CTT 61 AY188520

. Forward GCA GAG CCA CAG CAG CAG GGA
Jads2  peverse  CGG CCT GCG CCT GAG CAG TT 63 AY055749

Forward CGG AGG CGG AGG CGT TGG AGA AGA AG
sedla peverse  AGG GAG ACG GCG TAC AGG GCA CCT ATATG 02 XM_030400656.1

Forward AGG GCT GAC CAC AAC GTC TCC TCT CC
srebpl peverse  GCT GTA CGT GGG ATG TGA TGG TTT GGG 62 XM_030407356.1

Forward CGT TGC CAA GTT TGT GAC CTG
lpl Reverse AGG GTG TTC TGG TTG TCT GC 60 AY495672

Forward CCA CCA GCC AGA CTC CAC AG
PEIE Reverss  CAC CAC CAG CAC CCA CAT ATT TAG 60 DQ366821

Forward GTG CTG CTC TAC TCC TGG TA
elovi6  peverse  ACG GCA TGG ACC AAG TAG T 60 IX975702

Forward TCT CTT CAG CCC ACC ATC CC
PPAT@ Reverse ATC CCA GCG TGT CGT CTC C o8 AY390299

. Forward GTG TGT GGA GAG AGA GGC TT
igf! Reverse CTC TTG GCA TGT CTG TGT GG 38 AY996779.2

Forward CGC TGG AGT CAT TAC AGG CGT
gtp Reverse CAG GTC CAC GCC CAG AAC TC 62 XM_030399413.1

Forward GAG TAC TGG AAG CCG AGC AC
X2 Reverse GAT ATC ACT GCC GCC TGA GT 61 AM296029

Forward ACC TGT CAG CCA CCA CAT GA
gl Reverse  TCG TGC AGA TCT GGG TCG TA 62 AHO014067.4

Forward GAG TGA ACC CGG CCT GAC AG
g2 Reverse  GCG GTG GTA TCT GAT TCA TGG T 62 AHO14068.4

Forward CAG ACT GAC GAG GAT GCT GA
tor Reverse AGT TGA GCA GCG GGT CAT AG 61 XM_030422395.1

*Complete gene name: rp/27: ribosomal protein L27; fads2: fatty acid desaturase 2; scd1: stearoyl-CoA desaturase-1; srebp!:sterol regulatory element binding transcription

factor 1; Ipl: lipoprotein lipase; cpt-13: carnitine palmitoyltransferase 18, e/ov/6: elongation of very long chain fatty acids protein 6; ppara: Peroxisome Proliferator Activated
Receptor a; igf-1: insulin-like growth factor 1; g6p: Glucose 6-phosphate; cox-2: cyclooxygenase-2; ghrl: growth hormone receptor 1; ghr2: growth hormone receptor 2; tor:

mechanistic target of rapamycin kinase.

5 M NaCl was then added to each sample. Samples were vortexed for 30 s at maximum speed,
and tubes spun down for 10 min at 12 000 xg. The supernatant was transferred to new tubes
and 500 pL of cold isopropanol was added to each sample. Samples were then centrifuged for
5 min at 13 000 xg at 4°C. The pellet was twice washed with 75% ethanol, dried, and finally

suspended in 100 uL of 5 mM Tris-HCI pH 8.5.

2.11.4 Methylation-specific PCR (MSP)

Analysis of DNA methylation level was performed in Universita degli Studi dell’Insubria
(Varese, Italy). DNA was firstly treated with sodium bisulfite to convert cytosine to uridine
using EpiTect Bisulfite Kit (Qiagen). The converted DNA was then amplified by PCR using
two pairs of primers, with one pair specific for methylated DNA (M pair) and the other for
unmethylated DNA (U pair) (Table 2.5).

The CpG-rich regions of the fads2 promoter were identified by in silico analysis of gilthead sea
bream fads? gene sequence (Chromosome 8), by using MethPrimer (plus CpG Island
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Prediction, http://www.urogene.org/cgi-bin/methprimer2/MethPrimer.cgi). Genomic DNA
samples (1.5 pg) from 3 samples per group were acid-catalyzed and converted with bisulfite
using the EpiTect Bisulfite Kit (Qiagen) and stored at —20 °C until further analysis. Two
fragments, one of 215 bp and the other of 232 bp, corresponding to regions of the fads2
promoter between —676 and —891 (region 1) and between —3977 and —3744 (region 2),
respectively (adenine of ATG was numbered +1) were amplified by PCR from 30 ng of
bisulfite-treated DNA. The PCR reactions were performed with Tag DNA polymerase (Qiagen,
Germany) supplied with Q-solution and primer sets described in Table 2.5. Thermocycling
conditions were as follows: initial denaturation at 94 °C for 3 min, followed by 35 cycles at
94°C for 1 min, 50°C (or 54°C) for 1 min, 72°C for 1 min, and a final extension step of 10 min

at 72 °C.

Table 2.3 Sequences of primers used for Methylation-specific PCR (MSP)

Primer name Nucleotide sequence (5°-3) Tm

Left M1 TTG GTT TAG AAA TTT TCG AAT GAT C 59.76
Right M1 AAT TTT CGA CTA CTC CTC TAATCG A 58.94
Left Ul TGG TTT AGA AAT TTT TGA ATG ATT G 58.59
Right U1 ATT TTC AAC TAC TCC TCT AAT CAA A 54.94
Left M2 TAA ATA GGG AGA TAG GTT GTA CGT 55.43
Right M2 TCC ATA TAT TTC CAT AAT TAT CGA A 56.06
Left U2 TAA ATA GGG AGA TAG GTT GTA TGT 53.26
Right U2 TTC CAT ATA TTT CCA TAA TTA TCA AA 55.39

2.11.5 fads2 promoter sequencing

DNA was extracted from caudal fin described in 2.3 using DNAeasy kit (Qiagen). 25 mg caudal
fin from each broodstock was cut into small pieces and transferred into 1.5 mL tube with 180
pL ATL buffer. Then 20 pL proteinase K was added and mixed by shaking. The mixture was
incubated at 56 °C overnight until the sample was digested. After a brief centrifuge, 200 uL.
buffer AL was added into the mixture and mixed by shaking for 15 s. Then 200 ul of 100%
ethanol was immediately added to the sample. After mixing, briefly centrifuge the sample tube
to remove the droplets from inside the cap. Then the mixture was carefully pipet to the DNAeasy
column placed in a 2 ml collection tube and centrifuged at 6000 xg for 1min. The DNAeasy
column with sample was then placed into another clean 2 ml collection tube, and 500 ul Buffer
AW1 was added, followed by centrifuge at 6000 xg for 1 min. After centrifuge, the DNAeasy

column was place in a new clean 2 mL collection tube and 500 pl Buffer AW2 was added. To
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dry the DNAeasy membrane, the tube with column was centrifuged at full speed (14,000 rpm)
for 3 min. The DNAeasy column was placed in a 1.5 mL bead tube. 100 ul Buffer AE was added
into the column. After 1 min incubation at room temperature, the tube was centrifuged at 8000
rpm for 5 min to elute. The quality of extracted DNA was check by 1% agarose gel
electrophoresis, and the quantity was measured in the NanoDrop™ 1000 spectrophotometer
(ThermoFisher).

The primers used for fads2 promoter region sequencing were designed based on Perera et al.
(2019) (Forward: 5> CTC CTG GAA TTT CCC TCA 3’; Reverse: 5 TTT TCG GCT GCT
CCT CTG 3’). PCR was performed using 40 ng/uL extracted DNA with iTaq Kit (Intron)
according to the instruction of the manufacturer. Thermocycling conditions were as follows:
initial denaturation at 94 °C for 2 min, followed by 34 cycles at 94°C for 20 s, 60°C for 1 min,
72°C for 30 min, and a final extension step of 3 min at 72 °C. The PCR product was quantified
in NanoDrop™ 1000 spectrophotometer (ThermoFisher), diluted to 75 ng/uL and sent to
Macrogen (Madrid, Spain) for sequencing.

2.11.6 MicroRNA analysis

Analysis of microRNA was performed in Nord University (Bodg, Norway). RNA was extracted
from pool of 5 livers per tank with Direct-zol™ RNA Miniprep kit (Zymo Research, Irvine,
USA). Around 200 mg liver was transfer into a 2 mL Lysing Matrix D tube (MP biomedicals,
Irvine, USA) with 1 mL TRI Reagent (Zymo). Then the tissue was homogenized in Precellys
24 homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) at 4 000 rpm for 10
second. Then the 200 uL mixture was transferred to a new 2 mL tube with 300 uLL TR/ Reagent.
500 uL ethanol was added to sample lysed in TR/ Reagent. After thoroughly mixing, the
mixture was transferred into a Zymo-Spin™ IICR Column in a Collection Tube and centrifuge.
Afterwards, Direct-zol™ RNA PreWash, RNA Wash Buffer and RNase-Free Water was added
to the column based on the instruction from manufacturer. The quality and quantity of RNA
was checked in 2200 Tapestation (Agilent, Santa Clara, USA) with High Sensitivity RNA
ScreenTape (Agilent). 200 ng RNA was used for RNA library preparation using NEXTFLEX
Small RNA-Seq Kit. After the ligation and first strand synthesis according to the instruction of
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manufacturer, purified first strand synthesis product was mixed with universal primer, barcode
primer and PCR master mix for amplification in thermal cycler (Bio-rad) according to
following condition: 95 °C for 2 min, followed by 17 cycles at 95°C for 20 sec, 60°C for 30
sec, 72°C for 15 sec, and a final extension step of 2 min at 72 °C. Unique Barcode primer was
assigned to each sample. PCR product around 160 bp was selected in 6% TBE-PAGE gel
(Thermofisher). Afterwards, selected DNA was quantified and qualified in 2200 Tapestation
(Agilent) with High Sensitivity D1000 ScreenTape (Agilent). 15 nmol libraries that contained
same amount of library from each sample was sequenced in NextSeg 500 (illumina, San Diego,

USA) with NextSeq 500/550 Kit (illumina).

2.12 Statistical analysis

Unless otherwise specified, data was shown as mean = S.D. SPSS 20.0 for Windows (IBM,
New York, USA) was used in data analysis. Boxplot graph was used for detecting outliners,
Shapiro-Wilk analysis for the normality and Levene’s test for the homogeneity of variance for
the data. Once these assumptions were met, two-way ANOVA analysis was then used for the
analysis of the effect of broodstock fads2? expression and nutritional programming on the
progenies. Then independent-Sample T-test or simple main effect analysis and the pairwise
comparison were used to compare the difference between the groups. In the research on effects
nutritional programming through dietary vegetable proteins and lipids on broodstock and on
embryogenesis, the comparison of the data between different developmental stages was
analysed by One-way ANOVA. Fads2 expression data between groups were analysed by
Independent-Samples T-test. Pearson correlation was performed through SPSS 20.0 (IBM).
ClusterW alignment between fads2 promoter region of each broodstock was performed through
BioEdit 7.2 (Tom Hall). RNA library was demultiplexed based on barcode, then the adapter
sequence was move adapters and random nucleotides at 3* and 5’ end map trimmed reads to
gilthead seabream genome (Genome assembly: GCA 900880675.1). MicroRNAs expression
was identified using miRDeep2. Reads were counted based on mature miRNA based on all
Teleostei species. Differential expression was analyzed using /limma-voom in R.
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Abstract

Nutritional intervention with vegetable oils (VO) supplemented to fish
broodstock enhances progeny ability to utilize low fish meal (FM) and fish
oil (FO) diets. Therefore, intervention with vegetable meals (VM), alone or
in combination with VO could also be a useful nutritional programming
strategy to obtain progenies that are better prepared to use low FM and FO.
This study aims to determine the effect of FM replacement by VM alone or

in combination with FO replacement by VO as a programming tool.
Different broodstocks of gilthead sea bream were fed one of three diets: one high contained
35% FM and 10% FO, another one supplemented with VM in replacement of FM (FM: 15%)
or a third one supplemented with both VM and VO in replacement of FM and FO (15% FM
and 2.7% FO). At the weight of 3 g, their offspring were challenged with a low FM and FO diet
for 45 days. Spawning performance of broodstock and growth performance of offspring
juveniles were evaluated. FM replacement by VM in broodstock diets did not affect fish
reproductive performance but altered offspring fatty acids profiles, reduced the SGR and feed
efficiency of progeny juveniles and down-regulated fatty acyl desaturase 2(fads2) expression
in liver. Combined supplementation of VM and VO in broodstock diets led to a poor
reproductive performance, reducing female fecundity and the egg content in eicosapentaenoic
acid (EPA) and docosahexanoic acid (DHA). At molecular level, the expression of fads2 and
target of rapamycine (tor) genes in the eggs were upregulated, similarly, fads2 expression was
upregulated in liver of juvenile progenies. Nutritional programming by VM supplementation
in replacement of FM in gilthead sea bream broodstock negatively affects growth performance
of juvenile progenies, whereas the VO supplementation in replacement of FO up-regulates gene
expression of key enzymes for PUFA biosynthesis.

Keywords: Nutritional programming, Reproductive performance, Offspring performance, Fatty acyl

desaturase, Plant ingredient utilization
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3.1 Introduction

Aquatic products are crucial for providing high-quality food and fighting against hunger.
However, since the production of fisheries remains stagnant for decades, aquaculture industry
is taking the responsibility to increase aquatic food production. In 2014, the consumption of
aquatic production from aquaculture had already overpassed that from wild capture (Nations,
2018). The development of aquaculture, especially marine species, is restricted by the usage of
fishmeal (FM) and fish oil (FO) since these two important but limited dietary ingredients come
from fisheries. Plant resources are frequently used in replacement of dietary FM and FO
because of their low price and sustainability. However, high level of FM replacement by VM
leads to reduced growth, harmed digestive activity, lipid accumulation in liver and oxidative
stress (Sitja-Bobadilla et al., 2005; Santigosa et al., 2008) and is associated with the down-
regulation of protein biosynthesis-related genes in liver (Panserat et al., 2008), such as
suppression of rapamycin (for) signal pathway (Xu et al., 2017). Given that the availability of
n-3 long chain polyunsaturated fatty acid (LC-PUFA) is limited in vegetable oils, the use of
VO in marine teleost feeds can lead to deleterious effects on growth and basic physiological
functions (Vergara et al., 1996b; Benitez-Santana et al., 2012; Zuo et al., 2012a; Benitez-
Santana et al., 2014) and reproductive performance (Jaya-Ram et al., 2008). Most of marine
fish species have the restricted capability for essential fatty acids (EFA) biosynthesis of from
their 18C precursors, which can be abundant in vegetable oils (Kanazawa et al., 1979), in
relation to a very limited activity of the fatty acyl desaturase 2 (Fads2) (Li et al., 2014).
Therefore, combined replacement of both FM and FO by VM and VO in diets for marine fish
frequently affects negatively growth performance and health (Torrecillas et al, 2017b;

Torrecillas et al., 2017c; Torrecillas et al., 2017a) , affecting not only lipid and protein

Abbreviation: FM, fish meal; FO, fish oil; VM, vegetable meal; VO, vegetable oil; fatty acyl
desaturase 2, Fads2; eicosapentaenoic acid, EPA; docosahexanoic acid, DHA; target of rapamycine,
tor; essential fatty acids, EFA; Fatty acid methyl esters, FAMES; LC-PUFA, long chain
polyunsaturated fatty acid; Specific growth rate, SGR; feed conversion ratios (FCR); elovl6, elongation
of very long chain fatty acids protein 6; srebpl, sterol regulatory element-binding transcription factor

1; gbpase, glucose 6-phosphatase; Igf-1, Insulin-like growth factor 1
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metabolism-related genes, but also glucose metabolism (Panserat et al., 2009). Thus, new
strategies are required to overcome the disadvantages derived from FM and FO replacement.
Nutritional programming implies the induction of nutritional stimuli during critical stages of
development that lead to permanent changes in function or structure of tissues and organs later
in life (Lucas, 1994; 1998), altering cell differentiation and affecting mechanisms of
homeostatic control (Gluckman and Hanson, 2004). For example, in rats, protein restriction
during pre- and postnatal periods leads to the reduction of plasma cholesterol, HDL-cholesterol
and triacylglycerol concentration in adult life (Lucas et al., 1996). It was also shown very early
in rats that maternal protein restriction can affect the fatty acid biosynthesis pathway, reducing
Fads2 activity in fetal liver (Mercuri et al., 1979). Besides protein, a dietary deficiency in
omega-3 fatty acid during gestation and postnatal development restricts the deposition of
docosahexanoic acid (DHA) in the retina and cerebral cortex in Rhesus monkeys (Macaca
mulatta) by the age of 22 months and prolong the dark-adapted electroretinogram after a
saturating flash (Neuringer et al., 1986). N-3 LC-PUFA in parental diet of rats also affects the
adult offspring aortae (Kelsall et al., 2012) or hepatic fads2 expression by the modifying
methylation status in fads2 promoter (Hoile ef al., 2013).

In fish, parental feeding seems to be very effective for nutritional programming (Geurden et
al., 2013; Fang et al., 2014; Izquierdo et al., 2015). When gilthead seabream (Sparus aurata)
broodstock were fed a diet with 60% replacement of FO by linseed oil, the progenies showed a
better ability to utilize low FM and FO diets (Izquierdo et al., 2015). This nutritional
programming through parental feeding persisted even after 16 months, when fish were on the
verge of reproduction with modulation of hepatic lipid metabolism (Turkmen et al., 2017a). It
was shown in rainbow trout that nutritional programming during early feeding with a VM and
VO-based diet improves acceptance and utilization of the same diet at later life stages (Geurden
et al., 2013). More recently, first exogenous feeding of Atlantic salmon (Salmo salar) with a
plant-based diet for 3 weeks leads to a higher growth rate and better feed efficiency in 15 weeks
fish challenged with 0% FO diet for 6 weeks (Clarkson et al., 2017). However, there are no

studies on the potential nutritional programming effect of feeding VM or VM and VO feeds in
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gilthead sea bream. In this species, nutritional programming applied at early feeding is
constrained by the increase mortality along on-growing periods (Turkmen et al., 2017a) while
nutritional stimuli during broodstock feeding seems more effective (Izquierdo et al., 2015).
Thus, the main aim of the present study was to determine the effect of FM replacement by
vegetable meals (VM) alone or in combination with FO replacement by vegetable oils (VO)
in broodstock diets for gilthead sea bream as a nutritional tool to modify gene expression and

improve utilization of VM and VO diets in the progeny (Figure 3.1).

Figure 3.1 Schematic view of the experimental design of experiment

Rotifer

Nutritional Programming Rotifer Artemia Artemia

Commercial feeds Challenge test

2 male 1 female/ tank (Enriched in commercial way) Challenges diet:
N 5% fishmeal, 3% fish oil

control
- FMFO <
challenge

control

Diet FMFO

o@ép@b o@\b
/\

Diet VMFO VMFO
challenge
v control
Diet VMVO - VMVO <
challenge
J
Eggs sampling Fish around 3.4 g Final sampling

Timeline
9 weeks 128 days 45 days

FMFO: 35% FM and 9.6% FO; VMFO: 15% FM and 10.9% FO; VMVO0:15% FM and 2.7% FO. Control: 20% FM and 6% FO; Challenge: 5% FM and 3% FO

3.2 Material and methods

All the animal experiments were performed according to the European Union Directive
(2010/63/EU) on the protection of animals for scientific purposes, at Fundacion Canaria
Parque Cientifico Tecnologico (FCPCT), University of Las Palmas de Gran Canaria (Canary

Islands, Spain).
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3.2.1 Nutritional intervention in the broodstock

3.2.1.1 Diets

Three isoproteic and isolipidic diets were formulated to contain approximately 55% protein,
20% lipid and 5% ash (% dry weight) (Table 3.1). The amino acid profile and the fatty acid
profile is shown in Table 3.1 and 3, respectively. Diet FMFO contained 35% FM and 9.6%
FO and diet VMFO contains 15% FM by the replacement with VM, whereas the content of
FO was adjusted to maintain the contents in essential fatty acids. Diet VMVO, FM contents
were also kept at 15%, while FO was replaced by a combination of VO that kept similar
proportions of saturated, monounsaturated, n-3 and n-6 fatty acids, while reducing LC-PUFA
and increasing their 18C precursors (Table 3.3). In a previous study, it was shown that this

level did not affect the reproductive performance (Izquierdo et al., 2015).

3.2.1.2 Experimental animals and environmental conditions

Gilthead sea bream broodstock (body weight (mean = S.E.M): 1736.30 + 440.80 g males,
1757.73 £ 430.03 g females) were randomly distributed into 12 tanks (1000 L) at a 2:1 ratio
male:female. Tanks were supplied with 16L/min seawater at a 19.4 = 0.5 C° and a 7.98 +
0.10 pH and kept under natural light photoperiod (11-13 h light). During the first 10 spawns
brood fish were fed a commercial diet (Skretting ARC, Stavanger, Norway) to ensure that
there were no differences in egg production and quality among different broodstock groups.
Afterwards, fish were daily fed 1% biomass with the experimental diets in triplicate tanks for

9 weeks (Table 3.1).

3.2.1.3 Egg collection and spawning performance evaluation

Spawning performance and egg quality were controlled 5 times per week for 63 days
following procedures described earlier (Fernandez-Palacios et al., 2011). Live egg and larvae
were counted after 24h, the day of hatch and 3 days after hatch to calculate hatching rate and

larvae survival rates.
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Table 3.1 Main ingredients, protein, lipid and ash composition of gilthead seabream parental diets

during the nutritional stimulus

Ingredients (%) FMFO VMFO VMVO
Fish meal, N. Atlantic' 35.0 15.0 15.0
Corn gluten’ 5.0 10.0 10
Faba beans' 5 10 10
Wheat! 12.5 8.0 8.0
Wheat gluten' 11.4 18.4 18.4
Soy protein concentrate’' 18.3 25 25
Fish oil, S. American' 9.6 10.9 2.7
Linseed oil® 0 0 1.2
Palm oil® 0 0 2.5
Rapeseed oil' 0 0 4.5
Premix* 2.8 2.8 2.8
Proximate analysis (% DM)

Protein 55.2 54.7 54.9
Lipids 19.0 20.8 21.3
Ash 6.5 5.0 6.1
Amino acid composition (%)

ARG 3.4 3.0
HIS 1.3 1.2
ILE 2.1 2.1
LEU 32 39
LYS 2.9 2.3
MET 1.1 0.9
CYS 0.6 0.6
PHE 2.4 2.5
TYR 1.8 1.8
THR 1.9 1.7
TRP 0.6 0.6
VAL 2.5 2.4

1 Skretting, Stavanger, Norway;2 Cargill Nordic AS, Charlottenlund, Denmark; 3 AAK AB, Karlshamn, Sweden;4 Trouw Nutrition, Boxmeer, the Netherlands. Proprietary

composition Skretting ARC, including vitamins and minerals; Vitamin and mineral supplementation as estimated to cover requirements according NRC (2011).

In order to determine dietary effects, eggs of same group from the same day were cultured
using a common protocol (Izquierdo et al., 2015) for 128 days until fish reached a body weight

of 3 g for the nutritional challenge test.

3.2.2 Nutritional challenge of juvenile offspring

3.2.2.1 Diets

Offspring from broodstock fed the different diets were challenged by feeding them either a
control diet (20% FM and 6% FO) or a challenge diet (5% FM and 3% FO) (Table 3.2). In
the challenge diet, soy protein concentrate, rapeseed meal and wheat were used to replace FM
and a mixture of rapeseed, linseed and palm oil was used to replace FO. Accordingly, the
challenge diet was lower in LC-PUFA and higher in the precursors 18:3n-3 and 18:2n-6
(Table 3.3). Diets were isoenergetic, isonitrogenous and contained 45% protein, 22% lipid (%

dry weight) (Table 3.2).
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Table 3.2 Main ingredients, protein, lipid and ash composition of nutritional challenge diets for

gilthead seabream juvenile offspring

Ingredients (%) Control  Challenge
Fish meal' 20 5
Blood meal (spray-dried)’ 5 7
Soya protein concentrate® 14.2 20
Corn gluten meal* 14 22
Wheat gluten* 5 5.5
Rapeseed meal® 13 11.3
Wheat® 10 6.89
Fish oil’ 6 3
Rapeseed oil® 4 5.2
Linseed oil® 2 2.6
Palm oil* 4 5.2
Supplemented ingredients’ 1.98 5.49
Vitamin and mineral premix'’ 0.75 0.75
Antioxidant' 0.05 0.05
Yttrium oxide 0.03 0.03
Proximate analysis (% DM)
Protein 46.2 46.6
Lipids 23.6 24.0
Ash 6.2 5.4

1 South-American, Superprime — Feed Service Bremen, Germany. 2 Daka, Denmark 3 Svane Shipping, Denmark 4 Gargill, Netherlands 5 Emmelev, Denmark 6 Hedegaard,
Denmark 7 South American fish oil, LDN Fish Oil, Denmark 8 Daudruy, France 9 Contains lysine, methionine, monocalcium phosphate, choline, inositol, phospholipids
(Emulthin G35). Vilomix (Denmark), Evonik Industries (Germany), Pohner (Germany) 10 Supplied the following vitamins (mg/kg): A 3.8, D 0.05, E 102.4, K3 9.8, B1 2.7,
B2 8.3, B6 4.8, B12 0.25, B3 24.8, B5 17.2, folic acid 2.8, H 0.14, C 80; minerals (mg/kg): cobalt 0.94, iodine 0.7, selenium 0.2, iron 32.6. manganese 12, copper 3.2, zinc
67; other (g/kg): taurine 2.45, methionine 0.5, histidine 1.36, cholesterol 1.13. DSM, (Netherlands), Evonik Industries (Germany), Deutsche Lanolin Gesellschaft (Germany)
11 BAROX BECP, Ethoxyquin, Vilomix (Denmark)

3.2.2.2 Experimental conditions

To determine the effect of the nutritional stimulus through the broodstock diet on the ability of
the offspring juveniles to utilize low FO and FM diets, six hundred juveniles (mean weight:
3.36 + 0.48 g), produced from each group of broodstock as described in 2.1.4, were randomly
and equally distributed into 6x200 L tanks and fed either the Control or the Challenge diet in
triplicate tanks. Fish were fed to apparent satiation 4 times per day (8:30, 10:30, 13:30 and
16:30) for 45 days until fish body weight was triplicated. Tanks were provided with 200 L/h
seawater at 23.3 = 0.3°C and strong aeration under artificial light-controlled photoperiod (12 h
light). At the end of the trial, fish were fasted for 24 h and anesthetized with eugenol and

methanol (50:50) 10 ppm in sea water before samplings.

3.2.3 Analysis

3.2.3.1 Chemical composition and fatty acid analysis

Diets, spawned eggs and whole body and liver of juveniles were analysed for chemical and

fatty acid composition. Moisture, crude protein (CUNIFF, 1995) and crude lipid (Folch ef al.,
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1957) contents of eggs, larvae, juveniles and diets were analysed. Fatty acid methyl esters
(FAMES) were obtained by trans-methylation of crude lipids as previously described (Christie,
1982). FAMES were separated using gas chromatography (GC-14A; Shimadzu)

Table 3.3 Fatty acid composition of diets for gilthead seabream broodstock during the nutritional

stimulus and juveniles during the nutritional challenge gilthead seabream

Fatty acid Broodstock Juvenile
(% of total fatty acid) FMFO VMFO VMVO Control diet Challenge diet
14:0 594 5.87 221 2.86 1.44
14:1n-7  0.03 0.03 0.01 0.02 0.01
14:1n-5 0.24 0.27 0.08 0.08 0.04
15:0 0.49 0.49 0.19 0.21 0.11
15:1n-5  0.04 0.04 0.01 0.00 0.01
16:0ISO  0.10 0.10 0.03 0.04 0.02
16:0 17.97 18.61 17.00 18.01 17.65
16:1n-7  6.22 6.23 221 2.97 1.37
16:1n-5  0.28 0.28 0.09 0.14 0.06
16:2n-6  0.01 0.01 0.00 0.01 0.00
16:2n-4  0.77 0.75 0.25 0.40 0.17
17:0  0.79 0.79 0.25 0.50 0.21
16:3n-4  0.21 0.18 0.11 0.10 0.07
16:3n-3  0.23 0.27 0.07 0.05 0.02
16:3n-1  0.11 0.10 0.01 0.01 0.00
16:4n-3  1.22 1.19 0.40 0.63 0.26
16:4n-1  0.01 0.00 0.00 0.00 0.00
18:0 3.35 3.46 3.18 3.15 2.96
18:1n-9 10.73 11.11 30.83 31.59 39.60
18:1n-7  2.49 2.55 2.02 2.36 1.96
18:1n-5 0.14 0.12 0.07 0.06 0.04
18:2n-9  0.07 0.09 0.02 0.06 0.02
18:2n-6  9.31 12.20 18.82 14.85 18.34
18:2n-4 0.24 0.25 0.09 0.15 0.07
18:3n-6  0.22 0.21 0.07 0.07 0.03
18:3n-4  0.15 0.15 0.05 0.09 0.04
18:3n-3  1.46 1.48 7.84 8.33 9.39
18:3n-1  0.02 0.02 0.02 0.02 0.01
18:4n-3 234 2.15 0.78 0.67 0.26
18:4n-1  0.15 0.14 0.05 0.08 0.03
20:0 032 0.33 0.43 0.38 0.39
20:1n-9  0.28 0.22 0.12 0.08 0.05
20:1n-7  2.80 1.99 1.60 0.83 0.69
20:1n-5  0.26 0.28 0.10 0.10 0.05
20:2n-9  0.05 0.06 0.02 0.05 0.02
20:2n-6  0.15 0.23 0.11 0.08 0.05
20:3n-9  0.08 0.07 0.03 0.03 0.01
20:3n-6  0.09 0.10 0.03 0.05 0.02
20:4n-6  0.80 0.79 0.27 0.43 0.18
20:3n-3  0.10 0.06 0.03 0.03 0.02
20:4n-3  0.55 0.53 0.18 0.21 0.08
20:5n-3 11.22 10.71 3.72 5.13 2.10
22:1n-11 393 2.50 1.65 0.53 0.31
22:1n-9 042 0.33 0.27 0.15 0.14
22:4n-6  0.09 0.09 0.03 0.05 0.02
22:5n-6  0.07 0.07 0.02 0.12 0.04
22:5n-3 1.23 1.21 0.40 0.60 0.25
22:6n-3 12.23 11.29 421 3.64 1.38
Saturated 28.86  29.55 23.26 25.15 22.78
Mono-unsaturated 27.86  25.95 39.06 38.91 44.33
Poly-unsaturated 43.18 4440  37.63 35.94 32.88
2n-3 3058 2889  17.63 19.29 13.76
2n-6 1074 1370 1935 15.66 18.68
2n-9 1163 1188  31.29 31.91 39.82
DHA/EPA  1.09 1.05 1.13 0.71 0.66
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following the conditions described previously (Izquierdo, 1990) and identified by comparison
with previously characterized standards and GLC-MS (Polaris QTRACETM Ultra; Thermo

Fisher Scientific).

3.2.3.2 RNA extraction and digital PCR

Eggs from broodstock fed with different diets and the liver from the offspring juveniles after
the nutritional challenge were kept at 4°C overnight in 1.5 mL tubes with 5 times of RN Alater
and then transferred to -80C° until themolecular analyse. RNA from 100 mg sample was
extracted according to TRI Reagent (sigma, USA) instructions and then purified by RNeasy
kit (Qiagen, Germany). RNA quality was checked by 1.4% agarose electrophoresis and
quantity was measured by NanoDrop 1000 (Thermo, U.S.). cDNA was synthesised from 1
ugof RNA in iCycler (Bio-rad, U.S.), using the iScript cDNA synthesis kit (Bio-Rad, U.S.).
The expression of key enzymes of lipid, carbohydrate and protein metabolism (fads2,
elongation of very long chain fatty acids protein 6 (elovl6), sterol regulatory element-binding
transcription factor 1 (srebpl), glucose 6-phosphatase (g6pase), tor and insulin-like growth
factor 1 (igf-1)) (Enes et al., 2008; Benedito-Palos et al., 2014; Velez et al., 2014, Betancor
et al., 2016; Turkmen et al., 2017a) was determined using the primers listed in Table 3.4.
Digital PCR was performed using in QX200™ Droplet Digital™ PCR System (Bio-rad,
U.S.). The reaction mixture (20 uL), containing 100 ng of cDNA, primers and Evagreen
SuperMix (Bio-rad), was loaded to droplet generator to generate the oil droplets and then
proceeded in C1000 TOUCH™ thermal cycler (Bio-Rad, U.S.). The amplification conditions
of PCR were: 95 C° for 5 min, followed by 40 cycles at 95C° for 30 sec, elongation at Tm
temperature for 1min, and then stabilized the signal at4 C° for 5 min, 90C° for 5 min, finally
the reaction was hold at 4C°. The PCR amplification was read in QX200 droplet reader (Bio-
Rad, U.S.) and droplets were counted to provide absolute quantification of target transcript in

digital form using QuantaSoft Software (Bio-Rad, U.S.).

35



Table 3.4 Primers sequence for digital PCR and GeneBank accession numbers and reference

articles for sequences of target genes

Gene Forward Reverse Geannk
accession
_/o’—actin TCT GTC TGG ATC GGA GGC TC AAG CAT TTG CGG TGG ACG X89920

_ﬂldsZ CGA GAG CCA CAG CAG CAG GGA CGG CCT GCG CCTGAGCAGTT AY055749

elovl6 GTG CTG CTC TAC TCC TGG TA ACG GCATGG ACCAAGTAGT JX975702

srebpl AGG GCT GAC CAC AAC GTC TCC TCT CC GCT GTA CGT GGG ATG TGA TGG TTT GGG JQ277709

gbpase CGC TGG AGT CAT TAC AGG CGT CAG GTC CAC GCC CAG AACTC AF151718
tor CAG ACT GAC GAG GAT GCT GA AGT TGA GCA GCG GGT CAT AG unpublished
Igf-1 GTG TGT GGA GAG AGA GGCTT CTC TTG GCA TGT CTG TGT GG AY996779.2

3.2.3.3 Genomic DNA extraction

Genomic DNA was extracted from 3 liver samples per experimental group (1 sample per tank)
using a manual method including RNase I treatment. Briefly 35 mg of tissue was digested in
350 ul of lysis buffer (50 mM Tris-HCI, 100 mM EDTA, 100 mM NaCl 1% SDS at pHS8,
containing 8 pul of Proteinase-K (20 mg/ml)) at 55 °C overnight with gentle shaking. 125 ul
of 5 M NaCl was then added to each sample. Samples were vortexed for 30 s at maximum
speed and centrifuged for 10 min at 13 000 rpm. The supernatant was transferred to new tubes
and 250 pL of cold isopropanol was added to each sample. Samples were then centrifuged for
5 min at 13 000 rpm at 4°C. The pellet was twice washed with 75% ethanol, dried, and finally

suspended in 100 uL of 5 mM Tris-HCI pH 8.5.

3.2.3.4 Methylation-specific PCR (MSP)

Genomic DNA (1.5 pg) from three fish per experimental group was firstly acid-catalyzed
converted with bisulfite using the EpiTect Bisulfite Kit (Qiagen, Germany) and stored at
—20 °C until further analysis. The converted DNA was then amplified by PCR using two pairs
of primers, with one pair specific for methylated DNA (M pair) and the other for unmethylated

DNA (U pair).

The CpG-rich regions of the fads2 promoter were identified from sea bream genome (Pauletto
et al., 2018) using MethPrimer (plus CpG Island Prediction, http://www.urogene.org/cgi-
bin/methprimer2/MethPrimer.cgi Two regions of 215 bp and 232 bp, compromised between

—676 and —891 (region 1 or proximal promoter) and between —3977 and —3744 (region 2 or
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distal region), respectively (adenine of ATG was numbered +1) were amplified by PCR from
30 ng of bisulfite converted DNA template. The PCR reactions were performed using Taq
DNA polymerase (Qiagen, Germany) supplied with Q-solution and primer sets reported in
Table 3.5. Thermocycling conditions were as follows: initial denaturation at 94 °C for 3 min,
followed by 35 cycles at 94°C for 1 min, 50°C (or 54°C) for 1 min, 72°C for 1 min, and a

final extension step of 10 min at 72 °C.

Table 3.5 Sequences of primers used for Methylation-specific PCR (MSP)

Primer name Nucleotide sequence Tm
Left Ml TTGGTTTAGAAATTTTCGAATGATC 59.76
Right M1 AATTTTCGACTACTCCTCTAATCGA 58.94
Left Ul TGGTTTAGAAATTTTTGAATGATTG 58.59
Right U1 ATTTTCAACTACTCCTCTAATCAAA 54.94
Left M2 TAAATAGGGAGATAGGTTGTACGT 55.43
Right M2 TCCATATATTTCCATAATTATCGAA 56.06
Left U2 TAAATAGGGAGATAGGTTGTATGT 53.26
Right U2 TTCCATATATTTCCATAATTATCAAA 55.39

3.2.4 Data analysis

Results were presented as means = S.E.M and analyzed by SPSS 20.0 (IBM, America) for
Mac. All data were analyzed by Levene test (p >0.05) and, if variances were homogeneous,
compared through one-way ANOVA. Data from offspring obtained from broodstock fed the
same diet but challenged with one of the two diets for juveniles were compared thought
Independent-Samples T-test. Two-way ANOVA was used to test the interaction between the
broodstock diet and juvenile challenge diet in the juvenile nutritional challenge experiment.
The level of significance was chosen at p < 0.05 in Dunkan’s multiple range analysis to test

the differences among the means.

3.3 Results

3.3.1 Nutritional stimulus through broodstock feeding

The experimental diets were well accepted by the different broodstock groups and,
accordingly, daily feeding rations were always consumed. Although no significant differences
were found in spawning quality of broodstock fed the same diet during the preliminary first
10 spawns (34059 + 3418 per kg female per spawning, n=10), the spawning performance
decreased significantly in the broodstock fed the VMVO diet compared to the FMFO one

(Figure 3.2). Thus, all parameters of spawning performance except the number of hatched
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eggs were significantly lower for broodstock fed VMVO than for those fed FMFO (Figure
3.2). However, spawning performance in broodstock fed VMFO was intermediate and no
significant differences were found with broodstock fed either FMFO or VMVO. No

difference was found in the rate of fertilization, viable eggs, hatching and survival (Table 3.6).

Figure 3.2 Spawning performance of broodstock after 63 days feeding diets containing different
FM and FO replacement levels by VM and VO
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Bars bearing with different letter showed significantly difference by Duncan’s test (p < 0.05).

Table 3.6 Rate of spawning performance parameter of gilthead seabream broodstock during 63
days fed different diets in spawning season containing different FM and FO replacement levels by

VM and VO during the nutritional stimulus

FMFO VMFO VMVO
Mean S.E. Mean S.E. Mean S.E.
Fertilization rate 63.78 2.75 5791 3.82 56.63 2.99
Viable rate 59.63 2.72 53.97 3.58 53.65 2.81
Hatching rate 49.65 3.26 50.21 3.36 49.39 2.82
3 dah survival rate 38.20 2.73 3891 2.88 39.00 2.50

Fertilization rate: number of fertilized eggs per spawn per kg female/ total number of eggs per spawn per kg female; Viable rate: number of viable eggs 24 hours after spawn
per spawn per kg female/ total number of eggs per spawn per kg female; Hatching rate: number of hatched eggs per spawn per kg female/ total number of eggs per spawn per

kg female; 3 dah survival rate: number of survived larvae 3 days after hatching per spawn per kg female/ total number of eggs per spawn per kg female

There were no significant differences in protein, lipid or ash contents of the egg from
broodstock fed the three different diets (Table 3.7). In general, the fatty acid composition of
eggs (Table 3.8) reflected fatty acid composition of the diets given to the broodfish (Table
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3.3). The substitution of dietary FM by VM significantly (p<0.05) increased 18:2n-6 and
18:2n-9 in agreement with dietary values but reduced the egg contents in 16:0 and 18:1n-9,
despite their increase in the diet. Besides, slight (around 10%) reduction in LC-PUFA such as
EPA and DHA in VMFO diet did not significantly affected the content of these fatty acids in
the egg. Combined substitution of both FM and FO by VM and VO, in agreement with the
dietary changes, increased the egg contents in 18:1n-9, 18:2n-6 and 18:3n-3, substrates for
Fads2, and reduced saturated (14:0, 15:0, 16:0), monounsaturated (16:1, 16:3, 18:1n-7, 18:1n-
5, 20:1, 22:1) and polyunsaturated fatty acids (18:3n-6, 18:3n-4, 18:4n-3, 18:4n-1, 20:3n-9,
20:4n-6, 20:4n-3, 20:5n-3, 22:4n-6, 22:5n-6, 22:5n-3, 22:6n-3). However, the levels of 18:4n-
3, 18:2n-9, products of fads2, 20:2n-6 and 20:3n-3, products of elongation from 18:2n-6 and
18:3n-3, significantly (p<0.05) increased in VMVO eggs in comparison to FMFO eggs.
Table 3.7 Chemical composition of the eggs from gilthead seabream broodstock after 63 days fed

different diets in spawning season containing different FM and FO replacement levels by VM and

VO during the nutritional stimulus

(% in dry matter) FMFO VMFO VMVO

Protein 71.02+3.74 64.543.08 66.98+4.58
Lipids 25.64+1.69 25.59+1.32 26.25+1.20
Ash content 16.80+1.74 15.56+3.63 12.1743.42

No significant difference was observed between the groups.

