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1 Introduction 

 

Presentation 

Deliverable 4.4 is based on the results obtained in PerformFish Task 4.3 “Conditioning of Farmed 

Species to Novel Feeds to Improve Feed Utilisation, Growth and Fish Health”. Previous studies 

obtained in the EU funded projects ARRAINA and EPICONCEPT (Izquierdo et al., 2015) 

demonstrated the possibility to condition gilthead seabream through broodstock diets to obtain 

juveniles and adults with a better ability to utilize diets with low FM and FO contents and grow 

faster. Besides, foregoing research has also shown that selected fish are more sensitive to 

conditioning than unselected ones (Izquierdo and Turkmen, unpublished data). However, those 

preliminary studies also showed a reduction in the spawning quality and several aspects that 

were not clearly defined. Therefore, to apply this information at an industrial level, it was 

necessary to define the most effective programming protocol for commercial farms.  

A summary of the results of these studies is presented in this Deliverable 4.4 (Sections 2, 3, and 

4) and the complete information in the Annexes 1, 2, 3 and 4, which correspond exclusively to 

scientific publications derived from Task 4.3. Finally, the information that is more relevant to the 

industry and which forms the Practical protocol for conditioning Mediterranean fish to novel 

feeds in commercial farms is presented in Section 5. Besides, Task 4.3 also produced more basic 

scientific information as defined in the Grant Agreement of PerformFISH, that it has been 

published or it is being published but does not include information relevant for the practical 

protocol for conditioning Mediterranean fish, and therefore, has not been included in this 

deliverable. 

 

The relevance of a broodstock diet: more than just covering the 
nutritional requirements 

It is well known that the nutritional composition and quality of a broodstock diet plays an 

important role in the egg and larval quality of fish, which supports the production of better 

performing offspring (Izquierdo et al., 2001). In particular, the fatty acid (FA) composition of 

broodstock diet have a significant role in ensuring successful reproduction and survival of the 

offspring (Izquierdo et al., 2001). To a certain extent, fish eggs fatty acid composition reflects 

the parental diet, which, therefore, supply the embryo and early larvae with the dietary essential 

fatty acids (EFA), such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), that hold 

important functions in egg and larval development (Watanabe et al., 1984, Fernandez-Palacios 

et al., 1995; Bruce et al., 1999; Izquierdo et al., 2001). Therefore, the inclusion of different oil 

sources in broodstock diet may affect both the reproductive performance and larval 

development in fish, including gilthead seabream (Sparus aurata). EFA´s requirement for 

optimum spawning quality in gilthead seabream have been defined long ago as 1.6% LC-PUFA 

in dry weight basis of diet (Fernandez-Palacios et al., 1995). Thus, despite partial  replacement 

of FO by VO could improve the ability of the offspring juveniles to grow better when fed low FM 

and FO diets, it could also reduce spawning quality (Izquierdo et al., 2015). Therefore, a main 

aim of the present deliverable was to define a broodstock diet formulation, namely a fatty acid 
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profile that would allow the nutritional programming of the progeny without affecting spawning 

quality.  

 

 Modulation of long-chain polyunsaturated fatty acid synthesis for a 
better utilization of low FM and low FO diets: nutritional 
programming and broodstock selection 

LC-PUFAs have many structure and functional roles. They are critical components of cell and 

organelle membranes and their derivates, like eicosanoids and docosanoids, participate in the 

cell signalling processes. In fish, LC-PUFAs are essential fatty acids compulsory for growth, brain 

and immune system development, and homeostasis maintenance. Like mammals, the ability to 

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 catalysed by a set of 

desaturases and elongases. ARA is synthetized from linoleic acid (LNA), whereas EPA and DHA 

are obtained from α-linolenic acid (ALA). Comparing with freshwater fish or euryhaline fish, 

marine fish have a lower ability to synthesize LC-PUFA from their 18C precursors.  

Fish oils are the major source of health-beneficial omega-3 LC-PUFA. There are numerous lipid 

sources with a potential use in fish feed as substitutes for FO, such as animal by-products, 

vegetable oils, marine products from lower trophic levels and transgenic plants. The use of 

ingredients of plant origin as sustainable alternatives to marine oils in fish feed is also of great 

potential. Specifically, plant ingredients have high global availability, as compared to FO, and 

they have nutritional properties that can largely satisfy the nutritional requirements of the fish. 

Rapeseed is a bright yellow flowering member of the family Brassicaceae, rich in 

monounsaturated fatty acid (MUFA), being these FAs viewed as a good source to partially 

replace the fish oil in fish feed. Linseed oil is the best dietary source of ALA fatty acid for fish.  

The vegetable oils are rich in C18-PUFA but devoid of the n-3 LC-PUFA. Therefore, the 

replacement level of FO for each fish species highly depends on its ability for LC-PUFA 

biosynthesis. Generally, the substitution of FO by alternative plant lipid sources is higher in diets 

for freshwater than in diets for marine species, since the ability of marine fish to synthesize n-3 

and n-6 LC- PUFA, such as EPA, DHA and ARA from their ALA and LA precursors, that are present 

in vegetable oils, is very limited. 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, like salinity or temperature. The insufficient ability 

of LC-PUFA synthesis is related with the very limited activity of Fads2 in marine species. Fads2 is 

a speed-limited enzyme in LC-PUFA biosynthesis, whose function is catalysing the conversion of 

ALA or LNA to 18:4n-3 or 18:3n-6, respectively, and 24:4n-6 to 24:5n-6 or 24:5n-3 to 24:6n-3. 

However, Fads2 activity can be regulated by nutritional factors. Increased fads2 expression or 

Fads2 desaturase products are found in many species when fish are fed with diets that replace 

FO (Izquierdo et al., 2008). 

A common strategy employed by nature, that allows the adaptation of the organism metabolism 

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. For instance, in mammals, in a response to a 
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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 essential organs for the survival, like heart and 

brain. These changes at molecular, cellular and tissue levels, increase the survival of the fetus as 

well as at later life stages when submitted to a malnourishment situation. 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 seabream (Sparus aurata) broodstock with diets that partially 

replaced FO by linseed oil (LO), i.e. 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 et al., 2015). 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 programming though broodstock feeding. However, before 

PerformFISH, there was not a clear protocol that defined specific aspects required for the 

application of nutritional programming at a production level, such as the desired broodstock 

diet formulation. 

Selective breeding gives the opportunity to improve the economic production efficiency of the 

livestock in aquatic species. One of the approaches in animal breeding programs is to use 

biomarkers for a certain expected outcome by identifying genes related to the desirable 

characteristics (Cassar-Malek et al., 2008) as it was shown in fish (Le Boucher et al., 2013). In this 

sense, the fads2 gene, which codifies the delta-6-desaturase enzyme (delta-6) and it is a rate 

limiting step in the LC-PUFA biosynthesis, is a very strong candidate, since its regulation in 

response to VO is well documented in a variety of fish species (Vagner and Santigosa, 2011), 

including gilthead seabream (Izquierdo et al., 2008). Besides, studies in humans show a very high 

correlation (up to 70%) between red blood cells fatty acid composition of the parents and its 

inheritance to the offspring (Lemaitre et al., 2008). However, few studies aimed to use of fads2 

expression as a biological biomarker in fish to produce offspring that would be better capable of 

using low FM and low FO diets (Turkmen et al., 2020).  

 

 General objectives 

The studies in this Deliverable 4.4 included two different types of trials:  

1. At a hatchery level, broodstock was selected and nutritionally intervened to produce a 

conditioned offspring; 

2. During the on-growing phase, the conditioned offspring was challenged with a diet very 

low in FM and without FO to demonstrate how different KPIs are improved.  

Therefore, these trials allowed:  

1. The development of a method to select broodstock with a high fads2 expression by 

determining the potential relation between fads2 expression in peripheral blood cells 

and in liver;  
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2. The development of a method to condition gilthead seabream by nutritional 

programming by feeding broodstock with specific diets and determine its potential 

interaction with the selection of high or low fads2 expression broodstock;  

3. To determine the influence of conditioning of gilthead seabream by nutritional 

programming and selection of high or low fads2 expression broodstock on offspring 

along embryo development; 

4. Evaluate the effectiveness of the conditioning by challenging gilthead seabream 

juveniles with low FM and FO diets.  

 

Participants 

ULPGC contributed to Task 4.3 by defining feed formulation and conducting the trials integrating 

selective breeding and nutritional programming and challenging the offspring with low FM and 

low FO diets. Besides, ULPGC carried out all the biochemical and gene expression studies 

presented in this deliverable. ARC contributed to this task with the feed formulation and 

manufacturing of the diets. APROMAR (ADSA) has contributed to the feed formulation, keeping 

the broodstock and preparing and setting up equipment for the trials. These three partners 

contributed to the design of the trials and the discussion of the results.  

 

 

2 Conditioning of gilthead seabream by nutritional 
programming and selective breeding 

 

Objectives 

These studies aimed to condition gilthead seabream to maximize growth when fed low FM and 

low FO diets integrating the selection of broodstock with a high fatty acyl desaturase 2 (fads2) 

gene expression and nutritional programming through broodstock feeding. To achieve this goal, 

two different specific objectives were addressed:  

1. To develop a method to select broodstock with a high fads2 expression by determining 

the potential relation between fads2 expression in peripheral blood cells and in liver;  

2. To develop a method to condition gilthead seabream by nutritional programming by 

feeding broodstock with specific diets and determine its potential interaction with the 

selection of high or low fads2 expression broodstock. The results of these studies have 

been published and are included in the annexes at the end of this report. 
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2.2 Development of a method to select broodstock with a high fads2 
expression by determining the potential relation between fads2 
expression in peripheral blood cells and in liver 

Great advances have been made to completely replace FM by alternative plant protein sources 

in diets for both freshwater and marine fish (Hu et al., 2013; Kaushik et al., 2004; Oliva-Teles et 

al., 2015; Tacon and Metian, 2015; Torrecillas et al., 2017a; Xu et al., 2019). However, total 

replacement of FO in the diets of marine fish is difficult due to the scarcity of other sources of 

long-chain polyunsaturated fatty acids (LC-PUFA) of the n-3 family, which are essential for purely 

marine teleost (Izquierdo, 1996; Tocher, 2010). Vegetable oils (VO) have been frequently used 

to partially replace FO, alone (Izquierdo, 2005; Torstensen et al., 2008) or in combination with 

FM replacement (Callan et al., 2014; Liang et al., 2014; Simó-Mirabet et al., 2018; Torrecillas et 

al., 2017b). Replacement of FO by VO is constrained by the lack of n-3 LC-PUFA in VO, despite 

their high concentrations in 18 carbon (18C) fatty acid precursors, because marine teleost has a 

limited capacity for bioconverting 18C fatty acids into LC-PUFA. 

The ability of teleost to biosynthesize long-chain (≥C20) polyunsaturated fatty acids (LC-PUFA), 

such as arachidonic acid (ARA, 20:4n-6), eicosapentaenoic acid (EPA, 20:5n-3) or 

docosahexaenoic acid (DHA, 22:6n-3), from the 18 carbon PUFA substrates, linoleic acid (LA; 

18:2n-6) and α-linolenic acid (ALA; 18:3n-3), is limited. The fatty acid biosynthesis comprises of 

several steps catalysed by fatty acyl desaturases (Fads1-∆5 desaturase and Fads2-∆6 desaturase) 

and elongation of very long chain fatty acids proteins (Elovl) (Figure 1), where ∆6 desaturase is 

a major rate-limiting step in the fatty acid biosynthesis pathway. 

The ∆6 desaturase introduces new double bonds into fatty acyl chains, essential to the first step 

in the LC-PUFA biosynthesis and is encoded by the fatty acyl desaturase gene (fads). Carnivorous 

species, such as felids, have very limited ability to synthesize LC-PUFA (Rivers et al., 1976), as 

well as teleost fish from higher trophic levels, which consequently have a dietary requirement 

for pre-formed LC-PUFA (Li et al., 2010). In general, most vertebrates lack the capacity to 

biosynthesize PUFA de novo, and different teleost species have a wide range of bioconversion 

capability for converting dietary C18 PUFA to LC-PUFA (Sprecher, 2000; Li et al., 2010; Monroig 

et al., 2011). Among teleost, freshwater fish and especially fish from lower trophic levels are 

considered capable of bioconversion of dietary C18 PUFA, such as linoleic acid (LA; 18:2n-6) and 

α-linolenic acid (ALA; 18:3n-3) into LC-PUFA, whereas marine teleost have limited ability to 

biosynthesize the LC-PUFA from LA and ALA substrates (Kanazawa et al., 1979; Li et al., 2010; 

Monroig et al., 2011). This is imputed to the lower activity of Fads, which is due to the lower 

expression of the fads gene in marine fish compared to freshwater fish (Zheng et al., 2009; 

Castro et al., 2012; Geay et al., 2012; Castro et al., 2016). Low expression or absence of fads 

gene is the main reason for the reduced synthesis of LC-PUFA in marine fish (Li et al., 2010; 

Castro et al., 2016; Kabeya et al., 2018). Fads has been characterized and studied in several 

organisms from lower invertebrates to higher vertebrates (Kabeya et al., 2018). Mammals 

possess two FADS enzymes termed FADS1 and FADS2, which are involved in different steps of 

desaturation activity. FADS1 is a ∆5 desaturase, whereas FADS2 is a ∆6 desaturase with the 

ability to utilize C18 substrates (Park et al., 2015) to biosynthesize ARA, EPA and DHA. In marine 

fish, it is well documented that the biosynthesise of n-3 LC-PUFA is initiated by the delta 6 fatty 

 
 Details of this study on methodology, results and references are presented in Annex 1. 
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acid desaturase (Δ6 Fads), which acts on ALA or LA to produce EPA and DHA or ARA through 

several steps of desaturation, elongation and β-oxidation (Figure 1). 

 

Fads2 from most of the teleost species show ∆6 desaturase activity, its activity was also 

identified in many species such as zebrafish Danio rerio (Hastings et al., 2001), gilthead seabream 

(Sparus aurata) (Seiliez et al., 2003; Zheng et al., 2004; Izquierdo et al., 2008; Monroig et al., 

2011; Vagner and Santigosa, 2011), European seabass (Dicentrarchus labrax) (González-Rovira 

et al., 2009; Vagner and Santigosa, 2011), black seabream (Acanthopagrus schlegeli) (Kim et al., 

2011), meagre (Argyrosomus regius) (Monroig et al., 2013), orange-spotted grouper 

(Epinephelus coioides) (Li et al., 2014), and nibe croaker (Nibea mitsukurii) (Kabeya et al., 2015), 

rabbit fish (Siganus canaliculatus) (Lim et al., 2014), rainbow trout (Oncorhynchus mykiss) (Zheng 

et al., 2004), Atlantic salmon (Salmo salar) (Zheng et al., 2005; Monroig et al., 2010) and Atlantic 

cod (Gadus morhua) (Tocher et al., 2006). Analysis of the different studies on enzyme activities 

of several species shows that many species have several desaturase activities. For example, 

zebrafish Δ6 desaturase, which was the first functionally characterized Fads2 in a teleost, 

showed three Δ5, Δ6 and Δ8 desaturase activities (Hastings et al., 2001). Similarly, dual Δ6 and 

Δ8 desaturase activity has been reported in other teleost Fads2 including gilthead seabream 

(Zheng et al., 2004; Monroig et al., 2011), rabbitfish (Li et al., 2010; Monroig et al., 2011; Lim et 

Figure 1. Endogenous biosynthesis pathway of n-6 and n-3 LC-PUFA from LA and ALA 
substrate through desaturation (Fads), elongation (Elvol) and β-oxidation in fish (Source: 
Ferosekhan et al., 2020b). 
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al., 2014), rainbow trout (Zheng et al., 2004), turbot (Zheng et al., 2004), Atlantic salmon 

(Monroig et al., 2010; Monroig et al., 2011) and grouper (Li et al., 2014). The fads2 expression 

in different tissues has been studied in several marine fish species although the importance and 

implication of fads2 in fish growth and reproduction has not been deeply studied except for a 

few studies by our own research group (Izquierdo et al., 2015; Turkmen et al., 2017b; Turkmen 

et al., 2020). 

Lipid metabolism and fatty acid synthesis occurs mainly in the liver and then fatty acids are 

transported through the blood to the rest of the tissues in the body for utilization in diverse 

physiological functions (Tocher, 2003). Knowing the activity and expression of Δ6 desaturase 

and fads2 in liver is paramount to ascertain the FAs synthesis and mobilization to various tissues. 

The measurement of fads2 expression in the liver however requires sacrificing the animal and it 

is a major constrain for working on live fish. Hence, it is necessary to develop a non-invasive 

method to study the fads2 expression in fish. It is well known that blood is the most accessible 

tissue to study the wellbeing of an animal to predict or assess the physiological conditions of 

other tissues by means of a non-invasive manner. In humans, peripheral blood cells are widely 

used to check the health status by analysing the gene expression pattern in peripheral blood 

and to predict the same gene expression in non-accessible tissues like brain, liver, gonad, kidney, 

lungs etc. In various human studies, expression of many health status indicative genes in 

peripheral blood cells show significant correlations to the respective gene expression in different 

other organ tissues (Liew et al., 2006; Halloran et al., 2015; Palmer et al., 2019; Hasan et al., 

2020). 

The presence of a nucleus and functional mitochondria in red blood cells of fish makes blood a 

promising tissue to analyse the gene expression and metabolic responses in an integrative and 

non-invasive manner. Some studies with gilthead seabream have addressed the issue to 

determine whether samples collected without sacrificing animals provide a reliable measure of 

mitochondrial functioning and energy metabolism at the level of the whole organism (Martos-

Sitcha et al., 2019). In one such study using transcriptome analysis, it was observed that whole 

blood cells gene expression of hypoxia induced gilthead seabream juveniles reflected the 

metabolic condition and mitochondrial respiration of target tissues (Martos-Sitcha et al., 2019). 

Such an approach could be used in gilthead seabream broodstock to understand the relationship 

between fads2 expression in peripheral blood cells and liver to identify the potential of using 

fads2 as a biomarker to assess the role of n-3 LC PUFA in reproductive performance. The 

correlation between peripheral blood cells and hepatic fads2 expression has not been studied 

so far in any fish or even other animals. However, the relative fads2 expression between various 

tissues has been studied and reported in humans (Reynolds et al., 2018) as well as in some fish 

such as the Japanese seabass (Lateolabrax japonicus) or the golden pompano (Trachinotus 

ovatus) (Xu et al., 2014; Zhu et al., 2019). In Japanese seabass, fads2 expression was found to be 

higher in brain, eyes, liver and intestine than in kidney, skin, muscle, gill, spleen, stomach, blood, 

and heart (Xu et al., 2014). In golden pompano, the fads2 expression level was higher in brain, 

in comparison to the small intestine and the female gonads, whereas lower expression levels 

were observed in fin, gill, blood, and kidney (Zhu et al., 2019). 

To our knowledge, there is no known information on the comparative relationship between blood 

and liver fads2 expression patterns, nor potential differences in male and female fish. The blood 

fads2 gene expression as a biomarker could be useful to study not only the fatty acid metabolism 

in fish but also to assess the nutritional quality of fish fillet (Turkmen et al., 2017b; Turkmen et 
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al., 2019,2020) or the reproductive performance in fish (Turkmen et al., 2020). The fads2 

expression pattern in animals is species and sex specific (Bakewell et al., 2006; Childs et al., 

2010a; Childs et al., 2010b; Childs et al., 2012). In an earlier study, we observed that fads2 

expression in the blood of gilthead seabream broodstock was higher in female than in male 

(Turkmen et al., 2020) and the gilthead seabream exhibit great variations in the fads2 expression 

among individuals. Therefore, the present study was undertaken to relate the expression 

pattern of peripheral blood cells and hepatic fads2 in fish to elucidate the relationship in gilthead 

seabream broodstock to identify the potential of selecting peripheral blood cells fads2 as a 

biomarker to understand the reproductive performance of fish. A second objective was to 

analyse the hepatic fatty acid profile of gilthead seabream broodstock fish exhibiting different 

fads2 expression levels in peripheral blood cells (PBCs) and liver. 

 

2.2.1 Experimental conditions 

Gilthead seabream broodstock were individually PIT tagged (EID Iberica SA-TROVAN, Madrid, 

Spain) and maintained in a 10 tons square tank. Male (1.22 ± 0.20 kg; 44.8 ± 2 cm; 4 fish) and 

female (2.36 ± 0.64 kg; 55.1 ± 2 cm; 16 fish) broodstock were maintained in the same tank. Both 

male and female broodstock were studied for their fads2 expression pattern in blood cells and 

liver. The tank was supplied with seawater (37 g L-1 salinity, 17.0-20.0 °C) at a daily water 

exchange rate of 600% and fish were maintained under natural photoperiod. All the broodstock 

were fed 1% body weight twice a day for one month with a diet containing low levels of fish 

meal (FM, 5%) and fish oil (FO, 3%) (Table 1). The experimental diet was produced by Biomar 

(Torrecillas et al., 2017a) and re-pelletized at the feed manufacturing facilities of GIA (ECOAQUA 

Institute, ULPGC, Spain). The diet was formulated to contain high levels of vegetable oils and 

thus contained high levels of oleic acid (18:1n-9) (32.3 % of total fatty acids, TFA), LA (18:2n-6) 

(20.3 %TFA) and ALA (18:3n-3) (11.8 %TFA), while containing low concentrations of EPA (2.5 

%TFA), DHA (1.7 %TFA) and n-3 LC-PUFA (4.6 %TFA) (Table 2), in order to up-regulate the fatty 

acid desaturase 2 (fads2) gene expression (Torrecillas et al., 2017a). 

 

 

Table 1. Diet composition of the broodstock diet used to select fish with a high fads2 expression 

Ingredients (%) Experimental diet 

Fish meal (South American) 5.00 

Blood meal (spray-dried) 7.00 

Soya protein concentrate 20.00 

Corn gluten meal 22.00 

Wheat gluten 5.50 

Rapeseed meal 11.30 

Wheat 6.89 

Fish oil (South American) 3.00 

Linseed oil 2.60 

Palm oil 5.20 

Rapeseed oil 5.20 

Supplemented ingredients1 5.49 

Vitamin and mineral premix2 0.75 

Antioxidant-Ethoxyquin 0.05 

Yttrium oxide 0.03 
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Proximate composition 

Crude protein (% dry matter, DM) 45.1 

Crude lipid (% DM) 21.7 

Ash (% DM) 5.4 

Moisture (%) 9.0 

 

Table 2. Fatty acids composition of the broodstock diet used to select fish with a high fads2 
expression 

Fatty acid (%TFA) Experimental diet 

14:0 6.6 

14:1n-5 0.1 

15:0 0.1 

16:0 12.3 

16:1n-7 2.1 

16:1n-5 0.1 

16:2n-4 0.2 

17:0 0.3 

16:3n-4 0.1 

16:4n-3 0.4 

18:0 3.2 

18:1n-9 32.3 

18:1n-7 2.3 

18:2n-6 (LA) 20.3 

18:2n-4 0.1 

18:3n-6 0.1 

18:3n-3 (ALA) 11.8 

18:4n-3 0.4 

20:0 0.4 

20:1n-9 1.0 

20:1n-7 0.1 

20:2n-6 0.1 

20:4n-6 (ARA) 0.2 

20:4n-3 0.1 

20:5n-3 (EPA) 2.5 

22:1n-11 0.1 

22:1n-9 0.3 

22:5n-6 0.1 

22:5n-3 (DPA) 0.3 

22:6n-3 (DHA) 1.7 

Total saturates 22.9 

Total monoenes 38.4 

Total n-3 17.2 

Total n-6 20.8 

Total n-9 32.6 

Total n-3 LC-PUFA 4.6 

 

All broodfish (n=20) were fasted overnight and anesthetized with 10 ppm clove oil (clove 

oil:methanol, 50:50, in sea water) to collect peripheral blood and liver samples at the end of the 

feeding trial. After the feeding trial, blood samples were collected from the caudal vein of the 

gilthead seabream broodfish using sterile syringes and the whole blood samples were 

transferred to EDTA coated tubes. Whole blood samples were centrifuged at 3000g for 10 min 
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held at (4 °C) to separate blood cells and plasma. The peripheral blood cell samples were stored 

at –80 °C until RNA extraction. Liver samples were collected from each fish and individually 

stored in 1.5-ml Eppendorf tube containing RNA Later (Sigma-Aldrich, USA) and was snap frozen 

in liquid N2 immediately after sampling. The samples were then stored at –80°C until RNA 

extraction and analyses.  

All results were reported as mean ± standard deviation. All data was checked for normality 

(Kolmogorov–Smirnoff) and homogeneity (Levene’s tests) and if no normality was observed, an 

arcsine transformation was performed to attain normality. All the percentage data were arcsine 

transformed before performing statistical analysis. The regression and Pearson’s correlation 

analysis were performed for studying the relationship between fads2 expression in PBCs and 

liver and between sex and broodstock body weight. The independent sample student’s t-test 

was performed to compare male (n=4) and female (n=16) broodstock for body weight, Hepato 

somatic index (HSI%), gonadosomatic index (GSI%), PBCs, liver fads2 expression and hepatic 

fatty acid composition. Pearson’s correlation coefficient was calculated for liver fads2 

expression on hepatic fatty acid of either male or female broodstock. All data was analysed using 

the program IBM SPSS version 20 for Windows (IBM SPSS Inc.). 

 

2.2.2 Results and discussion 

1. This study provided novel information about fads2 expression in different fish tissues during 

reproduction. An increase in fads2 expression may result in a higher ∆6 Fads synthesis from the 

precursors LA and ALA present in vegetable oils, yielding a higher production of essential fatty 

acids in fish and a better utilization of such lipid sources (Turkmen et al., 2017b; Turkmen et al., 

2020). Fads2 is a rate-limiting enzyme involved in the first step of LC-PUFA biosynthesis in all 

vertebrates. In many marine fish, including gilthead seabream, its activity is low and the 

expression of the gene responsible for its production (fads2) is very low (Izquierdo et al., 2008; 

Monroig et al., 2011; Izquierdo et al., 2015; Turkmen et al., 2020). Fads2 has dual ∆6 or ∆8 

activities in many marine fish, including gilthead seabream (Zheng et al., 2004; Turkmen et al., 

2017b). The implication of fads2 gene expression pattern in male and female animals has been 

studied to elucidate its importance on reproductive performance in higher vertebrates (Childs 

et al., 2010a; Childs et al., 2010b; Childs et al., 2012; Hoile et al., 2013; Niculescu et al., 2013). 

However, these types of studies are very scarce in fish (Turkmen et al., 2020). During gilthead 

seabream reproductive season, in the present study, Fads2 expression was significantly lower in 

PBCs than in the liver for both sexes (P=0.003). 

2. Fads2 expression in peripheral blood cells or liver during reproduction is not related to fish 

weight. This research studied for the first time the potential relation between body weight and 

fads2 expression in different tissues including peripheral blood cells or liver and found no 

relation between both parameters. Expression of fads2 in peripheral blood cells was not 

correlated to body weight in males (r=-0.56; P=0.45), females (r=0.15; P=0.58) nor both sexes 

(r=0.19; P=0.42) broodstock. Therefore, in gilthead seabream broodstock, the expression of 

fads2 when the fish is fed a diet with limited contents of long-chain polyunsaturated fatty acids 

(LC-PUFA) and sufficient amounts of the precursor LA and ALA is not related to body weight. 

These results confirm our previous studies, in which no correlations were found between body 

weight and fads2 expression (Turkmen et al., 2020). As expected from a protandric 

hermaphrodite species, females showed a significantly higher body weight than males. Thus, 
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the mean HSI values for males (1.26±0.17) were 18% higher (P=0.04) than for females 

(1.08±0.13), whereas GSI % values of females (1.47±0.36) were about 2.5 times higher (P<0.001) 

than for males (0.65±0.16).  

3. Fads2 expression in peripheral blood cells and liver is higher in female than in male 

broodstock. During the spawning season female broodstock showed higher fads2 expression in 

peripheral blood cells compared to male broodstock, in agreement with previous observations 

(Turkmen et al., 2020). In the present study, the mean peripheral blood cells fads2 expression 

of male and females was 1.68±0.55 and 2.00±0.93 copies/µL, respectively, and liver fads2 

expression was 2.60±0.84 and 3.24±1.49 copies/µL for male and female broodstock, 

respectively. Thus, fads2 expression in peripheral blood cells and in liver is 20 and 25% higher in 

females than in males, respectively. The higher fads2 expression in gilthead seabream females 

in comparison to males would be justified by their high EFA requirements during vitellogenesis 

(Fernández-Palacios et al., 1995; Izquierdo et al., 2015) to supply vital nutrients to the gamete 

and embryo (Harel et al., 1994; Izquierdo, 1996; Izquierdo et al., 2001; Mazorra et al., 2003; 

Izquierdo et al., 2015). Besides, LC-PUFA, including ARA and EPA, are required as precursors for 

the production of prostaglandins (Stacey and Goetz, 1982) that regulate steroidogenesis, which 

in turn induce vitellogenin synthesis in liver (Firat et al., 2005; Chaves-Pozo et al., 2008; Migaud 

et al., 2013).  

4. Plasma 17β-estradiol levels are correlated to fads2 expression in female peripheral blood 

cells. The present study demonstrated a significant positive correlation between the plasma 

17β-estradiol levels and the fads2 expression in female peripheral blood cells, in accordance 

with studies reported in mammals (Burdge and Calder, 2005; Childs et al., 2012; Kitson et al., 

2013; Chalil et al., 2018).  

5. Liver fatty acid composition is affected by fads2 expression. In general, fatty acid profiles 

were very similar between males and females, although some interesting differences were 

observed. For instance, fatty acid profiles of liver in females showed 7-28% higher Fads2 derived 

fatty acids products from n-9 and n-6 series than in male liver. Besides, in male broodstock, liver 

fads2 expression was highly (P<0.05) correlated to 20:3n–6/20:2n–6 (r=0.98) a Fads2 

product/precursor ratio and slightly (P<0.1) correlated to 20:3n-9 (r=0.94), 20:3n-6 (r=0.91), 

22:4n-6 (r=0.91), 22:5n-6 (r=0.93) and 22:6n-3 (r=0.92), all of them direct or indirect products 

from Fads2 activity. However, in females, none of the hepatic FAs showed significant (P>0.05) 

correlations with liver fads2 expression. These results denote that the fatty acid profile of a 

tissue is not only related to the desaturation activity. For instance, during exogenous 

vitellogenesis in female liver, there is an increased synthesis of lipoproteins, particularly 

phosvitin and lipovitelin rich in n-3 LC-PUFA, which transport lipids to the developing oocyte 

(Arukwe and Goksøyr, 2003). In agreement, in the present study the GSI was significantly 

(P<0.001) higher in females than in males, whereas the HSI was 18% lower (P=0.04) than in 

males, suggesting the mobilization of nutrients from liver to gonads. These results agree with 

the higher GSI observed in female in comparison to males (Zohar et al., 1978; Kissil et al., 2001; 

Chaoui et al., 2006).  