FM replacement by VM in broodstock diets did not significantly affect fads2 or tor gene
expression in VMFO eggs in comparison to FMFO eggs (Figure 3.3). The combined
substitution of both FM and FO by VM and VO significantly increased (p< 0.05) the
expression of fads2 gene in VMVO eggs. Besides, tor gene expression of the VMVO eggs

was significantly higher (p< 0.05) than in VMFO eggs (Figure 3.3).

3.3.2 Nutritional challenge of juvenile offspring

The effect of nutritional programming through broodstock feeding during the spawning season
was assessed in the offspring through the juvenile nutritional challenge trial (Table 3.9). Among
offspring fed the control diet (20%FM, 6%FO), final weight of VMFO juveniles was lower (p<
0.05) than that from FMFO fish. The specific growth rate (SGR) showed the same tendency
(< 0.05), whereas no significant differences were found in the feed conversion ratios (FCR)

(Table 3.9). However, among juveniles fed the challenge diet, the final weight of VMVO
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juveniles was lower (p< 0.05) than FMFO group and FCR was higher (p< 0.05). Regarding
SGR, the values from VMVO juveniles and those from VMFO juveniles
Table 3.8 Fatty acid composition of eggs from gilthead seabream broodstock after 63 days feeding

diets containing different FM and FO replacement levels by VM and VO during the nutritional
stimulus (% total identified fatty acids)

FMFO VMFO VMVO
Fatty acid
(% of total fatty acid) Mean S.EM. Mean S.EMM. Mean S.E.M.

14:0 3.96*  0.06 3.70*  0.09 2.14> 0.09
14:1n-7 0.02 0.00 0.02 0.00 0.01 0.00
14:1n-5 0.17*  0.01 0.18*  0.01 0.08°  0.00
15:0 0.40*  0.01 0.38*  0.01 0.23>  0.01
15:1n-5 0.04*  0.00 0.04 0.00 0.02> 0.00
16:01SO 0.08  0.00 0.08% 0.00 0.04> 0.00
16:0 18.22*  0.21  16.85° 034 15.90° 0.19
16:1n-7 638  0.08  637° 0.11 3.40°  0.30
16:1n-5 0.13*  0.01 0.12*  0.01 0.08>  0.01
16:2n-4 0.47*  0.02 0.51* 0.01 0.21>  0.01
17:0 0.35° 0.02  040*° 0.0l 0.17°  0.01
16:3n-4 0.27*  0.01 0.24>  0.01 0.19°  0.01
16:3n-3 0.14*  0.01 0.13*  0.01 0.07°  0.00
16:3n-1 0.09 0.01 0.08 0.00 0.07 0.00
16:4n-3 0.06° 0.00 0.0 0.00 0.09° 0.0l
18:0 4.10 0.18 3.98 0.10 3.86 0.29
18:1n-9 17.34> 089 16.82> 0.61 2847 0.59
18:1n-7 318 0.04 3.08 0.05 233 0.06
18:1n-5 0.16*  0.01 0.14*  0.00  0.10> 0.02
18:2n-9 0.11°  0.01 0.15>  0.01 0.24*  0.01
18:2n-6 10.03¢ 034 12.62° 0.12 17.84* 0.6l
18:2n-4 0.04*  0.01 0.05*  0.02  0.09° 0.02
18:3n-6 0.24*  0.01 0.27*  0.01 0.11°>  0.01
18:3n-4 0.20*  0.01 0.23*  0.00 0.11> 0.0l
18:3n-3 141> 0.06 1.51°  0.14 550 043
18:4n-3 1.08*  0.06 1.19°  0.04 053> 0.1
18:4n-1 0.20*  0.01 0.22*  0.01 0.12°>  0.01
20:0 0.16 0.04 0.12 0.02 0.14 0.02
20:1n-9 0.18*  0.01 0.14>  0.00  0.10°  0.00
20:1n-7 0.83*  0.01 0.66°  0.03 0.70>  0.01
20:1n-5 0.17*  0.01 0.17*  0.00  0.10>®  0.00
20:2n-9 0.04 0.00 0.05 0.00 0.07 0.01
20:2n-6 0.25>  0.01 0.28>  0.01 0.40*  0.02
20:3n-9 0.06*  0.00 0.06* 0.00 0.02> 0.00
20:3n-6 0.13 0.00 0.14 0.01 0.15 0.01
20:4n-6 0.93*  0.06 093 0.05 045> 0.03
20:3n-3 0.14>  0.01 0.13>  0.01 0.28*  0.02
20:4n-3 0.73*  0.01 0.77*  0.02 047> 0.0l
20:5n-3 725 046 730 039  326* 0.15
22:1n-11 0.25*  0.02  0.19° 0.0l 0.10°  0.01
22:1n-9 0.08*  0.01 0.07® 0.0l 0.06°  0.00
22:4n-6 0.10*  0.02 0.07® 0.00 0.04> 0.00
22:5n-6 0.12*  0.04 0.04® 0.00 0.02> 0.00
22:5n-3 2.07*  0.01 2.31*  0.06 1.55°  0.14
22:6n-3 17.61* 059 17.12*  0.69  10.05> 1.10

* n=3(one pool of eggs from all the spawns eggs from 3 days), different superscripts for each fatty acid would denote significant differences by Duncan’s test (p < 0.05)

were (p< 0.05) lower than those from FMFO juveniles (Table 3.9). Comparison between
juveniles from the same broodstock and fed either Control or Challenge diet showed that
juveniles from VMFO broodstock had significantly (p< 0.05) lower final body weight and
SGR, and higher FCR when fed the Challenge diet than the Control diet (Table 3.9). No
significant effects of the control or challenge diet were found for FMFO or VMVO juveniles.
Thus, the two-way ANOVA analysis denoted a strong significant (p< 0.01) effect of

broodstock diet on growth performance and feed utilization, which was even higher than that
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of the juvenile diet (p< 0.05) (Table 3.9). No interaction between nutritional programming of

broodstock and juvenile diets was observed on growth performance of juveniles.

Figure 3.3 Gene expression of fads2 (a) and for (b) in eggs from the broodstock fed with different

diets
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Jfads2: fatty acid desaturase 2. for: rapamycin. Bars bearing with different letter showed significantly difference by Duncan’s test (p < 0.05).

Table 3.9 Growth performance of juvenile seabream after the nutritional challenge trial

Juvenile diet Broodstock diet Weight intial (g) Weight final (g) SGR FCR
Mean S.EM Mean S.EM  Mean S.EM  Mean S.EM
Control diet FMFO 3.36 0.04 11.354 0.14 2.714 0.03 1.36 0.03
VMFO 3.39 0.04 9.87%" 0.15  2.36%° 0.01 1.43 0.03
VMVO 3.35 0.03  10.07P 0.68  2.434B 0.14 1.50 0.08
Challenge diet FMFO 3.34 0.02 10.64* 0.66 2.56* 0.14 1.37* 0.06
VMFO 3.39 0.03 9.13%® 0.11 2.19° 0.02  1.57%° 0.03
VMVO 3.39 0.04 8.80° 0.46 2.12° 0.12 1.69° 0.09
Two-way ANOVA
Broodstock diet N.D. p<0.01 p<0.01 p<0.01
Juvenile diet N.D. p<0.05 p<0.05 p<0.05
Broodstock diet” Juvenile diet N.D. N.D. N.D. N.D.

SGR, specific growth rate. FCR, Feed convert rate. N.D., p > 0.05

Different upper case superscript indicates significant difference among juveniles from different nutritionally stimulated broodstock fed with control diet by Duncan’s test (p
< 0.05). Different low case superscript a, b indicates significant difference (p < 0.05) between juvenile from different nutritional stimulated broodstock fed with challenge
diet by Duncan’s test (p < 0.05). Superscript * means the significant difference between the VMFO group juvenile fed with different diet during juvenile challenge trial by
independent t-test.

No significant difference was found in lipid content of whole body among the different fish
groups (Table 3.10). However, the liver from VMFO juveniles fed with the Challenge diet
contained more lipid than that fed with Control diet (Table 3.10). The analysis of the fatty
acid composition of liver from juveniles fed the Control diet showed that those from
broodstock fed VMFO diets had the lowest contents in 20:2n-6, 20:4n-6, 22:5n-3 and 22:6n-
3, final products of elongation and desaturation from 18:2n-6 and 18:3n-3. However,

combined replacement of FM and FO in VMVO diets for broodstock significantly increased
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the contents in 20:2n-6, 20:3n-6, 20:4n-6, 20:3n-3, 20:4n-3, 22:5n-3 and 22:6n-3 in livers of
juveniles fed the control diet. When juveniles were fed the Challenge diet, livers of juveniles
from broodstock fed the VMFO diet, showed the highest contents of 18:0 and lowest of 18:2n-
9, 18:3n-6, 18:4n-3, products of fads2 activity on 18:1n-9, 18:2n-6 and 18:3n-3. On the
contrary, liver of juveniles from broodstock fed VMVO showed significantly higher 14:0,
14:1, 15:0, 17:0, 20:0, products of lipid synthesis, as well as the highest 20:4n-6 and 22:6n-3,
end-products of fatty acid desaturation and elongation activity. When comparing the juveniles
from the same broodstock but fed with different diets, there was a strong effect of dietary fatty
acid profiles with reduction in 14:0, 14:1n-5, 16:1, 16:2n-4, 17:0, 16:3, 16:4, 18:1n-7, 18:1n-
5,20:1,22:1, 20:4n-6, 20:4n-3, 20:5n-3, 22:5n-6, 22:5n-3 and 22:6n-3, and increase in 18:1n-
9, 18:2n-6, 18:3n-6, 18:3n-3. Combined effect of broodstock diet and juvenile diet was found
in the composition of 20:2n-6, 20:3n-6, 20:4n-3 and 22:5n-3 through the analysis of two-way
ANOVA. The products of Fads2 (18:3n-6, 18:4n-3 and 18:2n-9) were the highest in VMVO

group when the fish was fed with challenge diet (p< 0.05) (Table 3.11).

Table 3.10 Lipid content of juvenile seabream after the nutritional challenge trial

. . Lipid content of whole fish Lipid content of liver
Juvenile diet Broodstock diet (% of dry weight) (% of dry weight)
Mean S.EM Mean S.EM
Control diet FMFO 10.45 0.64 27.40 0.28
VMFO 9.54 0.25 26.59 1.83
VMVO 10.68 0.54 25.88 1.32
Challenge diet FMFO 10.48 0.53 32.24 1.87
VMFO 10.13 0.38 33.04" 0.57
VMVO 10.45 0.37 31.56 1.59
Two-way ANOVA
Broodstock diet N.D. N.D.
Juvenile diet N.D. <0.01
Broodstock diet” Juvenile diet N.D. N.D.

Superscript * means the significant difference between the VMFO group juvenile fed with different diet during juvenile challenge trial by independent t-test.

Molecular studies in juvenile liver showed a significant influence of the nutritional
programming with the lowest expression in fads2 (p< 0.05) in offspring from broodstock fed
VMFO, regardless of the diets fed to the juveniles. The fads2 expression of juveniles from
VMVO broodstock was as high as the FMFO fish when fed the Control diet. However, when
the same fish (VMVO) were fed with the Challenge diet, fads2 expression was higher than fish

from the other two groups (p<0.05). Therefore, besides the strong influence of broodstock and
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Table 3.11 Fatty acid composition in liver of juvenile seabream after the nutritional challenge trial

Juvenile diet Control diet Challenge diet Two-way ANOVA
Broodstock diet FMFO VMFO VMVO FMFO VMFO VMVO B J B*J
% Mean S.EM Mean S.EM Mean SEM Mean SEM Mean SEM Mean SEM

14:0 167" 004 176" 0.02 179" 0.06 123 0.03 130% 0.04 137 0.03 N.D. <001 ND.
14:1n-7 0.01 000 002 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.01 0.00 N.D. p<0.01 N.D.
14:1n-5 0.05* 0.00 005 0.00 0.06' 0.00 0.03 0.00 0.03 0.00 0.04¢ 0.00 N.D. p<0.01 N.D.
15:0 0.14° 001 013 0.01 0.15 0.01 0.100 0.01 0.09° 0.00 0.12¢ 0.00 0.02 p<0.01 N.D.
15:1n-5 0.02 000  0.02 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.02 0.00 N.D. N.D. N.D.
16:01SO 0.03 000 003 0.00 0.03 0.00 0.02 0.00 0.02 0.00 0.02 0.00 N.D. N.D. N.D.
16:0 14.39 077 1559 0.52 13.70 0.62 13.48 0.57 13.66 050 12.71 027 N.D. p<001 N.D.
16:1n-7 320" 008 326" 0.08 3.09" 0.03 2.04 0.08 2.00 0.06 202 0.01 N.D. p<001 N.D.
16:1n-5 0.13* 001 011" 0.01 0.13* 0.00 0.07 0.00 0.06 0.00 0.07 0.00 N.D. p<0.01 N.D.
16:2n-4 0.18" 001 018 001 0.19" 0.02 0.09 0.01 0.09 0.00 0.100 0.00 N.D. p<0.01 N.D.
17:0 024" 001 023 001 025" 0.02 0.120 001 0.12° 0.00 0.14¢ 0.01 N.D. p<001 N.D.
16:3n-4 0.18 001 019" 0.00 0.18" 0.00 0.14 0.00 0.14 0.00 0.14 0.00 N.D. p<001 N.D.
16:3n-3 0.04 000  0.05 0.01 0.06' 0.00 0.03 0.00 0.01 0.01 0.02 0.00 N.D. p<001 N.D.
16:3n-1 0.00 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 N.D. p<0.01 N.D.
16:4n-3 0.11" 000 012" 0.01 0.12* 0.01 0.05 0.00 0.05 0.00 0.06 0.00 N.D. p<0.01 N.D.
18:0 6.08 019 7.00 0.16 658 0.41 5.840 021 6.5 0.06 6220 0.18 p<0.05 N.D. N.D.
18:1n-9 39.11 053 39.06 0.18 38.33 0.47 42.68" 0.48 42.75" 0.05 41.60" 034 p<0.05 p<0.01 N.D.
18:1n-7 3.00" 008 301" 0.05 3.07" 0.03 237 0.01 242 0.03 245 0.02 N.D. p<001 N.D.
18:1n-5 0.08 001 010" 0.00 0.08" 0.01 0.06 0.00 0.05 0.01 0.06 0.00 N.D. p<0.01 N.D.
18:2n-9 211 037 140 0.15 1.90 0.06 2270 0.11 1.68° 0.11 2340° 0.05 p<0.05 N.D. N.D.
18:2n-6 11.44 025 1122 020 11.61 0.73 15.03" 0.67 15.16" 0.18 1537 021 N.D. p<0.01 N.D.
18:2n-4 0.17" 001 018 0.00 0.19" 0.01 0.09 0.00 0.09 0.00 0.09 0.00 N.D. p<0.01 N.D.
18:3n-6 1.97 035 136 0.16 1.94 0.06 2.56' 0.16 2,010 0.12 283" 0.08 p<0.05 p<0.01 N.D.
18:3n-4 0.13A0.* 0.00  0.125" 0.00 0.14%° 0.01 0.07 0.01 0.07 0.00 0.07 0.01 N.D. p<0.01 N.D.
18:3n-3 4.46 0.16 447 0.05 4.59 037 5.46" 0.26 555" 0.09 558 0.15 N.D. p<0.01 N.D.
18:4n-3 127 016 107 0.08 139 0.05 128 0.06 LI 0.08 1.480 0.05 p<0.05 N.D. N.D.
18:4n-1 0.09" 000  0.09 0.00 0.09" 0.00 0.04 0.00 0.04 0.00 0.04 0.00 N.D. p<0.01 N.D.
20:0 0.16M8 001 0178 0.00 0.15 0.00 0.15 0.01 0.17 0.00 0.17¢ 0.01 p<0.05 N.D. N.D.
20:1n-9 0.11" 000 010" 0.00 0.11° 0.00 0.06 0.00 0.06 0.00 0.07 0.00 N.D. p<0.01 N.D.
20:1n-7 051 002 054 0.01 0.55" 0.02 0.450 0.01 049 0.02 0.48 0.01 N.D. p<001 N.D.
20:1n-5 0.10 000  0.10" 0.00 0.10° 0.00 0.06 0.00 0.06 0.00 0.07 0.00 N.D. p<0.01 N.D.
20:2n-9 043 002 032 0.03 048 0.07 035 0.02 032 0.02 0.30 0.00 N.D. p<0.01 N.D.
20:2n-6 0.17% 001 0.18%" 0.00 0.20% 0.00 0.19 0.01 021 0.01 0.20 0.01 p<0.05 p<0.01 N.D.
20:3n-9 0.02° 0.00 001 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 N.D. p<0.01 N.D.
20:3n-6 0.2378 0.00  0.18° 0.01 0.25%" 0.03 0.19 0.01 0.18 0.01 0.16 0.01 p<0.05 p<0.01 p<0.05
20:4n-6 0.48%5.* 001 0475 001 0520 0.01 0.200 0.1 0.22: 0.00 023 0.00 p<0.01 p<0.01 N.D.
20:3n-3 0.11° 001 0.12%® 0.00 0.134 0.00 0.11 0.00 0.13 001 0.12 0.01 p<0.05 N.D. N.D.
20:4n-3 034280 002 0315 001 038n" 0.02 020 0.01 0.19 0.01 0.18 0.01 N.D. p<0.01 p<0.05
20:5n-3 3.02' 004 288 0.08 3.10° 0.12 124 0.04 120 0.04 120 0.03 N.D. p<001 N.D.
22:1n-11 0.16' 001 016 001 0.16' 0.01 0.09 001 0.09 0.00 0.10 0.01 N.D. p<0.01 N.D.
22:1n-9 021 001 022 0.01 024 0.01 0.19 0.00 021 0.01 021 0.01 p<0.05 p<0.01 N.D.
22:4n-6 0.05* 0.00  0.04 0.01 0.06' 0.00 0.03 0.00 0.03 0.00 0.0 0.00 N.D. p<0.01 N.D.
22:5n-6 0.09" 000 008 0.00 0.09" 0.01 0.04 0.00 0.03 0.00 0.04 0.00 N.D. p<0.01 N.D.
22:5n-3 0.81* 002 0.726" 0.02 0.90%" 0.03 030 0.03 027 0.1 0.30 0.02 p<0.01 p<0.01 p<0.01
22:6n-3 2700 003 257" 0.08 2900 0.12 0.98 0.11 097 0.04 L12 0.05 p<0.05 p<0.01 N.D.
AS product 349" 004 335 0.09 3.61% 0.12 1.4 0.05 142 0.05 143 0.03 N.D. p<001 N.D.
A6 product 536 0.88  3.83 0.38 522 0.10 6.100 0.28 4.870 0.32 6.65%" 0.16 p<0.01 p<0.05 N.D.

Different superscript indicates significant difference (p < 0.05) between juvenile from different nutritional stimulated broodstock fed with control diet. Different low case superscript indicates significant
difference (p < 0.05) between juvenile from different nutritional stimulated broodstock fed with challenge diet. Superscript * means the significant difference between the juvenile from the same broodstock

broodstock but fed with different diet during the juvenile challenge trial.

juvenile diet, there was also a combined effect of type of diets in the expression of fads2 (Table
3.12). Meanwhile, hepatic expression of elovi6 was significantly affected by different
experimental diet of juvenile. When the juveniles were fed with control diet, elov/6 expression
in VMVO group was higher than that in the other two groups(p<0.05), but no difference was
observed when the fish were fed with challenge diet.

No differences were observed in the expression of hepatic srebp, gbp, tor or igf-1 (Table
3.12). The methylation-specific PCR analysis of two CpG- rich-regions of fads2 gene showed
that proximal promoter was mostly non-methylated while distal region resulted mostly

methylated, regardless of the broodstock or the juvenile diet used (Figure 3.4).
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Table 3.12 Gene expression in liver of juvenile seabream after the nutritional challenge trial

Juvenile diet gire(iodstock J-actin fads2 elovl6 srebp g6p tor igf-1
(:C‘;“f:"s/t;f;"“ Mean SEM  Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Control diet FMFO 2052.12 299.09  108.76°  17.00 38.41° 310 13.85 331 6721 2315 10.89 070 2651 542
VMFO 227574 21524 58.4633% 959 3417 393 1033 241 5727 1527 1171 343 2724 3.16
VMVO 2060.22 6848 72.5233"B 1079  67.13* 744 1116 284 4727 746 1378 224 2725 229
Challenge diet FMFO 221937 554.58 1054333 874 7078 3618 1741 375 7140 371 1394 271 1351 194
VMFO 2174.09 479.35 101.1° 23.01 6531 18.82 1415 246 50.02 10.14 14.06 597 2225 3.59
VMVO 2632.78 52922 185914 1642 15418 5245 1677 1.02 6217 2123 1552 612 2130 7.93
Two-way ANOVA
Broodstock diet N.D. p<0.05 N.D. N.D. N.D. N.D. N.D.
Juvenile diet B N.D. p<0.01 p<0.05 N.D. N.D. N.D. N.D.
}3“’"‘1.5“’“!‘ diet N.D. <0.05 N.D. N.D. N.D. N.D. N.D.
uvenile diet

Different superscript A, B indicates significant difference (p < 0.05) between juvenile from different nutritional stimulated broodstock fed with control diet. Different
superscript a, b indicates significant difference (p < 0.05) between juvenile from different nutritional stimulated broodstock fed with challenge diet. Superscript * means the

significant difference between the VMFO group juvenile fed with different diet during juvenile challenge trial.

Figure 3.4 Electrophoresis of MSP amplicons on 2% agarose gel.

Broodstock diet FMFO VMFO VMVO

Juvenile diet Control ~ Challenge Control ~ Challenge Control ~ Challenge -

Primers: left + right M1
Specific for methylated DNA

Primers: left + right Ul
Specific for unmethylated DNA

Broodstock diet ~ FMFO VMFO VMVO B

Juvenile diet Control ~ Challenge ~ Control  Challenge  Control  Challenge -

- -~

Primers: left + right M2
Specific for methylated DNA

Primers: left + right U2
Specific for unmethylated DNA

The methylation status of regions of the fads2 promoter between —676 and —891 (A)and between —3977and —3744 (B)
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3.4 Discussion

3.4.1 FM replacement by VM did not affected broodstock performance during nutritional

stimulus

In the present trial, replacement of 60% FM in broodstock diets by a mixture of faba beans,
wheat gluten and soya protein concentrate did not affect the spawning performance of gilthead
sea bream. Up to 50% replacement of fishmeal by cottonseed meal protein does not affect
spawn quality in terms of embryo survival in rainbow trout (Rinchard et al., 2003). On the
contrary, early studies showed that FM replacement by VM reduced reproductive success,
egg size and offspring survival in rainbow trout (Pereira et al., 1998; Lazzarotto et al., 2015).
In channel catfish (Ictalurus punctuatus), total replacement of FM in broodstock diet
decreases female fecundity, egg mass weight and individual egg weight (Sink et al., 2010).
Since nutritional status of broodstock affects fecundity, egg fertilization and embryo
development (Izquierdo et al., 2001), the spawning performance of this experiment suggest
the good palatability of the diets, which were well accepted by the different broodstock groups
and may indicate the adequate amino acid profiles and protein digestibility (Kaushik, 1998),
allowing to fulfil the needs for amino acids for gametogenesis and maintenance of a high
fecundity (Tandler, 1995). These results suggest the good palatability of the diets, which were
well accepted by the different broodstock groups and may indicate the adequate amino acid
profiles and protein digestibility (Kaushik, 1998), allowing to fulfil the needs for amino acids
for gametogenesis and maintenance of a high fecundity (Tandler, 1995). Thus, essential
amino acids that are main constituents of vitellogenin chorion proteins that provides energy
to the embryo, such as LEU, LYS, ILE or VAL, were similar in VMFO and FMFO diets. TRP
and HIS contents, which have also an important effect on reproduction of marine fish, were
similar among the diets. On the contrary, the replacement of dietary FM by VM leads to the
increase of 18:2n-6 and 18:2n-9, important fatty acids components in eggs (Fernandez-
Palacios et al., 2011). Nevertheless, LC-PUFA content in the eggs was not affected by the

FM replacement by VM.
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3.4.2 Negative nutritional programing effect of FM replacement by VM

A clear negative programming effect of FM replacement by VM in broodstock diet on growth
of offspring juveniles fed the high FM and FO diet was observed. Moreover, when juveniles
were fed the low FM and FO challenge diet, feed utilization was further reduced as denoted
by the increase of FCR and the reduction of final body weight and SGR. These results are in
agreement with those recently reported in rainbow trout, which indicated that feeding
broodstock with a plant-based diet did not improve the offspring ability to adapt to diets high
in plant ingredients, but reduced the growth performance (Sink et al., 2010). These authors
found a persistent effect of broodstock diets on gene expression in offspring, with an up-
regulation of genes involved in carbohydrate and energy metabolism (Lazzarotto et al., 2016).
In the present study, the activity of hepatic Fads2 was inhibited, which was reflected in the
fatty acids profiles that showed the lowest contents in PUFA products of elongation and
desaturation. Besides, the expression of fads2 also decreased, which means the biosynthesis
of LC-PUFA is negatively affected since the capability of biosynthesis of n-3 LC-PUFA from
18C fatty acid is mostly decided by the ability of Fads2 and the elongases (Bell and Tocher,
2009) and in most of the marine fish, Fads2 is considered as the rate-limiting enzyme in this
process (Li et al., 2014). Alteration in the methylation status of CpG dinucleotides is indeed
one of the major epigenetic mechanism implicated in gene transcriptional regulation.
Typically, DNA methylation at the promoter of a gene is presumed to render it silent (Han et
al., 2011) by modifying DNA accessibility to the transcriptional machinery. In this study, the
methylation-specific PCR analysis of fads2 promoter did not show any differences in
methylation rate. Regardless of the diet or the selection of broodstock, the CpG regions of
fads2 promoter showed that the proximal promoter was mostly nonmethylated while distal
region resulted methylated, which accords to the fact that the most clusters of CpG are being
hypomethylated near the transcriptional start site (Costello and Plass, 2001). Previously, the
methylation status of fads2 promoter was investigated in Japanese seabass (Lateolabrax
Jjaponicus) (Xu et al., 2014). In this study, the effects of different dietary fatty acid profiles,

i.e., diet with low or high n-3 LC-PUFA content, were evaluated in juvenile Japanese seabass.
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In contrast with our findings, Xu et al. (2014) demonstrated that the methylation rate in fads2
gene promoter was significantly regulated by dietary fatty acid profiles and, even more
interesting, they found a negative correlation between the promoter methylation rate and
expression level of fads2. It is also true, that we cannot exclude that other epigenetic
mechanisms could be involved in our case, such as indirect mechanisms which lead to histone
deacetylation, chromatin condensation and a transcriptionally inactive chromatin structure

responsible of observed differences in fads2 expression.

Overall, the replacement of FM by VM in the broodstock diets leads to a deleterious effect on
growth performance of gilthead sea bream offspring juveniles by different factors. Dietary
changes in specific amino acids may affect transcription in the offspring in both mammals
(Morgane et al., 2002) as well as in fish (Fontagné-Dicharry et al., 2017). For instance, in
rainbow trout an increase of 0.5 or 1 g/100g in Met in broodstock diets improved fry survival
rate with marked changes in genes expression (Fontagné-Dicharry et al., 2017). Other factors
may be involved like unbalanced n-6/n-3 ratios (Fernandez-Palacios et al., 1997) correlate to
the increase of 18:2n-6 in the egg, or the increase of carbohydrate contents in the VMFO diet
that would affect energy metabolism. Thus, FM replacement by VM has been associated to a
reduced ability for protein biosynthesis (Panserat ef al., 2008). Replacement of FM by VM
provoke increase in hepatic lipid contents (Benedito-Palos et al., 2008; Peng et al., 2014a;
Torrecillas et al., 2017a) and the negative effect brought by VM in broodstock diet may reflect
persistent changes in the offspring. Further studies must be conducted to clarify the
mechanisms involved in this nutritional programming effect caused by the replacement of FM

by VM conducted in this trial.

3.4.3 Combined replacement of FM and FO by VM and VO affects broodstock spawning

performance negatively

Whereas FM replacement by VM did not modify broodstock performance, that of FO by VO
in broodstock diets led to a reduction in dietary essential fatty acids, which would be related
to the reduced fecundity in terms of eggs produced per female. This can be related to the

reduced dietary contents in LC-PUFA which are EFA and act also as precursors of
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prostaglandins and leukotrienes involved in reproductive processes, including
steroidogenesis, gonadal development and ovulation (Asturiano et al., 2001; Fernandez-
Palacios et al., 2011). These results are in conformity with the reduction in egg viability found
in this species after feeding the broodstock even for only 15 days with soybean oil in
substitution of FO (Harel ez al., 1994). Moreover, the egg content in EPA and DHA was also
reduced when broodstock was fed the combined VMVO diet, in agreement with previous
studies (Fernandez-Palacios et al., 1995). In turn, reduced contents in n-3 LC-PUFA in eggs
would be related to the reduced number of normal eggs and larvae, since they are required by
the embryo for construction of membrane and, particularly, contribute to the rapid
development of the visual and nerve system (Sargent et al., 2003). Interestingly, LC-PUFA
reduction did not equally affect the different fatty acids and, thus, a selective retention was
found for DHA, since its content in egg was higher than that in the diet, while the EPA relative
content was lower in the egg than in the diet. The replacement of dietary FM and FO led to
the enrichment in eggs of 20:2n-6 and 20:3n-3, products of elongation from 18:2n-6 and
18:3n-3, respectively (Stanley-Samuelson ef al., 1987), evidencing the increased elongase
activity in eggs with the higher content of their precursors by the replacement of fish oil. The
stagnant level of another fatty acid, 18:4n-3, in egg after the replacement of fish oil in diet
even in the condition of the abundance of the precursor, 18:3n-3, illustrates the restricted
ability of fads2 to catalyze the desaturation from 18:3n-3 to 18:4n-3. Meanwhile, the
replacement of fish oil increased the content of another product of Fads2, 18:2n-9, meaning
that the ability of fads2 is enhanced by dietary FO replacement by VO. The n-3 LC-PUFA,
which is high in fish oils, has been found to suppress the activity of the Fads2 in larvae or
juveniles of marine fish (Li et al., 2014; Izquierdo et al., 2015), but the evidence in egg is still
scarce. Nevertheless, the high expression of fads? in eggs shows the high potential of
utilization of dietary VO in the offspring. Moreover, for gene was down-regulated with the
FO replacement by VO that caused a reduction of LC-PUFA in the egg. In mammals, TOR is
implied in several physiological processes that control cell differentiation and proliferation

and its function has been found to be regulated by dietary fatty acids through the production
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of phosphatidic acid, an intermediate metabolite of phospholipids synthesis (Menon ef al.,
2017). Thus, n-3 LC-PUFAs are known to suppress TOR complex in mammals (Liu et al.,
2016) and, particularly, EPA, but not ARA, decreases the activity of mTOR (Gao et al., 2016).
Indeed, in fish, increase in dietary n-3 PUFA, as well as VO replacement by FO, enhances
lipoprotein synthesis reducing the accumulation of phosphatidic acid (Vergara et al., 1996a;
Caballero et al., 2006; 2007). In the present study, the reduction in dietary and egg LC-PUFA
was related to an up-regulation of for gene, suggesting that these fatty acids may not only

interfere with tor at a post-transcriptional level but also regulate the expression of this gene.

3.4.4 Nutritional programming effect of combined FM and FO replacement by VM and VO

Although juveniles from broodstock fed the VMVO diet showed a low growth performance
when they were fed the high FM and FO diet or the challenge diet low in FM and FO, their
growth was similar to the progenies from broodstock fed the VMFO diet. These evidences
denote that FM replacement by VM, rather than FO replacement by VO, was the cause of this
nutritional programming effect as discussed above. FO replacement by VO in broodstock diet
markedly affected liver fatty acid profiles, increasing the Fads2 and Elovl6 activity,
particularly when fed the low FM and FO challenge diet, as denoted by the increased fatty
acid products from both enzymes, as well as the upregulation of fads2 expression. These
results denote the nutritional programming effect of FO replacement by VO in broodstock
diets for gilthead sea bream in agreement with previous studies (Turkmen et al., 2017a). These
studies showed that FO replacement by linseed oil leads to a persistent up-regulation of fads2
and elovl6 in offspring larvae (Izquierdo et al., 2015) and adults (Turkmen et al., 2017a) that
was correlated with the increase in conversion rates of related PUFA. Besides, other genes
related to immune system or lipid and energy metabolism are also regulated as a result of the
nutritional programming by FO replacement by linseed oil (Izquierdo et al., 2015). In
mammals, parental feeding with LC-PUFA also lead to differential expression and
phenotypes in relation to epigenetic changes (Lillycrop ef al., 2005). Thus, in juveniles from
broodstock fed the VMVO diet the products of elongation (20:2n-6, 20:3n-3, 20:4n-3 and
22:5n-3) and products of desaturation (20:3n-6, 20:4n-6, and 22:6n-3) were increased. 20:3n-
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6 can be elongated from 18:3n-6 and also synthesized from 20:2n-6 through the catalysis of
fads2 and then join the process of desaturation to 20:4n-6 as the precursor. The synthesis of
22:6n-3 is the result of desaturation, elongation and B-oxidation (Schaeffer et al., 2006). Our
results showed that nutritional programming by VO in broodstock diets enhanced the

capability of elongation in offspring.

In conclusion, the replacement of FM alone or in combination with FO by VM in diets for
gilthead sea bream broodstock lead to negative effect on the growth performance of juvenile
offspring, whereas the replacement of FO by VO enhanced the fatty acid desaturase and
elongase activity, especially when the juveniles were fed a diet with a high replacement of

FM and FO by VM and VO.
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Abstract

Previous studies have shown that it is possible to increase the

ability of marine fish to produce long-chain polyunsaturated an i ma l S
fatty acid from their 18C precursors by nutritional

programming or using broodstock with a higher fatty acyl desaturase 2 (fads2) expression.
However, those studies failed to show the effect of these interventions on the expression of the
fads2 gene in the developing egg. Moreover, there were no studies on the temporal expression
of the fads2 along ontogeny in gilthead sea bream (Sparus aurata). In order to determine the
changes in expression of fads2 during ontogeny, gilthead sea bream broodstock with a high
(HRO) or low (LRO) fads2 expression fed a diet previously used for nutritional programming,
or a fish oil-based diet (LFO) were allowed to spawn. The samples were taken at the stages of
spawning, morula, high blastula, gastrula, neurula, heart beating, hatch and 3 day-old first
exogenous feeding larvae to determine fads2 expression throughout the embryonic
development. The results showed the presence of fads?2 mRNA in the just spawned egg,
denoting the maternal mRNA transfer to the developing oocyte. Later, fads2 expression
increased after the neurula, from heart beating until 3-day-old larvae, denoting the transition
from maternal to embryonic gene expression. Besides, eggs obtained from broodstock with
high fads2 expression showed a high docosahexaenoic acid content, which correlated with the
down-regulation of the fads2 expression found in the developing embryo and larvae. Finally,
feeding with the nutritional programming diet with partial replacement of fish oil by rapeseed
oil did not affected LC-PUFA contents nor fads2 expression in gilthead sea bream developing

eggs.

Keywords: aquaculture; lipid metabolism; embryogenesis; parental gene expression; parental

nutritional status.
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4.1 Introduction

Long chain polyunsaturated fatty acids (LC-PUFAs), particularly docosahexaenoic acid
(22:6n-3, DHA), eicosapentaenoic acid (20:5n-3, EPA) and arachidonic acid (20:4n-6, ARA)
play relevant structural and functional roles in animal cells (Watanabe, 1993; Calder, 2012).
They are critical components of cell and organelle membranes (Wassall and Stillwell, 2008)
and their derived molecules, such as eicosanoids or docosanoids, participate in cell signalling
processes (Gill and Valivety, 1997). In fish, LC-PUFAs are required for growth (Peng et al.,
2014b) or brain and immune system development and maintenance (Menoyo et al., 2004;
Izquierdo and Koven, 2011; Torrecillas et al., 2017a), among many other functions. In human
nutrition, fish is the most important source of LC-PUFAs, especially DHA and EPA, whereas
in farmed fish, fish oil (FO) is the traditional source of LC-PUFAs. However, FO is mostly
derived from capture fisheries, which is a limited resource that would restrain the sustainable
development of aquaculture. Thus, certain vegetable oils may partly replace fish oil in marine
fish diets, since they are more environmentally and economically sustainable (Carvalho ef al.,
2020). Despite vegetable oils lack LC-PUFAs, they are abundant in their 18-carbon precursors
(Izquierdo et al., 2015).

The biosynthesis of LC-PUFA is catalysed by desturases and elongases. Like mammals, fish
are unable to synthesize de novo LC-PUFA, since they lack n-12 and n-15 desaturases, which
only exist in some plants or invertebrates (Pereira et al., 2003). Therefore, either LC-PUFAs or
their 18-carbon precursors must be included in diets for farmed fish. Linoleic acid (18:2n-6,
LNA) and o-linolenic acid (18:3n-3, ALA) are the main precursors for ARA, and EPA and
DHA, respectively. Thus, ARA and EPA are synthesized from 18:2n-6 and 18:3n-3,
respectively, through the A6 desaturation — elongation and A5 desaturation pathway, or the
elongation - A8 desaturation and A5 desaturation pathway (Sprecher, 2000; Lopes-Marques et
al., 2018). DHA may be synthesized in vivo from EPA through elongation-A4 desaturation or
elongation-elongation- A6 desaturation and B-oxidation (Sprecher, 2000). Comparing with
freshwater fish or euryhaline fish, marine fish have a lower ability to synthesize LC-PUFAs
from their 18-carbon precursors (Dong et al., 2017). One of the mechanisms leading to a limited
ability from LC-PUFA synthesis in marine fish is the weak activity of these enzymes (Tocher

and Ghioni, 1999; Vagner and Santigosa, 2011). For instance, the activity of fatty acyl
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desaturase 2 (Fads2) in cod (Gadus morhua L.) is lower than in Atlantic salmon (Salmo salar)
(Tocher et al., 2006). This could be related with the abundance of LC-PUFAs in the marine
food web, originated from phytoplankton, which would reduce the need to synthesis these
important fatty acids (Izquierdo, 1996, Sargent et al., 2003). Besides, LC-PUFA synthesis
capacity of different fish species is also related to genome specificities. For instance, the fatty
acyl desaturase 1 (fads1) gene, which codes for A5 desaturation, is absent in many telostei such
although duplicated fads2 or AS/A6 bifunctional Fads2 may be found in those species (Kabeya
et al., 2017; Lopes-Marques et al., 2018). Considering the absence of fadsl in gilthead sea
bream(Lopes-Marques et al., 2018), fads2 is a major rate-limiting enzyme in the LC-PUFA
biosynthesis in this species. Indeed, in gilthead sea bream (Sparus aurata), Fads2 has both A6
and A8 desaturase activities (Monroig et al., 2011). On the contrary, AS desaturate activity
seems weak in gilthead sea bream, since the addition of '*C-label 18:3n-3 to the hepatocytes
culture medium leads to a 41% of the radioactivity recovered in the A6 product 18:4n-3,
whereas when '“C-labelled 18:4n-3 is added, only 0.7% of the radioactive is recovered from
the A5 product, EPA (Tocher and Ghioni, 1999).

Large variations in Fads?2 activity are found among individuals of the same species in different
environmental or nutritional conditions (Izquierdo and Koven, 2011; Ferosekhan et al., 2020b).
For instance, in gilthead sea bream, fads2 level in liver or red blood cells can be up to 6 or 5
times different among individuals of the same gender and kept under the same environmental
and nutritional conditions (Ferosekhan et al., 2020a). Besides, feeding a low LC-PUFA diet
increases fads2 level or Fads2 products (Bell ef al., 2002; Sargent et al., 2003; Xu et al., 2014;
Gregory et al., 2016; Ferosekhan et al., 2020b). Therefore, either individual selection of high
fads?2 fish or feeding a low LC-PUFA diet could be used as tools to produce fish with a higher
Fads2 activity and, thus, a better ability to synthesize LC-PUFA when fed Vegetable oil. In one
hand, the offspring from broodstock with high fads2 level showed improved growth
performance and feed utilization when challenged with a diet low in fishmeal (FM) and FO
(Turkmen et al., 2019b). Besides, broodstock with high fads2 level showed a better
reproductive performance, in terms of fecundity and sperm and egg quality (Ferosekhan et al.,

2020b). In the other hand, feeding gilthead sea bream broodstock during the spawning season
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with a diet low in LC-PUFA diet improves the use of low FM/FO diets in their offspring
(Izquierdo et al., 2015; Turkmen et al., 2019b) even up to 16 months (Turkmen et al., 2017a).
In rainbow trout (Oncorhynchus mykiss), nutritional condition by complete replacement of
dietary FM and FO by vegetable ingredients affects the level of genes related with growth,
amino acid and cholesterol metabolism (Lazzarotto et al., 2016) without negative effects for
the second generation (Lazzarotto et al., 2015). However, none of those studies were able to
show any effect on the fads2 level in eggs due to the large variations obtained (Ferosekhan et
al., 2020b), which could be related to the different egg developmental stages in the eggs or the
interference with a potential maternal transfer of fads2 mRNA (Monroig et al., 2009). Despite
the fads2 expression may occur from an early developmental stage in teleost (Monroig ef al.,
2009; Tanomman et al., 2013; Torres et al., 2020), the temporal expression of fads2 along
ontogenesis of gilthead sea bream has not yet been studied. Moreover, the effect of broodstock
fads2 expression and nutritional status on fads2 expression along ontogeny has neither been
addressed.

Therefore, the aim of the present study was to determine, in one hand, the temporal changes in
fads2 expression along ontogeny and, in the other hand, the influence of broodstock diet and
the parental ability to express fads2. For that purpose, gilthead sea bream broodstock with
different ability to synthesize LC-PUFA were fed either a FO-based diet or a diet previously
used for nutritional programming of progeny (Ferosekhan et al., 2020b) and their eggs were

sampled along ontogenesis to determine the temporal changes in fads2 expression.

4.2 Materials and Methods

All the animal experiments were performed according to the European Union Directive
(2010/63/EU) on the protection of animals for scientific purposes, at Fundacion Canaria Parque
Cientifico Tecnologico (FCPCT), University of Las Palmas de Gran Canaria (Las Palmas de
Gran Canaria, Spain).

4.2.1 Broodstock fads2 expression

To obtain broodstock with different ability to synthesize LC-PUFA from the precursors LNA
and ALA, 3 months prior the spawning season, 185 gilthead sea bream brood fish of 1-2 kg

were fed for one month with a diet high in LNA and ALA and low in LC-PUFA promoting the

54



Chapter 4. Influence of parental fatty acid desaturase 2 (fads2) expression and diet on gilthead
seabream (Sparus aurata) offspring fads2 expression along ontogenesis

up-regulation of fads2 (Ferosekhan et al., 2020b). Then, peripheral blood samples were
collected and the fads2 expression of blood cells was determined. Based on their fads2 mRNA
copy numbers per ul in blood cells, brood fish with the highest fads2 expression values (H
broodstock) or with the lowest ones (L broodstock) were chosen (Table 4.1). To determine the
effect of the broodstock fads2 expression on the fads2 expression in developing eggs and larvae,
6 brood fish with high fads2 expression (HRO) and 6 with low expression (LRO) were allocated
into 4x1000 L tanks, (2 males and 1 female/tank) and fed a diet containing 1.76% FO and 7.54%

rapeseed oil (RO) (Ferosekhan et al., 2020b) (Table 4.2).

Table 4.1 Average fads2 expression in peripheral blood cells of the broodstock used in present

study
Group Gender  fads2 expression (copies/pL)

Female 1 14.92

Male 1-1 7.06

. . . Male 1-2 3.37
HRO (High fads2 +RO diet) Female 2 1272
Male 2-1 4.09

Male 2-2 3.33

Female 3 1.41

Male 3-1 1.53

) . Male 3-2 1.4

LRO (Low fads2 +RO diet) Fe?nfi]?; . 0 42
Male 4-1 1.74

Male 4-2 1.66

Female 5 1.11

LFO (Low fads2 +FO diet) =~ Male 5-1 1.26
Male 5-2 1.27

Table 4.2 Ingredients of the experimental diets used to feed broodstock during the spawning season

Ingredients (%) FO RO
Fish meal (North-Atlantic 12C) 59.36 59.36
Squid meal 3.00 3.00
Krill meal 7.00 7.00
Wheat 20.57 20.57
Fish oil (South American) 9.30 1.76
Rapeseed oil 0.00 7.54
Vitamin-mineral premix* 0.50 0.50
L-Histidine HCI 0.27 0.27
Proximate composition
Crude protein (%DM) 53.4 54.6
Crude lipid (%DM) 18.8 17.3
Ash (%DM) 11.3 11.6
Moisture (%) 7.9 7.3

Vitamin-mineral premix*: vitamins (mg/kg): A 3.8, D 0.05, E 102.4,K3 9.8, B1 2.7, B2 8.3, B6 4.8, B12 0.25, B3 24.8, B5 17.2, folic
acid 2.8, H 0.14, C 80; minerals (mg/kg): cobalt 0.94, iodine 0.7, selenium 0.2, iron 32.6. manganese 12, copper 3.2, zinc 67; other
(g/kg): taurine 2.45, methionine 0.5, histidine 1.36, cholesterol 1.13. DSM, (Netherlands), Evonik (Germany), Deutsche Lanolin
Gesellschaft (Germany).
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4.2.2 Effect of the broodstock diet

In order to determine the effect of the broodstock diet on the offspring fads2 expression, another
3 low fads2 expression broodstock (2 males and 1 female/tank) were fed with a diet containing
FO as the only lipid source (LFO) and compared with the previous LRO broodstock. Both
experimental diets were isoproteic and isolipidic and manufactured by Skretting ARC
(Stavanger, Norway) (Ferosekhan et al., 2020b) (Table 4.2). Compared with FO diet, the
replacement level of FO by vegetable oil in RO diet was 80%, a level that affects the offspring
growth performance and lipid biosynthesis in response to a diet containing low FM/FO diet
(Turkmen et al., 2017a; Turkmen et al., 2019b). The content of LC-PUFA (DHA+EPA+ARA)
was 24.11% and 15.42% of total fatty acid in FO diet and in RO diet, respectively (Table 4.3).

Table 4.3 Fatty acid composition of the experimental diets used to feed broodstock during the

spawning season

Fatty acid (% of total fatty acid) FO RO Fatty acid (% of total fatty acid) FO RO

14:0 5.04 1.87 20:0 0.47 0.61
14:1n-5 0.15 0.08 20:1n-9 3.77 4.06

15:0 0.46 0.17 20:1n-7 0.31 0.18
16:0 ISO 0.09 0.09 20:2n-9 0.06 0.05

16:0 18.83 9.42 20:2n-6 0.20 0.17
16:1n-7 6.84 2.67 20:3n-9 0.07 0.09
16:1n-5 0.26 0.11 20:3n-6 0.12 0.10
16:2n-4 0.75 0.29 20:4n-6 1.04 0.43

17:0 0.83 0.20 20:3n-3 0.15 0.12
16:3n-4 0.23 0.17 20:4n-3 0.57 0.35
16:3n-1 0.20 0.11 20:5n-3 11.96 6.57
16:3n-3 0.12 0.08 22:1n-11 3.73 4.98
16:4n-3 1.09 0.43 22:1n-9 0.51 0.66

18:0 3.95 2.47 22:4n-6 0.17 0.23
18:1n-9 12.82 31.76 22:5n-6 0.43 0.27
18:1n-7 3.37 3.28 22:5n-3 1.40 0.79
18:1n-5 0.30 0.16 22:6n-3 11.11 8.42
18:2n-9 0.19 0.04 X Saturates 29.58 14.74
18:2n-6 4.11 11.14 > Monoenes 32.12 48.59
18:2n-4 0.24 0.09 Xn-3 29.89 22.93
18:3n-6 0.32 0.13 2 n-6 6.38 12.47
18:3n-4 0.15 0.14 X n-3 LC-PUFA 25.19 16.25
18:3n-3 1.30 4.95 DHA/EPA 0.93 1.28
18:4n-3 2.19 1.22 DHA/ARA 10.72 19.82
18:4n-1 0.00 0.11 n-3/n-6 4.68 1.84

All broodstock groups were manually fed twice per day (9:00 and 14:00 h) until apparently
satiation. Seawater temperature was in the range of 18-22 °C (January-April 2018) and fish

were kept under natural photoperiod (approximately 12 h light).
4.2.3 Sampling along offspring ontogenesis

At the end of the spawning season, eggs from the same spawning were collected and separately

incubated in 500 L tanks. Eggs or larvae samples from each spawn were taken at consecutive
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stages of development: just after spawning (0 hour post spawning (hps)), morula (4 hps), high
blastula (6 hps), gastrula (10 hps), neurula (16 hps), heart beating (30 hps), hatch (53 hps) and
3 day-old larvae (125 hps) (Kamac1 et al., 2005) (Figure 1). Samples were washed by DEPC
water, kept overnight in RNAlater (MilliporeSigma, St. Louis, U.S.A.) at 4 °C and then stored

at -80 °C until analysis.

Figure 4.1. Timeline of selected point during embryogenesis. The timeline is based on the
description of stage during embryogenesis of gilthead sea bream (Kamaci et al., 2005) under

experimental condition.
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4.2.4 RNA extraction and digital PCR

RNA from 200 mg sample was extracted using TRI Reagent (MilliporeSigma) and RNeasy kit
(Qiagen, Hilden, Germany). RNAlater was removed from the samples before extraction. Then
each sample was weighted and 1 mL TRI Reagent with 1 steel bead was added. Then the sample
was homogenized in TissueLyser II (Qiagen) at 30 Hz for 30 s and centrifuged at 13 000 g for
Imin. All the liquid phase was transferred to a new 1.5 mL tube and 300 pL of chloroform
(MilliporeSigma) was added and mixed. The mixture was centrifuged at 13 000 g for 15 mins.
The transparent phase was isolated and mixed with same volume of 70% ethanol. The mixture
was loaded to RNeasy mini spin column and washed by RW1 and RPE offered in the kit
according to the instruction of manufacturer. Concentrated RNA was eluted in 30 uL of RNase
free water. RNA quality was checked by 1.4% agarose electrophoresis and quantity was measured

by NanoDrop 1000 (ThermoFisher, Waltham, USA). 1000 ng of RNA was used per sample for
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c¢DNA synthesis through iScript cDNA synthesis kit (Bio-Rad, Hercules, USA.) in iCycler (Bio-
rad). Digital PCR was conducted in QX200™ Droplet Digital™ PCR System (Bio-rad). The
reaction system, containing 100 ng of cDNA, fads2 primer (Forward: 5° GCA GAG CCA CAG
CAG CAG GGA 37, Reverse: 5° CGG CCT GCG CCT GAG CAG TT 3’°, Gene bank No.
GQ162822.1) and Evagreen SuperMix (Bio-rad), was loaded to droplet generator to generate the
oil droplet and then proceeded in C1000 Touch thermal cycler (Bio-Rad). The cycling condition
of PCR was: 95°C for 5 mins, followed by 40 cycles of 95°C for 30 sec, 63°C for 1 min, and then
stabilized the signal at 4°C for 5 min, 90°C for 5 min, finally the reaction was hold at 4°C. The
PCR amplification of the nucleic acid target in the droplets was read in QX200 droplet reader
(Bio-Rad).

4.2.5 Lipid and fatty acid analysis

Lipids from diets and 24hps eggs were extracted with chloroform/methanol (2:1 v/v) (Folch et
al., 1957) and then transmethylated to obtain fatty acid methyl esters (FAMES) (Christie, 1988).
FAMES were then separated by gas liquid chromatography FAMES were extracted with
hexane:diethyl ether (1:1, v/v) and purified by adsorption chromatography on NH2 Sep-pack
cartridges (Waters, Milford, USA). Afterwards, FAMES were separated by Gas-Liquid
Chromatography (GLC) (Agilent 7820A, CA, USA) in a Supercolvax-10-fused silica capillary
column (Iength:30 mm, internal diameter: 0.32 mm, Supelco, U.S.A.) using helium as a carrier
gas. Column temperature was 180°C for the first 10 min, increasing to 215 °C at a rate of 2.5 °C
min™ and then held at 215 °C for 10 min (Takeuchi et al., 1990).Peaks were identified by
comparison with external standards and well-characterized FO (EPA 28, Nippai, Ltd. Tokyo,

Japan).
4.2.6 Data analysis

Target cDNA concentration was analyzed by QuantaSoft Analysis Pro tool (Bio-Rad). Results
were presented as means = S.D. and analyzed by SPSS 20.0 (IBM, New York, USA) for Mac.
Comparison of the data between different stage within the group were analyzed by One-way
ANOVA. Fads2 expression data between groups were analyzed by Independent-Samples T-test.

Linear, exponential and logarithmic regression were performed through SPSS 20.0 (IBM).
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4.3 Results

4.3.1 Temporal expression of fads2 along offspring ontogenesis

Analysis of the average fads2 expression values in eggs and larvae for all experimental groups
showed an increase along embryogenesis, following a significant lineal regression (R?=0.95,
p<0.001) with time after spawning (Figure 4.2). Thus, fads2 expression was registered at
spawning (0 hps), remained low during morula (4 hps), blastula (6 hps) and gastrula stages (10
hps) and even decreased until the neurula stage (16 hps), which showed the lowest fads?2
expression values (Figure 4.2). From the heart beating stage (30 hps) onwards fads2 expression
increased, being at this stage significantly (p<0.05) higher than at the previous morula (4 hps)
and neurula stages (16 hps), and, at hatching (53 hps), it was also significantly (»<0.05) higher
than at the spawning to neurula stages (Figure 4.2). The highest values were observed in the 3-
day-old larvae, although the large deviations did not allow to obtain significant differences with

the fads2 at other developmental stages (Figure 4.2).

Figure 4.2 Temporal changes in fatty acid desaturase 2 (fads2) mRNA copies along gilthead
seabream (Sparus aurata) ontogenesis, from 0 h to 125 h after spawning
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4.3.2 Influence of parental fads2 expression in offspring fads2 expression along ontogenesis

The fads2 expression in eggs from broodstock with high (HRO) or low fads2 expression (LRO)
also followed significant (p<0.001) lineal regressions (R?=0.98 and R?=0.92, respectively)
(Figure 4.3). These regression lines crossed at 10 hps and, thus, whereas in the earlier stages of
development fads2 expression tended to be higher for HRO, the later ones tend to be higher for

LRO. Nevertheless, due to the large deviations among sampling batches, t-test comparison
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between HRO and LRO values at each developmental stage did not showed significant (p>0.05)

differences (Figure 4.3).

Figure 4.3 Influence of parental fatty acid desaturase 2 (fads2) expression (high HRO or low LRO)

on temporal changes in fads2 mRNA copies along gilthead seabream (Sparus aurata) ontogenesis,
from 0 h to 125 h after spawning (n=3).
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The fads2 expression values in females and males broodstock were in the range of 0.49-14.92
and 1.26-7.06 copies/uL, respectively (Table 4.1). Comparison of broodstock and offspring
fads2 expression by regression analysis showed that fads2 expression at neurula stage (16 hps)
followed an inverse lineal relation with fads2 expression in broodstock females (R>=0.81,
p=0.099) or males (R*=0.46, p=0.067) (Figure 4.4). These regressions were higher and more
significant at heart beating stage (30 hps), when fads2 expression in embryos followed an

inverse logarithmic relation with fads2 expression in females (R?=0.85, p=0.076) or males

(R?=0.62, p=0.021) (Figure 4.5).
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Figure 4.4 Relations of fatty acid desaturase 2 (fads2) mRNA copies between eggs at neurula stage
(16 hps) and female (a) or male (b) (including both HRO and LRO broodstock) or between eggs at
heart appearence stage (30 hps) and female (c¢) or male (d) broodstock
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4.3.3 Influence of parental fads2 expression in egg fatty acid profiles

At 24 hps, DHA content in eggs obtained from HRO group was 6.46% higher than that from
LRO group (p=0.028). Besides, the ratio between DHA and ARA in the eggs of HRO group
was 8.97 higher than in eggs of HFO group(p=0.004). Whereas 22:4n-6 and 22:5n-6, two very
long chain n-6 PUFA, in HRO group were significantly lower than in LRO group (p<0.05).
Similar differences were also found in the comparison in 18:0, 18:2n-4 and 20:2n-9 content
between two groups(p<0.05) (Table 4.4).

Fads2 expression in both females and males broodstock was significantly (p<0.05) and
positively related to the DHA contents in the eggs (R?=0.99, p = 0.004 and R*=0.68, p=0.012,
for females and males, respectively) (Figure 4.6). In comparison, DHA content in eggs was
inversely related (R?=0.86, p=0.074) to fads2 expression in the eggs at neurula stage (16 hps)
(R?=0.86, p=0.07, Figure 4.7a) and followed a similar trend at heart beating stage (30 hps)
(R*=0.73, p=0.146) (Figure 4.8a). Besides, the ratio 20:4n-3/20:3n-3, an indicator of desaturase
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Table 4.4 Fatty acid composition of eggs at 24hps from broodstock fed a RO diet during spawning
and showing either high (HRO) or low (LRO) expression of fads2

HRO LRO
Mean S.D. Mean S.D.
14:0 1.12 0.08 4.03 1.94
14:1n-7 0.02 0.01 0.13 0.02
14:1n-5 0.05 0.01 0.18 0.11
15:0 0.17 0.00 0.38 0.11
15:1n-5 0.03 0.01 0.18 0.04
16:0 ISO 0.04 0.00 0.18 0.02
16:0 11.58 0.25 16.17 2.02
16:1n-7 2.70 0.07 3.73 0.52
16:1n-5 0.07 0.02 0.27 0.04
16:2n-4 0.19 0.00 0.33 0.17
17:0 0.14 0.02 0.26 0.09
16:3n-4 0.18 0.01 0.49 0.35
16:3n-3 0.11 0.01 0.40 0.29
16:3n-1 0.10 0.01 0.34 0.30
16:4n-3 0.14 0.03 0.37 0.24
18:0 3.58 0.06 4.05* 0.08
18:1n-9 27.06 1.03 19.69 7.04
18:1n-7 3.09 0.04 4.98 1.90
18.1n-5 0.15 0.01 0.82 0.74
18:2n-9 0.10 0.02 0.33 0.13
18.2n-6 10.81 0.24 8.63 1.76
18:2n-4 0.11 0.01 0.31* 0.03
18:3n-6 0.20 0.04 0.56 0.15
18:3n-4 0.11 0.00 0.36 0.08
18:3n-3 2.92 0.12 2.20 0.53
18:4n-3 0.53 0.01 1.02 0.58
18:4n-1 0.09 0.01 0.20 0.07
20:0 0.15 0.01 0.33 0.08
20:1n-9 0.24 0.01 0.23 0.01
20:1n-7 1.50 0.14 0.77 0.44
20.1n-5 0.19 0.01 0.22 0.06
20:2n-9 0.08 0.01 0.22% 0.02
20:2n-6 0.42 0.06 0.41 0.02
20:3n-9 0.05 0.01 0.24 0.13
20:3n-6 0.17 0.01 0.47 0.26
20:4n-6 0.76 0.03 0.78 0.01
20:3n-3 0.31 0.06 0.37 0.01
20:4n-3 0.65 0.01 0.49 0.10
20:5n-3 5.95 0.10 6.98 3.49
22:1n-11 0.48 0.02 0.35 0.08
22:1n-9 0.20 0.01 0.24 0.02
22:4n-6 0.08 0.02 0.63* 0.07
22:5n-6 0.25 0.04 0.60* 0.04
22:5n-3 2.80 0.09 2.20 0.78
22:6n-3 20.45* 0.64 13.99 0.21
SFA 16.76 0.36 25.38* 0.31
MUFA 35.74 0.82 31.76 5.30
PUFA 47.49 1.20 42.87 4.97
n-3 FA 33.84 0.83 28.01 5.15
n-6 FA 12.67 0.38 12.06 1.42
n-9 FA 27.71 1.04 20.93 6.80
DHA/ARA 26.91* 0.16 17.94 0.05
DHA/EPA 3.44 0.05 2.28 1.11

*denotes the significantly difference between two groups (p<0.05). FA, fatty acid; SFA, saturated fatty acid; MUFA,
monounsaturated fatty acid; PUFA, polyunsaturated fatty acid

activity, also followed a significant (R?=0.93, p=0.036) negative relation with fads2 expression
at neurula stage (16 hps) (Figure 4.7b). On the contrary, 18:2n-9, product of Fads2 on 18:1n-9,
contents in eggs were directly related to the fads2 expression in the egg at heart beating stage
(30 hps) (R*=0.95, p=0.027) (Figure 4.8b), and a similar tendency could be observed at neurula

stage (16 hps) (R?=0.63, p=0.205) (Figure 4.7¢c). Also, 18:3n-6, product of Fads2 on 18:2n-6,

62



Chapter 5. High broodstock fads2 expression combined with nutritional programming through
broodstock diet improves the use of low fishmeal and low fish oil diets in gilthead seabream (Sparus
aurata) progeny

and the ratio 18:3n-6/ 18:2n-6 were directly related to the fads2 expression in the egg at neurula

stage (16 hps) (p<0.10) (Figure 4.7d) and heart beating stage (30 hps) (»<0.10), respectively.

Figure 4.5 Relations between DHA contents in the egg and fads2 mRNA copies of female or male
broodstock (including both HRO and LRO broodstock)

T e °-®
lay goees” .t y=0.0249x + 13.538
L4 R2=0.99
»=0.004
0 50 100 150 200 250 300 350

fads2 expression of female broodstock (copies/ 20pL)

(a)

25 ¢

Egg DHA content (% of total fatty acids)

20 F

10 F

8 0.
y=0.0745x + 12.707
R>=0.68
- p=0.012
0 50 100 150

fads?2 expression of male broodstock (copies/ 20puL)

(b)

(a) Relation between DHA content in egg at 24 hours after spawning and fads2 mRNA copies in female (a) or male (b) broodstock.

Figure 4.6 Relations between fads2 mRNA copies of egg at 16 hours after spawning with the content

of fatty acids in eggs at 24 hours after spawning (including eggs from both HRO and LRO

broodstock)
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Relations fads2 mRNA copies of egg at 16 hours after spawning and the content of DHA (a), ratio 20:4n-3/20:3n-3 (b), 18:2n-9(c) and 18:3n-6 (d)

Figure 4.7 Relations between fads2 mRNA copies of egg at 30 hours after spawning with the content
of fatty acids in eggs at 24 hours after spawning (including eggs from both HRO and LRO
broodstock).
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spawning

4.3.4 Influence of broodstock diet in offspring fads2 expression along ontogenesis

No significant (p>0.05) difference was observed on fads2 expression along embryogenesis
between eggs from broodstock fed with diet rich in FO (LFO broodstock) or RO (LRO

broodstock), which followed a similar positive linear regression (p<0.001) (Figure 4.9).

4.4 Discussion

The present study aimed at determining the temporal changes in fads2 expression along
ontogeny of gilthead seabream and the potential influence of broodstock diet and the parental
ability to express fads2. Overall, the results showed the presence of fads2 mRNA even in the
just spawned egg, denoting the maternal mRNA transfer to the developing oocyte. Then, from

the neurula stage onwards fads2 expression increased denoting the transition from maternal to
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embryonic gene expression. Regarding the broodstock effect, eggs obtained from parents with
high fads2 expression showed a high DHA content, together with the down-regulation of fads2
Figure 4.8 Changes in fads2 expression during embryogenesis in eggs and larval offspring from

broodstock with low expression of fads2 and fed either a FO (LFO) or a RO (LRO) diet during
spawning
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expression. Finally, partial replacement of FO by RO did not affect LC-PUFA contents nor

fads2 expression in gilthead seabream eggs.

4.4.1 Changes of fads2 mRNA in gilthead seabream eggs during ontogeny

The use of gilthead seabream broodstock with a high ability to express fads2 when fed low FO
diets improves reproductive success (Ferosekhan ef al., 2020b) and the offspring capacity to
use low FO and FM diets (Xu et al. in press, Chapter 5). However, their consequences on the
fads2 expression in the offspring, particularly along development of embryo and larvae, have
not been yet studied. This is partly due, to the lack of knowledge on the ontogeny of fads2
expression. The present study has demonstrated that in gilthead seabream fads2 expression can
be detected even in the just spawned egg (0 hps) immediately after fertilization. These results
are in agreement with the presence of fatty acid desaturase gene (fad) expression in zebrafish
zygote (Monroig et al., 2009), and denote a maternal mRNA transfer to the developing oocyte.
Despite maternal mRNA transfer would be proved by the presence of transcripts in unfertilized
eggs, no differences are found in mRNA levels between unfertilized and 1.5 h post-fertilized
zebrafish eggs, denoting that just fertilized or just spawn eggs are useful to study maternal
transfer mRNAs (Vergauwen et al., 2018). In fish, maternal mRNAs produced by the mother
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based on her genome are incorporated into the developing oocytes at very early stages of
oogenesis (Cheung et al., 2018). Despite originally maternal transcripts may be distributed
throughout the oocyte cytoplasm, after fertilization most of them are pulled into the blastodisc
through cytoplasmic streaming or ooplasmic segregation. There, from mid-blastula on-wards,
maternal mRNAs become important components of the protein translation machinery
contributing to the proper embryogenesis, and their expression is being regulated by their
stability and degradation (Cheung et al., 2018). In seabream, fads2 mRNA copies were constant
during morula (4 hps), blastula (6 hps) and gastrula stages (10 hps) and decreased at the neurula
stage (16 hps) suggesting the degradation of the maternal fads2 mRNA at this stage.

From the neurula stage onwards a significant increase was observed in the seabream fads?2
expression, denoting the transition from maternal to embryonic gene expression. At the neurula
stage the embryo has already establish the bases for the development of the principal organs
and systems, including neural and circulatory systems, and the increased fads2 expression may
contribute to fulfill the LC-PUFA requirements for organs development (Izquierdo and Koven,
2011). LC-PUFA, and specially DHA, are necessary for brain development and functioning in
seabream as in other vertebrates (Benitez-Santana et al., 2014). In agreement, fad is particularly
expressed in the head area of zebrafish (Monroig et al., 2009). Indeed, fads2 expression in
gilthead seabream was significantly up-regulated at heart beating, when brain development
becomes very notorious, and remained increasing during hatching and 3-day-old larvae stages.
These results are relatively different from those obtained in zebrafish, where fad expression is
claimed to increase earlier during embryo development, from 12 h post fertilization onwards
(Monroig et al., 2009). Nevertheless, those conclusions in zebrafish are based on comparisons
of transcript levels from RT-PCR analyses and have to be made cautiously, as stated by the
authors (Monroig et al., 2009), whereas the present study was based on digital PCR determining
absolute quantification mRNA copies with 9 replicates for each developmental stage. Indeed,
rather than at 12 h, a more evident increase in fad expression was observed at 19 h post
fertilization (Monroig et al., 2009), coinciding with the late segmentation stage in zebrafish
when organogenesis occurs (Karlstrom and Kane, 1996), in agreement with our findings in

gilthead seabream. Therefore, a marked up-regulation of the embryo fads2 expression is found
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after the neurula stages, particularly from heart beating, suggesting that the determination of
fads2 expression in the offspring embryo should be conducted from this stage onwards to avoid

the potential influence of the maternal mRNA.

4.4.2 Influence of parental fads2 expression in offspring fads2 expression along ontogenesis

The regression lines for the temporal expression of fads2 along ontogenesis of seabream
offspring from high or low fads2 expressing broodstock crossed at 10 hps, denoting a higher
number of mRNA copies in offspring from high fads2 expressing broodstock. This observation
would be in agreement with the maternal transfer of fads2 mRNA previously discussed.
Interestingly, in later developmental stages the fads2 expression tend to be lower in offspring
from broodstock with high fads2 expression, as it was supported by the significant negative
relation between fads2 expression in broodstock and offspring at neurula or, particularly, heart
beating stages. This down-regulation of fads2 expression in offspring from broodstock with
higher fads2 expression, seemed to be due to their increased DHA content in the eggs in
comparison to those from lower fads2 expression broodstock. Maternal transfer of DHA into
fish eggs may occur during endogenous vitellogenesis by the synthesis in the ovaries of lipid
vesicles that will lead to the oil globule, or exogenous vitellogenesis by the synthesis of
vitellogenin in the liver forming the lipoprotein yolk lipids (Wiegand, 1996; Poupard et al.,
2000). In gilthead seabream broodstock fads2 is expressed in both tissues, but specially in liver,
where it increases the production of LC-PUFA, particularly, DHA (Ferosekhan et al., 2020b).
Whereas in seabream male broodstock, DHA in liver increases proportionally to the hepatic
expression of fads2, in the females DHA does not accumulate in the liver (Ferosekhan et al.,
2020b), but it is incorporated into vitellogenin and transferred into the developing oocytes. In
agreement, in the present study, DHA contents in the eggs were positively correlated to the
fads2 expression in the broodstock, particularly females, denoting the maternal transfer of DHA.
DHA is highly demanded during embryogenesis and larval development to sustain growth,
being the most abundant fatty acid in eggs of many fish species (Izquierdo, 1996; Izquierdo et
al., 2001). DHA is the most potent LC-PUFA resisting membrane packing, greatly regulates
membrane fluidity and has a structural function on the cell membrane, directly promoting
growth (Izquierdo and Koven, 2011). Besides, it is a precursor of docosanoids, which function
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as local hormones (autacoids) with autocrine and paracrine functions targeting cells in the area
where they are formed, and are involved in the regulation of a wide array of cellular pathways
and cascades, including cell proliferation and differentiation (Izquierdo and Koven, 2011).

In turn, increased DHA contents in the seabream eggs were inversely related to fads2
expression in embryos at neurula and heart appearance stages, denoting the down regulation of
fads2 expression by DHA as observed along the whole fish life cycle (Izquierdo ef al., 2008;
Li et al., 2014; Gregory et al., 2016). Indeed, feeding a FO diet with high levels of LC-PUFA,
particularly DHA, inhibits fads2 expression in comparison to a VO diet low in these fatty acids
(Vagner et al., 2007; Izquierdo et al., 2008; Li et al., 2014; Xu et al., 2014). In mammals, the
presence of LC-PUFA restricts the expression F4DS2 through the E-box like sterol regulatory
element (Nara et al., 2002). Studies on compartmental location of fatty acids along fish
ontogeny have shown that despite DHA is initially found in the yolk, this fatty acid is
preferentially incorporated into structural lipids in the embryo tissues (Jaroszewska and
Dabrowski, 2011), where it would down-regulate fads2 expression. Thus, the higher the fads?2
expression in the broodstock the higher the incorporation of DHA into the eggs, and such
increased incorporation of DHA inhibited the fads2 expression in the eggs.

In agreement, the eggs obtained from low fads2 parents showed low DHA contents and a high
fads2 expression, associated to the increase A6-activity on n-3 and n-6 precursors as denoted
by the increase in the ratio of synthesis from 18:3n-6 to 18:2n-6, or from 18:4n-3 to 18:3n-3.
Besides, high fads2 expression in the egg was also associated to a reduction in A8-desaturase
activity as denoted by the reduction in the ratio of synthesis of 20:4n-3 from 20:3n-3. The A8-
desaturase activity is an alternative but minor pathway for LC-PUFA biosynthesis, more active
when there is a high demand of eicosanoid synthesis (Park et al., 2009; Monroig ef al., 2011).
The study of this alternate pathway in baker’s yeast (Saccharomyces cerevisiae) with a
mammals FADS2 gene showed that the activity of A6-desaturase is higher than that of AS8-
desaturase by 7.2-folds on n-6 fatty acids and by 23 folds on n-3 fatty acids (Park et al., 2009).
In agreement, the negative correlation of the A8 activity and fads2 expression in gilthead
seabream embryos could be related with the activation of A6 activity of Fads2 in the embryos

with lower DHA content.
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4.4.3 Influence of broodstock diet in offspring fads2 expression along ontogenesis

FO has been partly replaced by RO in broodstock diets, in order to induce a nutritional
programing in the offspring for a better utilization of low FM and low FO diets (Turkmen et
al., 2019b). Since dietary LC-PUFA, high in FO, are required for good spawning quality in fish
(Izquierdo et al., 2001), FO content in broodstock diets can be replaced by RO for nutritional
programing purposes, but not as much as to reduce spawning quality (Izquierdo et al., 2015).
Thus, the diets tested in the present study were sufficient to cause a nutritional programing
effect in the offspring (Xu er al., submitted), without negatively affecting broodstock
performance (Ferosekhan et al., 2020b). However, their effect in the temporal expression of
fads2 along gilthead seabream ontogenesis had not been studied. In the present study, feeding
the same broodstock diets as in previous studies (Ferosekhan et al., 2020b) did not affect fads2
expression along embryogenesis. Even though the dietary LC-PUFA levels where slightly
different, the LC-PUFA contents in the eggs were similar. Despite the egg contents in LC-
PUFA are usually correlated to the LC-PUFA levels in broodstock diets, there is a preferential
retention of these fatty acids in the eggs, particularly in species with oligolecythic eggs such as
gilthead seabream and, therefore, small dietary differences may not be reflected in the fatty acid
profiles of the eggs (Fernandez-Palacios et al., 1995; Izquierdo et al., 2001). Moreover, the
optimum LC-PUFA content of gilthead sea bream broodstock during spawning season is 11.27%
of total fatty acid in the diet (Fernandez-Palacios et al., 1995) and both broodstock diets in the
present study fulfill these requirements. Thus, the similarity of the LC-PUFA content in eggs
can explain why there was no difference on the fads2 expression in eggs from the broodstock
fed different lipid sources. These results agree well with the lack of effect of these diets on
fads2 expression in gilthead seabream eggs (Ferosekhan et al., 2020b). However, more extreme
diets may affect the expression of LC-PUFA biosynthesis related genes. For instance, in Solea
senegalensis, feeding broodstock with a diet markedly higher in LC-PUFA suppresses elovl
expression in egg (Morais et al., 2014). Further studies with diets containing extreme levels of
LC-PUFA should be conducted to understand the effect of broodstock diets on expression of

genes related to LC-PUFA biosynthesis.
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4.5 Conclusions

In summary, the results of the present study have shown the presence of fads2 mRNA in the
just spawned gilthead seabream egg, denoting the maternal mRNA transfer to the developing
oocyte, whereas from the neurula stage onwards fads2 expression increased denoting the
transition from maternal to embryonic gene expression. Besides, eggs obtained from
broodstock with high fads2 expression showed a high DHA content, which could be responsible
for a down-regulation of fads2 expression in the developing embryo and larvae. Finally, partial
replacement of FO by RO did not affect LC-PUFA contents nor fads2 expression in gilthead
seabream eggs.
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Abstract

One of the factors that limits the replacement of fish meal (FM) and fish oil
(FO) by plant ingredients in diets for marine fish, is their lack of long chain-
polyunsaturated fatty acids (LC-PUFA). LC-PUFA are essential fatty acids
for these fish species, which lack sufficient fatty acyl desaturase 2 (Fads2)
activity to synthesize them. Nutritional programing or the use of broodstock
with a higher Fads2 activity could improve marine fish ability to synthesize
LC-PUFA and their ability to use low FM and FO diets. The aim of this
study was to determine the effect of gilthead seabream broodstock with inherently high or

inherently low fads2 gene expression and nutritional programing with broodstock diets rich in
FO or rapeseed oil (RO) on the progeny growth performance, liver morphology, biochemical
composition and expression of selected genes. Sea bream juveniles (2.31% 0.01 g initial body
weight, mean + SD) obtained from broodstock with either high (H) or low (L) fads2 expression
and fed a broodstock diet based on FO or RO were randomly distributed into 12 x 250 L tanks
and nutritionally challenged for 45 days with a diet containing only 7.5% FM and no FO. The
highest growth was found in juveniles from broodstock with a high fads2 expression and fed
the RO diet, whereas the lowest growth was obtained in those from broodstock with a low fads?2
expression and fed the RO diet. Juveniles from broodstock with high fads2 expression showed
significantly higher fads2 expression in liver and increased PUFA contents in liver and muscle.
Replacement of FO by RO in broodstock diets led to a significantly increased hepatic 18:3n-
6/18:2n-6 ratio and reduction in the viscerosomatic index of the progeny juveniles, the
hepatocyte size and the ghr-1/ghr-2 expression in muscle. Overall, the results showed
significant trans-generational effects of both the broodstock fads2 expression and the type of
lipid on the broodstock diet on the metabolism and performance of the juvenile progeny
challenged with a diet low in FM and FO.

Keyword: Nutritional programming; plant ingredients utilization; n-3 long-chain PUFA
biosynthesis; fatty acyl desaturase 2
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5.1 Introduction

Besides being a well-balanced source of minerals and highly digestible proteins, fish food is
the main source of n-3 long chain polyunsaturated fatty acid (n-3 LC-PUFA) for people.
Therefore, fish demand by the consumers is continuously increasing. Due to the stagnant
production of fisheries, aquaculture is taking over the responsibility to provide safe and
sustainable fish food to satisfy market demands (FAO, 2020). However, further development
of aquaculture is restricted by the limited availability and increasing prices of fishmeal (FM)
and fish oil (FO), traditional protein and lipid sources in aquafeeds that are mostly derived from
capture fisheries. Therefore, dietary FM and FO need to be replaced by other high quality and
nutritious ingredients with a more economically, environmentally and socially sustainable
production. Many alternative feedstuffs are used to replace FM and FO in aquafeeds such as
plant ingredients, animal byproducts, single cell ingredients or insect meals (Caballero et al.,
2002; Wang et al., 2016; Rosales et al., 2017; Rimoldi et al., 2018). However, depending on
the type of ingredient and the replacement level, these alternative feedstuffs may lead to
malnutritional effects on fish growth, nutrients digestibility, immune system, efc. (Vergara et
al., 1996b; Vergara et al., 1996a; Caballero ef al., 2004; Gomez-Requeni et al., 2004).

One of the factors that restricts the replacement of FM and FO by alternative ingredients is their
frequent lack of essential fatty acids. FO is rich in n-3 long chain polyunsaturated fatty acids,
especially docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which are important
components of biomembranes for normal cell functioning (Gorjao et al., 2009). Therefore, they
are necessary for the adequate development of brain and larval tissues (Mourente, 2003),
immune system functioning (Zuo et al., 2012b), reproductive performance (Fernandez-Palacios
et al., 2011) and flesh nutritional value (Monge-Ortiz et al., 2018). LC-PUFA can be
synthesized from ALA and LNA in vertebrates through a series of desaturation and elongation
reactions (Bell and Tocher, 2009), starting from desaturation of oleic acid, a-linolenic acid
ALA or linoleic acid LNA to 18:2n-9, 18:4n-3 or 18:3n-6, respectively, by fatty acid desaturase
2 (Fads2) (Vagner and Santigosa, 2011). Marine fish have a limited capacity to synthetize LC-
PUFA, what could be related with the abundance of LC-PUFAs in the marine food webs,

originated from phytoplankton (Sargent et al., 2003). Since the plant oils used to replace FO
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lack n-3 LC-PUFA but are rich in their precursors (ALA and LNA), enhancing the marine fish
capacity to synthetize LC-PUFA would facilitate the replacement of FO by plant oils.

Nutritional programming is a common strategy employed by nature that allows an organism to
adapt its metabolism to the environmental conditions. Nutritional programming refers to the
metabolic consequences of a nutritional stimulus applied at a critical period during life, such as
pre- or postnatal stages (Lucas, 1994). A well-known example can be found in honeybees that
may become a fertile queen or a sterile worker through the consumption or not of royal jelly
(Kucharski et al., 2008). Specific evidences of the regulation of nutritional programming on
lipid metabolism include the long-term reduction of plasma cholesterol, high-density
lipoprotein cholesterol and triacylglycerol caused by malnutrition during both pre- and
postnatal periods in mouse (Lucas et al., 1996). Similarly, in fish, nutritional stimulus during
reproduction by feeding broodstock with different dietary fatty acid profiles markedly affects
lipid metabolism and growth of the progeny (Izquierdo ef al., 2015; Turkmen et al., 2019a).
For instance, feeding gilthead sea bream (Sparus aurata) broodstock with diets containing
partial replacement of FO by linseed oil (LO), low in n-3 LC-PUFA but high in their ALA
precursor, up-regulated fads2 expression and growth in the progeny (Izquierdo et al., 2015).
Besides, it also up-regulated other lipid metabolism and health related genes, such as
cycloxigenase-2 (cox2) and tumor necrosis factor-alpha (¢nf-a), lipoprotein lipase (/pl), carnitin
palmitoil transferase 1 (cptl) or elongase 6 (elovi6) (Turkmen et al., 2017a; Turkmen et al.,
2019a). Moreover, when the 4-month-old progeny were fed a low FM and FO diet, those fish
from parents fed partial FO replacement by LO showed improved growth and feed utilization
(Izquierdo et al., 2015; Turkmen et al., 2019a). Indeed, broodstock feeding exerts a very long-
term effect in the progeny, and the replacement of FO by LO in parental diets, in combination
to juvenile feeding with low-FM and low-FO diets, markedly improves 16-month-old offspring
growth and feed utilization (Turkmen et al., 2017a). These studies demonstrated that it is
possible to improve the ability of marine fish to use low FM and low FO diets by nutritional
programing though broodstock feeding. Similarly, exposure to a vegetable-based diet in early
life of Atlantic salmon (Salmo salar) improves growth performance and feed efficiency later in

life, when fish are challenged with a low FO and FM diet (Clarkson et al., 2017).
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Finally, choosing broodstock with higher fads2 expression could also be an effective way to
produce fish better able to use low FO diets. Recent studies have demonstrated that progeny
obtained from broodstock with a high expression of fads2 shows improved growth and feed
utilization, particularly when challenged with a low FM and low FO diet (Turkmen et al.,
2019a). However, the potential beneficial effect of combining broodstock with a high fads2
expression and nutritional programming failed to be demonstrated. More recently, we
conducted a study aimed to evaluate the reproductive performance of broodstock with different
fads2 expression in combination with broodstock diets to stimulate nutritional programming
(Ferosekhan et al., 2020b). In this study, gilthead seabream broodfish inherently having either
a high (H) or low (L) fads2 expression were fed during the spawning season with two diets
containing different fatty acid profiles. The results demonstrated that blood fads2 expression in
females, which tended to be higher than in males, is positively related to plasma 17-estradiol
levels, and improved reproductive performance (Ferosekhan et al., 2020b). However, the
potential effect of these type of broodstock on progeny performance or fads2 expression had
not been yet determined. Thus, the present study, following the previous one, aimed to
determine the combined effect of broodstock with different fads2 expression and nutritional
programing through broodstock diets on the progeny performance. For that purpose, juveniles
obtained from the previous study (Ferosekhan et al., 2020b) were fed a low FM and FO diet
for 45 days, and their growth, feed utilization, fatty acid composition of different tissues and
expression of selected genes were studied.