6. A high correlation was found in broodstock males between liver fads2 expression and Fads2 

products or product/precursor ratio, in agreement with the positive correlation between liver 

fads2 mRNA expression and 18:3n-6/18:2n-6 ratio found in rats (Hofacer et al., 2011). Besides, 

there was a positive correlation between 20:3n-6 (dihomo-γ-linolenic acid, DGLA) and ARA with 

fads2 expression in peripheral blood cells or liver, pointing out the importance of both fatty acids 



D4.4: Protocol of conditioning fish to novel feeds
   

16 
 

as precursors of series-1 and series-2 prostaglandins, particularly PGE1 and PGE2, which act as 

a precursors and are involved in cell signalling, hormone production, and as an anti-

inflammatory molecules (Stacey and Goetz, 1982; Abayasekara and Wathes, 1999; Ganga et al., 

2006; Cheng et al., 2011). In agreement with our results, peripheral blood FADS2 expression has 

been shown to have a positive correlation to DGLA fatty acids in humans (Chisaguano et al., 

2013). Prostaglandins derived from both fatty acids are found to have a positive effect on 

testosterone production and sperm quality in fish (Wade and Van Der Kraak, 1993; Asturiano et 

al., 2000; Asturiano et al., 2001). 

7. Fads2 expression in peripheral blood cells is directly related to liver fads2 expression and 

therefore, fads2 expression in peripheral blood cells is a relevant non-invasive biomarker to 

undertake marker-based selection for improved production of EFAs and reproductive 

performance in fish. Previous studies suggested in gilthead seabream broodstock, that fads2 

expression in peripheral blood cells could be a useful biomarker to be considered for broodstock 

selection, since it has been associated to a good reproductive performance (Turkmen et al., 

2017b; Turkmen et al., 2020). For instance, gilthead seabream expressing higher levels of fads2 

in peripheral blood cells produces higher amounts of eggs and larvae, as well as juveniles with 

an improved utilization of diets low in fish meal and fish oil (Izquierdo et al., 2015; Turkmen et 

al., 2017a,b; Turkmen et al., 2019,2020). Besides, male broodstock with higher fads2 expression 

in peripheral blood cells have also a better sperm quality with increased sperm motility and 

duration. Peripheral blood mononuclear cells gene expression has been proposed as a potential 

biomarker to correlate the expression of the same genes in various tissues that are non-

accessible for biopsies to predict health status, physiological condition, stress, disease diagnosis 

or nutrient metabolism in human and land animals (Liew et al., 2006; Bouwens et al., 2007; 

Caimari et al., 2010a,b; de Mello et al., 2012; Halloran et al., 2015). In the present study, female 

broodstock exhibited a highly positive (r=0.90) and very significant (P<0.001) correlation in the 

fads2 expression between peripheral blood cells and liver. The same trend was observed for 

peripheral blood cells and liver fads2 gene expression of pooled results for both male and female 

broodstock (r=0.89; P<0.001). The regression relationship analysis results for male and female 

showed that data for females (R²=0.88; P<0.001) and for both sexes combined (R²=0.85; 

P<0.001) exhibited a significantly higher level of regression between peripheral blood cells and 

liver fads2 expression than in male broodstock (R²=0.51; P=0.29).This study demonstrated that 

fads2 expression in peripheral blood cells is directly related to liver fads2 expression, particularly 

significant in the females. Therefore, these results demonstrate that fads2 expression in 

peripheral blood cells is a relevant non-invasive biomarker to undertake marker-based selection 

for improved production of EFAs and reproductive performance in fish. Moreover, peripheral 

blood cells fads2 expression may be a good non-invasive indicator to study the role of fads2 in 

growth, body composition, health, or reproduction as well as in studies on fatty acid biosynthesis 

and metabolism in fish and other animals. 

 

2.2.3 Conclusions 

This study aimed to find the relationship between fads2 expression pattern in peripheral blood 

cells and liver of broodstock gilthead seabream, Sparus aurata to see the possible use of fads2 

gene as a potential biomarker for the selection of broodstock to undertake breeding programs 

aiming at improved reproduction, health and nutritional status. We found a highly positive 

correlation between fads2 expression levels in the peripheral blood cells and liver of gilthead 
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seabream broodstock. Peripheral blood cells fads2 can be utilized as a valid biomarker for fatty 

acid metabolism in fish and is applicable to broodstock selection programs. Peripheral blood 

cells fads2 expression levels have a good potential as a non-invasive method to select animals 

having increased fatty acid bioconversion capability and better ability to deal with fish meal and 

fish oil free diets. 

 

 

 

2.3 Developing a method to condition gilthead seabream by nutritional 
programming by feeding broodstock with specific diets and determine its 
potential interaction with the selection of high or low fads2 expression 
broodstock 

 

Vegetable oils (VO) have been frequently used to partially replace FO, but this replacement is 

constrained by the lack of n-3 LC-PUFA in VO, since marine teleost has a limited capacity of 

bioconversion of 18C fatty acids into LC-PUFA. In the past years, novel lipid sources high in n-3 

LC-PUFA have been studied, such as krill oil (Betancor et al., 2012; Saleh et al., 2015), microalgae 

(Atalah et al., 2007; Kissinger et al., 2016; Sarker et al., 2016; Sørensen et al., 2016) or the 

transgenic plant Camelina sativa (Betancor et al., 2016; Hixson et al., 2014). However, these n-

3 LC-PUFA sources are either still expensive or not produced at sufficient quantities to allow 

complete replacement of FO in diets for marine fish. One way to optimize the use of these novel 

lipid sources to completely replace FO would be to combine them with VO rich in the 18C 

precursors and to produce marine fish with a higher capacity of LC-PUFA biosynthesis. Two 

different approaches can be followed to modify LC-PUFA biosynthesis capacity in fish. On the 

one hand, nutrition during very early life history can markedly affect the ability of organisms to 

effectively utilize specific nutrients later in life, an effect that is known as nutritional 

programming or conditioning (Symonds et al., 2009). On the other hand, nutritional 

manipulation of broodstock diet or selection of broodstock for specific markers of lipid 

biosynthesis can alter the LC-PUFA biosynthetic capacity (Turkmen et al., 2020). As the gilthead 

seabream (Sparus aurata) is a multi-batch spawner, eggs largely depend on the continuous 

intake of nutrients to complete vitellogenesis during the whole spawning season. Therefore, 

adequate amounts of essential nutrients, most importantly LC-PUFA, must be provided in 

broodstock diets for the proper gonadal and embryo development (Fernández-Palacios et al., 

1995). 

Our previous studies have shown that conditioning gilthead seabream through specific 

broodstock diets produces juveniles and adults with a better ability to utilize low FM and FO 

diets and faster growth (Izquierdo et al., 2015; Turkmen et al., 2017b,2019,2020). In this study, 

gilthead seabream broodstock were fed with four different levels of fatty acid precursors ratio 

(LA+ALA:n-3 LC-PUFA ratio levels, 7.96:20.52; 32.59:13.13; 41.99:10.60 and 39.97:9.48% total 

fatty acid) (Izquierdo et al., 2015; Turkmen et al., 2017b). Dietary FO replacement by linseed oil 

(LO) up to 60% in gilthead seabream broodstock diet did not affect the reproductive 

performance, but further replacement of FO by linseed oil up to 80-100% in broodstock diets for 

 
 Details of this study on methodology, results and references are presented in Annex 2. 
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gilthead seabream significantly reduced fecundity, larval quality, and growth of 45 days old 

fingerlings and 4-month-old juveniles (Izquierdo et al., 2015; Turkmen et al., 2017b). However, 

offspring from broodstock fed the 100% FO diet showed the best growth and feed utilization 

even when fed low FM and low FO diets (Izquierdo et al., 2015; Turkmen et al., 2017b). 

Therefore, it is necessary to find out the optimum levels that allow a nutritional programming 

effect to improve offspring growth without altering broodstock reproductive performance.  

Preliminary studies suggest that broodstock with higher fads2 expression show a higher 

fecundity than lower fads2 expressed broodstock (Turkmen et al., 2020), but their specific effect 

in reproductive success has not been studied in detail. The present study aimed to determine if 

it is possible to replace FO by a mixture of VO and FO that provides LA+ALA: n-3 LC-PUFA ratio 

levels of 16.1:16.3 in broodstock diets, without altering gilthead seabream broodstock 

reproductive performance. Secondly, it also aimed to determine the reproductive performance 

of broodstock with different fads2 expression levels and the potential interaction with the 

broodstock diet. For that purpose, broodfish having either a high (HD) or low (LD) expression of 

fads2 were fed for three months during the spawning season with two diets containing different 

fatty acid profiles. Different parameters of reproductive performance, such as plasma steroid 

hormone levels, fecundity, sperm, and egg quality, together with the egg biochemical and fatty 

acid composition and fads2 expression were recorded and analysed. 

 

2.3.1 Experimental conditions 

The experimental design consists in three different Phases (Figure 2). 

Phase I 

The broodstock utilized were obtained as part of a series of long-term ongoing selection 

programmes involving multiple criteria (Lee‐Montero et al., 2013; Navarro et al., 2009).  They 

were reared right from larval stages in our own research facilities of the ECOAQUA Institute. To 

identify broodstock with different ability to synthesize LC-PUFA from LA and ALA, seventy-one 

2-year-old males (1.02±0.38 kg body weight) and one hundred fourteen 4-year-old females 

(2.07±0.39 kg body weight) were individually tagged with PIT tags (EID Iberica SA-TROVAN, 

Madrid, Spain) and maintained in a 40 m3 (5×2.35 m) circular tank.  

The tanks were supplied with seawater (37 g l-1 salinity, 17.8-19.0°C) at a water exchange of 

600% daily and maintained under natural photoperiod. Three months before the spawning 

season, broodfish were fed twice a day for one month with a low FM (5%) and FO (3%) diet (Low 

FM/FO diet) (Torrecillas et al., 2017b), high in LA and ALA (Table 3, Table 4, Table 5) and low in 

LC-PUFA to induce the up-regulation of the fatty acid desaturases 2 gene (fads2). After that 

period, blood samples were collected from all broodfish (n=185) and centrifuged at 3000xg for 

10 min to separate blood cells and plasma. The blood cell samples were stored at -80°C until 

RNA extraction. Seabream broodfish were divided into two categories, namely high (HD) or low 

(LD), based on their fads2 mRNA copy numbers per µl in blood cells. So, eighteen fish with the 

highest fads2 expression values and eighteen with the lowest ones were selected for the 

conditioning trial (Phase III). Blood cell fads2 gene expression level was analysed by droplet 
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digital polymerase chain reaction (ddPCR) as previously described (Turkmen et al., 2020; Xu et 

al., 2019). 

 

 

Table 3. Ingredients and proximate composition of the diet for gilthead seabream broodstock 
used during Phase I 

Ingredients (%) Low FM/FO diet 

Fish meal1 5.00 

Blood meal (spray-dried)2 7.00 

Soya protein concentrate3 20.00 

Corn gluten meal4 22.00 

Wheat gluten4 5.50 

Rapeseed meal5 11.30 

Wheat6 6.89 

Fish oil7 3.00 

Rapeseed oil5 5.20 

Linseed oil8 2.60 

Palm oil4 5.20 

Supplemented ingredients9 5.49 

Vitamin and mineral premix10 0.75 

Antioxidant11 0.05 

Yttrium oxide 0.03 

Proximate composition 

Crude protein (% dry matter, DM) 45.1 

Crude lipid (%DM) 21.7 

Figure 2. Schematic diagram of experimental design. 
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Moisture (%) 9.0 

Ash (%DM) 5.4 
1South-American, Superprime – Feed Service Bremen, Germany 
2Daka, Denmark 
3Svane Shipping, Denmark 
4Cargill, Netherlands 
5Emmelev, 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), Pöhner (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) 

 

 

Table 4. Ingredients and proximate composition of commercial (Phase II) and experimental 
diets (FO and RO) used for broodstock nutritional conditioning (Phase III) 

Ingredients (%) Commercial diet Experimental  Diets 

        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 HCl  0.27 0.27 

Proximate composition 

Crude protein (%DM) 57.6 53.4 54.6 

Crude lipid (%DM) 17.3 18.8 17.3 

Ash (%DM) 9.8 11.3 11.6 

Moisture (%) 8.9 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). 

 

Table 5. Fatty acid profiles of the broodstock diets used in Phases I, II and III (% total fatty acids) 

Fatty acid (%TFA) Phase I 
Low FM/FO 

Phase II 
Commercial diet 

Phase III 

FO diet RO diet 

14:0 6.60 3.50 5.04 1.87 

14:1n-5 0.10 0.10 0.15 0.08 

15:0 0.10 0.27 0.46 0.17 

16:0 ISO 0.00 0.05 0.09 0.09 

16:0 12.30 12.46 18.83 9.42 

16:1n-7 2.10 3.76 6.84 2.67 

16:1n-5 0.10 0.14 0.26 0.11 

16:2n-4 0.20 0.34 0.75 0.29 
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17:0 0.30 0.28 0.83 0.20 

16:3n-4 0.10 0.17 0.23 0.17 

16:3n-1 0.00 0.12 0.20 0.11 

16:3n-3 0.00 0.08 0.12 0.08 

16:4n-3 0.40 0.54 1.09 0.43 

18:0 3.20 2.42 3.95 2.47 

18:1n-9 32.30 32.48 12.82 31.76 

18:1n-7 2.30 3.29 3.37 3.28 

18:1n-5 0.00 0.15 0.30 0.16 

18:2n-9 0.00 0.02 0.19 0.04 

18:2n-6 (LA) 20.30 11.51 4.11 11.14 

18:3n-6 0.10 0.13 0.32 0.13 

18:3n-4 0.00 0.07 0.15 0.14 

18:3n-3 (ALA) 11.80 5.10 1.30 4.95 

18:4n-3 0.40 1.28 2.19 1.22 

18:4n-1 0.00 0.06 0.00 0.11 

20:0 0.40 0.49 0.47 0.61 

20:1n-9 1.00 3.27 3.77 4.06 

20:1n-7 0.10 0.17 0.31 0.18 

20:2n-9 0.00 0.02 0.06 0.05 

20:2n-6 0.10 0.15 0.20 0.17 

20:3n-9 0.00 0.04 0.07 0.09 

20:3n-6 0.00 0.04 0.12 0.10 

20:4n-6 (ARA) 0.20 0.38 1.04 0.43 

20:3n-3 0.00 0.08 0.15 0.12 

20:4n-3 0.10 0.25 0.57 0.35 

20:5n-3 (EPA) 2.50 5.52 11.96 6.57 

22:1n-11 0.10 3.45 3.73 4.98 

22:1n-9 0.30 0.48 0.51 0.66 

22:4n-6 0.00 0.05 0.17 0.23 

22:5n-6 0.10 0.11 0.43 0.27 

22:5n-3 0.30 0.49 1.40 0.79 

22:6n-3 (DHA) 1.70 6.08 11.11 8.42 

Ʃ Saturates 22.90 19.42 29.58 14.74 

Ʃ Monoenes 38.40 47.75 32.12 48.59 

Ʃ n-3 17.20 19.42 29.89 22.93 

Ʃ n-6 20.80 12.38 6.38 12.47 

Ʃ n-3 LC-PUFA 4.60 12.42 25.19 16.25 

DHA/EPA 0.68 1.10 0.93 1.28 

DHA/ARA 8.50 15.82 10.72 19.82 

n-3/n-6 0.83 1.57 4.68 1.84 

 

Phase II 

The selected males and females from HD and LD broodfish were stocked in twelve (6 HD and 6 

LD) 1000 L fiberglass tanks with a sex ratio of 2 males to 1 female. Broodstock tanks were 

supplied with 16L min-1 filtered seawater (37±0.5‰ salinity) and strong aeration. At the 

beginning of the spawning season fish were fed with a commercial diet (Europa Turbot 18, 

Skretting, Burgos, Spain; Table 4 and Table 5) to ensure that there were no significant differences 

in the spawning quality among broodfish from the same category (HD and LD). For the 

evaluation of spawning quality, the spontaneously spawned eggs from each experimental 

broodstock group were collected four times per week, following this procedure (Fernández-
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Palacios et al., 1995; Izquierdo et al., 2015; Xu et al., 2019). Eggs were also collected at the end 

of the feeding period and kept at -80 ºC until biochemical analysis. 

 

Phase III 

The twelve-broodstock groups from Phase II were fed one of two different broodstock diets (FO 

or VO diet), under the same conditions described in the above paragraph. The diets were 

isoproteic and isolipidic, contained either fish oil (FO) or a mixture of 20% fish oil (FO) and 80% 

rapeseed oil (RO) and were produced by Skretting ARC (Stavanger, Norway) (Tables 2.3.2 and 

2.3.3). Compared to the FO diet, the RO diet had higher levels of 18:2n-6 and 18:3n-3 fatty acids 

and reduced levels of saturated, monoenoic and n-3 LC-PUFA (20:5n-3; eicosapentaenoic acid, 

EPA and 22:6n-3; docosahexaenoic acid, DHA). Fish were fed two times a day (9:00 and 14:00 h) 

at 1% of their estimated total biomass. Seawater temperature during broodstock spawning 

period was in the range of 18-22°C and fish were kept under natural photoperiod (12 h light). 

Egg collection for spawning quality and biochemical composition followed the same protocol 

described in Phase II. Finally, after 30 days of feeding the two different experimental diets, eggs 

were collected from all broodfish groups (HDFO, HDRO, LDFO, LDRO) and conserved in 1000 μl 

of RNA Later (Sigma-Aldrich) overnight at 4°C, and then samples were kept at −80 °C until RNA 

extraction. 

At the end of Phase III, all the gilthead seabream broodstock were fasted overnight and 

anesthetized with clove oil (10 ppm clove oil:methanol (50:50) in sea water) to collect blood 

samples for hormonal studies. Blood was taken from the caudal vein using sterile syringes 

(Terumo Europe NV, Leuven, Belgium) and transferred to 3.0 mL K3-EDTA tubes (L.P. Italiana, 

Milan, Italy). Whole blood samples were centrifuged at 3000 g for 10 min at 4°C and plasma was 

separated and stored at -80°C for sex steroid hormone analyses.  

At the end of Phase III, all the male broodfish were anesthetized as mentioned above and sperm 

was collected from the blot dried genital pore after a gentle abdominal massage to induce 

spermiation and taking care to avoid contamination with water, faeces or urine. The collected 

sperm was stored on ice until transferred to a 4°C refrigerator. The sperm quality parameters 

that were evaluated were sperm concentration (number of spermatozoa/ml sperm, 109 mL-1), 

spermatocrit percentage, sperm motility percentage (percentage of spermatozoa showing 

forward motility), and sperm motility duration (Seconds).  

The eggs collected in Phase II and Phase III were placed in 5 L containers provided with aeration, 

from where 3 randomized 5 ml samples were taken and placed in a Bogorov chamber under the 

light microscope to calculate the total number of eggs and percentages of fertilized and viable 

eggs. Egg viability was determined by observing the percentage of morphologically normal eggs 

after 1-day post fertilization (1 dpf) (Fernández-Palacios et al., 1995; Xu et al., 2019). Then, the 

viable eggs were individually placed in two replicates in 96-well microtiter plates filled with 

filtered and sterilized seawater. Eggs were incubated in a controlled temperature incubator at 

19-21°C, to estimate the percentage of hatching (2 dpf) and larval survival rates at 3 days post 

hatch (dph). From these values, the total numbers of fertilized, viable, hatched and larvae 

produced per kg female were calculated (Fernández-Palacios et al., 1995; Xu et al., 2019). 
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One month after feeding the commercial diet in Phase II and one month after the experimental 

conditioning diets in Phase III, egg samples were collected from all the broodstock groups and 

stored at -80°C for analysis of proximate and fatty acid composition.  

Total RNA from blood cells (300-400 µl) (Phase I) and egg samples (60-70 mg) (Phase III) was 

extracted using the RNeasy Mini Kit (Qiagen) and homogenized using the Tissue Lyzer-II (Qiagen, 

Hilden, Germany) with TRI Reagent (Sigma-Aldrich). The total RNA extraction, cDNA synthesis, 

primer (fads2) designing, and fads2 gene expression of both blood cells and egg samples were 

performed as described in our other studies (Izquierdo et al., 2015; Turkmen et al., 2017b,2020; 

Xu et al., 2019).  

Data are reported as mean ± standard deviation. Data were compared statistically using the 

analysis of variance (ANOVA), at a significance level of 5%. All variables were checked for 

normality and homogeneity of variance using the Kolmogorov–Smirnoff and the Levene’s tests, 

respectively. Otherwise, an arcsine transformation was performed to attain normality. When 

arcsine transformed data were not normally distributed, then Kruskal–Wallis non-parametric 

test was applied to the non-transformed data. An independent sample student’s t test was 

performed to compare egg biochemical and fatty acid composition during Phase II to check the 

broodstock selection (HD or LD) effect. One way and two-way ANOVA were applied to the results 

of sperm and egg and larval quality parameters (total eggs; fertilized eggs; viable eggs; hatched 

larvae; 3dph larvae per spawn per kg female and fertilization, egg viability, hatching and larval 

survival rates), egg biochemical and fatty acid composition of phase-III and egg fads2 expression 

to determine the combined effects of broodstock selection (HD or LD) and diet (FO or VO). Linear 

regression analysis was performed for relationships between specific fatty acids contents in eggs 

(n-3 LC-PUFA) and egg viability or larval survival (3dph) %. All data were analysed using the 

program IBM SPSS version 20 for Windows (IBM SPSS Inc., Chicago, IL, USA). 

 

2.3.2 Results and discussion 

1. The present study determined the reproductive success of gilthead seabream broodstock 

with different bloods fads2 expression fed diets containing different types of oils. Optimizing 

FO replacement by VO is desired to induce nutritional programming in the offspring for a better 

use of low FM and low FO diets (Izquierdo et al., 2015; Turkmen et al., 2017a). Although, it has 

been found that there are large variations in the fads2 expression showed by different gilthead 

seabream individuals, there is little information on its relation to fish reproductive performance 

(Turkmen et al., 2020). The present study thus aimed to determine the reproductive success of 

gilthead seabream broodstock with different blood fads2 expression fed diets containing 

different types of oils. After one month of feeding the commercial broodstock diet (Phase II) at 

the beginning of the spawning season, no significant differences (P>0.05) were found in any of 

the spawning quality parameters tested among broodfish from the same category (HD and LD) 

(Annex 2). Besides, eggs proximate and fatty acid composition also did not show significant 

(P>0.05) differences (Annex 2). 

2. Broodstock body weight is not related to the fads2 expression, in males or females, and 

therefore broodstock with high or low fads2 expression have similar weight. Body weight was 

not related to any parameter regarding spawning quality. In the present study, broodstock body 

weight was not related to the fads2 expression levels, and HD and LD broodstock had similar 

body weight (P>0.05). Plasma 17β-estradiol and 11-ketotestosterone levels showed respectively 
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positive and negative correlations to the body weight of broodstock, as is expected from a 

protandric hermaphrodite species that turns from male to female as it ages (Davis et al., 2007).  

3. Expression of fads2 is higher in females than in males and it is related to the plasma 17β-

estradiol levels in brodstock with low fads2 expression. The mean blood cell fads2 expression 

value for males (2.26±3.17copies/µL, n=71) was found to be 32% lower than that of females 

(3.31±3.16 copies/µL, n=114) for all the selected broodstock (data not shown). Besides, around 

10% of the total female broodstock exhibited higher fads2 (>7.06 copies/µL) expression than 

any male. There was also a significant positive correlation between plasma 17β-estradiol levels 

and the fads2 expression in females from the low fads2 expression groups. These results are in 

agreement with the increased conversion of LNA to n-3 LC-PUFA promoted by oestrogen in 

women, claimed to be important to fulfil the essential fatty acid requirements of the foetus and 

the neonate (Burdge and Calder, 2005). In fish, n-3 LC-PUFA are also highly demanded during 

embryogenesis and larval development to sustain growth, normal development and neural and 

sensorial organs formation, with  EPA and particularly DHA being the major fatty acids found in 

marine fish eggs and larvae (Izquierdo, 1996; Izquierdo et al., 2001). Our studies (the present 

one and the previous one presented in 2.2) showed for the first time in a fish species a significant 

correlation between plasma oestrogen levels and fads2 expression in blood cells of female fish, 

as observed in pregnant rats (Chalil et al., 2018; Childs et al., 2012). Indeed, treatments with 

17β-estradiol have shown to increase fads2 expression in female rats (Kitson et al., 2013). This 

higher fads2 expression in females seems to be a response to the higher level of requirement of 

n-3 LC-PUFA fatty acid for the normal gonadal, oocyte and larval development through 

vitellogenetic processes in different teleosts (Callan et al., 2014; Harel et al., 1994; Izquierdo, 

1996; Izquierdo et al., 2015, 2001; Mazorra et al., 2003). Interestingly, in females showing a very 

high expression of fads2 such a strong correlation was not found, despite a general trend to 

increased fads2 expression in females with higher oestrogen levels. These results suggest the 

influence of a different genetic or epigenetic background between both types of females 

showing very high or low fads2 expression. 

4. There is a very large variation in the individual fads2 expression values that can be related 

to genetic and epigenetic mechanisms regulating fads2 expression and LC-PUFA biosynthesis 

in gilthead seabream. Very early, it was reported that stenohaline marine teleost have lower 

LC-PUFA bioconversion capacities compared to freshwater teleost (Kanazawa et al., 1979). More 

recent work found that freshwater fish to possess greater number of copies of fads2, compared 

to marine fish and that the fads2 was a key metabolic gene for overcoming some of the 

nutritional constraints associated with freshwater environment (Ishikawa et al., 2019). We 

observed that there was a very large variation in the individual fads2 expression values, for 

males the maximum value being 47 times higher than the minimum one and for females 30 

times, in agreement with the large variation found in our previous studies (Turkmen et al., 2020). 

From the 215 broodfish analysed for fads2 expression, about 10% of the population had fads2 

expression values that were higher than 5 mRNA copies μL-1. In humans, FADS2 expression and 

delta-6 desaturase activity is linked to different FADS2 genotypes and, in turn to lower DNA 

methylation in specific CpG sites of the FADS2 promoter (Howard et al., 2014). In agreement 

with human studies, in gilthead seabream, there is an increased methylation of specific CpG sites 

in the promoter region of this gene in offspring from broodstock with low fads2 expression 

(Turkmen et al., 2019). Moreover, LC-PUFA biosynthesis ability is affected by single nucleotide 

polymorphisms (SNPs) in the fatty acid desaturases (Schaeffer et al., 2006; Xie and Innis, 2008). 
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Further studies are under way to elucidate the genetic and epigenetic mechanisms regulating 

fads2 expression and LC-PUFA biosynthesis in gilthead seabream. 

5. Broodstock with high blood fads2 expression has a better reproductive performance than 

those with low fads2 expression.  Sperm motility was 10% higher in broodstock with higher 

fads2 expression following a positive linear regression (R2=0.70; P=0.003). After feeding the 

experimental diets, fish fecundity, measured as mean number of eggs/spawn/kg female, was 

the highest in HDFO broodstock and the lowest in LDRO broodstock. Thus, the two-way ANOVA 

analysis showed a significant (P<0.05) improvement in fecundity in broodstock with higher fads2 

expression, whereas feeding RO did not significantly (P>0.05) affected broodstock fecundity. 

Besides, egg viability rate was slightly improved in broodstock with higher fads2 expression 

(P=0.07). A significant linear regression relationship was also observed between female 

broodstock blood cells fads2 expression and all the spawning quality parameters. Moreover, a 

significant linear relation (R2=0.397; P=0.05) was found between sperm motility and egg viability 

percentage. The improved reproductive performance in terms of sperm and egg quality in as 

observed here in broodstock with high blood fads2 expression clearly reflects the importance of 

the end product(s) of fads2 in fish reproduction. Sperm quality, in terms of motility and 

concentration, has been found to depend on its content in n-3 LC-PUFA, particularly DHA, in 

gilthead seabream after cryopreservation (Cabrita et al., 2005), as well as in rainbow trout 

(Oncorhynchus mykiss) (Labbe et al., 1995), European seabass (Dicentrarchus labrax) (Asturiano 

et al., 2001), Senegalese sole (Solea senegalensis)(Beirão et al., 2015) or European eel (Anguilla 

Anguilla) (Butts et al., 2015) fed different amounts n-3 LC-PUFA. Therefore, a higher fads2 

expression in gilthead seabream broodstock would allow a higher n-3 LC-PUFA synthesis to 

promote a higher incorporation of these fatty acids into sperm that would have improved sperm 

motility, affecting in turn egg viability. Besides, testis fatty acids profile may also affect seminal 

plasma, which maintains sperm cells in a quiescent state required to achieve motility (Gilroy and 

Litvak, 2019; Labbe et al., 1995).  Finally, mice and human sperm also have high contents in DHA, 

which also acts as a precursor of very long chain LC-PUFAs with 26-32 carbons that form 

sphingolipids in spermatozoa and have been related to sperm quality (Stroud et al., 2009). 