5.2 Materials and Methods

All the experiments were performed according to the European Union Directive (2010/63/EU)
on the protection of animals for scientific purposes, at Fundacion Canaria Parque Cientifico
Tecnologico (FCPCT), University of Las Palmas de Gran Canaria (Las Palmas de Gran Canaria,
Spain).

5.2.1 Feeding trial and fish performance

Gilthead sea bream juveniles for this trial were obtained from broodstock with high (H) or low
(L) fads2 expression in blood when fed a low n-3-LC-PUFA diet and fed either with a high fish

oil diet (FO) or with a high rapeseed oil diet (RO) during the spawning season (Ferosekhan et
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al., 2020). Twelve broodstock with relatively high fads2 expression and 12 broodstock with
relatively low fads2 expression were distributed into twelve 1000 L tanks (6H and 6L) and fed
for 1 month with a diet that contained either FO or a mixture of 20% FO and 80% RO. Then
eggs from each of the 4 broodstock groups (HFO, HRO, LFO and LRO) were collected in the
same day and incubated in different tanks. The offspring obtained was reared under the same
culture conditions and commercial diets (Figure 5.1). 300 fish (2.31 £ 0.01 g) from each of the
4 groups were randomly distributed into 3 tanks of 200 L (100 fish/tank, a total of 12 tanks).
Tanks were provided with 200 L/h seawater at 23.3 = 0.3°C and strong aeration, and dissolved
oxygen (6.0 + 0.3 mg/L) was daily determined. Tanks were illuminated by fluorescent lights
placed above the tank at an intensity of 100 1x and programmed for a 12h light photoperiod

(from 8 a.m. to 8 p.m.).

Figure 5.1 Schematic view of the experimental design of experiment
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In order to challenge the fish with a very low FM and FO diet for evaluating their potential
ability to cope with low n-3 LC-PUFA, an experimental diet was formulated to contain 7.5%
of FM and 0% FO (Table 5.1). Dietary FM was replaced by corn gluten, soybean meal, wheat
gluten, soya protein concentrates and faba bean meal in the experimental diets. Poultry oil and
RO were used to replace the dietary fish oil. The diet was low in ARA, EPA and DHA and high

in oleic acid (OA, 18:1n-9), LNA, palmitic acid (PA, 16:0) and ALA (Table 5.2).
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Table 5.1 Ingredients and proximate composition of the challenge diet used to feed the juveniles
obtained from broodstock with different fads2 expression (high H or low L) and fed either a FO
or a RO broodstock diet

Ingredient (% d.w.)

Poultry oil® 6.14
Wheat® 9.46
Corn gluten® 10.00
Soybean meal® 5.00
Wheat Gluten® 19.18
Soya protein concentrate® 30.00
Faba beans® 5.00
Fish meal® 7.50
Rapeseed oil® 7.52
premix vit® 0.10
premix min® 0.10
Proximate composition (% d.w.)

Crude protein 53.74
Crude lipid 22.90
Crude ash 4.71

a Poultry oil: Sonac. B.V. (The Netherlands). b Skretting AS (Norway). ¢ Trouw Nutrition, Boxmeer, the Netherlands, proprietary composition Skretting ARC (Stavanger,
Norway).

Table 5.2 Fatty acid composition (% total fatty acids) of the challenge diet used for juveniles
obtained from broodstock with different fads2 expression (high H or low L) and fed either a FO
or a RO broodstock diet

Fatty acid % Fatty acid % Fatty acid %
14:0 0.39 18:0 3.74 20:1n-5 0.07
14:1n-7 0.04 18:1n-9 42.03 20:2n-9 0.02
14:1n-5 0.02 18:1n-7 2.48 20:2n-6 0.15
15:0 0.05 18.1n-5 0.06 20:3n-9 0.03
15:1n-5 0.02 18:2n-9 0.03 20:3n-6 0.11
16:0 ISO 0.04 18.2n-6 25.09 20:4n-6 0.27
16:0 9.99 18:2n-4 0.06 20:3n-3 0.10
16:1n-7 1.52 18:3n-6 0.16 20:4n-3 0.09
16:1n-5 0.01 18:3n-4 0.06 20:5n-3 0.85
16:2n-4 0.02 18:3n-3 5.43 22:1n-11 1.33
17:0 0.03 18.3n-1 0.02 22:1n-9 0.34
16:3n-4 0.08 18:4n-3 0.21 22:4n-6 0.07
16:3n-3 0.02 18:4n-1 0.02 22:5n-6 0.20
16:3n-1 0.03 20:0 0.55 22:5n-3 0.30
16:4n-3 0.05 20:1n-9 0.15 22:6n-3 1.98
16:4n-1 0.01 20:1n-7 1.68

Fish were fed the experimental diet until apparent satiation 4 times per day (8:30, 10:30, 13:30
and 16:30) and 6 days per week for 45 days until fish body weight was tripled. Feed delivery
was daily calculated, and uneaten pellets were collected in a net by opening the water outlet 30
min after each meal, dried in an oven for 24 h and weighed to estimate feed intake. All fish
were weighted individually at day 30 and day 45 of the feeding trial. At the end of the trial, fish
were fasted for 24 h, weighed and anesthetized with ethanol diluted clove oil (50:50) before
samplings. The following performance parameters on mortality, growth (Weight gain (WQG),
Specific growth rate (SGR)), feed acceptance (Feed intake (FI)), Biological feed conversion
ratio (FCR) (Council, 2011), energy status (hepatosomatic index (HSI)) (Chellappa et al., 1995),

lipid deposition (viscerosomatic index (VSI)), were calculated:
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Mortality (%) = 100* (n° dead fish/ n° total fish)

Weight gain (g) = final body weight (BW;) — initial body weight (BWy)

Specific growth rate (% day ') = 100* (In BW;—In BW,) / n° days

Feed intake (FI, g fish' day™') = Feed delivered / (n° of fish*n° days)

Biological feed conversion ratio (FCR) = Feed delivered (t; — to)/ (Biomass t; — Biomass to +
Biomass harvested + Biomass 1ost)

Hepatosomatic index (HSI) = Liver weight (g) / Body weight (g, weight of liver included)
Viscerosomatic index (VSI) = Visceral weight (g) / Body weight (g, viscerosomatic weight

included)

5.2.2 Histological study

The livers of 5 fish per tank were sampled and stored in 4% formalin. After embedded in
paraffin wax, blocks were made and cut with a Leica microtome (Mod. Jung Autocut 2055;
Leica, Nussloch, Germany) in 4 um sections, which were placed in slides and stained with
haematoxylin and eosin (H&E) (Martoja et al., 1970). Slides were studied and photos were
taken by a light microscope (Olympus, Tokyo, Japan). Area, length of long and short axis of
60 hepatocyte per tank were analyzed with ImagePro plus 6.0 (Media Cybernetics, Rockville,

USA).

5.2.3 Biochemical analysis

Chemical composition and fatty acid analysis

At the end of the feeding trial, 5 fish per tank were euthanized by immersion in 10 ppm clove
oil in methanol (50:50) and sampled to determine lipid content and fatty acid composition of
whole-body, liver and muscle. All samples were frozen at -80°C until analysis. All samples
were homogenized immediately prior to analysis. Moisture was determined according to
A.0.A.C. (2000) (Horwitz, 2002). Lipids were extracted with chloroform/methanol (2:1 v/v)
(Folch et al., 1957) and then transmethylated to obtain the fatty acid methyl esters (FAMES)
(Christie, 1982). FAMES were then separated by gas liquid chromatography, quantified by
Flame ionization detector, and identified by comparison with external standards and well-

characterized FO (EPA 28, Nippai, Ltd. Tokyo, Japan) (Izquierdo, 1989).
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5.2.4 RNA extraction and digital PCR

The liver and muscle from the juveniles after the nutritional challenge were kept at 4 °C
overnight in 2.0 mL tubes with 1.5 mL of RNAlater and then transferred to -80°C until

molecular analysis. RNA from 100 mg sample was extracted using TRI Reagent
(MilliporeSigma, Darmstadt, Germany) and then purified by RNeasy kit (Qiagen, Hilden,
Germany). RNA quality was checked by 1.4% agarose electrophoresis and quantity was
measured by NanoDrop 1000 (ThermoFisher, Waltham, U.S.A.). cDNA was synthesized
from 1 pg of RNA in iCycler (Bio-rad, Hercules, U.S.A.), using the iScript cDNA synthesis
kit (Bio-Rad). The expression of key enzymes related with growth and lipid metabolism were

determined using the primers listed in Table 4. Digital PCR was performed as previous

described in (Xu et al., 2019) using in QX200™ Droplet Digital™ PCR System (Bio-Rad).

The amplification conditions of PCR were: 95°C for 5 min, followed by 40 cycles at 95°C

for 30 sec, elongation at Tm temperature for 1min, and then stabilized the signal at 4 °C for 5

min, 90°C for 5 min, finally the reaction was hold at 4°C.

Table 5.3 Primers sequence for digital PCR and GeneBank accession numbers for sequences of

target genes

Gene Forward Reverse GenBank
accession
rpl-27 ACA ACT CAC TGC CCC ACC AT CTT GCC TTT GCC CAG AA CTT AY188520
Sfads2 CGA GAG CCA CAG CAG CAG GGA CGG CCT GCG CCT GAG CAG TT AY055749
elovl6 GTG CTG CTC TAC TCC TGG TA ACG GCA TGG ACC AAGTAGT JX975702
Igf-1 GTG TGT GGA GAG AGA GGCTT CTC TTG GCA TGT CTG TGT GG AY996779.2
ghrl ACC TGT CAG CCA CCA CAT GA TCG TGC AGA TCT GGG TCG TA AHO014067.4
ghr2 GAG TGA ACC CGG CCT GAC AG GCGGTGGTATCTGATTCATGGT AHO014068.4
cox-2 GAG TAC TGG AAG CCG AGC AC GAT ATC ACT GCC GCC TGA GT AM296029

5.2.5 Data analysis

Two-way Anova was used for the comparison of the effects of broodstock fads2 expression
and broodstock diet, as well as their interaction, on the progeny’s performance through SPSS
20.0 (IBM, New York, U.S.A.). Main effect analysis was performed for analyzing the effect of
broodstock fads2 expression or broodstock diet on offspring across the other factor. Pairwise
comparison was used for the analysis of simple main effect. The main effect and comparison
were corrected using Bonferroni procedure through SPSS. Unless special statement, data was

shown as mean + S.D. Shapiro-Wilk analysis was conducted for the normality and Levene’s
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test for the homogeneity of data variance. Residuals subjected to the standard normal
distribution (p>0.05) and the error variance was equal. Gene expression was normalized by
hepatic expression of rp/27 (Park and Crowley, 2005). Peason correlation coefficient was

calculated throught SPSS for the analysis of correlation between different results.

5.3 Results

5.3.1 Feeding trial and fish performance

Feeds were well accepted by all fish groups and no significant differences were found in feed
intake or mortality rates. Even after only 30 days of feeding, the highest body weight was found
in juveniles from broodstock with high fads2 and fed diet RO (HRO), which was significantly
(»<0.05) higher than that of HFO and LRO (Figure 5.2). Thus, at the end of the trial, the largest
growth in terms of body weight, weight gain and SGR were found in juveniles from broodstock
with high fads2 and fed RO diet (HRO), whereas the lowest was found in juveniles obtained
from broodstock with low fads2 and fed RO diet (LRO) (Table 5.4). The two-way ANOVA
showed a highly significant (p=0.001) interaction between the broodstock fads2 expression (H,
L) and the broodstock diet (LO, FO) on SGR (Table 5.4). According to the simple main effect
analysis, SGR was 23% higher in HRO than in LRO juveniles (p=0.002), whereas it was 12%
higher in LFO than in HFO juveniles (p=0.029) (Table 5.4). Comparing the juveniles from
broodstock with the same fads2 expression, SGR was 16% higher in HRO than in HFO
juveniles (p=0.009), whereas it was 19% higher in LFO than in LRO juveniles (p=0.005). The
FCR values followed a similar trend and the two-way ANOV A showed the interaction between
the broodstock fads2 expression and the broodstock diet (»=0.023) on FCR (Table 5.4). The
simple main effect analysis showed that the FCR was 17% lower in HRO than in LRO juveniles
(»=0.033). No significant differences were observed for HSI (p>0.05). Regarding VSI,
increased fads2 expression in broodstock or FO replacement by RO in broodstock diets
significantly reduced VSI in juveniles (p=0.035, p=0.001, respectively) (Table 5.4). Thus, VSI
was significantly lower in HRO than in HFO juveniles (»p=0.007) and significantly lower in

LRO than in LFO juveniles (p=0.014).
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Figure 5.2 Body weight of of juveniles obtained from broodstock with different fads2 expression
(high H or low L) and fed either a FO or a RO broodstock diet along the 45 days of feeding the
challenge diet
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Table 5.4 Growth performance of gilthead seabream juveniles obtained from broodstock with
different fads2 expression (high H or low L) and fed either a FO or a RO broodstock diet, after 45
days of feeding the challenge diet

HFO HRO LFO LRO Two-way ANOVA
Mean S.D. Mean S.D. Mean S.D. Mean S.D. Bfads2 Bdiet Bfads2*Bdiet
Initial weight (g) 231 0.01 231 0.00 2.30 0.01 2.31 0.01 n.s. n.s. n.s.
Weight gain (g) 3,208 0.35 23.98! 0.03 13,784 0.23 22.941 0.33 n.s. n.s. 0.001
Mortality (%) 5.67 6.43 2.66 0.58 2.66 0.58 333 1.15 n.s. n.s. n.s.
SGR (%day) b1.978 0.15 2.28! 0.02 12214 0.09 21.86" 0.14 n.s. n.s. 0.001
2:;"1 (;:;"f,';e & o 001 012 001 012 001 011 00l ns. ns. ns.
FCR (%) 1.61 0.11 1.37" 0.06 1.47 0.15 1.641 0.2 n.s. n.s. 0.023
HSI (%) 231 0.17 2.21 0.25 241 0.11 222 0.11 n.s. n.s. n.s.
VSI (%) *7.59 0.64 %6.08 0.62 18.25 0.5 26.92 0.16 0.035 0.001 n.s.

SGR: Specific growth rate; FCR: Feed conversion rate; HSI: Hepatic somatic index; VSI: Visceral somatic index; Bfads2 refers to the effect of the broodstock fads2 expression
(H or L); Bdiet refers to the effect of the broodstock diet (FO or RO).

a, b in front of the value mean there is significant difference between the offspring come from same selection broodstock group (High) but the broodstock were fed with
different diet. 1,2 in front of the value mean there is significant difference between the offspring come from same selection broodstock group (Low) but the broodstock were
fed with different diet. A, B in the back of the value mean there is significant difference between the offspring come from broodstock fed with diet FO but with different fads2

expression. I, IT in the back of the value mean there is significant difference between the offspring come from broodstock fed with diet VO but with different fads2 expression.

5.3.2 Histology study

The area, length and width of the hepatocyte of juveniles from broodstock fed with RO diet
was 21%, 14% and 8% smaller than that from broodstock fed with FO diet (parea=0.023, piengn
=0.002, pwian=0.031) (Table 5.5). A positive correlation was found between the area of
hepatocyte and the HSI of fish (=0.96, p=0.043). Besides, the hepatocyte width in juveniles
from broodstock with high fads2 expression was 11% shorter than that from broodstock with
low fads2 expression (p=0.011). In the pairwise comparison, the width of HRO hepatocytes
was significantly shorter than that of HFO and LRO hepatocytes (p = 0.038 and p = 0.018,
respectively).
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Table 5.5 Morphometry of hepatocytes from gilthead seabream juveniles obtained from
broodstock with different fads2 expression (high H or low L) and fed either a FO or a RO rich diet,
after 45 days of feeding the experimental diet

HFO HRO LFO LRO Two-way Anova

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Bfads2 Bdiet Bfads2*Bdiet

Area (um?) 80.45 11.51 65.76 829 87.72 102 72.88 5.19 n.s. 0.023 n.Ss.
Long axis (um) 11.11  0.86 9.53 033 11.54 051 103 0.21 n.s. 0.002 n.Ss.
Short axis(um)  6.88 0.46 6.09 0.58 7.41 0.19 7.03 0.17 0.011  0.031 n.Ss.

n.s. No statistical significance

5.3.3 Biochemical analysis

No significant differences were found in lipid contents of whole fish, liver or muscle (p>0.05)
(Table 5.6). Regarding the fatty acid profiles of liver, the two-way ANOVA denoted the
increase in hepatic PUFA contents in juveniles from broodstock with high fads2 expression
(»=0.014) and the combined effect with the broodstock diet (p=0.015) (Table 5.7). Thus, the
pairwise analysis showed that PUFA contents were higher in LRO than in LFO juveniles
(»=0.036). Accordingly, hepatic n-6 PUFA were increased in juveniles from broodstock with
high fads2 expression (p=0.027), with higher values in HFO than in LFO juveniles (p=0.015).
Also, hepatic n-3 fatty acids contents were significantly (p=0.017) affected by the interaction
of broodstock fads2 expression and broodstock diets, with higher n-3 PUFA contents in HFO
than in LFO (p=0.007) and in HFO than in HRO (p=0.032). The same trend was observed for
ARA (p=0.012), with higher contents in HFO than in LFO (p=0.005) and in HFO than in HRO
(»=0.009), and for EPA (p=0.036), with higher contents in HFO than in LFO (p=0.038).

Table 5.6 Lipid content of different tissues from gilthead seabream juveniles obtained from

broodstock with different fads2 expression (high H or low L) and fed either a FO or a RO
broodstock diet, after 45 days of feeding the challenge diet

(% wet weight) HFO HRO LFO LRO
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Whole fish 10.46 1.23 10.75 1.21 11.07 0.47 11.24 1.55
Liver 32.56 0.31 33.89 2.77 33.47 1.57 35.47 231
Muscle 7.25 2.63 7.57 1.10 8.62 0.87 8.08 0.44

No statistical differences were observed

SFA was 21% lower in HFO than LFO (p=0.019). MUFA showed a complementary trend to
the PUFA contents, with lower values for HFO than for LFO juveniles (pmura=0.007) and lower
values for LRO than for LFO juveniles (pmura=0.042). Besides, 16:1/16:0 ratios were higher

in juveniles from broodstock with higher fads2 expression than in those from low fads?2
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Table 5.7 Main fatty acids (% total fatty acids) of liver from gilthead seabream juveniles obtained
from broodstock with different fads2 expression (high H or low L) and fed either a FO or a RO
broodstock diet, after 45 days of feeding the challenge diet

HFO HRO LFO LRO Two-way ANOVA
Name Mean S.D. Mean S.D. Mean S.D. Mean S.D. Selection Diet Selection* Diet
14:0 0.85 0.23 0.93 0.42 '1.10 0.03 20.69 0.07 n.s. n.s. n.s.
14:1n-7 20,254 0.11 ©0.08 0.08 0.028 0.00 0.13 0.10 n.s. n.s. 0.024
14:1n-5 0.24* 0.11 0.08 0.09 0.018 0.00 0.12 0.10 n.s. n.s. 0.027
15:0 0.21* 0.60 0.12 0.07 0.078 0.01 0.16 0.08 n.s. n.s. 0.038
15:1n-5 a0.214 0.09 ®0.06 0.06 0.028 0.00 0.12 0.10 n.s. n.s. 0.017
16:0 ISO 20,224 0.10 ®0.06 0.07 0.008 0.00 0.10 0.08 n.s. n.s. 0.018
16:0 10.048 0.25 10.90 2.64 13.664 0.35 11.24 2.23 n.s. n.s. n.s.
16:1n-7 1.868 0.15 2.03 0.42 2.164 0.04 1.97 0.25 n.s. n.s. n.s.
16:1n-5 0.21* 0.08 0.09 0.03 20.058 0.01 10.16 0.09 n.s. n.s. 0.016
16:2n-4 20,234 0.11 ®0.06 0.04 0.028 0.00 0.12 0.09 n.s. n.s. 0.012
17:0 30.27A 0.13 ©0.09 0.03 0.058 0.01 0.11 0.07 0.048 n.s. 0.021
16:3n-4 20.324 0.12 %0.15 0.01 0.138 0.01 0.18 0.06 n.s. n.s. 0.02
16:3n-3 0.28* 0.17 0.08 0.07 0.038 0.01 0.14 0.12 n.s. n.s. 0.044
16:3n-1 20,284 0.17 %0.07 0.08 0.028 0.00 0.12 0.11 n.s. n.s. 0.036
16:4n-3 20.447 0.18 b0.11 0.11 0.03% 0.01 0.15 0.13 0.037 n.s. 0.035
18:0 6.068 0.74 6.29 0.41 17.454 0.45 26.64 0.17 0.014 n.s. n.s.
18:1n-9 37.46° 3.31 41.67 2.40 43717 0.38 40.08 2.19 n.s. n.s. 0.019
18:1n-7 2.55 0.27 2.77 0.07 2.70 0.04 3.44 0.97 n.s. n.s. n.s.
18:1n-5 0.28* 0.10 0.12 0.11 0.078 0.01 0.11 0.13 n.s. n.s. n.s.
18:2n-9 .57 0.50 23.54 0.54 2.85 0.63 3.24 0.10 n.s. 0.042 n.s.
18:2n-6 14.07 1.66 15.44 0.97 14.33 0.79 14.73 1.69 n.s. n.s. n.s.
18:2n-4 20,254 0.06 ©0.09 0.09 0.048 0.01 0.09 0.12 n.s. n.s. n.s.
18:3n-6 b3.38 0.35 445 0.27 23.11 0.46 13.96 0.21 n.s. 0.001 n.s.
18:3n-4 0.23* 0.08 0.12 0.07 0.058 0.01 0.09 0.11 0.048 n.s. n.s.
18:3n-3 2.37 0.27 2.33 0.24 2.13 0.16 2.24 0.33 n.s. n.s. n.s.
18:4n-3 0.99* 0.13 0.95 0.04 20.688 0.07 10.86 0.30 0.047 n.s. 0.013
18:4n-1 30.314 0.15 ©0.09 0.08 0.03% 0.01 0.18 0.15 n.s. n.s. 0.023
20:0 20.367 0.03 50.23 0.10 0.228 0.02 0.27 0.07 n.s. n.s. 0.048
20:1n-9 0.374 0.11 0.22 0.09 0.188 0.02 0.28 0.10 n.s. n.s. 0.034
20:1n-7 0.86 0.13 0.68 0.23 0.69 0.02 0.76 0.17 n.s. n.s. n.s.
20:1n-5 0.13 0.11 0.15 0.11 0.08 0.02 0.15 0.08 n.s. n.s. n.s.
20:2n-9 0.61 0.11 0.52 0.28 0.56 0.07 0.40 0.10 n.s. n.s. n.s.
20:2n-6 0.47 0.09 0.28 0.13 0.27 0.03 0.33 0.19 n.s. n.s. n.s.
20:3n-9 0.50 0.21 0.32 0.20 0.19 0.15 0.03 0.25 n.s. n.s. n.s.
20:3n-6 0.35 0.16 0.14 0.21 0.12 0.15 0.27 0.04 n.s. n.s. n.s.
20:4n-6 0.654 0.24 ®0.26 0.10 0.228 0.01 0.34 0.08 n.s. n.s. 0.012
20:3n-3 20.47A 0.17 50.21 0.20 0.09% 0.02 0.18 0.09 0.032 n.s. n.s.
20:4n-3 0.447 0.14 0.20 0.17 0.128 0.02 0.29 0.24 n.s. n.s. n.s.
20:5n-3 0.86 0.22 0.45 0.22 0.368 0.05 0.67 0.38 n.s. n.s. 0.037
22:1n-11 0.55 0.51 0.37 0.24 0.27 0.04 0.45 0.28 n.s. n.s. n.s.
22:1n-9 0.38 0.34 0.35 0.21 0.30 0.04 0.37 0.21 n.s. n.s. n.s.
22:4n-6 0.91 0.59 0.32 0.47 0.08 0.03 0.50 0.68 n.s. n.s. n.s.
22:5n-6 1.26 1.10 0.33 0.40 0.13 0.02 0.42 0.37 n.s. n.s. n.s.
22:5n-3 1.184 0.89 0.31 0.31 0.108 0.01 0.41 0.33 n.s. n.s. 0.075
22:6n-3 3.23 1.72 1.88 1.16 1.43 0.03 2.30 0.23 n.s. n.s. n.s.
Y'SFA 17.788 0.75 18.55 3.31 122,554 0.05 219.12 2.02 n.s. n.s. n.s.
>MUFA 45,158 2.86 48.61 1.64 150.25%  0.50 248.02 1.06 n.s. n.s. 0.023
>PUFA 36.64" 2.80 32.71 4.11 27.17%  0.06 132.64 1.88 0.014 n.s. 0.015
>n-3 FA 110254 230 %6.51 2.40 5.028 0.21 7.38 1.14 n.s. n.s. 0.017
>n-6 FA 21.104 1.01 21.23 1.57  21827%  0.39 120.55 1.19 0.027 n.s. n.s.
18:1/18:0 0.42 0.01 0.44 0.03 0.36 0.02 0.52 0.16 n.s. n.s. n.s.
18:4n-3/18:3n-3 0.42 0.08 0.41 0.04 0.34 0.06 0.45 0.09 n.s. n.s. n.s.
18:3n-6/18:2n-6 0.24 0.03 0.29 0.02 0.22 0.05 0.27 0.03 n.s. 0.03 n.s.
20:3n-6/20:2n-6 0.78 0.45 0.37 0.47 0.46 0.56 1.03 0.59 n.s. n.s. n.s.
18:2n-9/18:1n-9 0.07 0.01 0.09 0.01 0.07 0.02 0.08 0.01 n.s. 0.03 n.s.
16:1/16:0 0.19% 0.02 0.19 0.01 0.168 0.01 0.18 0.02 0.02 n.s. n.s.
18:0/16:0 0.60 0.08 0.59 0.10 0.54 0.04 0.61 0.12 n.s. n.s. n.s.
18:1n-7/16:1n-7 1.39 0.24 1.41 0.29 21.25 0.03 11.73 0.27 n.s. n.s. n.s.
DHA/EPA 4.13 2.55 3.95 0.64 3.97 0.44 4.25 2.35 n.s. n.s. n.s.

SFA: Saturated fatty acid; MUFA: Monounsaturated fatty acid; PUFA: Polyunsaturated fatty acid. Bfads2 refers to the effect of the broodstock fads2 expressior; (Hor L),
Bdiet refers to the effect of the broodstock diet (FO or RO).

a, b in front of the value mean there is significant difference between the offspring come from same selection broodstock group (High) but the broodstock were fed with
different diet.1,2 in front of the value mean there is significant difference between the offspring come from same selection broodstock group (Low) but the broodstock were
fed with different diet. A, B in the back of the value mean there is significant difference between the offspring come from broodstock fed with diet FO but with different fads2
expression.

n.s. No statistical significance

expression broodstock (p=0.015). Also, juveniles from broodstock fed with RO diet showed
significantly higher 18:3n-6/18:2n:6, 18:2n-9/18:1n-9 ratio than that from broodstock fed with

FO diet (pissnoisans =0.033, pisanonsins =0.033). A negative correlation was found between 18:3n-
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6/18:2n:6 and the hepatocyte area (r =-0.999, p=0.001).

aurata) progeny

Table 5.8 Fatty acid composition of muscle of juveniles obtained from broodstock with different
fads2 expression (high H or low L) and fed either a FO or a RO broodstock diet, after 45 days of
feeding the challenge diet

HFO HRO LFO LRO Two-way ANOVA

Name Mean S.D. Mean S.D. Mean S.D. Mean S.D. Selection Diet S*D
14:0 0.83 0.2 0.72 0.13 0.74 0.06 0.79 0.13 n.s. n.s. n.s.
14:1n-7 0.05 0.01 0.05 0.01 0.08 0.05 0.06 0.02 n.s. n.s. n.s.
14:1n-5 0.03 0.03 0.02 0.03 0.05 0.06 0.03 0.02 n.s. n.s. n.s.
15:0 0.12 0.03 0.10 0.01 0.11 0.04 0.1 0.01 n.s. n.s. n.s.
15:1n-5 0.03 0.02 0.04 0.00 0.06 0.04 0.05 0.04 n.s. n.s. n.s.
16:0 ISO 0.03 0.03 0.03 0.01 0.05 0.06 0.03 0.03 n.s. n.s. n.s.
16:0 10.95 0.97 10.62 1.06 1091 1.37 11.01 0.49 n.s. n.s. n.s.
16:1n-7 2.34 0.23 242 0.28 2.31 0.24 2.41 0.05 n.s. n.s. n.s.
16:1n-5 0.06 0.04 0.04 0.01 0.08 0.03 0.06 0.02 n.s. n.s. n.s.
16:2n-4 0.05 0.02 0.04 0.01 0.07 0.03 0.05 0.00 n.s. n.s. n.s.
17:0 0.08 0.03 0.06 0.01 0.09 0.03 0.08 0.01 n.s. n.s. n.s.
16:3n-4 0.14 0.03 0.13 0.02 0.15 0.02 0.14 0.02 n.s. n.s. n.s.
16:3n-3 0.04 0.03 0.04 0.02 0.06 0.05 0.04 0.02 n.s. n.s. n.s.
16:3n-1 0.11 0.02 0.08 0.03 0.1 0.04 0.11 0.03 n.s. n.s. n.s.
16:4n-3 0.06 0.01 0.1 0.076 0.12 0.11 0.08 0.02 n.s. n.s. n.s.
16:4n-1 0.01 0.02 0.02 0.03 0.00 0.02 0.02 0.00 n.s. n.s. n.s.
18:0 4.06 0.18 3.84 0.15 3.98 0.2 4.08 0.13 n.s. n.s. n.s.
18:1n-9 38.29 0.99 39.67 1.37 39.63 1.3 38.99 0.73 n.s. n.s. n.s.
18:1n-7 2.58 0.06 2.57 0.38 2.55 0.07 2.59 0.04 n.s. n.s. n.s.
18.1n-5 0.09 0.03 0.08 0.02 0.14 0.13 0.09 0.02 n.s. n.s. n.s.
18:2n-9 1.28 0.23 1.00 0.31 1.09 0.10 1.03 0.13 n.s. n.s. n.s.
18.2n-6 21.3 0.65 21.09 0.24 20.39 0.46 20.65 0.22 0.026 n.s. n.s.
18:2n-4 0.05 0.02 0.06 0.01 0.09 0.09 0.06 0.03 n.s. n.s. n.s.
18:3n-6 1.584 0.16 1.29 0.4 1.19% 0.12 1.24 0.06 n.s. n.s. n.s.
18:3n-4 0.09 0.03 0.09 0.03 0.11 0.05 0.10 0.02 n.s. n.s. n.s.
18:3n-3 3.88 0.13 4.00 0.03 3.95 0.03 3.89 0.07 n.s. n.s. n.s.
18:4n-3 0.5% 0.01 0.46 0.09 0.468 0.15 0.47 0.04 n.s. n.s. n.s.
18:4n-1 0.07 0.07 0.04 0.01 0.09 0.07 0.05 0.00 n.s. n.s. n.s.
20:0 0.34 0.04 0.33 0.07 0.42 0.14 0.33 0.01 n.s. n.s. n.s.
20:1n-9 0.21 0.01 0.21 0.03 0.24 0.1 0.21 0.01 n.s. n.s. n.s.
20:1n-7 1.17 0.04 1.26 0.11 1.32 0.32 1.22 0.03 n.s. n.s. n.s.
20.1n-5 0.10 0.02 0.18 0.11 0.18 0.16 0.13 0.02 n.s. n.s. n.s.

20:2n-9 0.248 0.08 0.33 0.07 10.464 0.03 20.3 0.02 0.018 n.s. 0.006
20:2n-6 0.36 0.01 0.37 0.01 0.45 0.17 0.37 0.01 n.s. n.s. n.s.
20:3n-9 0.29 0.07 0.33 0.00 0.34 0.01 0.29 0.04 n.s. n.s. n.s.
20:3n-6 0.08 0.04 0.09 0.02 0.08 0.04 0.06 0.06 n.s. n.s. n.s.
20:4n-6 0.46 0.06 0.39 0.06 0.36 0.06 0.43 0.06 n.s. n.s. n.s.
20:3n-3 0.17 0.08 0.16 0.03 0.16 0.05 0.13 0.02 n.s. n.s. n.s.
20:4n-3 0.20 0.03 0.20 0.02 0.24 0.03 0.20 0.01 n.s. n.s. n.s.
20:5n-3 1.12 0.12 1.14 0.29 1.03 0.19 1.29 0.18 n.s. n.s. n.s.
22:1n-11 0.66 0.02 0.68 0.05 0.79 0.23 0.65 0.00 n.s. n.s. n.s.
22:1n-9 0.46 0.02 0.42 0.02 0.54 0.14 0.41 0.06 n.s. n.s. n.s.
22:4n-6 0.19 0.07 0.15 0.02 0.24 0.2 0.19 0.06 n.s. n.s. n.s.
22:5n-6 0.43 0.13 0.39 0.11 0.40 0.09 0.41 0.07 n.s. n.s. n.s.
22:5n-3 0.49 0.60 0.49 0.11 0.55 0.32 0.52 0.08 n.s. n.s. n.s.
22:6n-3 4.33 1.2 4.18 1.31 3.56 0.81 4.54 0.82 n.s. n.s. n.s.
> SFA 16.37 1.16 15.66 1.04 16.25 1.42 16.39 0.50 n.s. n.s. n.s.
> MUFA 46.04 1.14 47.61 1.44 47.90 0.61 46.85 0.66 n.s. n.s. n.s.
> PUFA 37.53 1.65 36.66 2.43 35.74 1.75 36.67 0.98 n.s. n.s. n.s.
> n-3 PUFA 10.79 1.23 10.76 1.76 10.14 1.55 11.16 0.99 n.s. n.s. n.s.

> n-6 PUFA 24.414 0.53 23.77 0.39 223.098 0.03 123.35 0.02 0.002 n.s. 0.046
18:1/18:0 0.64 0.04 0.67 0.04 0.64 0.03 0.64 0.01 n.s. n.s. n.s.
18:4n-3/18:3n-3 0.13 0.01 0.12 0.03 0.12 0.00 0.12 0.01 n.s. n.s. n.s.
18:3n-6/18:2n-6 0.074 0.008 0.061 0.020 0.058 0.005 0.060 0.003 n.s. n.s. n.s.
20:3n-6/20:2n-6 0.23 0.11 0.24 0.06 0.17 0.03 0.16 0.16 n.s. n.s. n.s.
18:2n-9/18:1n-9 0.034 0.007 0.025 0.009 0.028 0.002 0.027 0.003 n.s. n.s. n.s.
16:1/16:0 b0.21 0.01 20.23 0.00 0.21 0.01 0.22 0.01 n.s. 0.039 n.s.
18:0/16:0 0.37 0.04 0.36 0.05 0.37 0.03 0.37 0.03 n.s. n.s. n.s.
18:1n-7/16:1n-7 1.11 0.08 1.07 0.13 1.11 0.11 1.08 0.03 n.s. n.s. n.s.
DHA/EPA 3.83 0.66 3.63 0.22 3.44 0.16 3.51 0.23 n.s. n.s. n.s.

SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; PUFA: Polyunsaturated fatty acids, Bfads2 refers to the effect of the broodstock fads2 expression (H or L);

Bdiet refers to the effect of the broodstock diet (FO or RO). a, b in front of the value mean there is significant difference between the offspring come from same selection

broodstock group (High) but the broodstock were fed with different diet. 1,2 in front of the value mean there is significant difference between the offspring come from same

selection broodstock group (Low) but the broodstock were fed with different diet. A, B in the back of the value mean there is significant difference between the offspring

come from broodstock fed with diet FO but with different fads2 expression.I, II in the back of the value mean there is significant difference between the offspring come from

broodstock fed with diet RO diet but with different fads2 expression. n.s. No statistical significance
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In muscle, the n-6 fatty acids contents and, particularly, 18:2n-6, were significantly higher in
juveniles from high fads2 expression broodstock than in those from broodstock with low fads?2
expression (Pusra =0.002; pisans =0.027). Juveniles from broodstock fed with RO diet were
higher in the ratio 16:1n-7/16:0 than those from broodstock fed with FO diet (»=0.039) (Table
5.8).

In whole body, there was also an interaction with broodstock diets (p=0.046) and therefore, n-
6 content was significantly higher in HRO than in LRO juveniles (»p=0.012), and also higher in
LFO than in LRO juveniles (p = 0.031) (Table 5.9). Besides, there was a combined effect of
both factors, fads2 expression and broodstock diet, on EPA (p=0.002), which was significantly
higher in HFO than in HRO (p=0.033) or LRO (p=0.022).

Table 5.9 Whole body fatty acid composition of seabream juveniles obtained from broodstock with

different fads2 expression (high H or low L) and fed either a FO or a RO broodstock diet, after 45
days of feeding the challenge diet

HFO HRO LFO LRO Two-way ANOVA
Name Mean S.D. Mean S.D. Mean S.D. Mean S.D. Selection Diet Selection* Diet
14:0 0.96 0.39 1.17 0.52 1.20 0.14 1.43 0.38 n.s. n.s. n.s.
14:1n-7 0.11 0.10 0.07 0.31 0.08 0.01 0.06 0.02 n.s. n.s. n.s.
14:1n-5 0.18 0.26 0.03 0.01 0.06 0.06 0.03 0.01 n.s. n.s. n.s.
15:0 0.20 0.14 0.13 0.04 0.12 0.00 0.14 0.02 n.s. n.s. n.s.
15:1n-5 0.13 0.14 0.04 0.03 0.06 0.02 0.03 0.01 n.s. n.s. n.s.
16:0 ISO 0.13 0.17 0.03 0.03 0.05 0.04 0.02 0.01 n.s. n.s. n.s.
16:0 10.25 2.76 11.85 3.00 11.97 0.91 12.94 0.87 n.s. n.s. n.s.
16:1n-7 2.46 0.62 2.88 0.59 2.62 0.16 2.99 0.57 n.s. n.s. n.s.
16:1n-5 0.11 0.10 0.08 0.03 0.13 0.07 0.04 0.01 n.s. n.s. n.s.
16:2n-4 0.34 0.10 0.10 0.03 0.06 0.06 0.10 0.03 n.s. n.s. n.s.
17:0 0.12 0.04 0.09 0.03 0.10 0.03 0.11 0.03 n.s. n.s. n.s.
16:3n-4 0.15 0.00 0.15 0.01 0.15 0.03 0.15 0.02 n.s. n.s. n.s.
16:3n-3 0.10 0.09 0.03 0.02 0.06 0.03 0.04 0.01 n.s. n.s. n.s.
16:3n-1 0.16 0.07 0.13 0.05 0.14 0.02 0.12 0.03 n.s. n.s. n.s.
16:4n-3 0.24 0.14 0.20 0.07 0.16 0.02 0.14 0.02 n.s. n.s. n.s.
16:4n-1 0.09 0.09 0.07 0.04 0.03 0.04 0.02 0.01 n.s. n.s. n.s.
18:0 391 0.22 3.63 0.42 4.11 0.18 4.17 0.24 n.s. n.s. n.s.
18:1n-9 36.88 3.03 37.46 1.97 39.04 1.33 39.24 2.62 n.s. n.s. n.s.
18:1n-7 2.67 0.06 5.20 4.63 2.63 0.05 2.61 0.01 n.s. n.s. n.s.
18.1n-5 0.15 0.09 0.06 0.05 0.14 0.07 0.07 0.01 n.s. n.s. n.s.
18:2n-9 1.29 0.33 1.23 0.19 1.13 0.06 1.20 0.11 n.s. n.s. n.s.
18.2n-6 18.49 1.30 20.15 1.58 19.14 0.95 183 0.76 n.s. n.s. n.s.
18:2n-4 0.13 0.09 0.05 0.03 0.1 0.06 0.07 0.02 n.s. n.s. n.s.
18:3n-6 1.44 0.15 1.53 0.08 1.35 0.07 1.40 0.14 n.s. n.s. n.s.
18:3n-4 0.21 0.18 0.08 0.03 0.15 0.07 0.08 0.02 n.s. n.s. n.s.
18:3n-3 3.59 0.28 391 0.26 3.73 0.11 3.51 0.18 n.s. n.s. n.s.
18:4n-3 0.74 0.03 0.58 0.05 0.5 0.02 0.59 0.05 n.s. n.s. n.s.
18:4n-1 0.16 0.16 0.05 0.04 0.10 0.05 0.04 0.02 n.s. n.s. n.s.
20:0 0.42 0.16 0.26 0.06 0.33 0.06 0.30 0.01 n.s. n.s. n.s.
20:1n-9 0.33 0.21 0.17 0.05 0.20 0.03 0.19 0.02 n.s. n.s. n.s.
20:1n-7 1.62 0.43 1.09 0.18 1.11 0.07 1.20 0.05 n.s. n.s. n.s.
20.1n-5 0.31 0.31 0.16 0.06 0.14 0.05 0.11 0.02 n.s. n.s. n.s.
20:2n-9 0.39 0.10 0.33 0.04 10.44 0.08 20.26 0.05 n.s. 0.02 n.s.
20:2n-6 0.44 0.17 0.27 0.05 10.38 0.03 20.29 0.02 n.s. 0.035 n.s.
20:3n-9 0.10 0.16 0.03 0.03 0.35 0.08 0.14 0.12 0.022 n.s. n.s.
20:3n-6 0.35 0.18 0.26! 0.05 0.08 0.10 0.09" 0.07 0.009 n.s. n.s.
20:4n-6 0.47 0.17 0.37 0.13 0.37 0.10 0.37 0.04 n.s. n.s. n.s.
20:3n-3 0.26 0.26 0.14 0.09 0.20 0.09 0.12 0.03 n.s. n.s. n.s.
20:4n-3 0.32 0.15 0.19 0.05 0.23 0.06 0.20 0.06 n.s. n.s. n.s.
20:5n-3 1.62 0.37 1.03 0.28 0.98 0.21 1.33 0.23 n.s. n.s. 0.02
22:1n-11 1.12 0.53 0.57 0.25 0.75 0.15 0.74 0.09 n.s. n.s. n.s.
22:1n-9 0.55 0.24 0.36 0.11 0.48 0.08 0.38 0.05 n.s. n.s. n.s.
22:4n-6 0.39 0.29 0.15 0.13 0.72 0.93 0.12 0.01 n.s. n.s. n.s.
22:5n-6 0.47 0.30 0.27 0.15 0.51 0.39 0.26 0.04 n.s. n.s. n.s.
22:5n-3 0.76 0.32 0.37 0.13 0.51 0.25 0.51 0.11 n.s. n.s. n.s.
22:6n-3 4.50 1.53 3.13 1.18 3.08 0.59 3.74 0.52 n.s. n.s. n.s.
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HFO HRO LFO LRO Two-way ANOVA

Name Mean S.D. Mean S.D. Mean S.D. Mean S.D. Selection Diet Selection* Diet
>'SFA 15.86 3.02 17.11 3.98 17.83 1.06 19.10 1.09 n.s. n.s. n.s.
YMUFA 46.40 1.29 48.13 2.26 47.38 0.91 47.67 2.10 n.s. n.s. n.s.
YPUFA 37.46 3.90 34.69 2.57 34.67 1.87 33.18 1.78 n.s. n.s. n.s.
>n-3 FA 12.58 2.80 9.48 1.86 9.45 1.11 10.17 1.08 n.s. n.s. n.s.
>n-6 FA 22.04 0.35 23.00" 1.32 122.56 0.51 220.83" 0.72 n.s. n.s. n.s.
18:1/18:0 0.68 0.05 1.55 1.55 0.64 0.04 0.63 0.04 n.s. n.s. n.s.
18:4n-3/18:3n-3 0.21 0.10 0.15 0.02 0.13 0.01 0.17 0.01 n.s. n.s. n.s.
18:3n-6/18:2n-6 0.078 0.013 0.076 0.007 0.071 0.003 0.077 0.011 n.s. n.s. n.s.
20:3n-6/20:2n-6 0.53 0.35 0.48 0.23 0.53 0.23 0.43 0.08 n.s. n.s. n.s.
18:2n-9/18:1n-9 0.036 0.012 0.033 0.004 0.029 0.001 0.031 0.002 n.s. n.s. n.s.
16:1/16:0 0.24 0.01 0.25 0.01 0.22 0.00 0.23 0.03 n.s. n.s. n.s.
18:0/16:0 0.40 0.09 0.31 0.05 0.34 0.02 0.32 0.04 n.s. n.s. n.s.
18:1n-7/16:1n-7 1.14 0.31 2.08 2.21 1.01 0.08 0.90 0.18 n.s. n.s. n.s.
DHA/EPA 3.02 0.42 2.98 0.39 3.17 0.14 2.85 0.39 n.s. n.s. n.s.

SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; PUFA: Polyunsaturated fatty acids, Bfads2 refers to the effect of the broodstock fads2
expression (H or L); Bdiet refers to the effect of the broodstock diet (FO or RO).

“®in front of the value mean there is significant difference between the offspring come from same selection broodstock group (High) but the broodstock were
fed with different diet, '? in front of the value mean there is significant difference between the offspring come from same selection broodstock group (Low) but
the broodstock were fed with different diet. *-® in the back of the value mean there is significant difference between the offspring come from broodstock fed
with diet FO but with different fads2 expression. " in the back of the value mean there is significant difference between the offspring come from broodstock

fed with diet RO diet but with different fads2 expression. n.s. No statistical significance
5.3.4 Gene expression

Hepatic fads2 expression was 38 % higher in juveniles from broodstock with high fads2
expression (p =0.044) than in juveniles from broodstock with low fads2 expression (Table 5.10).
Moreover, a significant lineal regression was found between the fads2 expression in broodstock
and in the juvenile progeny (+=0.97, p=0.01). Besides, hepatic fads2 expression in juveniles
was also correlated to the SGR (#=0.580, p=0.048). The expression of hepatic fads2 showed
the interaction of broodstock fads2 expression and broodstock diets (p = 0.049). Simple main
effect analysis showed that expression of elovi6 was 3.69 times higher in HFO than in HRO
juveniles (p=0.019). Besides, elov/6 expression in liver was correlated to the EPA contents in
liver lipids (=0.67, p=0.06). No significant differences were found in the expression of the
other genes studied in the liver, including cox-2, igf-1, srebp or ppara. Nevertheless, igf-1 in
liver was negatively correlated to the HSI (»=-0.92, p=0.08) and the n-3 fatty acid contents in
muscle (»=-0.95, p=0.05). In muscle, the ratio ghr-1/ ghr-2 showed the interaction of the
broodstock fads2 expression and the broodstock diet (p=0.039). Thus, the muscle ghri/ghr2
was significantly higher (p=0.04) in HFO juveniles than in HRO ones. Juveniles from
broodstock fed with FO diet had a significantly higher ghrl/ghr2 ratio than those from

broodstock fed with RO (p=0.014).

5.4 Discussion

The results of the present study showed the trans-generational effect of both the broodstock
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fads2 expression and the type of lipid on the broodstock diet on the metabolism and

Table 5.10 Gene expression of progenies juveniles from blood fads2 selected and nutritional
intervened broodstock challenged by low FM and FO diet after 45 days

HFO HRO LFO LRO Two-way ANOVA

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Bfads2 Bdiet Bfads2*Bdiet
Liver (copies/uL)
fads2 683.13 177.46  793.87 145.51 491.17 101.10  426.45 105.16 0.014 n.s. n.s.
cox-2 1.19 0.55 1.65 0.40 1.52 0.88 1.81 1.42 n.s. n.s. n.s.
elovl6 2144.52A 17.27 b39.18" 32.52 269.318 11.77 119.40" 45.22 n.s. n.s. 0.005
igf-1 20.79 4.53 22.46 6.24 18.34 1.80 24.65 0.61 n.s. n.s. n.s.
srebp 5991 12.63 60.43 24.52 52.46 18.82 50.86 10.29 n.s. n.s. n.s.
ppara 55.43 23.23 74.97 4.84 62.00 22.57 74.07 3.84 n.s. n.s. n.s.
Muscle
ghr-1 14.82 3.55 10.04 1.11 13.33 2.06 13.49 5.33 n.s. n.s. n.s.
ghr-2 22.06 3.99 31.65 10.84 23.73 4.54 25.61 9.81 n.s. n.s. n.s.
ghr-1/ghr-2 0.67 0.10 %0.35 0.14 0.56 0.02 0.53 0.10 n.s. 0.014 0.039

Bfads2 refers to the effect of the broodstock fads2 expression (H or L); Bdiet refers to the effect of the broodstock diet (FO or RO).
a, b in front of the value mean there is significant difference between the offspring come from same selection broodstock group (High) but the broodstock were fed with

different diet. I, IT in the back of the value mean there is significant difference between the offspring come broodstock fed with diet RO diet but with different fads2 expression

performance of the juvenile progeny challenged with a diet low in FM and FO.

In marine fish, the limited ability to synthesize LC-PUFAs, due to insufficient expression of
key genes such as fads2, constrains their capacity to use low FM and FO diets. This gene codes
for the enzyme delta-6 desaturase, which initiates the synthesis of LC-PUFA from the 18-
carbon atom fatty acid precursors. In the present study, high fads2 expression in broodstock
markedly increased hepatic fads2 expression in juveniles, affecting fatty acid composition of
different tissues, and reducing VSI (p<0.05). In agreement, PUFA contents in liver of juveniles
from high fads2 broodstock significantly increased due to the elevation of n-6 PUFA contents,
particularly ARA, the end product of n-6 PUFA biosynthesis initiated by Fads2 on 18:2n-6. In
muscle, n-6 PUFA were also significantly increased. This was due in one hand to the increase
in 18:2n-6, which was higher than in liver since this fatty acid is preferentially incorporated
into PL in this species (Caballero et al., 2006), and muscle has a proportionally larger content
of PL (Izquierdo et al., 2005). Indeed, this is one of the reasons for the persistence of 18:2n-6
in muscle of seabream fed vegetable oils, even after several months after being fed with a “wash
out” diet containing low levels of 18:2n-6 (Izquierdo et al., 2005). On the other hand, a 25%
increase in the ARA contents in muscle of juveniles from broodstock with high fads2
expression contributed to the increase in n-6 PUFA, in agreement with the higher fads2
expression in these juveniles. All these results agree well with the increase in n-6 PUFA found
in muscle of chicken expressing high fads2 (Boschetti et al., 2016). The lack of effect on the

n-3 PUFA contents in liver, muscle or whole body would be related to the low 18:3n-3 content
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in the diet fed to the juveniles, in comparison to the high dietary 18:2n-6 content. Besides, the
high fads2 expression in the broodstock was also associated with a significant (p<0.05)
reduction in juveniles VSI. These results agree well with the tendency to a higher fads?2
expression found in livers of gilthead seabream juveniles from parents with high fads2
expression (Turkmen et al., 2019b). However, in such study no significant differences were
observed in fads2 expression, what could be related to the shorter duration of the trial, since
fish only doubled their weight, and the larger initial weight of the juveniles (20g). In
comparison, the present study was conducted until fish from all experimental groups had at
least tripled their initial weight.

Therefore, to our knowledge, this is the first study that shows a degree of inheritance in the
ability to express fads2 in fish, and particularly in gilthead seabream. Even though it could seem
obvious that the progeny from a high fads2 expression broodstock should have a high fads2
expression, heritability of the fads2 expression has been suggested to be very low in fish.
Moreover, most studies have focused on the potential heritability of DHA and EPA content in
muscle but have not directly targeted fads2 expression heritability. For instance, in salmonids,
a moderate cross-validation accuracy for selection for DHA and EPA has been recently
demonstrated, opening the possibilities for selection of these traits (Horn et al., 2018). However,
fish contents in DHA and EPA are regulated by a number of factors apart from fads2 expression.
In gilthead seabream, preliminary studies with a reduced but representative number of
genetically characterized fish suggest an estimation of the fads2 expression heritability in this
species of 0.08+0.20 (Afonso and Izquierdo, unpublished data), in agreement with the high
correlation between fads2 expression in broodstock and juveniles in the present study. These
increased fads2 expression in the progeny of high fads2 broodstock, in comparison to the low
fads2 broodstock, could be related to genetic or epigenetic factors. For instance, in humans,
various genotypes are responsible for differences in FADS2 expression and delta-6 desaturase
activity (Howard er al., 2014), which are affected by single nucleotide polymorphisms
(Schaeffer et al., 2006; Xie and Innis, 2008). Besides, DNA methylation of enhancer regions
of the FADS are associated to delta-6 desaturase activity in humans (Howard et al., 2014).

Increased methylation of specific CpG sites in the promoter region of fads2 has been also found
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in the progeny of gilthead seabream from broodstock with low fads2 expression (Turkmen et
al., 2019b). Nevertheless, it cannot be dismissed that those differences on fads2 expression or
the products of Fads2 activity could be related to or mediated by other factors associated to the
selection of high fads2 expression broodstock. For instance, in the seabream females used in
the present study, fads2? expression was positively related to plasma 17p-estradiol levels
(Ferosekhan et al., 2020b). Also in female rats, estradiol increases DHA tissue contents through
the up-regulation of A6 desaturase gene (Kitson ef al., 2013). Nevertheless, having seabream a
proterandry development of gonads, aromatase activity to produce 17p-estradiol would be
extremely low until the fish reach at least 300g. Since the juveniles in the present study
weighted only few grams, this steroid hormone would not likely be the cause of the fads2 up-
regulation.

Feeding broodstock with the RO diet significantly (p<0.05) increased the hepatic 18:3n-
6/18:2n-6 and 18:2n-9/18:1n-9 ratios, indicators of Fads2 activity (Vagner and Santigosa,
2011), in the juvenile offspring. These results denote a significant nutritional programming
effect of the broodstock diet on the juvenile progeny, especially on promoting the Fads2 activity.
These results are in agreement with previous studies where the seabream juvenile progeny of
broodstock fed a linseed oil rich diet showed increased contents of Fads2 products in
comparison to those from broodstock fed a FO diet (Turkmen et al., 2019a). Similarly, in red
drum (Sciaenops ocellatus) nutritional programming by essential fatty acids increase Fads2
products in the 21-day-old larvae progeny challenged with a low LC-PUFA diet (Fuiman and
Perez, 2015). In the present study, the increase in these hepatic indicators of Fads2 activity,
together with the lack of a significant effect on the fads2 expression, suggest that a post-
transcriptional factor could mediate this nutritional programming effect. This hypothesis is in
agreement with the down-regulation of microRNAs related with lipid metabolism in offspring
of mice fed a high fat diet from conception to lactation, in comparison to those fed a chow diet
(Zhang et al., 2009). Interestingly, this enhancement of Fads2 activity was not observed in
previous studies when broodstock was fed a diet high in LNA but not sufficiently low in LC-
PUFA (Turkmen et al., 2019a). In such study, the difference in the n-3 LC-PUFA content

between the control FO and the high VO broodstock diets was only of 2.6 %, in comparison to
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the 8.1% difference between the broodstock diets of the present study (Ferosekhan et al.,
2020b). Thus, the high n-3 LC-PUFA content of the previous study (Turkmen et al., 2019a)
could have prevented the success in the nutritional programming. In agreement with this
hypothesis, in Atlantic Salmon the VO diet used to effectively induce a nutritional
programming effect was 22.3% lower in n-3 LC-PUFA than the control FO diet (Clarkson et
al., 2017).

Feeding broodstock a diet with partial replacement of FO by RO led to a marked (p<0.001)
reduction in the VSI of juveniles and the size of hepatocytes, which was significantly correlated
to the HSI (» = 0.96, p<0.05). However, the liver lipid contents were not affected, suggesting
that the reduced hepatocyte size would be rather related to the catabolism of glycogen than lipid,
since hepatocytes are energy reservoirs in these type of fish species (Chellappa et al., 1995).
Besides, HSI was negatively correlated with the expression of liver igf-/. However, no
significant differences were found in igf-/ expression values, what could have been related to
the low number of copies/ul obtained. /gf-1 is preferentially expressed in the liver, by
stimulation of growth hormone (GH), and promotes systemic body growth, although is not
always directly correlated to fish growth (Beckman, 2011). Igf-1 is regulated by different
factors including fish nutritional status (Pérez-Sanchez et al., 2018) and it is down-regulated in
European sea bass fed low LC-PUFA diets (Escobar-Aguirre et al., 2020). As in the later study,
in the present one, it is possible that the very low LC-PUFA contents in the diet for juveniles
would have also inhibited igf-/expression, leading to the low number of copies/uL obtained.
Nevertheless, the juveniles from broodstock fed the RO diet seemed to be more resilient to this
inhibition, since they showed igf-Iexpression values that were 20% higher than those of
juveniles from broodstock fed the FO diet.

In juveniles coming from broodstock with high fads2 expression, FO replacement by RO in the
broodstock diets, led to a significant (p<0.05) reduction in the ghr-1/ghr-2 ratio in muscle as
well as a significant (p<0.01) increase in SGR. The growth hormone receptors (Ghrs) are main
components of the somatotropic axis that mediate the action of Gh (Sakamoto et al., 1993).
Doubled Ghrs are actively transcribed in fish (Saera-Vila et al., 2007) and their expression can

be regulated by nutrition and season, among other factors (Pérez-Sanchez et al., 2018). For
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instance, in gilthead sea bream, ghr-1 and ghr-2 have a protective and/or growth promoting
action and ghr-2 expression in muscle is up-regulated when the fish are fast or fed with a low
FO diet (Benedito-Palos et al., 2007; Saera-Vila et al., 2007). In comparison with ghr-2, ghr-1
is more actively transcribed in liver and adipose tissue than in muscle of gilthead sea bream
and remains stable in muscle when fish are fast or fed with different lipid sources (Saera-Vila
et al., 2005; Benedito-Palos et al., 2007). Thus, the ratio between ghr-2 and ghr-1 in muscle
could be used to evaluate the ability of muscle maintenance and growth in gilthead sea bream
(Benedito-Palos et al., 2007). In the present study, the ratio of ghr-1/ghr-2 expressions in
muscle was significantly reduced in juveniles coming from broodstock with high fads?2
expression and fed the RO diet instead of the FO diet. These results demonstrate the significant
effect of nutritional programming on ghr-1/ghr-2 expression in muscle and support their value
as a mechanism of growth regulation to confront poor nutritional conditions previously
suggested (Pérez-Sanchez et al., 2018). This increased SGR found in juveniles coming from
broodstock with high fads2 expression and fed the RO diet instead of FO is in agreement with
other studies regarding the nutritional programming effect of feeding plant ingredients to
broodstock or first feeding fish. For instance, 70% replacement of dietary fish oil by a
combination of vegetable oils on diets for broodstock gilthead seabream promotes growth
performance in offspring juveniles (Izquierdo et al., 2015; Turkmen et al., 2017a; Turkmen et
al., 2019a; Turkmen et al., 2019b). Among freshwater fish, feeding plant-based diets in early
life stages improves growth later in life (Geurden et al., 2013; Clarkson et al., 2017). In general,
the plasticity of the fish during the developmental stages of rapid growth facilitates the
regulation of metabolism by nutritional factors. Specifically, ingestion, digestion, absorption
and biosynthesis pathways can be regulated by nutritional programming (reviewed in (Hou and
Fuiman, 2019)). However, in marine fish such as European sea bass, feeding larvae with low
dietary LC-PUFA from first exogenous feeding for 39 days does not improve growth
performance or fatty acid biosynthesis capacity when fish is later challenged with a low n-3
LC-PUFA diet (Vagner et al., 2009). Similarly, nutritional programming was not successful in
gilthead seabream when larvae were fed a low n-3 LC-PUFA diet (Turkmen et al., 2017b). In

both species, and generally in marine fish, larval stages are weak and very sensitive to low
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dietary n-3 LC-PUFA levels, what constrains the use of these nutrients for nutritional
programming during larval development. The mechanisms underlying these nutritional
programming effects are not yet clearly understood. In fish, the development of embryos relies
on nutrients deposited in the yolk sac, which depend on the maternal intake of nutrients during
and before oogenesis. In addition, evidence suggests a high maternal (Rauwerda et al., 2016)
and paternal (Otero-Ferrer er al., 2020) influence on the transcriptome of the developing
embryos and the transfer of gene expression regulating RNAs, IncRNA and miRNA (Sullivan
et al., 2015) or specific proteins (Lubzens et al., 2017).

Despite the increased growth found in juveniles coming from broodstock with high fads?2
expression and fed RO diet instead of FO, the ARA and n-3 PUFA contents in the liver were
significantly reduced. Since, none of these fatty acids, neither DHA, were significantly reduced
in whole body or muscle, their lower levels in liver suggest the mobilization of these PUFAs
from liver to other tissues to support such increased growth. Only EPA levels in whole body of
juveniles from broodstock with high fads2 expression was reduced when FO was replaced by
RO in the broodstock diets. Besides, expression of elov/6 in liver of juveniles from broodstock
with high fads2 expression, was down regulated by the replacement of FO by RO in broodstock
diets, denoting a strong nutritional programming effect. Indeed, hepatic elovi6 expression was
inversely correlated to SGR (#=-0.62, p=0.05). These results are in agreement with our previous
studies in gilthead seabream where broodstock nutrition induced a strong nutritional
programming effect on the expression of certain energy and lipid metabolism-related genes
such as elovi6 (Izquierdo et al., 2015; Turkmen et al., 2017a). In those studies, elovi6 in the
progeny was down-regulated by the FO replacement by vegetable oils in the broodstock diet,
in agreement with the improved utilization of dietary lipids and carbohydrates found in Elovi6
disrupted mice models (Matsuzaka and Shimano, 2009).

In conclusion, the results of the present study have shown that it was possible to up-regulate
the fads2 expression of juvenile gilthead seabream by using broodstock with inherently high
fads2 expression, what led to increased PUFA contents in liver and muscle. Besides, nutritional
programming through FO replacement by RO in broodstock diets increased the Fads2 activity

(based on the ratio of fatty acid products and substrates for Fads2), reduced VSI, hepatocyte
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size and expression of elovl6 in liver and ghr-1/ghr-2 in muscle. Moreover, the combination of
both broodstock with high fads2 expression and nutritional programing with RO allowed
producing gilthead seabream juveniles that showed a faster growth when challenged with a low
FM and low FO diet. Further studies are being conducted to better understand the regulation of
nutritional programming through broodstock nutrition in gilthead seabream.
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Abstract

One of the factors that limits the replacement of fish meal (FM) and fish oil (FO) by plant
ingredients in diets for marine fish is their limited capacity to express fatty acyl desaturase 2
gene (fads2) and synthetize long chain-polyunsaturated fatty acids (LC-PUFA). The aim of
this study was to determine if the inherent fads2 expression in gilthead seabream broodstock
had long term effects on offspring ability to use low FM and FO diets. For that purpose, growth,
fatty acid profiles, expression of selected genes and fads2 promotor sequencing were studied
in offspring juveniles obtained from broodstock with either high (H) or low (L) fads2
expression and nutritionally challenged with a 7.5% FM and 0% FO diet. The results showed a
22% improvement in final body weight in offspring of broodstock with a higher fads2
expression when offspring was fed from 2.3 to over 100 g with diets containing low FM and
low FO levels. Besides Juveniles from broodstock with higher fads2 expression showed
significantly higher 22:6n-3, 22:4n-6 and 22:5n-3 content and the downregulation of fads2 in
liver. No differences were observed in sequencing alignment in the fads2 promoter region
among fish with different fads2 expression. Overall, the study demonstrated the long-term
trans-generational effects of the broodstock fads2 expression on growth and the fatty acid
metabolism of the offspring fed with low FM and FO diets.

Keywords: Parental gene expression; plant ingredients utilization; n-3 long-chain PUFA
biosynthesis; fatty acyl desaturase 2

93



6.1 Introduction

Fish is a main source of n-3 long chain polyunsaturated fatty acids (LC-PUFAs) for consumers,
with a well-balanced content of minerals and highly digestible proteins, what contributes to the
continuous increase in the demands of these product (FAO, 2020). Due to the stagnant
production of fisheries, aquaculture is taking over the responsibility to provide safe and
sustainable fish food to satisfy market requests (FAO, 2020). However, the further development
of aquaculture is limited by the high demand, restricted availability and increasing prices of
fishmeal (FM) and fish oil (FO), traditional protein and lipid sources in aquafeeds (Hardy and
Barrows, 2002). For instance, in 2015, aquaculture industry used over 70% of the FM and FO
produced worldwide (Green, 2018). These ingredients are mostly derived from capture fisheries
(Hardy and Barrows, 2002) and, therefore, their production is stagnant or even decreased
(Green, 2018). Besides this limitation in availability, the use of FM and FO in aquafeed raises
the concerns on the overexploitation of fisheries (Council, 2011). Therefore, dietary FM and
FO need to be replaced by other high quality and nutritious ingredients with a more economical,
environmental and social sustainability. Many alternative ingredients are used to replace FM
and FO in aquafeeds such as plant ingredients, animal byproducts, single cell ingredients or
insect meals (Caballero et al., 2002; Wang et al., 2016; Rosales et al., 2017; Rimoldi et al.,
2018; Carvalho et al., 2020). However, depending on the type of ingredient and the replacement
level, these alternative ingredients may lead to malnutritional effects on fish growth, nutrients
digestibility, immune system, efc. (Vergara et al., 1996b; Vergara et al., 1996a; Caballero et
al., 2004; Gomez-Requeni et al., 2004).

One of the main problems encountered when FM and FO are replaced by plant ingredients in
diets for marine fish, is their low capacity to synthesis LC-PUFA, essential for these fish species,
and high in FM and FO but low in plant ingredients. LC-PUFAs, specifically eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), are critical for the adequate development of brain
and larval tissues (Mourente, 2003), immune system functioning (Zuo et al., 2012b),
reproductive performance (Fernandez-Palacios et al., 2011) and fillet nutritional value for the
consumer (Monge-Ortiz et al., 2018). The biosynthesis of LC-PUFA is catalysed by fatty acid
desaturases (fads) and elongases (elovl), being Fads2 and Elovl6 major rate-limiting enzymes

in the LC-PUFA biosynthesis pathways in several marine fish species (Monroig et al., 2011;
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Kabeya et al., 2014). Besides, fads2 expression can be modulated through the diet (Izquierdo
et al., 2008), suggesting that LC-PUFA biosynthesis could be enhanced through diet
modulation for a better utilization of plant ingredients. Therefore, recent research has focused
on increasing the ability of the different fish species to use diets low in FM and FO. For instance,
inclusion of key genes on LC-PUFA synthesis could potentially enhance this pathway
improving the use of vegetable oils, such as the transgenesis of the salmonid elovl2 gene to
nibe croaker (Nibea mitsukurii) (Kabeya et al., 2014). However, the use of transgenics often
arises safety concerns and restriction policies. In addition, selective breeding can be used to
produce fish with a higher ability to use low FM and FO diet. For instance, the selection of
rainbow trout with higher growth and survival when fed with diets based on vegetable
ingredients to replace FM and FO for three generations, effectively improved growth
performance when fish were fed with a 100% plant-based (Callet e al., 2017). In gilthead
seabream, selecting broodstock with a higher expression of fads2 may improve the ability to
use a low FM and FO diet in the progeny (Turkmen et al., 2019b). Although fads?2 is highly
expressed in the liver of gilthead sea bream (Benedito-Palos et al., 2014), determination of this
gene expression in peripheral blood cells (PBCs) allows the selection of fish with different
fads2 expression trough a non-invasive method. Besides, a highly positive correlation was
found in fads2 expression between liver and PBCs (Ferosekhan et al., 2020a).

Figure 6.1 Pathways of >C18 PUFA (polyunsaturated fatty acids) biosynthesis (Bond et al., 2016 and Oboh
etal, 2017)
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Our previous studies have found that broodstock with higher fads2 expression had a higher
reproductive performance in terms of fecundity and quality of sperm and egg (Ferosekhan et
al., 2020b). Besides, blood fads2 expression in gilthead sea bream broodstock females, which
tended to be higher than in males, was positively related to plasma oestrogen levels (Ferosekhan
et al., 2020b). Moreover, the offspring produced from broodstock with high blood fads2
expression showed a higher growth when, from 2 g to 6 g, they were challenged with a diet
containing 7.5% FM and no FO (Xu et al., 2020, chapter 5). Furthermore, these juveniles from
broodstock with high fads2 expression showed a significantly higher fads2 expression in liver
and increased PUFA content in liver and muscle (Xu et al., 2020, chapter 5). However, the
persistence of this positive effect on growth and LC-PUFA biosynthesis or the potential
mechanism involved have not been yet study. Therefore, the aim of this study was to determine
the potential long-term effect of broodstock fads2 expression on growth performance, tissue
fatty acid profiles and expression of selected genes in offspring challenged with a low FM/FO

content diet. Besides, the sequence of alignment of the promoter region in fads2 was studied.

Figure 6.2 Schematic view of the fish nutritional background and experimental design

Long period 2% Nutritional

Egg and Larvae rearing 1 Nutritional challenge trial
8 ¢ 8 challenge feeding challenge trial

¢y H > 231:000g > 6.28+003g > 8115:245g » Sampling

Commercial protocol
First nutritional challenge diet
Long period challenge feeding diet

——— Present nutritional challenge diet
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» Sampling

6.2 Material and Methods

All the animal experiments were performed according to the European Union Directive
(2010/63/EU) on the protection of animals for scientific purposes, at Fundacion Canaria Parque
Cientifico Tecnologico (FCPCT) of University of Las Palmas de Gran Canaria (Canary Islands,

Spain) (OEBA-ULPGC-20/2018).

6.2.1 Feeding trial and fish performance

To produce these juveniles, eggs from each of the 2 broodstock groups with high or low fads2

expression (H, L) and fed a low FO diet (Ferosekhan et al., 2020b) were collected in the same
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day and separately incubated and larvae and juvenile reared under the same conditions and
commercial diets (Figure 6.2). When they reached 2.3 g, they were challenged with a plant-
based diet with 7.5% of FM and 0% FO (Hanlin et al., in press) until their body weight reached
at least 5 g (6.28+0.03 and 5.25+0.33 g for H and L fish, respectively). Afterwards, fish were
fed with a plant-based diet containing only 5% FM and 3% FO until their body weight reached
at least 50g. Then, 60 fish from the remaining 130 fish in each group were randomly sampled
and distributed into 3 tanks of 250 L (20 fish/tank) (85.1 £ 2.5 gand 554+ 0.5 gfor Hand L
fish, respectively). Tanks were provided with 250 L/h seawater at 21.0 £ 0.8°C and strong
aeration, and dissolved oxygen was daily determined (6.2 = 0.1 mg/L). Tanks were illuminated
by fluorescent lights placed above the tank at an intensity of 100 1x, programmed for a 12h light
photoperiod (from 8 a.m. to 8 p.m.).
In order to challenge the fish with a very low FM and FO diet for stimulating their potential
ability to cope with low n-3 LC-PUFA diet, an experimental diet was formulated to contain
7.5% of FM and 0% FO (Table 6.1). Corn gluten, soybean meal, wheat gluten, soya protein
concentrates and faba bean meal were used to replace the dietary fishmeal. Poultry oil and
rapeseed oil were used to replace the dietary fish oil. The diet was low in ARA, EPA and DHA
and high in oleic acid (OA, 18:1n-9), LA, palmitic acid (PA, 16:0) and ALA (Table 6.1).
Fish were fed the experimental diet until apparent satiation 3 times per day (8:30, 11:30, 14:30)
and 6 days per week for 74 days. Feed delivery was daily calculated, and uneaten pellets were
collected in a net by opening the water outlet 30 min after each meal. Then, the collected pellets
were dried in an oven for 24 h and weighed to estimate feed intake. All fish were weighted
individually every two weeks during the feeding trial. At the end of the trial, fish were fasted
for 24 h, weighed and anesthetized with ethanol diluted clove oil (50:50) before samplings. The
following performance parameters were calculated:
= Mortality (%) = 100 x (n°® dead fish/ n° total fish)
= Weight gain (WG, g) = final body weight (BW,) — initial body weight (BW.)
= Specific growth rate (SGR, % day) = 100* (In BW — In BW,) / n° days, where BW.: initial
body weight (g) and BW.: final body weight (g)

=  Feed intake (FI, g fish-day ) = Feed delivered / (n° of fish*n°® days)
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=  Biological feed conversion ratio (FCR) = Feed delivered (t. —t,) / (Biomass t, — Biomass t.
+ Biomass ... + Biomass ..), where t.: initial biomass (g) and t.: final biomass (g)

=  Hepatosomatic index (HSI) = 100 x Liver weight (g) / Body weight (g)

= Viscerosomatic index (VSI) =100 x Visceral weight (g) / Body weight (g)

Table 6.1 Ingredients, proximate composition and main fatty acids content of the challenge diet

fed to the one-year-old juveniles obtained from broodstock with different fads2 expression

Ingredient (% of dry weight.)

Poultry oil* 6.14
Wheat® 9.46
Corn gluten® 10.00
Soybean meal® 5.00
Wheat gluten® 19.18
Soya protein concentrate® 30.00
Faba beans” 5.00
Fish meal® 7.50
Rapeseed oil® 7.52
Vitamin premix® 0.10
Mineral premix® 0.10
Proximate composition (% of dry weight)

Crude protein 53.74
Crude lipid 22.90
Crude ash 4.71
Fatty acid profile (% of total fatty acids)

16:0 7.79
18:0 3.43
18:1n-9 41.74
18:2n-6 24.58
18:3n-3 10.20
20:4n-6 0.23
20:5n-3 0.87
22:6n-3 1.98

a Poultry oil: Sonac. B.V. The Netherlands.
b Skretting AS (Norway).

¢ Trouw Nutrition, Boxmeer, the Netherlands, proprietary composition Skretting ARC (Stavanger, Norway).
6.2.2 Biochemical composition and fatty acid analysis

At the end of the feeding trial, 5 fish per tank were painlessly killed at the end of the procedure
by immersion in 10 ppm clove oil and methanol (50:50) and sampled to determine proximate
composition of whole-body, liver and muscle. All samples were frozen at -80°C until analysis.
All samples were homogenized immediately prior to analysis. Moisture and protein contents
were determined according A.O.A.C. (Horwitz, 2002). Lipids were extracted with
chloroform/methanol (2:1 v/v) (Folch et al., 1957) and then transmethylated to obtain fatty acid

methyl esters (FAMES) (Christie, 1988). FAMES were then separated by gas liquid
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chromatography (Polaris QTRACETM Ultra; ThermoFisher, Waltham, U.S.A.) under

conditions previously described (Izquierdo, 1989).

6.2.3 RNA extraction and digital PCR

The liver and muscle from the juveniles after the nutritional challenge were kept at 4 °C
overnight in 2.0 mL tubes with 1.5 mL of RNAlater and then transferred to -80°C until
molecular analyse. RNA from 100 mg sample was extracted using TR/ Reagent
(MilliporeSigma, Darmstadt, Germany) and then purified by RNeasy kit (Qiagen, Hilden,
Germany). RNA quality was checked by 1.4% agarose electrophoresis and quantity was
measured by NanoDrop™ 1000 (ThermoFisher). cDNA was synthesized from 1 pg of RNA in
iCycler (Bio-rad, Hercules, U.S.A.), using the iScript cDNA synthesis kit (Bio-Rad). The
expression of genes related with growth (insulin grow factor 1 [igfl]), lipid and energy
metabolism (fads2; glucose 6-phosphate [g6p]; sterol regulatory element-binding protein 1
[srebpl]; lipoprotein lipase, [ Ipl]; carnitine palmitoyltransferase Ifs [cpt-1/3]; elongation of very
long chain fatty acids protein 6 [elovI6]; peroxisome proliferator activated receptor a [ppar-
a]) were determined using the primers listed in Table 6.2. Digital PCR was performed as
previously described in (Xu et al., 2019) using in QX200™ Droplet Digital™ PCR System
(Bio-rad). The amplification conditions of PCR were: 95 °C for 5 min, followed by 40 cycles
at 95°C for 30 sec, elongation at Tm temperature for 1min, and then stabilized the signal at 4 °C
for 5 min, 90°C for 5 min, finally the reaction was hold at 4°C.

Table 6.2 Primers sequence for digital PCR and GeneBank accession numbers for sequences of

target genes

Gene Sequence (5'-3") Tm (°C) Gene bank No.

" TForward  GAC CAA CTG GGA TGA CAT GG
factin peverse  GCA TAC AGG GAC AGC ACA GC o1 X89920.1

. Forward ~ GCA GAG CCA CAG CAG CAG GGA
Jads? Reverse ~ CGG CCT GCG CCT GAG CAG TT 63 AY055749

Forward ~ CGC TGG AGT CAT TAC AGG CGT
gtp Reverse  CAG GTC CAC GCC CAG AAC TC 62 XM_030399413.1

Forward ~ AGG GCT GAC CAC AAC GTC TCC TCT CC
S7ebp Reverse  GCT GTA CGT GGG ATG TGA TGG TTT GGG 62 XM_030407356.1

Forward ~ CGT TGC CAA GTT TGT GAC CTG
lpl Reverse  AGG GTG TTC TGG TTG TCT GC 60 AY495672

Forward ~ CCA CCA GCC AGA CTC CAC AG
PEIE Reverse  CAC CAC CAG CAC CCA CAT ATT TAG 60 DQ366821

Forward GTG CTG CTC TAC TCC TGG TA
elovie  Reverse  ACG GCA TGG ACC AAG TAG T 60 IX975702

Forward  TCT CTT CAG CCC ACC ATC CC
PPAr® peverse  ATC CCA GCG TGT CGT CTC C 8 AY590299

» Forward ~ GTG TGT GGA GAG AGA GGC TT
igfl Reverse  CTC TTG GCA TGT CTG TGT GG o8 AY996779.2
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6.2.4 fads2 promoter sequencing

DNA was extracted from 25 mg caudal fin from broodstock of experimental juveniles with
DNAeasy kit (Qiagen) according to the instruction from manufacturer. The quality of extracted
DNA was check by 1% agarose gel electrophoresis, and the quantity was measured in the
NanoDrop™ 1000 spectrophotometer (ThermoFisher). The primers used for fads2 promoter
region sequencing were designed based on Perera et al. (2019) (Forward: 5 CTC CTG GAA
TTT CCC TCA 3’; Reverse: 5 TTT TCG GCT GCT CCT CTG 3’). PCR was performed using
40 ng/uL extracted DNA with iTag Kit (Intronbio, Seongnam, Republic of Korea) according
to the instruction of the manufacturer. Thermocycling conditions were as follows: initial
denaturation at 94 °C for 2 min, followed by 34 cycles at 94°C for 20 s, 60°C for 1 min, 72°C
for 30 min, and a final extension step of 3 min at 72 °C. The PCR product was quantified in
NanoDrop™ 1000 spectrophotometer (ThermoFisher), diluted to 75 ng/uL and sent to

Macrogen (Madrid, Spain) for sequencing.
6.2.5 Data analysis

Data was shown in mean = S.D. Independent sample t-test was used in the comparison between
two experimental group through SPSS 20.0 (IBM, U.S.A.). Gene expression was normalized
by hepatic expression of rp/27 according to the method described in Park and Crowley (2005).
ClusterW alignment between fads2 promoter region of each broodstock was performed through

BioEdit 7.2 (Tom Hall).

6.3 Results

6.3.1 Growth performance

Feeds were well accepted by all fish groups and no significant differences were found in feed
intake or mortality rates. During both nutritional challenge trials (the 1st and the 2nd) feeding
the fish with low FM and FO diets, the offspring from broodstock with a high fads2 expression
(H) showed a significantly (p <0.05) higher body weight than those from broodstock with a low
fads2 expression (L) (Figure 6.3). Thus, fish body weight along the two feeding trials followed
a highly correlated (R’ >0.90) and significant (p <0.001) potential relation with a higher slope
for offspring from broodstock with a high fads2 expression. Therefore, at the end of the second
nutritional challenge trial, the whole body weight of fish from broodstock with high fads?2
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expression (H) was 22% higher (p <0.001) than that of fish from broodstock with low fads2
expression (L) (Table 6.3). SGR values measured along both nutritional challenge trials
followed a highly correlated (R’ >0.90) and significant (p <0.05) logarithmic inverse relation
with fish body weight, with SGR values for young fish during the first nutritional challenge
being significantly higher for H fish (Figure 6.4). However, the SGR and body weight relation
curves were closer as fish were getting older. Therefore, during the second nutritional challenge
trial the SGR of L fish, that were smaller than H fish, was significantly higher (p=0.002) (Table
6.3). No significant (p >0.05) differences were observed for FCR, HSI or VSI, during the
second nutritional challenge (Table 6.3).