Regarding the females, there was a 20% higher fecundity in terms of eggs and larvae produced 

per kg female per spawn in seabream females with a higher fads2 expression, which can also be 

linked to the production of n-3 LC-PUFA. Indeed, the DHA content in the eggs was effectively 

increased in females with a high fads2 expression, denoting an efficient n-3 LC-PUFA 

biosynthesis in these females in comparison to those with low fads2 expression, regardless of 

the diet fed. Interestingly, among the different LC-PUFAs, only those from the n-3 series and 

with 22 carbons were significantly increased, despite the higher dietary content of 18:2n-6 (5.5-

10.6% total fatty acid, TFA) in comparison to 18:3n-3 (1.2-2.7% TFA). Therefore, n-3/n-6 and 

DHA/ARA ratios were increased and 22:4n-6 reduced in females with a high fads2 expression, 

suggesting the preference of the enzymatic complexes involved in fatty acid deposition in eggs 

for the n-3 LC-PUFA. The higher DHA/EPA and 22:5n-3 (n-3 DPA)  contents in the eggs also 

suggest the activation of the Sprecher pathway, since fish Fads2 have a Δ6 desaturase activity 

on 24:5n-3, produced by elongation from 22:5n-3, to synthesise DHA after beta-oxidation from 

24:6n-3 (Oboh et al., 2017). Such high DHA and n-3 DPA contents in the egg may also be related 

to an increased mobilization of DHA to ovaries caused by 17β-estradiol, to a lower beta-

oxidation of these fatty acids or to morphological changes in the ovaries. In turn, DHA increase 

in females would lead to an increased production of docosanoids, which play an important role 

in the induction of oocyte maturation (Sorbera et al., 2001), improving fecundity in terms of eggs 



D4.4: Protocol of conditioning fish to novel feeds
   

26 
 

produced. Our observation of a direct positive correlation   between n-3 LC-PUFA contents in 

the egg and egg viability and larval survival confirms that these fatty acids are determinant of 

embryo and larval development(Callan et al., 2014; Harel et al., 1994; Izquierdo et al., 2001; 

Mazorra et al., 2003). 

6. The partial replacement of FO by RO only mildly affects egg fatty acid composition. That the 

dietary fatty acid profile is reflected in tissue fatty acid profile is well established and our data 

show that broodstock fed with a diet rich in rapeseed oil led to increased levels of 18C fatty acids 

and relatively reduced levels of LC-PUFAs in egg lipids. These changes were however mild, where 

the 18C fatty acids increased by an average 60% and the LC-PUFA were reduced by 30%, in 

comparison to those from broodstock fed FO, while in the RO diet these values were 200% and 

20%, respectively in comparison to fish oil-based diet. This lower accumulation of 18C fatty acids 

together with the relatively lower reduction in LC-PUFA in the eggs, in comparison to the diet, 

suggests an increased LC-PUFA biosynthesis ability in conformity with the trend for an up-

regulation of fads2 expression found in the eggs of broodstock fed RO. 

7. The partial FO replacement by RO with dietary levels for LA+ALA: n-3 LC-PUFA of 16.1:16.3 

do not negatively affect sperm quality or spawning quality parameters. The replacement of FO 

by VO in broodstock diets, namely the reduction of dietary LC-PUFA and the increase in 18:2n-6 

and 18:3n-3, allows the conditioning of gilthead seabream offspring to produce juveniles which 

can potentially utilize  low FM and FO diets better and grow fast (Izquierdo et al., 2015; Turkmen 

et al., 2017b,2019, 2020). Total replacement of FO by vegetable oils markedly reduces 

reproductive performance of gilthead seabream (Izquierdo et al., 2015; Turkmen et al., 2020), 

since LC-PUFA are essential for reproduction of this species (Fernández-Palacios et al., 1995; 

Fernández‐Palacios et al., 2011). In the present study, the partial FO replacement by RO as done 

here, giving dietary levels for LA+ALA: n-3 LC-PUFA ratio levels of 16:1:16.3 did not negatively 

affect sperm quality or spawning quality parameters. These results suggest that the LC-PUFA 

levels in diet RO were able to match the minimum requirements for gilthead seabream 

broodstock, in agreement with previous studies(Fernández-Palacios et al., 1995; Fernández‐

Palacios et al., 2011). Thus, the ARA and EPA contents in diet RO were similar and those of DHA 

even higher than the optimum dietary levels determined for gilthead seabream broodstock 

(Fernández-Palacios et al., 1995). The levels of these LC-PUFA in the present study were also 

higher than those in broodstock diets used previously to induce nutritional programming in 

gilthead seabream, that caused a reduction in all spawning quality parameters (Izquierdo et al., 

2015; Turkmen et al., 2020).  

 

2.3.3 Conclusions 

 In summary, the results showed that blood fads2 expression in gilthead seabream broodstock 

females, which tended to be higher than in males, was positively related to plasma oestrogen 

levels. Moreover, broodstock with high blood fads2 expression showed a better reproductive 

performance, in terms of fecundity and sperm and egg quality, which was correlated with female 

fads2 expression. Besides, the present study has demonstrated that it is feasible to reduce ARA, 

EPA and DHA down to 0.4, 6.6 and 8.4% of total fatty acids, respectively, without affecting 

spawning quality, in broodstock diets designed to induce nutritional programming effects in the 

offspring. Further studies are being conducted to test the offspring with low FM and FO diets 

along life span. 
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3 Influence of conditioning of gilthead seabream by nutritional 
programming and selection of high or low fads2 expression 

broodstock on offspring fads2 expression along ontogenesis   

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). The biosynthesis 

of LC-PUFA is catalysed by desaturases 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 α-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 ∆6 desaturation–

elongation and ∆5 desaturation pathway, or the elongation -∆8 desaturation and ∆5 

desaturation pathway (Sprecher, 2000; Lopes-Marques et al., 2018). DHA may be synthesized in 

vivo from EPA through elongation-∆4 desaturation or elongation-elongation- ∆6 desaturation 

and ß-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).  

Fads2 is a major rate-limiting enzyme in the LC-PUFA biosynthesis in gilthead seabream. Large 

variations in Fads2 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 seabream, fads2 expression 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 expression or Fads2 products (Bell et al., 2002; Sargent et al., 2003; Xu et al., 

2014; Gregory et al., 2016; Ferosekhan et al., 2020b). Therefore, either individual selection of 

high fads2 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 expression showed a better 

reproductive performance, in terms of fecundity and sperm and egg quality (Ferosekhan et al., 

2020b). In the other hand, feeding gilthead seabream broodstock during the spawning season 

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 of age (Turkmen et al., 2017a).  

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 et al., 2009; Tanomman et al., 2013; Torres et al., 

2020), the temporal expression of fads2 along ontogenesis of gilthead seabream has not yet 

 
 Details of this study on methodology, results and references are presented in Annex 3. 
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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 seabream 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 in the previous chapter 2.2 and their eggs were sampled 

along ontogenesis to determine the temporal changes in fads2 expression. 

 

3.1 Experimental conditions 

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) (Table 6) were allocated into 4×1000 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 7). 

 

Table 6. Average fads2 expression in peripheral blood cells of the broodstock used in present 
study 

Group Gender fads2 expression (copies/μL) 

Female 1 14.92 

Male 1-1 7.06 

HRO (High fads2 +RO diet)                          Male 1-2 3.37 

Female 2 12.72 

Male 2-1 4.09 

Male 2-2 3.33 

Female 3 1.41 

Male 3-1 1.53 

LRO (Low fads2 +RO diet)                           Male 3-2 1.46 

Female 4 0.49 

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 
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Table 7. Ingredients of the experimental diets used to feed broodstock during the spawning 
season 

Ingredients (%) FO RO 

Fish meal (North-Atlantic 12ºC) 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 HCl 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). 

 

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, Table 3.1) 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 3.2). Compared with FO diet, the 

replacement level of FO by vegetable oil in RO diet was 80%, a level that improves 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. 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 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) (Kamacı et al., 2005). 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. 

Lipids from diets and 24 hps eggs were extracted with chloroform/methanol (2:1 v/v) (Folch et 

al., 1957) and then trans methylated to obtain fatty acid methyl esters (FAMES) (Christie, 1988). 

Results were presented as means ± S.D. and analysed by SPSS 20.0 (IBM, New York, USA) for 

Mac. Comparison of the data between different stage within the group were analysed by One-

way ANOVA. Fads2 expression data between groups were analysed by Independent-Samples T-

test. Linear, exponential and logarithmic regressions were performed through SPSS 20.0 (IBM). 
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3.2  Results and Discussion 

 

1. There is a maternal transfer of mRNA to the developing oocyte that allows to detect fads2 

expression in the just spawned egg, that is maintained during morula, blastula and gastrula 

stages and is degraded at the neurula stage (16 hps). The use of gilthead seabream broodstock 

with a high ability to express fads2 when fed low FO diets improves reproductive success 

(Ferosekhan et al., 2020b) and the offspring capacity to use low FO and FM diets (Xu et al. 2021). 

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 demonstrated that in 

gilthead seabream fads2 expression could be detected even in the just spawned egg (0 hps) 

immediately after fertilization. These results agree 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 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. 

2. From the neurula stage there is a transition from maternal to embryonic gene expression. 

From the neurula stage onwards a significant increase was observed in the seabream fads2 

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 fulfil the LC-PUFA requirements for organs development (Izquierdo and Koven, 

2011). LC-PUFAs, 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). 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). Therefore, 

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 must be made cautiously, 

as stated by the authors (Monroig et al., 2009), whereas the present study was based on digital 
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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 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.  

3. There is a higher maternal transfer of fads2 mRNA copies in broodstock with a high fads2 

expression. The fads2 expression in eggs from broodstock with high (HRO) or low fads2 

expression (LRO) also followed significant (p<0.001) lineal regressions (R2=0.98 and R2=0.92, 

respectively). 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. This observation would agree 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.  

4. DHA contents in the eggs are (p<0.05) related to the Fads2 expression in females (R2=0.99, 

p = 0.004) and in male broodstock (R2=0.68, p=0.012). 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 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 et 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 
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al., 2014; Xu et al., 2014). In mammals, the presence of LC-PUFA restricts the expression FADS2 

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 fads2 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. 

5. The eggs from low fads2 parents show low DHA contents and a high fads2 expression, 

associated to the increase ∆6-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 ∆8-desaturase activity as denoted by 

the reduction in the ratio of synthesis of 20:4n-3 from 20:3n-3. The ∆8- 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 et al., 2011). The study of this 

alternate pathway in baker´s yeast (Saccharomyces cerevisiae) with a mammals FADS2 gene 

showed that the activity of ∆6-desaturase is higher than that of ∆8- 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 ∆8 activity and fads2 expression in gilthead seabream embryos could be 

related with the activation of ∆6 activity of Fads2 in the embryos with lower DHA content.  

6. Feeding a diet where FO was partly replaced by RO keeping sufficient n-3 LC-PUFA to 

maintain a good spawning quality, but sufficiently low and with high 18C precursors to induce 

a nutritional programming effect, does affect fads2 expression along embryogenesis.  FO has 

been partly replaced by RO in broodstock diets, to induce a nutritional programming 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 programming 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 programming effect in the offspring (Xu et 

al., 2021, see next chapter), 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 (Fernández-

Palacios et al., 1995; Izquierdo et al., 2001). Moreover, the optimum LC-PUFA content of gilthead 

seabream broodstock during spawning season is 11.27% of total fatty acid in the diet 

(Fernández-Palacios et al., 1995) and both broodstock diets in the present study fulfil 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-
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PUFA biosynthesis related genes. For instance, in Solea senegalensis, feeding broodstock with a 

diet markedly higher in LC-PUFA suppresses elovl5 expression in egg (Morais et al., 2014).  

 

3.3 Conclusions 

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 

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 

expression. Finally, partial replacement of FO by RO did not affect LC-PUFA contents nor fads2 

expression in gilthead seabream eggs. 

 

4  Challenging conditioned gilthead seabream juveniles with 
low FM and FO diets*1 

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 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 evidence 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 et al., 2015; Turkmen et al., 2019a). For instance, feeding 

gilthead seabream (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 (tnf-a), lipoprotein lipase (lpl), carnitin palmitoil transferase 1 (cpt1) or elongase 6 

(elovl6) (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 

 
 Details of this study on methodology, results and references are presented in Annex 4.  
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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) improves growth 

performance and feed efficiency later in life, when fish are challenged with a low FO and FM diet 

(Clarkson et al., 2017).  

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 17β-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 programming 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.  

 

4.1 Experimental conditions 

Gilthead seabream 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 al., 

2020b). Twelve broodstock with high fads2 expression and 12 broodstock with 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 3). Then, 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℃ 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 lx and programmed for a 12h light photoperiod (from 8 a.m. to 8 p.m.; 

Figure 3). 
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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 

(Annex 4). Corn gluten, soybean meal, wheat gluten, soya protein concentrates and faba bean 

meal in the experimental diets replaced dietary FM. 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 (Annex 4). 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 (WG), Specific growth rate (SGR)], feed acceptance (Feed intake, 

FI), Biological feed conversion ratio (FCR) (Council, 2011), energy status (hepatosomatic index,  

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

Mortality (%) = 100* (nº dead fish/ nº total fish); Weight gain (g) = final body weight (BW1) – 

initial body weight (BW0); Specific growth rate (% day−1) = 100* (ln BW1−ln BW0) / nº days; Feed 

intake (FI, g fish-1 day-1) = Feed delivered / (nº of fish*nº days); Biological feed conversion ratio 

(FCR) = Feed delivered (t1 – t0)/ (Biomass t1 – Biomass t0 + Biomass harvested + Biomass lost); 

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). 

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. Besides, the livers of 5 fish per tank were sampled and stored in 

Figure 3. Schematic view of the experimental design of experiment. 
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4% formalin. Moreover, the liver and muscle from the juveniles after the nutritional challenge 

were kept at 4 oC overnight in 2.0 mL tubes with 1.5 mL of RNAlater and then transferred to -80 

oC until molecular analysis. All data were tested 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 rpl27 (Park and Crowley, 2005). Pearson 

correlation coefficient was calculated with SPSS for the analysis of correlation between different 

results. 

 

4.2 Results and discussion 

The results of the present study showed the trans-generational effect of both the broodstock 

fads2 expression and the type of lipid on the broodstock diet on the metabolism and improved 

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

1. Broodstock with high fads2 expression produce offspring juveniles with high hepatic 

expression of fads2, modulating fatty acid metabolism and reducing VSI when juveniles are 

fed a low FM and no FO diet. 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 (38% increase, p<0.05), 

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 in the diet fed to the juveniles, in comparison to the high dietary 18:2n-6 content. 

Therefore, when selecting fish for a higher expression of fads2, which will improve the fish 

capacity of the offspring to produce LC-PUFA, it is important to provide the juveniles with a diet 

containing 18:3n-3 as a precursor of DHA and EPA. 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 fads2 expression found in livers of gilthead 

seabream juveniles from parents with high fads2 expression (Turkmen et al., 2019b).  

2. There is a certain degree of inheritance in the ability of gilthead seabream to express fads2. 

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 
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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 several 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 et 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 is 

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 in the progeny of 

gilthead seabream from broodstock with low fads2 expression (Turkmen et al., 2019b). 

3. Feeding broodstock with a diet containing partial replacement of FO by RO, nutritionally 

programs offspring juveniles, increasing Fads2 activity when they are fed a low FM and no FO 

diet. 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 agree 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 agrees 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 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). Therefore, broodstock diets used to condition offspring 

for a better utilization of low FM and low FO diets must have enough content in n-3 LC-PUFA, 

just to cover broodstock nutritional requirements, but must also have a source of 18C 

precursors, 18:3n-3 and some 18:2n-6. 
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4. Feeding broodstock with the RO diet reduces VSI, hepatocyte size and HSI in the offspring 

juveniles fed with a low FM and no FO diet. Feeding broodstock a diet with partial replacement 

of FO by RO led in the offspring juveniles to a marked reduction in the VSI (p<0.001) and the size 

of hepatocytes (21% reduction, p=0.023), which was significantly correlated to the HSI (r = 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-1. However, no significant 

differences were found in igf-1 expression values, what could have been related to the low 

number of copies/μL obtained. Igf-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-Sánchez 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-1expression, leading to the low number of copies/μL obtained. Nevertheless, the juveniles 

from broodstock fed the RO diet seemed to be more resilient to this inhibition, since they 

showed igf-1expression values that were 20% higher than those of juveniles from broodstock 

fed the FO diet. 

5. The combined selection of broodstock with high fads2 expression and nutritional 

programming feeding broodstock with the RO diet improves in the offspring juveniles the 

ratios of growth hormone receptors in muscle and improves growth and feed utilization.  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 (p<0.05) higher than that of HFO 

(12 % lower than HRO) and LRO (23% lower than HRO). 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. Besides, FCR were also 17% better in HRO than in LRO 

(p=0.033). In these juveniles coming from broodstock with high fads2 expression fed a diet with 

FO replacement by RO in the broodstock diets (HRO), there was also 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-Sánchez et al., 2018). For instance, in gilthead seabream, 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 seabream 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 seabream (Benedito-Palos et al., 2007). In the present study, the ratio of 

ghr-1/ghr-2 expression in muscle was significantly reduced in juveniles coming from broodstock 

with high fads2 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-Sánchez et al., 2018). This increased SGR found in juveniles coming 
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from broodstock with high fads2 expression and fed the RO diet instead of FO agrees 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). Therefore, nutritional programming with low n-3 LC-

PUFA diets during larval stages has a high risk of failure and should be avoid.  In both species, 

and generally in marine fish, larval stages are weak and very sensitive to low 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 et al., 

2020) influence on the transcriptome of the developing embryos and the transfer of gene 

expression regulating RNAs, lncRNA and miRNA (Sullivan et al., 2015) or specific proteins 

(Lubzens et al., 2017). 

 

4.3 Conclusions 

In conclusion, the results of the present study have shown that it is 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 

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 programming with RO allowed 

producing gilthead seabream juveniles that showed a faster growth when challenged with a low 

FM and low FO diet.  
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5 Practical recommendations for conditioning Mediterranean 
fish to novel feeds in commercial farms 

5.1  Broodstock diet for nutritional programming of gilthead seabream  
offspring 

An analysis of 7 different studies conducted with different gilthead seabream broodstock was 

performed considering the spawning quality and diet and egg fatty acid profiles of the best 

performing fish in each study. All the broodstock diets considered in this analysis lead to good 

spawning quality parameters (Table 8). Two of the studies were conducted to determine 

broodstock nutritional requirements (Fernandez-Palacios et al., 1995; Scabini et al., 2010). Five 

of the studies were aiming to nutritional programming (Izquierdo et al., 2015; Turkmen et al., 

2020; Ferosekhan et al., 2020a,b, 2021 and 2022), but in the first two studies the nutritional 

programming effect obtained in the progeny with the diets presented here was not so effective 

as in the last three studies (Ferosekhan et al., 2020, 2021 and 2022). The analysis of the 7 studies 

denoted that there is a strong correlation between dietary fatty acids and egg fatty acids, 

particularly for the contents on linoleic acid (LA) (R2=0.98) Figure 4), linolenic acid (LNA) 

(R2=0.92), arachidonic acid (ARA) (R2=0.94), eicosapentaenoic acid (EPA) (R2=0.91), and 

docosahexaenoic acid (DHA) (R2=0.86). These results agree with the changes in egg fatty acid 

profiles when dietary fatty acid composition is moderately altered (Fernandez-Palacios et al., 

2010). Nevertheless, gilthead seabream egg fatty acid profiles are relatively constant and 

extreme reductions in PUFA lead to reduce total production of eggs/female rather than a 

reduction in PUFA contents in the egg, in contrast with salmonids (Izquierdo et al., 2001; 

Fernandez-Palacios et al., 2010). As expected, increase in DHA, EPA and ARA in diet and eggs 

improved spawning quality Figure 5). Interestingly, whereas incorporation of linolenic acid did 

not affect spawning quality, increase in linoleic acid over 10% slightly reduced spawning quality, 

particularly in terms of hatching rate (Figure 6).  

 

Table 8. Fatty acid profile of broodstock diets from 7 different studies shown to improve 
spawning quality parameters of gilthead seabream 

Reference Fernandez-
Palacios et 

al., 1995 

Scabini 
et al., 
2010 

Izquierdo 
et al., 
2015 

Ferosekhan 
et al., 2020 

Turkmen 
et al., 
2020 

Ferosekhan 
et al., 2021 

Ferosekhan 
et al., 2022 

Diet LA  
(%TFA) 

3.1 3.9 11.2 11.1 9.9 13.5 12.3 

Diet LNA  
(%TFA) 

0.5 0.6 21.4 4.9 16.3 9.6 4.9 

Diet ARA 
(%TFA) 

0.5 0.7 0.4 0.4 0.3 0.3 0.4 

Diet EPA 
(%TFA) 

6.2 7.7 5.6 6.6 4.8 4.8 5.3 

Diet DHA 
(%TFA) 

4.1 9.6 6.6 8.4 6.0 6.2 7.5 
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Diet 
DHA/EPA 

0.7 1.2 1.2 1.3 1.3 1.3 1.4 

Diet 
EPA/ARA 

12.4 11.0 14.0 16.5 16.0 17.2 15.0 

Egg LA 
(%TFA) 

1.7 3.5 10.5 10.6 11.4 11.8 11.0 

Egg LNA 
(%TFA) 

0.2 0.6 13.1 2.7 5.5 5.0 3.2 

Egg ARA 
(%TFA) 

0.4 0.9 0.7 0.8 0.6 0.6 0.7 

Egg EPA 
(%TFA) 

2.0 8.3 5.4 5.8 4.0 5.1 5.7 

Egg DHA 
(%TFA) 

6.3 20.5 15.1 21.8 15.1 17.8 21.0 

Egg 
DHA/EPA 

3.2 2.5 2.8 3.8 3.8 3.5 3.7 

Egg 
EPA/ARA 

5.0 9.2 7.7 7.3 6.7 8.6 8.7 

Hatching 
% 

96.4 95.0 94.1 90.2 91.4 87.2 93.4 
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Figure 4. Correlation between dietary linoleic acid (% total fatty acids) in 
broodstock diets and linoleic acid content (% total fatty acids) in eggs. 
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Figure 6. Relation between linoleic acid content (% total fatty acids) in fish eggs 
and hatching rate (%). 
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When formulating diets to nutritionally programming gilthead seabream through broodstock 

diet it is important to consider the reduction of the dietary ARA, EPA and DHA contents and the 

increase their precursors LA and LNA, but only to a certain extend to avoid negative effects on 

the spawning or larval quality. Considering that the diets selected of the studies of Ferosekhan 

et al. (2020, 2021, 2022) were more effective in conditioning the offspring to grow better when 

fed low FM and FO diets, broodstock diets for nutritional programming of gilthead seabream 

should: 

1. Include ARA, EPA and DHA around 0.4, 6 and 7-8 % total fatty acids, respectively, to just 

cover essential fatty acid requirements, but avoiding the overload of the egg with LC-

PUFA to prevent down-regulation of fads2; 

2. Keep a DHA/EPA proportion of 1.2-1.4:1 and an EPA/ARA proportion of 15-17:1. 

3. Include LNA at around 5 % total fatty acids and LA around 10% total fatty acids, to 

modulate gene expression, trying to avoid further increase in these fatty acids to 

prevent the negative effects of LA on spawning quality and larval offspring performance. 

4. Replace fish oil by rapeseed oil rather than linseed oil, and avoid the use of soybean oil 

for its large content in LA. 

 

5.2 Conditioning gilthead seabream by nutritional programming trough 
broodstock diets  

From just the beginning of the spawning season seabream broodstock is fed with a broodstock 

diet with a commercial formulation specific for broodstock and where FO has been partially 

replaced by VO, preferably rapeseed oil, whose fatty acid profiles complies with the 

recommendations of the previous section. No other changes are required in the usual 

broodstock environmental conditions or broodstock management protocols of the hatchery.  

The partial replacement of FO by RO according to this formulation would not negatively affect 

reproductive performance in terms of fecundity (total number of eggs produced per kg female), 

sperm and egg quality parameters or egg fatty acid composition, neither offspring key 

performance indicators, and it will modulate fads2 and other genes expression to allow a better 

use of diets low in FM and FO.   

Feeding broodstock with the nutritional programming diet will modulate fads2 and other genes 

expression to allow a better use of diets low in FM and FO. Thus, feeding broodstock the 

nutritional programming diet will produce juveniles that, when fed a low FM and low FO diet, 

will show a better utilization of dietary energy and lipids with a lower deposition of perivisceral 

fat, lower hepatocyte size, VSI and HSI, and a higher expression of growth hormone related 

genes. 

Moreover, up to a 27% improvement in final body weight for the whole on-growing can be 

obtained in the offspring from broodstock fed the nutritional programming diet. Besides, 

offspring fillet contain higher ARA and DHA. 
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5.3 Selection of gilthead seabream broodstock with a high fads2 
expression  

There is a very large variation in the individual fads2 expression values that can be related to 

genetic and epigenetic mechanisms regulating fads2 expression and LC-PUFA biosynthesis in 

gilthead seabream. Broodstock with high blood fads2 expression has a better reproductive 

performance than those with low fads2 expression.   

To test the individual seabream broodstock capacity to express fads2 gene and therefore to 

produce LC-PUFA, it is necessary to feed the broodstock with a diet low in n-3 LC-PUFA such as 

(Torrecillas et al., 2017; pages 10-12 of this deliverable 4.4) for one month to induce fads2 

expression. This nutritional induction can be conducted at the end of the gilthead seabream 

spawning season, i.e. end of the spring, and always before the activation of the gametogenesis 

starting in late summer or early autumn under natural photoperiod and temperature conditions. 

During this late spring period, feeding with a low n-3 LC-PUFA diet will not affect broodstock 

performance. After one month of feeding, individual broodstock must be anesthetized and 

peripheral blood collected from the caudal vein, blood samples transferred to EDTA coated 

tubes and centrifuged at 3000g for 10 min held at (4 °C) to separate blood cells and plasma. The 

peripheral blood cell samples must be stored at –80 °C until RNA extraction and fads2 expression 

determination. No other changes are required in the usual broodstock environmental conditions 

or broodstock management protocols of the hatchery.  

Individual fads2 expression would be higher in females than in males, but it would be 

independent of fish weight for a given gender. Females expressing higher fads2 would have 

higher plasma 17β-estradiol levels. Broodstock with a higher fads2 expression should be 

selected since, in one hand, will show a better reproductive performance and, in the other hand, 

would produce offspring that grow better, particularly when fed diets low in FM and FO. 

In broodstock with a higher fads2 expression there is a higher maternal transfer of fads2 mRNA 

copies and a higher content of DHA in the eggs. Besides, reproductive performance in terms of 

sperm motility, fish fecundity measured as mean number of eggs/spawn/kg female, egg viability 

or hatching rates and larval survival. 

Offspring from broodstock with high fads2 expression, when fed a low FM and FO diet, will show 

a higher expression of fads2 in different tissues, a better utilization of dietary lipids with a lower 

deposition of perivisceral fat and a higher growth.  

When selecting fish for a higher expression of fads2, which will improve the fish capacity of the 

offspring to produce LC-PUFA, it is important that the low FM and low FO diet for the juveniles 

contains some 18:3n-3 as a precursor of DHA and EPA. 

Moreover, the offspring from broodstock with a higher fads2 expression showed a 22% 

improvement in final body weight along the whole on-growing period when offspring was fed 

from 2.3 to over 100 g with diets containing low FM and low FO levels.  
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5.4 Conditioning gilthead seabream by nutritional programming and 
selection of high fads2 expression broodstock  
The combined selection of broodstock with high fads2 expression and broodstock feeding with 

the nutritional programming diet further improves growth and feed utilization in the offspring 

juveniles fed low FM and FO diets, modulating expression of genes related to carbohydrates and 

lipid metabolism and the ratios of growth hormone receptors in muscle. 
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Abstract: The principle aim of this study is to elucidate the relationship between the fatty acid
desaturase 2 gene (fads2) expression pattern in peripheral blood cells (PBCs) and liver of gilthead
seabream (GSB), Sparus aurata broodstock in order to determine the possible use of fads2 expression
as a potential biomarker for the selection of broodstock. This selection could be utilized for breeding
programs aiming to improve reproduction, health, and nutritional status. Passive Integrated
Transponder (PIT)-tagged GSB broodstock (Male-1.22 ± 0.20 kg; 44.8 ± 2 cm and female-2.36 ±
0.64 kg; 55.1 cm) were fed a diet containing low levels of fish meal and fish oil (EPA 2.5; DHA 1.7
and n-3 LC-PUFA 4.6% TFA) for one month. After the feeding period, fads2 expression in PBCs and
liver of both male and female broodstock were highly significantly correlated (r = 0.89; p < 0.001).
Additionally, in male broodstock, liver fads2 expression was significantly correlated (p < 0.05) to liver
contents in 16:0 (r = 0.95; p = 0.04) and total saturates (r = 0.97; p = 0.03) as well as to 20:3n–6/20:2n–6
(r = 0.98; p = 0.02) a Fads2 product/precursor ratio. Overall, we found a positive and significant
correlation between fads2 expression levels in the PBCs and liver of GSB broodstock. PBCs fads2
expression levels indicate a strong potential for utilization as a non-invasive method to select animals
having increased fatty acid bioconversion capability, better able to deal with diets free of fish meal
and fish oil.

Keywords: biomarker; broodstock; fatty acyl desaturase (fads2); fatty acid; lipid metabolism

1. Introduction

The ability of teleosts to biosynthesize long-chain (≥C20) polyunsaturated fatty acids (LC-PUFA),
such as arachidonic acid (ARA, 20:4n-6), eicosapentaenoic acid (EPA, 20:5n-3) or docosahexaenoic acid
(DHA, 22:6n-3), from 18 carbon PUFA substrate, linoleic acid (LA; 18:2n-6), and α-linolenic acid (ALA;
18:3n-3) is limited [1–3]. Knowledge on this is of vital importance in order to quantify the dietary
requirements for essential fatty acids (EFA) in farmed fish and to tailor the fatty acid composition
of the fish fillet for human consumption [4,5]. The fatty acid biosynthesis comprises several steps
catalyzed by fatty acyl desaturases (Fads1-∆5 and Fads2-∆6 desaturase) and an elongation of very
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long chain fatty acids proteins (Elovl), where ∆6 desaturase is a major rate-limiting step in the fatty
acid biosynthesis pathway (Figure 1) [3,6]. The ∆6 desaturase introduces new double bonds into
fatty acyl chains, essential to the first step in the LC-PUFA biosynthesis and is encoded by the fatty
acyl desaturase gene (fads). Carnivorous species such as felids have very limited ability to synthesize
LC-PUFA [7], as well as teleost fish from higher trophic levels, which consequently have a dietary
requirement for pre-formed LC-PUFA [8]. In general, the majority of vertebrates lack the capacity
to biosynthesize PUFA de novo, and different teleost species have a wide range of bioconversion
capability for converting dietary C18 PUFA to LC-PUFA [1,8,9]. Among teleosts, freshwater fish and
especially fish from lower trophic levels are considered capable of bioconversion of dietary C18 PUFA
such as linoleic acid (LA; 18:2n-6) and α-linolenic acid (ALA; 18:3n-3) into LC-PUFA, whereas marine
teleosts have limited ability to biosynthesize the LC-PUFA from LA and ALA substrates [1,8,10]. This is
imputed to the lower activity of Fads, which is due to the lower expression of the fads gene in marine
fish compared to freshwater fish [6,11–13]. Low expression or absence of the fads gene is the main
reason for the reduced synthesis of LC-PUFA in marine fish [6,8,14]. Fads has been characterized and
studied in several organisms from lower invertebrates to higher vertebrates [14]. Mammals possess
two FADS enzymes termed FADS1 and FADS2, which are involved in different steps of desaturation
activity. FADS1 is a ∆5 desaturase, whereas FADS2 is a ∆6 desaturase with the ability to utilize C18
substrates [15] in order to biosynthesize ARA, EPA, and DHA. In marine fish, it is well documented that
the biosynthesise of n-3 LC-PUFA is initiated by the delta 6 fatty acid desaturase (∆6 Fads), which acts
on ALA or LA to produce EPA and DHA or ARA through several steps of desaturation, elongation,
and β-oxidation (Figure 1).