Figure 6.3 Changes of body weight of the fish from broodstock with high (H) or low (L) fads2

expression along the nutritional challenge study
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Figure 6.4 Relation between body weight and specific growth rate (SGR) of the fish from
broodstock with high (H) or low (L) fads2 expression along the nutritional challenge study
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Table 6.3 Growth performance of gilthead seabream juveniles obtained from broodstock with

different fads2 expression (high H or low L) after 74 days of feeding the challenge diet

H L

Mean S.D. Mean S.D.
Final weight of 1* . 6.28" 0.03 5.25 0.33
challenge experiment (g) *
Initial weight (g) 85.15" 245 55.41 0.47
Final weight (g) 118.72" 2.02 92.26 2.79
Weight gain (g) 33.58 0.63 36.85 3.25
SGR (% day™) 0.45 0.17 0.69" 0.05
Feed intake (g) 1.24 0.02 1.18 0.10
FCR 2.59 0.18 2.38 0.24
HSI 1.28 0.22 1.31 0.10
VSI 3.68 0.46 3.98 0.34

Abbreviations: SGR: Specific growth rate; FCR: Feed conversion rate; HSI: Hepatic somatic index; VSI: Visceral somatic index.
a Final weight of fish after nutrition challenge test by diet contained 7.5% FM and 0% FO from approximately 2-6 g.

* Denotes significant differences between the two fish groups.
6.3.2 Biochemical analysis

No significant (p>0.05) difference was observed between L and H fish in protein, lipid and ash
contents of whole fish, liver or muscle (Table 6.4). Regarding the fatty acid composition in the
liver, DHA content was significantly (p<0.05) higher in H group than in L group (Table 6.5).
Besides, 20:0, 20:1n-7, 22:4n-6 and 22:5n-3 were significantly higher in the liver of H fish than
in L fish (»<0.05). Liver of L fish contained higher 16:3n-4, 18:2n-9,18:3n-6 and 18:4n-3 than
liver of H fish (p<0.05). Comparing the fatty acids ratios, L fish showed a higher ratio of the
desaturated products of 18C fatty acids to their precursors, including 18:4n-3/18:3n-3, 18:3n-
6/18:2n-6 and 18:2n-9/18:1n-9. Besides, hepatic DHA was directly correlated with EPA
(r=0.92, p<0.01) and 22:5n-3 (+=0.95, p<0.01), but adversely correlated with the 18:3n-6 to
18:2n-6 ratio (r=-0.917, p=0.01), the 20:3n-6 to 20:2n-6 ratio (r=-0.862, p=0.027) and the
18:2n-9 to 18:1n-9 ratio (r=-0.850, p=0.032).

Table 6.4 Proximate composition of liver, muscle and whole fish samples from gilthead seabream

juveniles obtained from broodstock with different fads2 expression (high H or low L) after 74 days
of feeding the challenge diet

H L
% Mean S.D. Mean S.D.
Liver
Lipid 14.13 3.77 17.10 6.22
Protein 12.13 1.06 12.75 0.97
Ash 1.14 0.39 1.16 0.30
Muscle
Lipid 1.96 0.71 3.50 3.28
Protein 20.95 0.11 20.48 0.41
Ash 1.56 0.06 1.52 0.14
Whole fish
Lipid 10.36 1.88 10.38 1.60
Protein 16.36 0.49 16.74 0.38
Ash 4.37 0.96 3.44 0.39

102



Chapter 6 High fads2 expression in gilthead seabream broodstock improves offspring use of low
fish meal and low fish oil diets: growth, fatty acid metabolism and fads2 promoter sequencing

Table 6.5 Fatty acid composition in liver of gilthead seabream juveniles obtained from broodstock

with different fads2 expression (high H or low L) after 74 days of feeding the challenge diet

H L
Fatty acid (%) Mean S.D. Mean S.D.
14:0 0.31 0.11 0.48 0.16
14:1n-7 0.03 0.03 0.01 0.00
14:1n-5 0.03 0.03 0.01 0.00
15:0 0.05 0.02 0.06 0.02
15:1n-5 0.02 0.02 0.01 0.00
16:0I1SO 0.03 0.03 0.01 0.00
16:0 7.19 1.24 8.20 1.46
16:1n-7 1.21 0.12 1.41 0.23
16:1n-5 0.04 0.01 0.04 0.01
16:2n-4 0.03 0.02 0.02 0.01
17:0 0.04 0.01 0.05 0.02
16:3n-4 0.10 0.01 0.12%* 0.01
16:3n-3 0.03 0.02 0.02 0.01
16:3n-1 0.02 0.02 0.02 0.01
16:4n-3 0.05 0.02 0.03 0.01
16:4n-1 0.00 0.01 0.00 0.00
18:0 4.94 0.71 5.27 0.47
18:1n-9 37.01 1.89 39.97 2.16
18:1n-7 2.56 0.08 2.68 0.14
18:1n-5 0.05 0.04 0.06 0.00
18:2n-9 091 0.22 1.69* 0.06
18:2n-6 17.82 0.70 18.16 0.18
18:2n-4 0.04 0.02 0.04 0.00
18:3n-6 1.54 0.18 2.56* 0.09
18:3n-4 0.08 0.01 0.06 0.01
18:3n-3 5.32 0.28 5.25 0.15
18:3n-1 0.02 0.02 0.01 0.00
18:4n-3 0.64 0.06 0.95% 0.04
18:4n-1 0.04 0.03 0.02 0.01
20:0 0.25% 0.03 0.19 0.01
20:1n-9 0.19 0.02 0.16 0.01
20:1n-7 1.64% 0.24 115 0.15
20:1n-5 0.12 0.03 0.08 0.01
20:2n-9 1.16 0.09 1.21 0.21
20:2n-6 1.05 0.20 0.72 0.11
20:3n-9 0.02 0.03 0.01 0.01
20:3n-6 0.75 0.09 0.70 0.07
20:4n-6 0.62 0.08 0.46 0.14
20:3n-3 0.51 0.12 0.35 0.06
20:4n-3 0.51 0.09 0.42 0.06
20:5n-3 1.47 0.21 0.97 0.34
22:1n-11 0.55 0.18 0.30 0.06
22:1n-9 0.95 0.19 0.59 0.20
22:4n-6 0.13* 0.03 0.08 0.01
22:5n-6 0.14 0.03 0.08 0.03
22:5n-3 1.13* 0.29 0.58 0.12
22:6n-3 8.62* 2.07 4.77 1.01
> SFA 12.81 1.98 14.26 1.82
2 MUFA 44.41 1.42 46.46 2.47
2 PUFA 42.78 3.39 39.28 0.74
2 n-3FA 18.30 2.89 13.34 1.15
2 n-6 FA 22.05 0.80 22.76 0.20
18:4n-3/18:3n-3 0.12 0.02 0.18* 0.00
18:3n-6/18:2n-6 0.09 0.01 0.14* 0.01
16:1/16:0 0.17 0.02 0.17 0.02
18:1/18:0 7.56 0.68 7.63 0.86
20:3n-6/20:2n-6 0.72 0.06 0.98* 0.05
18:2n-9/18:1n-9 0.02 0.01 0.04* 0.01
18:1n-7/16:1n-7 2.13 0.14 1.94 0.39
22:6n-3/20:5n-3 5.80 0.64 5.09 0.74

* Denotes significant differences between the two fish groups.
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Regarding the muscle fatty acid profiles (Table 6.6), L fish showed 0.07% and 0.11% higher
contents of the fads2 products 18:2n-9 and 18:3n-6, respectively, than H fish. No differences
were found in the fatty acid profiles of whole fish between the two experimental fish groups
(Table 6.7).

Table 6.6 Fatty acid composition of muscle of gilthead seabream juveniles obtained from

broodstock with different fads2 expression (high H or low L) after 74 days of feeding the challenge
diet

H L H L

Fatty acid (%) Mean S.D. Mean S.D. Fatty acid (%) Mean S.D. Mean S.D.
14:0 0.28 0.12 0.28 0.08 20:1n-7 2.06 0.27 2.07 0.56
14:1n-7 0.02 0.01 0.03 0.03 20:1n-5 0.13 0.01 0.13 0.03
14:1n-5 0.03 0.01 0.04 0.03 20:2n-9 0.55 0.07 0.51 0.05
15:0 0.06 0.02 0.07 0.03 20:2n-6 0.74 0.05 0.70 0.03
15:1n-5 0.03 0.02 0.02 0.02 20:3n-9 0.04 0.01 0.02 0.02
:228150 (6”5)2 323 2'?2 ?'8? 20:3n-6 062 015 062 017
16:1n-7 116 035  1.09 038 20:4n-6 087 024 08 04l
16:1n-5 0.06 0.05 0.08 0.08 20:3n-3 0.38 0.03 0.37 0.05
16:2n-4 0.08 0.03 0.08 0.04 20:4n-3 0.66 0.05 0.62 0.03
17:0 0.09 0.01 0.08 0.02 20:5n-3 493 0.41 435 1.60
16:3n-4 0.13 0.05 0.13 0.05 22:1n-11 1.67 0.54 1.74 0.52
16:3n-3 0.07 0.03 0.06 0.03 22:1n-9 0.82 0.17 1.13 0.55
16:3n-1 021 0.07 0.23 0.17 22:4n-6 0.26 0.04 0.29 0.06
16:4n-3 0.10 0.03 0.09 0.02 22:5n-6 0.50 0.10 0.51 0.31
16:4n-1 0.05 0.02 0.05 0.03 22:5n-3 2.96 0.21 2.65 0.61
18:0 3.98 0.73 3.94 0.69 22:6n-3 19.37 4.11 17.64 8.40
18:1n-9 2561 321 2711 695 2 SFA 1134035 1096  0.99
18:1n-7 219 016 221 0.27 2 MUFA 3412472 3604 829
18:1n-5 0.07  0.02 0.09 0.03 2 PUFA 5454 470  53.00 829
18:2n-9 0.35 0.04 042"  0.02 2 n-3FA 33.51 4.01 3130 9.24
18:2n-6 1577 023 1640 220 2 n-6 FA 1930 0.73 19.98 1.37
18:2n-4 0.09 0.03 0.08 0.02 18:4n-3/18:3n-3 0.10 0.01 0.09 0.01
18:3n-6 0.55 0.03 0.66" 0.02 18:3n-6/18:2n-6 0.04 0.01 0.04 0.00
18:3n-4 0.12 0.03 0.10 0.02 16:1/16:0 0.17 0.04 0.18 0.04
18:3n-3 4.56 0.58 5.04 1.29 18:1/18:0 6.66 1.80 7.24 3.27
18:3n-1 0.05 0.04 0.03 0.02 20:3n-6/20:2n-6 0.84 0.16 0.88 0.25
18:4n-3 0.48 0.13 0.49 0.11 18:2n-9/18:1n-9 0.01 0.00 0.02 0.01
18:4n-1 0.06 0.02 0.06 0.03 18:1n-7/16:1n-7 2.01 0.58 2.12 0.48
20:0 0.35 0.02 0.38 0.08 22:6n-3/20:5n-3 3.90 0.52 3.92 0.65
20:1n-9 0.27 0.05 0.30 0.08

* Denotes significant differences between the two fish groups.

Table 6.7 Whole body fatty acid composition of gilthead seabream juveniles obtained from
broodstock with different fads2 expression (high H or low L) after 74 days of feeding the challenge
diet

H L H L
Fatty acid (%) Mean S.D. Mean S.D. Fatty acid (%) Mean S.D. Mean S.D.

14:0 0.66  0.59 033 0.14 16:3n-1 0.18  0.18 026 026
14:1n-7 0.07  0.09 0.09  0.10 16:4n-3 024  0.19 0.30  0.31
14:1n-5 0.08 0.1 0.11  0.13 18:0 297 046 287 033
15:0 0.13 0.06 0.11 0.09 18:1n-9 33.28 6.31 31.24 3.17
15:1n-5 0.07  0.11 0.08  0.07 18:1n-7 268  0.13 262 029
16:01SO 0.07  0.09 0.09  0.06 18:1n-5 0.16  0.14 023 022
16:0 8.53 2.86 5.56 0.37 18:2n-9 0.51 0.09 0.57 0.14
16:1n-7 2.17 0.74 1.30 0.16 18:2n-6 16.95 2.72 15.95 1.68
16:1n-5 0.18  0.22 020 0.22 18:2n-4 0.14  0.12 0.06  0.05
16:2n-4 0.19  0.10 020  0.21 18:3n-6 0.60  0.15 074 0.03
17:0 0.17 0.06 0.17 0.12 18:3n-4 0.19 0.14 0.19 0.11
16:3n-4 0.19  0.08 0.30  0.33 18:3n-3 580  0.65 594 0.50
16:3n-3 0.16  0.19 022 025 18:3n-1 0.09 0.13 012  0.13
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Fatty acid (%) Mean S.D. Mean S.D. Fatty acid (%) Mean S.D. Mean S.D.
18:4n-3 0.65  0.03 0.63  0.07 22:5n-6 051 067 037 017
18:4n-1 0.14  0.15 0.16 0.13 22:5n-3 190  1.20 232 0.06
20:0 042 024 0.57  0.17 22:6n-3 847 497 1177  0.11
20:1n-9 038  0.16 044 007 > SFA 12.88  3.47 962  0.53
20:1n-7 2.25 0.66 2.60 0.05 > MUFA 44.25 3.75 43.08 1.29
20:1n-5 0.21 0.18 0.29 0.21 > PUFA 42.79 7.03 4722 1.13
20:2n-9 0.62 0.23 0.81 0.16 >n-3FA 20.65 6.95 25.14 0.44
20:2n-6 0.63 0.26 0.86 0.21 >n-6 FA 19.82 1.23 19.28 0.99
20:3n-9 0.07  0.10 013 0.10 18:4n-3/18:3n-3 0.11  0.01 0.11  0.02
20:3n-6 038  0.14 055  0.15 18:3n-6/18:2n-6 0.04  0.01 0.05  0.01
20:4n-6 038  0.14 0.46  0.07 18:1/18:0 11.15 045 1088  0.18
20:3n-3 037  0.21 049  0.12 20:3n-6/20:2n-6 0.62  0.03 0.64  0.05
20:4n-3 063 029 0.75  0.13 18:2n-9/18:1n-9 0.02  0.00 0.02  0.01
20:5n-3 244 057 273 018 16:1/16:0 025  0.00 023  0.02
22:1n-11 1.88  1.03 253 023 18:1n-7/16:1n-7 138  0.64 204 024
22:1n-9 083 046 1.34 025 22:6n-3/20:5n-3 330 1.13 433 031
22:4n-6 035 043 035  0.12

6.3.3 Gene expression

Hepatic fads2 expression was significantly higher in juveniles from broodstock with low fads?2

expression, showing in average a 64% higher value than those for fish from broodstock with

high fads2 expression (p<0.05) (Table 6.8). Similarly, hepatic expression of srebp and elovi6

was slightly higher in L fish than in H fish (pse5,=0.088 and peiows=0.101). No significant

differences were observed in hepatic expression of g6p, Ipl, cpt-13, ppara and igf-1 (p>0.1).

Table 6.8 Hepatic gene expression of gilthead seabream juveniles obtained from broodstock with
different fads2 expression (high H or low L) after 74 days of feeding the diet contained 7.5% FM
and no FO

H L

(Copies/uL) Mean S.D. Mean S.D.
fads2 56.89 20.97 144.98™ 6.37
gbp 52.46 14.61 72.16 20.05
srebp 27.06 0.40 58.30 17.26
Ipl 128.57 30.86 156.01 3245
cpt-1f3 16.13 10.81 21.22 6.36
elovl6 39.11 12.13 78.107 29.41
ppara 38.75 12.02 45.66 11.55
igfl 195.78 3243 285.42 197.88

* and ** denote significant differences between the two fish groups (p<0.1 and p<0.05, respectively).

6.3.4 fads2 promoter sequence alignment

No difference was observed in the alignment of the fads2 promoter region sequence studied

between broodstock with different fads2 expression (Figure 6.3).
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Figure 6.5 Alignment of fads2 promoter region sequence of broodstock with inherently high (H) or
low(L) fads2 expression

10 20 30 40 50 60 70 80
Fads2* ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
H Female 1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
H Female 2  —————————-— —————————— —-—--CTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
H Female 3 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
L Female 1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
L Female 2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
L Female 3 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
H male 1-1 ACTCTCATTT CCTAAAGTTT ATTCKGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
H male 1-2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
H male 2-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
H male 2-2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
H male 3-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
H male 3-2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
L male 1-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
L male 1-2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
L male 2-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
L male 2-2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
L male 3-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
L male 3-2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT
Clustal Co ko okkkkAk kkkkkkkkkhk Ak khhhkhkkk Ak kA hhkhkkk kkkkhkkkkkk  kokokokk ok ok k ok

90 100 110 120 130 140 150 160
Fads2 Prom CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC

H Female 1 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
H Female 2 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
H Female 3 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
L Female 1 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
L Female 2 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
L Female 3 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
H male 1-1 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
H male 1-2 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
H male 2-1 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
H male 2-2 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
H male 3-1 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
H male 3-2 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
L male 1-1 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
L male 1-2 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
L male 2-1 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
L male 2-2 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
L male 3-1 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
L male 3-2 CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC
Clustal Co Kok ok ok ok kkok ok ok KA AAK KK KKK Kk KKK KA AKK  hk A A KA A AR K” kAR Rk ok kAR K* hhhkok ok ok k kK kkkokok ok ok koo ok kK ok ok Kk ok kK

|
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Fads2 Prom CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA

H Female 1 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
H Female 2 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
H Female 3 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
L Female 1 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
L Female 2 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
L Female 3 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
H male 1-1 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
H male 1-2 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
H male 2-1 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
H male 2-2 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
H male 3-1 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
H male 3-2 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
L male 1-1 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
L male 1-2 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
L male 2-1 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
L male 2-2 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
L male 3-1 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
L male 3-2 CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA CATCAGCCGG TGGTCCAGGA
Clustal Co kokkkkkkhkhkk Ahkkhk kA Ak Kk Ahkhhhhhhhh Ahkhkhhhhhhh Ak hhhhhhhhk *hkkhhhhkhhd *hkhhhhkhhhh *okkkkkdkhx

250 260 270 280 290 300 310 320
Fads2 Prom TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG

H Female 1 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
H Female 2 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
H Female 3 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
L Female 1 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
L Female 2 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
L Female 3 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
H male 1-1 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
H male 1-2 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
H male 2-1 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
H male 2-2 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
H male 3-1 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
H male 3-2 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
L male 1-1 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
L male 1-2 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
L male 2-1 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
L male 2-2 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
L male 3-1 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
L male 3-2 TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG
Clustal Co kokkkkk kA hkk Ahkkhkk kA Ak Kk Ahhhh kA hhdh Ahkhkhhhhhhdh Ahk kA hhhhhhk Ak khhhkhkhhx Ak k kA hkhhhx  *okhkkkk ok k kK

* fads2 promoter region of gilthead seabream(Perera et al., 2019).
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6.4 Discussion

The present study has shown the long-term effects of broodstock fads2 expression on growth
performance and fatty acid profiles of sea bream fed a low FM and low FO diet from 2 to 100
g, offspring from broodstock with a high fads2 expression showing a higher body weight. Thus,
at the end of the trial, offspring from high fads2 broodstock was 22 % larger in body weight
than those from low fads2 broodstock, despite both fish had been fed the same feeds since they
were 2.31 g. These results agree well with the higher growth rates found in young sea bream
fingerlings (3-month-old) obtained from high fads2 broodstock in previous studies (Turkmen
et al., 2020) (Turkmen et al., 2020; Xu et al., in press, Chapter 5) and confirm the persistence
of this growth improvement even when fish had reached 100 g. This better growth performance
in offspring from high fads2 fish was more pronounced in younger fish from the first nutritional
challenge trial than in older fish from the second nutritional challenge trial. Thus, despite the
SGR in juveniles with a few grams of body weight was markedly higher in offspring from high
fads2 broodstock, as the offspring increased in body weight the SGR values were getting closer.
In fact, at the end of the second nutritional challenge trial, SGR was higher in offspring from
low fads2 fish, what seems to be related to their lower body weight. These results suggest a
stronger effect of the broodstock fads2 expression on growth of offspring during younger stages,
when fish have a higher sensitivity to low FM and FO diets. In agreement, FM/FO reduction
from 23/15.6 to 3/3.6 in diets for gilthead sea bream significantly reduced growth in 15-20 g
fish, but did not affected growth when the fish reached 100-300g (Benedito-Palos et al., 2016).
Similarly, FO replacement by linseed oil in diets for gilthead sea bream reduced growth in a
higher extend in young juveniles of 15 g than in larger fish of 85-400g (Izquierdo et al., 2003;
Izquierdo et al., 2005), what could be related to the higher LC-PUFA requirements in younger
fish (Izquierdo ef al., 2005). Despite not confirmed yet in fish, in chicken, the expression of the
fatty acid transport protein Slc27 shows an age-related pattern (Wang et al., 2011).

The higher body weight found in offspring from high fads2 broodstock agreed well with the
higher incorporation of DHA into the different body tissues, particularly in liver, since this fatty
acid is a very active promoter of growth in fish. Besides, the eggs from high fads2 broodstock

also showed a higher content in DHA (Ferosekhan et al., 2020b). DHA is one of the most
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abundant fatty acids in fish eggs (Izquierdo et al., 2001) and its incorporation in cell membranes
affects not only membrane structure and function but also intercellular interaction, receptor
expression, nutrient transport and signal transduction, all of which affect cell growth (Izquierdo
and Koven, 2011). Indeed, DHA more than any other fatty acid promotes fish growth
(Watanabe et al., 1989; Watanabe and Kiron, 1994). In agreement, in mammals, n-3 LC-PUFA
levels during the prenatal stage lead to persistent life-time effects (Li et al., 2006), and
supplementing DHA during mid-pregnancy favor a larger body mass index in children up to 6-
year-old (Bergmann et al., 2012). Thus, the higher final body weight found in juveniles from
broodstock with high fads2 expression in the present trial could be also associated with the
importance of DHA for fish development and growth (Ferndndez- Palacios et al., 2011).
Besides a higher content of DHA, offspring from high fads2 expression broodstock showed a
higher hepatic accumulation of 22:5n-3 and 22:4n-6, late products of elongation and
desaturation from 18:3n-3 and 18:2n-6, respectively, and indicators of Elov12 activity. These
results suggested a better utilization of dietary lipids in offspring from high fads2 expression
broodstock, in comparison to those from low fads2 expression broodstock, what would
contribute to the faster growth of the earlier offspring as discussed before. In agreement, at the
end of the first nutritional challenge trial, hepatic fads2 was significantly up-regulated in
offspring from high fads2 broodstock, in comparison to those from low fads2 broodstock (Xu
et al., in press, Chapter 5). Interestingly, after the second nutritional challenge trial in the
present study, hepatic fads2 expression values were lower in offspring from broodstock with
high fads2 expression. This was in agreement with the lower liver contents in 18:3n-6 and
18:4n-3, direct products from A6 desaturation activity coded by fads2, in comparison to the
offspring from low fads2 broodstock. Such reduced A6 desaturation activity and down-
regulation of fads2 in liver of offspring from high fads2 expression broodstock could be due to
the inhibitory action of the high hepatic contents in DHA, 22:4n-6 and 22:5n-3, final products
of LC-PUFA synthesis. Different studies have demonstrated the inhibitory effect of LC-PUFA
on fads2 expression or A6 desaturation activity. For instance, feeding gilthead sea bream with
a FO based diet down-regulated fads2 expression and inhibited Fads2 activity in comparison

with fish fed with a LC-PUFA free diet (Seiliez et al., 2003). Similar results are found in larvae
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of this species, where feeding a FO based diet led to a six-fold down-regulation of fads2
expression in comparison to larvae fed a vegetable oil diet (Izquierdo et al., 2008). In mammals,
LC-PUFA suppress Fads2 expression regulating Srebp by inhibition of liver-X receptor and
reduction of the Srebpl mRNA stability and the nuclear form Srebpl (Nakamura and Nara,
2003). In fish, although the mechanisms involved are not clear, LC-PUFA may regulate fads2
through Srebp since a binding region of Srebp is found in the promoter region of fads2 (Perera
et al., 2019) and Srebp may increase the activity of the fads2 promoter (Dong et al., 2017). In
agreement, in the present study, a mild (p<0.1) decreased in srebp was found in offspring from
high fads2 expression broodstock. Therefore, the lower expression of fads2 found in offspring
from high fads2 expression broodstock seems to be associated to the higher liver content in the
LC-PUFAs DHA, 22:4n-6 and 22: 5n-3.

The molecular mechanisms behind the different accumulation of DHA among different fish
individuals are not clear yet. For instance, in Asian seabass (Lates calcarifer) different
quantitative trait loci (QTL) have been associated to different LC-PUFA contents in muscle
(Xia et al., 2014). More recently, molecular markers associated to the DHA/DPA ratio located
on chromosome 19, close to the candidate gene elovi2, have been proposed for Atlantic Salmon
(Horn et al., 2020). In the present study, despite an increased Elovl2 activity in offspring of
high fads2 broodstock, the DHA/DPA ratios were similar between offspring of different
broodstock, suggesting that markers different than those proposed for Atlantic salmon may be
responsible for these differences in growth and fatty acid profiles. Our previous studies have
shown that among sea bream broodstock some individuals show 23 and even 47 times a higher
expression of fads2 than others (Ferosekhan et al., 2020b; Turkmen et al., 2020). In gilthead
sea bream, as in mammals, we have recently showed an increased methylation of specific CpG
sites in the promoter region of fads2 in offspring from broodstock with low fads2 expression
(Turkmen et al., 2019b). Besides, in mammals, different FADS2 activities are also linked to
different FADS?2 genotypes. For instance, low FADS!I and FADS?2 expression, as well as a lower
level of 22:5n-3 and EPA, have been associated with the minor allele (T) of the SNP site
rs174570 (Schaeffer et al., 2006), whereas SNPs from rs174545 to rsi174570 are associated

with arachidonic acid in serum and erythrocyte membranes (Malerba et al., 2008). However,
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studies on potential polymorphisms in gilthead sea bream fads2 had not been yet addressed. In
the present study, we have analyzed fads2 promoter sequence alignment designing primers
based on Perera et al. (2019) and no differences were observed in the fads2 promoter region
studied among fish with different fads2 expression. Finally, differences in DHA content in
tissues have been also associated to the preferential mitochondrial beta-oxidation of EPA over
DHA (Madsen et al., 1999; Izquierdo and Koven, 2011; Horn et al., 2019). However, in the
present study, EPA was not lower in offspring of high fads2 fish in comparison with those from
low fads?2 fish. In agreement, neither expression of ¢pt/ nor ppara, indicators of beta-oxidation
in mitochondria and peroxisomes, respectively, were significantly different between offspring
from the two type of broodstocks.

Although offspring from high fads2 expression had higher hepatic 22:4n-6, 22:5n-3 and DHA
composition, they showed a lower content of 18C fatty acid products from Fads2 activity and
a low fads2 expression. This could be related with the multifunction of fads?2 in fish. According
to the research on hepatocyte of gilthead sea bream, over 35% radioactivity is detected in 18:3n-
6 when 0.35uM =C-label 18:2n-6 was added into the medium and almost 41% radioactivity is
detected in 18:4n-3 when 0.35 pM =C-label 18:3n-3 is added into the medium (Tocher and
Ghioni, 1999), but only 0.7% radioactive A5 product, EPA, is detected when 0.1 uM U-+C
18:4n-3 or 20:4n-3 is added to the medium (Tocher and Ghioni, 1999). These results illustrate
that gilthead sea bream has a high A6 activity but the restriction factor of LC-PUFA
biosynthesis in gilthead seabream is the lack of A5 desaturation activity. Although in mammals,
A5 desaturation is catalysed by fads! gene (Glaser et al., 2010), in fish, for instance, in zebrafish
(Danio rerio), protein translated from gene similar to mammalian fads2 also has the function
of A5 desaturation (Hastings et al., 2001). Although it is still not clear due to the extremely low
A5 desaturation, gilthead sea bream desaturase clone shows residual A5 activity (Mourente and
Tocher, 1993; Mourente and Tocher, 1994; Tocher and Ghioni, 1999). A positive correlation
between hepatic DHA content and the products of EPA, the product of A5 desaturation,
suggested that the higher content of hepatic LC-PUFA in offspring from broodstock with higher

fads2 expression may be related to an enhanced A5 activity.
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In summary, the results of the present study showed the long-term effects of broodstock fads2
expression on growth performance of the offspring fed low FM and low FO diets. The offspring
from broodstock with a high fads2 expression showed a larger body weight, which was more
pronounced in younger fish. In relation to the increased body weight, the offspring from
broodstock with a high fads2 expression showed a high incorporation of DHA, particularly in
the liver. This higher DHA, together with the increase in 22:5n-3 and 22:4n-6, late products of
elongation and desaturation, would be responsible for the downregulation of hepatic fads2,
possibly mediated by the downregulation in srebp. No differences were observed in the fads?2
promoter region sequence alignment studied among fish with different fads2 expression.
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Abstract

One of the factors that limits the replacement of fishmeal (FM) and fish oil (FO) by plant
ingredients in the diets for marine fish is their ability of synthesizing long-chain
polyunsaturated fatty acid (LC-PUFA). Nutritional programming by feeding gilthead sea bream
broodstock a diet rich in rapeseed oil (RO) during spawning season can enhance the LC-PUFA
biosynthesis of their offspring when they are challenged by low FM and low FO diet. However,
the potential persistence of this effect it has not been sufficiently studied. The aim of this study
was to determine if nutritional programming using RO rich diet for broodstock had long term
effect on offspring ability to use low FM and FO diet. For that purpose, growth, fatty acid
profiles, expression of selected genes, fads2 promoter sequencing and microRNA libraries were
studied in juveniles obtained from broodstock fed a diet contained 100% FO (BFO) or 80%
RO, 20%FO (BRO) in lipids and nutritional challenged with a 7.5% FM and 0% FO diet. The
results showed a 27% improvement in final body weight in the offspring from broodstock fed
with RO diet than fish from broodstock fed with FO diet. Besides, fish from broodstock fed
with RO diet had lower HSI, hepatic lipid content and smaller size of hepatocyte (p<0.05), and
around two times higher content of LC-PUFA, including arachidonic acid, 22:5n-6 and DHA
in muscle, than that from broodstock fed with FO diet. Moreover, a higher activity of A5
desaturase was observed based on the higher ratio of 20:4n-6/20:3n-6 and 20:5n-3/20:4n-3 in
the muscle of fish from broodstock fed with RO diet. No differences were observed in
sequencing alignment in the fads2 promoter region among broodstock programmed by different
diets, nor in the microRNA libraries in the offspring juveniles. Overall, the study demonstrated
the long-term nutritional programming effect on broodstock on the growth, liver histological
structure and lipid metabolism of the offspring fed with low in FM and FO diet.

Keywords: aquaculture, lipid metabolism, fishmeal replacement, fish oil replacement,
nutritional programming
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7.1 Introduction

Fish food is a well-balanced source of minerals and highly digestible proteins for human being.
Besides, it is the main source of n-3 long chain polyunsaturated fatty acids (n-3 LC-PUFA) that
are important for fetal development (Helland er al., 2003) and contribute to prevent
cardiovascular diseases (Schmidt et al., 2000) and non-alcoholic fatty liver disease (NAFLD)
(Oya et al., 2010), among many other properties for human health. Therefore, fish demand by
the consumers is continuously increasing. However, global capture fisheries remain relatively
stable since late-1980’s (FAO, 2020). Due to this stagnant production of fisheries, aquaculture
is taking over the responsibility to provide sufficient safe and sustainable products to satisfy
market demands. In 2018, Aquaculture produced 52% of the fish used for human consumption
(FAO, 2020). However, further development of aquaculture is limited by the high demand,
restricted availability and increasing prices of fishmeal (FM) and fish oil (FO), traditional
protein and lipid sources in aquafeeds. For instance, in 2015, aquaculture used over 70% FM
and FO produced worldwide (Green, 2018). Both FM and FO are mostly derived from capture
fisheries (Hardy and Barrows, 2002), and, therefore, their production is stagnant or even
decreased (Green, 2018). Besides this limitation, the use of FM and FO in aquafeed raises
concerns about overexploitation of fisheries resources (Council, 2011). Therefore, dietary FM
and FO need to be replaced by other high quality and nutritious ingredients with a more
economical, environmental and social sustainability. Many alternative ingredients are used to
replace FM and FO like in aquafeeds such as plant ingredients, animal by-products, single cell
ingredients or insect meals (Caballero et al., 2002; Wang et al., 2016; Rosales et al., 2017;
Rimoldi et al., 2018). However, depending on the type of ingredient and the replacement level,
these alternative ingredients may lead to malnutritional effects on fish growth, nutrients
digestibility, immune system, efc. (Vergara et al., 1996b; Caballero et al., 2004; Gomez-
Requeni et al., 2004; Carvalho et al., 2019).

One of the factors that restricts the replacement of FM and FO by alternative ingredients is their
frequent lack of essential fatty acids. N-3 long chain polyunsaturated fatty acid (n-3 LC-PUFA),
especially docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and arachidonic acid
(AA), are important components of biomembranes that determine normal cell functioning.

Therefore, they are necessary for the normal development of brain and tissues (Mourente, 2003),
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functioning of immune system (Zuo et al., 2012b), affecting the reproduction performance
(Fernandez-Palacios et al., 2011) and affect the nutritional value of fillet for the consumers
(Monge-Ortiz et al., 2018). Therefore, either LC-PUFAs or their 18C precursors are required
in fish feeds. For certain freshwater species, some vegetable oils, which are rich in 18C
precursors of LC-PUFA, can be used as the sole dietary lipid source (Sargent et al., 2003).
However, due to the limited LC-PUFA biosynthesis ability of some strict carnivore freshwater
species or marine species, LC-PUFAs are essential in their diet. So far, FO is the main
commercially competitive source of LC-PUFAs. Oil from oilseed or animal are used in the
replacement of dietary FO, but the insufficient LC-PUFAs content in these resources restricts
the replacement level, since the complete FO replacement leads to the decreased growth
performance, reduced nutritional value of fillet, abnormal liver lipid metabolism, impaired
immune system and weakened reproduction performance (Tocher et al., 2002; Menoyo et al.,
2004; Izquierdo et al., 2005; Lin and Shiau, 2007; Sink et al., 2010).

The biosynthesis pathway of LC-PUFA is catalyzed by a set of desaturases and elongases
(Figure 6.1). For instance, AA is synthetized from linoleic acid (18:2n-6, LNA), and EPA and
DHA are obtained from a-linolenic acid (18:3n-3, ALA). Partly due to the abundant LC-PUFA
in the marine food web, originally from phytoplankton (Sargent et al., 2003), marine fish have
a lower ability to synthesize LC-PUFA from their 18C precursors (Dong et al., 2017). This
restricted ability is related with the deficiency in the activity of one or more enzymes like fatty
acyl desaturase 2 (Fads2) (Tocher and Ghioni, 1999; Sargent et al., 2003). For instance, the
activity of Fads2 in cod (Gadus morhua L) is lower than in Atlantic salmon (Tocher et al.,
2006). Fads2 is the first enzyme in LC-PUFA biosynthesis pathway with the function of
catalyzing the ALA or LNA to 18:4n-3 or 18:3n-6 and also participate in the synthesis of DHA
from EPA (Vagner and Santigosa, 2011). In addition, desaturase translated from fads2 shows
activities on desaturation at A5 and A8 position of fatty acids (Mourente and Tocher, 1993;
Mourente and Tocher, 1994; Tocher and Ghioni, 1999; Monroig ef al., 2011). Since ingredients
used to replace FO are rich in LC-PUFA precursors, such as ALA and LNA, the enhancement

of LC-PUFA biosynthesis ability would facilitate a larger replacement of FO by vegetable oils.
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A common strategy employed by nature that allows the adaptation of the organism metabolism
to the environmental conditions is nutritional programming. Nutritional programming referred
to the outcome on an animal that receives a nutritional stimulus at a critical period in life, such
as pre- or postnatal stages (Lucas, 1994). A general protocol for the establishment of nutritional
programming includes: 1) experimental animals are exposed to a nutritional stimulating factor
in a specific period; 2) the animals or their offspring are fed with a ‘normal’ diet for several
weeks or month; 3) the animals are challenged with an experimental diet and their response is
studied (Hou and Fuiman, 2019). In fish, nutritional stimulus during reproduction by feeding
broodstock with different dietary fatty acid profiles markedly affects lipid metabolism and
growth of the progeny. For instance, feeding gilthead sea bream (Sparus aurata) broodstock
with diets containing partial replacement of FO by linseed oil, low in n-3 LC-PUFA but high
in their ALA precursor, up-regulated fads2 expression and growth in the progeny (Izquierdo et
al., 2015). Besides, it also up-regulated other lipid metabolism and health related genes, such
as cycloxigenase-2 (cox2) and tumor necrosis factor-alpha (tnf-a), lipoprotein lipase (Ipl),
carnitin palmitoil transferase 1 (cptl) or elongase 6 (elovl6) (Turkmen et al., 2017a; Turkmen
et al., 2019b). Indeed, broodstock feeding exerts a very long-term effect in the progeny, and
replacement of FO by LO in parental diets, in combination to juvenile feeding with low-FM
and low-FO diets, markedly improves 16-month-old offspring growth and feed utilization
(Turkmen et al., 2017a). These studies demonstrated that it is possible to improve the ability of
marine fish to use low FM and low FO diets by nutritional programming though broodstock
feeding. Similarly, exposure to a vegetable-based diet in early life of Atlantic salmon (Salmo
salar), zebrafish or brown trout (Salmo trutta) improves growth performance and feed
efficiency later in life when fish are fed a low FO and FM diet (Clarkson ef al., 2017; Michl et
al., 2017; Martinez-Llorens et al., 2020). However, other studies in European seabass
(Dicentrarchus labrax) or Siberian sturgeon (Acipenser baerii Brandt) did not found such
nutritional programming effect (Vagner et al., 2009; Luo et al., 2019).

Previous studies have shown interactions on the 16-month-old offspring between nutritional
programming through broodstock diet and nutritional challenge in early life stages (Turkmen

et al., 2017a). However, the sole long-term effect of broodstock nutritional programming on
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offspring growth performance or fatty acid composition on the offspring were not demonstrated.
More recently, we conducted a study aimed to evaluate the reproductive performance of
broodstock with different broodstock diets to stimulate nutritional programming (Ferosekhan
et al., 2020b). In this study, gilthead seabream breeders were fed during the spawning season
with diets containing 9.3% FO or a programming diet which contained 1.8% FO and 7.5 %
rapeseed oil (RO). No significantly difference was observed on the spawning performance of
between broodstock with higher inherently fads2 expression fed with FO diet or programming
diet (Ferosekhan et al., 2020b). Afterwards, the offspring from broodstock with high fads2
expression fed with programming diet showed a better growth performance when challenged
with a diet low in FM and FO for 45 days (Xu et al. in press, Chapter 5). Following this previous
study, the present one aimed to determine the long-term effect of nutritional programming
through broodstock diets on the offspring response to nutritional challenge test. Growth
performance, tissue fatty acid profiles, expression of selected genes and microRNA were
studied in offspring from broodstock fed two different programming diet and challenged with

a low FM/FO content challenged diet.

7.2 Material and Methods

All the animal experiments were performed according to the European Union Directive
(2010/63/EU) on the protection of animals for scientific purposes, at Fundacion Canaria Parque
Cientifico Tecnologico (FCPCT) of University of Las Palmas de Gran Canaria (Canary Islands,
Spain).

7.2.1 Feeding trial and fish performance

To produce these juveniles, eggs from each of the two broodstock groups programmed with a
diet rich in RO diet (1.76% FO and 7.54% RO) (BRO) or just fed with FO diet (9.3% FO)
(BFO) (Ferosekhan et al., 2020b) were collected in the same day and separately incubated.
Offspring larvae and juveniles were reared under the same conditions and fed with commercial
marine based diets until they were over 50g. Afterwards, 60 fish from the remaining 130 fish
in each group were randomly sampled (79.0+0.05 g and 110.8+2.0 g for BFO and BRO fish,
respectively) and distributed into three tanks of 250 L (20 fish/tank). Tanks were provided with

250 L/h seawater at 21.0 = 0.8°C and strong aeration, and dissolved oxygen (6.2 £ 0.1 mg/L)
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was daily determined. Tanks were illuminated by fluorescent lights placed above the tank at an
intensity of 100 1x, programmed for a 12h light photoperiod (from 8 a.m. to 8§ p.m.).

In order to challenge the fish with a very low FM and FO diet for triggering their potential
ability to cope with low n-3 LC-PUFA, an experimental diet was formulated to contain 7.5%
of FM and 0% FO (Table 7.1). Corn gluten, soybean meal, wheat gluten, soya protein
concentrates and faba bean meal were used to replace the dietary fishmeal. Poultry oil and
rapeseed oil were used to replace the dietary fish oil. The diet was low in ARA, EPA and DHA
and high in oleic acid (OA, 18:1n-9), LA, palmitic acid (PA, 16:0) and ALA (Table 7.1).
Table 7.1 Ingredients, proximate composition and main fatty acids content of the challenge diet

fed to the one-year-old juveniles obtained from broodstock with fed with diet rich in FO or RO

during spawning season

Ingredient (% of dry weight.)

Poultry oil* 6.14
Wheat® 9.46
Corn gluten® 10.00
Soybean meal® 5.00
Wheat gluten® 19.18
Soya protein concentrate® 30.00
Faba beans” 5.00
Fish meal® 7.50
Rapeseed oil° 7.52
Vitamin premix vit® 0.10
Mineral premix® 0.10
Proximate composition (% of dry weight)

Crude protein 53.74
Crude lipid 22.90
Crude ash 4.71
Fatty acid profile (% of total fatty acids)

16:0 7.79
18:0 3.43
18:1n-9 41.74
18:2n-6 24.58
18:3n-3 10.20
20:4n-6 0.23
20:5n-3 0.87
22:6n-3 1.98

a Poultry oil: Sonac. B.V. The Netherlands. b Skretting AS (Norway). ¢ Trouw Nutrition, Boxmeer, the Netherlands, proprietary composition Skretting ARC

(Stavanger, Norway).

Fish were fed the experimental diet until apparent satiation three times per day (8:30, 11:30,
14:30) and six days per week for 74 days. Feed delivery was daily calculated, and uneaten
pellets were collected in a net by opening the water outlet 30 min after each meal. Then, the
collected pellet were dried in an oven for 24 h and weighed to estimate feed intake. All fish
were weighed individually every two weeks during the feeding trial. At the end of the trial, fish
were fasted for 24 h, weighed and anesthetized with ethanol diluted clove oil (50:50) before
samplings. The following performance parameters on mortality, growth (Weight gain (WG),

Specific growth rate (SGR)), feed acceptance (Feed intake (FI)), Biological feed conversion
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ratio (FCR) (National Research Council, 2011), energy status (hepatosomatic index (HSI))

(Chellappa et al., 1995), lipid deposition (viscerosomatic index (VSI)), were calculated:

= Mortality (%) = 100 x (n°® dead fish/ n° total fish)

=  Weight gain (WG, g) = final body weight (BW,) — initial body weight (BW.)

= Specific growth rate (SGR, % day) = 100* (In BW — In BW,) / n° days, where BW.: initial
body weight (g) and BW.: final body weight (g)

=  Feed intake (FI, g fish-day-) = Feed delivered / (n° of fish*n° days)

=  Biological feed conversion ratio (FCR) = Feed delivered (t —t) / (Biomass t, — Biomass t.
+ Biomass ... + Biomass ..), where t.: initial biomass (g) and t.: final biomass (g)

=  Hepatosomatic index (HSI) = 100 x Liver weight (g) / Body weight (g)

= Viscerosomatic index (VSI) =100 x Visceral weight (g) / Body weight (g)

7.2.2 Histological study

The livers of five fish per tank were sampled and stock in 4% formalin. After embedded in
paraffin wax, blocks were made and cut with a Leica microtome (Mod. Jung Autocut 2055;
Leica, Nussloch, Germany) in 4 um sections, which were placed in slides and stained with
haematoxylin and eosin (H&E) (Martoja et al., 1970). Slides were studied and photos were
taken by a light microscope (Olympus, Tokyo, Japan). Area, length of long and short axis of
60 hepatocyte per tank were analysed with ImagePro plus 6.0 (Media Cybernetics, Rockville,

USA).

7.2.3 Biochemical composition and fatty acid analysis

At the end of the feeding trial, five fish per tank were painlessly killed at the end of the
procedure by immersion in 10 ppm clove oil and methanol (50:50) and sampled to determine
proximate composition of whole-body, liver and muscle. All samples were frozen at -80°C until
analysis. All samples were homogenized immediately prior to analysis. Moisture and protein
contents were determined according A.O.A.C. (2000) (Horwitz, 2002). Lipids were extracted
with chloroform/methanol (2:1 v/v) (Folch et al., 1957) and then transmethylated to obtain fatty
acid methyl esters (FAMES) (Christie, 1988). FAMES were then separated by gas
chromatography (Polaris QTRACETM Ultra; ThermoFisher, Waltham, USA) under the

conditions previously described (Izquierdo, 1989).
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7.2.4 RNA extraction and digital PCR

The liver and muscle from the juveniles after the nutritional challenge were kept at 4 °C
overnight in 2.0 mL tubes with 1.5 mL of RNAlater and then transferred to -80°C until
molecular analyze. RNA from 100 mg sample was extracted using TR/ Reagent
(MilliporeSigma, Darmstadt, Germany) and then purified by RNeasy kit (Qiagen, Hilden,
Germany). RNA quality was checked by 1.4% agarose electrophoresis and quantity was
measured by NanoDrop™ 1000 (ThermoFisher). cDNA was synthesized from 1 pg of RNA in
iCycler (Bio-rad, Hercules, U.S.A.), using the iScript ¢DNA synthesis kit (Bio-rad). The
expression of genes related to growth (insulin grow factor 1, igf1), lipid and energy metabolism
(fads2; glucose 6-phosphate, g6p; sterol regulatory element-binding protein 1, srebpl;
lipoprotein lipase, Ipl; carnitine palmitoyltransferase 13, cpt-13; elongation of very long chain
fatty acids protein 6, elovl6, peroxisome proliferator activated receptor a; pparo) were
determined using the primers listed in Table 7.2. Digital PCR was performed as previous
described (Xu et al., 2019) using in QX200™ Droplet Digital™ PCR System (Bio-rad). The
amplification conditions of PCR were: 95 °C for 5 min, followed by 40 cycles at 95°C for 30
sec, elongation at Tm temperature for 1min, and then stabilized the signal at 4 °C for 5 min,
90°C for 5 min, finally the reaction was hold at 4°C.

Table 7.2 Primers sequence for digital PCR and GeneBank accession numbers for sequences of

target genes

Gene Sequence (5'-3") Tm (°C)  Gene bank No.

" TForward GAC CAA CTG GGA TGA CAT GG
Practin - peverse  GCA TAC AGG GAC AGC ACA GC 61 X89920.1

. Forward GCA GAG CCA CAG CAG CAG GGA
Jads2  peverse  CGG CCT GCG CCT GAG CAG TT 63 AY055749

Forward CGC TGG AGT CAT TAC AGG CGT
gtp Reverse CAG GTC CAC GCC CAG AAC TC 62 XM_030399413.1

Forward AGG GCT GAC CAC AAC GTC TCC TCT CC
S7ebP Reverse  GCT GTA CGT GGG ATG TGA TGG TTT GGG~ 02 XM_030407356.1

Forward CGT TGC CAA GTT TGT GAC CTG
lpl Reverse AGG GTG TTC TGG TTG TCT GC 60 AY495672

Forward CCA CCA GCC AGA CTC CAC AG
PEIE Reverss  CAC CAC CAG CAC CCA CAT ATT TAG 60 DQB6682I

Forward GTG CTG CTC TAC TCC TGG TA
elovib  peverse  ACG GCA TGG ACC AAG TAG T 60 JX975702

Forward TCT CTT CAG CCC ACC ATC CC
PPArd  peverse  ATC CCA GCG TGT CGT CTC C 8 AY590299

. Forward GTG TGT GGA GAG AGA GGC TT
igf! Reverse CTC TTG GCA TGT CTG TGT GG 8 AY996779.2
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7.2.5 fads2 promoter sequencing

DNA was extracted from 25 mg caudal fin of broodstock used in present study with DNAeasy
kit (Qiagen) according to the instruction from manufacturer. The quality of extracted DNA was
check by 1% agarose gel electrophoresis, and the quantity was measured in the NanoDrop™
1000 spectrophotometer (Thermo). The primers used for fads2 promoter region sequencing
were designed based on Perera et al. (2019) (Forward: 5 CTC CTG GAA TTT CCC TCA 3’;
Reverse: 5> TTT TCG GCT GCT CCT CTG 3’). PCR was performed using 40 ng/uL extracted
DNA with iTaq Kit (Intron) according to the instruction of the manufacturer. Thermocycling
conditions were as follows: initial denaturation at 94 °C for 2 min, followed by 34 cycles at
94°C for 20 s, 60°C for 1 min, 72°C for 30 min, and a final extension step of 3 min at 72 °C.
The PCR product was quantified in NanoDrop™ 1000 spectrophotometer (Thermo), diluted to

75 ng/uL and sent to Macrogen (Madrid, Spain) for sequencing.

7.2.6 MicroRNA analysis

RNA was extracted from 200 mg pool of 5 livers per tank with Direct-zol™ RNA Miniprep kit
(Zymo Research, Irvine, USA) according to the instruction of manufacturer. The quality and
quantity of RNA was checked in 2200 Tapestation (Agilent, Santa Clara, USA) with High
Sensitivity RNA ScreenTape (Agilent). 200 ng RNA was used for RNA library preparation
using NEXTFLEX Small RNA-Seq Kit. After the ligation and first strand synthesis according to
the instruction of manufacturer, purified first strand synthesis product was mixed with universal
primer, barcode primer and PCR master mix for amplification in thermal cycler (Bio-rad)
according to following condition: 95 °C for 2 min, followed by 17 cycles at 95°C for 20 sec,
60°C for 30 sec, 72°C for 15 sec, and a final extension step of 2 min at 72 °C. Unique Barcode
primer was assigned to each sample. PCR product around 160 bp was selected in 6% TBE-
PAGE gel (Thermofisher). After the selection, library was quantified and qualified in 2200
Tapestation (Agilent) with High Sensitivity D1000 ScreenTape (Agilent). 15 nmol libraries that
contained same amount of library from each sample was sequenced in NextSeq 500 (illumina,

San Diego, USA) with NextSeq 500/550 Kit (illumina).
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7.2.6 Data analysis

Data was shown in mean £+ S.D. Independent t-test was used in the comparison between two
experimental group through SPSS 20.0 (IBM, U.S.A.). Gene expression was normalized by
hepatic expression of S-actin according to the method decribed in Park and Crowley (2005).
ClusterW alignment between fads2 promoter region of each broodstock was performed through
BioEdit 7.2 (Tom Hall). RNA library was demultiplexed based on barcode, then the adapter
sequence was move adapters and random nucleotides at 3* and 5’ end map trimmed reads to
gilthead seabream genome (Genome assembly: GCA 900880675.1). MicroRNAs expression
was identified using miRDeep2. Reads were counted based on mature miRNA based on all

Teleostei species. Differential expression was analyzed using limma-voom in R.

7.3 Results

7.3.1 Growth performance

No mortality was observed in two groups. After 74 days of challenge test, the final average
weight of fish from broodstock fed with RO diet (BRO) was 153.7+ 1.2 g, which was 27%
higher (p <0.05) than fish from broodstock fed with FO diet (BFO) (Table 7.3). Whereas SGR
of BRO fish was 0.2 % day' lower than BFO fish (p<0.05). Besides, fish from BRO group had
a lower feed intake and HSI than fish from BFO group (p<0.05).

Table 7.3 Growth performance of one-year-old gilthead seabream juveniles obtained from

broodstock fed FO or RO diet during spawning season, after 74 days of feeding the challenge diet

BFO BRO

Mean S.D. Mean S.D.
Initial weight (g) 79.0 0.5 110.8* 2.0
Final weight (g) 121.0 2.0 153.7* 1.2
Weight gain (g) 41.8 2.7 42.5 1.4
Mortality (%) 0 0 0 0
SGR (%day™) 0.6* <0.1 0.4 <0.1
Feed intake (g fish™! day™) 1.3% <0.1 1.1 0.1
FCR 2.3 0.2 2.0 0.2
HSI (%) 1.3% <0.1 1.2 <0.1
VSI (%) 3.6 0.6 3.1 0.2

Abbreviations: SGR: Specific growth rate; FCR: Feed conversion rate; HSI: Hepatic somatic index; VSI: Visceral somatic index;

* Denotes significant differences (p <0.05) between the two fish groups.

7.3.2 Histology study

Hepatocytes of liver from BFO fish were significantly bigger than those from BRO (p<0.05),

in which the length of long axis, short axis and the area of hepatocyte were 16.7%, 15% and
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38% higher, respectively (Table 7.4). However, no significant differences were observed in the

size of nucleus between fish of two experimental group.

Table 7.4 Morphometry of hepatocytes from gilthead seabream juveniles obtained from

broodstock fed FO or RO diet during spawning season, after 74 days of feeding the challenge diet

BFO BRO
Mean S.D. Mean S.D.
Long axis (um) 10.42%* 0.16 8.93 0.07
Short axis (um) 6.67* 0.11 5.81 0.10
Area (um?) 62.38* 2.43 45.16 2.96
Nuclear 6.56 043 6.34 0.51

7.3.3 Biochemical analysis

Lipid content in the liver of BFO group was 3.79% higher than that of BRO group (p<0.05).
No significant differences were found in the protein, lipid and ash content of whole fish and
muscle between two fish groups (p>0.05) (Table 7.5).

Table 7.5 Proximate composition of liver, muscle and whole fish samples from gilthead seabream

juveniles obtained from broodstock fed FO or RO diet during spawning season, after 74 days of

feeding the challenge diet

BFO BRO
% wet weight Mean S.D. Mean S.D.
Liver
Lipid 14.31° 0.92 10.52 0.79
Protein 12.97 1.48 12.56 0.86
Ash 1.04 0.24 1.12 0.28
Muscle
Lipid 5.21 4.34 1.40 0.31
Protein 21.12 0.17 20.81 0.21
Ash 1.47 0.19 1.47 0.26
Whole fish
Lipid 10.01 1.16 10.75 1.61
Protein 16.35 0.27 16.60 0.43
Ash 3.87 0.48 4.29 0.95

* Denotes significant differences (p <0.05) between the two fish groups.

Regarding the fatty acid profiles, hepatic 20:4n-6 content in BRO fish was significantly higher
than that in BFO fish (Table 7.6). In muscle, BFO fish showed significantly higher (»p<0.05)
contents of 18C fatty acid than BRO, including 18:1n-9, 18:2n-6, 18:3n-3 and 18:4n-3 (Table
7.7). Whereas BRO fish had higher (p<0.05) content of very long chain PUFA (C>20) like
20:4n-6 and 20:5n-6, especially DHA, which was more than two times higher in the muscle of
BRO fish than that in BFO fish. Besides, BRO fish had higher PUFA, n-3 fatty acid but BFO

had higher MUFA and n-6 fatty acid content in muscle (p<0.05). The muscle of BRO fish was
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significantly higher in the ratio between products and precursors of desaturation, which include
20:4n-6/20:3n-6, 20:5n-3/20:4n-3 and 22:6n-3/20:5n-3. No differences were found between in

the fatty acid profiles of whole fish between the two experimental fish groups (Table 7.8).

Table 7.6 Hepatic fatty acid profile of gilthead seabream juveniles obtained from broodstock fed
FO or RO diet during spawning season, after 74 days of feeding the challenge diet

BFO BRO BFO BRO

Fatty acid(%) Mean S.D. Mean S.D. Fatty acid(%) Mean S.D. Mean S.D.
14:0 043 006 038  0.06 20:1n-7 202 012 183 0.08
14:1n-7 001 000 001 0.0l 20:1n-5 012 002 010 001
14:1n-5 001 001 001  0.00 20:2n-9 100 008 094  0.09
15:0 006 001 006  0.01 20:2n-6 100 006 110 013
15:1n-5 001 000 001  0.00 20:3n-9 001 001 001 001
16:01SO 001 000 001 000 20:3n-6 066 008 071  0.02
16:0 735 071 752 0.3 20:4n-6 063 004  0.79%  0.02
16:1n-7 149 005 146 0.3 20:3n-3 051 004 056  0.05
16:1n-5 004 000 003 0.0l 20:4n-3 064 010 062  0.02
16:2n-4 004 001 003 001 20:5n-3 199 037 205 017
17:0 006 001 005 0.0l 22:1n-11 108 023 082 014
16:3n-4 012 001 012 001 22:1n-9 084 007 086  0.04
16:3n-3 004 001 003 0.0l 22:4n-6 0.14 003 013 001
16:3n-1 001 001 003 002 22:5n-6 0.16 005 016 0.0l
16:4n-3 005 001 006  0.02 22:5n-3 175 073 163 001
16:4n-1 000 000 000 0.1 22:6n-3 1056 402 1063 025
18:0 434 043 425 033 3 SFA 1247 119 1248 036
18:1n-9 3537 239 3395 0.8 3 MUFA 4392 207 4200 046
18:1n-7 2.55 0.06 2.60 0.06 S PUFA 43.60 3.18 45.52 0.61
18:1n-5 0.09 0.01 0.08 0.01 S n-3FA 21.09 4.75 21.55 0.49
18:2n-9 0.78 0.15 0.67 0.05 3 n-6 FA 20.36 1.44 21.98 0.20
18:2n-6 1644 134 1769 027 18:4n-3/18:3n-3 013 001 013 001
18:2n-4 006 001 006 001 18:3n-6/18:2n-6 008 001 008  0.00
18:3n-6 133027 141 0.09 20:3n-6/20:2n-6 066 007 065  0.06
18:3n-4 008 001 008 001 18:2n-9/18:1n-9 002 001 002  0.00
18:3n-3 492 041 530 024 16:1n-7/16:0 020 002 019 002
18.3n-1 001 001 001 001 18:1n-9/18:0 817 033 802 059
18:4n-3 063 009 068  0.07 20:4n-6/20:3n-6 096 014 112 0.03
18:4n-1 004 001 003 001 20:5n-3/20:4n-3 312 019 329 020
20:0 022001 021 0.2 22:6n-3/20:5n-3 520 109 522 050
20:1n-9 030 006 025  0.02

* Denotes significant differences (p <0.05) between the two fish groups.

Table 7.7 Fatty acid composition of muscle of gilthead seabream juveniles obtained from

broodstock fed FO or RO diet during spawning season, after 74 days of feeding the challenge diet

BFO BRO BFO BRO
Fatty acid (%) Mean S.D. Mean S.D. Fatty acid (%) Mean S.D. Mean S.D.
14:0 0.50 0.12 0.37 0.19 16:4n-3 0.09 0.01 0.17 0.10
14:1n-7 0.01 0.01 0.06 0.06 16:4n-1 0.02 0.01 0.07 0.06
14:1n-5 0.02 0.00 0.08 0.09 18:0 3.31 0.83 4.06 0.48
15:0 0.08 0.02 0.15 0.14 18:1n-9 31.30* 3.44 20.32 3.68
15:1n-5 0.01 0.01 0.06 0.07 18:1n-7 2.55% 0.08 2.10 0.25
16:0I1SO 0.01 0.01 0.07 0.09 18:1n-5 0.10 0.01 0.16 0.14
16:0 7.17 1.48 7.23 1.60 18:2n-9 0.28 0.01 0.18 0.06
16:1n-7 1.78%* 0.21 1.16 0.26 18:2n-6 15.55%* 0.85 12.30 1.46
16:1n-5 0.04 0.01 0.09 0.09 18:2n-4 0.08 0.01 0.15 0.12
16:2n-4 0.10 0.01 0.10 0.06 18:3n-6 0.46 0.00 0.43 0.12
17:0 0.09 0.02 0.09 0.03 18:3n-4 0.13 0.01 0.15 0.11
16:3n-4 0.13 0.01 0.12 0.04 18:3n-3 5.15% 0.70 3.35 0.53
16:3n-3 0.04 0.01 0.13 0.13 18:3n-1 0.01 0.01 0.08 0.08
16:3n-1 0.09 0.06 0.26 0.10 18:4n-3 0.61* 0.08 0.44 0.06
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BFO BRO BFO BRO

Fatty acid (%) Mean S.D. Mean S.D. Fatty acid (%) Mean S.D. Mean S.D.
18:4n-1 0.06 0.01 0.09 0.05 22:5n-3 2.49 0.41 3.51 0.55
20:0 0.34 0.07 0.35 0.08 22:6n-3 12.47 372 2634% 540
20:1n-9 0.49 0.12 0.33 0.06 > SFA 11.49 2.27 12.33 2.49
20:1n-7 3.02 0.59 2.28 0.49 S MUFA 43.07* 4.88 29.41 4.79
20:1n-5 0.14 0.04 0.19 0.06 > PUFA 45 .44 3.71 58.07% 5.01
20:2n-9 0.50%* 0.10 0.31 0.04 S n-3 FA 25.76 417  40.54* 585
20:2n-6 0.80 0.06 0.81 0.06 >n-6 FA 18.28%* 0.56 16.15 0.97
20:3n-9 0.01 0.01 0.06 0.06 18:4n-3/18:3n-3 0.12 0.01 0.13 0.02
20:3n-6 0.41 0.04 0.50 0.06 18:3n-6/18:2n-6 0.03 0.00 0.04 0.01
20:4n-6 0.54 0.23 1.15* 0.20 20:3n-6/20:2n-6 0.52 0.06 0.62 0.06
20:3n-3 0.43 0.05 0.39 0.00 16:1n-7/16:0 0.25%* 0.05 0.16 0.03
20:4n-3 0.76 0.11 0.69 0.04 18:1n-9/18:0 9.96 3.11 5.09 1.34
20:5n-3 3.72 0.90 5.51 0.67 20:4n-6/20:3n-6 1.31 0.45 229*  0.27
22:1n-11 2.61 0.93 1.74 0.59 20:5n-3/20:4n-3 4.95 1.42 7.98%  1.14
22:1n-9 1.00 0.33 0.85 0.01 22:6n-3/20:5n-3 3.32 0.19 4.76*  0.58
22:4n-6 0.23 0.07 0.31 0.10

22:5n-6 0.28 0.09 0.65* 0.16

* Denotes significant differences (p <0.05) between the two fish groups.

Table 7.8 Fatty acid composition of whole body of gilthead seabream juveniles obtained from from

broodstock fed FO or RO diet during spawning season, after 74 days of feeding the challenge diet

BFO BRO BFO BRO

Fatty acid(%) Mean S.D. Mean S.D. Fatty acid(%) Mean S.D. Mean S.D.
14:0 0.56 0.25 0.49 0.17 20:1n-7 2.98 0.58 3.37 0.64
14:1n-7 0.02 0.02 0.10 0.12 20:1n-5 0.18 0.03 0.25 0.09
14:1n-5 0.03 0.02 0.14 0.17 20:2n-9 0.46 0.07 0.59 0.25
15:0 0.09 0.02 0.14 0.07 20:2n-6 0.72 0.15 0.92 0.27
15:1n-5 0.03 0.02 0.10 0.11 20:3n-9 0.04 0.02 0.16 0.15
16:0I1SO 0.03 0.02 0.16 0.21 20:3n-6 0.32 0.04 0.45 0.15
16:0 7.12 0.78 6.08 2.70 20:4n-6 0.37 0.04 0.59 0.27
16:1n-7 2.18 0.33 1.82 1.06 20:3n-3 0.40 0.11 0.50 0.16
16:1n-5 0.04 0.01 0.19 0.21 20:4n-3 0.69 0.12 0.96 0.30
16:2n-4 0.13 0.01 0.23 0.17 20:5n-3 2.85 0.63 3.69 0.73
17:0 0.12 0.02 0.21 0.18 22:1n-11 2.59 1.22 3.92 1.60
16:3n-4 0.18 0.03 0.26 0.15 22:1n-9 0.94 0.42 1.39 0.60
16:3n-3 0.08 0.00 0.22 0.23 22:4n-6 0.25 0.18 0.48 0.37
16:3n-1 0.09 0.02 0.26 0.27 22:5n-6 0.25 0.14 0.52 0.39
16:4n-3 0.14 0.02 0.26 0.17 22:5n-3 2.24 1.09 3.59 1.55
18:0 2.89 0.11 2.36 0.41 22:6n-3 9.66 431 14.93 6.32
18:1n-9 34.21 4.74 27.35 7.16 2 SFA 11.11 0.57 9.75 3.06
18:1n-7 2.79 0.28 2.42 0.45 > MUFA 46.60 2.89 41.75 5.30
18:1n-5 0.12 0.01 0.17 0.18 > PUFA 42.26 3.42 48.34 7.73
18:2n-9 0.30 0.04 0.27 0.08 >n-3FA 22.21 5.36 29.38 8.46
18:2n-6 16.10 2.61 13.03 3.27 > n-6 FA 18.47 2.10 16.46 1.86
18:2n-4 0.11 0.01 0.18 0.10 18:4n-3/18:3n-3 0.13 0.02 0.16 0.03
18:3n-6 0.47 0.05 0.47 0.07 18:3n-6/18:2n-6 0.03 0.00 0.04 0.02
18:3n-4 0.16 0.03 0.21 0.08 20:3n-6/20:2n-6 0.45 0.05 0.49 0.06
18:3n-3 5.43 0.89 4.54 0.81 16:1n-7/16:0 0.31 0.02 0.29 0.04
18:3n-1 0.03 0.02 0.16 0.21 18:1n-9/18:0 11.82 1.23 11.48 1.10
18:4n-3 0.71 0.05 0.69 0.08 20:4n-6/20:3n-6 1.14 0.07 1.28 0.14
18:4n-1 0.09 0.03 0.21 0.16 20:5n-3/20:4n-3 4.13 0.23 3.95 0.52
20:0 0.33 0.09 0.46 0.18 22:6n-3/20:5n-3 3.29 0.71 3.91 1.07
20:1n-9 0.48 0.12 0.54 0.10

* Denotes significant differences (p <0.05) between the two fish groups.
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7.3.4 Gene expression

No significantly differences were found in the expression of the selected genes between the

experimental fish groups (Table 7.9).

Table 7.9 Hepatic gene expression of gilthead seabream juveniles obtained from from broodstock

fed FO or RO diet during spawning season, after 74 days of feeding the challenge diet

BFO BRO

copies/uL Mean S.D. Mean S.D.

Sfads2 104.37 33.07 59.80 17.33
cox-2 4.37 4.46 5.60 5.62
g6p 84.14 43.50 87.75 39.87
srebp 39.29 6.10 40.23 16.35
Ipl 139.31 35.14 173.27 52.27
cpt-183 14.40 4.01 21.61 8.78
elovl6 70.32 37.06 47.13 11.08
ppara 41.86 12.00 47.31 5.61
igfl 276.44 120.18 324.50 111.94

7.3.5 fads2 promoter sequence alignment

No difference was observed in the alignment of the fads2 promoter region sequence studied
between broodstock fed with different nutritional programming diet (Figure 7.1).

Figure 7.1 Alignment of fads2 promoter region sequence of broodstock fed with diet rich in FO or
RO.

-
00 1

P T e T e
90 1

10 20 30 40 50 60 70 80 10

Fads2" ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
FO Female 1 ACTCTCATTT CCTAAAGTTT ATTCTGATGS AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
FO Male 1-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
FO Male 1-2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
FO Female 2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
FO Male 2-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
RO Female 1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
RO Male 1-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
RO Male 1-2 ACTCTCATTT CCTAAAGTTT ATTCKGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
RO Female 2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
RO Male 2-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
RO Male 2-2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
RO Female 3 ——-—————-= —————————— ——— CTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
RO Male 3-1 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
RO Male 3-2 ACTCTCATTT CCTAAAGTTT ATTCTGATGC AGATTTTGAA TGCAACACAA CAGACCACTG TGGGATTTGC TATTTTTACT CGAGCAGCCT ACTTCTTCCA CCGCTGTGAG
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Fads2" GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
FO Female 1 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
FO Male 1-1 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
FO Male 1-2 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
FO Female 2 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
FO Male 2-1 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
RO Female 1 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
RO Male 1-1 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
RO Male 1-2 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
RO Female 2 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
RO Male 2-1 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
RO Male 2-2 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
RO Female 3 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
RO Male 3-1 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
RO Male 3-2 GCTGTAATTG AGGGAAAGTG TAGAAGCGAC GTGCTCCCGC AGACTGTTTC CGTCTGAGCG CACAGGGCTC TGTGTAATAT TCAGATGAGC CGTTTATTGA GCCTATTGCA
ClustalW Rk kR KR Kk KKk Rk kR k Rk kKR Rk Kk KRk Kk kR kR KRRk Kk kK kK
L L T L I L e T e |

230 240 250 260 270 280 290 300 310 320 330

Fads2" CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
FO Female 1 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
FO Male 1-1 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
FO Male 1-2 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
FO Female 2 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
FO Male 2-1 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
RO Female 1 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
RO Male 1-1 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
RO Male 1-2 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
RO Female 2 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
RO Male 2-1 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
RO Male 2-2 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
RO Female 3 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
RO Male 3-1 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
RO Male 3-2 CATCAGCCGG TGGTCCAGGA TATACTGTAC GCCGATTGGC CCAGAAACCC TCGAATGATC GGCTCGGAAT TTGTACTGAA TGAGTGGGTG AATGAGTCCG TGAACACACT
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Fads2" GGGGGCAGGA CAGAGGATGA ATTTTGGGGA TGTGCACGAT TTAAAATGGA CAGTGAACGC ATCGGGGGCG CATAAAAGTG AGGCGGTGTG TTAATGTGAG TGAAAGAAAA
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7.3.6 MicroRNA libraries analysis
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No significant difference was observed between BFO fish and RO fish on microRNA

expression (adjusted p value>0.05) (Figure 7.2).

Figure 7.2 Heat map of the comparison of hepatic microRNA expression between one-year-old

juveniles from broodstock fed with diet rich in FO or in RO.
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7.4 Discussion

The present study was designed to determine the effect of nutritional programming by replacing
dietary FO by RO during spawning season of broodstock on growth performance and lipid
biosynthesis of one-year-old offspring when challenged with diet contain low FM and FO. The
results showed nutritional programming by feeding broodstock with FO replacement diet by
RO during spawning season led to significant differences in lipid metabolism in the offspring.
According to the previous study on gilthead seabream, nutritional programming by feeding
broodstock with diet contained 8.0% linseed oil promotes the growth performance of offspring
when challenged with low FM and low FO diet (Izquierdo et al., 2015). Similarly, nutritional
programming by RO also lead to an increased growth performance when the offspring is
challenged between 2 to 10 g (Hanlin et al. in press, Chapter 5). However, such promoting
effect could not be found when the offspring reached around 16-month-old (Turkmen et al.,
2017a). In present study, even though offspring from broodstock programmed with diet
contained RO had higher final weight, the growth rate of broodstock fed with FO-based diet
was higher, which seems to be related to their lower body weight. In the research on other
species, the effects of nutritional programming, especially long-term effects, remain uncertain.
For example, a positive effect of three weeks nutritional programming by feeding vegetable-
based diet since first exogenous feeding leads to a 24% higher growth rate in the challenge
experiment of Atlantic salmon 15 weeks after the nutritional programming (Clarkson et al.,
2017). Similar phenomenon also exists in rainbow trout in the nutritional challenge test when
the fish is around 8 months old (Balasubramanian et al., 2016). However, such nutritional
programming effect on growth performance was not observed in European sea bass and
Siberian sturgeon in certain studies (Vagner et al., 2009; Luo et al., 2019). Thus, further long-
term investigation is required to investigate the effect of nutritional programming on growth.

Although effect on growth performance is not confirmed in present study, nutritional
programming led to a difference in the structure of liver. Under the premise that no difference
was observed on the size of the nucleus of hepatocyte between two experimental group,
offspring of broodstock programmed by RO contained diet had lower HSI, hepatic lipid content
and smaller size of hepatocyte. These results denote a significant nutritional programming by

RO in broodstock diet during spawning season on the hepatic lipid deposition. Although
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nutritional programming by different fatty acid is proved to regulate the hepatic lipid
metabolism in fish (Vagner et al., 2007; Vagner et al., 2009; Geurden et al., 2013; Izquierdo et
al., 2015; Clarkson et al., 2017), little information is available in the change of hepatic lipid
deposition. A possible explanation for this might be that nutritional programming by RO on
broodstock promotes the use of low FM and low FO diet of their offspring by up-regulating
lipid metabolism. Nutritional programming during early larval stage of Atlantic salmon by
vegetable ingredients up-regulates the expression of genes that participate in the pathways
related with intermediary metabolism such as oxidative phosphorylation, TCA cycle and fatty
acid metabolism (Vera et al., 2017). However, the present study was unable to demonstrate the
metabolism of nutritional programming on hepatic fatty acid metabolism since no difference
on expression of genes related with lipid metabolism was observed between two experimental
group, which might due to the large variation within the group. Besides, no difference was
observed in the sequence of promoter region of fads2 gene of broodstock nor in the hepatic
microRNA expression. Further study is needed for the verification of specific microRNA
expression by RT-PCR.

Another important finding was on the fatty acid composition in muscle. Muscle of the offspring
from broodstock programmed by RO contained diet had around two times higher content of
LC-PUFA, including arachidonic acid, 22:5n-6 and DHA, than that from broodstock fed with
FO diet during spawning season. These results show a possibility on using nutritional
programming as a tool to produce fish that can accumulate higher LC-PUFA in muscle when
fish are fed with diet contains high level of vegetable ingredients. Besides, the higher ratio of
20:4n-6/20:3n-6 and 20:5n-3/20:4n-3 in the muscle of offspring from RO programmed fish
showed a higher activity of A5 desaturase, which is a restricted enzyme in the LC-PUFA
biosynthesis of gilthead seabream (Tocher and Ghioni, 1999). Whereas the muscle of offspring
from broodstock fed with FO diet contained higher amounts of precursors of LC-PUFA such
as 18:1n-9, LNA and ALA. These results are partly be related to a lower ability of LC-PUFA
biosynthesis. In mammal, AS desaturase is translated from Fads! (Cho et al., 1999). Whereas
in zebrafish (Danio rerio), protein translated from gene similar to mammalian Fads2 has the

function of A5 desaturation (Hastings et al., 2001). Although it is still not clear due to the
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extremely low A5 desaturation, the gilthead sea bream desaturase clone shows residual A5
activity (Mourente and Tocher, 1993; Mourente and Tocher, 1994; Tocher and Ghioni, 1999).
Gene expression of fads2 also exists in muscle of gilthead seabream (Seiliez ef al., 2003), which
suggests that the increased LC-PUFA content in muscle of offspring from RO programmed
broodstock may be related with the higher A5 activity. However, although parental dietary fatty
acid can affect the A5 expression (Missotten et al., 2009), specific mechanism of nutritional
programming on muscle remains unknown in fish. Thus, the effect of nutritional programming
on muscle fatty acid deposition is also important issue for future research.

In conclusion, this study has shown a long-term existence of nutritional programming effect by
feeding broodstock with RO contained diet during spawning season on their offspring when
challenged with diet low in FM and FO. Offspring from RO programmed broodstock had lower
HSI, hepatic lipid content and smaller size of hepatocyte. Besides, a higher content and a higher
biosynthesis activity of LC-PUFA was observed in muscle of the offspring from RO
programmed fish, compared with offspring from broodstock fed with FO contained diet.
However, the effect of nutritional programming on the growth performance remained uncertain.
Further research needs to examine the mechanism on the LC-PUFA accumulation in muscle
which may contribute to the production of better-quality fish products along with decrease use
of marine ingredients in diet.
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Chapter 8

Conclusions

1. When challenged with a diet low in fish meal (FM) and fish oil (FO), an increased growth
performance was observed in the offspring juveniles from broodstock with higher fads?2
expression and fed with a diet rich in rapeseed oil (RO) during the spawning season
(Chapter 5). This improved growth performance in offspring from broodstock with a high
fads2 expression was persistent in a long-term challenge trial, even until fish overpassed
100 g and was in the verge of male and gonad maturation (Chapter 6). However, the
replacement of 50% dietary FM alone or combined with 70% FO in broodstock diets during
spawning season led to a decrease on growth performance of offspring juveniles (Chapter
3).

2. When challenged with a diet low in FM and FO in early life stages, offspring from
broodstock nutritionally programmed by 80% replacement of dietary FO by vegetable oil
during spawning season had increased LC-PUFA content in fatty acid profiles (Chapter 3,
5), reduced viscerosomatic index (Chapter 5) and hepatic lipid accumulation, increased
expression of elovl6 in liver and ghr-1/ghr-2 in muscle (Chapter 5) than offspring from
broodstock fed with a diet high in FO.

3. In Chapter 7, a long-term effect of nutritional programming was observed even when fish
reached 100 g, in the verge of male gonadal maturation. Thus, in the muscle of the offspring
from RO programmed broodstock, the content and biosynthesis activity of LC-PUFA was
higher, compared with offspring from broodstock fed with FO contained diet.

4. An up-regulation the fads2 expression, as well as the PUFA content in liver and muscle
was observed in juvenile gilthead seabream from broodstock with inherently high fads2
expression, when challenged by a diet low in FM and FO in early life stages. However, in
the long-term challenge test, a down-regulation of fads2 was observed in offspring from
broodstock with higher fads2 expression, together with a high incorporation of DHA,

particularly in the liver. This higher DHA, together with the increase in 22:5n-3 and 22:4n-
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6, late products of elongation and desaturation, would be responsible for the down-
regulation of hepatic fads2, possibly mediated by the downregulation in srebp.

5. The results on the changes of fads2 during ontogeny showed the presence of fads2 mRNA
in the just spawned gilthead seabream egg, denoting the maternal mRNA transfer to the
developing oocyte, whereas from the neurula stage onwards fads2 expression increased
denoting the transition from maternal to embryonic gene expression. Besides, eggs
obtained from broodstock with high fads2 expression showed a high DHA content, which
could be responsible for a down-regulation of fads2 expression in the developing embryo
and larvae. Finally, partial replacement of FO by RO did not affect LC-PUFA contents nor
fads2 expression in gilthead seabream eggs (Chapter 4).

6. The changes led by broodstock nutritional programming or fads2 expression were not due
to the sequence of fads2 promoter region.

Overall, nutritional programming on broodstock by the replacement of FO by vegetable oil,

especially RO, increased the ability LC-PUFA biosynthesis in offspring when challenged with

diets containing low FM and FO. Such effect was observed in both early life stages and long-
term nutritional challenge tests. Besides, the thesis firstly provides the evidence on the trans-
generation effect of broodstock fads2 expression on changes during ontogeny and use of diet
low in FM and FO on offspring. Thus, strategies of combining broodstock with higher fads2
expression and nutritional programming by vegetable oil can be applied to increase the use of
low FM and FO diets in the offspring. However, further studies are needed for the mechanism
in molecular level since no differences was observed in gene sequence of broodstock, offspring

fads2 CpG level and miRNA expression.
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Chapter 9

Resumen ampliado en espaiol

9.1 La sustitucion de la harina y el aceite de pescado como principal desafio para el

desarrollo de la acuicultura intensiva

El alimento para peces es una fuente equilibrada de minerales y proteinas altamente digeribles
para el ser humano, y representd el 17% de la ingesta de proteina animal de la poblacion
mundial (FAO, 2020). Ademas, es la principal fuente de acidos grasos poliinsaturados de
cadena larga n-3 (n-3 LC-PUFA) que son importantes para el desarrollo fetal (Helland et al.,
2003) y contribuyen a prevenir las enfermedades cardiovasculares (Schmidt ef al., 2000) y la
enfermedad de higado graso no alcohdlico (NAFLD) (Oya et al., 2010), entre muchas otras
propiedades para la salud humana. Por lo tanto, la demanda de pescado por parte de los
consumidores aumenta continuamente. De 1961 a 2017, la tasa de crecimiento anual del
consumo de pescado (3,1%) fue casi el doble de la tasa de crecimiento de la poblacion mundial
(1,6%) y superior a la de todos los demés alimentos de proteina animal (2,1%). En 2018, la
produccion mundial de pescado alcanzo los 178,5 millones de toneladas, de las cuales el 45,8%
procedia de la acuicultura (FAQ, 2020). La pesca de captura mundial se mantiene relativamente
estable desde finales de los afios ochenta, con pequefias fluctuaciones entre los distintos afios
y, segun el seguimiento a largo plazo de la poblacion de peces marinos a la que se accede, los
recursos pesqueros disminuyen continuamente (FAQO, 2020). Debido a este estancamiento de
la produccion pesquera, la acuicultura estd asumiendo la responsabilidad de proporcionar
suficientes productos inocuos y sostenibles para satisfacer las demandas del mercado. En 2018,
la acuicultura produjo el 52% del pescado utilizado para el consumo humano y, de 2001 a 2018,
la tasa media de crecimiento anual de la produccion acuicola mundial fue del 5,3% anual (FAO,
2020). Sin embargo, el desarrollo ulterior de la acuicultura se ve restringido por la limitada
disponibilidad y el aumento de los precios de la harina y el aceite de pescado, fuentes
tradicionales de proteinas y lipidos en los piensos para peces, que en su mayoria se derivan de
la pesca de captura. En 2015, la produccion mundial de harina de pescado y aceite de pescado

fue de 4,7 millones y 856.000 toneladas, respectivamente, de las cuales la acuicultura consumio
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el 70% de la produccion de harina de pescado y el 73% de aceite de pescado (Green, 2018). Sin
embargo, la produccion de FM y FO esta disminuyendo gradualmente. Por ejemplo, la
produccion de FM fue de 2 millones de toneladas menos en 2015 en comparacion con la de
1997. Aparte de la disminucion de la oferta, el uso de la FM y la FO en los alimentos para peces
suscita la preocupacion por la contribucidon de la acuicultura a la sobreexplotacion de los
recursos pesqueros y la presencia de contaminantes organicos persistentes o metales pesados
acumulados en la FM o la FO (Council, 2011). Por lo tanto, es necesario sustituir la FM y la
FO en la dieta por otros ingredientes de alta calidad y nutritivos con una producciéon mas
econdémica, ambiental y socialmente sostenible.