Fads2 from most of the teleost species show ∆6 desaturase activity; its activity was also identified
in many species such as zebra fish, Danio rerio [16], gilthead seabream (GSB) (Sparus aurata) [1,17–20],
European seabass (Dicentrarchus labrax) [21,22], black seabream (Acanthopagrus schlegeli) [23], meagre
(Argyrosomus regius) [24], orange-spotted grouper (Epinephelus coioides) [25], nibe croaker
(Nibea mitsukurii) [26], rabbit fish (Siganus canaliculatus) [27], rainbow trout (Oncorhynchus mykiss) [19],
Atlantic salmon (Salmo salar) [2,28], and Atlantic cod (Gadus morhua) [29]. Analysis of the different
studies on enzyme activities of several species shows that many species have several desaturase
activities. For example, zebrafish ∆6 desaturase, which was the first functionally characterized Fads2 in
a teleost, showed three desaturase activities: ∆5, ∆6, and ∆8 [16]. Similarly, dual ∆6 and ∆8 desaturase
activity has been reported in other teleost Fads2 including GSB [1,19], rabbitfish [1,8,27], rainbow
trout [19], turbot [19], Atlantic salmon [1,2], and grouper [25]. The fads2 gene expression in different
tissues has been studied in several marine fish species although the importance and implication of the
fads2 gene in fish growth and reproduction has not been deeply studied besides a few studies by our
own research group [30–33].

Lipid metabolism and fatty acid synthesis occurs mainly in the liver, then fatty acids are transported
through the blood to the rest of the tissues in the body for utilization in diverse physiological
functions [34]. Knowing the activity and expression of ∆6 desaturase and fads2 in liver is paramount
in order to ascertain FA’s synthesis and mobilization to various tissues. The measurement of fads2
expression in the liver, however, requires sacrificing the animal and it is a major constraint for working
on live fish. Hence, it is necessary to develop a non-invasive method to study the fads2 expression
in fish. It is well known that blood is the most accessible tissue to study the well-being of an animal
to predict or assess the physiological conditions of other tissues by means of a non-invasive manner.
In humans, peripheral blood cells (PBCs) are widely used to check the health status by analyzing the
gene expression pattern in peripheral blood and to predict the same gene expression in non-accessible
tissues like brain, liver, gonad, kidney, lungs etc. In various human studies, expression of many health
status indicative genes in PBCs show significant correlations to the respective gene expression in
different other organ tissues [35–38].
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Figure 1. Endogenous biosynthesis pathway of n-6 and n-3 long chain polyunsaturated fatty acids 
(LC-PUFA) from linoleic acid (LA) and α-linolenic acid (ALA) substrate through desaturation (Fads), 
elongation (Elvol), and β-oxidation in fish. 

The presence of a nucleus and functional mitochondria in the red blood cells of fish makes blood 
a promising tissue to analyze the gene expression and metabolic responses in an integrative and non-
invasive manner. Some studies with GSB have addressed the issue to determine whether samples 
collected without sacrificing animals provide a reliable measure of mitochondrial functioning and 
energy metabolism at the level of the whole organism [39]. In one such study using transcriptome 
analysis, it was observed that whole blood cell gene expression of hypoxia induced GSB juveniles and 
reflected the metabolic condition and mitochondrial respiration of target tissues [39]. Such an approach 
could be used in GSB broodstock to understand the relationship between fads2 expression in PBCs and 
the liver to identify the potential of using fads2 as a biomarker to assess the role of n-3 LC-PUFA in 
reproductive performance. The correlation between PBCs and hepatic fads2 expression has not been 
studied so far in any fish or even in other animals. However, relative fads2 expression between various 
tissues has been studied and reported in humans [40] as well as in some fish such as the Japanese 
seabass (Lateolabrax japonicus) or the golden pompano (Trachinotus ovatus) [41,42]. In Japanese seabass, 
fads2 expression was found to be higher in the brain, eyes, liver, and intestine compared to the kidney, 
skin, muscle, gill, spleen, stomach, blood, and heart [41]. In golden pompano, the fads2 expression level 
was higher in the brain, in comparison to the small intestine and the female gonads, whereas lower 
expression levels were observed in the fin, gill, blood, and kidney [42]. 
  

Figure 1. Endogenous biosynthesis pathway of n-6 and n-3 long chain polyunsaturated fatty acids
(LC-PUFA) from linoleic acid (LA) and α-linolenic acid (ALA) substrate through desaturation (Fads),
elongation (Elvol), and β-oxidation in fish.

The presence of a nucleus and functional mitochondria in the red blood cells of fish makes blood
a promising tissue to analyze the gene expression and metabolic responses in an integrative and
non-invasive manner. Some studies with GSB have addressed the issue to determine whether samples
collected without sacrificing animals provide a reliable measure of mitochondrial functioning and
energy metabolism at the level of the whole organism [39]. In one such study using transcriptome
analysis, it was observed that whole blood cell gene expression of hypoxia induced GSB juveniles and
reflected the metabolic condition and mitochondrial respiration of target tissues [39]. Such an approach
could be used in GSB broodstock to understand the relationship between fads2 expression in PBCs and
the liver to identify the potential of using fads2 as a biomarker to assess the role of n-3 LC-PUFA in
reproductive performance. The correlation between PBCs and hepatic fads2 expression has not been
studied so far in any fish or even in other animals. However, relative fads2 expression between various
tissues has been studied and reported in humans [40] as well as in some fish such as the Japanese
seabass (Lateolabrax japonicus) or the golden pompano (Trachinotus ovatus) [41,42]. In Japanese seabass,
fads2 expression was found to be higher in the brain, eyes, liver, and intestine compared to the kidney,
skin, muscle, gill, spleen, stomach, blood, and heart [41]. In golden pompano, the fads2 expression
level was higher in the brain, in comparison to the small intestine and the female gonads, whereas
lower expression levels were observed in the fin, gill, blood, and kidney [42].

To our knowledge, there is no known information on the comparative relationship between blood
and liver fads2 expression patterns, nor potential differences in male and female fish. The blood fads2
gene expression as a biomarker could be useful to study not only the fatty acid metabolism in fish
but also to assess the nutritional quality of fish fillet [32,33,43] or the reproductive performance in
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fish [31,33]. The fads2 expression pattern in animals are species- and sex-specific [44–47]. In an earlier
study, we observed that fads2 expression in the blood of GSB broodstock was higher in females than
in males [31] and that the GSB exhibits great variations in the fads2 expression among individuals.
Therefore, the present study was undertaken to relate the expression pattern of PBCs and hepatic
fads2 in fish to elucidate the relationship in GSB broodstock to identify the potential of selecting PBCs
fads2 as a biomarker to understand the reproductive performance of fish. A second objective was to
analyze the hepatic fatty acid profile of GSB broodstock fish exhibiting different fads2 expression levels
in peripheral blood cells and liver.

2. Materials and Methods

2.1. Broodstock Management and Feeding

Gilthead seabream broodstock were individually PIT tagged (EID Iberica SA-TROVAN, Madrid,
Spain) and maintained in a 10 ton square tank. Male (1.22 ± 0.20 kg; 44.8 ± 2 cm; 4 fish) and female
(2.36 ± 0.64 kg; 55.1 ± 2 cm; 16 fish) broodstock were maintained in the same tank. Both male and
female broodstock were studied for their fads2 expression pattern in blood cells and liver. The tank was
supplied with seawater (37 g L−1 salinity, 17.0–20.0 ◦C) at a daily water exchange rate of 600% and fish
were maintained under natural photoperiod. All the broodstock were fed 1% body weight twice a day
for one month with a diet containing low levels of fish meal (FM, 5%) and fish oil (FO, 3%) (Table 1).
The experimental diet was produced by Biomar [48] and re-pelletized at the feed manufacturing
facilities of GIA (ECOAQUA Institute, ULPGC, Las Palmas, Spain). The diet (Table 2) was formulated
to contain high levels of vegetable oils and thus contained high levels of oleic acid (18:1n-9) (32.3%
of total fatty acids, TFA), LA (18:2n-6) (20.3 %TFA), and ALA (18:3n-3) (11.8 %TFA) while containing
low concentrations of EPA (2.5 %TFA), DHA (1.7 %TFA), and n-3 LC-PUFA (4.6 %TFA) in order to
up-regulate the fatty acid desaturase 2 (fads2) gene expression [48].

Table 1. Ingredients (%) and proximate composition of the low fish meal and low fish oil diet fed to
gilthead seabream broodstock.

Ingredients (%) Experimental Diet

Fish meal (South American) 5.00
Blood meal (spray-dried) 7.00
Soya protein concentrate 20.00

Corn gluten meal 22.00
Wheat gluten 5.50

Rapeseed meal 11.30
Wheat 6.89

Fish oil (South American) 3.00
Linseed oil 2.60

Palm oil 5.20
Rapeseed oil 5.20

Supplemented ingredients 1 5.49
Vitamin and mineral premix 2 0.75

Antioxidant-Ethoxyquin 0.05
Yttrium oxide 0.03

Proximate Composition

Crude protein (% dry matter, DM) 45.1
Crude lipid (% DM) 21.7

Ash (% DM) 5.4
Moisture (%) 9.0

1 Supplemented ingredients contain—lysine, methionine, monocalcium phosphate, choline, inositol, phospholipids.
2 Vitamin and 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.
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Table 2. Fatty acid profiles of low fish meal and fish oil diet for gilthead seabream broodstock (% total
fatty acids).

Fatty Acid (%TFA) Experimental Diet

14:0 6.6
14:1n-5 0.1

15:0 0.1
16:0 12.3

16:1n-7 2.1
16:1n-5 0.1
16:2n-4 0.2

17:0 0.3
16:3n-4 0.1
16:4n-3 0.4

18:0 3.2
18:1n-9 32.3
18:1n-7 2.3

18:2n-6 (LA) 20.3
18:2n-4 0.1
18:3n-6 0.1

18:3n-3 (ALA) 11.8
18:4n-3 0.4

20:0 0.4
20:1n-9 1.0
20:1n-7 0.1
20:2n-6 0.1

20:4n-6 (ARA) 0.2
20:4n-3 0.1

20:5n-3 (EPA) 2.5
22:1n-11 0.1
22:1n-9 0.3
22:5n-6 0.1

22:5n-3 (DPA) 0.3
22:6n-3 (DHA) 1.7
Total saturates 22.9

Total monoenes 38.4
Total n-3 17.2
Total n-6 20.8
Total n-9 32.6

Total n-3 LC-PUFA 4.6

2.2. Blood and Liver Sample Collection and Storage

All broodfish (n = 20) were fasted overnight and anesthetized with 10 ppm clove oil
(clove oil:methanol (50:50) in sea water) to collect peripheral blood and liver samples at the end
of the feeding trial. After the feeding trial, blood samples were collected from the caudal vein of the
GSB broodfish using sterile syringes and the whole blood samples were transferred to EDTA-coated
tubes. Whole blood samples were centrifuged at 3000× g for 10 min held at (4 ◦C) to separate blood
cells and plasma. The peripheral blood cell samples (PBCs) were stored at −80 ◦C until RNA extraction.
Liver samples were collected from each fish and individually stored in a 1.5-mL Eppendorf tube
containing RNA Later (Sigma-Aldrich, USA) and was snap frozen in liquid N2 immediately after
sampling. The samples were then stored at −80 ◦C until RNA extraction and analyses.

2.3. Molecular Study—RNA Extraction and cDNA Synthesis

Total RNA from PBCs (300–400 µL) and liver samples (60–70 mg) were extracted following the
manufacturer’s protocol using the RNeasy Mini Kit (Qiagen) and both blood cells and liver samples
were completely homogenized with glass beads using the Tissue Lyzer-II (Qiagen, Hilden, Germany)
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with TRI Reagent (Sigma-Aldrich, San Luis, USA). Chloroform was added to the homogenized samples
and centrifuged at 12,000× g, 15 min, 4 ◦C for clear phase separation. The clear upper aqueous
phase containing RNA was mixed with 75% ethanol and transferred into the RNeasy spin column,
where total RNA bound to a membrane and RW1 (700 µL) and RPE (500 µL) buffers (Qiagen) were
used to wash away contaminants. Total RNA from RNeasy spin column was eluted with 50 µL of
RNase-free water. The extracted total RNA quality and quantity were checked using a NanoDrop
Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). We used 100 ng RNA for the cDNA
synthesis and it was carried out as following the standard protocol and cDNA synthesis was performed
using the iScript cDNA Synthesis Kit (Bio-Rad) according to manufacturer’s instructions in the iCycler
thermal cycler (Bio-Rad, Hercules, CA, USA). The efficiency of ∆6 desaturase primer was tested with
serial dilutions of a cDNA pool (1, 1:10, 1:100, 1:200 and 1:1000). Primers for GSB ∆6 desaturase were
redesigned with reference to publications in NCBI (National Center for Biotechnology Information) as
follows [30–33,43]:

Gene—fads2 (∆6 desaturase; GenBank: GQ162822.1)
Forward primer sequence (5′→ 3′) GCAGAGCCACAGCAGCAGGGA
Reverse sequence (3′→ 5′) CGGCCTGCGCCTGAGCAGTT

2.4. Digital Droplet PCR (ddPCR) Analysis for Absolute Gene Expression

Total RNA extraction from peripheral blood cells and liver were made using a similar protocol
described above for the qPCR. Absolute gene expression of PBCs and liver fads2 analysis were
performed using Digital Droplet PCR (ddPCR) (Bio-rad QX200, Hercules, CA, USA) systems, by using
cDNA obtained as mentioned in Section 2.3. Sample preparation for ddPCR was carried out as per the
manufacturer’s protocol. The master mixes for fads2 gene were prepared including 10 µL EvaGreen
super mix (Bio-rad, Hercules, CA, USA), 0.2 µL F primer (10 pmol/µL), 0.2 µL R primer (10 pmol/µL),
7.6 µL MilQ water, and 2 µL cDNA. Then, droplets were generated using droplet generator Bio-rad
QX200 (Hercules, CA, USA) and the droplets were transferred to 96 well microplates for PCR in a
thermal cycler (Bio-rad C1000 Touch, Hercules, CA, USA). After PCR amplifications, droplets were
measured with a droplet reader (Bio-rad QX200, Hercules, CA, USA) to determine absolute gene
expression of fads2 gene. The samples with less than 12,000 droplets were not used for the gene
expression study. The fads2 gene expression analysis was performed in two replicates for each sample
and values were expressed as mRNA copies/µL [31,33].

2.5. Liver Fatty Acid Analysis

Liver samples were collected from all the broodfish and stored at −80 ◦C for analysis of fatty acid
composition. Crude lipid extraction was carried out with chloroform:methanol [49]. Hepatic fatty acids
methyl esters (FAMES) from total lipids were prepared by transmethylation method with 1% sulfuric
acid in methanol [50], purified on NH2 silica (Sep-pak; Waters), and separated and quantified in a gas
chromatograph (GC14A; Shimadzu, Kyoto, Japan) equipped with a flame ionization detector and a
Carbowax 20 M (30 m × 0.32 mm × 0.27 m) silica capillary column (length: 30 m; internal diameter:
0.32 mm; Supelco, Bellefonte, PA, USA) using helium as a carrier gas. Column initial temperature was
set to 170 ◦C for 10 min and then it was raised to 220 ◦C at 2.5 ◦C per min and finally maintained
at 215 ◦C for a further 5 min. FAMES were identified by comparison with previously characterized
standards [51]. Specific unclear peaks were identified by GLC-MS (TRACETM GC Ultra and PolarisQ
mass spectrometer; Thermo Fisher Scientific, Spain).

2.6. Ethical Statement

The fish broodstock study was conducted as per guidelines of the European Union Directive
(2010/63/EU) on the protection of animals for scientific purposes. The study was conducted at
Aquaculture Research Group (GIA), ECOAQUA, University of Las Palmas de Gran Canaria (ULPGC),
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Canary Islands, Spain as per the ethical committee norms. All these samplings and studies were
approved by the Bioethical Committee of the ULPGC vide REF: 007/2012 CEBA ULPGC.

2.7. Statistical Analysis

All results were reported as mean ± standard deviation. All data was checked for normality
(Kolmogorov–Smirnoff) and homogeneity (Levene’s tests) and if no normality was observed, an arcsine
transformation was performed to attain normality. All of the percentage data were arcsine-transformed
before performing statistical analysis. The regression and Pearson’s correlation analysis were performed
for studying the relationship between fads2 expression in PBCs and liver and between sex and broodstock
body weight. The independent sample student’s t-test was performed to compare male (n = 4) and
female (n = 16) broodstock for body weight, hepatosomatic index (HSI %), gonadosomatic index
(GSI %), PBCs, liver fads2 expression, and hepatic fatty acid composition. Pearson’s correlation
coefficient was calculated for liver fads2 expression on hepatic fatty acid of either male or female
broodstock. All data was analyzed using the program IBM SPSS version 20 for Windows (IBM SPSS
Inc, Armonk, NY, USA).

3. Results

3.1. Biometric and fads2 Expression Values for Males and Females

The GSB male and female broodstock size, HSI %, GSI %, and fads2 expression in PCBs and liver
are presented in Table 3. As expected, mean body length and weight were significantly higher for
females than for males (Table 3). The mean HSI values for males (1.26 ± 0.17) was 18% higher (p = 0.04)
than for females (1.08 ± 0.13) (Table 3), whereas GSI % values for females (1.47 ± 0.36) were about
2.5 times higher (p < 0.001) than for males (0.65 ± 0.16) (Table 3). HSI values for each individual fish
ranged between 1.06–1.48 and 0.83–1.48% for male and female broodstock, respectively (Figure 2),
whereas those for GSI ranged from 0.47–0.80 and from 1.01–2.37% for male and female broodstock,
respectively (Figure 2).

Table 3. Gilthead seabream male and female broodstock body length (cm), weight (kg), HSI %, GSI %,
and PBCs and liver fads2 expression (mRNA copies/µL) after feeding the low fish meal and fish oil diet
for one month. Superscript “a” or “b” indicates significantly higher or lower mean value, respectively.

Broodstock Males (n = 4) Female (n = 16) t-Test (p-Value)

Body length (cm) 47 ± 3 b 56 ± 4 a <0.001
Body weight (kg) 1.27 ± 0.19 b 2.40 ± 0.63 a 0.003

HSI (%) 1.26 ± 0.17 a 1.08 ± 0.13 b 0.04
GSI (%) 0.65 ± 0.16 b 1.47 ± 0.36 a <0.001

PBCs fads2 (mRNA copies/µL) 1.68 ± 0.55 2.00 ± 0.93 0.52
Liver fads2 (mRNA copies/µL) 2.60 ± 0.84 3.24 ± 1.49 0.43

Different superscripts in each row indicate significant differences among male or female broodfish (p < 0.05,
Independent Sample student’s t-test). HSI (%) (hepatosomatic index) = (Liver weight, g/weight of fish, g) × 100; GSI
(%) (gonadosomatic index) = (Gonad weight, g/weight of fish, g) × 100.

The mean PBC fads2 expression of male and females were 1.68 ± 0.55 and 2.00 ± 0.93 copies/µL,
respectively and liver fads2 expression was 2.60 ± 0.84 and 3.24 ± 1.49 copies/µL for male and female
broodstock, respectively (Table 3). There was a very high coefficient of variation in the fads2 expression
levels in both males (32%) and females (46%). The Student t-test showed that the fads2 expression
in PBCs or liver was not significantly (p > 0.05) different between males and females, although fads2
values in PBCs and liver were 20 and 25% higher in females than in males (Table 3). No significant
correlation was found between body weight and HSI (%) or between body weight and GSI (%) of
either male or female broodstock (Table 4).
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Figure 2. HSI (hepatosomatic index) or GSI (gonadosomatic index) (%) of gilthead seabream male
(n = 4) or female (n = 16) broodstock (M1 to M4—Male; F1 to F16—Female).

Table 4. Pearson’s correlation of body weight (kg) and HSI or GSI (%) of male and female gilthead
seabream broodstock.

Broodstock
Male Broodstock Female Broodstock

HSI (%) GSI (%) HSI (%) GSI (%)

Body weight (kg) −0.35 (0.65) 0.14 (0.86) 0.14 (0.61) 0.25 (0.36)

3.2. Comparison of fads2 Expression in PBC or in Liver and Broodstock Body Weight

Expression of fads2 in PBCs was not correlated to body weight in males (r = −0.56; p = 0.45),
females (r = 0.15; p = 0.58) nor both sexes (r = 0.19; p = 0.42) broodstock (Table 5). In males, we found a
significant negative correction (r = −0.96; p = 0.04) between liver fads2 expression and body weight,
whereas in females liver fads2 expression did not show any correlation (r = 0.13; p = 0.64) to body
weight (Table 5). Moreover, we could not find any correlation between broodfish body weight and
liver fads2 expression (r = 0.19; p = 0.43) in either sex. Moreover, neither fads2 expression in PBCs nor
in liver showed a significant regression with body weight for males, females or both sexes (p > 0.05;
data not showed).

Table 5. Pearson’s correlation coefficient (PC) of body weight (kg) and PBCs or liver fads2 expression
(mRNA copies/µL) of male, female, and both male and female gilthead seabream broodstock.

Broodstock
Male Broodstock Female Broodstock Male and Female Broodstock

PBCs fads2 Liver fads2 PBCs fads2 Liver fads2 PBCs fads2 Liver fads2

Body weight (kg) −0.56 (0.45) −0.96 (0.04) 0.15 (0.58) 0.13 (0.64) 0.19 (0.42) 0.19 (0.43)

3.3. Relationship between fads2 Expression in PBCs and in Liver of Male and Female Broodstock

Individual data on fads2 expression in PBCs and liver of male and female broodstock are presented
in Figure 3. The fads2 expression values in PBCs and liver of male broodstock did not significantly
(p = 0.114) differ (Table 6) and Pearson’s correlation analysis showed a positive (r = 0.76), but not
significant (p = 0.24), correlation between both parameters (Table 7). On the contrary, fads2 expression
was significantly lower in PBCs compared to the liver for females (p = 0.008) and both sexes (p = 0.003)
(Table 6). Additionally, female broodstock exhibited a highly positive (r = 0.90) and very significant
(p < 0.001) correlation in the fads2 expression between PBCs and liver. The same trend was observed for
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PBCs and liver fads2 gene expression of pooled results for both male and female broodstock (r = 0.89;
p < 0.001) (Table 7). The regression relationship analysis results for males and females showed that
data for females (R2 = 0.88; p < 0.001) and for both sexes combined (R2 = 0.85; p < 0.001) exhibited a
significantly higher level of regression between PBCs and liver fads2 expression than in male broodstock
(R2 = 0.51; p = 0.29) (Figure 4).
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Figure 3. Fatty acyl desaturase 2 (fads2) mRNA expression (copies/µl) in PBCs or liver of gilthead
seabream male (n = 4) and female (n = 16) broodstock (M1 to M4—male; F1 to F16—female).

Table 6. Independent sample student’s t-test of PBCs and liver fads2 expression (mRNA copies/µL) in
male, female, and both male and female gilthead seabream broodstock.

Broodstock PBCs fads2 Liver fads2 t-Test (p-Value)

Male 1.68 ± 0.55 2.60 ± 0.84 0.114
Female 2.00 ± 0.93 b 3.24 ± 1.49 a 0.008

Male and female 1.93 ± 0.87 b 3.11 ± 1.39 a 0.003

Different superscripts in each row indicate significant differences (p < 0.05, Independent sample student’s t-test).

Table 7. Pearson’s correlation coefficient (PC) of PBCs and liver fads2 expression (mRNA copies/µL) in
male, female, and both male and female gilthead seabream broodstock.

Male Broodstock Female Broodstock Male and Female Broodstock

Liver fads2

PBCs fads2 0.76 (0.24) 0.90 (<0.001) 0.89 (<0.001)

3.4. Fatty Acid Composition of the Liver

Liver fatty acid profiles were very similar between males and females (Table 8). Thus, mean
content in each fatty acid was not significantly different between males and females, except for 16:4n-3
fatty acid, which was 47% higher (p = 0.01) in males (Table 8). Consequently, the sum of fatty acids
belonging to saturated, monounsaturated, n-9, n-6, or n-3 families were not significantly different
between males and females (p > 0.05) (Table 8). Similarly, there were no significant differences in the
ratios among main essential fatty acids (p > 0.05) observed (Table 8). Fatty acid profiles of individual
broodfish markedly differed among individuals, including fatty acids of interest in the bioconversion
pathway (Supplementary Table S1). For instance, EPA levels in males ranged between 1.5 to 4.5% and
in females between 1.5 to 5.0%, whereas DHA levels were higher than those of EPA with individual
values ranging between 5.2 to 13.7% in males and between 6.0 to 14.4% in females (Supplementary
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Table S1). Among the males, the one with the highest liver fads2 expression (M3) and the lowest weight
showed the highest hepatic ARA, DHA, total n-3 LC-PUFA, or EPA+DHA contents (Supplementary
Table S1). However, among the females, the one with the highest fads2 expression (F2) did not show
the highest levels of these fatty acids (Supplementary Table S1).
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Table 8. Mean hepatic fatty acid composition (% total fatty acids) of male or female gilthead seabream
broodstock after feeding the low fish meal and fish oil diet for one month.

Fatty Acid (%TFA)
Male Female

t-Test (p-Value)
Mean SD Mean SD

14:0 1.42 0.57 1.30 0.38 0.59
14:1n-5 0.04 0.02 0.03 0.01 0.33
14:1n-7 0.02 0.01 0.03 0.01 0.70

15:0 0.17 0.03 0.14 0.04 0.19
15:1n-5 0.02 0.01 0.02 0.01 0.82

16:0 11.56 0.29 11.41 1.42 0.72
16:1n-7 2.48 1.12 2.18 0.46 0.64
16:1n-5 0.06 0.02 0.05 0.01 0.43
16:2n-4 0.14 0.11 0.10 0.04 0.48

17:0 0.14 0.08 0.11 0.04 0.35
16:3n-4 0.16 0.03 0.14 0.02 0.30
16:3n-3 0.06 0.02 0.05 0.01 0.40
16:3n-1 0.04 0.04 0.03 0.01 0.76
16:4n-3 0.17 a 0.06 0.09 b 0.04 0.01
18:1n-9 3.86 0.95 3.80 0.45 0.66
18:1n-7 28.81 3.98 29.80 1.61 0.67
18.1n-5 2.69 0.35 2.61 0.15 0.76
18:2n-9 0.11 0.03 0.10 0.03 0.30

18:2n-6 (LA) 0.09 0.05 0.11 0.04 0.71
18:2n-4 14.51 2.52 14.86 1.41 0.77
18:3n-6 0.09 0.04 0.09 0.02 0.61
18:3n-4 0.24 0.07 0.25 0.06 0.56

18:3n-3 (ALA) 0.13 0.03 0.12 0.03 0.43
18.3n-1 9.01 3.24 9.92 1.68 0.45
18:4n-3 0.01 0.01 0.00 0.01 0.72
18:4n-1 0.55 0.29 0.49 0.13 0.82

20:0 0.09 0.04 0.08 0.03 0.45
20:1n-9 0.29 0.02 0.26 0.06 0.71
20:1n-7 0.36 0.18 0.33 0.11 0.66
20.1n-5 2.34 0.72 2.22 0.42 0.86
20:2n-9 0.15 0.05 0.15 0.06 0.24
20:2n-6 0.18 0.05 0.23 0.08 0.34
20:3n-9 0.86 0.18 0.94 0.15 0.88
20:3n-6 0.03 0.01 0.03 0.01 0.60

20:4n-6 (ARA) 0.26 0.16 0.29 0.10 0.74
20:3n-3 0.77 0.64 0.66 0.18 0.17
20:4n-3 0.78 0.28 0.95 0.19 0.76

20:5n-3 (EPA) 0.66 0.17 0.68 0.13 0.75
22:1n-11 2.80 1.26 2.61 1.00 0.50
22:1n-9 1.48 0.92 1.22 0.62 0.97
22:4n-6 0.65 0.18 0.65 0.18 0.35
22:5n-6 0.23 0.13 0.18 0.06 0.56

22:5n-3 (DPA) 0.19 0.08 0.18 0.05 0.66
22:6n-3 (DHA) 2.04 0.78 1.88 0.57 0.61
Total Saturates 9.32 3.73 8.57 2.30 0.66

Total Monoenes 17.43 0.73 17.02 1.77 0.90
Total n-3 39.20 5.71 39.40 1.90 0.94
Total n-6 25.37 3.44 25.24 2.76 0.86
Total n-9 17.05 3.08 17.36 1.39 0.64

Total n-3 LC-PUFA 30.11 4.01 31.15 1.38 0.69
EPA+DHA 15.59 5.04 14.69 3.68 0.62
ARA/EPA 12.12 4.44 11.18 3.11 0.82
EPA/ARA 0.31 0.27 0.28 0.12 0.64
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Table 8. Cont.

Fatty Acid (%TFA)
Male Female

t-Test (p-Value)
Mean SD Mean SD

DHA/ARA 5.01 3.05 4.19 1.69 0.66
DHA/EPA 14.72 5.44 13.36 2.97 0.83
DHA/DPA 3.57 1.48 3.46 0.80 0.88

n-3/n-6 4.82 2.20 4.64 0.84 0.74
n-6/n-3 1.52 0.32 1.47 0.26 0.78

18:2n-9/18:1n-9 0.68 0.13 0.70 0.10 0.79
18:3n-6/18:2n-6 0.66 0.54 0.75 0.34 0.86
20:3n-6/20:2n-6 0.02 0.01 0.02 0.01 0.71
18:4n-3/18:3n3 0.29 0.12 0.31 0.09 0.52
20:4n-3/20:3n-3 0.08 0.06 0.05 0.03 0.48

Different superscripts in each row indicate significant differences among male or female broodfish hepatic fatty acid
composition (p < 0.05, Independent sample student’s t-test).

To determine the relationship between liver fads2 expression and hepatic fatty acid composition,
a Pearson’s correlation analysis was conducted (Table 9). In male broodstock, liver fads2 expression was
highly (p < 0.05) correlated to 20:3n–6/20:2n–6 (r = 0.98), a fads2 product/precursor ratio, and slightly
(p < 0.1) correlated to 20:3n-9 (r = 0.94), 20:3n-6 (r = 0.91), 22:4n-6 (r = 0.91), 22:5n-6 (r = 0.93), and 22:6n-3
(r = 0.92), all of them direct or indirect products from Fads2 activity. In females, none of the hepatic
FAs showed significant (p > 0.05) correlations with liver fads2 expression.

Table 9. Pearson’s correlation of liver fads2 expression (mRNA copies/µL) and hepatic fatty acid (%TFA)
composition of male and female gilthead seabream broodstock.

Fatty Acids (%TFA)
Male Broodstock Female Broodstock

Pearson’s Correlation p-Value Pearson’ Correlation p-Value

14:0 −0.57 0.43 −0.07 0.79
14:1n-5 −0.58 0.42 −0.22 0.42
14:1n-7 −0.89 0.11 −0.12 0.66

15:0 −0.57 0.43 −0.20 0.45
15:1n-5 −0.43 0.57 −0.33 0.21

16:0 0.95 0.04 0.25 0.35
16:1n-7 −0.40 0.60 −0.13 0.62
16:1n-5 −0.11 0.89 −0.04 0.88
16:2n-4 −0.37 0.63 −0.17 0.52

17:0 −0.15 0.85 −0.31 0.24
16:3n-4 −0.70 0.30 0.04 0.87
16:3n-3 −0.11 0.89 −0.33 0.22
16:3n-1 0.85 0.15 −0.48 0.06
16:4n-3 0.32 0.68 −0.19 0.48

18:0 0.83 0.17 0.45 0.08
18:1n-9 −0.75 0.25 0.28 0.29
18:1n-7 −0.42 0.58 0.03 0.90
18.1n-5 −0.10 0.90 −0.19 0.48
18:2n-9 0.86 0.14 0.05 0.85

18:2n-6 (LA) −0.10 0.90 0.11 0.69
18:2n-4 −0.11 0.89 −0.39 0.14
18:3n-6 0.93 0.07 −0.04 0.89
18:3n-4 −0.11 0.89 −0.14 0.61

18:3n-3 (ALA) −0.37 0.63 0.10 0.72
18.3n-1 −0.11 0.89 0.20 0.46
18:4n-3 −0.16 0.84 −0.22 0.41
18:4n-1 −0.39 0.61 −0.34 0.20
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Table 9. Cont.

Fatty Acids (%TFA)
Male Broodstock Female Broodstock

Pearson’s Correlation p-Value Pearson’ Correlation p-Value

20:0 0.14 0.86 −0.35 0.18
20:1n-9 −0.40 0.60 −0.24 0.38
20:1n-7 −0.44 0.56 −0.29 0.29
20.1n-5 −0.27 0.73 −0.17 0.52
20:2n-9 0.86 0.14 0.28 0.29
20:2n-6 0.49 0.51 0.19 0.49
20:3n-9 0.94 0.07 −0.14 0.60
20:3n-6 0.91 0.09 0.23 0.40

20:4n-6 (ARA) 0.89 0.11 −0.03 0.91
20:3n-3 0.31 0.69 0.30 0.26
20:4n-3 0.62 0.38 −0.03 0.92

20:5n-3 (EPA) 0.20 0.80 −0.29 0.27
22:1n-11 −0.25 0.75 −0.29 0.27
22:1n-9 −0.33 0.67 −0.12 0.65
22:4n-6 0.91 0.09 −0.06 0.83
22:5n-6 0.93 0.07 −0.11 0.69

22:5n-3 (DPA) 0.12 0.88 −0.21 0.45
22:6n-3 (DHA) 0.92 0.08 −0.21 0.44
Total Saturates 0.97 0.03 0.28 0.30

Total Monoenes −0.76 0.24 0.01 0.96
Total n-3 0.80 0.20 −0.26 0.34
Total n-6 0.26 0.74 0.14 0.62
Total n-9 −0.76 0.25 0.31 0.24

Total n-3 LC-PUFA 0.79 0.21 −0.23 0.40
EPA + DHA 0.83 0.17 −0.25 0.36

ARA/EPA 0.72 0.28 0.14 0.61
EPA/ARA −0.40 0.60 −0.25 0.35
DHA/ARA −0.45 0.55 −0.21 0.44
DHA/EPA 0.69 0.31 0.20 0.46
DHA/DPA 0.81 0.19 −0.02 0.94

n-3/n-6 0.24 0.76 −0.27 0.31
n-6/n-3 −0.38 0.62 0.21 0.43

18:2n-9/18:1n-9 0.87 0.13 −0.04 0.90
20:2n-9/20:1n-9 0.89 0.11 0.30 0.27
18:3n-6/18:2n-6 0.75 0.25 −0.32 0.23
20:3n-6/20:2n-6 0.98 0.02 0.15 0.58
18:4n-3/18:3n3 −0.04 0.96 −0.15 0.58
20:4n-3/20:3n-3 0.05 0.95 −0.26 0.32

4. Discussion

Fads2 is a rate-limiting enzyme involved in the first step of LC-PUFA biosynthesis in all vertebrates.
In many marine fish, including gilthead seabream (GSB), its activity is low and the expression of
the gene responsible for its production (fads2) is very low [1,17,30,31]. Fads2 has dual ∆6 or ∆8
activities in many marine fish including GSB [19,32]. An increase in fads2 expression may result
in higher ∆6 Fads production, yielding a higher production of essential fatty acids in fish [31,32].
The implication of the fads2 gene expression pattern in male and female animals has been studied
to elucidate its importance on reproductive performance in higher vertebrates [45–47,52,53] and in
fish [31,33]. However, there are no previous studies determining the potential relationship between
male and female body weight and fads2 expression in different tissues. As expected from a protandric
hermaphrodite species, females showed a significantly higher body weight than males. However,
there were no significant relationships between fads2 expression in PCBs and the body weight of males,
females, or both sexes in broodstock observed. These results are in accordance with our previous
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studies, in which no correlations were found between either parameters [31]. Moreover, there was no
significant correlation of body weight with fads2 expression in the liver of females nor in both sexes in
broodstock noticed. However, the highest liver fads2 expression found in male broodstock with the
lowest body weight (M3), which could be related to individual differences in the genome or epigenome,
in agreement with our studies [31,33]. These results indicated that there is no relationship between
broodstock body weight and the relative expression of fads2 in PBCs or liver.

Our previous studies on reproductive performance of GSB have found that, during the spawning
season, female broodstock shows higher fads2 expression in PBC compared to male broodstock [31].
Moreover, in GSB females, there is a significant positive correlation between the plasma 17β-estradiol
levels and the fads2 expression in PBC in accordance with studies reported in mammals [45,54–56].
In agreement with the present study, fads2 expression in PBCs and in liver were respectively 20 and
25% higher in females than in males, but were not significantly different. This lack of significance could
be due to the fact that the present study was conducted prior to the spawning season, when female
gametogenesis was being initiated and GSI still remained low, but was significantly higher than
that of males. Therefore, 17β-estradiol levels, directly related to the fads2 expression in PBC, could
be expected to still be relatively low. Indeed, fatty acid profiles of liver in females showed 7–28%
higher Fads2-derived fatty acid products from n-9 and n-6 series than in male livers. However,
n-3 fads2-derived fatty acids tend to be higher in males. These differences among fatty acid families
showed that the fatty acid profile of a tissue is not only related to the desaturation activity. For instance,
during exogenous vitellogenesis in female liver, there is an increased synthesis of lipoproteins,
particularly phosvitin and lipovitelin rich in n-3 LC-PUFA, which transports lipids to the developing
oocyte [57]. In agreement with the present study, the GSI was significantly (p < 0.001) higher in females
than in males, whereas the HSI was 18% lower (p = 0.04) than in males, suggesting the mobilization
of nutrients from liver to gonads. These results agree with the higher GSI observed in female in
comparison to males [58–60]. In addition, increased fads2 expression in male liver led to increased
contents of 20:3n–6/20:2n–6, a fads2 product/precursor ratio, and a slight increase of 20:3n-9, 20:3n-6,
22:4n-6, 22:5n-6, and 22:6n-3, suggesting an increase in lipogenesis pathways. These results agree well
with the increased expression of fatty acid synthase genes (fas) found in the liver of seabream with
increased fads2 expression [61]. Higher fads2 expression in GSB females in comparison to males would
be justified by their high EFA requirements during vitellogenesis [30,62] to supply vital nutrients
to the gamete and embryo [30,63–66]. Besides, LC-PUFA, including ARA and EPA, are required as
precursors for the production of prostaglandins [67] that regulate steroidogenesis, which in turn induce
vitellogenin synthesis in liver [68–70]. Therefore, the high variability in liver fatty acid profiles of
individual brood fish could reflect the dynamic nature of the fatty acid pool in this metabolically active
tissue, especially diverting the EFAs towards gametogenesis. Such a specific utilization of EFAs is also
in agreement with the suggestions on age- or size-related increases in requirements for essential fatty
acids shown in rodents [71–74] and fish [75].

The high correlation found in broodstock males between liver fads2 expression and Fads2 products
or product/precursor ratio was in agreement with the positive correlation between liver fads2 mRNA
expression and 18:3n-6/18:2n-6 ratio found also in rats [76]. Besides, the positive correlation between
20:3n-6 (dihomo-γ-linolenic acid, DGLA) and ARA with PBCs and/or liver, fads2 expression points out
the importance of both fatty acids as precursors of series-1 and series-2 prostaglandins, particularly
PGE1 and PGE2, which act as precursors and are involved in cell signaling, hormone production,
and as an anti-inflammatory molecule [67,77–79]. In agreement with our results, peripheral blood
FADS2 expression has been shown to have a positive correlation to DGLA fatty acids in humans [80].
Prostaglandins derived from both fatty acids are found to have a positive effect on testosterone
production and sperm quality in fish [81–83].
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In GSB broodstock, fads2 expression in PBCs has been associated with reproductive performance,
suggesting that PBCs fads2 expression could be a useful biomarker to be considered for broodstock
selection [31–33]. For instance, GSB expressing higher levels of PBCs fads2 produces higher amounts
of eggs and larvae, as well as juveniles with an improved utilization of low fish meal and fish oil
diets [30–33,43]. Additionally, we have observed (unpublished) that male broodstock showing higher
PBCs fads2 expression also have a better sperm quality with increased sperm motility and duration.
Peripheral blood mononuclear cell (PBMCs) gene expression has been proposed as a potential biomarker
to correlate the expression of the same genes in various tissues that are non-accessible for biopsies
to predict health status, physiological condition, stress, disease diagnosis, or nutrient metabolism
in human and land animals [35,37,84–87]. In GSB, PBCs have also been studied as a non-invasive
tool to assess mitochondrial energy metabolism [39]. However, until now, the possible relationship
between liver fads2 and PBC fads2 expression has not been addressed. Our study demonstrated that
PBC fads2 expression is directly related to liver fads2 expression, since the expression in both types of
cells is approximately equal in the males and no correlation was found. On the other hand, a clear
correlation between PBCs and liver fads2 expression was found in female GSB broodstock and was
highly correlated in females. Therefore, these results confirm that PBC fads2 expression is a relevant
non-invasive biomarker to undertake marker-based selection for improved production of EFAs and
reproductive performance in fish. Therefore, PBCs fads2 expression may be a good non-invasive
indicator to study the role of fads2 in growth, body composition, health, or reproduction, as well as in
studies on fatty acid biosynthesis and metabolism in fish and other animals.

5. Conclusions

This study aimed to find the relationship between fads2 expression patterns in peripheral blood
cells and liver of broodstock gilthead seabream, Sparus aurata, to see the possible use of the fads2
gene as a potential biomarker for the selection of broodstock to undertake breeding programs aiming
at improved reproduction, health and nutritional status. We found a highly positive correlation
between fads2 expression levels in the PBCs and liver of GSB broodstock. PBC fads2 can be utilized as a
valid biomarker for fatty acid metabolism in fish and is applicable to broodstock selection programs.
PBC fads2 expression levels have a good potential as a non-invasive method to select animals having
increased fatty acid bioconversion capability and a better ability to deal with fish meal and fish oil
free diets.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-1729/10/7/117/s1,
Table S1: Hepatic fatty acid composition (% total fatty acids) of male and female gilthead sea bream broodstock
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Abbreviations

ALA linolenic acid (18:3n-3)
ARA arachidonic acid (20:4n-6)
ddPCR droplet digital polymerase chain reaction
DHA docosahexaenoic acid (22:6n-3)
EPA eicosapentaenoic acid (20:5n-3)
fads2 fatty acyl desaturase 2 (gene in fish)
FADS fatty acyl desaturase (enzyme in mammals)
Fads fatty acyl desaturase (enzyme in fish)
FM fish meal
FO fish oil
GSB gilthead seabream
HD high fads2 expression
LA linoleic acid (18:2n-6)
LC-PUFA long chain polyunsaturated fatty acid
LD low fads2 expression
PBCs peripheral blood cells
TFA total fatty acids
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Reproductive performance 
of gilthead seabream (Sparus 
aurata) broodstock showing 
different expression of fatty acyl 
desaturase 2 and fed two dietary 
fatty acid profiles
Shajahan ferosekhan1,2*, Hanlin Xu1, Serhat Turkmen1,3, Ana Gómez4, Juan Manuel Afonso1, 
Ramon fontanillas5, Grethe Rosenlund5, Sadasivam Kaushik1 & Marisol Izquierdo1

Previous studies have shown that it is possible to nutritionally program gilthead seabream offspring 
through fish oil (FO) replacement by vegetable oils (VO) in the broodstock diet, to improve their 
ability to grow fast when fed low fish meal (FM) and FO diets during grow-out phase. However, in 
those studies broodstock performance was reduced by the VO contained diet. Therefore, the present 
study aimed to determine if it is possible to replace FO by a mixture of FO and rapeseed oil (RO) 
with a specific fatty acid profile in broodstock diets, without altering gilthead seabream broodstock 
reproductive performance. Besides, the study also aimed to evaluate the reproductive performance of 
broodstock with different expression of fatty acid desaturase 2 gene (fads2) a key enzyme in synthesis 
of long chain polyunsaturated fatty acids. For that purpose, broodfish having either a high (HD) or 
low (LD) expression of fads2 were fed for three months during the spawning season with two diets 
containing different fatty acid profiles and their effects on reproductive hormones, fecundity, sperm 
and egg quality, egg biochemical composition and fads2 expression were studied. The results showed 
that blood fads2 expression in females, which tended to be higher than in males, was positively 
related to plasma 17β-estradiol levels. Moreover, broodstock with high blood fads2 expression 
showed a better reproductive performance, in terms of fecundity and sperm and egg quality, which 
was correlated with female fads2 expression. Our data also showed that it is feasible to reduce ARA, 
EPA and DHA down to 0.43, 6.6 and 8.4% total fatty acids, respectively, in broodstock diets designed 
to induce nutritional programming effects in the offspring without adverse effects on spawning 
quality. Further studies are being conducted to test the offspring with low FM and FO diets along life 
span.

Sustainable development of aquaculture depends much on the efficient use of two limited resources derived from 
capture fisheries: fishmeal (FM) and fish oil (FO)1–3. Great advances have been made to completely replace FM by 
alternative plant protein sources in diets for both freshwater and marine  fish1,4–8. However, total replacement of 
FO in the diets of marine fish is difficult due to the scarcity of other sources of long chain polyunsaturated fatty 
acids (LC-PUFA) of the n-3 family, which are essential for purely marine  teleosts9,10. Vegetable oils (VO) have 
been frequently used to partially replace FO,  alone11,12 or in combination with FM  replacement13–16. Replacement 
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of FO by VO is constrained by the lack of n-3 LC-PUFA in VO, despite their high concentrations in 18 carbon 
(18C) fatty acid precursors, because marine teleost has a limited capacity of bioconversion of 18C fatty acids 
into LC-PUFA. The first step of n-3 LC-PUFA synthesis in fish is catalysed by delta 6 fatty acid desaturase (Δ6 
Fads), which inserts an extra double bond in the precursors, linoleic acid (LA, 18:2n-6) or alpha-linolenic acid 
(ALA, 18:3n-3). Therefore, this enzyme produces 18:3n-6 and 18:4n-3 and, subsequently, longer carbon chain 
fatty acids, such as eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) after several 
elongation, desaturation and β-oxidation  steps17,18. However, marine fish have a low expression of fads2, the gene 
that codes for Δ6 Fads and, therefore, LC-PUFA must be included in their diet.

In the past years, novel lipid sources high in n-3 LC-PUFA have been studied, such as krill  oil19,20, 
 microalgae21–25 or the transgenic plant Camelina sativa26,27. However, these n-3 LC-PUFA sources are either still 
expensive or not produced at sufficient amounts to allow complete replacement of FO in diets for marine fish. 
One way to optimize the use of these novel lipid sources to completely replace FO would be to combine them 
with VO high in the 18C precursors and produce marine fish with a higher capacity of LC-PUFA biosynthesis. 
Two different approaches can be followed to modify LC-PUFA biosynthesis capacity in fish. On the one hand, 
nutrition during very early life history can markedly affect the ability of organisms to effectively utilize specific 
nutrients later in life, an effect that is known as nutritional programming or  conditioning28. On the other hand, 
nutritional manipulation of broodstock diet or selection of broodstock for specific markers of lipid biosynthesis 
can alter the LC-PUFA biosynthetic  capacity29. As the gilthead seabream (Sparus aurata) (GSB) is a multi-batch 
spawner, eggs largely depend on the continuous intake of nutrients to complete vitellogenesis during the whole 
spawning season. Therefore, adequate amounts of essential nutrients, most importantly LC-PUFA must be 
provided in broodstock diets for the proper gonadal and embryo  development30.

Our previous studies have shown that conditioning GSB through specific broodstock diets produces juve-
niles and adults with a better ability to utilize low FM and FO diets and faster  growth29,31–33. In this study, GSB 
broodstock were fed with four different levels of fatty acid precursors ratio (LA + ALA:n-3 LC-PUFA ratio levels, 
7.96:20.52; 32.59:13.13; 41.99:10.60 and 39.97:9.48% total fatty acid)32,33. Dietary FO replacement by linseed oil 
(LO) up to 60% in GSB broodstock diet did not affect the reproductive performance, but further replacement of 
FO by linseed oil up to 80–100% in broodstock diets for gilthead seabream significantly reduced fecundity, larval 
quality, and growth of 45 days old fingerlings and 4-month-old  juveniles32,33. However, offspring from broodstock 
fed the 100% FO diet showed the best growth and feed utilization even when fed low FM and low FO  diets32,33. 
Therefore, it is necessary to find out the optimum levels that allow a nutritional programming effect to improve 
offspring growth without altering broodstock reproductive performance.

Preliminary studies suggest that broodstock with higher fads2 expression show a higher fecundity than lower 
fads2 expressed broodstock (Turkmen et al., in prep), but their specific effect in reproductive success has not 
been studied in detail. For instance, FADS2 expression in mammals shows a positive relation with reproductive 
hormones, such as progesterone or  estradiol34. In mice, fads2 knocked-out lead to an impaired reproductive 
performance, eventually leading to failure in offspring  production35. However, there are no specific studies in 
fish relating the fads2 expression in broodstock and reproductive hormone levels, reproductive performance or 
the fads2 expression in the eggs produced.

The present study aimed to determine if it is possible to replace FO by a mixture of VO and FO that pro-
vides LA + ALA: n-3 LC-PUFA ratio levels of 16.1:16.3 in broodstock diets, without altering gilthead seabream 
broodstock reproductive performance. Secondly, it also aimed to determine the reproductive performance of 
broodstock with different fads2 expression levels and the potential interaction with the broodstock diet. For that 
purpose, broodfish having either a high (HD) or low (LD) expression of fads2 were fed for three months during 
the spawning season with two diets containing different fatty acid profiles. Different parameters of reproductive 
performance such as plasma steroid hormone levels, fecundity, sperm, and egg quality were recorded, together 
with the egg biochemical and fatty acid composition and fads2 expression. The schematic diagram of experi-
mental design is presented in Fig. 1.

Results
Characterization of broodstock with high or low fads2 expression (Phase-I). Broodstock body 
weight was not related to the fads2 expression levels and HD and LD broodstock had similar body weight 
(P > 0.05) before the experimental period (Table 1). The fads2 expression values in males and females brood-
stock were in the range of 0.15–7.06 and 0.49–14.92 copies/µl, respectively (Supplementary file, Fig. S1). The 
mean blood cells fads2 expression value for males (2.26 ± 3.17copies/µl, n = 71) was found to be 32% lower than 
that of females (3.31 ± 3.16 copies/µL, n = 114) for all the selected broodstock (data not shown). Besides, around 
10% of the total female broodstock exhibited higher fads2 (> 7.06 copies/µL) expression than any male. In total, 
6 females and 12 males with high (HD) or low (LD) fads2 expression were selected from the highest and lowest 
fads2 expression broodstock, their mean values are shown in Fig. 2. The body weight of the female and male fish 
which were selected for the next phase (Phase II) showed no significant differences (Table 1).

Comparison of broodstock quality before feeding the conditioning diets (Phase-II). After one 
month of feeding the commercial broodstock diet (Phase II) at the beginning of the spawning season, no signifi-
cant differences (P > 0.05) were found in any of the spawning quality parameters tested among broodfish from 
the same category (HD and LD) (Supplementary file, Table S1). Besides, eggs proximate (Table S2) and fatty acid 
composition (Tables S3) also did not show significant (P > 0.05) differences.

Broodstock nutritional conditioning (Phase-III). Plasma steroid hormones. Analysis of plasma ster-
oid hormones after feeding the experimental diets denoted no significant differences in plasma testosterone, 
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Figure 1.  Schematic diagram of the study on broodstock selection (fads2) and dietary fatty acids profile on 
reproductive performance in gilthead seabream.

Table 1.  Body weight (kg) of gilthead seabream male (n = 6) and female (n = 3) broodstock selected based on 
blood cells fads2 expression at the end of Phase I. Different superscripts in a line indicate significant differences 
among broodfish groups for a given parameter (P < 0.05, one-way ANOVA, Tukey Post-Hoc test).

Body weight (kg) HDFO HDRO LDFO LDRO P value

Male 0.92 ± 0.15 0.85 ± 0.18 0.94 ± 0.16 0.96 ± 0.16 0.73

Female 2.34 ± 0.11 2.29 ± 0.31 2.09 ± 0.23 2.22 ± 0.35 0.83

Figure 2.  Blood cells fads2 gene (mRNA copies/μL) expression of gilthead seabream male (n = 12) and female 
(n = 6) broodstock selected at the end of Phase I and assigned to different groups (HDFO, HDRO, LDFO and 
LDRO) for subsequent studies. Different superscripts in male or female mean bar indicate significant differences 
(P < 0.05, one-way ANOVA, Tukey Post-Hoc test).
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11-ketotestosterone or 17β-estradiol levels among the different broodstock groups (Table 2). The highest 11-ke-
totestosterone levels were found in broodstock with the smallest weight and a significant negative linear regres-
sion relation was found between broodstock body weight and 11-ketotestosterone levels  (R2 = 0.517; P < 0.001) 
(Fig. S2a). The opposite relation was found with the 17β-estradiol levels that showed a significant positive ex-
ponential relation with the broodstock body weight  (R2 = 0.464; P < 0.001) (Fig. S2b). No relation was found 
between plasma steroid hormones and broodstock blood cells fads2 expression when all broodstock data were 
compared. However, in females with low fads2 expression, there was a positive linear regression relation but no 
significant difference between plasma 17β-estradiol levels and blood cells fads2 expression  (R2 = 0.502; P = 0.115) 
was observed.

Sperm quality. After one month of feeding the experimental conditioning diets, sperm concentration or motil-
ity duration were not influenced by the fads2 expression in the broodstock neither by the dietary fatty acids pro-
file or their combination as denoted by the two-way ANOVA analysis (P > 0.05) (Table 3). However, the percent-
age of sperm showing motility after activation with seawater was around 10% higher in broodstock with higher 
fads2 expression, indicating the effect of fads2 expression in broodstock on sperm motility (Table 3). Indeed, a 
highly significant positive linear regression relation was found between fads2 expression levels in broodstock 
males and sperm motility  (R2 = 0.70; P = 0.003) (Fig. 3). Besides, a positive linear regression relation but no sig-
nificant difference was observed between the male testosterone levels and the sperm concentration  (R2 = 0.823; 
P = 0.093). No other relation was found between sperm quality and male hormones plasma levels.

Egg and larval quality. Before feeding the experimental conditioning diets neither broodstock quality nor egg 
biochemical composition differed among experimental broodstock (Table S1, S2 and S3). However, after feeding 
the experimental diets, fish fecundity, measured as mean number of eggs/spawn/kg female, was the highest in 
HDFO broodstock and the lowest in LDRO broodstock (Fig. 4; Table 4). Thus, the two-way ANOVA analysis 
showed a significant (P < 0.05) improvement in fecundity in broodstock with higher fads2 expression, whereas 
feeding RO did not significantly (P > 0.05) affected broodstock fecundity. Other spawning quality parameters 
such as fertilization, hatching or larval survival rates were not affected by neither broodstock fads2 expression 
nor by the broodstock conditioning diet or their combination (Table  4). Only egg viability rate was slightly 
improved in broodstock with higher fads2 expression (P = 0.07) (Table 4). Besides, a significant linear relation 
 (R2 = 0.397; P = 0.05) was found between sperm motility and egg viability percentage (Fig. 5). A significant linear 
regression relationship was observed between female broodstock blood cells fads2 expression and all the spawn-
ing quality parameters (Fig. 6). No interaction between diet or broodstock fads2 expression was detected by the 
two-way ANOVA analysis (Table 4). As a consequence, the number of fertilized eggs/spawn/kg female (P < 0.05) 

Table 2.  Plasma steroid hormone levels of male (n = 12) and female (n = 6) gilthead seabream broodstock 
with high (HD) or low (LD) fads2 expression fed with either FO or RO experimental diets during Phase-III. 
Different superscripts in a line would indicate significant differences among broodfish groups for a given 
parameter (P < 0.05, one-way ANOVA, Tukey Post-Hoc).

Plasma steroid hormones (ng/ml) Sex HDFO HDRO LDFO LDRO P value

Testosterone
Male 0.341 ± 0.064 0.482 ± 0.221 0.562 ± 0.216 0.418 ± 0.197 0.55

Female 1.074 ± 1.138 0.332 ± 0.414 0.252 ± 0.093 0.285 ± 0.011 0.54

11 Keto-testosterone
Male 0.059 ± 0.049 0.073 ± 0.026 0.071 ± 0.029 0.089 ± 0.022 0.55

Female 0.039 ± 0.049 0.011 ± 0.006 0.008 ± 0.001 0.006 ± 0.000 0.57

17β-estradiol
Male 0.434 ± 0.467 0.196 ± 0.081 0.332 ± 0.187 0.185 ± 0.055 0.29

Female 3.044 ± 1.107 1.019 ± 0.985 1.444 ± 0.943 1.590 ± 1.080 0.35

Table 3.  Sperm quality (n = 6) from the different gilthead seabream broodstock groups fed either the FO 
or the RO experimental diets (Phase-III). No significant differences for sperm quality parameters among 
broodfish groups were observed (P < 0.05, one-way ANOVA, Tukey Post-Hoc).

Sperm quality 
parameters

Broodfish groups Two-way ANOVA P values

HDFO HDRO LDFO LDRO

Broodstock 
fads2 
expression Diet

Broodstock 
fads2 
expression x 
Diet

Sperm concentration 
 (109 sperm/ml) 8.63 ± 1.22 9.96 ± 0.60 11.12 ± 0.23 9.28 ± 2.34 0.38 0.80 0.15

Spermatocrit percent-
age 77.50 ± 3.54 70.00 ± 13.23 55.00 ± 0.00 71.67 ± 7.64 0.12 0.46 0.08

Sperm motility per-
centage 92.50 ± 3.54 93.33 ± 2.89 82.50 ± 3.54 83.33 ± 5.77 0.01 0.77 1.00

Sperm motility dura-
tion (Second) 810 ± 127 780 ± 312 630 ± 127 760 ± 277 0.56 0.77 0.64



5

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15547  | https://doi.org/10.1038/s41598-020-72166-5

www.nature.com/scientificreports/

Figure 3.  The relationship between blood cells fads2 expression (end of Phase I) and sperm motility percentage 
in male (n = 10) gilthead seabream of the high or low fads groups and fed either the fish oil (FO) or the rapeseed 
oil (RO) diets measured at the end of Phase III.

Figure 4.  Reproductive performance of gilthead seabream broodstock (n = 76 spawns over three months) with 
high (HD) or low (LD) fads2 expression fed with either FO or RO diet over three months (Phase-III). Different 
superscript letters for each spawning quality parameters differ significantly (P < 0.05, One-way ANOVA, Tukey 
Post-Hoc).

Table 4.  Quality of egg and larvae (n = 76 spawns per three months) obtained from the different gilthead 
seabream broodstock groups fed either the FO or the RO experimental diets (Phase-III). Different superscripts 
in a line indicate significant differences among broodfish groups for a given parameter (P < 0.05, one-way 
ANOVA, Tukey Post-Hoc).

Egg and larval quality 
parameters

Broodfish groups Two-way ANOVA P values

HDFO HDRO LDFO LDRO

Broodstock 
fads2 
expression Diet

Broodstock 
fads2 
expression x 
Diet

Nº of eggs/spawn/kg female 53,398 ± 6,943a 48,040 ± 1323ab 46,086 ± 5458ab 40,044 ± 3464b 0.03 0.08 0.90

Fertilization % 80.34 ± 2.57 76.19 ± 6.21 77.50 ± 12.51 70.51 ± 6.73 0.47 0.29 0.72

Egg viability % 78.61 ± 2.55 66.35 ± 6.73 65.39 ± 5.06 62.22 ± 7.60 0.07 0.09 0.26

Hatching % 96.04 ± 1.47 90.23 ± 4.11 89.50 ± 2.41 90.66 ± 3.76 0.15 0.27 0.13

Larval survival (3dph) % 81.72 ± 0.59 76.27 ± 5.43 75.69 ± 2.23 71.96 ± 6.66 0.14 0.21 0.71
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and particularly, the numbers of viable eggs/spawn/kg female, hatched larvae/spawn/kg female or larval survival 
3 dph/spawn/kg female were the highest in HDFO broodstock and the lowest in LDRO (Fig. 4).