Los subproductos vegetales y animales, los ingredientes unicelulares o las fuentes de proteinas
de las harinas de los insectos se utilizan a menudo para reemplazar la FM de las dietas para
peces (Caballero ef al., 2002; Wang et al., 2016; Rosales et al., 2017; Rimoldi et al., 2018).
Las fuentes de proteinas vegetales tienen la ventaja de tener una produccion grande, estable y
sostenible, y se utilizan ampliamente para sustituir la FM dietética en los alimentos acuicolas.
Por ejemplo, en la dicta de los alevines de trucha arco iris (Oncorhynchus mykiss), hasta el 66%
de la FM puede sustituirse por fuentes de proteinas vegetales (Gomes ef al., 1995). En la dieta
del salmoén del Atlantico (Salmo salar L.), se puede afiadir hasta un 27% de concentrado de
proteina de guisante o un 22% de concentrado de proteina de altramuz (Carter and Hauler,
2000). En la dorada (Sparus aurata), una mezcla de guisantes extruidos y harina de colza puede
sustituir hasta el 50% de la FM sin afectar la tasa de crecimiento (Sitja-Bobadilla et al., 2005).
Sin embargo, a niveles altos de sustitucion, la composicion desequilibrada de aminoacidos y
los factores anti-nutricionales presentes en las fuentes de proteinas vegetales pueden perjudicar
el crecimiento y la utilizacion digestiva del alimento, y afectar negativamente al sistema
inmunitario de los peces (Vergara et al., 1996b; Vergara et al., 1996a; Francis et al., 2001;
Caballero et al., 2004; Gomez-Requeni et al., 2004; Castro et al., 2015). Ademas, el contenido
de fosfolipidos en las fuentes de proteinas vegetales es menor que en la FM (Council, 2011).
Los altos niveles de sustitucion de la FM por proteinas vegetales también producen efectos

negativos en el valor nutritivo del filete, incluida la disminuciéon de los AGP-CL-3 (De
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Francesco et al., 2007). Esta escasez restringe el uso de fuentes de proteinas vegetales en los
alimentos para peces.

En comparacion con las fuentes de proteinas vegetales, los subproductos animales pueden
contener una composicion de aminoacidos mas cercana a la FM y otros nutrientes interesantes
como minerales y fosfolipidos. Sin embargo, su composicion nutricional difiere entre los
ingredientes y la politica basada en la preocupacion por la seguridad (Council, 2011),
restringiendo su uso en los alimentos para peces. Dependiendo de la fuente y el valor nutricional,
entre el 20 y el 40% de la FM puede ser reemplazada por subproductos animales (Oliva-Teles
et al., 2015). Los ingredientes unicelulares como la levadura de cerveza se han utilizado en la
acuicultura desde la década de 1990, con la ventaja de su alto contenido en proteinas, su alto
nivel de nucleotidos y la ausencia de anti-nutrientes (Oliva-Teles et al., 2015). Mientras tanto,
pueden ser utilizados como prebioticos para estimular el crecimiento de las bacterias en el tracto
intestinal (Ferreira et al., 2010). Sin embargo, al igual que los subproductos animales, la calidad
de los ingredientes de las células individuales varia entre los diferentes fabricantes. La harina
de insectos, especialmente las larvas de la mosca solitaria negra, esta recibiendo un creciente
interés en los ultimos afios (Kroeckel et al., 2012), debido a la capacidad de convertir los
residuos de alimentos en proteina de alta calidad (Newton ef al., 1977), pero su uso esta
restringido por una produccion limitada.

En el caso de ciertas especies de agua dulce, algunos aceites vegetales pueden utilizarse como
unica fuente de lipidos en la dieta. Sin embargo, para las especies marinas, los acidos grasos
poliinsaturados de cadena larga (LC-PUFAs), que incluyen principalmente DHA, &cido
eicosapentaenoico (20:5n-3, EPA) y acido araquidonico (20:4n-6, ARA), son esenciales para
el crecimiento y el FO es la principal fuente comercialmente competitiva de LC-PUFAs. El
aceite de semillas oleaginosas o la grasa animal se utiliza en la sustitucion del FO dietético,
pero el insuficiente contenido de LC-PUFAs en estos ingredientes restringe el nivel de
sustitucion, ya que la sustitucion muy alta del FO conduce a una disminucion del rendimiento
de crecimiento, un reducido valor nutritivo del filete, un metabolismo anormal de los lipidos
del higado, un sistema inmunologico deteriorado y un rendimiento de reproduccion debilitado

(Tocher et al., 2002; Menoyo et al., 2004; Izquierdo et al., 2005; Lin and Shiau, 2007; Sink et
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al.,2010). En comparacion con los otros dos tipos de fuentes de lipidos, el aceite de microalgas
puede contener abundante LC-PUFA, especialmente acido docosahexaenoico (22:6n-3, DHA)
(Ryckebosch et al., 2012). Mientras tanto, durante el proceso de la produccion de petroleo,
toneladas de dioxido de carbono en la atmdsfera son fijadas por las microalgas, lo que lo
convierte en un proceso respetuoso con el medio ambiente (Doughman et al., 2007). Sin
embargo, el uso del aceite de microalgas esta restringido por su alto precio en comparacion con

el FO (Oliva-Teles et al., 2015).

9.2 Importancia de la LC-PUFA para la produccion pesquera

Los LC-PUFAs tienen muchas funciones estructurales y funcionales (Watanabe, 1993; Calder,
2012). Por ejemplo, son componentes criticos de las membranas celulares y organicas (Wassall
and Stillwell, 2008) y sus derivados, como los eicosanoides y los docosanoides, participan en
el procedimiento de sefializacion celular (Gill and Valivety, 1997). En el pescado, los LC-
PUFAs son acidos grasos esenciales que son obligatorios para el crecimiento (Peng et al.,
2014a), desarrollo y mantenimiento del cerebro y del sistema inmunologico (Menoyo et al.,
2004; Torrecillas et al., 2017b).

Al igual que los mamiferos, la capacidad de sintetizar el LC-PUFA de novo en los peces esta
ausente porque carecen de desaturasas n-12 y n-15 que solo estan presentes en algunas plantas
o invertebrados. Por lo tanto, es necesario incluir en pienso para peces o bien los LC-PUFAs o
sus precursores 18C. La biosintesis de los LC-PUFAs a partir de los acidos grasos de 18C es
catalizada por un conjunto de desaturasas y elongasas (Figura 1). E1 ARA se sintetiza a partir
del acido linoleico (LNA), mientras que el EPA y el DHA se obtienen a partir del acido a-
linolénico (ALA). En comparacion con los peces de agua dulce o los peces eurihalinos, los
peces marinos tienen una menor capacidad de sintetizar LC-PUFA a partir de sus precursores
18C (Dong et al., 2017). La razon podria estar relacionada en parte con el medio ambiente, ya
que el alimento para peces marinos contiene suficiente LC-PUFA, originalmente producido por
el fitoplancton, y por ellos los peces marinos no necesitan las enzimas para producirlas (Sargent

et al., 2003).
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Figura 9.1 Ruta de biosintesis de >C18 PUFA (acidos grasos poliinsaturados) (modificado segin
Oboh et al. (2017) y Bond et al. (2016))
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Tradicionalmente, el FO es la principal fuente de LC-PUFAs en los en los piensos para animales

acuaticos. Otras fuentes de lipidos vegetales utilizadas en la sustitucion del FO dietético carecen
de LC-PUFA pero son abundantes en los precursores, los PUFAs 18C. Por lo tanto, el nivel de
reemplazo de FO para cada especie de peces depende en gran medida de su capacidad de
biosintesis de LC-PUFA. En general, el reemplazo de FO por fuentes alternativas de lipidos
vegetales es mayor en las dietas para peces de agua dulce que en las dietas para especies
marinas. Por ejemplo, el contenido de FO es de 0-2% en la dieta de las carpas chinas, en
contraste con el 1-15% de FO en las dietas de las especies de peces marinos (Tacon and Metian,
2008). Sin embargo, una mayor proporcion de FO podria ser reemplazada si se aumenta la
capacidad de los peces para sintetizar LC-PUFA.

Diferentes estrategias pueden mejorar la capacidad de los peces para sintetizar el LC-PUFA,
como la regulacion de ciertos factores ambientales. Por ejemplo, la reduccion de la salinidad
puede aumentar la capacidad de los peces para sintetizar DHA a partir de ALA e incrementar
la expresion del gen de la acido graso desaturasa 2 (fads2) en la grasa hepatica, como ocurre
en el pez con manchas blancas (Siganus canaliculatus) (Li et al., 2008) o en puye (Dantagnan
et al., 2010). La temperatura puede regular la capacidad de biosintesis de n-3 LC-PUFA, como
ocurre en el Misgurnus anguillicaudatus donde los peces criados a 4 °C contenian una mayor

relacion EPA/ALA con el aumento de genes relacionados con el metabolismo de los lipidos
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como la proteina de union del elemento regulador de esteroles 1 (srebpl) o la carnitina
palmitoiltransferasa 1 (cptl) en comparacion con los peces criados a 28 °C (Chen et al., 2018).
La insuficiente capacidad de sintesis de LC-PUFA también esta relacionada con la muy
limitada actividad de Fads2 (Li et al., 2014) en las especies marinas. Fads2 es una enzima de
velocidad limitada en la biosintesis de LC-PUFA, cuya funcion es catalizar el ALA o LNA a
18:4n-3 o 18:3n-6, respectivamente, y de 24:4n-6 a 24:5n-6 o de 24:5n-3 a 24:6n-3 (Vagner
and Santigosa, 2011). Por ejemplo, la actividad de Fads2 en el bacalao (Gadus morhua L) es
menor que en el salmén del Atlantico (Tocher et al., 2006). La falta del sitio de unién SP-1 de
las fads2 en el bacalao en comparacion con el salmon del Atlantico puede ser una de las razones
de la diferencia de actividad (Zheng et al., 2009). Aparte de la diferencia entre especies, las
fads2 también pueden ser reguladas por el factor nutricional. El aumento de la expresion de las
fads2 o los productos de la desaturasa de las Fads2 se encuentra cuando se alimenta a los peces
con una dieta de reemplazo de FO en muchas especies (Bell ef al., 2002; Seiliez et al., 2003;
Xu et al., 2014; Gregory et al., 2016) por lo que es posible utilizar el factor nutricional como
una herramienta para producir peces que pueden mejorar la capacidad de sintesis de LC-PUFA.
9.3 Programacion nutricional

Una estrategia comun empleada por la naturaleza que permite la adaptacion del metabolismo
del organismo a las condiciones ambientales es la programacion nutricional. La programacion
nutricional se refiere al resultado en un animal que recibe un estimulo nutricional en ciertos
periodos criticos de su desarrollo, como las etapas pre o postnatales (Lucas, 1994). Un ejemplo
bien conocido es el de las abejas meliferas que pueden convertirse en una reina fértil o en una
obrera estéril mediante el consumo o no de jalea real (Kucharski ef al., 2008). En los ratones,
la malnutricion durante los periodos pre o postnatal conduce a la programacion nutricional del
metabolismo de los lipidos, lo que provoca una reduccidon a largo plazo del colesterol
plasmatico, el colesterol HDL vy el triacilglicerol (Lucas ef al., 1996). En las madres humanas
expuestas a la hambruna, la descendencia desarrolla un deterioro de la utilizacion de la glucosa,
una disminucion de la funcion pulmonar, un aumento del perfil lipidico aterogénico, mas
obesidad y un aumento triple del riesgo de la enfermedad coronaria (Painter ef al., 2005). Mas

especificamente, el suplemento de n-3 LC-PUFA durante el embarazo y la lactancia mejoro6 la
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puntuacion en la prueba K-ABC (Helland et al., 2003). De manera similar, en los peces, el
estimulo nutricional durante la reproduccion mediante la alimentacién de reproductores con
diferentes perfiles de acidos grasos en la dieta, afecta notablemente al metabolismo de los
lipidos y al crecimiento de la progenie (Izquierdo ef al., 2015). Por ejemplo, la alimentacion de
los reproductores de dorada (Sparus aurata) con dietas que contienen una sustitucion parcial
de FO por aceite de linaza (LO), bajo en LC-PUFA n-3 pero alto en su precursor de ALA, afetar
la expresion de fads2 y el crecimiento de la progenie (Izquierdo et al., 2015). Ademas, cuando
la progenie de 4 meses fue alimentada con una dieta baja en FM y FO, los peces de los padres
alimentados con reemplazo parcial de FO por LO mostraron una mejora en el crecimiento y la
utilizacion del alimento (Izquierdo et al., 2015). De hecho, la alimentacion de los reproductores
ejerce un efecto a muy largo plazo en la progenie y la sustitucion de FO por LO en las dietas
parentales, en combinacion con la alimentacion de los juveniles con dietas de bajo contenido
de FM y bajo contenido de FO, mejora notablemente el crecimiento y la utilizacion de la
alimentacion de las crias de 16 meses (Turkmen et al., 2017a). Estos estudios demostraron que
es posible mejorar la capacidad de los peces marinos para utilizar dietas con bajo contenido de
FM y FO mediante programas nutricionales de alimentacion de los patres. De manera similar,
la exposicion a una dieta de base vegetal en los primeros afios de vida del salmoén del Atlantico
mejora el rendimiento del crecimiento y la eficiencia de la alimentacion en etapas posteriores
de la vida, cuando los peces se alimentan con una dieta baja en FO y FM (Clarkson et al., 2017) .
La mejora en el crecimiento causada por la programacion nutricional debido a la sustitucion de
la dieta FM/FO por fuentes alternativas de proteinas o lipidos puede explicarse por la 'hipotesis
Barker' de que la malnutricion conduce a la preservacion del crecimiento de los tejidos clave y
el feto programd su metabolismo para ser ahorrativo (Edwards, 2017). Cuando se enfrenta a
una situacion de desnutricion, el feto limita el crecimiento o la funcion de los 6rganos que no
son esenciales para la supervivencia inmediata o adopta un estado de resistencia a la insulina,
glucosa crucial u otros suministros de energia limitados para el desarrollo de 6rganos esenciales
para la supervivencia como el corazon y el cerebro (Edwards, 2017). Estos cambios a nivel
molecular, celular y tisular aumentan la supervivencia del feto y las etapas posteriores de la

vida cuando se somete a una situacion de desnutricion. Por ejemplo, los juveniles de lubina
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europea (Dicentrarchus labrax) programados por una dieta de bajo contenido en n-3 LC-PUFA,
alimentados desde la primera alimentacion exdgena hasta los 45 dias de edad, mostraron un
mayor contenido de DHA en los lipidos polares y una mayor expresion de las fads2 cuando se
les desafio en el dia 151-181 con una dieta carente de n-3 PUFA (Vagner et al., 2007). De
manera similar, la programacion con aceite vegetal dietético (VO) durante la temporada de
desove dio lugar a adaptaciones moleculares en la progenie de las larvas mediante la mejora de
la regulacion del metabolismo de los lipidos y los genes relacionados con la salud, como la
cicloxigenasa-2 (cox2) y el factor de necrosis tumoral alfa (znf-a), la lipoproteina lipasa (Ipl),

la carnitina palmitoil transferasa 1 (¢ptl) y la elongasa 6 (elovi6) (Turkmen et al., 2017a).

9.4 Mecanismos epigenéticos

La epigenética son "los cambios transmisibles en los estados "off-on" de los genes mediante la
modulacion de la cromatina, que no se produce por cambios en la secuencia del ADN" (Allis
et al., 2008). Los mecanismos epigenéticos incluyen la metilacion del ADN, la modificacion
de la histona, la remodelacion de la cromatina y la ausencia de codificacion del ARN.

Lametilacion del ADN es la modificacion que cubre la citosina mediante la adicion de un grupo
metilo a la S-metilcitocina en la plantilla de ADN, que es uno de los principales mecanismos
epigenéticos asociados con la inhibicion de la expresion de los genes (Allis et al., 2008). La
metilacion del ADN esta ampliamente implicada en los efectos de la programacion (Heijmans
et al., 2008; Kucharski et al., 2008; Hoile et al., 2013; Niculescu et al., 2013). Por ejemplo, la
ADN metiltransferasa3 que regula el estado de metilacion de la region CpG, esta implicada en
el efecto de la jalea real en la abeja melifera (Kucharski ez al., 2008). La genisteina dietética en
el utero a un nivel de 250 mg/kg potencid el establecimiento temprano de la metilacion del
ADN en los sitios de la CpG en la region promotora de la particula intracisterna A de A” (IAP),
antes del sitio de inicio de la transcripcion del gen Agouti del raton A™ y esta diferencia de nivel
de metilacion del ADN provocd un cambio en el color del pelaje (Dolinoy et al., 2006). La
metilacion del ADN también se asocia con el efecto de la programacion nutricional en el
metabolismo de los lipidos. La metilacion de los sitios CpG en la region promotora de las fads?2
de la descendencia adulta esta regulada por el nivel de lipidos de la dieta de los padres y se

informa de una correlacion negativa entre la metilacion de un sitio CpG y la expresion de la
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fads2 (Hoile et al., 2013). La investigacion sobre la relacion de la programacion nutricional con
la metilacion del ADN sigue siendo escasa. Se encontrd una hipometilacion global en la dorada
alimentada con harina de soja en la alimentacion temprana cuando se elimind la dieta de harina
de soja (Perera and Yufera, 2017).

Ademas de la metilacion del ADN, el microARN (miRNA), que pertenece a un ARN no
codificante con una longitud entre 21-23 nt, en combinacion con la proteina Argonauta 2,
conduce al decaimiento o a la represion transcripcional del ARNm objetivo (Best et al., 2018).
El ARNm desempefia importantes funciones en la diferenciacion especifica de los tejidos
(Kloosterman et al., 2007; Laudadio ef al., 2012; Latimer et al., 2017) y en la homeostasis de
los peces (Mennigen et al., 2014). Los cambios de la expresion génica regulados por la
programacion nutricional también estan asociados a la participacion de miARN. En los ratones,
cuando los padres son alimentados con una dieta alta en grasas, el 5,7% de los 579 miARN
fueron regulados en la descendencia, incluyendo miARN relacionados con el tiempo de
desarrollo y la oxidacion de lipidos (Zhang ef al., 2009). Ademas, también en los ratones, la
restriccion de las proteinas maternas provoco un aumento de miR-375 y la regulacion a la baja
de dos genes diana, el Pdl-1 y la miotrofina, en el raton de tres meses de edad, junto con la
disminucion de la secrecion de insulina que provoca una intolerancia a la glucosa (Dumortier
et al., 2014). Sin embargo, hasta donde sabemos, la informacion de la conexion del miARN y

la programacion nutricional entre generaciones en los peces sigue siendo desconocida.

9.5 La dorada como modelo para los estudios de programacion nutricional

La dorada fue elegida para los estudios de programacion nutricional en esta tesis. Es una especie
eurialina ampliamente distribuida por todo el Mediterraneo, y desde las Islas Britanicas hasta
Cabo Verde, incluyendo ocasionalmente las Islas Canarias. Mientras tanto, es un alimento muy
apreciado en el Mediterraneo y el Atlantico oriental y se cultiva ampliamente en Turquia,
Grecia, Espafia e Italia. En Espafa, la dorada es la segunda especie de acuicultura mas
importante, con una produccion de 13.740 toneladas, y ocupo el 21,2% de la produccion
acuicola total en 2016. Ese mismo afio, la produccion en Europa y en todo el mundo fue de
160.563 y 185.980 toneladas, respectivamente (Fuente: Federacion de Productores Europeos

de Acuicultura y FAO FishStat).
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El uso del pescado como modelo para los estudios de programacion nutricional presenta varias

ventajas en comparacion con los mamiferos, entre ellas:

(1)

2)

Su alta fecundidad que facilita la obtencion de un gran tamafio de muestra con el mismo
genotipo.

La embriogénesis y organogénesis lecitrotréfica permite que el embrion reciba la
nutricion solo del vitelo, evitando los efectos que en mamiferos traen consigo el aporte de
los nutrientes maternos, la hormona y el metabolismo durante la gestacion y la lactancia

(Hou and Fuiman, 2019).

Especificamente, el uso de la dorada tiene algunas ventajas como:

(M

2

3)

“)
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Ser un desovador multiple permite seguir el efecto de la programacion nutricional varias
veces durante la temporada de desove.

Es posible modificar la composicion de los dcidos grasos del huevo a través de los perfiles
de los acidos grasos de la dieta de los reproductores en solo tres semanas (Fernandez-
Palacios et al., 1995), mientras que la temporada de desove dura 3 meses. Por lo tanto, la
programacion nutricional puede ser probada varias veces durante la temporada de desove.
En otras especies, como los salmonidos, los periodos de vitelogénesis son mas largos y
puede llevar meses cambiar los perfiles de acidos grasos del huevo (Fernandez-Palacios et
al.,2011).

Existe informacion previa que confirma la eficacia de la programacion nutricional y se ha
determinado previamente el momento optimo para esta especie. Estos estudios muestran
que la respuesta de las crias alimentadas con dietas bajas en FM y FO puede regularse
mediante la programacion de los padres durante la temporada de desove (Izquierdo et al.,
2015; Turkmen et al., 2017a), mientras que la programacion durante las primeras etapas
larvarias conduce a una baja tasa de supervivencia (Turkmen et al., 2017b).

La programacion nutricional con dietas para reproductores con alto contenido de aceite
vegetal (VO) permite mejorar el crecimiento de las crias de los jovenes desafiados con una
dieta baja en FM y baja en FO (Izquierdo et al., 2015) y este efecto de programacion

persiste en la progenie (Turkmen et al., 2017a).
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Sin embargo, una serie de carencias limitan el uso de la dorada como modelo para los estudios

de programacion nutricional:

(1) La amplia variedad genética entre los individuos, lo que aumenta las dificultades para
investigar los mecanismos que trae la programacion nutricional (Council, 2011);

(2) La sensibilidad de la embriogénesis a los factores ambientales que pueden interferir con
la programacion nutricional (Hou and Fuiman, 2019).

Por ultimo, a pesar de que existe cierta informacion basica sobre la programacion nutricional

de la dorada mediante las dietas de los reproductores, todavia hay cierta falta de conocimientos

que es necesario llenar para poder disefiar protocolos practicos de programacion nutricional

para esta especie, entre ellos:

(1) An se desconoce si el reemplazo de la FM en las dietas de los reproductores permitiria la
programacion nutricional de la dorada.

(2) Los mecanismos epigenéticos que intervienen en la programacion nutricional de la dorada
no estan suficientemente aclarados.

(3) No hay informacion clara sobre la influencia de la capacidad de los reproductores para

sintetizar LC-PUFA en la progenie obtenida de estos reproductores.

9.6 Objetivos

El uso masivo de la FM y la FO en los animales de alimentacion acuatica, especialmente en la
maricultura, restringe el desarrollo ulterior de una industria acuicola econdémica y sostenible.
La FM y la FO dietéticas deben ser reemplazadas por otros ingredientes. Sin embargo, la fauna
y flora silvestres son la principal fuente de proteinas y lipidos de la dieta. La sustitucion puede
conducir a desequilibrios en los aminoacidos, los acidos grasos, los minerales y las vitaminas,
e introducir los factores antinutricionales, que afectaran negativamente al crecimiento y la salud
de los peces. La hipotesis de esta tesis es que la programacion nutricional puede ser un
instrumento para mejorar el uso de la dieta con baja FM y bajo FO de peces de acuicultura. Sin
embargo, estudios anteriores se centraron en el uso de VO para la programacion nutricional y
el aceite vegetal utilizado contenia aceite de linaza que es facil de oxidar, por lo que en este
estudio, nos propusimos determinar:

(1) el efecto de la sustitucion de la FM por harinas vegetales (VM), solas o en combinacion
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con la sustitucion del FO por VO, en las dietas para reproductores de dorada como
herramienta nutricional para modificar la expresion de los genes y mejorar la utilizacion
de dietas con bajo contenido de FM y VO en la progenie (Capitulo 3);

(2) el cambio de la expresion de /as fads2 durante la embriogénesis y la determinacion del
efecto de la expresion de las fads2 de los reproductores y la dieta consumida durante la
temporada de desove en la expresion de las fads2 en los huevos producidos (Capitulo 4).

(3) el efecto combinado de la programacion nutricional de los reproductores mediante la
sustitucion de FO por RO durante la temporada de desove o la expresion de fads2 de los
reproductores en la utilizacion por parte de los jovenes de una dieta de bajo contenido en
FM y FO (capitulo 5);

(4) el efecto a largo plazo de la programacion nutricional de los reproductores mediante la
sustituciéon de FO por RO durante la temporada de desove en el rendimiento de los
juveniles de la progenie mediante la prueba de desafio nutricional y la modificacion de los
genes hepaticos y la expresion de miARN (Capitulo 6)

(5) el efecto a largo plazo de la expresion de fads2 en los reproductores en el rendimiento de
los jovenes de la progenie en la prueba de desafio nutricional y la modificacion de los
genes hepaticos y la expresion del miARN (Capitulo 7)

(6) el efecto del estado nutricional en las diferentes etapas de la dorada en el rendimiento en

la prueba de desafio nutricional.

9.4 Resumens de los estudios

9.4.1 Capitulo 3. La intervencion nutricional a traves de las proteinas y lipidos vegetales en la
cria de la dorada (Sparus aurata) afecta a la utilizacion de las crias en la dieta baja en aceite
de pescado.

La intervencion nutricional con VO suplementados a los reproductores de peces mejora la
capacidad de la progenie para utilizar dietas bajas en FM y FO. Por lo tanto, la intervencion
con harinas vegetales (VM), sola o en combinacion con VO también podria ser una estrategia
de programacion nutricional util para obtener progenies que estén mejor preparadas para
utilizar dietas bajas en FM y FO. Este estudio tuvo como objetivo determinar el efecto de la
sustitucion de la FM por la VM, sola o en combinacion con la sustitucion de FO por VO como

herramienta de programacion. Diferentes lotes de reproductores de dorada fueron alimentados
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con una de estas tres dietas: una control con 35% de FM y 10% de FO, otra con VM en
substitucion de la FM (FM: 15%) y una tercera con VM y VO en substitucion de FM y FO
(15% de FM y 2,7% de FO). Cuando la descendencia alcanzé un peso de 3 g fue desafiada con
una dieta baja en FM y FO durante 45 dias. Se evalu6 el rendimiento de desove de los
reproductores y el rendimiento de crecimiento de las crias jovenes. La sustitucion de la FM por
la VM en las dietas de los reproductores no afecto al rendimiento reproductivo de los peces,
pero altero los perfiles de acidos grasos de las crias, redujo el SGR y la eficiencia alimentaria
de los jovenes de la progenie y disminuyd la expresion de fads2 en el higado. La
suplementacion combinada de VM y VO en las dietas de los reproductores dio lugar a un
rendimiento reproductivo deficiente, reduciendo la fecundidad en las hembras y el contenido
del acido eicosapentaenoico (EPA) y el acido docosahexanoico (DHA) en los huevos. A nivel
molecular, la expresion de las fads?2 y el gen del receptor de la rampamicina (tor) en los huevos
se elevaron. De manera similar, la expresion del fads2 se elevo en el higado de la progenie. La
programacion nutricional mediante el suplemento de VM en sustitucion de la FM en las crias
de dorada afect6 negativamente al rendimiento del crecimiento de la progenie, mientras que el
suplemento de VO en sustitucion de la FO aumenta la expresion génica de las enzimas clave

para la biosintesis de los LC-PUFA.

9.4.2 Capitulo 4. Influencia de la dieta y la expresion de fads2 en los reproductores en la
expresion temporal de fads2 de la progenie a lo largo de la ontogénesis de la dorada (Sparus

aurata)

Estudios anteriores han demostrado que es posible aumentar la capacidad de los peces marinos
para producir LC-PUFA a partir de sus precursores 18C mediante la programacion nutricional
o utilizando reproductores con una mayor expresion de fads2. Sin embargo, esos estudios no
lograron demostrar el efecto de esas intervenciones en la expresion del gen fads2 en el huevo
en desarrollo. Ademas, no hubo estudios sobre la expresion temporal de la fads2 a lo largo de
la ontogenia en la dorada (Sparus aurata). Para determinar los cambios durante la ontogenia en
la expresion de fads2, se permitio que desovaran los reproductores de dorada con una expresion
de fads2 alta (HRO) o baja (LRO) alimentados con una dieta previamente utilizada para la
programacion nutricional, o una dieta basada en aceite de pescado (LFO). Las muestras se

tomaron en las etapas de desove, morula, blastula alta, gastrula, neurula, latido del corazon,
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eclosion y primeras larvas exogenas de 3 dias de edad que se alimentan para determinar la
expresion de las fads2 a lo largo del desarrollo embrionario. Los resultados mostraron la
presencia de ARNm de fads2 en el huevo recién desovado, lo que denota la transferencia de
ARNmMm materno al ovocito en desarrollo. Mas tarde, la expresion de fads2 aumento6 después de
la neurona, desde el latido del corazon hasta las larvas de 3 dias de edad, lo que denota la
transicion de la expresion génica materna a la embrionaria. Ademas, los huevos obtenidos de
reproductores con alta expresion de fads? mostraron un alto contenido de DHA, que se
correlaciond con la disminucion de la expresion de fads2 en el embrion y las larvas en desarrollo.
Por ultimo, la alimentacion con la dieta de programacion nutricional con sustitucion parcial del
aceite de pescado por aceite de colza no afect6 al contenido de LC-PUFA ni a la expresion de

las fads2 en los huevos en desarrollo de la dorada.

9.4.3 Capitulo 5. La alta expresion de las modas de los reproductores? combinada con la
programacion nutricional a través de la dieta de los reproductores mejora el uso de dietas
bajas en harina y aceite de pescado en la progenie de la dorada (Sparus aurata)

Uno de los factores que limita la sustitucion de la harina de pescado (FM) y el aceite de pescado
(FO) por ingredientes vegetales en las dietas para peces marinos, es su falta de acidos grasos
poliinsaturados de cadena larga (LC-PUFA). Los LC-PUFA son acidos grasos esenciales para
estas especies de peces, que carecen de suficiente actividad de la desaturasa 2 de los acidos
grasos (Fads2) para sintetizarlos. La programacion nutricional o el uso de reproductores con
una mayor actividad de Fads2 podria mejorar la capacidad de los peces marinos para sintetizar
LC-PUFA vy su capacidad para usar dietas bajas en FM y FO. El objetivo de este estudio fue
determinar el efecto de las poblaciones de dorada con una expresion génica de fads2
inherentemente alta o baja y la programacion nutricional con dietas de poblaciones de cria ricas
en FO o aceite de colza (RO) en el rendimiento del crecimiento de la progenie, la morfologia
del higado, la composicion bioquimica y la expresion de los genes seleccionados. Los juveniles
de dorada (2,31+ 0,01 g de peso corporal inicial, media + SD) obtenidos de reproductores con
expresion de fads2 alta (H) o baja (L) y alimentados con una dieta de reproductores basada en
FO u RO se distribuyeron al azar en tanques de 12 x 250 L y fueron sometidos a un desafio
nutricional durante 45 dias con una dieta que contenia s6lo un 7,5% de FM y ningtn FO. El

crecimiento mas alto se obtuvo en los juveniles de reproductores con una alta expresion de
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fads2 y alimentados con la dieta RO, mientras que el crecimiento mas bajo se obtuvo en los de
reproductores con una baja expresion de fads2 y alimentados con la dieta RO. Los jovenes
procedentes de reproductores con una alta expresion de fads2 mostraron una expresion de fads?2
significativamente mayor en el higado y un mayor contenido de AGPI en el higado y el musculo.
La sustituciéon de FO por RO en las dietas de los reproductores condujo a un aumento
significativo de la proporcion hepatica 18:3n-6/18:2n-6 y a la reduccion del indice
viscerosomatico de los jovenes de la progenie, el tamafio de los hepatocitos y la expresion de
ghr-1/ghr-2 en el mtsculo. En general, los resultados mostraron efectos trans-generacionales
significativos tanto de la expresion de fads2 de los reproductores como del tipo de lipido en la
dieta de los reproductores sobre el metabolismo y el rendimiento de la progenie juvenil

desafiada con una dieta baja en FM y FO.

9.4.4 Capitulo 6. La alta expresion de las fads2 en los reproductores de dorada mejora la
utilizacion por parte de las crias de dietas bajas en harina y aceite de pescado: crecimiento,
metabolismo de los dcidos grasos y secuenciacion de los promotores de las fads?2

Uno de los factores que limita la sustitucion de la harina y el aceite de pescado por ingredientes
vegetales en las dietas para peces marinos es su limitada capacidad para expresar el gen de la
desaturasa de los dcidos grasos 2 (fads2) y para sintetizar los 4cidos grasos poliinsaturados de
cadena larga (LC-PUFA). El objetivo de este estudio era determinar si la expresion inherente
de las fads2 en los reproductores de dorada tenia efectos a largo plazo en la capacidad de las
crias para utilizar dietas bajas en FM y FO. Para ello, se estudiaron el crecimiento, los perfiles
de los 4cidos grasos, la expresion de genes seleccionados y la secuenciacién del promotor de
las fads2 en los juveniles de las crias obtenidas de reproductores con una expresion de fads2
alta (H) o baja (L) y con un desafio nutricional con una dieta de 7,5% de FM y 0% de FO. Los
resultados mostraron una mejora del 22% en el peso corporal final de las crias de los
reproductores con una mayor expresion de fads2 cuando las crias fueron alimentadas de 2,3 a
mds de 100 g con dietas que contenian bajos niveles de FM y bajos niveles de FO. Ademads, los
jovenes de reproductores con mayor expresion de fads2 mostraron un contenido
significativamente mayor de 22:6n-3,22:4n-6 y 22:5n-3 y la disminucidn de fads2 en el higado.
No se observaron diferencias en la alineacién de la secuenciacién en la regién promotora de

fads?2 entre los peces con diferente expresion de fads2. En general, el estudio demostrd los
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efectos transgeneracionales a largo plazo de la expresion de las fads2 de los reproductores en
el crecimiento y el metabolismo de los dcidos grasos de las crias alimentadas con dietas bajas

en FM y FO.

9.4.5 Capitulo 7. La programacion nutricional mediante la dieta de los reproductores mejora
persistentemente el uso de dietas bajas en harina y aceite de pescado en los juveniles de dorada
(Sparus aurata)

Uno de los factores que limita la sustitucion de la harina y el aceite de pescado por
ingredientes vegetales en la dieta de los peces marinos es su capacidad de sintetizar los acidos
grasos poliinsaturados de cadena larga (LC-PUFA). La programacion nutricional mediante la
alimentacion de los reproductores de dorada con una dieta rica en aceite de colza durante la
temporada de desove puede mejorar la biosintesis de LC-PUFA de sus crias cuando se ven
desafiados por una dieta baja en FM y FO. Sin embargo, no se ha estudiado suficientemente la
posible persistencia de este efecto. El objetivo de este estudio fue determinar si la programacion
nutricional que utiliza la dieta rica en RO en los reproductores tenia un efecto a largo plazo en
la capacidad de las crias para utilizar la dieta baja en FM y FO. Para ello, se estudiaron el
crecimiento, los perfiles de acidos grasos, la expresion de genes seleccionados, la secuenciacion
de promotores de fads2 y las bibliotecas de microARN en jovenes obtenidos de reproductores
alimentados con una dieta que contenia 100% FO (BFO) o 80% RO, 20%FO (BRO) en lipidos
y que presentaba un desafio nutricional con una dieta de 7,5% FM y 0% FO. Los resultados
mostraron una mejora del 27% en el peso corporal final de las crias de los reproductores
alimentados con la dieta RO que los peces de los reproductores alimentados con la dieta FO.
Ademas, los peces de los reproductores alimentados con la dieta RO tenian menor HSI,
contenido de lipidos hepaticos y menor tamafio de hepatocitos (p<0,05), y alrededor de dos
veces mayor contenido de LC-PUFA, incluyendo 4acido araquiddnico, 22:5n-6 y DHA en el
musculo, que los de los reproductores alimentados con la dieta FO. Ademas, se observd una
mayor actividad de A5 desaturasa basada en la mayor proporcion de 20:4n-6/20:3n-6 y 20:5n-
3/20:4n-3 en el musculo de los peces de los reproductores alimentados con dieta RO. No se
observaron diferencias en la alineacion de la secuencia en la region promotora de las fads2 entre
los reproductores programados por diferentes dietas, ni en las bibliotecas de microARN en los

juveniles de las crias. En general, el estudio demostro el efecto de la programacion nutricional
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a largo plazo en los reproductores sobre el crecimiento, la estructura histologica del higado y

el metabolismo de los lipidos de las crias alimentadas con una dieta baja en FM y FO.

9.5 Conclusions

1.

Cuando se se enfrentan a una dieta baja en harina de pescado (FM) y aceite de pescado
(FO), se observo un mayor rendimiento de crecimiento en los jovenes descendientes de
reproductores con mayor expresion de fads2 y alimentados con una dieta rica en aceite de
colza (RO) durante la temporada de desove (capitulo 5). Ademas, las crias de los
reproductores con una alta expresion de fads2 mostraron un mayor peso corporal en el
ensayo de desafio a largo plazo (capitulo 6). Sin embargo, la sustitucion del 50% de la FM
dietética sola 0 en combinacion con el 70% de FO en la dieta de los reproductores durante
la temporada de desove condujo a una disminucion del rendimiento de crecimiento de las
crias juveniles (Capitulo 3).

Cuando se desafioé con una dieta baja en FM y FO en las primeras etapas de la vida, la
descendencia de los reproductores programados nutricionalmente por el reemplazo del 80%
de FO dietético por aceite vegetal durante la temporada de desove habia aumentado la
capacidad de biosintesis de LC-PUFA en términos de los cambios en los perfiles de acidos
grasos (Capitulo 3, 5). Ademas se redujo el indice viscerosomatico (Capitulo 5) y la
acumulacion de lipidos hepaticos, la expresion de elovi6 en el higado y ghr-1/ghr-2 en el
musculo (Capitulo 5).

En el capitulo 7, se observo un efecto a largo plazo de la programacion nutricional de que
en el musculo de la descendencia de los reproductores programados con RO, el contenido
y la actividad de biosintesis de LC-PUFA era mayor, en comparacion con la descendencia
de los reproductores alimentados con una dieta con contenido de FO.

Se observo un aumento de la expresion de fads2, asi como del contenido de LC-PUFA en
el higado y el musculo en la dorada juvenil de reproductores con una expresion de fads2
inherentemente alta, cuando se le impuso una dieta baja en FM y FO en las primeras etapas
de la vida. Ademas, se observo una disminucion de la expresion fads2 en las crias de
reproductores con mayor expresion de fads2, junto con una alta incorporacion de DHA,

en particular en el higado. Este mayor DHA, junto con el aumento de 22:5n-3 y 22:4n-6,
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productos tardios de la elongacion y la desaturacion, seria responsable de la regulacion a
la baja de la expresion hepatica de fads2, posiblemente mediada por la regulacion a la baja
en el srebp.

5. Los resultados sobre los cambios de las fads2 durante la ontogenia mostraron la presencia
de ARNm de fads2 en el huevo de dorada recién desovado, lo que denota la transferencia
de ARNm materno al ovocito en desarrollo, mientras que a partir de la etapa de neurula
la expresion de fads2 aumento, lo que denota la transicion de la expresion génica materna
a la embrionaria. Ademas, los huevos obtenidos de reproductores con alta expresion de
fads2 mostraron un alto contenido de DHA, lo que podria ser responsable de una
regulacion a la baja de la expresion de fads2 en el embrion y las larvas en desarrollo. Por
ultimo, la sustitucion parcial de FO por RO no afectd al contenido de LC-PUFA ni a la
expresion de las fads2 en los huevos de dorada (Capitulo 4).

6. Los cambios liderados por la programacion nutricional de los reproductores o la expresion
de las fads2 no se debieron a la secuencia de la region promotora de las fads2.

En resumen, la programacion nutricional en los reproductores mediante la sustitucion de FO

por aceite vegetal, especialmente RO, aumento la capacidad de biosintesis de LC-PUFA en la

descendencia cuando se desafié con dietas que contenian bajo FM y FO. Ese efecto se observo
tanto en las primeras etapas de la vida como en la prueba de desafio a largo plazo. Ademas, la
tesis proporciona en primer lugar las pruebas sobre el efecto transgeneracional de la expresion
de fads2 en los cambios durante la ontogenia y el uso de dietas bajas en FM y FO de la
descendencia. Asi pues, pueden aplicarse estrategias de combinacion de la eleccion de
reproductores con una mayor expresion de las fads2 y la programacion nutricional por medio
del aceite vegetal para aumentar el uso de dietas bajas en FM y FO. Sin embargo, es necesario
realizar mas estudios sobre el mecanismo a nivel molecular, ya que no se observaron diferencias
en la secuencia genética de los reproductores, el nivel de CpG de las fads2 de la descendencia

y la expresion de miARN.
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