Egg biochemical composition. Proximate composition of eggs was not significantly (P > 0.05) affected either 
by the fads2 expression in broodstock or the experimental conditioning diet (Table 5). However, the two-way 
ANOVA analysis showed that eggs from broodstock with a higher fads2 expression (HDFO and HDRO) showed 
a significant (P < 0.05) increase in 20:3n-9, 22:5n-3, DHA/ARA, n-3/n-6, and, particularly, 22:6n-3 (40% aver-

Figure 5.  The relationship between sperm motility and egg viability percentage (n = 10) of the different groups 
(HDFO, HDRO, LDFO and LDRO) of gilthead seabream broodstock, assessed at the end of Phase-III.

Figure 6.  The linear regression relationship between female blood cells fads2 expression (measured at the end 
of the preparatory Phase I) and spawning quality (n = 8) of the different groups (HDFO, HDRO, LDFO and 
LDRO) of gilthead seabream broodstock over the whole Phase III.

Table 5.  Biochemical composition (n = 3) of gilthead seabream eggs obtained from the different broodstock 
groups fed either the FO or the RO experimental diets (Phase-III). No significant differences for eggs 
biochemical composition among broodfish groups were observed (P < 0.05, one-way ANOVA, Tukey Post-
Hoc).

Egg biochemical 
composition

Broodfish groups Two-way ANOVA P values

HDFO HDRO LDFO LDRO

Broodstock 
fads2 
expression Diet

Broodstock 
fads2 
expression x 
Diet

Crude protein (% DM) 77.23 ± 0.51 72.74 ± 1.77 74.18 ± 4.49 73.73 ± 2.17 0.46 0.17 0.22

Crude lipid (% DM) 21.48 ± 2.11 21.71 ± 1.21 22.45 ± 2.60 23.88 ± 3.26 0.34 0.67 0.89

Moisture (%) 89.09 ± 1.29 89.00 ± 3.26 91.77 ± 0.10 90.78 ± 0.64 0.17 0.75 0.67
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Fatty acids (%TFA)

Broodfish groups Two-way ANOVA P values

HDFO HDRO LDFO LDRO

Broodstock 
fads2 
expression Diet

Broodstock 
fads2 
expression x 
Diet

14:0 1.48 ± 0.11 1.18 ± 0.12 3.85 ± 0.17 3.43 ± 1.71 0.01 0.60 0.93

14:1n-7 0.04 ± 0.01ab 0.02 ± 0.02b 0.11 ± 0.02ab 0.16 ± 0.06a 0.01 0.47 0.20

14:1n-5 0.07 ± 0.01 0.05 ± 0.01 0.17 ± 0.01 0.23 ± 0.11 0.02 0.64 0.43

15:0 0.21 ± 0.01b 0.17 ± 0.01b 0.43 ± 0.01a 0.38 ± 0.08a 0.00 0.18 0.82

15:1n-5 0.04 ± 0.01b 0.03 ± 0.01b 0.13 ± 0.01ab 0.21 ± 0.06a 0.00 0.19 0.08

16:0 ISO 0.10 ± 0.01b 0.04 ± 0.00b 0.09 ± 0.01b 0.20 ± 0.05a 0.01 0.17 0.00

16:0 12.11 ± 0.49b 12.10 ± 0.92b 19.74 ± 0.78a 15.14 ± 2.29ab 0.00 0.05 0.05

16:1n-7 3.71 ± 0.57bc 2.73 ± 0.07c 5.69 ± 0.08a 3.83 ± 0.41b 0.00 0.00 0.09

16:1n-5 0.13 ± 0.04b 0.07 ± 0.02b 0.16 ± 0.04b 0.31 ± 0.07a 0.01 0.19 0.01

16:2n-4 0.27 ± 0.02 0.16 ± 0.05 0.39 ± 0.06 0.34 ± 0.12 0.03 0.18 0.65

17:0 0.24 ± 0.01ab 0.13 ± 0.02b 0.35 ± 0.01a 0.28 ± 0.08a 0.01 0.02 0.55

16:3n-4 0.26 ± 0.01 0.18 ± 0.01 0.31 ± 0.01 0.56 ± 0.28 0.08 0.43 0.17

16:3n-3 0.15 ± 0.01 0.11 ± 0.01 0.18 ± 0.01 0.42 ± 0.21 0.08 0.25 0.13

16:3n-1 0.13 ± 0.01 0.10 ± 0.01 0.17 ± 0.04 0.39 ± 0.23 0.11 0.30 0.20

16:4n-3 0.18 ± 0.01 0.14 ± 0.02 0.27 ± 0.04 0.46 ± 0.23 0.06 0.39 0.23

18:0 3.94 ± 0.42 3.60 ± 0.07 4.78 ± 0.66 3.63 ± 0.72 0.25 0.08 0.28

18:1n-9 16.16 ± 2.03 26.15 ± 1.74 16.79 ± 1.62 19.34 ± 5.01 0.19 0.02 0.13

18:1n-7 2.84 ± 0.24 2.95 ± 0.24 3.18 ± 0.16 5.03 ± 1.35 0.06 0.11 0.14

18:1n-5 0.19 ± 0.01 0.14 ± 0.02 0.23 ± 0.01 0.82 ± 0.74 0.17 0.28 0.22

18:2n-9 0.11 ± 0.01b 0.09 ± 0.02b 0.22 ± 0.07ab 0.37 ± 0.13a 0.01 0.24 0.15

18:2n-6 5.49 ± 1.03b 10.59 ± 0.41a 6.50 ± 1.12b 8.11 ± 1.53ab 0.34 0.00 0.05

18:2n-4 0.21 ± 0.00ab 0.11 ± 0.01b 0.25 ± 0.03ab 0.38 ± 0.13a 0.02 0.74 0.05

18:3n-6 0.23 ± 0.01 0.19 ± 0.04 0.37 ± 0.02 0.79 ± 0.42 0.06 0.27 0.19

18:3n-4 0.23 ± 0.05ab 0.12 ± 0.02b 0.21 ± 0.03ab 0.42 ± 0.13a 0.03 0.32 0.02

18:3n-3 1.21 ± 0.35b 2.73 ± 0.34a 1.34 ± 0.16b 2.23 ± 0.38ab 0.43 0.00 0.20

18:4n-3 0.82 ± 0.11 0.48 ± 0.08 0.94 ± 0.13 1.10 ± 0.43 0.07 0.62 0.19

18:4n-1 0.19 ± 0.01 0.08 ± 0.01 0.19 ± 0.03 0.38 ± 0.32 0.24 0.73 0.26

20:0 0.20 ± 0.02 0.16 ± 0.03 0.19 ± 0.03 0.51 ± 0.31 0.20 0.27 0.18

20:1n-9 0.27 ± 0.02 0.22 ± 0.03 0.24 ± 0.01 0.35 ± 0.21 0.55 0.67 0.35

20:1n-7 1.15 ± 0.06 1.37 ± 0.25 1.00 ± 0.15 0.88 ± 0.36 0.11 0.78 0.37

20:1n-5 0.25 ± 0.04 0.17 ± 0.03 0.29 ± 0.07 0.40 ± 0.33 0.31 0.87 0.49

20:2n-9 0.10 ± 0.04 0.07 ± 0.01 0.16 ± 0.01 0.45 ± 0.41 0.20 0.43 0.33

20:2n-6 0.31 ± 0.01 0.42 ± 0.05 0.33 ± 0.02 0.59 ± 0.32 0.46 0.17 0.56

20:3n-9 0.07 ± 0.01 0.04 ± 0.01 0.09 ± 0.03 0.24 ± 0.13 0.05 0.21 0.10

20:3n-6 0.20 ± 0.03 0.16 ± 0.01 0.23 ± 0.03 0.80 ± 0.61 0.19 0.29 0.23

20:4n-6 1.35 ± 0.04 0.79 ± 0.05 1.25 ± 0.22 1.00 ± 0.38 0.74 0.04 0.34

20:3n-3 0.25 ± 0.04 0.29 ± 0.05 0.28 ± 0.01 0.58 ± 0.36 0.28 0.25 0.39

20:4n-3 0.87 ± 0.01 0.60 ± 0.08 0.69 ± 0.03 0.64 ± 0.27 0.55 0.19 0.34

20:5n-3 9.75 ± 0.58 5.75 ± 0.36 7.65 ± 0.45 6.00 ± 3.00 0.45 0.05 0.34

22:1n-11 0.51 ± 0.11 0.44 ± 0.06 0.46 ± 0.02 0.73 ± 0.66 0.65 0.70 0.52

22:1n-9 0.29 ± 0.09 0.21 ± 0.03 0.26 ± 0.09 0.71 ± 0.82 0.48 0.56 0.42

22:4n-6 0.18 ± 0.01ab 0.08 ± 0.02b 0.33 ± 0.04ab 0.85 ± 0.38a 0.02 0.19 0.07

22:5n-6 0.43 ± 0.04 0.24 ± 0.03 0.58 ± 0.01 0.90 ± 0.53 0.09 0.74 0.25

22:5n-3 3.75 ± 0.17a 2.79 ± 0.07ab 2.17 ± 0.10b 2.14 ± 0.56b 0.00 0.06 0.08

22:6n-3 29.35 ± 3.78a 21.75 ± 2.29b 16.83 ± 0.81bc 13.52 ± 0.83c 0.00 0.01 0.17

Ʃ Saturates 18.16 ± 0.16b 17.34 ± 1.11b 29.34 ± 1.56a 23.37 ± 3.18ab 0.00 0.04 0.10

Ʃ Monoenes 25.62 ± 2.83 34.55 ± 2.15 28.66 ± 1.68 32.73 ± 4.10 0.76 0.02 0.26

Ʃ n-3 46.32 ± 3.78a 34.63 ± 1.50b 30.34 ± 1.17b 27.08 ± 3.98b 0.00 0.01 0.07

Ʃ n-6 8.17 ± 0.92b 12.47 ± 0.44a 9.57 ± 0.85ab 13.05 ± 1.98a 0.28 0.00 0.64

Ʃ n-3 HUFA 43.97 ± 4.24a 31.18 ± 1.90b 27.62 ± 1.40b 22.87 ± 3.80b 0.00 0.00 0.09

DHA/EPA 3.01 ± 0.21 3.81 ± 0.65 2.20 ± 0.03 2.56 ± 0.92 0.05 0.22 0.62

DHA/ARA 21.71 ± 2.11ab 27.60 ± 1.20a 13.71 ± 1.76b 14.84 ± 5.28b 0.00 0.15 0.31

n-3/n-6 5.73 ± 1.10a 2.78 ± 0.19b 3.19 ± 0.40b 2.14 ± 0.63b 0.01 0.00 0.05

Table 6.  Fatty acid composition (expressed as % total fatty acids) of gilthead seabream eggs (n = 3) from the 
different broodstock groups fed either the FO or the RO experimental diets (Phase-III). Superscripts in a line 
indicate significant differences in concentrations for a given fatty acid (P < 0.05, one-way ANOVA, Tukey Post-
Hoc).
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age increase), and a mild (P < 0.10) increase in 16:3n-3, 16:4n-3, 18:4n-3 and DHA/EPA (Table 6). Besides, the 
relative contents in 14:0, 14:1n-7, 14:1n-5, 15:0, 15:1n-5, 16:0 ISO, 16:0, 16:1n-7, 16:1n-5, 16:2n-4, 17:0, 18:1n-9, 
18:2n-4 and 22:4n-6 were reduced in eggs from broodstock with a higher fads2 expression (Table 6). As expected 
from their dietary levels, the two-way ANOVA analysis showed that feeding broodstock with RO diet (HDRO 
and LDRO) significantly (P < 0.05) increased 18:1n-9, 18:2n-6, and 18:3n-3 (60% average increase) as well as 
total monounsaturated and n-6 fatty acids (Table 6). Besides, feeding RO diet reduced (P < 0.05) the levels of 
16:1n-7, 17:0, 20:4n-6, 20:5n-3, 22:6n-3 (30% average reduction) as well as those of total saturated, n-3 and 
n-3/n-6 fatty acids (Table 6). Both egg viability (Fig. 7a) and larval survival (Fig. 7b) at 3 dah showed highly sig-
nificant positive linear regression relationship to the total n-3 LC-PUFA content in the egg (y = 0.787x + 43.423, 
 R2 = 0.98, P = 0.012; and y = 0.4384x + 62.639,  R2 = 0.97, P = 0.015, respectively).

Molecular studies. The study of absolute fads2 expression (mRNA copies/µl) in eggs from the different brood-
stock showed values that in average were 3 times higher for broodstock fed RO diet than for those fed FO 
(Fig. 8). However, due to the large standard deviations, there were not significant (P > 0.05) differences in fads2 
expression according to both the one-way or two-way ANOVA analysis.

Discussion
Marine fish have a limited ability to synthesise LC-PUFAs, due to insufficient expression of key genes such as 
fads2 and the inhibition of desaturase enzymes by dietary LC-PUFA11,18,36–38. Therefore, large FO replacement 
by VO in broodstock diets may lead to extremely low dietary LC-PUFA levels and markedly reduce broodstock 
 performance33,39. Optimizing FO replacement by VO is desired to induce nutritional programming in the off-
spring for a better use of low FM and low FO  diets32,33. Although, it has been found that there are large variations 
in the fads2 expression showed by different gilthead seabream individuals, there is little information on its rela-
tion to fish reproductive  performance29. The present study thus aimed to determine the reproductive success of 
gilthead seabream broodstock with different bloods fads2 expression fed diets containing different types of oils.

Plasma 17β-estradiol and 11-ketotestosterone levels showed respectively positive and negative correlations 
to the body weight of broodstock GSB, as is expected from a protandric hermaphrodite species that turns from 
male to female as it  ages40. The lack of relation between body weight and plasma testosterone levels as can be 
attributed to the fact that this hormone is an intermediate metabolite in most protandric  fish41. Broodstock body 
weight had no effect on fads2 expression, in males or females, nor with any parameter regarding spawning quality. 
The higher level of expression of fads2 (30% more in females than in the males) and the significant positive cor-
relation between plasma 17β-estradiol levels and the fads2 expression in females from the low fads2 expression 

Figure 7.  Effect of eggs n-3 LC-PUFA contents (one month after experimental diet feeding) and egg viability 
(a) or larval survival at 3 dph (b) (n = 4) measured over the whole Phase III.
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groups are noteworthy. These results are in agreement with the increased conversion of LNA to n-3 LC-PUFA 
promoted by oestrogen in women, claimed to be important to fulfil the essential fatty acid requirements of the 
foetus and the  neonate42. In fish, n-3 LC-PUFA are also highly demanded during embryogenesis and larval 
development to sustain growth, normal development and neural and sensorial organs formation, with EPA and 
particularly DHA being the major fatty acids found in marine fish eggs and  larvae9,43. To our knowledge, this is 
the first study that finds a significant correlation between plasma oestrogen levels and fads2 expression in blood 
cells of female fish, as observed in pregnant  rats34,44. Indeed, treatments with 17β-estradiol have shown to increase 
fads2 expression in female  rats45. This higher fads2 expression in females seems to be a response to the higher 
level of requirement of n-3 LC-PUFA fatty acid for the normal gonadal, oocyte and larval development through 
vitellogenetic processes in different  teleosts9,14,33,43,46,47. Interestingly, in females showing a very high expression 
of fads2 such a strong correlation was not found, despite a general trend to increased fads2 expression in females 
with higher oestrogen levels. These results suggest the influence of a different genetic or epigenetic background 
between both types of females showing very high or low fads2 expression.

Very early, it was reported that stenohaline marine teleosts have lower LC-PUFA bioconversion capacities 
compared to freshwater  teleosts48. More recent work found that freshwater fish to possess greater number of 
copies of Fads2, compared to marine fish and that the Fads2 was a key metabolic gene for overcoming some of 
the nutritional constraints associated with freshwater  environment49. We observed that there was a very large 
variation in the individual fads2 expression values, for males the maximum value being 47 times higher than the 
minimum one and for females 30 times, in agreement with the large variation found in our previous  studies29. 
From the 215 broodfish analysed for fads2 expression, about 10% of the population had fads2 expression values 
that were higher than 5 mRNA copies μL−1. In humans, FADS2 expression and delta-6 desaturase activity is 
linked to different FADS2 genotypes and, in turn to lower DNA methylation in specific CpG sites of the FADS2 
 promoter50. In agreement with human studies, in gilthead seabream, there is an increased methylation of spe-
cific CpG sites in the promoter region of this gene in offspring from broodstock with low fads2  expression29. 
Moreover, LC-PUFA biosynthesis ability is affected by single nucleotide polymorphisms (SNPs) in the fatty acid 
 desaturases51,52. Further studies are under way to elucidate the genetic and epigenetic mechanisms regulating 
fads2 expression and LC-PUFA biosynthesis in gilthead seabream.

The improved reproductive performance in terms of sperm and egg quality in as observed here in brood-
stock with high blood fads2 expression clearly reflects the importance of the end product(s) of fads2 in fish 
reproduction. Sperm quality, in terms of motility and concentration, has been found to depend on its content 
in n-3 LC-PUFA, particularly DHA, in gilthead seabream after  cryopreservation53, as well as in rainbow trout 
(Oncorhynchus mykiss)54, European seabass (Dicentrarchus labrax)55, Senegalese sole (Solea senegalensis)56 or 
European eel (Anguilla Anguilla)57 fed different amounts n-3 LC-PUFA. Therefore, a higher fads2 expression in 
gilthead seabream broodstock would allow a higher n-3 LC-PUFA synthesis to promote a higher incorporation 
of these fatty acids into sperm that would have improved sperm motility, affecting in turn egg viability. Besides, 
testis fatty acids profile may also affect seminal plasma, which maintains sperm cells in a quiescent state required 
to achieve  motility54,58. Finally, mice and human sperm also have high contents in DHA, which also acts as a 
precursor of very long chain LC-PUFAs with 26–32 carbons that form sphingolipids in spermatozoa and have 
been related to sperm  quality59.

As regards seabream females where those with a higher fads2 expression exhibited 20% higher fecundity in 
terms of eggs and larvae produced per kg female per spawn, this can also be linked to the production of n-3 
LC-PUFA. Indeed, the DHA content in the eggs was effectively increased in females with a high fads2 expres-
sion, denoting an efficient n-3 LC-PUFA biosynthesis in these females in comparison to those with low fads2 
expression, regardless of the diet fed. Interestingly, among the different LC-PUFA, only those from the n-3 
series and with 22 carbons were significantly increased, despite the higher dietary content of 18:2n-6 (5.5–10.6% 
total fatty acid, TFA) in comparison to 18:3n-3 (1.2–2.7% TFA). Therefore, n-3/n-6 and DHA/ARA ratios were 

Figure 8.  Expression of fads2 in eggs (n = 3) of gilthead seabream broodstock of high (HD) or low (LD) fads2 
expression fed with either FO or RO experimental diets at the end of Phase-III.
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increased and 22:4n-6 reduced in females with a high fads2 expression, suggesting the preference of the enzymatic 
complexes involved in fatty acid deposition in eggs for the n-3 LC-PUFA. The higher DHA/EPA and 22:5n-3 
(n-3 DPA) contents in the eggs also suggest the activation of the Sprecher pathway, since fish Fads2 have a Δ6 
desaturase activity on 24:5n-3, produced by elongation from 22:5n-3, to synthesise DHA after beta-oxidation 
from 24:6n-360. Such high DHA and n-3 DPA contents in the egg may also be related to an increased mobilization 
of DHA to ovaries caused by 17β-estradiol, to a lower beta-oxidation of these fatty acids or to morphological 
changes in the ovaries. In turn, DHA increase in females would lead to an increased production of docosanoids, 
which play an important role in the induction of oocyte  maturation61, improving fecundity in terms of eggs pro-
duced. Our observation of a direct positive correlation between n-3 LC-PUFA contents in the egg and egg viabil-
ity and larval survival confirms that these fatty acids are determinant of embryo and larval  development14,43,46,47.

That the dietary fatty acid profile is reflected in tissue fatty acid profile is well established and our data show 
that broodstock fed with a diet rich in rapeseed oil led to increased levels of 18C fatty acids and relatively reduced 
levels of LC-PUFAs in egg lipids. These changes were however mild, where the 18C fatty acids increased by an 
average 60% in comparison to those from broodstock fed FO and the LC-PUFA were reduced by 30%, while in 
the RO diet these values were 200% and 20%, respectively in comparison to fish oil based diet. This lower accu-
mulation of 18C fatty acids together with the relatively lower reduction in LC-PUFA in the eggs, in comparison 
to the diet, suggests an increased LC-PUFA biosynthesis ability in conformity with the trend for an up-regulation 
of fads2 expression found in the eggs of broodstock fed RO.

Broodstock diets replacement of FO by VO, namely reduction of dietary LC-PUFA and increase in 18:2n-6 
and 18:3n-3, allows the conditioning of gilthead seabream offspring to produce juveniles which can potentially 
utilize low FM and FO diets better and grow  fast29,31–33. Total replacement of FO by vegetable oils markedly 
reduces reproductive performance of gilthead  seabream32,33, since LC-PUFA are essential for reproduction of this 
 species30,62. The partial FO replacement by RO as done here, giving dietary levels for LA + ALA:n-3 LC-PUFA 
ratio levels of 16:1:16.3 did not negatively affect sperm quality or spawning quality parameters. These results 
suggest that the LC-PUFA levels in diet RO were able to match the minimum requirements for gilthead seabream 
broodstock, in agreement with previous  studies30,62. Thus, the ARA and EPA contents in diet RO were similar 
and those of DHA even higher than the optimum dietary levels determined for gilthead seabream  broodstock30. 
The levels of these LC-PUFA in the present study were also higher than those in broodstock diets used to induce 
nutritional programming in gilthead seabream, which caused a reduction in all spawning quality  parameters32,33.

In summary, the results showed that blood fads2 expression in gilthead seabream broodstock females, which 
tended to be higher than in males, was positively related to plasma oestrogen levels. Moreover, broodstock with 
high blood fads2 expression showed a better reproductive performance, in terms of fecundity and sperm and egg 
quality, which was correlated with female fads2 expression. Besides, the present study has demonstrated that it is 
feasible to reduce ARA, EPA and DHA down to 0.4, 6.6 and 8.4% of total fatty acids, respectively, without affect-
ing spawning quality, in broodstock diets designed to induce nutritional programming effects in the offspring. 
Further studies are being conducted to test the offspring with low FM and FO diets along life span.

Methods
Characterization of broodstock with high or low fads2 expression (Phase-I). The broodstock 
utilized were obtained as part of a series of long-term ongoing selection programmes involving multiple 
 criteria63,64. They were reared right from larval stages in our own research facilities of the ECOAQUA Institute. 
In order to identify broodstock with different ability to synthesize LC-PUFA from LA and ALA, seventy one 
2-year old males (1.02 ± 0.38 kg body weight) and one hundred fourteen 4-year old females (2.07 ± 0.39 kg body 
weight) were individually tagged with PIT tags (EID Iberica SA-TROVAN, Madrid, Spain) and maintained in a 
40  m3 (5 × 2.35 m) circular tank. The tanks were supplied with seawater (37 g l−1 salinity, 17.8–19.0 °C) at a water 
exchange of 600% daily and maintained under natural photoperiod. Three months before the spawning season, 
broodfish were fed twice a day for one month with a low FM (5%) and FO (3%) diet (Low FM/FO diet)15, high 
in LA and ALA (Table S4 and S5) and low in LC-PUFA to induce the up-regulation of the fatty acid desaturases 
2 gene (fads2). After that period, blood samples were collected from all broodfish (n = 185) and centrifuged at 
3000×g for 10 min to separate blood cells and plasma. The blood cell samples were stored at − 80 °C until RNA 
extraction. Seabream broodfish were divided into two categories, namely high (HD) or low (LD), based on their 
fads2 mRNA copy numbers per µl in blood cells. So, eighteen fish with the highest fads2 expression values and 
eighteen with the lowest ones were selected for the conditioning trial (Phase III). Blood cell fads2 gene expres-
sion level was analysed by droplet digital polymerase chain reaction (ddPCR) as previously  described8,29.

Comparison of broodstock quality before feeding the conditioning diets (Phase-II). The 
selected males and females from HD and LD broodfish were stocked in twelve (6 HD and 6 LD) 1,000 L fiber-
glass tanks with a sex ratio of 2 males to 1 female. Broodstock tanks were supplied with 16L  min−1 filtered sea-
water (37 ± 0.5‰ salinity) and strong aeration. At the beginning of the spawning season, from 08 January 2018 
to 07 February 2018, fish were fed with a commercial diet (Europa Turbot 18, Skretting, Burgos, Spain) (Tables 
S6 and S5) to ensure that there were no significant differences in the spawning quality among broodfish from the 
same category (HD and LD). For the evaluation of spawning quality, the spontaneously spawned eggs from each 
experimental broodstock group were collected four times per week, following this  procedure8,30,33. Eggs were 
also collected at the end of the feeding period and kept at − 80 °C until biochemical analysis.

Broodstock nutritional conditioning (Phase-III). From 08 February 2018 to 05 April 2018, the twelve 
broodstock groups from Phase II were fed one of two different broodstock diets (FO or VO diet), under the same 
conditions described in the above paragraph. The diets were isoproteic and isolipidic, contained either fish oil 
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(FO) or a mixture of 20% fish oil (FO) and 80% rapeseed oil (RO) and were produced by Skretting ARC (Stavan-
ger, Norway) (Tables S6 and S5). Compared to the FO diet, the RO diet had higher levels of 18:2n-6 and 18:3n-3 
fatty acids and reduced levels of saturated, monoenoic and n-3 LC-PUFA (20:5n-3; eicosapentaenoic acid, EPA 
and 22:6n-3; docosahexaenoic acid, DHA) (Table S5). Fish were fed two times a day (9:00 and 14:00 h) at 1% 
of their estimated total biomass. Seawater temperature during broodstock spawning period was in the range of 
18–22 °C (January–April 2018) and fish were kept under natural photoperiod (12 h light). Egg collection for 
spawning quality and biochemical composition followed the same protocol described in Phase II. Finally, after 
30 days of feeding the two different experimental diets, eggs were collected from all broodfish groups (HDFO, 
HDRO, LDFO, LDRO) and conserved in 1,000 μl of RNA Later (Sigma-Aldrich) overnight at 4 °C, and then 
samples were kept at − 80 °C until RNA extraction.

Plasma steroid hormones. At the end of Phase III, all the GSB broodstock were fasted overnight and 
anesthetized with clove oil (10 ppm clove oil:methanol (50:50) in sea water) to collect blood samples. Blood 
was taken from the caudal vein using sterile syringes (Terumo Europe NV, Leuven, Belgium) and transferred to 
3.0 mL K3-EDTA tubes (L.P. Italiana, Milan, Italy). Whole blood samples were centrifuged at 3,000g for 10 min at 
4 °C and plasma was separated and stored at − 80 °C for sex steroid hormone analyses. Plasma sex steroids were 
measured by enzyme immunoassays (EIA) as described for European sea bass for testosterone (T)65, 11-ketotes-
tosterone (11-KT)66 and 17β-estradiol (E2)67 and later validated for  seabream16. Plasma steroids were extracted 
with methanol and supernatants were dried and reconstituted in EIA buffer (potassium phosphate 0.1 M, pH 7.4 
containing 0.01% sodium azide, 0.4 M NaCl, 0.001 M EDTA and 0.1% BSA). The assays were performed in 96 
well plate coated with mouse anti-rabbit IgG monoclonal antibodies (Sigma-Aldrich, R-1008). Steroid standard 
curves (ranging from 0.0024–5.0 ng/ml for T; 0.0005–1.0 ng/ml for 11-KT and 0.039–80.0 ng/ml for E2; Sigma-
Aldrich) or plasma samples were run in duplicate and added to the wells together with the corresponding ace-
tylcholinesterase (AChE) tracer (T-AchE, 11-KT-AChE or E2-AChE; Cayman Chemical, Michigan, USA) and 
rabbit antiserum (anti-T, anti-11-KT or anti-E2), and incubated at 37 ºC (E2) or 4ºC (T and 11-KT). Next, plates 
were rinsed, and color development was performed by addition of Ellman reagent. Optical density was read at 
405 nm using a microplate reader (Bio-Rad 3550). The sensitivities of the assays (80% of binding) were 0.011 ng/
ml for T, 0.0014 ng/ml for 11-KT and 0.31 ng/ml for E2. The inter-assay coefficients of variation at 50% of bind-
ing were 10.01% for T, 4.48% for 11-KT and 8.49% for E2. The intra-assay coefficients of variation were 3.78% 
for T, 3.60% for 11-KT and 1.14% for E2. Sex steroid hormone concentration values are presented as mean ± SD.

Sperm quality. At the end of Phase III, all the male broodfish were anesthetized as mentioned above and 
sperm was collected from the blot dried genital pore after a gentle abdominal massage to induce spermiation and 
taking care to avoid contamination with water, faeces or urine. The collected sperm was stored on ice until trans-
ferred to a 4 °C refrigerator. The sperm quality parameters that were evaluated included sperm concentration 
(number of spermatozoa/ml sperm,  109 ml−1), spermatocrit percentage, sperm motility percentage (percentage 
of spermatozoa showing forward motility) and sperm motility duration (Seconds). Sperm concentration was 
estimated after a 1,000-fold dilution with sperm inactivation media using a Neubauer haematocytometer under 
400× magnification. Sperm motility and motility duration were evaluated on a microscope slide (400× magnifi-
cation) after mixing 1 µl of sperm with 50 μl of  seawater53,68,69.

Egg and larval quality. The collected eggs were placed in 5 l containers provided with aeration, from where 
3 randomized 5 ml samples were taken and placed in a Bogorov chamber under the light microscope to calculate 
the total number of eggs and percentages of fertilized and viable eggs. Egg viability was determined by observ-
ing the percentage of morphologically normal eggs after 1-day post fertilization (1 dpf)8,30. Then, the viable eggs 
were individually placed in two replicates in 96-well microtiter plates filled with filtered and sterilized seawater. 
Eggs were incubated in a controlled temperature incubator at 19–21 °C, to estimate the percentage of hatching (2 
dpf) and larval survival rates at 3 days post hatch (dph). From these values, the total numbers of fertilized, viable, 
hatched and larvae produced per kg female were  calculated8,30.

Biochemical analysis. One month after feeding the commercial diet in Phase-II and one month after the 
experimental conditioning diets in Phase-III, egg samples were collected from all the broodstock groups and 
stored at − 80 °C for analysis of proximate and fatty acid composition. Crude protein content was determined 
by measuring the N content (N × 6.25) through automated Kjeldahl  analysis70 and crude lipid extraction was 
carried out with chloroform:methanol71. Fatty acids from total lipids were prepared by  transmethylation72 and 
separated by gas  chromatography73 and identified by comparison with previously characterized standards and 
GLC-MS (Polaris QTRACETM Ultra; Thermo Fisher Scientific). Moisture contents were obtained after drying 
the samples in an oven at 110 °C for 24 h and then for 1 h until constant weight. Ash content was determined 
after incineration at 600 °C for 16 h.

Molecular studies. Total RNA from blood cells (300–400 µl) (Phase I) and egg samples (60–70 mg) (Phase 
III) was extracted using the RNeasy Mini Kit (Qiagen) and homogenized using the Tissue Lyzer-II (Qiagen, 
Hilden, Germany) with TRI Reagent (Sigma-Aldrich). Samples were centrifuged with chloroform for phase 
separation (12,000g, 15 min, 4 °C). The upper aqueous phase containing RNA was mixed with 75% ethanol and 
transferred into the RNeasy spin column, where total RNA bound to a membrane and RW1 and RPE buffers 
(Qiagen) were used to wash away contaminants. Purified RNA was eluted with 50 μL of RNase-free water. The 
quality and quantity of RNA were analysed using the NanoDrop 1000 Spectrophotometer (Thermo Scientific, 
Wilmington, DE, USA). Synthesis of cDNA was undertaken using the iScript cDNA Synthesis Kit (Bio-Rad) 
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according to manufacturer’s instructions in an iCycler thermal cycler (Bio-Rad, Hercules, CA, USA). The total 
RNA extraction, cDNA synthesis, primer (fads2) designing, and fads2 gene expression of both blood cells and 
egg samples were performed as described in our other  studies8,29,32,33. Primers for fads2 (Δ6 desaturase) were 
redesigned in Genetics laboratory of GIA in reference to publications in NCBI (National Center for Biotechnol-
ogy Information) as follows:

Gene – fads2 (Δ6 desaturase).
Forward primer sequence: GCA GAG CCA CAG CAG CAG GGA.
Reverse sequence: CGG CCT GCG CCT GAG CAG TT.

Statistical analysis. Data are reported as mean ± standard deviation. Data were compared statistically 
using the analysis of variance (ANOVA), at a significance level of 5%. All variables were checked for normality 
and homogeneity of variance using the Kolmogorov–Smirnoff and the Levene’s tests, respectively. Otherwise, an 
arcsine transformation was performed to attain normality. When arcsine transformed data were not normally 
distributed, then Kruskal–Wallis non-parametric test was applied to the non-transformed data. An independent 
sample student’s t test was performed to compare egg biochemical and fatty acid composition during Phase-II to 
check the broodstock selection (HD or LD) effect. One way and two-way ANOVA were applied to the results of 
sperm and egg and larval quality parameters (total eggs; fertilized eggs; viable eggs; hatched larvae; 3dph larvae 
per spawn per kg female and fertilization, egg viability, hatching and larval survival rates), egg biochemical and 
fatty acid composition of phase-III and egg fads2 expression to determine the combined effects of broodstock 
selection (HD or LD) and diet (FO or VO). Linear regression analysis was performed for relationships between 
specific fatty acids contents in eggs (n-3 LC-PUFA) and egg viability or larval survival (3dph) %. All data were 
analysed using the program IBM SPSS version 20 for Windows (IBM SPSS Inc., Chicago, IL, USA).

Ethical statement. The study was conducted according to the European Union Directive (2010/63/EU) 
on the protection of animals for scientific purposes at GIA, ECOAQUA Institute, University of Las Palmas de 
Gran Canaria (ULPGC), Canary Islands, Spain. All experimentation performed at the (ULPGC) was approved 
by the Bioethical Committee of the University of Las Palmas de Gran Canaria (REF: 007/2012 CEBA ULPGC).
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Simple Summary: The present study was on the gene expression of a rate-limiting enzyme in
long chain polyunsaturated fatty acids (LC-PUFAs), fatty acyl desaturase 2 (fads2), throughout the
embryonic development of a gilthead sea bream. The results showed a maternal transfer of fads2
mRNA to the developing oocyte. The embryonic fads2 expression might start after the neurula
stage. No effect was found in fads2 expression in developing eggs from broodstock fed with a diet
rich in rapeseed oil or fish oil. The present study provides information on the change of LC-PUFA
biosynthesis during embryogenesis.

Abstract: Previous studies have shown that it is possible to increase the ability of marine fish to
produce long-chain polyunsaturated 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 during ontogeny in the 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 embryonic
development. The results showed the presence of fads2 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. In addition, the eggs obtained from broodstock with high fads2 expression showed a high
docosahexaenoic acid content, which correlated with the downregulation of the fads2 expression found
in the developing embryo and larvae. Finally, feeding with the nutritional programming diet with the
partial replacement of fish oil by rapeseed oil did not affect the long chain polyunsaturated fatty acid
(LC-PUFA) contents nor fads2 expression in the gilthead sea bream developing eggs.

Keywords: aquaculture; lipid metabolism; embryogenesis; parental gene expression; parental
nutritional status
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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 [1,2]. They are critical components of cell and organelle
membranes [3] and their derived molecules, such as eicosanoids or docosanoids, participate in
cell signaling processes [4]. In fish, LC-PUFAs are required for growth [5] or brain and immune system
development and maintenance [6–8], 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 FO in marine fish diets, since they are more environmentally and
economically sustainable [9]. Despite vegetable oils lacking LC-PUFAs, they are abundant in their
18-carbon precursors [10].

The biosynthesis of LC-PUFAs is catalyzed by desturases and elongases. Like mammals,
fish are unable to synthesize de novo LC-PUFAs, since they lack n-12 and n-15 desaturases,
which only exist in some plants or invertebrates [11]. Therefore, either LC-PUFAs or their 18-carbon
precursors must be included in diets for farmed fish. ARA and EPA are synthesized from 18:2n-6
and 18:3n-3, respectively, through the ∆6 desaturation–elongation and ∆5 desaturation pathway,
or the elongation–∆8 desaturation and ∆5 desaturation pathway [12,13]. DHA may be synthesized
in vivo from EPA through elongation–∆4 desaturation or elongation–elongation–∆6 desaturation and
ß-oxidation [13]. Comparing with freshwater fish or euryhaline fish, marine fish have a lower ability
to synthesize LC-PUFAs from their 18-carbon precursors [14]. One of the mechanisms leading to a
limited ability from LC-PUFA synthesis in marine fish is the weak activity of these enzymes [15,16].
For instance, the activity of fatty acyl desaturase 2 (Fads2) in cod (Gadus morhua L.) is lower than
in Atlantic salmon (Salmo salar) [17]. This could be related to the abundance of LC-PUFAs in the
marine food web, originating from phytoplankton, which would reduce the need to synthesize these
important fatty acids [18,19]. In addition, the 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
∆5 desaturation, is absent in many telostei, although duplicated fads2 or ∆5/∆6 bifunctional Fads2 may
be found in those species [12,20]. Considering the absence of fads1 in gilthead sea bream [12], 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 ∆6 and ∆8 desaturase activities [21]. On the contrary, ∆5 desaturate
activity seems weak in gilthead sea bream, since the addition of 14C-labeled 18:3n-3 to the hepatocytes
culture medium leads to a 41% of the radioactivity recovered in the ∆6 product 18:4n-3, whereas when
14C-labeled 18:4n-3 is added, only 0.7% of the radioactive is recovered from the ∆5 product, EPA [15].

Large variations in Fads2 activity are found among individuals of the same species in different
environmental or nutritional conditions [6,22]. For instance, in gilthead sea bream, fads2 expression in
liver or red blood cells can be up to six or five times different among individuals from the same gender,
when they are kept under the same environmental and nutritional conditions [23]. In addition, feeding
a low LC-PUFA diet increases fads2 expression or Fads2 products [18,22,24–26]. Therefore, either the
individual selection of high fads2 fish or feeding a low LC-PUFA diet could be used as a tool to produce
fish with a higher Fads2 activity and thus, a better ability to synthesize LC-PUFAs when fed vegetable
oil. On one hand, the offspring from broodstock with high fads2 expression showed improved growth
performance and feed utilization when challenged with a diet low in fishmeal (FM) and FO [27].
In addition, broodstock with high fads2 expression showed a better reproductive performance, in terms
of fecundity and sperm and egg quality [22]. On the other hand, feeding gilthead sea bream broodstock
during the spawning season with a diet low in LC-PUFA diet improves the use of low FM/FO diets in
their offspring [10,27] even up to 16 months [28]. In rainbow trout (Oncorhynchus mykiss), the nutritional
condition by the complete replacement of dietary FM and FO by vegetable ingredients affects the
expression of genes related to growth, amino acid and cholesterol metabolism [29], without negative



Animals 2020, 10, 2191 3 of 17

effects for the second generation [30]. However, none of these studies were able to show any effect on
the fads2 expression in eggs due to the large variations obtained [22], which could be related to the
different egg developmental stages in the eggs or the interference with a potential maternal transfer
of fads2 mRNA [31]. Despite that the fads2 expression may occur at an early developmental stage in
teleost [31–33], the temporal expression of fads2 during the ontogenesis of gilthead sea bream has not
yet been studied. Moreover, the effect of broodstock fads2 expression and nutritional status on fads2
expression during ontogeny has also not been addressed.

Therefore, the aim of the present study was to determine, on the one hand, the temporal changes
in fads2 expression during ontogeny, and on the other hand, the influence of broodstock diet and the
parental ability to express fads2. For that purpose, gilthead sea bream broodstock with a different
ability to synthesize LC-PUFAs were fed either an FO-based diet or a diet previously used for the
nutritional programming of progeny [22] and their eggs were sampled during ontogenesis to determine
the temporal changes in fads2 expression.

2. Materials and Methods

2.1. Ethical Statement

All the animal experiments were performed according to the European Union Directive
(2010/63/EU) on the protection of animals for scientific purposes, at Fundación Canaria Parque
Científico Tecnológico, University of Las Palmas de Gran Canaria (Las Palmas de Gran Canaria, Spain).
REF: 007/2012 CEBA ULPGC.

2.2. Broodstock fads2 Expression

To obtain broodstock with a different ability to synthesize LC-PUFAs from the precursors linoleic
acid (18:2n-6) and α-linolenic acid (18:3n-3), 3 months prior the spawning season, 185 gilthead sea
bream brood fish of 1–2 kg were fed for one month at a diet high in linoleic acid and α-linolenic acid
and low in LC-PUFAs promoting the upregulation of fads2 [22]. Then, peripheral blood samples were
collected and the fads2 expression of blood cells was determined. Based on their fads2 mRNA copy
numbers per µL in blood cells, brood fish with the highest fads2 expression values (H broodstock)
or with the lowest ones (L broodstock) were chosen (Table 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 4 × 1000 L tanks, (2 males and
1 female/tank) and fed a diet containing 1.76% FO and 7.54% rapeseed oil [22] (Supplement Table S1).

Table 1. Average fads2 expression in the peripheral blood cells of the broodstock individuals used in
the present study.

Group Gender fads2 Expression (Copies/µL)

HRO (High fas2 + RO diet) Female 1 14.92
Male 1-1 7.06
Male 1-2 3.37
Female 2 12.72
Male 2-1 4.09
Male 2-2 3.33
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Table 1. Cont.

Group Gender fads2 Expression (Copies/µL)

LRO (Low fas2 + RO diet) Female 3 1.41
Male 3-1 1.53
Male 3-2 1.46
Female 4 0.49
Male 4-1 1.74
Male 4-2 1.66

LFO (low fas2 + FO diet) Female 5 1.11
Male 5-1 1.26
Male 5-2 1.27

FO, fish oil; RO, rapeseed meal.

2.3. 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) [22]
(Supplement Table S1). Compared with the 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 a low FM/FO diet [10,34]. In the present study, the content of LC-PUFAs
(DHA + EPA + ARA) was 24.11% and 15.42% of total fatty acid in the FO diet and in RO diet, respectively
(Supplement Table S2). All broodstock groups were manually fed twice per day (9:00 and 14:00 h) until
apparent satiation. Seawater temperature was in the range of 18–22 ◦C (January–April 2018) and the
fish were kept under a natural photoperiod (approximately 12 h light).

2.4. Sampling during 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 stages of
development: just after spawning (0 h 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) [35] (Figure 1). Samples were washed by diethyl pyrocarbonate water, kept overnight
in RNAlater (MilliporeSigma, St. Louis, Burlington, MA, USA) at 4 ◦C and then stored at −80 ◦C
until analysis.

Figure 1. Timeline of the selected point during embryogenesis. The timeline is based on the
description of stage during the embryogenesis of gilthead sea bream by Kamacı et al. 2005 [35] under
experimental conditions.
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2.5. RNA Extraction and Digital PCR

RNA from a 200 mg sample was extracted using TRI Reagent (MilliporeSigma, St. Louis,
Burlington, MA, USA) and RNeasy kit (Qiagen, Hilden, Germany). RNAlater was removed from
the samples before extraction. Then, each sample was weighed and 1 mL TRI Reagent with 1 steel
bead was added. Then, the sample was homogenized in TissueLyser II (Qiagen, Hilden, Germany) at
30 Hz for 30 s and centrifuged at 13,000× g for 1 min. All of the liquid phase was transferred to a new
1.5 mL tube and 300 µL of chloroform (MilliporeSigma, St. Louis, Burlington, MA, USA) was added
and mixed. The mixture was centrifuged at 13,000× g for 15 min. The transparent phase was isolated
and mixed with the same volume of 70% ethanol. The mixture was loaded to a RNeasy mini spin
column and washed by the RW1 and RPE offered in the kit according to the instruction of manufacturer.
Concentrated RNA was eluted in 30 µL of RNase-free water. RNA quality was checked by 1.4%
agarose electrophoresis and quantity was measured by Nanodrop 1000 (ThermoFisher, Waltham,
MA, USA). Moreover, 1000 ng of RNA was used per sample for cDNA synthesis through iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA) in iCycler (Bio-rad, Hercules, CA, USA). Digital PCR
was conducted in QX200™ Droplet Digital™ PCR System (Bio-rad, Hercules, CA, USA). The reaction
system, containing 100 ng of cDNA, fads2 primer (forward: 5′-GCAGAGCCACAGCAGCAGGGA-3′,
reverse: 5′-CGGCCTGCGCCTGAGCAGTT-3′, Gene bank No. GQ162822.1) and Evagreen SuperMix
(Bio-rad) was loaded to the droplet generator to generate the oil droplet and then proceeded in C1000
Touch thermal cycler (Bio-Rad, Hercules, CA, USA). The cycling condition of PCR was: 95 ◦C for 5 min,
followed by 40 cycles of 95 ◦C for 30 s, 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 a QX200 droplet reader (Bio-Rad, Hercules, CA, USA).

2.6. Lipid and Fatty Acid Analysis

Lipids from diets and 24 hps eggs were extracted with chloroform/methanol (2:1 v/v) [36] and
transmethylated to obtain fatty acid methyl esters [37]. Then, fatty acid methyl esters were extracted
with hexane:diethyl ether (1:1, v/v) and purified by the adsorption chromatography on NH2 Sep-pack
cartridges (Waters, Milford, CT, USA). Afterwards, fatty acid methyl esters were separated by gas–liquid
chromatography (GLC) (Agilent 7820A, Santa Clara, CA, USA) in a Supercolvax-10-fused silica capillary
column (length: 30 mm, internal diameter: 0.32 mm, Supelco, Bellefonte, PA, USA) using helium as
a carrier gas. The column temperature was 180 ◦C for the first 10 min, increasing to 215 ◦C at a rate
of 2.5 ◦C min−1 and then held at 215 ◦C for 10 min [38]. Peaks were identified by comparison with
external standards and well characterized FO (EPA 28, Nippai, Ltd. Tokyo, Japan).

2.7. Data Analysis

Target cDNA concentration was analyzed by QuantaSoft Analysis Pro tool (Bio-Rad, Hercules,
CA, USA). The results were presented as the means ± standard deviation (S.D.). and analyzed by
SPSS 20.0 (IBM, Armonk, NY, USA) for Mac. The comparison of the data between the different
stages 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, Armonk, NY, USA).

3. Results

3.1. Temporal Expression of fads2 during Offspring Ontogenesis

Analysis of the average fads2 expression values in eggs and larvae for all experimental groups
showed an increase during embryogenesis, following a significant lineal regression (R2 = 0.95, p < 0.001)
with time after spawning (Figure 2). Thus, fads2 expression was registered at spawning (0 hps),
remained low during the morula (4 hps), blastula (6 hps) and gastrula stages (10 hps) and even
decreased until the neurula stage (16 hps), which showed the lowest fads2 expression values (Figure 2).
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From the heart beating stage (30 hps) onwards, the 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 (p < 0.05) higher than at the spawning to neurula stages
(Figure 2). The highest values were observed in the 3-day-old larvae, although the large deviations did
not allow obtaining significant differences with the fads2 at other developmental stages (Figure 2).

Figure 2. Temporal changes in fatty acid desaturase 2 (fads2) mRNA copies during gilthead seabream
(Sparus aurata) ontogenesis, from 0 to 125 h after spawning. Different letters denote significant differences
among developmental stages (p < 0.05, n = 15). Bars bearing with different letter showed significant
difference by one-way ANOVA analysis (p < 0.05). y, fads2 expression of egg; x, time after spawning;
R2, coefficient of determination.

3.2. Influence of Parental fads2 Expression in Offspring fads2 Expression during Ontogenesis

The fads2 expression in eggs from broodstock with high (HRO) or low fads2 expression (LRO) also
followed significant (p < 0.001) lineal regressions (R2 = 0.98 and R2 = 0.92, respectively) (Figure 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, the t-test comparison between HRO and LRO values at
each developmental stage did not showed significant (p > 0.05) differences (Figure 3).

The fads2 expression values in female and male broodstock were in the range of 0.49–14.92 and
1.26–7.06 copies/µL, respectively (Table 1). The comparison of broodstock and offspring fads2 expression
by regression analysis showed that the fads2 expression at the neurula stage (16 hps) followed an
inverse lineal relation with fads2 expression in broodstock females (R2 = 0.81, p = 0.099) or males
(R2 = 0.46, p = 0.067) (Figure 4). These regressions were higher and more significant at the heart beating
stage (30 hps), when fads2 expression in embryos followed an inverse logarithmic relation with fads2
expression in females (R2 = 0.85, p = 0.076) or males (R2 = 0.62, p = 0.021) (Figure 4).
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Figure 3. Influence of parental fatty acid desaturase 2 (fads2) expression (high: HRO or low: LRO) on
temporal changes in fads2 mRNA copies during gilthead seabream (Sparus aurata) ontogenesis, from 0
to 125 h after spawning (n = 3). No significant difference was observed in the comparison using t-test
(p > 0.05). y, fads2 expression of egg; x, time after spawning; R2, coefficient of determination.

Figure 4. Relations of fads2 mRNA copies between the egg at neurula stage (16 hps) and female (a) or
male (b) broodstock (including both HRO and LRO broodstock), or between egg at the heart appearance
stage (30 hps) and female (c) or male (d) broodstock. y, fads2 expression of egg; x, fads2 expression of
broodstock; R2, coefficient of determination.
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3.3. Influence of Parental fads2 Expression in Egg Fatty Acid Profiles

At 24 hps, the DHA content in eggs obtained from the HRO group was 6.46% higher than that
from LRO group (p = 0.028). In addition, the ratio between DHA and ARA in the eggs of the HRO
group was 8.97 higher than in eggs of the HFO group (p = 0.004). The content of two very long chain
n-6 PUFAs, 22:4n-6 and 22:5n-6, were significantly lower in the HRO group than in the 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 2). The integrated fatty acid composition of egg was shown in
Supplement Table S3.

Table 2. Main fatty acids of eggs at 24 hps from broodstock fed an RO diet during spawning and
showing either a high (HRO) or low (LRO) expression of fads2.

Fatty Acids HRO LRO
Mean S.D. Mean S.D.

18:1n-9 27.06 1.03 19.69 7.04
18:2n-9 0.10 0.02 0.33 0.13
18.2n-6 10.81 0.24 8.63 1.76
18:3n-6 0.20 0.04 0.56 0.15
18:3n-3 2.92 0.12 2.20 0.53
18:4n-3 0.53 0.01 1.02 0.58
20:4n-6 0.76 0.03 0.78 0.01
20:5n-3 5.95 0.10 6.98 3.49
22:4n-6 0.08 0.02 0.63 * 0.07
22:5n-6 0.25 0.04 0.60 * 0.04
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

DHA/ARA 26.91 * 0.16 17.94 0.05
DHA/EPA 3.44 0.05 2.28 1.11

* denotes the significant difference between the two groups (p < 0.05). ARA, arachidonic acid; DHA, docosahexaenoic
acid; EPA, eicosapentaenoic acid; FA, fatty acid; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid;
PUFA, polyunsaturated fatty acid; S.D. standard deviation.

The Fads2 expression in both female and male broodstock was significantly (p < 0.05) and positively
related to the DHA contents in the eggs (R2 = 0.99, p = 0.004 and R2 = 0.68, p = 0.012, for females and
males, respectively) (Figure 5). In comparison, the DHA content in eggs was inversely related (R2 = 0.86,
p = 0.074) to the fads2 expression in the eggs at neurula stage (16 hps) (R2 = 0.86, p = 0.07, Figure 6a).
Similarly, the ratio 20:4n-3/20:3n-3, an indicator of desaturase activity, also followed a significant (R2 = 0.93,
p = 0.036) negative relation with fads2 expression (Figure 6b). On the contrary, 18:2n-9, the product of
Fads2 from 18:1n-9, contents in eggs were positively related to the fads2 expression in egg at the neurula
stage (16 hps) (R2 = 0.63, p = 0.205) (Figure 6c). In addition, 18:3n-6, a product of Fads2 on 18:2n-6
was directly related to the fads2 expression in the egg at neurula stage (16 hps) (p < 0.10) (Figure 6d).
When the eggs reached the heart appearance stage (30 hps), the DHA contents in eggs were inversely
related to the fads2 expression in eggs (R2 = 0.73, p = 0.146), which was similar to the correlation at the
neurula stage (Figure 7a). However, in contrast to the relation at the neurula stage, 18:2n-9 contents in
eggs were directly related to the fads2 expression in the egg at the heart beating stage (30 hps) (R2 = 0.95,
p = 0.027) (Figure 7b). The ratios between precursors and products of ∆6 desaturation, 18:3n-6/18:2n-6
and 18:4n-3/18:3n-3, directly related to the fads2 expression in the eggs (Figure 7c,d).
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Figure 5. Relations between the DHA contents in the egg at 24 h after spawning and fads2 mRNA
copies of female (a) or male (b) broodstock (including both HRO and LRO broodstock). y, DHA content
is eggs; x, fads2 expression of broodstock; R2, coefficient of determination.

Figure 6. Relations between the fads2 mRNA copies of egg at 16 h 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) in eggs at 24 h after spawning
(including eggs from both HRO and LRO broodstock). y, respective fatty acids in eggs at 24 h after
spawning; x, fads2 expression of egg at 16 h after spawning; R2, coefficient of determination.
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Figure 7. Relations between fads2 mRNA copies of egg at 30 h after spawning with the content of
DHA (a), 18:2n-9 (b), ratio 18:3n-6/18:2n-6 (c) and 18:4n-3/18:3n-3 (d) in eggs at 24 h after spawning
(including eggs from both HRO and LRO broodstock). y, respective fatty acids in eggs at 24 h after
spawning; x, fads2 expression of eggs at 30 h after spawning; R2, coefficient of determination.

3.4. Influence of Broodstock Diet in Offspring fads2 Expression during Ontogenesis

No significant (p > 0.05) difference was observed on fads2 expression during embryogenesis
between eggs from broodstock fed with a diet rich in FO (LFO broodstock) or RO (LRO broodstock),
which followed a similar positive linear regression (p < 0.001) (Figure 8).

Figure 8. Changes in fads2 expression during gilthead seabream (Sparus aurata) ontogenesis, from 0 to
125 h after spawning (n = 3) from broodstock with a low expression of fads2 and fed either a FO (LFO)
or a RO (LRO) diet during spawning. y, fads2 expression of egg; x, time after spawning; R2, coefficient
of determination.
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4. Discussion

The present study aimed to determine the temporal changes of fads2 expression during the
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 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 embryonic gene expression.
Regarding the broodstock, eggs obtained from parents with high fads2 expression showed a high DHA
content, together with the downregulation of fads2 expression. Finally, the partial replacement of FO
by RO did not affect LC-PUFA contents nor fads2 expression in gilthead sea bream eggs.

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 [22]. However, their consequences on the fads2 expression in
the offspring, particularly during the 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 [31] and denote a maternal mRNA transfer to
the developing oocyte. Despite that maternal mRNA transfer would be proven by the presence of
transcripts in unfertilized eggs, no differences were found in mRNA expressions 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 [39]. In fish, maternal mRNAs produced by the mother based on her genome
are incorporated into the developing oocytes at very early stages of oogenesis [40]. Despite maternal
transcripts may originally be distributed throughout the oocyte cytoplasm, after fertilization most of
them are pulled into the blastodisc through cytoplasmic streaming or ooplasmic segregation [41,42].
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 [40]. 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 fads2
expression, denoting the transition from maternal to embryonic gene expression. At the neurula stage
the embryo has already established 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 organ development [6]. LC-PUFAs, and specially DHA, are necessary
for brain development and functioning in seabream as in other vertebrates [43]. In agreement with
this, fad is particularly expressed in the head area of zebrafish [31]. Indeed, fads2 expression in gilthead
seabream was significantly upregulated at heart beating, when brain development becomes very
notorious, and remained increasing during the hatching and 3-day-old larvae stages. These results were
relatively different from those obtained in zebrafish, where fad expression is claimed to increase earlier
during embryo development, from 12 h post fertilization onwards [31]. Nevertheless, these 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 [31], whereas the present study was based on digital
PCR determining absolute quantification mRNA copies with nine 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 [31], coinciding with the late segmentation stage in zebrafish when organogenesis
occurs [44], in agreement with our findings in gilthead seabream. Therefore, a marked upregulation
of the embryo fads2 expression was found 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 prevent the potential influence of the maternal mRNA.
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4.2. Influence of Parental fads2 Expression in Offspring fads2 Expression during Ontogenesis

The regression lines for the temporal expression of fads2 during the 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 tended 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 downregulation 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.
The 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 [45,46]. In gilthead
seabream broodstock, fads2 is expressed in both tissues, but specially in the liver, where it increases the
production of LC-PUFAs, particularly, DHA [22]. 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 [22], 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 the eggs of many fish species [19,47]. DHA can resist membrane packing,
regulate membrane fluidity and has a structural function on the cell membrane, directly promoting
growth [6]. In addition, it is a precursor of docosanoids, which function 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 [6].

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 downregulation of fads2 expression
by DHA as observed during the whole fish life cycle [25,48,49]. Indeed, feeding a FO diet with high
levels of LC-PUFAs, particularly DHA, inhibits fads2 expression in comparison to a vegetable oil diet
low in these fatty acids [26,48–50]. In mammals, the presence of LC-PUFAs restricts the level FADS2
through the E-box like sterol regulatory element [51]. Studies on the compartmental location of fatty
acids during 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 [52], where it would
downregulate fads2 expression. Thus, the higher the fads2 expression in the broodstock, the higher the
incorporation of DHA into the eggs, and as such the 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 with the increased ∆6-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. In addition, high fads2
expression in the egg was also associated to a reduction in ∆8-desaturase activity as denoted by the
reduction in the ratio of synthesis of 20:4n-3 from 20:3n-3. The ∆8-desaturase activity is an alternative
but a minor pathway for LC-PUFA biosynthesis, more active when there is a high demand of eicosanoid
synthesis [21,53]. The study of this alternate pathway in baker’s yeast (Saccharomyces cerevisiae) with a
mammals FADS2 gene showed that the activity of ∆6-desaturase is higher than that of ∆8-desaturase by
7.2-fold on n-6 fatty acids and by 23-fold on n-3 fatty acids [53]. In agreement, the negative correlation of
the ∆8 activity and fads2 expression in gilthead seabream embryos could be related with the activation
of ∆6 activity of Fads2 in the embryos with lower DHA content.
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4.3. Influence of Broodstock Diet in Offspring fads2 Expression during Ontogenesis

FO has been partly replaced by RO in broodstock diets, in order to induce nutritional programing
in the offspring for a better utilization of low FM and low FO diets [27]. Since dietary LC-PUFAs,
high in FO, are required for good spawning quality in fish [47], FO content in broodstock diets can
be replaced by RO for nutritional programing purposes, but not as much as to reduce spawning
quality [10]. However, their effect in the temporal expression of fads2 during gilthead seabream
ontogenesis has not been studied. In the present study, feeding the same broodstock diets as in
previous studies [22] did not affect fads2 expression during embryogenesis. Even though the dietary
LC-PUFA levels were slightly different, the LC-PUFA contents in the eggs were similar. Despite the
egg contents in LC-PUFAs being 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 [47,54]. Moreover, the optimum LC-PUFA content of gilthead sea bream broodstock
during spawning season is 11.27% of the total fatty acid in the diet [54] 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 [22]. 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-PUFAs suppresses elovl5 expression in eggs [55]. Further studies with diets containing
extreme levels of LC-PUFAs should be conducted to understand the effect of broodstock diets on the
expression of genes related to LC-PUFA biosynthesis.

5. Conclusions

In summary, the results of the present study 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, the fads2 expression increased, denoting the transition from
maternal to embryonic gene expression. In addition, the eggs obtained from broodstock with high
fads2 expression showed a high DHA content, which could be responsible for the downregulation
of fads2 expression in the developing embryo and larvae. Finally, the partial replacement of FO by
rapeseed oil did not affect LC-PUFA contents nor fads2 expression in gilthead seabream eggs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/11/2191/s1,
Table S1: Ingredients of the experimental diets used to feed broodstock during the spawning season, Table S2:
Fatty acid composition of the experimental diets used to feed broodstock during the spawning season, Table S3:
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.

Author Contributions: Design of the experiment, M.I., S.F., S.T. and H.X.; feeding experiments, biological,
biochemical and molecular analyses, S.F. and H.X.; molecular analysis supervision, M.J.Z. and J.M.A.; manuscript
writing, M.I. and H.X. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the EU-funded project PerformFISH, grant number H2020-SFS-2016-2017;
727610) and China scholarship council.

Acknowledgments: The authors acknowledge Skretting ARC (Stavanger, Norway) for providing the experimental diets.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2076-2615/10/11/2191/s1


Animals 2020, 10, 2191 14 of 17

Abbreviations

LC-PUFAs long chain polyunsaturated fatty acids
DHA docosahexaenoic acid
EPA eicosapentaenoic acid
ARA arachidonic acid
FO fish oil
fads fatty acyl desaturase
FM fishmeal
hps hour post spawning
SFA saturated fatty acid
MUFA monounsaturated fatty acid
S.D. standard deviation
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A B S T R A C T   

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 × 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 ju-
veniles from broodstock with a high fads2 expression and fed the RO diet, whereas the lowest growth was ob-
tained in those from broodstock with a low fads2 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 in the broodstock diet on the metabolism and performance of the juvenile 
progeny challenged with a diet low in FM and FO.   

1. Introduction 

Besides being a well-balanced source of minerals and highly digest-
ible proteins, fish food are the main source of n-3 long chain poly-
unsaturated fatty acid (n-3 LC-PUFA) for people. Therefore, fish demand 

by 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), 
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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 economi-
cally, 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; Rimoldi et al., 2018; Rosales et al., 2017; 
Wang et al., 2016). However, depending on the type of ingredient and 
the replacement level, these alternative feedstuffs may lead to malnu-
tritional effects on fish growth, nutrients digestibility, immune system, 
etc. (Caballero et al., 2004; Castro et al., 2015; Gómez-Requeni et al., 
2004; Vergara et al., 1996a; Vergara et al., 1996b). 

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 docosa-
hexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which are 
important components of biomembranes for normal cell functioning 
(Gorjão et al., 2009). Therefore, they are necessary for the adequate 
development of brain and larval tissues (Mourente, 2003), immune 
system functioning (Zuo et al., 2012), reproductive performance 
(Fernández-Palacios et al., 2011) and flesh nutritional value (Monge- 
Ortiz et al., 2018). LC-PUFA can be synthesized from ɑ-linolenic acid 
(ALA) and linoleic acid (LNA) in vertebrates through a series of desa-
turation and elongation reactions (Bell and Tocher, 2009), starting from 
desaturation of oleic acid, ALA or 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 to the abundance of LC-PUFAs in the marine food webs, 
originating from phytoplankton (Sargent et al., 2003). Since the plant 
oils in feeds used to replace FO lack n-3 LC-PUFA but are rich in their 
precursors (ALA and LNA), enhancing the marine fish capacity to syn-
thetize LC-PUFA would facilitate the replacement of FO by plant oils. 

Nutritional programing 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 conse-
quences 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 evidence of the regulation of nutritional programming 
on lipid metabolism include the long-term reduction of plasma choles-
terol, 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 (Hou and Fuiman, 
2019; Izquierdo et al., 2015; Turkmen et al., 2019b). For instance, 
feeding gilthead sea bream (Sparus aurata) broodstock with diets con-
taining 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 (tnf-a), lipo-
protein lipase (lpl), carnitin palmitoil transferase 1 (cpt1) or elongase 6 
(elovl6) (Turkmen et al., 2017a, 2017b; Turkmen et al., 2019a). More-
over, 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 with juvenile feeding with low-FM and low-FO diets, 
markedly improves 16-month-old offspring growth and feed utilization 
(Turkmen et al., 2017a, 2017b). 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). 

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 brood-
stock with an inherently 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 programing 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 programing (Ferosekhan et al., 
2020). 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 17β- 
estradiol levels, and improved reproductive performance (Ferosekhan 
et al., 2020). 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 per-
formance. For that purpose, juveniles obtained from the previous study 
(Ferosekhan et al., 2020) 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. 

2. Material 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 Fundación Canaria Parque Científico Tecnológico (FCPCT), 
University of Las Palmas de Gran Canaria (Las Palmas de Gran Canaria, 
Spain) (OEBA-ULPGC-20/2018). 

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 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 6 L) 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 were reared under the same culture conditions and commercial 
diets (Fig. 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 lx and programmed for a 12 h 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 
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 1). Dietary FM was replaced by corn gluten, soybean meal, wheat 
gluten, soya protein concentrates and faba bean meal in the experi-
mental 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 2). 
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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 esti-
mate 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 (WG), specific growth rate (SGR)), feed acceptance (feed 
intake (FI)), biological feed conversion ratio (FCR) (National Research 
Council, 2011), energy status (hepatosomatic index (HSI)) (Chellappa 
et al., 1995), lipid deposition (viscerosomatic index (VSI)), were 
calculated: 

Mortality (%) = 100*(n◦dead fish/n◦total fish)

Weight gain (g) = final body weight (BW1)–initial body weight (BW0)

Specific growth rate
(
%day− 1) = 100*(ln BW1 − ln BW0)

/
n◦days  

Feedintake
(
FI,gfish− 1day− 1)=Feeddelivered

/
(numberoffish*numberofdays)

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)

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 
μm 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, U.S.A.) 

2.3. Biochemical analysis 

2.3.1. 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 sam-
ples were homogenized immediately prior to analysis. Moisture was 
determined according to A.O.A.C.(Horwitz, 2002). Lipids were extrac-

ted with chloroform/methanol (2:1 v/v) (Folch et al., 1957) and then 
transmethylated to obtain the fatty acid methyl esters (FAMES) (Chris-
tie, 1989). 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 et al., 1990; Masahiko and Watanabe, 1989). 

Fig. 1. Schematic view of the experimental design.  

Biological feed conversion ratio (FCR) = Feed delivered (t1–t0)/(Biomass t1–Biomass t0 +Biomassharvested +Biomasslost)
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2.4. RNA extraction and digital PCR 

The liver and muscle from the juveniles after the nutritional chal-
lenge 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, Wal-
tham, U.S.A.). cDNA was synthesized from 1 μg 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 meta-
bolism were determined using the primers listed in Table 3 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 s, elongation at Tm temperature 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. 

2.5. Data analysis 

Two-way ANOVA was used to test for 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 brood-
stock fads2 expression or broodstock diet on offspring across the other 
factor. Besides, a pairwise comparison was used to test for the effect of 
one factor within one level of the other factor (simple effect analysis) 
(Enders, 2003). Post-hoc tests were adjusted using Bonferroni procedure 
through SPSS. Unless otherwise stated, data were shown as mean ± S.D. 
Normality was assessed by Shapiro-Wilk tests and homogeneity of 
variance was tested with Levene’s test. Principal component analysis 
(PCA) was performed through Prism 9 for Mac (GraphPad Software, San 
Diego, USA). Gene expression was normalized by hepatic expression of 
rpl27 (Park and Crowley, 2005). Correlations were analysed using 
Peason correlation coefficients calculated throught SPSS. 

3. Results 

3.1. Feeding trial and fish performance 

Feeds were well accepted by all fish groups and no significant dif-
ferences 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 signifi-
cantly (p<0.05) higher than that of HFO and LRO (Fig. 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) (Fig. 2, Table 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 4). According to the simple main effect analysis, 

Table 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 % 

14:0 0.39 
14:1n-7 0.04 
14:1n-5 0.02 
15:0 0.05 
15:1n-5 0.02 
16:0 ISO 0.04 
16:0 9.99 
16:1n-7 1.52 
16:1n-5 0.01 
16:2n-4 0.02 
17:0 0.03 
16:3n-4 0.08 
16:3n-3 0.02 
16:3n-1 0.03 
16:4n-3 0.05 
16:4n-1 0.01 
18:0 3.74 
18:1n-9 42.03 
18:1n-7 2.48 
18.1n-5 0.06 
18:2n-9 0.03 
18.2n-6 25.09 
18:2n-4 0.06 
18:3n-6 0.16 
18:3n-4 0.06 
18:3n-3 5.43 
18.3n-1 0.02 
18:4n-3 0.21 
18:4n-1 0.02 
20:0 0.55 
20:1n-9 0.15 
20:1n-7 1.68 
20.1n-5 0.07 
20:2n-9 0.02 
20:2n-6 0.15 
20:3n-9 0.03 
20:3n-6 0.11 
20:4n-6 0.27 
20:3n-3 0.10 
20:4n-3 0.09 
20:5n-3 0.85 
22:1n-11 1.33 
22:1n-9 0.34 
22:4n-6 0.07 
22:5n-6 0.20 
22:5n-3 0.30 
22:6n-3 1.98 
n-6/n-3 2.88 
18:2n-6/18:3n-3 4.62  

Table. 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 oila 6.14 
Wheatb 9.46 
Corn glutenb 10.00 
Soybean mealb 5.00 
Wheat Glutenb 19.18 
Soya protein concentrateb 30.00 
Faba beansb 5.00 
Fish mealb 7.50 
Rapeseed oilb 7.52 
Premix vitc 0.10 
Premix minc 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). 
c Trouw Nutrition, Boxmeer, the Netherlands, proprietary 

composition Skretting ARC (Stavanger, Norway). 
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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 4). 
Comparing the juveniles from broodstock with the same fads2 expres-
sion, 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 with a significant interaction be-
tween broodstock fads2 expression and broodstock diet (p=0.023) 
(Table 4). The simple main effect analysis showed that the FCR was 17% 
lower in HRO than in LRO juveniles (p=0.033), whereas no significant 
differences were found between HFO and LFO juveniles (p>0.05). 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 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). 

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, plength =0.002, 
pwidth=0.031) (Table 5). A positive correlation was found between the 
area of hepatocyte and the HSI of fish (r=0.96, p=0.043). The hepato-
cyte 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). 

3.3. Biochemical analysis 

No significant differences were found in lipid contents of whole fish, 
liver or muscle (p>0.05) (Table 6). Regarding the fatty acid profiles of 
liver, the two-way ANOVA showed the increase in hepatic PUFA con-
tents in juveniles from broodstock with high fads2 expression (p=0.014) 
and the interaction with the broodstock diet (p=0.015) (Table 7). Thus, 
the pairwise analysis showed that PUFA contents were higher in LRO 
than in LFO juveniles (p=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 

Fig. 2. Body weight 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. 

Table 3 
Primers sequence for digital PCR and GeneBank accession numbers for se-
quences 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 

fads2 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 AAG TAG T JX975702 

igf-1 GTG TGT GGA 
GAG AGA GGC TT 

CTC TTG GCA TGT CTG TGT GG AY996779.2 

ghr-1 ACC TGT CAG CCA 
CCA CAT GA 

TCG TGC AGA TCT GGG TCG TA AH014067.4 

ghr-2 GAG TGA ACC 
CGG CCT GAC AG 

GCGGTGGTATCTGATTCATGGT AH014068.4 

cox-2 GAG TAC TGG 
AAG CCG AGC AC 

GAT ATC ACT GCC GCC TGA GT AM296029  
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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 (p=0.009), and for EPA (p=0.036), 
with higher contents in HFO than in LFO (p=0.038). 

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 (pMUFA=0.007) and lower values for LRO than for 
LFO juveniles (pMUFA=0.042). Besides, 16:1/16:0 ratios were higher in 
juveniles from broodstock with higher fads2 expression than in those 
from low fads2 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 (p18:3n-6/18:2n:6 =0.033, p18:2n-9/18:1n-9 =0.033). A negative correla-
tion was found between 18:3n-6/18:2n:6 and the hepatocyte area (r 
=− 0.999, p=0.001). 

In agreement with these results the PCA of hepatic fatty acids profiles 
showed that PC1 accounted for most of the variance found, and together 
with PC2 explained up to 71.97% of the differences. Thus, a clear sep-
aration was found between HFO and LFO regarding PC1 (Fig. 3a and b) 
this separation was led in a higher extend by certain fatty acids such as 
18:1n-9, 16:0, 16:1n-7 and 18:0, in agreement with the significant dif-
ference found for these fatty acids between HFO and LFO by the pairwise 
comparison by the simple effect analysis (Table 7). 

In muscle, the n-6 fatty acid content and, particularly, 18:2n-6, were 
significantly higher in juveniles from high fads2 expression broodstock 
than in those from broodstock with low fads2 expression (pn-6 FA =0.002; 
p18:2n-6 =0.027). Juveniles from broodstock fed with RO diet had a 
greater ratio 16:1n-7/16:0 than those from broodstock fed with FO diet 
(p=0.039) (Table 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 9). Besides, there was a com-
bined 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). The PCA of fatty acid profiles in muscle 
and whole body did not showed marked differences among the 4 groups 
studied. 

3.4. Gene expression 

Hepatic fads2 expression was 38% higher in juveniles from brood-
stock with high fads2 expression (p =0.044) than in juveniles from 
broodstock with low fads2 expression (Table 10). Moreover, a signifi-
cant linear regression was found between the fads2 expression in 
broodstock and in the juvenile progeny (r=0.97, p=0.01). Hepatic fads2 
expression in juveniles was also correlated to the SGR (r=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 elovl6 was 3.69 times 
higher in HFO than in HRO juveniles (p=0.019). Elovl6 expression in 
liver was correlated to the EPA content in liver lipids (r=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. Never-
theless, igf-1 in liver was negatively correlated to the HSI (r=− 0.92, 
p=0.08) and the n-3 fatty acid content in muscle (r=− 0.95, p=0.05). In 
muscle, the ratio ghr-1/ ghr-2 showed a significant interaction of the 
broodstock fads2 expression and the broodstock diet (p=0.039). Thus, 
the muscle ghr1/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 ghr1/ghr2 ratio than those from broodstock fed with 
RO (p=0.014). 

Table 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 (μm2) 80.45 11.51 65.76 8.29 87.72 10.2 72.88 5.19 n.s. 0.023 n.s. 
Long axis (μm) 11.11 0.86 9.53 0.33 11.54 0.51 10.3 0.21 n.s. 0.002 n.s. 
Short axis(μm) 6.88 0.46 6.09 0.58 7.41 0.19 7.03 0.17 0.011 0.031 n.s. 

n.s. No statistical significance (p>0.05). 

Table 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) 2.31 0.01 2.31 0.00 2.30 0.01 2.31 0.01 n.s. n.s. n.s. 
Weight gain (g) b3.20B 0.35 a3.98I 0.03 13.78A 0.23 22.94II 0.33 n.s. n.s. 0.001 
Mortality (%) 5.67 6.43 2.66 0.58 2.66 0.58 3.33 1.15 n.s. n.s. n.s. 
SGR (%day) b1.97B 0.15 a2.28I 0.02 12.21A 0.09 21.86II 0.14 n.s. n.s. 0.001 
Feed intake (g fish− 1 day− 1) 0.12 0.01 0.12 0.01 0.12 0.01 0.11 0.01 n.s. n.s. n.s. 
FCR (%) 1.61 0.11 1.37II 0.06 1.47 0.15 1.64i 0.2 n.s. n.s. 0.023 
HSI (%) 2.31 0.17 2.21 0.25 2.41 0.11 2.22 0.11 n.s. n.s. n.s. 
VSI (%) a7.59 0.64 b6.08 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, bIn 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. 
1,2In 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, BIn 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, IIIn 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. 
n.s. No statistical significance (p>0.05). 
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4. Discussion 

The results of the present study showed the trans-generational effect 
of both the broodstock fads2 expression and the type of lipid in the 
broodstock diet on the metabolism and 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 ca-
pacity to use low FM and FO diets. This gene codes for the enzyme Δ6 
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 content of the liver of juveniles from high 
fads2 broodstock significantly increased due to the elevation of n-6 
PUFA content, particularly ARA, the end product of n-6 PUFA biosyn-
thesis initiated by Fads2 on 18:2n-6. In muscle, n-6 PUFA were also 
significantly increased. This was due to the increase in 18:2n-6, which 
was higher than in liver since this fatty acid is preferentially incorpo-
rated 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 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 content of 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 content of liver, muscle or whole body 
would be related to the low 18:3n-3 content in the diet fed to the ju-
veniles, in comparison to the high dietary 18:2n-6 content. Besides, the 
high fads2 expression in the broodstock was also associated with a sig-
nificant (p<0.05) reduction in VSI of juveniles. These results agree well 
with the tendency to a higher fads2 expression found in livers of gilthead 
seabream juveniles from parents with high fads2 expression (Turkmen 
et al., 2019a). However, in that study no significant differences were 
observed in fads2 expression, which could be related to the shorter 
duration of the trial (fish only doubled their weight) and the larger 
initial weight of the juveniles (20 g). In comparison, the present study 
was conducted until fish from the all experimental groups had at least 
tripled their initial weight. 

To our knowledge, this is the first study that shows a degree of in-
heritance in the ability to express fads2 in fish, and particularly in gilt-
head 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, the DHA and EPA content of 
fish 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 juve-
niles in the present study. This 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 Δ6 desaturase activity (Howard et 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 with Δ6 desaturase activity in humans (Howard 
et al., 2014). Increased methylation of specific CpG sites in the promoter 
region of fads2 has been also found in the progeny of gilthead seabream 
from broodstock with low fads2 expression (Turkmen et al., 2019a). 
Nevertheless, it cannot be dismissed that those differences in 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 17β- 
estradiol levels (Ferosekhan et al., 2020). Also in female rats, estradiol 
increases DHA tissue contents through the up-regulation of Δ6 desa-
turase gene (Kitson et al., 2013). Nevertheless, before having a proter-
andry development of gonads in sea bream, aromatase activity to 
produce 17β-estradiol would be extremely low until the fish reach at 
least 300 g and would become females (Zohar et al., 1984). Since the 
juveniles in the present study weighed 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, 
which are indicators of Fads2 activity (Vagner and Santigosa, 2011), in 
the juvenile offspring. These results denote a significant nutritional 
programing effect of the broodstock diet on the juvenile progeny, 
especially on promoting the Fads2 activity. These results are in agree-
ment 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., 2019b). Similarly, in red drum (Sciaenops ocellatus) nutritional 
programming by essential fatty acids increased 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 programing effect. This hypothesis is in agree-
ment with the down-regulation of microRNAs related with lipid meta-
bolism 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 that 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 the 8.1% 
difference between the broodstock diets of the present study (Fer-
osekhan et al., 2020). Thus, the high n-3 LC-PUFA content of the pre-
vious study (Turkmen et al., 2019a) could have inhibited nutritional 

Table 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 Two-way ANOVA 

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

Whole fish 10.46 1.23 10.75 1.21 11.07 0.47 11.24 1.55 n.s. n.s. n.s. 
Liver 32.56 0.31 33.89 2.77 33.47 1.57 35.47 2.31 n.s. n.s. n.s. 
Muscle 7.25 2.63 7.57 1.10 8.62 0.87 8.08 0.44 n.s. n.s. n.s. 

n.s. No statistical significance (p>0.05). 
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Table 7 
Fatty acid composition (% 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.  

Name HFO HRO LFO LRO Two-way ANOVA 

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 11.10 0.03 20.69 0.07 n.s. n.s. n.s. 
14:1n-7 a0.25A 0.11 b0.08 0.08 0.02B 0.00 0.13 0.10 n.s. n.s. 0.024 
14:1n-5 0.24A 0.11 0.08 0.09 0.01B 0.00 0.12 0.10 n.s. n.s. 0.027 
15:0 0.21A 0.60 0.12 0.07 0.07B 0.01 0.16 0.08 n.s. n.s. 0.038 
15:1n-5 a 0.21A 0.09 b0.06 0.06 0.02B 0.00 0.12 0.10 n.s. n.s. 0.017 
16:0 ISO a0.22A 0.10 b0.06 0.07 0.00B 0.00 0.10 0.08 n.s. n.s. 0.018 
16:0 10.04B 0.25 10.90 2.64 13.66A 0.35 11.24 2.23 n.s. n.s. n.s. 
16:1n-7 1.86B 0.15 2.03 0.42 2.16A 0.04 1.97 0.25 n.s. n.s. n.s. 
16:1n-5 0.21A 0.08 0.09 0.03 20.05B 0.01 10.16 0.09 n.s. n.s. 0.016 
16:2n-4 a0.23A 0.11 b0.06 0.04 0.02B 0.00 0.12 0.09 n.s. n.s. 0.012 
17:0 a0.27A 0.13 b0.09 0.03 0.05B 0.01 0.11 0.07 0.048 n.s. 0.021 
16:3n-4 a 0.32A 0.12 b0.15 0.01 0.13B 0.01 0.18 0.06 n.s. n.s. 0.02 
16:3n-3 0.28A 0.17 0.08 0.07 0.03B 0.01 0.14 0.12 n.s. n.s. 0.044 
16:3n-1 a0.28A 0.17 b0.07 0.08 0.02B 0.00 0.12 0.11 n.s. n.s. 0.036 
16:4n-3 a 0.44A 0.18 b0.11 0.11 0.03B 0.01 0.15 0.13 0.037 n.s. 0.035 
18:0 6.06B 0.74 6.29 0.41 17.45A 0.45 26.64 0.17 0.014 n.s. n.s. 
18:1n-9 37.46B 3.31 41.67 2.40 43.71A 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 0.28A 0.10 0.12 0.11 0.07B 0.01 0.11 0.13 n.s. n.s. n.s. 
18:2n-9 b2.57 0.50 a3.54 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 a0.25A 0.06 b0.09 0.09 0.04B 0.01 0.09 0.12 n.s. n.s. n.s. 
18:3n-6 b3.38 0.35 a4.45 0.27 23.11 0.46 13.96 0.21 n.s. 0.001 n.s. 
18:3n-4 0.23A 0.08 0.12 0.07 0.05B 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 0.99A 0.13 0.95 0.04 20.68B 0.07 10.86 0.30 0.047 n.s. 0.013 
18:4n-1 a0.31A 0.15 b0.09 0.08 0.03B 0.01 0.18 0.15 n.s. n.s. 0.023 
20:0 a0.36A 0.03 b0.23 0.10 0.22B 0.02 0.27 0.07 n.s. n.s. 0.048 
20:1n-9 0.37A 0.11 0.22 0.09 0.18B 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 a0.65A 0.24 b0.26 0.10 0.22B 0.01 0.34 0.08 n.s. n.s. 0.012 
20:3n-3 a0.47A 0.17 b0.21 0.20 0.09B 0.02 0.18 0.09 0.032 n.s. n.s. 
20:4n-3 0.44A 0.14 0.20 0.17 0.12B 0.02 0.29 0.24 n.s. n.s. n.s. 
20:5n-3 0.86A 0.22 0.45 0.22 0.36B 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 1.18A 0.89 0.31 0.31 0.10B 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. 
∑

SFA 17.78B 0.75 18.55 3.31 122.55A 0.05 219.12 2.02 n.s. n.s. n.s. 
∑

MUFA 45.15B 2.86 48.61 1.64 150.25A 0.50 248.02 1.06 n.s. n.s. 0.023 
∑

PUFA 36.64A 2.80 32.71 4.11 227.17B 0.06 132.64 1.88 0.014 n.s. 0.015 
∑

n-3 FA a10.25A 2.30 b6.51 2.40 5.02B 0.21 7.38 1.14 n.s. n.s. 0.017 
∑

n-6 FA 21.10A 1.01 21.23 1.57 218.27B 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 0.19A 0.02 0.19 0.01 0.16B 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 expression (H or L); 
Bdiet refers to the effect of the broodstock diet (FO or RO). 
a, bIn 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. 
1,2In 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, BIn 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 (p>0.05). 
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programing. In agreement with this hypothesis, in Atlantic Salmon the 
VO diet used to effectively induce a nutritional programing 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 (r = 0.96, 
p<0.05). However, liver lipid content were not affected, suggesting that 
the reduced hepatocyte size would be related to the catabolism of 
glycogen rather than lipid, since hepatocytes are energy reservoirs in 
these types of fish species (Chellappa et al., 1995). HSI was negatively 
correlated with the expression of liver igf-1. However, no significant 
differences were found in igf-1 expression values, which could have been 
related to the low number of copies/μL obtained. Igf-1 is preferentially 
expressed in the liver, by stimulation of growth hormone (GH), and 
promotes systemic body growth, although is not always directly corre-
lated to fish growth (Beckman, 2011). Igf-1 is regulated by different 
factors including fish nutritional status (Pérez-Sánchez et al., 2018) and 
it is down-regulated in gilthead seabream fed low LC-PUFA diets 
(Escobar-Aguirre et al., 2020). Thus, it is possible that the very low LC- 
PUFA contents in the diet for juveniles would have also inhibited igf- 
1expression, leading to the low number of copies/μL obtained in present 
study. Nevertheless, the juveniles from broodstock fed the RO diet 
seemed to be more resilient to this inhibition, since they showed igf- 
1expression 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-Sánchez et al., 2018). 
For 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 fasted or fed with a low FO diet (Bene-
dito-Palos et al., 2007; Saera-Vila et al., 2005). 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 
fasted or fed with different lipid sources (Benedito-Palos et al., 2007; 
Saera-Vila et al., 2005). 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 pre-
sent study, the ratio of ghr-1/ghr-2 expressions in muscle was signifi-
cantly reduced in juveniles coming from broodstock with high fads2 
expression and fed the RO diet instead of the FO diet. These results 
demonstrate the significant effect of nutritional programing 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-Sánchez 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 programing effect of feeding plant ingredients to 
broodstock or first feeding fish. For instance, 70% replacement of di-
etary 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, 2017b; 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 regula-
tion of metabolism by nutritional factors. Specifically, ingestion, diges-
tion, absorption and biosynthesis pathways can be regulated by 
nutritional programming (reviewed in Hou and Fuiman, 2019). How-
ever, 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 are later challenged with a low n-3 LC-PUFA diet (Vagner et al., 
2009). Similarly, nutritional programing 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 dietary n-3 LC-PUFA levels, which con-
strains the use of these nutrients for nutritional programming during 
larval development. The mechanisms underlying these nutritional pro-
graming 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 (Hou 
et al., 2020). In addition, evidence suggests a high maternal (Rauwerda 
et al., 2016) and paternal (Otero-Ferrer et al., 2020) influence on the 
transcriptome of the developing embryos and the transfer of gene 
expression regulating RNAs, lncRNA 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 fads2 expression and fed RO diet instead of FO, the 
ARA and n-3 PUFA content in the liver were significantly reduced. Since 
none of these LC-PUFA 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 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. Expression of elovl6 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 programing effect. 
Indeed, hepatic elovl6 expression was inversely correlated to SGR 
(r=− 0.62, p=0.05). These results are in agreement with our previous 
studies in gilthead seabream where broodstock nutrition induced a 
strong nutritional programing effect on the expression of certain energy 

Fig. 3. Principal component analysis of hepatic fatty acid profiles in 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. Scores (a) and variables of PC1 and PC2 (b). 
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Table 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.  

Name HFO HRO LFO LRO Two-way ANOVA 

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Selection Diet Selection* Diet 

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 10.91 1.37 11.01 0.49 n.s. n.s. n.s. 
16:1n-7 2.34 0.23 2.42 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 1.58A 0.16 1.29 0.4 1.19B 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 0.1 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 0.5A 0.01 0.46 0.09 0.46B 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 0.1 0.02 0.18 0.11 0.18 0.16 0.13 0.02 n.s. n.s. n.s. 
20:2n-9 0.24B 0.08 0.33 0.07 10.46A 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 24.41A 0.53 23.77 0.39 223.09B 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 a0.23 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, bIn 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. 
1,2In 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, BIn 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, IIIn 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 (p>0.05). 
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Table 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.  

Name HFO HRO LFO LRO Two-way ANOVA 

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 3.91 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 18.3 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 3.91 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 0.26I 0.05 0.08 0.10 0.09II 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. 
∑

SFA 15.86 3.02 17.11 3.98 17.83 1.06 19.10 1.09 n.s. n.s. n.s. 
∑

MUFA 46.40 1.29 48.13 2.26 47.38 0.91 47.67 2.10 n.s. n.s. n.s. 
∑

PUFA 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 23.00I 1.32 122.56 0.51 220.83II 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). 
a,bIn 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. 
1,2In 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, BIn 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, IIIn 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 (p>0.05). 
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and lipid metabolism-related genes such as elovl6 (Izquierdo et al., 2015; 
Turkmen et al., 2017a, 2017b). In those studies, elovl6 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 Elovl6 disrupted mice models (Mat-
suzaka 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 seab-
ream by using broodstock with inherently high fads2 expression, which 
led to increased PUFA content in liver and muscle. Nutritional pro-
graming through FO replacement by RO in broodstock diets increased 
the Fads2 activity (based on the ratio of fatty acid products and sub-
strates for Fads2), reduced VSI, hepatocyte 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 produced 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 
programing through broodstock nutrition in gilthead seabream. 
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Björsson, B.T., Zanuy, S., Carrillo, M., 2020. Long-term feeding of a maintenance 
ration affects the release of Igf-1 and leptin, and delays maturation in a male teleost 
fish, Dicentrarchus labrax L. Aquaculture 527. 

FAO, 2020. The State of World Fisheries and Aquaculture 2020. Sustainability in action. 
Rome. https://doi.org/10.4060/ca9229en. 

Fernández-Palacios, H., Norberg, B., Izquierdo, M., Hamre, K., 2011. Effects of 
broodstock diet on eggs and larvae. In: Larval Fish Nutrition, pp. 151–181. 

Table 10 
Gene expression 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 

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

Liver (copies/μL) 
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 a144.52A 17.27 b39.18II 32.52 269.31B 11.77 119.40I 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 59.91 12.63 60.43 24.52 52.46 18.82 50.86 10.29 n.s. n.s. n.s. 
pparɑ 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 a0.67 0.10 b0.35 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, bIn 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, IIIn 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. 
n.s. No statistical significance (p>0.05). 
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A., Jover-Cerdá, M., Lorenzo, A., 2018. Replacement of fish oil with vegetable oil 
blends in feeds for greater amberjack (Seriola dumerili) juveniles: effect on growth 
performance, feed efficiency, tissue fatty acid composition and flesh nutritional 
value. Aquac. Nutr. 24, 605–615. 

Mourente, G., 2003. Accumulation of DHA (docosahexaenoic acid; 22: 6n-3) in larval 
and juvenile fish brain. In: The Big Fish Bang. Proceedings of the 26th Annual Larval 
Fish Conference, pp. 239–248. 

National Research Council, 2011. Nutrient Requirements of Fish and Shrimp. National 
Academies Press. 

Otero-Ferrer, F., Lättekivi, F., Ord, J., Reimann, E., Kõks, S., Izquierdo, M., Holt, W.V., 
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